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Foreword 

THE ACS SYMPOSIUM S E R I E S was founded in 1974 to provide 
a medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that, in order to save time, the 
papers are not typeset, but are reproduced as they are submit­
ted by the authors i
under the supervisio
Advisory Board and are selected to maintain the integrity of the 
symposia. Both reviews and reports of research are acceptable, 
because symposia may embrace both types of presentation. 
However, verbatim reproductions of previously published 
papers are not accepted. 
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Preface 

THE T O X I C O L O G I C A L S I G N I H C A N C E O F H U M A N E X P O S U R E to low lev­
els of trace toxic chemicals is unknown. Most human exposures occur as 
the result of incidental exposure to trace quantities of carcinogens, 
mutagens, and other toxicants in complex mixtures of chemicals present 
in such media as drinking water, food, and the occupational environment. 
Quantifying the levels of exposure is a challenge for toxicologists and epi­
demiologists. Yet, accurate
essential if we are to defin
exposure to target tissue dose and ultimately to human disease, identify 
environmental sources, and limit future exposures. One long range goal 
might be to have each person act as his or her own dosimeter, with body 
fluid or tissue samples providing an index of exposure history. Before we 
see people checking their own exposures, we must improve analytical 
techniques for measuring the chemical traces left in the form of D N A and 
protein adducts and residual chemicals stored in adipose tissue. 

Related to the above issues in toxicology are similar needs for 
improved analytical methods to monitor residues in foods and the 
environment. Public concern over chemical exposures and the quality of 
the food supply has increased dramatically in recent years. This concern 
translates into increasing pressure on regulatory agencies of all countries 
to do more sampling for more chemicals. This pressure occurs at a time 
when budgets are limited, so that the only alternative is increased cost-
effectiveness of monitoring programs. In addition to reducing the cost 
per assay, there is a need to develop field portable assays that provide 
rapid, on-site data on chemical levels. 

In the 1980s, we saw an explosion in the number of publications about 
using immunochemical methods for trace chemical analysis. Generally, 
these reports can be grouped into the broad categories of environmental 
monitoring for regulated synthetic compounds, food monitoring for pesti­
cide and mycotoxin residues, and human monitoring for evidence of carci­
nogen exposure through the detection of adducts or metabolites. 
Representative work in all of these areas is included in this book. One 
goal of the book was to bring together a broad sampling of the applica­
tions of analytical immunochemistry to allow a cross-fertilization of tech­
niques among those working in the field. The chapters show that immu­
nochemical methods offer one approach to the complex problems 
presented by trace chemical analysis and should be part of the standard 
repertoire of techniques used in the analytical chemistry laboratory. 

ix 
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Chapter 1 

Immunochemical Techniques in Trace Residue 
Analysis 

Martin Vanderlaan, Larry Stanker, and Bruce Watkins 

Biomedical Sciences Division, Lawrence Livermore National Laboratory, 
University of California, P.O. Box 5507, L-452, Livermore, CA 94550 

Immunoassays offer a
screening many sample
metabolites, and adducts. Antibodies can be used both as detectors to 
quantify the amount of a chemical present and in immunoaffinity 
chromatography to purify and concentrate material for subsequent 
analysis. Applications of these assays include detection of pesticide 
residues, mycotoxins, biomarkers of toxicity, and industrial chemicals. 

The 0magnitude and frequency of adverse health effects resulting from exposure to 
trace residues in the environment, including known carcinogens, pesticide residues, 
food additives, and natural toxins, are not yet fully known. The detection and control 
of environmental pollution are important because human exposures to such 
substances may contribute to the incidence of neoplastic disease and other adverse 
health effects. These varied and frequently inadvertent exposures present special 
challenges to toxicologists, analytical chemists, and regulators. This volume presents 
the state-of-the-art of one approach, immunochemistry, to providing sensitive, 
specific, cost-effective dosimetry methods for monitoring human exposures to 
potentially toxic chemicals. The intent of this chapter is to provide an introduction to 
the concepts involved in trace-chemical analysis by immunoassay. To a large extent 
the recent advances and successes in this emerging field are the result of eclectic 
applications of prior developments in immunology, instrumentation, and analytical 
chemistry. 

This book highlights recent developments in the novel application of 
immunoassay technology to food and environmental human exposure assessment 
(see 1-3 for reviews). The use of immunoassays for quantification of small organic 
compounds, is not itself a new technology, since it is widely used in clinical 
laboratories. Currently, more than half of the total clinical immunoassay market is 
aimed at low molecular-weight analytes, amounting to an estimated $580 million in 
sales in the United States in 1990 (4). Many of the immunoassay formats 
successfully applied in the clinic can be transferred directly to environmental analysis. 
Assays can be quantitative (e.g., serum dioxin levels) or yes-no screening assays 
(e.g., urinary illicit-drug tests). They can be part of a centralized pathology 
laboratory with the automated handling of hundreds of samples (e.g., AIDS testing), 
or they can be operated in the field on single samples by untrained personnel (e.g., 
home pregnancy tests). 

This chapter not subject to U.S. copyright 
Published 1991 American Chemical Society 
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1. VANDERLAAN ET AL. Immunochemical Techniques 3 

What distinguishes clinical immunoassays from the assays presented in this 
book is that clinical assays most frequently quantify polar compounds in the matrices 
of blood and urine. In contrast, environmental and food applications of 
immunoassays often require development of antibodies to analytes that are lipophilic 
and that may occur in such diverse complex matrices as sediments, nuts, and animal 
fat. 

"Analyte" is a term from analytical chemistry meaning the compound for 
which an assay is developed (e.g., a mycotoxin, its metabolites, and tox in -DNA 
adducts are all different analytes that might be detected by different immunoassays 
following exposure). "Hapten" is a term from immunology and refers to low 
molecular weight compounds (typically less than 2500 daltons) that do not ill icit an 
immune response by themselves but that can be rendered immunogenic by 
conjugation to a higher molecular weight molecule, typically a protein. Antibodies 
raised to hapten-protein complexes can be used to detect a variety of analytes that are 
structurally related to the immunizing hapten, depending on the binding selectivity of 
the antibodies. A derivatized analog of the mycotoxin would be the hapten used to 
illicit antibodies to the analytes listed above. Classical analytes in trace residue 
analysis include the parent compound
can also develop immunoassay
and carcinogen-protein adducts. These latter analytes are often termed "biomarkers" 
of exposure. 

Whv Consider Immunoassays for Analytical Chemistry? 

There are three primary motives for considering immunochemical methods when 
surveying the range of analytical techniques available. First, for some chemicals, 
immunoassays allow measurements not possible by other means. For example, 
thermal lability and low volatility prevent gas chromatographic (GC) analysis of some 
compounds, while lack of a distinctive chromophore may hamper liquid 
chromatographic ( H P L C ) analysis. In contrast, immunochemical detection is based 
on the ability of an antibody to act as a receptor for the analyte of interest; binding 
occurs through ionic and van der Waals forces and is unrelated to properties of 
volatility, thermal stability, and chromogenicity. As examples, the thermal lability of 
pyrethroid insecticides can interfere with their analysis by G C , but they can be readily 
quantified by immunoassay (5»). Plant, parasite, and fungus-derived toxins are 
usually too large for G C , but are wel l suited for immunoassay (see papers on 
mycotoxins in this volume). Many new, biotechnology-derived insecticides pose 
particularly difficult analytical problems for conventional approaches because of their 
large mass, but antibodies to avermectins and Bacillus thuringiensis toxins illustrate 
the applicability of immunoassays for insecticides in this upcoming class of 
compounds (6.7). 

The high degree of selectivity in antibody binding allows quantification of 
trace chemicals in the presence of large excesses of similar chemicals. A prime 
example is the detection of modified D N A bases in occupationally exposed 
individuals, which typically represent only one base in 107tol0^ of the normal bases 
(see papers on human monitoring in this volume). The epidemiologist now may 
make quantitative biochemical measurements about the "dose" of a given carcinogen, 
such as aflatoxin or benzoMpyrene. In the area of pesticide detection, many recently 
developed pesticides derive their species selectivity by inhibiting specific enzymes in 
the target species. These substrates are often structural analogs of natural substrates, 
which means the chemist must determine trace levels of a pesticide in the presence of 
abundant amounts of the chemically-similar natural compound. With increasing 
public demands that pesticides not affect non-target species, the use of analogs of 
natural substrates w i l l increase, and the selectivity of antibody binding offers an 
obvious solution to the problems of residue analysis. 
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4 IMMUNOASSAYS FOR TRACE CHEMICAL ANALYSIS 

The second motive for selecting immunoassays as an analytical method is 
their cost effectiveness. Immunoassays offer the promise of being inexpensive, 
rapid, and field-portable. They also allow for parallel sample processing, unlike the 
sequential sample processing required by chromatographic methods. In some cases 
immunoassays have been applied on site, resulting in additional savings in the costs 
and time involved in transporting samples back to a central laboratory (see papers by 
Rittenburg, Heeker and Thurmand in this volume). A s screening assays, 
immunoassays can eliminate the need for complete work-up of negative samples, 
freeing the analytical laboratory to focus on the more interesting, positive samples. 
Ultimately, these cost savings make studies economically feasible that otherwise 
would be prohibitively expensive; for example, the mass screening of individual 
wells for drinking-water contamination, or the quantitative analysis of many an 
individuals' exposures in epidemiologic studies. These properties of immunoassays 
commend them to regulatory agencies that must screen ever increasing numbers of 
samples on limited budgets. They also allow the introduction of monitoring 
programs in third world countries that lack the skilled personnel to staff sophisticated 
laboratories. It is important, however  not to overstate the cost savings  Adequate 
sample numbers and good samplin
samples accurately reflect th
be extracted from the matrix, and some level of sample preparation and cleanup is 
required. However, sample cleanup is usually significantly less than is required for 
G C / M S analysis. 

The third motive for considering immunochemical methods derives from their 
use in conjunction with other systems to form hybrid analytical procedures. Hybr id 
systems, such as gas chromatography with electron capture (GC/EC) and liquid 
chromatography with ultraviolet absorption ( H P L C / U V ) , are well accepted in 
analytical chemistry laboratories. Immunoassays can be combined with other 
techniques to exploit the advantages of both methods. A s illustrated in Figure 1, 
antibody affinity columns can be used in sample preparation to selectively concentrate 
and purify chemicals. Affinity columns are ideally suited for concentrating dilute 
polar compounds that are often difficult to concentrate from environmental samples 
using conventional resins. Broad-selectivity antibodies can be used to concentrate 
both the parent compound and its metabolites from urine, for example. Individual 
compounds then can be quantified by separating them by H P L C following 
immunoconcentration or, as in the case of aflatoxin, immunopurification can then be 
followed by fluorescence detection, using the intrinsic fluorescence of the analyte. 

The antibodies that function best in chromatography are not necessarily the 
same ones that are optimal in quantitative assays. Quantitative assays are competition 
assays, and for these assays, the highest affinity antibodies offer the greatest 
sensitivity, while for affinity chromatography the reversibility of the binding, 
allowing recovery of the analyte from the column, may be the most important feature. 
In addition, the literature for the immunoaffinity purification of proteins indicates that 
p H 3 or 2 M K S C N buffers are often sufficient to recover bound material, but the 
recovery of organic compounds often requires more harsh conditions, such as 50% 
MeOH/H20 or 50% DMSO/H2O (SL2). 

Alternatively, antibodies can be used as chemically-selective detectors 
following H P L C separation of material from a complex mixture of chemicals. 
HPLC/Immunoassay ( H P L C / I A ) in some cases offers a 1,000-fold increase in 
sensitivity over ( H P L C / U V ) , and the selectivity to quantify compounds present as 
only trace fractions of the total. One current limitation of H P L C / I A is that there is no 
on-line immuno-detector allowing real time immunochemical sensing of the column 
effluent Rather, fractions must be collected, the solvent exchanged to be compatible 
with the antibodies, and immunoassays run on the individual fractions from the 
H P L C . The automated, parallel process nature of immunoassays means that it is 
relatively simple to assay up to 100 fractions from a chromatogram. In spite of the 
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Sample 

LI 1 
HPLC chromatogram 

Figure 1. - Immunoaffinity chromatography. 
A sample containing a complex mixture of chemicals, when analyzed by 
conventional H P L C chromatography, shows a number of peaks. Application of 
the sample to an affinity column containing immobilized antibody results in the 
pass through of material that is depleted of those compounds retained on the 
column. Subsequent elution of the column recovers the bound material (retentate) 
in a reduced volume (both concentration and purification have occurred). Two 
related chemicals, a parent compound and a metabolite, were retained on column 
and can be subsequentiy separated by H P L C . 
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6 IMMUNOASSAYS FOR TRACE CHEMICAL ANALYSIS 

somewhat cumbersome nature of this combination, the analytical power of retention 
time and immunochemical selectivity is impressive for the identification of unknowns 
in complex mixtures of chemicals (10.11). While it has yet to be explored, 
supercritical fluid extraction (SFE) and chromatography (SFC) may be ideally suited 
for a hybrid analytical technique with immunoassay (e.g., SFC/ IA) (12). 

Antibody Development 

The critical component in an immunoassay is the antibody. Antibodies are typically 
bivalent serum proteins that are part of the vertebrate immune defense system. 
Exposure of an animal to small organic molecules having molecular weights less than 
2500 daltons has generally not lead to the production of antibodies. Rather the hapten 
must be presented to the animal in the context of a larger molecule to elicit antibodies 
(i.e., to be immunogenic). For example, covalently conjugating the hapten to a 
protein w i l l , upon injection of the hapten-protein conjugate, elicit some antibodies 
directed against the hapten specifically. Other antibodies w i l l be formed to the protein 
and to the protein-hapten complex  but these are irrelevant to the immunoassay  A 
small subpopulation of the tota
unconjugated analytes of interest
forms the basis for specific chemical-selective assays. 

The site of conjugation, and the chemical functionality at the site, influence 
the spectrum of antibodies produced (see Harrison, this volume). Ideally, the 
conjugation chemistry should be immunologically neutral. Usually, this is achieved 
by using four- to six-member carbon alkane linkers between the hapten and carrier 
protein. Antibodies w i l l be most selective for that portion of the hapten farthest 
removed from the site of conjugation. Thus, i f there is a series of structurally related 
pesticides, for example, the chlorinated cyclopentadienes, having a common ring 
structure, conjugation at a site distal from the common structure should elicit 
antibodies that cross react with all members of the chemical class (see papers by 
Harrison and Stanker, this volume). 

Typically, conjugates are injected into mice or rabbits to generate an antibody 
response. Bleeding of the animals yields serum that contains a population of 
antibodies (polyclonal antisera). Cloning of the antibody-secreting cells from 
immunized animals yields monoclonal antibodies. In experienced hands, both 
polyclonal and monoclonal antibodies are readily prepared and suitable for 
immunoassays. In theory, there are some advantages to monoclonal antibodies, 
although these advantages are only occasionally of practical consequence, and it is 
often immaterial to the end user of the assay whether the antibodies are of monoclonal 
or polyclonal origin. Monoclonal antibodies can be more specific than polyclonal 
antibodies, and therefore may be more suited to detecting a single analyte rather than 
screening jfor a class of analytes. The amount of antibody becomes limiting only in 
immunoaffinity chromatography, where typically milligram quantities are used per 
sample. For these applications, monoclonal antibodies offer clear advantages because 
antibody production can be scaled up to produce gram quantities of antibody. 

Enzvme Immunoassays 

Immunoassays for small organic compounds usually are formatted as competition 
assays (13.14). There are many assay formats and choices of label for the eventual 
quantification of binding. A n equilibrium is approached for formation of complexes 
between the antibody, labeled or immobilized hapten (hapten*), and free analyte in 
the sample, according to the following equation. 

(analyte) + (antibody) + hapten* <-> [analyte-antibody] + [hapten*-antibody] 
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1. VANDERLAAN ET AL. Immunochemical Techniques 7 

In the example illustrated in Figure 2A, a hapten-protein conjugate is 
immobilized in a plastic tube or in a well on a microtiter plate, and the sample or 
standard containing the analyte is added along with the antibody. The antibody 
partitions between the plastic-immobilized hapten-protein conjugate and the analyte in 
solution. Increasing the amount of competitor in the sample reduces the amount of 
antibody binding to the solid phase. Antigen-antibody binding reactions are 
reversible, and the competition approaches equilibrium in 15 to 30 min. Washing 
removes unbound analyte and antibody from the solid phase, effecting the separation 
of bound and free antibody. The amount of antibody binding to the plastic is 
measured by tagging the antibody with an enzyme, hence the name Enzyme 
Immunoassay. The amount of enzyme-antibody conjugate bound to the solid phase 
is measured by the generation of a chromogenic or fluorogenic reaction product. 

A n alternative format for enzyme immunoassays makes use of an enzyme-
hapten conjugate, and is illustrated in Figure 2B. In this format, the antibody is 
immobilized onto the solid phase, and the antibody partitions between this conjugate 
and the analyte in the sample. The antibody may either have been immobilized on a 
solid phase to begin with, or may be trapped on a solid phase after the incubation 
period. The amount of enzyme-hapte
is then inversely proportiona
quantified with a suitable substrate for the enzyme. 

In both of the assay formats depicted in Figure 2, there is the possibility that 
the analyte, or co-extracted matrix material, may directly inactivate the enzyme or 
cause dissociation of the antigen-antibody complex, giving the false appearance that 
competition has occurred. This possibility can be removed by making the assay a 
two-step procedure, adding the enzyme as a second step after the analyte-antibody 
binding reaction has occurred. For example, in Figure 2 A , the antibody is conjugated 
to biotin (a vitamin), and in Figure 2B biotinylated-hapten is used as the competitor 
instead of hapten-enzyme conjugate. In both cases, a conjugate of enzyme-avidin (a 
biotin-binding protein) is then added as the second step to reveal the presence of 
bound biotin. This two-step procedure involves extra pipetting and washing steps, 
but minimizes direct contact between sample and enzyme. 

Using either competition format, the end result is the immobilization of 
enzymatic activity on a solid phase. The percentage inhibition of enzyme binding to 
the solid phase caused by the presence of the free analyte is then measured. B y 
comparison to a standard curve, the amount of analyte in an unknown sample is 
determined. In the simplest assays, the amount of enzyme product is compared 
visually with color standards to give a qualitative estimate of the amount of analyte. 
Alternatively, the amount of enzyme product can be quantified spectro-
photometrically. The measured competitive antibody binding curve is illustrated in 
Figure 3. The sigmoidal inhibition curve can be fit by computer using the four-
parameter equation shown (15). Alternatively, the data can be "linearized" by plotting 
the optical density as a function of competitor on log-logit graph paper. 

Data in the vicinity of 50% inhibition give the most precise estimate of the 
amount of competing material because the curve has the greatest slope in this region. 
The absolute amount of material required for 50% inhibition (I50) is a function of the 
assay format, the size of mass action reaction, and the affinity of the antibody. The 
lower the amount of hapten-protein conjugate bound to the solid phase and lower the 
amount of antibody used, the less competitor needed for inhibition, and the more 
sensitive the assay. Two approaches can be used to improve the sensitivity, both of 
which operate by reducing the affinity of the antibody for the coating of the solid 
phase: (1) providing a dispersed hapten-protein coating by minimizing the absolute 
amount of hapten-protein used and diluting it in unlabeled protein, and (2) choosing 
an analog of the immunizing hapten for which the antibody has only weak binding, 
and using this analog to synthesize the protein-hapten conjugate. 
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V GD Antibody-enzyme 
/ ^ ^ ^ conjugate 

© © 
Q Analyte 

Hapten-protein 
conjugate 

Figure 2A. - Enzyme-antibod
A hapten-protein conjugate is immobilized on the solid phase. Antibody 
conjugated to enzyme is mixed with analyte. The antibody-enzyme combination 
partitions between the bound hapten-protein and the analyte in solution. 
Unbound material is then washed away, and the amount of enzyme-antibody 
bound to the hapten-protein on the solid phase may be detected by providing a 
substrate for the enzyme. The greater the amount of free analyte in the sample, 
the more antibody-enzyme wi l l bind to it, and the less w i l l be available to bind to 
the immobilized hapten-protein. Enzymatic activity retained on the solid phase is 
therefore inversely related to the amount of analyte in the sample. 

© _ © o 

'nil 
Antibody 

© Analyte 

J^e£% Hapten-enzyme 
conjugate 

Figure 2B . - Enzyme-hapten conjugate immunoassay. 
Antibody is immobilized on the solid phase, and then enzyme-hapten and sample 
with analyte are added. The antibody w i l l competitively bind either the enzyme-
hapten or analyte, and unbound material is washed away. Addition of substrate 
reveals the presence of the enzyme-hapten that has been trapped on the surface by 
the antibody. A s in Figure 2 A , the enzymatic activity retained on the solid phase 
is inversely related to the amount of analyte in the sample. 
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1. VANDERLAAN ET AL. Immunochemical Techniques 9 

Figure 3. - Sigmoidal competitive inhibition curve. 
Because the mass action laws govern the partitioning of the antibody between the 
analyte and a hapten-protein conjugate, there is a sigmoidal shape to the dose-
response curve. This shape may be fit with the four-parameter function shown. 
A t high concentrations of analyte, there is little binding to the solid phase (100% 
inhibition, " A " in the function), while at low concentration of analyte there is 
maximal binding to the solid phase (0% inhibition, " D " in the function). 
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Because the assay has its maximum sensitivity at the limit of minimum 
antibody concentration and minimum labeled or immobilized hapten, the intrinsic 
affinity of the antibody for the analyte, and the capacity of the enzyme to produce 
detectable product at useful signal-to-noise ratio, govern the sensitivity of the assay. 
Typically, nanogram quantities of conjugates and antibodies are used, with I50 values 
in the range of 0.1 to l.Ong (0.1 to 1 picomoles) per assay. Maximal sensitivity 
requires the highest possible affinity for the antibody, and highest activity reagents 
(enzymes, substrates, etc.) used for labeling. Ultimate sensitivity may not be 
required for regulated compounds, however, since allowable residue levels are often 
well in excess of the minimum immunochemically detectable levels. In such cases, it 
may be most appropriate to adjust the assay I50 value to the regulated residue level. 

Example of an E L I S A . A representative enzyme linked immuosorbent assay 
(ELISA) is presented below. The assay illustrated in Figure 2 A was conducted using 
monoclonal antibodies to assay meat for the aromatic amine carcinogen, 2-amino-3,8-
dimethylimidazo[4,5-f]quinoxoline (MelOxKlQ) . MelQx-albumin was adsorbed (by 
drying) onto the surface of a 96-well microtite  plate  antibodie  alon  with variou
levels of competitors were co-incubate
to remove unbound antibody
second antibody (goat anti-mouse immunoglobulins) was then added to each well. 
Unbound second antibody was washed away and the presence of bound enzyme was 
detected using 0-phenylenediamine (OPD) as the substrate for the peroxidase enzyme. 
After 30 min the reaction was stopped and the optical density in each of the 96-wells 
was quantified using a microtiter plate reader. The data were accumulated on a 
Macintosh (Apple Computer, Cupertino, C A ) using software we have written. 

Figure 4 is the computer image of the 96-well microtiter plate. Each well is 
illustrated as a circle, and the thickness of the line used to draw the circle graphically 
displays the measured optical density in the wells. In the experiment illustrated, rows 
of wells " A " and " H " were unused and are blank. For each individual row, wells 3 
through 10 illustrate a two-fold serial dilution of competitor. Wells in columns #1 
and #2 for rows " B " through " G " are controls where the MelQx-albumin was 
omitted. The absence of color in these wells demonstrates the lack of non-specific 
binding of the anti-MelQx and peroxidase-anti-mouse antibodies, and defines 
experimentally "complete inhibition" for the competitive E L I S A . Wells "B11" 
through "G12" define the other extreme experimental condition, that of no inhibition. 
In these wells, no competitor was added and all of the anti-MelQx antibody was 
available to bind to the solid phase. 

In the example shown, rows " B " through " G " are the analyses of six 
consecutive fractions from an H P L C chromatographic separation of well-done fried 
beef in the region of the chromatogram where M e l Q x is expected. A s illustrated, 
competitive inhibition of antibody binding is highest in well 3 for each lane, where 
the amount of competitor is greatest. Inhibition decreases (solid-phase binding 
increases) as one moves to the right on any given row and the competitor is diluted. 
A s one moves from row B to D there is increasing inhibition in each row, and from D 
to G there is decreasing amount of inhibitor. This progression reflects the "peak" in 
the chromatogram is present in row D , with it having more inhibitor than the H P L C 
fractions on either side of it. 

The results from row D are further illustrated in Figure 5. The fraction of 
inhibition in wells 3 through 10 was calculated by subtracting the average of the 
background in wells 1 and 2 for row D , and dividing by the average of the "no 
inhibition" values in wells 11 and 12 of row D . The fractional inhibition is plotted as 
a function of the dilution of the sample (well 3 corresponding to no dilution, i.e., 
1.0). The four-parameter computer curve fit to the data is shown as open circles in 
Figure 5 and the figure shows that 50% inhibition occurred at a dilution of the sample 
of 0.02 (i.e., 1:50) and that the residual sum of squares (a measure of the quality of 

In Immunoassays or Trace Chemical Analysis; Vanderlaan, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



1. VANDERLAAN ET AJL Immunochemical Techniques 11 

1 2 3 4 5 6 7 8 9 10 11 12 

Controls Controls 

Figure 4. Computer image of a 96-well microtiter E L I S A plate. Individual wells 
are shown as circles arranged in 12 columns and 8 rows. The thickness of the 
line for each circle is drawn in proportion to the measured optical density in the 
plate wells as determined by a plate-scanning spectrophotometer. 

c 

.«. vfj; 
: : : 
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0.00 0.01 0.10 1.00 10.0 

Reciprocal Dilution (log) 
50% = 0.020 (4P) SSQ = 0.108 

9/13/89 #05/Row D 

Figure 5. Computer analysis of the data from row D in the plate shown in Figure 
4. Solid circles show the calculated fractional inhibition as a function of sample 
dilution for the wells D 3 through D10. Open circles show the four-parameter 
curve fit to the data. 
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the fit of the computer equation to the data) is 0.108. The standard curve had a 50% 
inhibition value of 0.1 ng per assay well , so in this case the amount of material in the 
undiluted sample in row D was 50 x 0.1, or 5 ng. Similar fits to the data from other 
rows in the plate show that 50% inhibition occurs with less dilution, indicating less 
immunochemically positive material in the starting fractions. 

Assay Validation 

A s with any analytical technique, it is important to have thoroughly validated assays 
and use confirmatory methods whenever possible to ensure accurate data. Many of 
the papers in this volume address issues of sample preparation and comparison of 
immunochemical assays with conventional analytical methods. 

With the exception of a limited number of assays that can be run directly in the 
sample matrix (e.g., water, juice, and urine), most other sample matrices must be 
extracted and treated prior to immunoassay. Typically, the amount of treatment 
required before immunoassays is considerably less, however, than is required for 
G C / M S analysis, thereby offerin  saving f tim d  i  sampl  preparation
The extraction and cleanup procedure
with subsequent G C or H P L
immunoassay results without the necessity of a separate sample extraction and 
processing. Our experience with immunoassays for screening of permethrin, 
heptachlor, and dioxin in foods and environmental samples is that many of the widely 
used extraction protocols are excellent places to start when developing extraction 
procedures for immunoassays. Often these can be applied with minor modifications, 
or only carried through the initial steps, to produce an extract suitable for 
immunoassay. Specifically, i f the analyte is hydrophobic, the non-polar matrix 
material must be removed in order to achieve a single-phase system and allow the 
analyte to come in contact with the antibody. Because antibodies are water-soluble 
proteins, use of mixed solvent systems can simplify the analysis of hydrophobic 
analytes. Several of our antibodies work well in mixed solvent systems, such as 1:1 
aqueous buffenethanol, or with the analyte dispersed in detergents (IS). Others have 
reported functional immunoassays in organic solvents such as acetonitrile or D M S O , 
but the general utility of organic solvents has yet to be shown (12). One prospect for 
the future is that general methods w i l l be developed to allow direct injection of 
organic extracts of samples into the immunoassay. 

Conclusion 

Immunoassays are finding increasing application in the chemical analysis of trace 
organic compounds, as illustrated by the publications in this volume. Applications 
include monitoring of residues in foods, in the environment, and in humans for 
residues of both synthetic and naturally occurring toxins. The primary motives for 
the development of these assays are their high sensitivity, high selectivity, portability, 
short analysis time, low cost, and potential for parallel processing samples. Parallel 
processing of samples means that immunoassays are highly applicable to mass 
screening studies either for monitoring regulatory compliance or for epidemiology 
studies. Particularly powerful analytical approaches use antibodies in conjunction 
with other methods, for example, the use of immunoaffinity columns to concentrate 
and purify the analyte before measurement by conventional means. 

In the past decade, environmental immunoassays have moved from novelties 
being developed in a few laboratories to widespread applications such as those 
described in this volume. Almost all Federal agencies involved with some aspect of 
public health (Food and Drug Administration, Department of Agriculture, National 
Institutes of Health, Environmental Protection Agency, and Department of Energy) 

In Immunoassays or Trace Chemical Analysis; Vanderlaan, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



1. V A N D E R L A A N E T A L . Immunochemical Techniques 13 

are currently funding environmental immunoassay research and development. 
Several corporations also are marketing environmental immunoassays. These 
milestones illustrate the general maturation of this field that has ocurred in recent 
years. The next decade should see incorporation of some of these assays into the 
routines of environmental monitoring laboratories and the acceptance of 
immunochemical data by regulatory agencies. In addition, new application formats 
may be developed, such as the development of "immunosensors" to provide 
chemically selective detectors for passive monitoring. 
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Chapter 2 

Hapten Synthesis for Pesticide Immunoassay 
Development 

Robert O. Harrison1, Marvin H. Goodrow, Shirley J. Gee, 
and Bruce D. Hammock 

Departments of Entomology and Environmental Toxicology, University 
of California, Davis, CA 95616 

The production o
presentation of a conjugated form of the pesticide to an 
animal's immune system. This in turn demands the design 
of an appropriate chemical structure (a hapten) which 
can be covalently coupled to a carrier, but which will 
sti l l elicit the production of antibodies recognizing 
the target analyte. The immunoassay literature does not 
adequately address the question of what chemical 
structure is required for the production of specific 
antibodies to low molecular weight compounds, especially 
in the pesticide area. Hapten design historically is 
considered an art, with minimal or no explanation for 
hapten structures which failed to produce the desired 
antibodies. Most failed attempts remain unpublished and 
thus have not shed light on the structural requirements 
for antibody production. We present here an examination 
of selected examples of successful and unsuccessful 
hapten designs from our laboratory and from the 
literature. These examples are used herein to 
illustrate several criteria deemed critical for 
successful hapten synthesis strategies. 

The Development And Utilization Of Pesticide-Specific Antibodies in 
Immunoassays 

The procedures for production of specific antibodies and their 
application in a competitive inhibition ELISA (Enzyme-Linked 
Immunosorbent Assay) are discussed in detail in the preceding 
chapter (Vanderlaan et al. , this volume). In addition, other 
comprehensive overviews of the immunoassay development process in 
the pesticide field are available (.5,7,8,19). in general, a 

1Current address: ImmunoSystems, Inc., 4 Washington Avenue., Scarborough, ME 04074 
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s y n t h e t i c antigen (immunogen or immunizing antigen) i s used t o 
immunize an animal f o r antibody development. This immunogen i s 
composed of a synthesized hapten (mimicking the s t r u c t u r e of the 
tar g e t compound) which i s c o v a l e n t l y attached to a c a r r i e r p r o t e i n . 
Antibodies are produced against many s i t e s on the immunogen, 
i n c l u d i n g the conjugated hapten. Antibodies thus made may recognize 
e i t h e r the c a r r i e r p r o t e i n , the hapten, or a s i t e combining parts of 
both. Because se v e r a l q u i t e d i f f e r e n t r e s u l t s are p o s s i b l e from an 
immunization, animals or c u l t u r e d c e l l s must be t e s t e d c a r e f u l l y to 
assess the usefulness of the antibodies produced. The more common 
undesired r e s u l t s include excessive r e c o g n i t i o n of the spacer arm, 
r e c o g n i t i o n of the immunizing hapten without adequate r e c o g n i t i o n of 
the t a r g e t compound, and f a i l u r e of the hapten to e l i c i t a s p e c i f i c 
response despite a s u c c e s s f u l immunization procedure. 

Antibodies thus produced must be evaluated f o r s p e c i f i c i t y to 
allow a n a l y s i s of the success or f a i l u r e of the hapten design. The 
problem of antibody screenin
the p o t e n t i a l f o r e r r o r
design of the screening
development of monoclonal or recombinant antibodies; c r i t i c a l 
d e c i s i o n s must be made r a p i d l y to preserve growing c e l l s , but one 
can p o t e n t i a l l y be overwhelmed by c e l l s producing undesirable 
a n t i b o d i e s . Antibody screening must address the f o l l o w i n g questions 
fo r e i t h e r p o l y c l o n a l or monoclonal procedures. 

a. Does the antibody bind to the immunizing antigen? ( i . e . 
Did the animal respond s p e c i f i c a l l y to the immunogen? 
This t e s t i s needed only i n the rar e r e t r o s p e c t i v e 
a n a l y s i s of a t o t a l f a i l u r e . Our screening g e n e r a l l y 
s t a r t s at b; i f b i s s u c c e s s f u l , a i s moot.) 

b. Does the antibody bind to the conjugated hapten on the 
ELISA antigen (plate coating antigen; see Vanderlaan et 
a l . , t h i s volume, Figure 2a) , which has a d i f f e r e n t 
c a r r i e r p r o t e i n than the immunogen, but i s otherwise 
i d e n t i c a l ? ( i . e . Are antibodies present which recognize 
the hapten p o r t i o n of the immunogen?) 

c. Does the fr e e immunizing hapten i n h i b i t the binding shown 
i n b? ( i . e . Are antibodies present which recognize the 
unconjugated hapten s t r u c t u r e independent of attachment 
to a c a r r i e r protein?) 

d. Does the tar g e t analyte i n h i b i t the binding shown i n b? 
( i . e . Are antibodies present which recognize the analyte 
p o r t i o n of the hapten independent of the spacer arm?) 

e. Does the antibody bind to a conjugated heterologous hapten 
(a p l a t e coating antigen made with a hapten r e l a t e d to 
but not i d e n t i c a l to the immunizing hapten), and can t h i s 
binding be i n h i b i t e d by the tar g e t analyte? ( i . e . Do 
the antibodies against the immunizing hapten a l s o bind 
other conjugated haptens having s i g n i f i c a n t d i f f e r e n c e s 
i n s t r u c t u r e from the immunizing hapten? I f the 
antibodies give poor s e n s i t i v i t y i n t e s t d, can the 
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problem be overcome by the use of heterologous assay 
systems?) 

Some studies (10,21,22.) have reported antibodies which meet 
t e s t s b and c above, but not t e s t d. This r e s u l t i n d i c a t e s much 
stronger r e c o g n i t i o n of the conjugated or free immunizing hapten 
than the t a r g e t analyte. Such antibodies may s t i l l y i e l d a u s e f u l 
assay, as noted i n t e s t e above and the s e c t i o n below. Other 
stu d i e s (6,17) have reported antibodies which meet t e s t s b and c 
above, but not t e s t s d or e. This r e s u l t i n d i c a t e s r e c o g n i t i o n of 
the conjugated or f r e e immunizing hapten without s i g n i f i c a n t 
r e c o g n i t i o n of the t a r g e t analyte. In t h i s case the antibodies are 
not u s e f u l f o r a n a l y s i s of the target compound. We suspect both of 
these problems may be more frequent than i s apparent from the 
l i t e r a t u r e , e s p e c i a l l y f o r small t a r g e t molecules. We a l s o suspect 
that more c a r e f u l e x p l o r a t i o n of heterologous assay systems, 
f a c i l i t a t e d by more extensive hapten synthesis  would increase the 
s e n s i t i v i t y of many e x i s t i n
below, such an approach ha
otherwise would have been a t o t a l f a i l u r e . 

A common misconception i s that monoclonal antibodies can be 
used t o circumvent problems of handle r e c o g n i t i o n . Although t h i s i s 
conceptually p o s s i b l e , i n p r a c t i c e most monoclonal antibodies to 
small molecules demonstrate extensive handle r e c o g n i t i o n . Proper 
and extensive screening of numerous c e l l l i n e s , as o u t l i n e d above, 
can y i e l d t r u l y superior antibodies with e x c e l l e n t d e t e c t i o n of the 
analyte (23). However, i t i s unreasonable to consider such a major 
expense unless there has been a p a r a l l e l i n t e l l e c t u a l investment i n 
good hapten design. E x c e l l e n t , rugged immunochemical assays r e s u l t 
from a combined investment i n both chemistry and immunology. 

Hapten Design And U t i l i z a t i o n 

The i n i t i a l and c r i t i c a l step i n the development of e f f e c t i v e 
immunoassays f o r p e s t i c i d e s and other low molecular weight 
environmental chemicals l i e s i n the s e l e c t i o n of appropriate haptens 
which w i l l e l i c i t the production of antibodies demonstrating maximum 
s p e c i f i c i t y and s e n s i t i v i t y f o r the t a r g e t molecule. I t i s 
important to d i s t i n g u i s h between the problem of antibody production 
and the development of many hapten-protein conjugates f o r assay 
o p t i m i z a t i o n using e x i s t i n g antibodies. Assay s p e c i f i c i t y and 
s e n s i t i v i t y are determined p r i m a r i l y by the antibody produced i n 
response to the immunogen; thus i t s design and preparation are 
c r i t i c a l . However, f o r a given antibody, other (heterologous) 
haptens used i n the l a t e r stages of assay design may o f f e r c r i t i c a l 
improvements i n s e n s i t i v i t y (10,20,22; below and e above). Recent 
reviews on immunoassay techniques (5,7,8,19) emphasize the 
importance of a t t e n t i o n t o hapten s e l e c t i o n during assay 
development. 

The p r i n c i p l e s of good hapten design are simple and 
straightforward, given a b a s i c understanding of the process of 
antibody production. However, t h i s i s not an exact science. For 
instance, even hybridomas or inbred animals which y i e l d antibodies 
r e c o g n i z i n g the same molecule may produce antibodies with very 
d i f f e r e n t amino acids i n t h e i r combining s i t e s . In designing 
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haptens f o r antibody production, s e v e r a l general g u i d e l i n e s are 
c l e a r . I t i s p r e f e r a b l e t o avoid spacer attachment at or near 
f u n c t i o n a l groups of the tar g e t molecule as t h i s can reduce the 
number of p o t e n t i a l s i t e s c o n t r i b u t i n g t o antibody b i n d i n g ( n i t r o , 
amine, hydroxy, h a l i d e , e t c . ) , e i t h e r d i r e c t l y by chemical 
m o d i f i c a t i o n or i n d i r e c t l y by s t e r i c a l l y b l o c k i n g access t o these 
groups. To enhance compound s p e c i f i c i t y , synthesis s t r a t e g i e s 
should maximize exposure of unique determinants by attachment of the 
spacer at a p o s i t i o n on the tar g e t molecule where members of a c l a s s 
have i d e n t i c a l (or very s i m i l a r ) s t r u c t u r a l features. Spacers 
containing strong determinant groups, such as aromatic r i n g s , 
conjugated double bonds, or heteroatoms should be avoided i f 
p o s s i b l e , t o minimize the production of s p a c e r - s p e c i f i c a n t i b o d i e s . 

The Importance Of Negative Results 

I t i s d i f f i c u l t t o completely understand the immune response to a 
p a r t i c u l a r hapten. Developmen
hapten t o produce s p e c i f i
resources, i n c l u d i n g many animals, time f o r immunization, and 
extensive c h a r a c t e r i z a t i o n t o demonstrate lack of appropriate 
an t i b o d i e s . I t i s p o s s i b l e t o reduce the d i f f i c u l t y of obtaining 
negative data through the use of mice rather than r a b b i t s (6), a 
route not u s u a l l y pursued except when planning monoclonal antibody 
production. In any case, rigorous s y n t h e t i c chemistry remains 
c r i t i c a l t o understanding of the f i n a l r e s u l t s , s u c c e s s f u l or not. 
The few a v a i l a b l e studies which describe unsuccessful immunizations 
provide valuable i n s i g h t (6,1/7), as do those f a i l u r e s w i t h i n our 
group. Based on the l i t e r a t u r e and our own experience, we have 
i d e n t i f i e d and examined several c r i t e r i a f o r the s u c c e s s f u l 
development of immunoassays f o r p e s t i c i d e s . We present here 
examples i l l u s t r a t i n g and c o n t r a d i c t i n g those c r i t e r i a . 

C r i t e r i a For Hapten Synthesis And Discussion Of Examples 

The s t r u c t u r e s of the compounds discussed below are given i n Figures 
1 and 2, with references i n d i c a t e d under the compound names. S i t e s 
of conjugation are i n d i c a t e d by arrows, while dotted polygons 
enclose parent molecule s t r u c t u r e which i s not r e t a i n e d i n the 
immunizing hapten. 

Spacer Arm Location; Exposure of Determinants. The l o c a t i o n of the 
spacer arm on the tar g e t molecule should be d i s t a l t o important 
haptenic determinants to maximize t h e i r exposure f o r antibody 
binding. This point i s supported by sev e r a l examples. In the 
development of molinate haptens (3.), the unique hexamethyleneimine 
r i n g was retaine d , leading t o antibodies which were s p e c i f i c f o r 
molinate and recognized EPTC poorly. This must be due t o the 
d i f f e r e n c e between the c y c l i z e d hexamethyleneimine r i n g of molinate 
and the open tf-dipropyl group of EPTC. Assays developed f o r the s-
t r i a z i n e h e r b i c i d e s using a range of immmunizing haptens (4, 
Harrison et a l . J . A g r i c . Food Chem., i n press) e x h i b i t e d 
s p e c i f i c i t y r e f l e c t i n g the st r u c t u r e s of the immunizing haptens; 
chloro and alkylamino groups were each important determinants of 
s p e c i f i c i t y . In a s e r i e s of papers d e t a i l i n g the synthesis of 
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Thiocarbamate Haptens (3) 

NCSCH2R 
CHgCH 2CH 2» 

CHgCH 2CH 2 

CHgCH 2 11 
NCSCH2R NCSCHgR 

C H 3 C H 2 ' 

molinate 

Parent Compound

1,2: R = C H 3 

2 
eptam thiobencarb 

1b, 2b, 3b:R«(CH 2 ) 5 COOH 

1c, 2c, 3c: R = C H 2 NH 2 

1d,3d:R« 4 > N H 9 

Triazine Haptens (4) 

CI CI 

CI / V ^ N R RN^Sr^N 

R 
4a Et 
4b IPr 

RISK ^N(CH2) nR' 

R n_ a1 

5a Et 2 H (simazine) 
5b IPr 2 H (atrazine) 
5c Et 1 COOH 
5d Et 2 COOH 
5e Et 3 COOH 
5f Et 4 COOH 
5g Et 5 COOH 
5h IPr 1 COOH 
5i IPr 2 COOH 
5i IPr 5 COOH 

SCH2R' 
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Figure 1. Structures of thiocarbamate and t r i a z i n e haptens and 
parent compounds. 
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^ rv%cH<cH) Maleic ° S 
Bentazon U>A> 3 2 Hydrazide ( j j H 

(11) / H > - (6) 

Aminotriazole N H Fenpropimorph 
(10) <9> 

Ethylenethiourea s Endosulfan c.^ a

a 

(etu) (1) 

Paraquat Parathion Diflubenzuron 
(13,18) (2,17) (20,21,22) 

Figure 2. Structures of other compounds discussed i n t e x t . 
Arrows i n d i c a t e s i t e s of conjugation. Dotted polygons enclose 
parent molecule s t r u c t u r e not re t a i n e d i n the immunizing hapten. 
The numbers under compound names r e f e r t o l i t e r a t u r e c i t e d . 

Continued on next page 
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Permethrin Iprodione Diclofop-methyl 
(16) (12) (15) 

Figure 2 Continued 
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haptens and production of antibodies f o r diflubenzuron (20-22), 
s e v e r a l haptens which were d e r i v a t i z e d d i s t a l t o the 2,6-
d i f l u o r o b e n z o y l u r e a moiety y i e l d e d antibodies s p e c i f i c f o r t h i s end 
of the molecule. An assay f o r fenpropimorph (9) produced h i g h l y 
s p e c i f i c antibodies because of p r e s e r v a t i o n of the unique 
dimethylmorpholine r i n g . Conjugation of a permethrin hapten (16) 
d i s t a l t o the 3-phenoxybenzyl group produced antibodies which 
crossreacted with s e v e r a l r e l a t e d pyrethroids because they share 
t h i s p o r t i o n of the permethrin s t r u c t u r e . For iprodione (12), 
conjugation d i s t a l t o the m-dichlorophenyl r i n g produced antibodies 
which were c l a s s s p e c i f i c , recognizing the parent, a metabolite, a 
h y d r o l y s i s product, and two r e l a t e d f u n g i c i d e s . 

However, s e v e r a l exceptions to t h i s g e n e r a l i z a t i o n have been 
observed. The conjugation of an aminophenyl thiobencarb hapten by 
d i a z o t i z a t i o n (Gee et a l . , t h i s volume) produced antibodies which 
recognized the t a r g e t compound. Conjugation of maleic hydrazide 
through the nitrogen of
antibodies recognizing th
seemingly important n i t r
conjugation ortho or meta to the n i t r o group) l e d to antibodies 
which d i d not recognize parathion (17). However, u s e f u l antibodies 
were produced i n response t o d i a z o t i z e d aminoparathion (2; n i t r o 
group of parent compound was reduced to amino group f o r 
conjugation), but aminoparathion was a l s o s t r o n g l y recognized. 

Spacer Arm Location; Preservation of Functional Groups. The 
l o c a t i o n of the spacer arm on the target molecule should avoid 
attachment to f u n c t i o n a l groups, i n c l u d i n g heteroatoms, which might 
lead t o change i n p o l a r i t y of the group and/or a reduction i n the 
number of p o t e n t i a l s i t e s c o n t r i b u t i n g to antibody binding. 
Coupling through a carbon atom appears p r e f e r a b l e . Several examples 
can be c i t e d t o i l l u s t r a t e t h i s p r i n c i p l e . In the development of 
assays f o r the t r i a z i n ^ s (4, Harrison et a l . J . A g r i c . Food Chem., 
i n p r e s s ) , a s u l f u r atom was used i n the spacer to mimic the s i z e 
and other p r o p e r t i e s of the chloro group, allowing antibodies 
against t h i o e t h e r haptens to r e t a i n good r e c o g n i t i o n of chloro 
compounds while having e x c e l l e n t r e c o g n i t i o n of S-methyl t r i a z i n e s . 
In assays f o r d i f lubenzuron (20-22.), attachment of the spacer 
through the r i n g NH produced s p e c i f i c antibodies, but the parent 
compound (target analyte) could not compete the antibody o f f the 
p l a t e coating antigen. This problem was overcome by changing the 
hapten used i n making the p l a t e coating antigen. With t h i s change, 
N-methylated diflubenzuron was s t i l l recognized more st r o n g l y than 
diflubenzuron, i n d i c a t i n g the c r i t i c a l importance of the d i f f e r e n c e 
between secondary and t e r t i a r y nitrogens. The importance of t h i s 
d i f f e r e n c e between secondary and t e r t i a r y nitrogens has a l s o been 
observed f o r bentazon (11). Attachment of the spacer t o the r i n g 
n itrogen produced s p e c i f i c antibodies, but these recognized N-
methylated bentazon 100 to 1000 times b e t t e r than bentazon. 
S i m i l a r l y , i n the production of antibodies to maleic hydrazide (6), 
conjugation through one oxygen prevented tautomerization of the 
remaining carbonyl to a phenol. This hapten produced antibodies 
which recognized the immunizing hapten, but not the phenolic parent 
compound. In two immunoassays f o r paraquat (.13, 13.) r r e t e n t i o n of 
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the p o s i t i v e charge on the nitrogen used f o r conjugation l e d to 
antibodies which bound poorly to s i n g l y charged monoquat. 

The f o l l o w i n g exceptions to the above p r i n c i p l e must be noted. 
In an assay f o r thiobencarb (Gee et a l . , t h i s volume), removal of 
the chloro group and conjugation through that p o s i t i o n d i d not 
prevent the production of s p e c i f i c a ntibodies. For maleic hydrazide 
(6), conversion of the secondary nitrogen t o t e r t i a r y by conjugation 
through the nitrogen d i d not prevent the production of antibodies 
r e c o g n i z i n g the parent compound. In one parathion assay (17, 
pr e s e r v a t i o n of the n i t r o group on the phenyl r i n g (by conjugation 
ortho or meta t o the n i t r o group) l e d to antibodies which recognized 
the immunizing haptens, but not parathion. 

S e l e c t i o n of Spacer Arm. The spacer arm length and s t r u c t u r e should 
be chosen c a r e f u l l y to reduce spacer r e c o g n i t i o n , while r e t a i n i n g 
s p e c i f i c i t y f o r the t a r g e t molecule. Functional groups i n the 
spacer arm should be avoided  i f p o s s i b l e  to minimize "spacer" 
r e c o g n i t i o n . A l k y l spacer
undesirable. This i s born
f o r both molinate (3) and EPTC (Gee et a l . , t h i s volume), antibodies 
against a r a l k y l haptens produced high t i t e r antibodies which could 
not be used because spacer r e c o g n i t i o n was too strong. For 
thiobencarb (Gee et a l . , t h i s volume) and parathion (2), the 
aromatic r i n g i n the spacer was important t o antibody binding, but 
t h i s was d e s i r a b l e because i t c o n s t i t u t e d part of the t a r g e t analyte 
as w e l l . Aminotriazole haptens (10) conjugated using the 
h e t e r o b i f u n c t i o n a l reagent MBS (maleimidobenzoic a c i d N-
hydroxysuccinimide) produced antibodies which bound the homologous 
hapten-protein conjugate, but d i d not recognize the t a r g e t analyte. 
This r e s u l t i n d i c a t e s r e c o g n i t i o n of the bulky and d i s t i n c t i v e MBS 
spacer group. The length of the spacer arm may a l s o be an important 
f a c t o r . Several examples are given below, p r i m a r i l y f o r the use of 
a l t e r n a t i v e haptens i n ELISA with antibodies against other haptens. 
In one assay f o r the s - t r i a z i n e s (4, Harrison et a l . J . A g r i c . Food 
Chem., i n p r e s s ) , the ELISA use of a hapten with reduced length 
spacer, ( ( C H 2 ) 5 l e s s than long a l k y l spacer of immunizing hapten) 
increased assay s e n s i t i v i t y 100 f o l d over the homologous system. In 
our assays f o r molinate (3), thiobencarb (Gee et a l . , t h i s volume), 
and EPTC (Gee et a l . , t h i s volume), antibodies against short chain 
a l k y l a c i d haptens produced no i n h i b i t i o n i n homologous assay 
systems, but gave acceptable s e n s i t i v i t i e s when the spacer length of 
the ELISA antigen was increased by ( C H j ^ S i m i l a r r e s u l t s were 
obtained f o r diflubenzuron (20-22), where'the use of s i t e and spacer 
heterologous haptens improved the assay s e n s i t i v i t y i n most cases. 

For many haptens, more complex spacers containing aromatic 
r i n g s or m u l t i p l e heteroatoms do not prevent the production of the 
de s i r e d a n t i b o d i e s . A bentazon hapten (11) containing a benzyl 
group i n the spacer produced antibodies recognizing the t a r g e t 
compound. S i m i l a r l y , antibodies r a i s e d against d i a z o t i z e d 
aminoparathion recognized parathion (2). This i s not s u r p r i s i n g , 
s i n c e the phenyl r i n g of the d i a z o t i z e d hapten i s shared by the 
ta r g e t parathion. We have also observed the usefulness of m u l t i p l e 
spacer types f o r the development of heterologous assays f o r 
improving s e n s i t i v i t y . In the case of the thiocarbamates, t h i s i s 
the only simple route f o r making heterologous assays. In the assays 
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f o r both molinate (3) and thiobencarb (Gee et a l . , t h i s volume), 
antibodies against a l k y l a c i d haptens produced the best assays when 
ELISA conjugates (plate coating antigens) used spacer heterologous 
aminophenyl haptens. 

S e l e c t i o n of Coupling Chemistry. In p r a c t i c e , the s e l e c t i o n of 
coupling chemistry i s c l o s e l y l i n k e d t o the points discussed i n the 
previous s e c t i o n . The choice of chemical r e a c t i o n f o r the 
conjugation of hapten to p r o t e i n must take i n t o c o n s i d e r a t i o n the 
r e a c t i v i t y of the hapten molecule's other f u n c t i o n a l groups. Most 
of the compounds described i n t h i s review used a l k y l COOH or a r y l 
NH 2 groups f o r conjugation.The d i f f e r e n c e s i n s t a b i l i t y among azo, 
amide, e s t e r , and d i s u l f i d e linkages i l l u s t r a t e the range of 
p o s s i b i l i t i e s a v a i l a b l e with d i f f e r e n t conjugation r e a c t i o n s . The 
e a s i e s t (and most common) approach i s to s e l e c t the simplest and 
most s t a b l e conjugation chemistry which i s appropriate f o r the most 
e a s i l y produced hapten(s)  This i s not always the best strategy
The s t a b i l i t y (chemical
during conjugation and subsequen
production of antibodies and in vitro production and use of hapten-
p r o t e i n conjugates. Functional group p r o t e c t i o n s t r a t e g i e s may be 
requ i r e d during conjugation. For example, i n attempting t o produce 
s t a b l e aminotriazole conjugates (10), chromophore groups were used 
to p r o t e c t the r e a c t i v e primary amine, p r o v i d i n g c o l o r i m e t r i c 
monitoring of conjugation; these groups were then removed a f t e r 
conjugation. In the preparation of bentazon conjugates (11). 
di m e r i z a t i o n of the a c t i v a t e d hapten occurred during the conjugation 
procedure, due to r e a c t i v i t y of the unprotected secondary nitrogen. 
One p o s s i b l e s o l u t i o n would be to use a spacer which can c y c l i z e 
with the secondary nitrogen, temporarily p r o t e c t i n g i t while 
p r o v i d i n g another f u n c t i o n a l group f o r conjugation; a f t e r 
conjugation, r i n g opening would r e s t o r e the secondary nitrogen, 
l e a v i n g an a l k y l spacer. Our work on ethylenethiourea (ETU) i s an 
example where normal hapten conjugation p r o t o c o l s d i d not produce 
v e r i f i a b l e conjugates. Because the unique p o r t i o n of t h i s molecule 
i s a l s o h i g h l y r e a c t i v e , s p e c i a l precautions were requi r e d f o r 
v e r i f i c a t i o n of conjugation. 

S o l u b i l i t y of Hapten and Conjugate. The s o l u b i l i t y of hapten and 
conjugate must a l s o be considered, due to the no n p o l a r i t y of most 
p e s t i c i d e s . Unusual measures may be required t o overcome problems 
of hydrophobicity. For endosulfan (1), periodate conjugation 
(aqueous NaI0 4) of the d i o l was d i f f i c u l t due t o poor water 
s o l u b i l i t y of the hapten. However, the N-hydroxysuccinimide a c t i v e 
e s t e r method could be performed using over 50% dimethylformamide as 
a cosolvent. In diflubenzuron antigen preparation (20-22), the use 
of d i a z o t i z a t i o n r e s u l t e d i n a r e a c t i v e intermediate which i s 
charged and thus very s o l u b l e i n aqueous systems. In a d d i t i o n , 
d i f f e r e n c e s e x i s t among the p o s s i b l e c a r r i e r p r o t e i n s . In assays 
f o r the s - t r i a z i n e s (4, Harrison et a l . J . A g r i c . Food Chem., i n 
pr e s s ) , the s o l u b i l i t y of a l l haptens was improved by using 20% 
dimethylformamide as a cosolvent i n aqueous conjugation r e a c t i o n s . 
The s o l u b i l i t y of a l l bovine serum albumin (BSA) conjugates was 
b e t t e r than keyhole limpet hemocyanin (KLH) conjugates, due to 
s o l u b i l i t y d i f f e r e n c e s i n t r i n s i c to the two p r o t e i n s . Thus KLH 
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conjugates were used f o r immunization ( e m u l s i f i c a t i o n f o r i n j e c t i o n 
m i t i g a t e s s o l u b i l i t y problems) and BSA conjugates were used f o r 
ELISA. 

Ease of Synthesis. The ease of hapten synthesis i s a l s o important, 
e s p e c i a l l y i n minimizing the number of s y n t h e t i c steps required. 
For most of the assays covered here, g e n e r a l l y two or three steps 
were re q u i r e d from commercially a v a i l a b l e s t a r t i n g m a t e r i a l s . I t i s 
a l s o convenient to use r e a d i l y a v a i l a b l e s t a r t i n g m a t e r i a l s i f 
p o s s i b l e . For examples, the d i r e c t conjugation of r e a c t i v e 
d i c h l o r o t r i a z i n e s y i e l d e d ELISA antigens u s e f u l f o r a n a l y s i s of the 
s - t r i a z i n e s (4, Harrison et a l . J . A g r i c . Food Chem., i n p r e s s ) . 
D i r e c t conjugation of a c i d metabolites produced s p e c i f i c antibodies 
against both fenpropimorph (9) and diclofop-methyl (15). We must 
emphasize however that s y n t h e t i c expediency at the expense of the 
other considerations we have discussed above i s l i k e l y to create 
more problems than i t solves

Further Discussion of Thiocarbamate

The haptens shown i n Figure 1 were synthesized f o r the 
thiocarbamates molinate, EPTC, and thiobencarb. Two haptens f o r 
thiobencarb (3a-3b) contained S - a l k y l spacers ( i n place of the p-
chlorobenzyl group) with a terminal c a r b o x y l i c a c i d group f o r 
conjugation, while two haptens contained a r a l k y l spacers (3c-3d) and 
were conjugated v i a a diazonium s a l t . The thiobencarb haptens with 
a l k y l spacers e l i c i t e d adequate antibodies, but the a r a l k y l haptens 
produced antibodies with superior s p e c i f i c i t y f o r thiobencarb, since 
hapten 3d i s nearly i d e n t i c a l to the t a r g e t compound. This antibody 
could be used i n both heterologous and homologous assays f o r the 
parent thiobencarb with acceptable s e n s i t i v i t y . 

Sometimes options f o r spacer arm l o c a t i o n are l i m i t e d , as i s 
the case f o r EPTC (Figure 1). Many thiocarbamates contain the S-
e t h y l moiety; thus only the dipropylamino group i s unique to EPTC. 
Hence the spacer attachment f o r a l l our EPTC haptens (2a-2c) was at 
the s u l f u r , d i s t a l t o the dipropylamino group. These haptens 
e l i c i t e d good t i t e r antibodies, but the best EPTC assay was 100 f o l d 
l e s s s e n s i t i v e than the best assays f o r molinate or thiobencarb. I t 
appears that t h i s d e f i c i e n c y i s due to the EPTC s t r u c t u r e i t s e l f . 
In l i g h t of t h i s r e s u l t , i t i s i n t e r e s t i n g t o note the s t r u c t u r a l 
s i m i l a r i t y of molinate and EPTC; symmetric opening of the molinate 
hexamethyleneimine r i n g y i e l d s EPTC. We suspect that the c r i t i c a l 
d i f f e r e n c e between these two compounds i s the added r o t a t i o n a l 
freedom of the two n-propyl groups of EPTC. While the r e l a t i v e 
assay s e n s i t i v i t i e s suggest that the a l i c y c l i c hexamethyleneimine 
group i s superior t o the a l i p h a t i c dipropylamino group f o r the 
production of antibodies, to our knowledge no systematic study of 
the advantages of r i n g systems e x i s t s . 

In the t r i a z i n e s e r i e s (Figure 1), the best immunizing hapten 
f o r making t r i a z i n e - c l a s s s p e c i f i c antibodies was compound 6d. This 
hapten has the spacer attached at the 2 - p o s i t i o n and contains 4-
ethylamino and 6-isopropylamino groups. Hapten 6c, the 6-ethylamino 
analog, was s l i g h t l y l e s s e f f e c t i v e , but t h i s may be r e l a t e d t o the 
decreased s o l u b i l i t y and accompanying d i f f e r e n c e s i n conjugation and 
in vivo antigen presentation. I t i s not c l e a r at present which i s 
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the best immunizing hapten f o r producing simazine s p e c i f i c 
a n t i b o d i e s . The most s e n s i t i v e monoclonal antibody (1-2 ppb f o r 
atrazine ) was made i n response t o compound 6d. The immunizing 
hapten producing the best s p e c i f i c i t y f o r a t r a z i n e was 5j 
(containing 2-chloro and 4-isopropylamino groups, with the spacer 
arm at the 6 - p o s i t i o n ) . Only 8% cross r e a c t i v i t y with simazine was 
noted f o r the best r a b b i t antibody made against t h i s hapten, a 
s u r p r i s i n g r e s u l t considering that the s t r u c t u r e s d i f f e r only by one 
methylene group. Antibodies against compound 5g (containing 2-
chloro and 4-ethylamino groups, with the spacer arm at the 6-
p o s i t i o n ) were a l s o very s p e c i f i c f o r a t r a z i n e , as expected. 
However, t h e i r c r o s s - r e a c t i v i t y f o r simazine was approximately 100%, 
but with reduced s e n s i t i v i t y compared t o the antibodies against 
compound 5 j . 

The r e c o g n i t i o n of v a r i a b l e spacer arm length t r i a z i n e haptens 
was evaluated using competitive ELISA. Using antibodies made 
against haptens 5j and 6d  a c l e a r decrease i n r e c o g n i t i o n was 
observed as the spacer ar
the n = 1, 2, and 3 d e r i v a t i v e
and 2 d e r i v a t i v e s of a t r a z i n e (5h-5i) were chosen f o r conjugation t o 
a l k a l i n e phosphatase and BSA. The ultimate goal of t h i s approach i s 
to produce more s e n s i t i v e heterologous assays by e x p l o i t i n g the 
reduced a f f i n i t y of the antibodies f o r the conjugated haptens, while 
r e t a i n i n g s p e c i f i c i t y f o r the t r i a z i n e c l a s s (4, Harrison et a l . J . 
A g r i c . Food Chem., i n p r e s s ) . 

Conclusions 

1. The importance of the above c r i t e r i a , e s p e c i a l l y spacer 
r e c o g n i t i o n and pres e r v a t i o n of parent molecule f u n c t i o n a l groups, 
appears to increase as the s i z e of the ta r g e t molecule decreases 
and as the number of c l e a r l y recognizable f u n c t i o n a l i t i e s 
decreases (6,10). 

2. Some molecules may be inadequate f o r the production of s p e c i f i c 
antibodies due to s i z e , r e a c t i v i t y , or s t r u c t u r e . L i m i t a t i o n s due 
to s i z e may be manifested only as decreasing assay s e n s i t i v i t y 
with decreasing molecular s i z e . 

3. Sometimes i t i s impossible or very d i f f i c u l t t o avoid 
s a c r i f i c i n g a u s e f u l determinant group i n hapten synthesis; 
e x p l o r a t i o n of m u l t i p l e haptens i s c r u c i a l i n such cases (6). 

4. M u l t i p l e haptens should be prepared f o r each t a r g e t compound, 
i n c l u d i n g d i f f e r e n t conjugation p o s i t i o n s and spacer lengths and 
st r u c t u r e s , i f p o s s i b l e . While i t may be unnecessary to use a l l 
of the synthesized haptens f o r antibody production, heterologous 
systems should be c a r e f u l l y explored t o optimize assay s e n s i t i v i t y 
while r e t a i n i n g s p e c i f i c i t y and ruggedness. 

5. The strategy of syn t h e s i z i n g a l i b r a r y of p o t e n t i a l haptens 
during the e a r l y phase of a g r i c u l t u r a l chemical product 
development would be a valuable corporate p o l i c y because i t would 
f a c i l i t a t e the l a t e r development of immunoassays. An added 
b e n e f i t i s that these d e r i v a t i v e s would o f f e r new compounds f o r 
screening as p o t e n t i a l p e s t i c i d e s or serve as metabolite 
standards. 

6. The a b i l i t y t o generate c l a s s or compound s p e c i f i c antibodies 
depends g r e a t l y on the class/compound s t r u c t u r e and the number of 
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c l o s e l y r e l a t e d compounds which might be encountered i n ro u t i n e 
a n a l y s i s . The use of m u l t i p l e haptens employing d i f f e r e n t 
conjugation p o s i t i o n s and s u b s t i t u t i o n patterns allows e x p l o r a t i o n 
of class/compound s p e c i f i c i t y . 

7. When designing assays f o r l a r g e r molecules, immunizing haptens 
con t a i n i n g l e s s than the complete parent s t r u c t u r e may y i e l d 
a ntibodies which adequately recognize the t a r g e t molecule (12, 
16). Such haptens are more l i k e l y t o produce c l a s s s p e c i f i c 
a ntibodies due t o non-recognition of the omitted s t r u c t u r e . 

8. Study of the l i t e r a t u r e on low molecular weight drugs (14 f o r 
review) may o f f e r f u r t h e r i n s i g h t ( v a l p r o i c a c i d , phenobarbital, 
c a f f e i n e , n i c o t i n e , e t c . ) . 

9. Understanding of hapten-antibody i n t e r a c t i o n would b e n e f i t from 
physical-chemical study of binding (x-ray, NMR, e t c . ) , with the 
r e a l i z a t i o n that f o r most molecules there w i l l be many p o s s i b l e 
antibody combining s i t e s t r u c t u r e s . 
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Chapter 3 

Rapid On-Site Immunoassay Systems 
Agricultural and Environmental Applications 

J. H. Rittenburg, G. D. Grothaus, D. A. Fitzpatrick, and R. K. Lankow 

Agri-Diagnostics Associates, 2611 Branch Pike, Cinnaminson, NJ 08077 

A simpl
rapid on-site analysis and quantitation of chemical residues. 
The system consists of an assay device with an absorbant core 
to which antibody can be immobilized, and a small handheld 
reflectometer for quantitation of the assay results. The 
competitive immunoassay is performed by adding reagents to 
the surface of the device from dropper bottles. As each 
solution is absorbed into the device, it passes through the 
surface zone of immobilized antibody allowing the antibody­
-antigen reactions to proceed. The immunoassay can be 
completed within 10 minutes with a visually observable color 
endpoint. Each assay device contains a negative control 
reference zone that is used for comparison to the sample zone. 
Results are quantitated using a handheld, dual beam, 
reflectometer that compares the color intensity of the sample 
zone to that of the reference zone. The development of both a 
multiwell and field usable immunoassay for quantitation of 
alachlor in the low to sub ppb range is described. 

The accurate and precise analysis of pesticides is a critical requirement for the 
registration and use of pesticides throughout the world. Parent molecules, key 
metabolites and chemical breakdown products must be identified and studied in well 
designed laboratory and field research trials. Environmentally sound management 
practices rely on significant amounts of information about the levels and movements 
of pests, pathogens and specific chemical treatments within the environment. The 
methods available for such analysis have become extremely sophisticated and 
sensitive in response to the need to detect lower and lower levels of contaminants in 
crops, water, soil, and farm animals. 

Despite the tremendous sophistication of pesticide residue and environmental 
chemical analysis, there remain a number of serious limitations to certain aspects of 
classical analysis. A number of those limitations can be addressed through the 
application of immunoassay technology to residue analysis (L4). Immunoassays 
rely on highly specific antibody proteins and relatively simple analytical apparatus to 
detect and quantify a wide variety of target materials in a broad range of analytical 
matrices. Since the reagents are specific, immunoassays can generally be performed 
with relatively crude sample preparations. Reduced sample preparation, simple 
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assay procedures, high throughput capabilities, and relatively inexpensive 
automation make immunoassay procedures much less expensive on a per sample 
basis than conventional methods. Additionally, immunoassays can be readily 
adapted to simple and rapid on-site testing methods that generate timely information 
enabling better informed decisions to be made. 

Immunoassay Technology 

Immunoassays are analytical techniques based on the specific, high affinity binding 
of inducible animal-derived proteins called antibodies with particular target 
molecules called antigens. Antibody formation by higher vertebrates is remarkable 
both in the specificity of the induced antibody to its target and in the variety of 
organic molecules and macromolecules that are able to induce a specific antibody 
response. The primary binding between the antibody and the target antigen forms 
the basis of the immunoassay, and a wide variety of immunoassay "formats" have 
been developed to allow either visual or instrumental measurement of this primary 
binding reaction. The tremendous variety of immunoassay formats and reagent 
configurations presently bein
immunodiagnostics all represen
antigen reaction. 

Over the past 25 years this methodology has been successfully applied to 
many of the analytical challenges of the medical health care industry for rapid and 
accurate measurement of analytes such as hormones, microorganisms, therapeutic 
drugs, drugs of abuse, and tumor markers . The past 10 years has seen a rapid 
expansion of immunoassay techniques into forensic, veterinary, food and 
agricultural analyses. The potential of rapidly measuring a very minute quantity of a 
specific analyte from within a complex sample matrix, often with little or no sample 
clean-up, is one of the attractive features that has led to the widespread application of 
immunoassay techniques. 

Antibody-producing cells generally respond to macromolecules and 
compounds with a molecular weight greater than 10,000 Daltons when those 
materials are recognized as foreign by the immune system. In general, compounds 
of the molecular weight of most pesticides wi l l not independently elicit an immune 
response. If those compounds are covalently attached to a carrier macromolecule, 
however, the immune system wi l l respond and produce antibodies to the small 
molecule portion of the complex (hapten) as well as to other regions of the carrier. 

The specificity of an antibody to a small molecule such as a pesticide can be 
influenced to a large degree by the design of the immunogen used to induce antibody 
formation. The immunogen is constructed by covalently coupling the small 
molecule or a related analogue to a carrier protein. In general, antibody specificity is 
highest for the part of the molecule furthest from the carrier protein. Thus in 
synthesizing the immunogen it is possible to orient the small molecule in ways that 
w i l l favor antibody specificity to particular portions of the molecule. Through 
selective construction of the immunogen, it is possible to induce antibodies that may 
or may not, for example, differentiate a parent pesticide from its major metabolite, or 
a specific pesticide from a related family of pesticides. Additional levels of 
specificity may also be achieved through selection of appropriate monoclonal 
antibodies. 

Most small molecules, including many of the pesticides, in the less than 
1000 Dalton molecular weight range only have one antigenic determinant and thus 
must be analyzed using a competitive immunoassay format. A wide variety of 
competitive immunoassays have been developed for analysis of small molecules 
such as antibiotics (5), pesticides (6), toxins (7), and hormones (8). Further 
information concerning basic immunoassay technology is covered in detail in 
Chapter 1. 
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Alachlor Immunoassay Development 

The herbicide alachlor is one of the most widely used pesticides in North America. 
It is used primarily to control grassy weeds in corn and soybeans and can be found 
as a groundwater contaminant. Some laboratory testing services routinely analyze 
water samples for alachlor residues using chromatographic methods. The 
availablility of an appropriate immunoassay would reduce the turnaround time and 
costs incurred in current residue analyses for alachlor and enable larger numbers of 
samples to be analyzed. Development of a laboratory immunoassay for alachlor 
analysis was first described by Wratten and Feng (9). 

This paper describes work at Agri-Diagnostics toward the development of a 
standardized and stabilized multiwell immunoassay kit and development of a simple, 
rapid, and quantitative on-site immunoassay kit for analysis of alachlor in 
groundwater. 

Experimental Methods 

Protein conjugates of alachlo
immunogens and antibody screenin
carbodiimide driven condensation reaction of the 2-(4-aminophenylthio)-2\6 f-
diethyl-N-methoxymethylacetanilide and bovine serum albumin (BSA) as shown in 
Figure 1. Alachlor was also coupled directly to thiolated chicken albumin and B S A 
through an alkylation reaction. Acetyl homocysteine thiolactone was used to first 
thiolate the protein which was subsequently mixed with alachlor under alkaline 
conditons resulting in alkylation of the thiol by the herbicide to form the conjugate 
(Figure 2). These conjugates were used to immunize sheep and mice and also to 
coat 96 well polystyrene plates for use in antibody screening. Alachlor was also 
covalently coupled to horseradish peroxidase for use as an enzyme-hapten tracer in a 
direct competitive assay format. 

Alachlor, metolachlor, and butachlor were obtained from Chem Service 
(West Chester, Pa). Acetanalide anlogues used in the cross-reativity studies were 
provided by Ricerca, Inc. (Painesville, Ohio). 

Indirect and direct competitive multiwell assay formats, and a rapid field 
usable format were developed and performed as described below: 

Indirect competitive multiwell assay: 
1. A d d 50|il of negative control, standards, and test samples to wells of 

multiwell plates coated with the chicken albumin-alachlor conjugate. 
2 . A d d 50\i\ of alachlor antibody to each well and mix for 10 minutes. 
3 . Rinse out wells five times and add 100|il of anti-sheep globulin peroxidase 

to each well . 
4 . Rinse out wells five times and add lOOjil of enzyme substrate (ABTS) to 

each well . M i x for 10 minutes. 
5 . A d d 50^.1 stop solution to each well and mix for 10 seconds. 
6. Read absorbance at 405nm. 

Direct competitive multiwell assay: 
1. Make a 1:1 mixture of the water sample or standard or negative control with 

the peroxidase-alachlor tracer. 
2 . A d d lOOjil of each mixture from step 1 into respective wells of multiwell 

plates coated with purified sheep anti-alachlor antibody and mix for 10 
minutes. 
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CH>CH 3 

ALACHLOR AMINOBENZENE 

BSA-COOH 

+ 

UREA DERIVATIVE 

Figure 1. Conjugation of alachlor aminobenzene to bovine serum albiimin. 
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C H 2 C H 3 

CH^CHg * 

ALACHLOR 

OA-NH 2 

1 L- NHCOCH3 
ACETYL HOMOCYSTEINE THIOLACTONE 

J — HCL 

CHICKEN ALBUMIN - ALACHLOR 
CONJUGATE 

Figure 2. Conjugation of alachlor to chicken albumin using acetyl 
homocysteine thiolactone. 
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3. Rinse out wells five times and add 100|il of enzyme substrate ( A B T S ) to 
each well . M i x for 10 minutes. 

4 . A d d 50 | i l stop solution (1.5% NaF) to each well and mix for 10 seconds. 
5. Read absorbance at 405nm. 

Rapid field usable assay: 
1. Make a 1:1 mixture of the water sample or standard or negative control with 

the peroxidase-alachlor tracer. 
2 . A d d 1 drop of the negative control peroxidase-alachlor tracer mixture and 

one drop of the sample peroxidase-alachlor tracer mixture to respective 
antibody coated zones on the surface of the porous plastic device. 

3 . A l l o w all liquid from each drop to completely drain into the porous device. 
4 . A d d 1 drop of rinse solution to each zone and allow to drain. 
5. A d d 1 drop of enzyme substrate solution to each zone and allow to drain. 
6. A d d 1 drop of stop solution to each zone and allow to drain into device 
7. Quantitate results using hand-held reflectometer

Total test time approximately

Cross-reactivity is expressed as the ratio of the concentration of alachlor to each test 
compound at level that gives 50% inhibition of the immunoassay maximal binding 
level. 

R e s u l t and Discussion 

A n indirect competitive assay was developed using the chicken albumin-alachlor 
conjugate as the solid phase antigen and antisera obtained from a sheep immunized 
with the BSA-alachlor aminobenzene immunogen. A sensitivity limit of 
approximately 1 ppb was observed. Cross-reactivity with two other acetanalide 
herbicides, metolachlor and butachlor, was 2.3% and 6.4% respectively, indicating 
that the methoxymethyl region of the alachlor molecule plays a significant role in 
antibody specificity (Figure 3 ). 

Additional sensitivity was obtained by formatting the assay in a direct 
competitive configuration where the antibody was immobilized to the solid phase 
and a peroxidase-alachlor conjugate was used in a simultaneous competition reaction 
with the sample. A sensitivity limit of approximately 0.1 ppb was observed with an 
IC50 of about 2ppb. The dynamic range of the assay allows for quantitation as high 
as 50ppb (Figure 4 ) . Cross-reactivity of the direct competitive assay with 
metolachlor and butachlor was 0.5% and 1.0% respectively. Cross-reactivity 
analysis of a variety of other chloroacetanalides indicated that changes to alachlor at 
either the methoxy methyl side chain or to the ethyl groups on the ring result in a 
major loss of antibody recognition (Table 1). 

Field Vsflfrle Format 

On-site immunoassay testing formats are regularly used in the medical area for 
doctors office and home testing applications. One type of on-site format that has 
become very popular for home pregnancy testing (10) and one which 
Agri-Diagnostics has successfully used for plant disease diagnostics (11) and is now 
applying to chemical analysis, is the flow through assay device. In this format the 
antibody or antigen is immobilized within a microporous surface that is in contact 
with an absorbant reservoir. The test sample is added to the surface of the device 
and flows through the activated area into the absorbant reservoir. The movement of 
the sample and the subsequent reagents across the immobilized antibody or antigen 
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Figure 3. Comparative dose response curves of alachlor, butachlor, and 
metolachlor using an indirect competitive ELISA. 

[Alachlor] ng/ml 

Figure 4. Alachlor dose response curve using a peroxidase-alachlor 
conjugate in a direct competitive assay configuration. 
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Table 1 

CROSS-REACTIVITY OF ACETANALIDE ANALOGUES 
IN THE DIRECT COMPETITIVE ALACHLOR IMMUNOASSAY 

Compound I 50 Value (ug/ml) % Cross-Reactivity Structure 

Alachlor 0.002 100.0% 
CHCH 

Butachlor 0.20 1.0% (oy<
VrV ^CH.OCH^^CH, 

CĤ H, 

Metholachlor 0.40 0.5% "̂ CHCHOCH 
CH, CH 

SDS-023018 0.05 4.0% 
/-T< ' ' CCHCI 

CH CH c «N 
CHCH 

SDS-023946 5.50 < 0.1% 
CHCH O 

\ W / CH CH2C »N 

SDS-024048 60.00 <0.1% 
O 

/ O V N ^ C H J C 1 

ĈHCHjCaN 

SDS-024742 20.00 < 0.1% V^7 CH^ClN 
CHCH 
A, ' 

SDS-025664 0.03 6.7% 
CH.CH, O 

CH 

SDS-025665 7.00 <0.1% 
CH 0 

\ W / CHOCH 
CH 
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zone enhances the reaction rates and improves the efficiency of rinsing away the 
unbound reagents. The reagents can be easily added to the device from dropper 
bottles and all the waste liquid from the assay accumulates within the device 
reservoir providing safe containment for toxic analytes. 

The rapid, field usable assay format developed detects alachlor at 
concentrations between 1 and 500 ppb. The device and meter system is illustrated 
in Figure 5. The competitive immunoassay is performed by sequentially adding 
sample, enzyme-labeled reagent, and enzyme substrate to the surface of the device 
from dropper bottles. A s each solution is absorbed into the device, it passes 
through the surface zone of immobilized antibody or antigen. The immunoassay 
can be completed within 10 minutes resulting in a visually observable color 
endpoint. Each assay device contains a negative control reference zone that is used 
for comparison to the sample zone. The assay device couples to a handheld dual 
beam reflectometer which compares the color intensity of the sample zone to that of 
the reference zone. The results can be displayed as percent inhibition or the analyte 
concentration can be extrapolated from a pre-programmed curve. 

The immunoassay devic  i  comprised f  absorbant  plasti
reservoir having a microporou
microporous surface is treate
exposed to which antibody or antigen bound latex can be entrapped. To prepare the 
device for use in the direct competitive assay, antibody sensitized latex particles are 
immobilized to the two zones on the device surface. After drying, the sensitized 
devices can be stored for up to 12 months prior to use. To perform the test a 
mixture of the sample and enzyme-hapten conjugate is applied to one zone and a 
mixture of a negative control or reference and enzyme-hapten conjugate is applied to 
the other zone. A s these solutions are absorbed into the device they move through 
the antibody coated latex layer enabling the competition of any free analyte with the 
enzyme-hapten tracer for binding to the solid phase antibody. Enzyme-hapten 
conjugate that has not been specifically bound by the antibody is rinsed through the 
surface of the device using drops of a rinse solution. A chromogenic peroxidase 
substrate, 4 chloronaphthol, is then applied to the surface of the device. In the 
presence of peroxidase a visible blue precipitate wi l l develop at the surface of the 
device as the substrate passes through the antibody zones. The amount of color that 
develops in each zone is inversely proportional to the amount of analyte in the 
sample. A battery operated handheld dual beam reflectometer was developed to 
quantitate the color endpoint reactions on the immunoassay device. The meter can 
be programmed to take the ratio between the reflectance of the sample zone and the 
negative control zone and display the percent inhibition which can then be 
extrapolated to concentration values from a dose response curve. Alternatively 
analyte concentration can be extrapolated from either a pre-programmed dose 
response curve or from a single point standard curve (in this case a specific level of 
analyte would be applied to the control zone) and displayed as either absolute 
concentration (eg. ppb) or as numbers or ranges (eg. L O , M E D , HI) . The meter 
memory can store up to 84 readings with an optional 4 digit label to identify each 
reading. A n Rs 232 interface enables contents of the memory to be copied directly 
to a printer or computer. The use of the reflectometer removes the subjectivity from 
operator interpretation and provides data for documentation. 

The development of a rapid on-site immunoassay system with a versatile and 
easy to use handheld meter provides an objective means of screening for levels of 
agricultural and environmental chemicals in either a remote site or laboratory setting 
and wi l l enable better monitoring of the levels and movement of chemicals through 
the environment. 
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Figure 5. Agri-Diagnostics on-site assay device and meter system. 

Figure 6. Schematic diagram of flow through immunoassay device. 
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Summary and Conclusions 

Agri-Diagnostics has developed and successfully marketed rapid on-site 
immunoassay systems for monitoring the levels of a variety of plant pathogens 
(12,13). The information provided by these tests aids in the selection and timing of 
the appropriate chemical treatments to be used in an agricultural management 
program. These same types of immunodiagnostic systems are now being developed 
for the rapid on-site analysis and quantitation of agricultural and environmental 
chemicals. 

Development of a simple, rapid, and quantitative on-site immunoassay 
system was undertaken to enable better monitoring of the levels and movement of 
the chemicals in the environment. Alachlor was selected as an initial target 
compound for immunoassay development. Immunogenic conjugates of alachlor 
with bovine serum albumin(BSA) were synthesized through a carbodiimide driven 
condensation reaction of the 2-(4-aminophenylthio)-2 ,,6'-diethyl-N-
methoxymethylacetanilide and B S A and also through an alkylation reaction between 
alachlor and thiolated B S A . A 40 minute indirect competitive multiwell 
immunoassay was develope
solid phase antigen. A sensitivit
2.3 % metolachlor and 6.4% butachlor cross-reactivity. A 25 minute direct 
competitive multiwell format was also developed which demonstrated sensitivity to 
alachlor at the O.lppb level and cross-reactivities of 0.5% and 1.0% with 
metolachlor and butachlor repectively. 

A quantitative, field usable system was developed for detection of alachlor at 
levels down to lppb in less than 10 minutes. The immunoassay device is comprised 
of a porous plastic reservoir having a microporous surface with a controlled pore 
size. The microporous surface is treated with a hydrophobic mask to leave two 
circular zones exposed to which antibody bound latex can be entrapped. A battery 
operated handheld dual beam reflectometer was developed to quantitate the color 
endpoint reactions on the immunoassay device. The meter can be programmed to 
take the ratio between the reflectance of the sample zone and the negative control 
zone and display the percent inhibition. Work is currently in progress to increase the 
on-site assay sensitivity to 0.5ppb through additional optimization of the assay 
parameters and possibly incorporation of a simple solid phase extraction and 
concentration step. Further antibody development is also in progress for use in a 
group specific acetanalide immunoassay. 

The development of a rapid on-site immunoassay system with a versatile and 
easy to use handheld meter provides an objective means of screening for levels of 
agricultural and environmental chemicals in either a remote site or laboratory setting. 
This technology provides a cost effective way to obtain the timely information 
needed in many crop management and environmental monitoring programs. 
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Chapter 4 

Testing of Food and Agricultural Products 
by Immunoassay 

Recent Advances 

William P. Cochrane 

Laboratory Services Division, Agriculture Canada, Ottawa, Ontario 
K1A 0C6, Canada 

The evaluation o
kits was undertaken to determine their usefulness in 
a regulatory analytical laboratory environment in the 
food, feed and pesticide areas. Four rapid enzyme 
immunoassay tests for the detection of aflatoxin 
residues at the 20 ppb level in animal feeds were 
compared to the official HPLC procedure. In the 
pesticide area, a commercial pentachlorophenol 
competitive inhibition assay for residues in water was 
investigated as to its applicability to poultry and 
pork liver matrices. In addition, an ELISA screening 
procedure for the herbicide fusilade was developed. 
Modifications were incorporated into the rapid 
immunoband 1-2 Test procedure for the detection of 
motile Salmonella in various food and animal feed 
products resulting in quicker analysis than the 
standard culture method. Also, a comparative 
evaluation of a Quik-Card Test for sulphamethazine 
drug residues in pork urine, liver and muscle tissue, 
is described. 

New diagnostic tests have been developed based on monoclonal and 
polyclonal antibody technology and have become commercially 
available in the last two to three years for a wide range of 
applications in agriculture. Economical, rapid, sensitive and 
easy to use, these diagnostic tests are making an impact on three 
major analytical areas, namely: 

Testing for pathogenic organisms. 
Detection and identification of toxin and drug contamination 
in animal feeds and foods. 
Monitoring for pesticide residues in water, soil, foods and 
agricultural crops. 
These diagnostic products have appeared in the form of 

hand-held cards, visual tests, affinity columns that have the 
potential of replacing the standard clean-up columns in residue 
analysis, and new ELISA tests. 

It is, therefore, essential to evaluate these new products 
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and to determine their strengths and limitations. To t h i s end a 
number of rapid test k i t s in the animal feed and food areas have 
been assessed, where possible, in tandem with the normal 
conventional methods currently in use. 

Animal Feeds 

The presence of fungal toxins or mycotoxins in foods and animal 
feeding stuffs has become one of the more important concerns in 
human and animal health (1-^). Mycotoxin contamination of animal 
feeds occurs as a result of invasion of crop by f i e l d fungi or 
the growth of fungi in crops stored under less than ideal 
conditions. The t o x i c i t y of mycotoxins in general and the 
carcinogenic potential of aflatoxins in particular are well 
documented (3_). Significant aflatoxin-contami nation can occur in 
crops such as corn and cereals, which are major constituents of 
animal feeds. The potential
feed can be l e f t as residu
AgricultureCanada ha  ongoing progra g
the domestic market and export c e r t i f i c a t i o n for aflatoxin (B1, 
B2, G1, G2) residues using an HPLC technique sensitive at the 2.5 
ppb level for each aflatoxin with results being reported as 
" t o t a l " aflatoxin. To help increase sample throughput and reduce 
analysis time, four commercially available enzyme immunoassay 
tests for aflatoxin residues were evaluated. 

The test k i t s studied were: Aflat est, Agri-Screen, E-Z 
Screen, and Oxoid. 

E-Z Screen. Manufactured with a proposed use for aflatoxins B1, 
B2, G1, G2 at 10 ppb, was found to be effective forB1 and G1 in 
spiked corn at the 10 ppb level. Sample preparation was as 
prescribed by the k i t manufacturer except the sample was shaken 
for one hour, instead of blending for one minute. A 50 g sample 
was shaken for one hour with 100 ml 80K methanol and allowed to 
s e t t l e . Then a 1 00 uL of extract was diluted with 200 uL buffer 
and 5 0 uL of th i s mixture was applied to the sample port of the 
EZ card. Aflatoxin B2 was detected at. the 15 ppb level and G2 at 
the 2 0 ppb l e v e l . This card test was less sensitive for mixed 
feeds which contain more pigments- Due to the lack of demand, 
the manufacturer has stopped producing cards sentitive at the 10 
ppb level, but control cards at the 2 0 ppb are available. In one 
study 22 samples were tested along with standards and formulated 
product. No false negatives were encountered and only one false 
positive. No false positives were encountered on 40 samples 
tested in another laboratory. Recently cards sensitive to 5 ppb 
were introduced. Preliminary research indicates the cards w i l l 
perform to specifications. As the presently used HPLC procedure 
processes 6 samples in a 2-day period and 99% of the samples were 
negative, the aflatoxin E-Z Screen could provide the necessary 
screening capability. 

Agri-Screen. Here an antibody fixed in wells can either be used 
for fast visual screening or used in conjunction with instrumen­
tation for quantitation of aflatoxin B1. Normally, standards or 
controls are used, one of which must be at the zero ppb level and 

In Immunoassays or Trace Chemical Analysis; Vanderlaan, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



42 IMMUNOASSAYS FOR TRACE CHEMICAL ANALYSIS 

one at the level of detection - these being prepared by adding 
the appropriate aflatoxin B1 amount to 555S MeOH/H20 extracts of 
aflatoxin-free samples of the feed being tested. The proposed 
use i s for aflatoxin B1 at the 2 ppb level but the antibody had 
reduced cross r e a c t i v i t y levels for B2, G1 and G2 at 31%, 25% and 
M% respectively. The test was found to detect aflatoxin 
residues i n spiked corn and mixed feed samples at the following 
levels: B1 - 5 ppb, G1 - 10 ppb, B2 and G2 - 20 ppb. 
Approximately 400 samples (feeds, feed ingredients and cereal 
grains) were qualitatively analyzed. About 1% of the samples 
gave a positive result; HPLC analysis showed these results to be 
false positives. In a collaborative study with the manufacturer, 
results for B̂  correlated well to expected values; results for 
B2, Ĝ  and correlated to the relative cross r e a c t i v i t i e s . 

Oxoid. This a f f i n i t y column detection procedure proved to be the 
most sensitive of a l l the k i t s  0.25 - 0.5 ppb for each aflatoxin 
with the l i m i t of detectio
test involved extractio
(60/40) using a blender for two minutes or a one hour shake. A 
portion of the centrifuged extract i s diluted with phosphate 
buffered saline (PBS), th i s i s added to an a f f i n i t y column, which 
i s washed with water and the aflatoxins then diluted with 2 mL 
methanol. For qualitative analysis sensitive to 1 ppb t o t a l 
aflatoxin, 6 mL water i s added to the methanol eluate then the 
aflatoxins are extracted into chloroform. The chloroform extract 
i s passed through a mini column which i s then viewed under a UV 
l i g h t . The aflatoxin i s evident as a fluorescent band at the 
f l o r i s i l - s i l i c a gel interface. Quantitation can be done by HPLC, 
but not to the same s e n s i t i v i t y . The k i t was evaluated on 20 
spiked feed and corn samples. Although the manufacturer 
recommends a 2:1 extractant/sample weight r a t i o , t h i s was not 
adequate for some matrices and increased volume of extractant was 
required. There was no sample extraction, d i l u t i o n , or f i l t e r 
k i t available, therefore, one would have to be designed for use 
at f i e l d l e v e l . 

Aflatest. Ihis immunoaffinity column also met the lower 
detection requirement for the USFDA at a permissible l i m i t of 20 
ppb for aflatoxin. Qualitative results can be obtained using a 
f l o r i s i l t i p , however, the f l o r i s i l t i p was found d i f f i c u l t to 
interpret. Evaluation showed the quantitative analysis to be as 
accurate as other HPLC procedures, but much more rapid. Using 
the Aflatest for sample extract p u r i f i c a t i o n , and HPLC with post 
column derivatization using iodine, a l i m i t of quantitation of 
2.5 ppb for B̂  and Ĝ  i s easily achieved. S e n s i t i v i t y to B 2 and 
G« i s lower due to less s p e c i f i c i t y of the Aflatest antibodies to 
these toxins. 

The time required for complete analysis using any of the 
above k i t s was about 30 minutes depending on the amount of time 
required for the f i l t r a t i o n of the sample. In summary, any of 
the above immunoassay tests could be use for screening of animal 
feeds down to a level of 20 ppb. Since the above study, the USDA 
recently completed a comparative study on six commercially 
available aflatoxin test k i t s including the above four with 
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essentially the same findings (50 except that the Agri-Screen k i t 
was not o r i g i n a l l y recommended. The Agri-Screen Test was 
subsequently retested and found to be satisfactory. 

Foods 

Salmonella. The health and safety of the nation's food supply i s 
a prime concern to regulatory agencies. One,of the key analyses 
performed i n microbiological testing laboratories i s the 
detection of Salmonella. A l l known Salmonella spp are pathogenic 
to man and/or animals and cause the well-known Salmonellosis 
infection. Even though federal regulations prohibiting the 
presence of Salmonella in foods are in place, the recovery of 
this organism from a particular food commodity may be quite 
d i f f i c u l t . 

Surveillance of salmonellae by the 6-step conventional 
culture method (6) i s
test requiring a minimu
an additional 24 hours. Although, a numbe  o  prospective rapid 
methods have been developed, none however, have equalled the 
accuracy and r e l i a b i l i t y of the culture method. 

One of these rapid methods, namely the Salmonella 1-2 TEST 
was compared to the conventional procedure. The 1-2 TEST i s a 
small p l a s t i c disposable device with an inoculation and a 
motility chamber. The test u t i l i z e s the motility of the 
Salmonella organism and a reaction with f l a g e l l a r antibodies to 
form a distinguishable Immuno3and seen 8-16 hours after 
inoculation. The Salmonella 1-2 TEST received o f f i c i a l f i r s t 
action status at the 1988 meeting of the Association of the 
O f f i c i a l AnalyticalChemists (AOPC ) (_7) but subsequently 
unfavourable evaluations of the 1-2 TEST were published (8-9). 
In our i n i t i a l evaluation (Table I, Phase 1), 196 food and feed 
samples were analysed by both methods. Thirty-four samples were 
found positive by the wet culture method but only 26 were found 
positive by the 1-2 TEST (10). The procedure was modified to 
include an enrichment stage using tetrathionate b r i l l i a n t green 
broth. Of the 314 subsequent samples analysed (Table I, Phase 
2), 84 samples were found to be positive. There were 79 samples 
found positive by both methods while of the remaining 5, 3 tested 

Table I: Salmonella 1-2 TEST Results 

Product Phase 1 Phase 2 Phase 3 

# Cult 1-2 # Cul t 1-2 # Cult 1-2 
Sam Meth TEST Sam Meth TEST Sam Meth TEST 

Animal Feeds 96 29 23 20B 80 81 225 64 62 
Cheese Environ. 20 0 0 - - - - - -Egg Environ. 38 5 3 59 0 0 40 2 2 
Cheese & Gums 32 0 0 - - - - - -Milk (dried pdr) 10 0 0 45 0 0 - - -Proc. Egg Prod. - - - - - - 18 7 6 
F e r t i l i z e r Sludge - - - 2 1 1 - - -
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positive only with the 1-2 TEST and 2 positive by the culture 
method. The selective enrichment modification enhanced i t s 
r e l i a b i l i t y for Salmonella detection i n foods and feeds. The 
manufacturer's current procedure specifies a selective enrichment 
step. 

Although the r e l i a b i l i t y of the 1-2 TEST had been improved 
greatly, when inoculated from the enrichment broth, i t 
unfortunately prolonged the time for analysis by 24 hours. A 
further protocol modification examined the effect of reducing the 
incubation period from 24 hours to 7 hours and increasing the 
amount of inoculum introduced into the 1-2 TEST inoculation 
chamber to 1.5 mL, made possible by previously emptying the 
chamber of i t s contents (11). In thi s study, 73 of the 283 
samples (Table I. Phase 3T~were found to be contaminated with 
Salmonella by the wet culture method while 7 0 were detected as 
being positive by the 1-2 TEST. Therefore the rate of false-
negative reactions with the 1-2 TEST was approximately 1%  There 
were no false-positiv

The three isolate
but not with the 1-2 TEST System were S_. worthington, 
Ŝ. senftenberg and JD. heidelberg. These three serotypes were 
isolated more than once in these studies, and were detected with 
the modified 1-2 TEST in at least one other sample (Table I I ) . 
Therefore f a i l u r e of the 1-2 TEST to detect Salmonella i n these 
samples was not due to i t s i n a b i l i t y to react with these s p e c i f i c 
serovars. 

It i s concluded that the modified 1-2 TEST system can be 
viewed as a r e l i a b l e rapid screening method for the detection of 
Salmonella i n a variety of naturally contaminated animal feeds, 
feed ingredients, frozen egg products and environmental samples. 

Table IT: L i s t i n g of Salmonella Serovars 
Detected by the 1-2 TEST 

S. senftenberg (13) S. infan t i s (3) S. lingstone (2) 
S. mbandaka (11) S. agona (3) S. kentucky (2) 
S. worthington (5) S. newington (3) S. bar e i l l y (2) 
S. schwarzengrund (4) S. heidelberg (2) S. new brunswick (2) 
s . johannesurg (4) S. anatum (2) S. saint paul (2) 
S. typhimurium (3) S. havana (2) S. tennessee (1) 
S. ohio (1) S. hadar (1) S. bredeny (1) 
S. cerro (1) S. drypool (1) S. poona (1) 
s . westhampton (1) 

Note - Figures in brackets are the number of samples 

SULPHAMETHAZINE RESIDUES. Sulphonamides are used in veterinary 
practice as antibacterial agents. The use of sulphamethazine i n 
swine has made i t the single most prevalent residue of a l l drugs 
used (12). Sulphamethazine (SMZ), at levels of 0.011% may be 
added to swine starter and pre-starter feeds to be used i n the 
control of atrophic r h i n i t i s , maintenance of growth rate, and 
feed efficiency. Regardless of use of SMZ, a s t r i c t withdrawal 
of at least 10 days must be adhered to by the farmer. Pork l i v e r 
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and muscle samples must not exceed a violation residue level of 
0.10 ppm sulphamethazine. The current method of analysis of 
sulpha residues in pork u t i l i z e s thin-layer chromatography and 
fluorometric scanning 03.) with a l i m i t of quantitation of 0.02 
ppm. The procedure, however, i s time-consuming, labour intensive 
and requires extensive sample clean-up, which has led to a keen 
interest in rapid immunological tests. 

A study was undertaken to evaluate the performance of the 
EZ-Screen Quik-C ard Test for sulfamethazine i n pork urine, l i v e r 
and muscle tissue (Table I I I ) . I n i t i a l l y , the EZ-Screen Quik 
Card was compared with the current USDA Sulfa-on-Site TLC method 
(14) for the screening of 569 pork urine samples at the plant 
l e v e l . Eighty-one urine samples were found positive by the 
EZ-Screen and only 36 by SOS. The corresponding 81 pork l i v e r 
samples were then analyzed by both EZ-Screen and TLC . 
Subsequent analysis of corresponding pork muscle samples (only 
78) were analyzed by EZ-Scree
ppm were reanalyzed by

Table III Analysis of Pork Urine, Liver and Muscle Tissues 
for Sulfamethazine Residues by the EZ-Screen Test, 
Thin-Layer Chromotography (TLC) or the Sulpha-on-
Site (SOS) Procedures 

Sample Type Samples No. EZ-Screen TLC 
ppb ppb ppm 

Neg. Pos. Neg. Pos. Neg. Pos. 
0.1 0.1 0.1 0.1 0.4 0.4 

I n i t i a l Survey 

Pork Urine 
Pork Liver 
Pork Muscle 

569 
81 
78 

488 
53 a 

49 a 

81 
2 8 h 29 b 

64 
(22) 

533 36 
17 
( 7) -

Follow-up Survey 

Pork Muscle 
Pork Liver 

160 
63 

95 a 

46 
65 
17 

124 
39 

36 
24 C -

a no false negatives 
b reanalyzed using TLC , results shown i n brackets 
c 5CK false negatives when re-analyzed by E-Z Screen 
d For urine samples only: corresponds to 0.1 ppb in tissue 

samples 

In a follow-up survey, SOS screening was conducted at the 
plant level on pork urine and a l l muscle and l i v e r samples 
corresponding to any positive urine results were reanalyzed by 
EZ-Screen and TLC . 

To obtain clear l i v e r and muscle extracts, a centrifugation 
step using aCentriflow Membrane C one was used to obtain a clear 
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colourless l i q u i d suitable for application directly onto the 
card. 

The results for l i v e r tissues showed that the EZ-Screen 
using the centrifugation sample preparation i s not r e l i a b l e for 
screening purposes. I t i s possible that the l i v e r tissue 
contains interfering enzymes which compete for the active site s 
on the card resulting i n negative results. However, there i s 
excellent correlation between results obtained by the o f f i c i a l 
method and the EZ-Screen Quik-Card test for muscle tissue 
containing sulfamethazine residues over the regulatory tolerance 
level of 0.1 ppm. S t a t i s t i c a l analysis of the data v e r i f i e d that 
the two methods are equivalent with the confidence l i m i t of 99%. 
In addition, the results for urine show that the EZ-Screen 
Quik-Card test i s too sensitive for use as a screening tool for 
regulatory use, as too many positives are generated. I t should 
be noted that these were not false positives as sulfamethazine 
was found i n the l i v e r by the o f f i c i a l method

It was concluded tha
muscle tissue, as a screenin
of the number of samples analysed by the o f f i c i a l method by 6G%. 
Twelve samples can be analysed per day by the o f f i c i a l TLC method 
compared to one hour by using the EZ-Screen Quik-C ard in tandem 
with the centrifugation step. 

Pesticides 

Pentachlorophenol. The evaluation of an immunoassay k i t for the 
determination of pentachlorophenol (FCP) residues i n water (15) 
was carried out i n conjunction with the current gas 
chromatography/electron capture detection procedure. The k i t i s 
based on a monoclonal antibody-based competitive i n h i b i t i o n 
immunoassay and has a s h e l f - l i f e of about one year. FCP i s the 
second most heavily used pesticide in the USA. In Canada, i t i s 
registered as a wood preservative, insecticide and herbicide with 
the sodium s a l t of FCP often being used as a general disinfectant 
for trays i n mushroom houses and wood preservative i n crates. 
Since toxic pesticides of this type can pollute streams and 
ground water, i t i s necessary to monitor i t s presence. 

A standard 96-well microtiter plate i s used with the 
developed colour being measures by optical density. A standard 
curve was generated over the range 0.3 ppb -1.2 ppm together 
with spiked samples. In water, recoveries of 97 - 112% were 
found at the 100 ppb lev e l . Since the method i s based on 
disappearance of colour, with 100 ppb corresponding to f u l l - s c a l e 
absorbance, the l i m i t of detection i s about 10 ppb without 
pre-concentration. The method permitted rapid analysis of large 
number of samples. 

Since FCP i s frequently found i n pork l i v e r s , the 
ap p l i c a b i l i t y of the k i t to these and poultry l i v e r matrices was 
investigated- As the k i t tolerates significant levels of organic 
solvent, standard clean-up procedures could be used. Two main 
approaches were t r i e d - part i t i o n with concentrated sulphuric 
acid and automated gel permeation. Sulphuric acid proved the 
best procedure (linear over about 2 orders of magnitude). The 
interferences that remained following clean-up were not 
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s u f f i c i e n t to destroy the a b i l i t y of the assay to detect added 
quantities of PCP i n a predictable manner. The assay had a high 
cross r e a c t i v i t y with t r i - and tetr a - chlorophenols and there was 
a significant substrate dependence. Violative levels of PCP (100 
ppb) were readily detected for systems i n which PCP was added (10 
to 100 ppb range) to reference blank l i v e r s . However, the test 
could not be applied to real l i v e r samples as a screening 
technique at the current level of development of the methodology 
as the k i t was only accurate within a factor 2 or 3. 

Fusilade. Fusilade i s the trade name for the active ingredient 
fluazifop-butyl which i s a potent selective herbicide used to 
control grass weeds i n many crops such as sugarbeets, soybeans, 
rapeseed etc. Residues in most crops are less than 0.1 ppm, with 
the exception of strawberries and soybeans, where a Maximum 
Residue Limit (MRL) of 1.0 ppm has been established i n Canada. 

Since the curren
(16-18) and concern a
important ongoing regulatory issue an ELISA screening procedure 
was developed. The preparation of the serum involved reaction 
with N-Hydroxysuccinimide and conjugation with bovine serum 
albumen (BSA) prior to injection into rabbits. The rabbit serum 
was purified by using a BSA-Affigel f i l t r a t i o n technique to 
separate out the antibodies specific to BSA from those s p e c i f i c 
to fusilade. I n i t i a l s e n s i t i v i t y of the competitive assay was 
1.2 ppm which can be lowered to 100 ppb by optimisation of the 
detection system. Studies are continuing to further lower the 
l i m i t of detection by using different l a b e l l i n g enzymes for 
application to agricultural (rapeseed, potatoes, etc), food and 
animal feed samples. 

Conclusion 

Immunoassay procedures can readily complement existing analytical 
procedures. It has been estimated that immunoassay k i t s for 
pesticides and fungal toxins could obtain a 41% and 75% share 
respectively of the toxin monitoring market by the year 2000. In 
addition, antibodies bound to a so l i d support to form 
"off-the-shelf" a f f i n i t y columns w i l l be used increasingly to 
concentrate drugs, pesticides and other toxins from various food, 
plant and environmental substrates. These techniques are being 
readily accepted due to their low cost and ease of use. 

Suppliers of Immunodiagnostic Kits 

1. E-Z Screen Aflatoxin and Sulfamethazine Quick Card Tests: Environmental Diagnostic 
Inc., PO Box 908, 2990 Anthony Road, Burlington, North Carolina, USA 27215 

2. Agri-Screen Aflatoxin Kit: Neogen Corp.; 620 Lesher Place, Lansing, Michigan, USA 
48912 

3. Oxoid Toxin Detection Kits: 

• Unipath Inc., 217 Colonade Road, Nepean, Ontario, Canada, K2E 7K3 

• Vicam, 29 Mystic Avenue, Sommerviiie, Massachusetts, USA 02145 

4. Af latest 10 Aflatoxin Kit: 29 Mystic Avenue, Sommerviiie, Massachusetts, USA 02145 
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5. Pentachlorophenol Field Analysis Kit: Westinghouse, Bio-Analytic Systems, Inc., 15225 
Shady Grove Road, Suite 306, Rockville, Maryland, USA 20850 

6. 1-2 Test for Salmonella: Biocontrol Systems Inc., 19805 North Creek Parkway, Bothell, 
Washington, USA 98011 

7. Sulfa-on-Site Test Kit: Environmental Diagnostic Inc., PO Box 908, 2990 Anthony Road, 
Burlington, North Carolina, USA 27215 
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Chapter 5 

Pesticide Residues in Food 
U.S. Food and Drug Administration's Program 

for Immunoassay 

Marion Clower, Jr. 

Pesticide and Industrial Chemicals Branch, Division of Contaminants 
Chemistry, Center for Food Safety and Applied Nutrition, U.S. Food and 

Drug Administration, 200 C Street S.W., Washington, DC 20204 

The U. S. Food and Drug Administration's (FDA) enforcement and 
monitoring programs for pesticide residues in foods are based primarily 
on five multiresidue methods which use traditional quantitative tech­
niques, such as gas or liquid chromatography, to provide coverage for a 
large number of residues in a single analysis. A two-pronged assess­
ment of the applicability of immunoassays as a supplemental technique 
has been initiated: (1) FDA is examining the potential utility of selected 
commercial kits by evaluating the kits as rapid detection systems when 
combined with appropriate extraction and cleanup steps to form com­
plete methods. (2) Six methods based on monoclonal antibody immuno­
assay technology are being developed under contract. Each method will 
provide information necessary to evaluate the applicability of immuno­
assays to the Pesticide Program. Methods are being developed for 
paraquat in potatoes; fenamiphos and its sulfoxide and sulfone metab­
olites in oranges; carbendazim in apples; benomyl in apples; thio-
phanate-methyl in apples; and glyphosate in soybeans. The methods will 
be evaluated by the same criteria applied to traditional residue methods. 
Results of studies by FDA and others will allow the agency to determine 
the role of immunoassay technology in its Pesticide Programs. 

Federal regulation of pesticides in the United States is accomplished by the joint 
effort of three agencies. The Environmental Protection Agency (EPA) registers 
(approves) the use of pesticides and establishes tolerances (maximum allowable resi­
due concentrations) for potential residues that may occur in or on foods. The Food 
and Drug Administration (FDA) enforces these tolerances for residues in foods, 
except for meat and poultry, which are the responsibility of the U. S. Department of 
Agriculture (USDA). 

This paper briefly describes FDA's pesticide monitoring activities including the 
goals of the program and the nature of the analytical methodology used to generate 
the residue data on which the program is founded. The nature of enzyme immuno­
assay technology and the potential benefits offered by incorporation of this analytical 
technique into monitoring activities are discussed. FDA is committed to use of 
immunoassay wherever monitoring can be enhanced through use of properly vali­
dated methods. Potential applications of such methods and FDA's research in this 
area are presented. 

This chapter not subject to U.S. copyright 
Published 1991 American Chemical Society 
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F D A Monitoring Program 

F D A monitors the food supply using two different but complementary approaches: 
regulatory monitoring and the Total Diet Study analysis. Regulatory monitoring is 
specifically designed to enforce tolerances and other regulatory limits for residues in 
domestic foods in interstate commerce and in foods offered for import into the 
United States. Regulatory monitoring is focused on analysis of a wide variety of raw 
agricultural commodities for large numbers of pesticide residues. Information on the 
incidence and level of pesticide residues in the general food supply is also developed 
as part of this activity. Sampling and analysis are conducted by F D A offices and 
laboratories across the country. 

F D A conducts the Total Diet Study to monitor dietary intake of pesticide residues 
and to identify trends in residue occurrence and levels. Foods collected from retail 
markets in representative areas of the country are analyzed in a single laboratory. In 
contrast to regulatory monitoring, foods in the Total Diet Study are analyzed after 
being prepared ready to eat. 

Accurate determination o
enforcement and regulatory monitoring, but it is also essential for calculation of die­
tary intakes even when residue levels are wel l below applicable tolerances. There­
fore, both monitoring approaches require quantitative analytical methods. These 
methods must be applied uniformly in all laboratories. 

Types of Analytical Methods 

The analytical methods used in both types of monitoring fall into three categories. 
General purpose multiresidue methods, or M R M s , provide coverage for a large 
number of residues of different chemicals and are usually applicable to many 
different commodities. The large number of pesticides available for use on foods and 
the unknown treatment history of many samples collected in F D A ' s monitoring 
program have caused F D A to rely primarily on M R M s because of their ability to 
identify and measure more than one residue in a single analysis. In this manner, F D A 
makes the most efficient use of resources while providing the quantitative results 
required from its monitoring activities. 

Selective multiresidue methods, can identify and measure a small number of 
structurally similar pesticides and are used when M R M s cannot determine potential 
pesticide residues of interest. Recendy registered pesticides, as wel l as many 
pesticides that have been registered for some years, frequently have chemical and 
physical properties that are radically different from those for which the M R M s were 
developed. A selective M R M usually can determine fewer than a dozen residues. 
These methods are also frequently more complicated than M R M s and often require 
more expertise, or they may require recently developed, sophisticated instrumen­
tation. 

Single residue methods or S R M s , are used by F D A when no general or selective 
M R M is available. These methods are usually capable of determining the level and 
identity of the residue of only one pesticide from a limited number of commodities. 
S R M s are usually submitted during the registration process to meet E P A ' s require­
ment for an analytical method capable of determining compliance with the requested 
tolerance. 
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Steps in Residue Analytical Methods 

Traditional methods (1-3) of analysis for pesticide residues in foods use a four-step 
approach: 

• compositing of the laboratory sample—A homogeneous analytical sample 
must be obtained i f results of the analysis are to be representative. Twenty 
pounds or more of food is ground or chopped, and then thoroughly mixed 
before analytical portions are taken. 

• extraction of residues—Organic solvents of moderate polarity are typically 
used to extract pesticide residues from foods. The least polar solvent that 
satisfactorily extracts the analytes is used to avoid extraction of unwanted 
food materials that would require additional cleanup procedures. 

• cleanup of the extract—Test sample extracts usually contain undesired 
food materials that have been co-extracted with the analyte(s). Cleanup 
procedures, often consistin
column chromatographi
detection and measurement of the residue. 

• determination of residues—Residues are identified and amounts quanti-
tated by gas or l iquid chromatography, which provides additional 
selectivity by separation of multiple components. 

Most pesticide residue methods are limited in one or more of the following areas: 
coverage (residues and foods), speed, complexity, and expense. S R M s are the most 
limited since they determine only one residue, usually in only a few commodities. 
S R M s often take as long or longer than an M R M , require specialized equipment, and 
in many cases are difficult to perform. This is not unexpected since S R M s are usually 
developed for a specific purpose. 

Selective and general purpose M R M s have broader coverage, compared to 
S R M s , but also suffer to varying extents from the same limitations. The cleanup step 
generally requires a large portion of the total analysis time because these methods 
use traditional detection techniques, such as gas chromatography (GC) and high 
pressure l iquid chromatography ( H P L C ) . Although both G C and H P L C provide the 
advantage of additional separation after cleanup, the detectors employed are often 
not highly specific. Many co-extractives, i f not removed by extensive cleanup, have 
properties that w i l l produce a detector response and thus may interfere with detection 
or quantitation of the analyte of interest. 

Immunoassay Considerations in Regulatory Analysis 

Application of enzyme immunoassay (EIA) methods to regulatory analysis of foods 
in a pesticide residue monitoring program is a new area with little definitive docu­
mentation. In addition to F D A ' s activities described here, U S D A ' s Food Safety and 
Inspection Service has issued proposed regulations describing the procedure for ap­
proval of immunoassays for use in its program for monitoring residues in meat and 
poultry (4). E P A is investigating immunoassays for environmental monitoring (5). 
Canada's Health Protection Branch has published several E I A methods for analysis 
of foods for pesticide residues (6, 7) and a review of immunoassay application to 
food analysis (8). 
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A s an analytical approach to residue analysis, immunoassay methods are not well 
characterized, and no validation protocols have been established. The Association of 
Official Analytical Chemists, whose primary purpose is validation of analytical 
methods, established a "Task Force on Test Ki ts and Proprietary Methods" (9), 
which has addressed some of the issues relating to immunoassay methods. The Inter­
national Union of Pure and Applied Chemistry's Commission on Food Chemistry 
has established a "Working Group on Immunochemical Methods," whose first 
project is to develop draft guidelines on criteria for evaluation, validation, and 
quality control for radio-immunoassay methods QO). Similar guidelines for E I A s 
w i l l also be developed. These documents w i l l assist in development and standard­
ization of requirements for precision for both between-laboratories and within-
laboratory analyses, accuracy, and ruggedness, and—for qualitative methods—false 
positive and false negative rates. 

Since the absolute specificity of E I A s is unknown, investigation and documen­
tation of the degree of crossreactivity of an E I A w i l l have a great effect on 
acceptance and regulatory us
method may be classified a
residue, but crossreactivity with matrix components may make it unsuitable for use 
with a similar food and thus significantly restrict the utility of the method. 

The antibody used in an E I A method is analogous to the standard reference 
material of traditional residue methods; analytical results are severely compromised 
by impure standards. The greater purity and specificity of monoclonal antibodies 
relative to polyclonal antibodies suggest that the resulting method is less susceptible 
to false positive and negative findings. The capability of raising more monoclonal 
antibodies identical to those used in previous assays satisfies the requirement for a 
continuing supply of pure, characterized standard reference material. Without such a 
standard (i.e., with polyclonal antibodies), sensitivity and selectivity might vary from 
assay to assay depending on the lot of antibody used. The resulting variability in 
method performance would be unacceptable in regulatory residue analysis unless 
validated procedures to assure analytical reproducibility were followed. 

Requirements for refrigerated storage may limit use of E I A methods. Although 
laboratories are typically capable of low temperature storage, field personnel often 
have limited facilities in this area. Shelf life may require careful planning of E I A 
method usage in either locale. 

Perhaps the most often overlooked aspect of the application of E I A methods to 
pesticide analysis of foods is the size of the analytical portion taken for analysis. A s 
mentioned above, about 20 pounds of food is usually collected. After a compositing 
step to assure homogeneity, traditional methods typically require analysis of 100 g of 
this mixture to obtain a representative portion and to provide the quantitation limits 
needed for regulatory monitoring. Analytical portion size is being studied to deter­
mine the minimum quantity that is statistically representative of the composite (11). 
Preliminary indications are that the analytical portion must be at least 10 g. 

E I A techniques are often sensitive enough that analytical portions weighing only 
several grams can be analyzed. Although a single apple contains several 10 g 
analytical portions, it is unrealistic to assume that one apple is representative of an 
entire lot. The typically small analytical portion of many E I A methods, therefore, 
may lead to inaccurate analytical results. Moreover, collection, shipment, and storage 
of the large numbers of laboratory samples that can be conveniently analyzed by an 
E I A method would require significant additional staff and would greatly increase 
shipment and storage costs. 
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Potential Benefits of Immunoassays in Regulatory Analysis 

Enzyme immunoassay methods offer a biological-based detection technique which is 
complementary to that of traditional residue analysis. Potential advantages must be 
evaluated in light of the intended application—use in a nationwide program for 
quantitatively measuring pesticide residues in foods. Ideally, each E I A method 
would contain simple, rapid extraction and cleanup (if required) steps, require 
minimal or portable equipment, be usable in the field by individuals with little 
scientific training, and produce quantitative results. 

Most attractive of die potential advantages of E I A methods is the small amount 
of time, relative to traditional methods, required for analysis. E I A detection proce­
dures usually require several minutes to an hour to complete. Although traditional 
chromatographic detection steps require a similar amount of time, extraction and 
cleanup steps, which must accompany such detection, are usually quite lengthy. The 
most widely used detectors in chromatographic systems respond to chemical proper­
ties of the analyte that are commo
the extract examined. For mos
cleanup steps, but these procedures can often be simple and require less time than 
those of traditional methods because of the nature of the immunoassay itself. 

The specificity of each E I A derives from the antibody upon which the assay is 
based. Ideally, this antibody reacts with only the desired target chemical. However, 
in practice this is not always the case. Therefore, studies to determine the extent of 
crossreactivity must be conducted to assure suitability of the assay for its intended 
purpose. E I A s typically useful for pesticide residue analysis employ antibodies 
having a sufficient degree of specificity so that extensive cleanup is unnecessary. 
Overall, residue detection through antibody reaction with a specific portion of the 
analyte molecule, rather than detection of a chemical property common to many 
molecules, results in the need for less cleanup of the extract and a shorter, less 
complicated analytical method. 

In addition to laboratory glassware and equipment necessary for cleanup of the 
extract, traditional pesticide residue methods require expensive chromatographic 
instrumentation for identification and quantitation of residues. E I A methods require 
minimal amounts of glassware, disposable plasticware, or other supplies. Quanti­
tative E I A s often make use of 96-well microtiter plates for multiple simultaneous 
assays of about a dozen extracts and associated reference standards. Major equip­
ment consists of a plate reader, which automatically measures the absorbance of each 
well . Plate readers can be used alone or in conjunction with a personal computer, 
which can correlate replicate measurements, construct the calibration curve, calculate 
results, and provide a complete statistical analysis. Such an E I A workstation can be 
obtained for roughly half the cost of the G C or H P L C system typically used for 
pesticide residue analysis. 

Extremely polar pesticides, pesticide metabolites, and other chemicals not readily 
soluble in organic solvents currently provide the greatest challenge to traditional 
pesticide residue methodology because of difficulties in residue extraction and 
cleanup, chromatography, and detection. E IAs work best in aqueous media and may 
greatly simplify methodology for these chemicals since chromatography is not used 
and cleanup is usually minimal. Use of E I A methods in the monitoring program 
could significantly expand coverage of pesticide chemicals since most multiresidue 
chromatographic methods focus on chemicals of low or intermediate polarity and 
recover polar chemicals only with great difficulty. 

In Immunoassays or Trace Chemical Analysis; Vanderlaan, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



54 IMMUNOASSAYS FOR TRACE CHEMICAL ANALYSIS 

The foregoing discussion assumes use of quantitative E I A methods by a trained 
chemist in a laboratory facility. Simple E I A methods requiring minimal equipment 
offer the potential for use in the field by nonlaboratory personnel. Portable, battery-
operated microliter plate readers are commercially available and could be used when 
electricity is not available. Development of qualitative versions of quantitative 
methods eliminates the need for a plate reader or complicated electronic hardware, i f 
a suitable visual detection step is included in the method. Potential application of 
such E I A methods to residue analysis in nonlaboratory settings offers the prospect of 
analyzing increased numbers of test samples and eliminates the cost and time 
required for shipment of foods to a laboratory for analysis. It must be recognized that 
some means of using qualitative results in a program based on quantitated residue 
levels would need to be developed for qualitative methods to be broadly applicable. 
A t a minimum, follow-up quantitative analyses would be required for foods with 
residues above applicable tolerances. 

E I A methods also offer the potential for determination of multiple residues 
through the use of mixed antibod
have to be conducted to assur
and a subsequent separate analysis would be required to determine the presence of 
each particular analyte. 

Potential Applications of E I A Methods in F D A Monitoring 

Qualitative E I A methods may play an important role in screening of food shipments 
for residues. In this context, screening methods are defined as those used to ascertain 
the presence (detectability) or absence (nondetectability) of a particular analyte (or 
group of analytes) at a predetermined concentration in the food. Screening methods 
may also provide a semiquantitative estimate of the analyte level. In all cases, 
qualitative E I A methods need to be well characterized and to have documented 
detection limits. The frequency of false positive and false negative findings must also 
be documented so that test results reasonably reflect actual residue occurrence. 
Ideally, false negative results would never be produced so that a l l foods containing 
residues above the method's detection limit would be identified. A small percentage 
of false positive results may be acceptable; however, each false positive result 
requires shipment of the food to a laboratory for quantitative analysis and increases 
analytical costs. Validation procedures to document these qualitative methods and to 
assure the reliability of the results must be defined before actual use in any 
monitoring program. 

Screening methods could significantly increase the number of analytical samples 
examined in "contamination incidents" when a known pesticide is accidentally, or 
through misuse, applied to a crop. Availabil i ty of a suitable E I A method for aldicarb 
would have greatly facilitated analysis during the contamination of watermelons 
several years ago. The unpredictability of these incidents implies E I A methods for all 
pesticides would be required for adequate preparation for the next incident; however, 
the cost and resources needed for such an F D A method development effort would be 
prohibitive. 

General screening of foods for residues may also be a suitable application of 
qualitative E I A s . Such screening would be especially advantageous in situations 
when data are needed for a pesticide for which traditional analysis is difficult. Since 
qualitative E I A methods are usually simpler than quantitative methods, they may be 
suitable for use in the field by investigators or inspectors. 
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In both situations, the incidence of residue contamination could be estimated. 
Laboratory analysis by a quantitative method would be required for foods giving a 
positive response to the E I A so that residue concentration could be determined. The 
occurrence of too many false positive results, however, could potentially overburden 
existing laboratory capability and escalate shipping and storage costs. 

Quantitative E I A methods, in contrast to qualitative methods, could potentially 
be inserted directly into the monitoring program. Even though most E I A methods 
recover only a single residue, this disadvantage is offset by the relatively rapid, 
simple nature of the E I A determination itself. Moreover, method development costs 
may be recovered i f E I A methods are developed for residues that are difficult to 
determine by traditional methodology. For unrestricted use, quantitative E I A 
methods must meet the validation requirements of traditional methods for acceptable 
precision, accuracy, reproducibility, repeatability, and ruggedness. Additional factors 
such as reagent stability and storage conditions must also be well documented. The 
most productive application of such methods appears to be for analysis of samples 
already in the laboratory. Increase
residue coverage is expanded

The principal current barrier to incorporation of quantitative E I A methods into 
F D A ' s monitoring program is the lack of validated quantitative methods. Further­
more, in spite of their simplicity, quantitative methods w i l l require new equipment, 
training of analysts, and experience in their application before they can be widely 
used in the monitoring program. 

Immunoassay Research at F D A 

F D A ' s research and evaluation of immunoassay techniques in its monitoring 
program involve both commercial immunoassay detection kits and new E I A methods 
developed for selected pesticides. Although no complete immunoassay methods are 
commercially available, several detection kits have been marketed. Development of 
new methods designed to meet F D A monitoring program requirements w i l l provide 
valuable information under conditions of actual use. 

Commercial Immunoassay Kits . Most commercially available immunoassay kits 
have been developed for determination of pesticides in water. A t a minimum, appro­
priate residue extraction procedures must be developed before these kits can be 
applied to pesticide residue analysis of foods. Encouraging results have been 
obtained in preliminary F D A evaluations of several kits (12). For example, in studies 
of a kit for detection of triazine herbicides, a typical residue extraction solvent 
(acetonitrile) was used and then diluted with water to levels tolerated by the 
immunoassay. Visual comparison of color developed for extract, standard, and 
reagent blank was made for qualitative analysis. Spectrophotometric readings of the 
color were made for quantitative analysis. 

Several limitations of this kit were evident from these simple experiments. Visual 
comparison of color differences in extract and standard was difficult. For quantitative 
analysis, a calibration curve must be prepared from assays of standard solutions, each 
containing different amounts of analyte. Physical manipulation and timing involved 
were so cumbersome with more than 4 or 5 tubes that simultaneous analysis of 
several extracts and sufficient standards to prepare a calibration curve was not 
feasible. 
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CI" 

Paraquat 

E I A Method Development. A contract with Research Triangle Institute, Research 
Triangle Park, N C , was initiated to develop six E I A methods based on monoclonal 
antibody technology. Target pesticides were selected to provide E I A methods that 
would allow evaluation of their potential application to F D A ' s monitoring program 
as wel l as to produce methods of maximum utility. Crops were chosen after 
examination of the major uses of each pesticide. The desired method limit of 
quantitation was fixed at roughly half of the applicable tolerance for each pesticide-
crop combination. Documentation of method behavior (e.g., recovery, l imit of 
quantitation, and crossreactivity) was required for each method developed. 

The first phase of the contract focuses on paraquat, a small, ionic, aromatic 
pesticide, in potatoes. Several immunoassay 
methods for paraquat have been reported in 
the literature (13-16). Successful develop­
ment of an E I A method for paraquat has 
obvious advantages for use in the monitoring 

S R M s . Although F D A is just beginning its investigation of this method, the impor­
tance of cleanup of the extract in E I A methods for foods was demonstrated during 
method development—a potato coextractive interfered in the immunoassay determi­
nation unless it was removed by a short cleanup column. 

In the second phase of this contract, a single method is being developed for the 
nematocide fenamiphos and its most important metabolites, fenamiphos sulfoxide 

and fenamiphos sulfone, in oranges. 
N o immunoassay methods have been 
developed for any of these chemicals. 
A s with the other pesticides in this 
contract, analysis for residues of 
these chemicals is difficult. 
Moreover, this method was designed 
to provide some evaluation of the se­
lectivity of monoclonal antibodies 
since a single antibody w i l l be used to 

detect al l three chemicals. A number of antibodies with high, but not equal, affinity 
to all three chemicals were readily raised. The final method w i l l rely on a simple oxi ­
dation to convert a l l three chemicals to a single moiety before residue measurement. 

Phase three of the contract w i l l produce a separate E I A method for each of three 
structurally related pesticides in apples: benomyl, thiophanate-methyl, and car-
bendazim. Both benomyl and thiophanate-methyl are fungicides registered for use in 
the United States and both degrade to carbendazim. Although carbendazim is not 
registered in the United States, it is registered in foreign countries for use on crops 
imported into the United States. Beyond the great degree of difficulty of traditional 
methods of analysis for these chemicals, it is often impossible, because of their 
degradation in the solvents used, to determine which pesticide was applied and 
therefore the applicable tolerance. Successful development of E I A methods for these 
chemicals would not only greatly simplify residue analysis but also permit 
identification of the pesticide used. A n E I A method which detects benomyl as 
carbendazim has been reported (17). but it cannot distinguish between the two 
chemicals. 

NHCH(CH 3 ) 2 

O — P = 0 

O—Et 
Fenamiphos 
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In phase four, a method w i l l be developed for determination of glyphosate, a 
herbicide, in soybeans. Glyphosate is an extremely small, very polar molecule con­
taining an amino acid moiety, which may 
hamper E I A detection. Development of a C 
method for soybeans w i l l provide an indica- II 
tion of the degree of difficult
determination of residues i
which require significantly more cumber- 0 H 

some and time-consuming extraction and Glyphosate 
cleanup steps for determination by chroma­
tographic approaches. 

Summary 

F D A ' s program for monitoring the nation's food supply for pesticide residues is 
based on quantitative multiresidue analytical methods using traditional determinative 
techniques such as G C and H P L C . F D A w i l l continue to evaluate available 
commercial immunoassay kits, develop complete immunoassay methods, and 
incorporate them into the pesticide residue monitoring program. Immunoassay 
methods have the advantages of high speed, low cost, and analytical simplicity. The 
cost of developing these methods and their ability to analyze for only one residue at a 
time w i l l restrict their use to specific analytical situations. Multiresidue methods w i l l 
remain the principal analytical approach used in monitoring the food supply for 
pesticide residues. 

Studies of commercial kits w i l l concentrate on expanding monitoring coverage. 
Ki ts may be used as screening techniques when applied to extracts from existing 
methods or when combined with rapid extraction procedures developed especially 
for the kits. Potential applications include screening of foods in cases of pesticide 
misuse or contamination, and in other situations when residue data are needed and 
residue identity is known. Such screening would provide an evaluation of residue 
level relative to a documented analytical concentration based on method capability. 
This "go-no go" analysis would increase monitoring coverage by requiring tradi­
tional quantitative analysis for only those foods found positive. Validation, docu­
mentation of method performance, and assurance of efficient, cost-effective appli­
cation w i l l be completed before a method is used in monitoring. 

In a similar manner, development of complete quantitative E I A methods w i l l 
continue. Quantitative methods could be incorporated into the monitoring program as 
soon as validated methods are available. The greatest benefit is to be derived from 
methods that recover residue chemicals that are difficult to determine by traditional 
methods, thereby exploiting the inherent simplicity of the immunoassay. Six such 
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enzyme immunoassay methods are now under development. Investigation of the 
method for paraquat is under way. Initial research w i l l verify method documentation 
and performance. Extension of this and subsequent E I A methods for other residues to 
crops beyond those for which they were developed w i l l have high priority since this 
extension, i f feasible, w i l l significantly increase the number of foods covered at low 
cost. 
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A. E. Karu1, Robert O. Harrison2,4, D. J. Schmidt1, C. E. Clarkson1, 
J. Grassman1, M. H. Goodrow2, A. Lucas2, B. D. Hammock2, 

J. M. Van Emon3, and R. J. White3 

1Department of Plant Pathology, University of California, 
Berkeley, CA 94720 

2Department of Entomolog d Environmental Toxicology  Universit f 
California

3Environmental Monitoring Systems Laboratory, U.S. Environmental 
Protection Agency, Las Vegas, NV 89193 

This paper summarizes a three-laboratory effort to develop a 
sensitive, reliable enzyme immunoassay (EIA) for triazine herbicides 
using monoclonal antibodies (MAbs). Simazine and atrazine haptens 
with mercaptopropionic acid and aminohexanoic acid spacers were 
synthesized and conjugated to proteins via N-hydroxysuccinimide 
active esters. MAbs derived from mice immunized with these 
conjugates had I50 values of 3 ppb to 4 ppm for various triazines in 
standard and simazine-enzyme conjugate competition EIAs. The 
EIAs are compatible with simplified methods for triazine extraction 
and concentration from soil and water. The limit of detection for 
atrazine was approximately 0.05 to 0.1 ppb, similar to that obtained 
with gas chromatography. EIA and GC results agreed closely for 75 
groundwater samples, with no "false negatives." Gas-liquid 
chromatography and EIA data for simazine in 48 soil extracts had a 
correlation of 0.97. The EIA has also been used to monitor 
groundwater from beneath a toxic waste pit and water from 
agricultural evaporation ponds. 

The s-triazines, first developed in the early 1950s (1), are among the most 
effective and widely used herbicides known. They are of 3 major types, based on 
the substituent at Rl (Figure 1): the chlorotriazines, of which simazine and 
atrazine are the most-used, methoxytriazines, such as prometon, and the 
methylthio triazines, of which ametryne and prometryne are representative. 
Atrazine has been cited as the second most-used pesticide in the United States, 
with an estimated annual usage on the order of 79 million lbs (2). Roughly 3 
million lbs. of triazines — mostly atrazine, simazine, and prometon — were 
applied in California from 1983 through 1987, with the largest percentages 
used in non-agricultural applications, such as industrial soil sterilization, 
landscape maintenance, and clearing of rights-of-way (2). 
4Current address: ImmunoSystems, Inc., 4 Washington Ave., Scarborough, ME 04074 
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Figure 1. Atrazine (D, simazine ODD, and haptens and conjugates used in this 
work. H I — atrazine-mercaptopropionic acid hapten, and IV — atrazine 
aminohexanoic acid hapten, which were conjugated to BSA, CON, or KLH, 
and used as immunizing and EIA coating antigens. V — simazine-alkaline 
phosphatase "haptenated enzyme," used as the detector in competition 
EIAs where the monoclonal antibody was immobilized on the solid phase. 
Atoms on the triazine ring are numbered clockwise from Ni shown in 
structure I 
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Because of their different solubilities and modes of action, the triazines are 
selective to varying degrees in their effects on weeds and agriculturally 
important crops (4). Resistant plants dealkylate these compounds. Corn, 
sugarcane, and many other crops are naturally resistant, making triazines 
ideal for weed control on these crops. Various triazines can be used for pre- or 
post-emergence weed control, alone or in combination with other pesticides. 
Persistence of these compounds varies, and is a function of the soil properties 
and microbial ecology, and the climate. The triazines vary widely in their 
retention in various soils and their potential for leaching, and their mobility in 
groundwater is a good index of movement of other pesticides. 

We undertook development of monoclonal antibodies and an immunoassay 
for triazines with sponsorship from the Environmental Monitoring and Pest 
Management Branch of the California Department of Food and Agriculture 
(CDFA), as part of a long-term plan to augment or replace more costly 
analytical methods with immunoassays
concern of the Environmenta
groundwater. There are on the order of 40,000 domestic and municipal wells in 
California, and the state regulatory agencies analyze about 2,000 groundwater 
samples annually — primarily by gas chromatography (GC, fi). The number of 
wells CDFA must monitor will continue to increase, due to to recent legislation 
and increased public interest in water quality. 

This report describes the initial results of a cooperative effort, in which 
haptens and conjugates were synthesized at UCD, monoclonal antibodies were 
derived and characterized at UCB, sample recovery methods were developed 
and initial feasibility tests with various types of field samples were conducted 
at UCD, UCB, and EMSL. The antibodies and assay methods were provided to 
the CDFA Analytical Laboratory in Sacramento, CA, in August 1989. Staff of 
that laboratory are in the process of validating the assay and acquiring data 
and experience that will be used to integrate the triazine EIA into their 
repertoire of tests for regulatory monitoring. 

Methods 

Details of the synthesis of haptens and conjugates, the production and 
characteristics of the MAbs, and optimization of the immunoassays, will be 
published separately (g; Schmidt et al., in preparation; Jung, et al., in 
preparation). 

Synthesis of triazine haptens and hapten-protein conjugates. Simazine and 
atrazine were derivatized with mercaptopropionic acid (mpa) at Rl, or 
aminohexanoic acid (aha) at R2, and these haptens were covalently linked to 
keyhole limpet hemocyanin (KLH), conalbumin (CON), or bovine serum albumin 
(BSA), by forming active esters with N-hydroxysuccinimide (S) (Figure 1, 
structures III and IV). This technique was also used to couple simazine-
aminohexanoic acid to calf intestine alkaline phosphatase (Figure 1, structure 
V), for use as the "haptenated enzyme" in the EIA format described below. 
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Preparation of triazine-specific M A b s . Pairs of Swiss Webster, B iozz i , and 
B10 .Q mice were immunized wi th 4 doses of one of the triazine-protein 
conjugates i n R ib i adjuvant ( M P L + T D M Emulsion, R i b i Immunochem Research, 
Hami l ton , Montana) over 3 months. The sera showed wide variations i n 
triazine-specific serum titers, l i m i t i n g detectable dose and I50 (the dose g iv ing 
half-maximal inhibition) i n a competition E I A , us ing conjugates wi th a carrier 
and l inker different from those of the immuniz ing antigen. Splenocytes from the 
four best-responding mice (two Swiss Webster and two B10.Q) were fused with 
P3X63AG8.653 myelomas, essentially as described by Fazekas de St. Groth 
and Scheidegger (7). 15,936 cultures were seeded (166 96-well culture plates), 
from which 3,156 colonies developed, and were screened for triazine-directed 
antibodies, again us ing conjugates w i th a carrier and l inker different from those 
of the immuniz ing antigen. O f 232 triazine-specific antibodies, 74 were 
inhibited by free atrazine or simazine, and 36 of these proved to be genetically 
stable after several passage
values of 3 to 15 ppb for atrazin
the IgGx subclass. B y contrast, the sera from the mice used to derive the 
hybridomas had I50 values of 100 to 200 ppb for atrazine and simazine. 

The 5 most sensitive M A b s were subcloned by l im i t i ng di lut ion, and at 
least 12 clones of each cell l ine were frozen. Cul tures were expanded to produce 
pools of 500 to 750 m l of antibody-containing culture f luid, which were used 
without purification i n the assays. (Figure 2) 

Enzvme Immunoassays. We carried out these studies wi th 3 variations of the 
competition E I A . In i t i a l surveys of the responses i n mice, screening and i n i t i a l 
characterization of the hybridomas, and some of the method development studies 
were performed us ing a "classical" competition E I A , i n which tr iazine i n 
solution competed wi th atrazine-protein conjugate immobil ized on the E I A 
plates, for b inding a l imi t ing amount of antibody, which was i n solution. Most of 
the studies to optimize the quanti tat ive E I A wi th soi l and water extracts, and 
many of the specificity studies were carried out us ing a "haptenated enzyme" 
format, i n which the M A b was immobilized on the E I A plate by t rapping i t wi th 
a goat anti-mouse antibody, and t r iazine i n solution competed wi th a simazine-
alkal ine phosphatase conjugate for b inding to the M A b . We recently perfected a 
more rapid and convenient version of this format, which was done as follows: 

E I A wells (Immulon 2, Dynatech) were coated overnight at 4°C wi th 0.1 m l 
(approx. 200 ng) of affinity-purified goat anti-mouse IgG+IgM (Boehringer-
Mannhe im no. 605 24) 1:1,000 i n "coating buffer" (0.015 M N a 2 C 0 3 — 0.035 M 
N a H C 0 3 — 0.003 M N a N 3 , p H 9.6). The wells were washed 3 times wi th " P B S -
Tween" (0.01 M KH2PO4-K2HPO4, p H 7.4 — 0.15 M N a C l — 0.02% N a N 3 — 
0.05% Tween 20), 0.1 m l of t r iazine M A b A M 7 B 2 (hybridoma culture f luid, 
diluted 1:400 wi th PBS-Tween containing 0.5% bovine serum albumin) was then 
added to each wel l , the plates were incubated for 1 h r at room temperature, and 
then stored (with the fluid left i n the wells) at -20°C i n a sealed container to 
prevent evaporation u n t i l they were needed. A t the t ime of assay, the E I A plates 
were thawed and washed 3 times w i t h PBS-Tween. Standards and unknowns 
were di luted i n PBS-Tween i n microplates or polypropylene tubes, and mixed 
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with a l imi t ing amount of simazine-N(C2)- a lkal ine phosphatase i n PBS-Tween 
to give a f inal volume of 0.24 m l per we l l . Al iquots of 0.05 m l of these mixtures 
were then transferred to the E I A plates. The competition reaction was complete 
after 30 m i n at room temperature (Figure 3), at which t ime the plates were 
washed 3 times wi th PBS-Tween, and dried by rapping on lint-free paper 
towels. Substrate solution (1 mg/ml p-nitrophenyl phosphate i n 10% (w/v) dieth-
anolamine-HCl, p H 9.8 — 0.4 m M M g C ^ — 3 m M N a N 3 ) was then added, and 
color development at 405 nm was monitored on an E I A reader. 

D a t a Analysis . Standard curves (generally 11 dilutions i n tr iplicate from a 
spectrophotometrically standardized stock solution) were fitted by iterative 
regression to the 4-parameter logistic equation (1Q) us ing Passage II™ 
(Passage Software, Inc., Fort Col l ins , CO) on a Macintosh computer, or 
Softmax™ software (Molecular Devices, Menlo Park, C A ) on an I B M P C . 
Sample concentrations wer
curves. Values that fell outsid
the maximum normalized response, were not used. 

Solid-Phase Extract ion of Atraz ine from Water. Water samples of 100 to 220 m l 
were divided i n two aliquots, one of which was spiked wi th atrazine standard to 
0.2 ppb. C i s solid-phase extraction (SPE) columns (Analytichem "Bond-Elut") 
containing 100 m g or 300 mg resin were conditioned successively w i t h 2 column 
volumes of pesticide analysis grade hexane, ethyl acetate, methanol, and glass-
dis t i l led water. The water samples were filtered through two layers of Wha tman 
No. 4 paper to remove solids, and the filtrates were applied to the columns at 8 
to 15 ml/min, followed by a wash wi th 2 column volumes of glass-distilled water. 
Triazines were eluted into glass tubes wi th a total of 2 m l of e thyl acetate. The 
eluates were evaporated to near-dryness under nitrogen, and dissolved i n 1 m l 
of PBS-Tween. Generally, 5 di lut ions of each sample were assayed i n triplicate 
on each of two E I A plates, which also included atrazine standards in triplicate. 
This procedure shown schematically i n Figure 4. 

Solvent Extract ion of Simazine from Soi l . So i l samples of 10 grams (sandy loam 
wi th low organic carbon content) were dried at 80 °C, suspended i n 10 m l of 
ethyl acetate, and shaken or sonicated at low power for 30 min . Solids were 
allowed to settle, and the extract was decanted. The soil was resuspended i n 10 
m l of ethyl acetate, and this second extract was added to the first one, and 
filtered through Na2S04 . These extracts were used directly for gas 
chromatography. For E I A , the ethyl acetate was evaporated to dryness, the 
eluate was reconstituted in 1 m l PBS-Tween, and aliquots were taken directly 
into the E I A . 

Solid-phase Extract ion of Atraz ine from Soi l . Th i s procedure was modified from 
the method described by H i l l and Stobbe (g). For studies involv ing spiked 
samples, atrazine standards i n methanol were added to give the desired ng of 
atrazine per gram of dry soil , and the samples were dried again before 
extraction. Samples of 5 grams of " U . S . A r m y Standard S o i l " were suspended 
i n 10 m l of acetonitrile: water :: 9:1, and the s lur ry was sonicated (30 min , 
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Figure 2. Flow diagrams of 3 competition EIA procedures. The "classical" 
competition EIA (left panel) was used to monitor the immunizations, select 
the hybridomas, and for several of the demonstration projects described in 
this paper. The haptenated-enzyme EIA in the center panel was used for 
most of the method development. This is the assay that is presently being 
evaluated by the CDFA analytical laboratory. The simplified haptenated-
enzyme EIA in the right panel is described in Methods. 

Atrazine (ppb) 

Figure 3. Kinetics of the competition step in the simplified "haptenated-
enzyme" EIA. The assay diagrammed in the rightmost panel of Fig. 2 was 
conducted at room temperature as described in Methods. Mixtures of 
atrazine standards and simazine-alkaline phosphatase conjugate in PBS-
Tween were added to rows of EIA wells coated with MAb AM7B2, which was 
"trapped" on the wells by affinity-purified goat anti-mouse IgG. At the 
times indicated, the wells were rinsed, substrate solution was added, and the 
absorbance was read 50 min later. 
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Figure 4. Flow chart for recovery and EIA measurement of atrazine in water. 
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Branson B12 sonic bath). The extracts were decanted, centrifuged (10 min , 
10,000 x g) to remove particulate mater ia l , and 0.01 volume of glacial acetic 
acid was added. These solutions were applied to S C X aromatic sulfonic acid 
S P E columns (Analytichem) containing 300 m g of resin. The columns were 
washed wi th 5 m l of 1 M K2HPO4, and atrazine was then eluted wi th 2 m l of 
acetonitrile: 0.1 M K2HPO4 :: 1:1. The eluates were di luted to 5 m l wi th P B S -
Tween, and dilutions were analyzed by E I A . 

Results 

Derivat ion of M A b s We used 3 strategies to obtain M A b s wi th the greatest 
sensit ivity and specificity: F i r s t , to maximize the chances of evoking different 
repertoires of antibodies, we tested simazine and atrazine haptens wi th two 
different l inker groups (aha or mpa) on each of 3 different carriers (BSA, C O N , 
and K L H ) as immuniz ing antigen
Biozz i , and B10.Q). The response
wells coated wi th a conjugate that had a l inker and carrier different from the 
immuniz ing antigen. Second, for hybridoma production we selected only the best 
responding mice, wi th respect to serum titer, lowest detectable dose, and I50 for 
atrazine and simazine. Th i rd , we prepared and screened a large number of 
hybridomas. Al though a l l of the immuniz ing antigens evoked good triazine-
directed responses i n most of the mice, the statistics cited i n the Methods 
section demonstrate that the most sensitive M A b s were only a smal l percentage 
of a l l of the triazine-directed M A b s . 

Specificity of the M A b s . A t U C B we compared the specificity of the M A b s us ing 
the "classical" competition E I A , which measured the abi l i ty of various tr iazines 
to compete wi th atrazine conjugates (immobilized on the E I A wells) for b inding 
the M A b s . A s imi lar set of experiments at U C D was done us ing the "haptenated 
enzyme" E I A format, wi th simazine-N(C2)-alkaline phosphatase as the 
competitor. 

Table I summarizes the relative recognition of 37 t r iazine analogs and 
haptens, by M A b s A M 7 B 2 and A M 5 D 1 . The results us ing the two different E I A 
formats and simazine-N(C2)-alkaline phosphatase were essentially the same 
for 7 of the most-used triazines. These results can be summarized as follows: (a) 
Propazine, procyazine, and cyanazine were recognized better than atrazine. 
Atrazine-mercaptopropionic acid, which was the hapten used to elicit the 
antibodies, was also recognized better than atrazine by both M A b s . Th i s 
indicated that the M A b s bound better to analogs wi th isopropyl, cyclopropyl, or 
cyanoisopropyl groups at R 2 or R 3 . (b) Both M A b s were much less reactive wi th 
prometon, which is used i n substantial amounts i n Cal i forn ia and elsewhere, 
than they were for atrazine and simazine. (c) Hydroxyatrazine and 
hydroxysimazine reacted only 1% to 5% as wel l as atrazine. (d) The mono-
dealkylated triazines reacted 0.1% to 0.2% as wel l as atrazine, and (e) these 
M A b s d id not measurably (< 0.2% ) recognize di-dealkylated triazines. Thus, 
the M A b s are not effective probes for these t r iazine metabolites. 
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Table I. Relative reactivity of triazine MAbs AM7B2 and AM5D1 with 
various triazines and triazine haptens. 

Compound R1 R2 R3 % cross-reactivitv 
AM7B2 AM5D1 

1 procyazine CI NHCH(CH2)2

a NHCCN(CH3)2 526 583 
2 atrazine-mpa S(CH2)2COOH NHCH2CH3 NHCH(CH3)2 261 181 
3 propazine CI NHCH(CH3)2 NHCH(CH3)2 196 161 
4 cyanazine CI NHCH2CH3 NHCCN(CH3)2 106 116 
5 atrazine CI NHCH2CH3 NHCH(CH3)2 100 100 
6 dipropetryne SCH2CH3 NHCH(CH3)2 NHCH(CH3)2 95 68 
7 simazine-mpa S(CH2)2COOH NHCH2CH3 NHCH2CH3 66 76 
8 simazine CI NHCH CH NHCH2CH3 31 31 
9 prometryne SCH 3 

10 tertbutylazine CI 
11 terbutryne SCH3 NHCH2CH3 NHC(CH3)3 

21 17 
12 atr-N(C5)-COOH CI NH(CH2)5COOH NHCH(CH3)2 

21 24 
13 sim-N(C5)-COOH CI NH(CH2)5COOH NHCH2CH3 16 19 
14 ametryne SCH 3 NHCH2CH3 NHCH(CH3)2 14 14 
15 sim-N(C4)-COOH CI NH(CH2)4C00H NHCH2CH3 8.2 12 
16 cyanazine amide CI NHCH2CH3 NHCC0NH2(CH3)2 6.5 6.2 
17 hydroxy atrazine OH NHCH2CH3 NHCH(CH3)2 5.7 4.1 
18 prometon OCH3 NHCH(CH3)2 NHCH(CH3)2 5.1 35 
19 terbumeton OCH3 NHCH2CH3 NHC(CH3)3 

5 4 
20 simetryne SCH 3 NHCH2CH3 NHCH2CH3 4.4 4.7 
21 sim-N(C3)-COOH CI NH(CH2)3COOH NHCH2CH3 3.8 4 
22 atratone OCH3 NHCH2CH3 NHCH(CH3)2 2.3 2.3 
23 trietazine CI NHCH2CH3 N(CH2CH3)2 1.8 1.7 
24 atr-N(C2)-COOH CI NH(CH2)2COOH NHCH(CH3)2 

1.5 1.1 
25 hydroxysimazine OH NHCH2CH3 NHCH2CH3 1.3 1.1 
26 desmetryne SCH 3 NHCH3 NHCH(CH3)2 

1.2 1.1 
27 sim-N(C2)-COOH CI NH(CH2)2C00H NHCH2CH3 1.2 1.5 
28 desethyl simazine CI NH2 NHCH2CH3 0.9 1 
29 desethyl atrazine CI NH2 NHCH(CH3)2 

0.7 0.8 
30 desethyl simetryne SCH 3 NH2 

NHCH2CH3 0.2 0.3 
31 atr-N(C1)-COOH CI NHCH2COOH NHCH(CH3)2 

<0.2 <0.2 
32 sim-N(C1)-COOH CI NHCH2COOH NHCH2CH3 <0.2 <0.2 
33 didesethyl simazine CI NH2 NH2 <0.2 <0.2 
34 ammelide NH2 OH OH <0.2 <02 
35 ammeline NH2 NH2 OH <0.2 <0.2 
36 meiamine NH2 NH2 NH2 <0.2 <0.2 
37 cyanuric acid OH OH OH <0.2 <0.2 

NOTE: The assays were conducted using the haptenated-enzyme competition EIA shown in the 
middle panel of Figure 2, with simazine N(C2)-alkaline phosphatase as the competitor. Stocks of 
each analog were prepared by weight, and their molar concentrations were calculated from the 
molecular weight. The concentrations of each analog giving half-maximal inhibition (150 ) were 
calculated from multi-point dose-response curves, and the "percent cross-reactivity" is the ratio of 
the I50 for the analyte to the I50 of atrazine. 
a (cyclopropyl) 
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Quantitative EIA for triazines. The MAbs were compatible with the 3 
variations of the competition EIA shown in Figure 2. For the "haptenated-
enzyme" format a simazine-enzyme conjugate proved to be better than an 
atrazine-enzyme conjugate for detection of atrazine. Simazine is recognized 
only about 30% to 40% as well as atrazine. This enables free atrazine to 
compete better than the simazine-enzyme detecting conjugate, making the 
assay more sensitive. The optimized "haptenated-enzyme" EIA done with 
simazine-alkaline phosphatase conjugate proved to be about 5-fold more 
sensitive than the conventional competition EIA using atrazine-protein 
conjugates as competitor. 

The working range of the EIA standard curves was generally from 0.7 to 70 
ppb, with an I50 of about 13 ppb. Thus, using a sample concentration step of 
about 100-fold for the EIA brought the limit of detection (an inhibition of 2 
standard deviations from the signal with zero analyte) down to, or below that of 
gas chromatography, i.e., 0.01 t  0.02 ppb  Regardles f format  th  EIA i
economical; it requires less
of MAb culture fluid (which could be used as filtered hybridoma culture fluid 
without additional processing) per well. The culture fluid could be freeze-dried 
and reconstituted with no significant loss of triazine binding capacity, and EIA 
plates coated with captured MAb could be stored frozen until they were needed. 
The maximum response of the EIA in these was lower, but the I50 and slope 
values were the same as with plates prepared the night before use. These 
properties lengthen shelf-life and improve quality control. Furthermore, the 
MAbs developed for this study tolerated at least 20% (v/v) methanol in the 
PBS-Tween buffer used for the competition step. This makes it easier to use 
solvent- and solid-phase extracts in the assay, and may reduce sequestration of 
analytes in lipid micelles from various sample matrices. 

Variability between assays is an important consideration for regulatory 
applications of EIA. Figure 5 is a plot of the I50 values and slopes of the 
standard curves for 17 consecutive "classical" competition EIAs performed at 
UCB during June and July 1989, using plates coated with atrazine-aha-BSA. 
The I50 values remained in the same range through December 1989, indicating 
that there was no apparent deterioration of this conjugate. 

Variation when the same assay is done by different analysts is also a 
concern. At UCD, a study was conducted in which an immunochemist with 
several years' experience and a graduate student newly trained in EIA each 
analyzed 56 well water samples containing 0 to 0.25 ppb, using the haptenated 
enzyme EIA shown in Figure 2 (center panel). The results these persons 
obtained correlated with a slope of 1.08 and r = 0.98 (data not shown). 

Sample Extraction Methods. Solid-phase recovery of atrazine and simazine on 
Cis columns proved to be convenient and efficient, using the method described 
above. Recovery of atrazine as a function of sample volume was assessed by gas 
chromatography. As Table II indicates, quantitative recovery of a 200 ng spike 
was achieved for samples of up to 1 liter. Efficiency was measured by recovery of 
[14C]atrazine, as well as by gas chromatography (using a nitrogen-phosphorus 
detector). The results, summarized in Table III, indicate that recovery is nearly 
100% from 0.1 to 100 ppb. 
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Figure 5. Quality control charts for 17 atrazine EIAs conducted by the 
"classical" method (Fig. 2, left panel) at U.C. Berkeley. Wells were coated 
overnight at 4° with 50 ng of atrazine-aha-BSA. Mixtures of standards and 
MAb AM7B2 in PBS-Tween were incubated overnight at room temperature, 
and then applied in 0.1 ml to the coated wells after they were rinsed 3 
times with PBS-Tween. After 2 hr at room temperature, the wells were 
rinsed 3 times, and 0.1 ml of a 1:1,000 dilution of alkaline phosphatase-
conjugated goat anti-mouse immunoglobulin (Sigma) was added. The plates 
were incubated for 2 hr at room temperature, rinsed again, substrate solution 
was added, and the color development was read on an EIA reader. The 
standard curves were fitted as described in Methods, to derive the I50 and 
slope values. The upper and lower confidence limits are one standard 
deviation from the mean. 
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Table II . Recovery of atrazine by Ci& solid-phase extraction, as a function of 
sample size. 

Sample vol . atrazine recovered 
(ml) (ng) % 

100 220 110 

250 210 105 

500 200 100 

1,000 200 100 

NOTE: Duplicate samples of distilled 
water as indicated were spiked with 200 
ng of atrazin
methanol
(Analytichem Bond-Elut, 100 mg resin) at 
8 to 15 ml/min. Columns were washed and 
eluted as described in Methods, and the 
eluates in ethyl acetate were analyzed by 
gas chromatography, using a nitrogen-
phosphorus detector. Data were quantified 
as peak areas, relative to reference 
standards. 

Table III. Recovery of atrazine from water us ing Analy t ichem C i s Bond-Elu t 
columns. 

Atraz ine spike [ 1 4 C]a t r az ine Recovered (GC analysis) 
(ppb) recovered (ng) % 

(cpm ± s.d.) % 

0 25 ± 2 — nd nd 

0.01 2,172 ± 67 96.6 nd nd 

0.1 2,321 ± 60 103.3 nd nd 

1 2,307 ± 43 102.7 45 60.2 

10 2,265 ± 55 100.8 746 99.5 

100 7,350 98.0 

1,000 74,100 98.6 

NOTE: Samples of 75 ml of distilled water were spiked with the indicated amounts 
of atrazine, from reference standards in methanol. Where indicated, 2,266 ± 67 cpm 
of ring-labeled [14C]atrazine was added to each spike. Samples were applied and 
recovered from 3 separate Cxg columns as described in Methods, and the eluates 
were counted by liquid scintillation, or analyzed by gas chromatography (GC) using 
a nitrogen-phosphorus detector. Because of co-eluting contaminants, the limits of 
detection and quantification for GC were 2 ppb (3 std. dev.) and 7 ppb (10 std. dev.) 
respectively. The low (60.2%) recovery determined by GC for a 1 ppb spike appeared 
to be due to detector suppression by co-extracted material, 
(nd = not determined) 
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E I A and G C results were compared for the analysis of s imazine i n soi l , 
us ing ethyl acetate for extraction of dried samples of sandy loam from a site 
contaminated by an experimental s imazine sp i l l . For 24 samples that had 
simazine content between 0 and 350 ppb by G C analysis, the results by E I A 
correlated wi th r = 0.93 and a slope of 1.26 (Figure 6). For an extended data set 
of 48 samples containing simazine from 0 to 3 ppm, the correlation between E I A 
and G C determinations was 0.97, w i th a slope of 0.81 (A. Lucas , unpublished 
data). To ensure solubilization of the simazine recovered from the most heavi ly 
contaminated samples, methanol was added to the PBS-Tween to 5% (v/v) as 
cosolvent. At raz ine residues were recovered by extraction wi th 90% acetonitrile 
and concentration on S C X solid phase columns. For samples spiked wi th 10, 25, 
50, and 100 ppb (ng atrazine per gram of soil) recoveries of 80%, 82%, 79%, and 
93%, respectively, were obtained. 

Demonstration Projects. D u r i n  1989  conducted l studie  determin
the accuracy, precision, an
various sample matrices. The U . C . Dav i s and U . C . Berkeley laboratories 
collaborated i n E I A tests of wel l water samples that had been analyzed for 
tr iazine by gas chromatography at C D F A . F igure 7 is a bar chart of the tr iazine 
content of 75 of these samples, determined by the haptenated enzyme E I A . 
Three major results were evident from this study. F i r s t , the l imi t of detection of 
the E I A (the S P E blank i n Figure 7) was below the l imi t of approx. 0.05 ppb for 
G C . Second, a l l of the samples that showed detectable amounts of t r iazine by 
G C also registered positive by E I A ; i n other words, there were no "false 
negatives" i n the survey by E I A . Thir ty-s ix of these samples were also analyzed 
at U C B , us ing the conventional E I A . Aga in , there were no "false negatives," 
and the results obtained by the two laboratories us ing different E I A methods 
correlated wi th a coefficient of 0.87. Th i rd , the precision of the E I A was s l ight ly 
better than that of the G C method, as shown by the coefficients of variance for 
the paired samples i n Figure 7. 

The U C B group also conducted a survey of groundwater from test wells sunk 
to different levels i n and around a toxic waste site contaminated wi th atrazine. 
The data from this study are summarized i n Table I V Two groundwater samples 
from test wells contained high concentrations of triazines. Confirmatory values 
for these samples were obtained by the remediation site contractor us ing E P A 
Method 619. Two points can be made from these data. F i r s t , measurements 
obtained by recovering the tr iazines on Ci& S P E columns were higher that those 
obtained when the samples were assayed directly after f i l trat ion through 
Whatman #1 paper. Second, the remediation contractor's gas chromatographic 
analysis of the samples from wells 4 and 5a revealed ppb to ppm levels of 
other contaminants, including 2,4,-D, 2,4,5,-T, M C P A , and xylene. These d id 
not interfere appreciably wi th the t r iazine immunoassay. 

The U C B group also performed tr iazine E I A s on samples from agricul tural 
evaporation ponds i n the San Joaquin Valley. These ponds collect drainage from 
fields where triazines may be used, and thus have the potential for accumulating 
these, and other pesticides. M e t a l ions, salts, and suspended solids accumulate 
i n amounts up to 20 times those found i n sea water, and various species of 
bacteria, algae and even brine shr imp may propagate i n water from these 
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Figure 6. Comparison o
monoclonal EIA. Simazine-contaminate  sample
methanol as described in Methods. Portions of the extract were analyzed by 
gas-liquid chromatography (GLC) using a nitrogen-phosphorus detector. The 
remainder of each extract was analyzed using the haptenated-enzyme EIA 
diagrammed in the center panel of Figure 2. The solid line was obtained by 
linear regression. 
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Figure 7. Summary of EIA results for 75 samples of well water. These 
samples were analyzed by gas chromatography (GC) at the CDFA analytical 
laboratory, and by the haptenated enzyme EIA (Figure 2, center panel) at 
U.C. Davis. For the EIA, triazine was recovered from the water samples 
essentially as diagrammed in Figure 4. Samples indicated by the same 
letter were quadruplicates taken at the wellhead, and analyzed in duplicate 
by EIA and GC. These samples are the basis for the precision comparison 
noted. Samples marked (*) are replicate determinations of one sample 
(mean ± SD, 0.16 ± 0.01 ppb; CV = 8.8%). Its duplicate sample is marked (+). 
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ponds. Table V shows results of E I A s on water from 3 evaporation ponds that 
were potential accumulators of tr iazines, and samples of sump and canal water 
from an area not subject to t r iazine application. Unspiked and spiked samples 
of the evaporation pond water showed an extreme matr ix effect when they were 
added directly to the E I A . Th i s effect was greatly reduced when the samples 
were subjected to the C i s solid-phase extraction protocol described i n Methods. 
However, a significant matr ix effect remained, as was evident from the values 
obtained for spikes of 0.5 ppb recovered from these samples. We speculate that 
the high metal and salt content i n these samples may create an inhibi tory 
"matrix effect" that could account for a l l of the "triazine" estimated i n the 
unspiked samples. Addi t iona l studies are under way to determine and 
eliminate the cause of this bias i n samples of this type. 

Summary and Conclusions 

The thiocarbamate herbicide
triazines discussed i n this paper are the first of several herbicides for which we 
plan to develop monoclonal antibodies and sensitive immunoassays for C D F A . 
Monoclonal antibodies offer the advantages of defined affinity and specificity, 
adaptibil i ty to v i r tua l ly any immunoassay format, and potentially un l imi ted 
supply. These advantages are of part icular importance to agencies such as 
C D F A , that intend to configure and validate the immunoassays for regulatory 
purposes. 

Al though we can not draw many conclusions about structure-activity 
relationships from these data, the antibodies we generated showed a preference 
for b inding to triazines that have isopropyl groups at R 2 and R 3 . The 
substituents are clearly the major determinants of specificity, as shown by the 
very poor recognition of the mono- and di-dealkylated tr iazines and the 
hydroxytriazine metabolites. Detection of hydroxytriazines may be important 
for some environmental monitoring applications, because they are indicators of 
exposure of plants and soi l microorganisms to the parent compounds. However, 
the hydroxytriazine metabolites are not herbicides, and they are not defined as 
hazardous pollutants. A recent paper by Schlaeppi, et a l . (&) described the 
production of M A b s that were specific for hydroxyatrazine, us ing 
hydroxyatrazine conjugates as immuniz ing antigens. 

Results wi th the three E I A formats used i n this study were very similar. 
However, use of the simazine N(C2)-enzyme conjugate as the competitor i n the 
haptenated enzyme format gave this method a more sensitive l imi t of detection 
than the classical competition E I A . The specificity of the E I A is p r imar i ly 
characteristic of the M A b that is used, although i t may vary s l ight ly wi th 
different E I A formats. The major advantage of the haptenated enzyme format 
was that i ts lower detection l imi t enabled one to work wi th smaller amounts of 
environmental samples. However, this format was also more sensitive than the 
classical competition E I A to inhibi t ion by organic solvent i n the incubation 
solution. 

Tables II and III demonstrate that recovery of atrazine was quantitative 
from the smal l Cis solid-phase columns used for the analysis of groundwater 
and soil samples. Quanti tat ive recovery was obtained from up to 1 l i ter of water, 
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Table V Analysis of triazines in water from agricultural evaporation ponds. 

Atrazine spike (ppb)* 

Sample 0 1 10 

Evap. pond A 8.7 10.8 NT 

Evap. pond B 6.2 9.8 19 

Sump T4 <0.2 NT 9.6 

San Luis Canal 

NOTE: Samples of water from 3 agricultural evaporation ponds in the San Joaquin 
Valley, and from a drain sump (T4) and the San Luis water delivery canal, were 
analyzed without concentration or cleanup. The samples and analyses of their ionic 
content were provided to us by the California Central Valley Regional Water Quality 
Control Board. 
*NT = not tested 

Atrazine ppb triazine 
Sample Matrix spike (atrazine equiv., mean ± std. error) 

(0.5ppb) plate 1 plate 2 
Evap. pond A Mo > 6 mg/l 0.20 ± 0.03 0.13 

As > 1 mg/l + 0.92 ± 0.06 0.82 ± 0.02 

Evap. pond B Se > 1.5 mg/l - 0.13 ±0.03 *0.09 
S04~ 18 g/l + 0.83 ± 0.08 0.74 ± 0.01 

Evap. pond C CI- =16 g/l 0.09 *0.09 
SO4 ~ 21 g/l + 0.87 ± 0.08 0.82 ± 0.02 

glass-distilled water *0.09 *0.09 
+ 0.66 ± 0.07 0.64 ± 0.03 

NOTE: Residues recovered from the samples described above, and one other evaporation 
pond, using the SPE procedure for groundwater described in Methods. 
* Values preceded by s are below the indicated minimum detection limit. 
Data without standard errors represent only one value in the working range. 
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and the detection limit of the assay was less than 0.1 ppb. To date, we have not 
examined the efficiency with which other triazines can be recovered, primarily 
because of the preference of the MAbs for atrazine. We speculate that if a 
method could be identified for selectively recovering triazines other than 
atrazine, it could be interfaced with the EIA using our MAbs, for single-analyte 
analysis. 

The methods we adapted for recovery of atrazine and simazine from water 
and soil are faster and less involved than the recovery and cleanup procedures 
used for GC analysis. The recovery study in Table III demonstrated that our 
protocol for Cis solid-phase extraction recovered 100% of the atrazine from 
ordinary groundwater samples. In this experiment, data for spikes less than 1 
ppb could not be obtained by GC, due to limitations of the detector and 
interference from co-extracted material. However, in other experiments, such as 
our studies on the 75 well water samples, the EIA was able to precisely quantify 
levels over 0.1 ppb. For example  6 replicates of one sample in Figure 7 gave 
0.16 ppb with a coefficien
minimum detection limit of the EIA for atrazine appeared to be lower than that 
of GC. The recovery of atrazine from methanol extracts of soil was similarly 
efficient for the experiment of Figure 6. These results and the results of the toxic 
site groundwater study (Table IV) demonstrate that the monoclonal EIA is 
useful for surveys of highly contaminated soil and water, as well as for surveys 
of groundwater containing atrazine or simazine at the limit of detectability. 

Our studies with solid-phase extraction also revealed differences in the 
types of errors it can introduce to GC or EIA analysis. The extreme metal and 
salt content of agricultural evaporation water is one example of a matrix that 
may interfere with the triazine EIA, and necessitate additional sample 
preparation steps. EIA and GC are likely to be sensitive to different sets of 
interfering factors, so EIA may not be as sensitive as GC to differences between 
manufacturers and different lots of SPE columns. However, material from 
improperly conditioned columns can interfere with EIA, and we found that this 
inhibitory effect was manifested as a bias toward higher estimates of the 
analyte. We found that to avoid this effect, the Cis columns must be scrupulously 
washed with hexane, ethyl acetate, methanol, and water before the sample is 
applied. 

To facilitate the development of methods and test the immunoassay on the 
widest variety of samples, it has been our policy to distribute our antibodies and 
conjugates to all investigators who request them. We believe that this will help 
to more quickly reveal any shortcomings of the assay. It is enabling some 
investigators to conduct projects for which the cost and time for instrumental 
analysis would be prohibitive, and it is encouraging evaluation of the MAbs in 
new formats, such as sensors and field-portable kits. The availability of these 
MAbs should give more environmental chemists experience with immunoassay, 
help to establish the usefulness of the EIA as a screening method, and its 
validity as a quantitative research tool. 

In summary, a coordinated effort between our three laboratories and the 
CDFA has resulted in development of MAbs , a sensitive, economical EIA, and 
simple, efficient residue recovery methods that CDFA analytical chemists are 
now validating, for integration into their repertoire of tests for regulatory 
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monitoring of groundwater on a large scale in California. The assay and sample 
recovery protocols are sensitive, reproducible, fast, inexpensive, and amenable 
to automation. The limit of detection is comparable to that of gas 
chromatography. The monoclonal antibodies will provide a continuing source of 
the critical immunoprobe, with assured quality. These methods will initially be 
used as screening tools to reduce the number of samples submitted for 
instrumental analysis. However, future work at CDFA and in our laboratories 
will focus on identifying and eliminating sample matrix effects, and rigorously 
validating the entire procedure, so that it will be highly reliable, fully 
quantitative, and certifiable for regulatory purposes. 
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Chapter 7 

Reliability of Commercial Enzyme Immunoassay 
in Detection of Atrazine in Water 

James R. Fleeker and Leonard W. Cook 

Department of Biochemistry, North Dakota Agricultural Experiment 
Station, North Dakota State University, Fargo, ND 58105 

Surface, municipal, and ground water (117 samples) 
from six midwestern states were tested for levels of 
eight triazine herbicides by a commercial enzyme 
immunoassay (EIA) and by gas chromatography (GC). The 
herbicides measured by GC were ametryn, atrazine, 
prometryn, propazine, simazine, terbuthylazine, 
terbutryn, and trietazine. Chromatographic analysis 
detected triazine levels of ≥0.1 μg/L. A limit of 
detection of 0.4 μg/L was found for the EIA. Atrazine 
was present in 34 of 36 samples testing positive for 
triazines by GC. Eight samples had triazine levels 
≥0.4 μg/L by GC analysis and all tested positive by the 

EIA. Twenty-eight samples had triazine levels of 0.1-
0.3 μg/L by GC and twelve of these gave EIA responses 
≥0.4 μg/L. All samples having <0.1 μg/L of triazines 
by GC gave negative EIA responses. 

Enzyme immunoassays (EIA) have been developed which offer a quick 
and inexpensive method to detect in water low levels of several 
environmental pollutants. The simplicity of some EIA protocols 
allow personnel with minimal training to screen samples. The use of 
an EIA as a screening method and chromatography for confirmation 
appears to be a cost effective approach to monitor large numbers of 
samples. 

This paper reports on the reliability of a commercial EIA which 
detects atrazine and certain other triazine herbicides. The tests 
were designed to determine the reliability of the assay in detecting 
low levels of atrazine in surface, municipal and well water. The 
ability of the EIA to quantitate atrazine levels was not evaluated. 
The s-triazine herbicides are among the most widely used herbicides 
in the United States (_1) and atrazine has been found to be a common 
ground water contrminant in the midwestern United States (2). 

0097-6156/91/0451-0078$06.00/0 
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M a t e r i a l s and Methods 

Reagents and M a t e r i a l s . Deionized water was obtained from a 
M i l l i p o r e M i l l i - Q water p u r i f i c a t i o n system. T r i a z i n e standards 
were received from the U.S. EPA P e s t i c i d e s and I n d u s t r i a l Chemicals 
Repository, Research T r i a n g l e Park, NC 27711. Immunoassay k i t s were 
supplied by ImmunoSysterns, Inc., 4 Washington St., Scarborough, ME 
04074. 

Sample C o l l e c t i o n . Samples from Minnesota, Iowa, and Nebraska were 
supplied by the Minnesota Department of A g r i c u l t u r e , the U.S. 
Geological Survey, and the Nebraska Department of Health, respect­
i v e l y . A l l samples were stored at 4°C i n glass j a r s sealed with 
l i d s l i n e d with aluminum f o i l u n t i l a n a l y s i s . P a r t i c u l a t e material 
was allowed to s e t t l e out before a n a l y s i s . Just before e x t r a c t i o n , 
the pH and c o n d u c t i v i t y were determined (3). 

E x t r a c t i o n for GC A n a l y s i s
Baker (4). Sodium c h l o r i d e (5 g) was d i s s o l v e d i n 500 mL of the 
water sample. The water was extracted with one 100-mL po r t i o n and 
two 50-mL portions of ethyl acetate. A f t e r each e x t r a c t i o n , the 
organic layer was t r a n s f e r r e d to a 10 x 300 mm chromatography column 
containing 10 g of anhydrous sodium s u l f a t e . The column e f f l u e n t 
was c o l l e c t e d i n a 250-mL round-bottom f l a s k and was concentrated to 
1-2 mL on a rotary evaporator with the bath at 35 C. The concen­
t r a t e was t r a n s f e r r e d to a small c u l t u r e tube with three 1-mL r i n s e s 
of acetone. The solvent was removed with a stream of N 2 gas while 
warming at 30 C. The residue was d i s s o l v e d i n 1.0 mL of toluene and 
stored at 4 C u n t i l a n a l y s i s by GC. 

Gas Chromatographic A n a l y s i s . The q u a n t i t a t i o n method was adapted 
from Roseboom and Herbold (5). A n a l y s i s was done with a Tracor 550 
GC and a Tracor 702 thermionic detector. I n l e t , o u t l e t , and 
detector temperatures were 200, 210, and 230 C, r e s p e c t i v e l y . 
Detector gas flows were a i r at 120 mL/min, hydrogen at 3.0 mL/min, 
and helium makeup at 20 mL/min. Separation was done at 220 C on a 
20 m x 0.53 mm Stabilwax (1.0 \im) column (Restek Corp.) with a 
helium flow of 10 mL/min. I n j e c t i o n volume was 3.0 uL. Samples 
g i v i n g a response >0.1 ug/L were confirmed with a 15 m x 0.53 mm 
DB-17 (1.0 urn) column (J & W S c i e n t i f i c ) programmed at 140-190°C at 
5°C/min. 

Immunoassay P r o t o c o l . The manufacturers recommendations were 
followed for use of the EIA k i t s . EIA measurements were done just 
p r i o r to GC a n a l y s i s . Each water sample was also spiked with 
1.0 ug/L of a t r a z i n e and tested by EIA. Each sample set consisted 
of a deionized water blank, and up to f i v e samples. 

The water sample (160 uL) was incubated 5 min with 160 uL of 
p e r o x i d a s e - t r i a z i n e conjugate i n a p l a s t i c tube coated with a n t i ­
body. This was followed by a washing step and then a 2-min incuba­
t i o n with hydrogen peroxide and tetramethyl-benzidine. The r e a c t i o n 
was stopped by the a d d i t i o n of d i l u t e s u l f u r i c a c i d . Deionized 
water was added to the s o l u t i o n to bring the c o l o r i n t e n s i t y at 450 
nm to a l e v e l appropriate for measurement i n a spectrophotometer. 
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Usually 2.0 mL of water was added, but as the c o l o r development was 
done at ambient temperature, which v a r i e d day-to-day, the amount of 
water added was adjusted accordingly (1.5-2.5 mL). 

Absorbance Measurement. A Beckman model 24 spectrophotometer was 
used unless otherwise s p e c i f i e d . Solutions were read at 450 nm 
against a deionized water blank. A Hach model DR100 portable 
spectrophotometer was also evaluated with some of the samples. 

Results and Discussion 

The EIA system examined here i s a v a i l a b l e on m i c r o t i t e r p l a t e s or 
small polystyrene tubes. The l a t t e r was used here. The tube assay 
has short incubation periods and i s s u i t a b l e f o r f i e l d work and a 
small number of samples. 

Water Sources. Surface
and streams i n the uppe
samples ranged from ver
very l i t t l e to large amounts of sediment. Municipal water was 
c o l l e c t e d from towns and c i t i e s where the water was treated f o r 
human consumption. Ground water was gathered from r u r a l areas and 
included p r i v a t e wells and t e s t wells used by various government 
agencies. These samples ranged from very c l e a r to colored and with 
very l i t t l e to large amounts of sediment. The pH of the water 
ranged from 5.3 to 9.2 and there was no apparent e f f e c t on the EIA 
i n t h i s pH range. Conductivity v a r i e d from 0.1 to 180 mMHO's, with 
no apparent e f f e c t on the immunoassay i n t h i s range. 

Several s - t r i a z i n e herbicides besides atrazine are detected by 
t h i s assay (Table I ) . While atr a z i n e i s the s - t r i a z i n e u s u a l l y 
found i n ground and surface water i n the midwestern United States, 
i t was necessary to check by GC for the presence of other common 
t r i a z i n e herbicides i n order to e s t a b l i s h f a l s e responses by the 
EIA. Prometron , simetryn, and cyanazine were unavailable as GC 

Table I. Cross R e a c t i v i t y of T r i a z i n e Herbicide With the 
EIA and Recovery of the Compounds From Water 

P r i o r to GC Analysis 

50% I n h i b i t i o n 
of EIA a Recovery From Water (7o) 

Substance (ug/L) 0.1 Ug/L 1.0 ug/L 
Atrazine 0.04 104 ± 4 92 ± 11 
Prometryn 0.4 125 ± 1 6 97 ± 9 
Propazine 0.5 93 ± 16 90 ± 8 
Ametryn 0.7 101 ± 18 
Prometon 0.7 not analyzed 
Simazine 2.5 91 ± 2 0 92 ± 11 
T r i e t a z i n e 2.5 91 88 ± 8 
Simetryn 2.5 not analyzed 
Terbuthylazine 4.0 106 ± 1 5 89 ± 7 
Terbutryn - 112 ± 3 6 98 ± 10 
Cyanazine 40 not analyzed 
aImmunoSystems Inc., Scarborough, Maine 
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Figure 1. C o l l e c t i o n s i t e s . (A) Groundwater; (B) surface 
water; and (C) municipal water. S o l i d c i r c l e s represent water 
containing >.0.1 ug/L t r i a z i n e by GC a n a l y s i s . 
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standards and not analyzed. These three herbicides are not i n 
widespread use i n the survey area. The other herbicides were 
e f f i c i e n t l y extracted from water p r i o r to GC a n a l y s i s (Table I ) . 
Occasionally organic material i n the extract i n t e r f e r e d with one or 
more analyte peaks (Figure 2), but the atrazine peak was always 
resolved. 

On-site measurement of the EIA response with a portable 
spectrophotometer i s usefu l f o r documentation, although the response 
to 1.0 ug/L of atrazine can be v i s u a l l y detected. The r e s u l t s with 
a laboratory spectrophotometer and a portable hand-held spectro­
photometer were compared. Standard curves recorded with these 
instruments were nearly i d e n t i c a l . The standard de v i a t i o n f o r 18 
r e p l i c a t e s were s i m i l a r with the two instruments (Table I I ) . 

Table I I . Absorbance Values Obtained With the EIA Using 
D i s t i l l e d Water Spiked With Atrazine 

 ug/
Beckman Model 24 

Average A (n = 18) 0.643 0.566 0.262 
Std. Dev. 0.074 0.057 0.022 

Hach Model DR100 
Average A (n = 18) 0.44 0.40 0.21 
Std. Dev. 0.04 0.03 0.01 

EIA Performance. T r i a z i n e s were found by GC i n 36 of the 
samples. T h i r t y - f o u r of these samples contained atrazine 
range of 0.1 to 12 ug/L. The other t r i a z i n e s found were 

117 water 
i n the 

simazine, 
terbutryn, and t r i e t a z i n e . 

We began the survey with no c r i t e r i a for the detection l i m i t . 
The EIA could detect 0.1 ug/L of a t r a z i n e i n d i s t i l l e d water (Table 
I I ) . However, i t was not known what e f f e c t organic material from 
surface water would have i n masking t h i s l e v e l of detection. Also, 
a large proportion of the s o l u t i o n i n the competitive binding 
p o r t i o n of the assay i s sample. This, and the v a r i a t i o n of the 
mineral and organic content of the water over the region of the 
survey were expected to lead to large f l u c t u a t i o n s i n the non­
s p e c i f i c or background response. A r e l a t e d problem was the lack of 
a standard sample matrix to prepare the response curve. D i s t i l l e d 
water was chosen for t h i s purpose because i t i s supplied with the 
EIA k i t s as c o n t r o l water. 

A s i g n i f i c a n t background response was found but i t was not 
unusually large nor e x c e p t i o n a l l y v a r i e d (Figure 3). A p p l i c a t i o n of 
the conventional approach to determining the l i m i t of detection was 
adequate with the water sources tested (6): the standard d e v i a t i o n 
of the mean response from d i s t i l l e d water (B Q value; n = 20), was 
m u l t i p l i e d by three and the product subtracted from 1.0 to give a 
value of 0.7. This detection l i m i t corresponded to an atr a z i n e 
l e v e l of 0.4 ug/L i n d i s t i l l e d water. The c r i t e r i a f o r the l i m i t of 
det e c t i o n was adequate i n that false-negative responses were not 
found and the number of f a l s e p o s i t i v e responses were acceptable. 
That i s , eight samples found to have atra z i n e levels_>0.4 ug/L by GC 
also gave a p o s i t i v e response by the EIA. Of twenty-six samples 
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Figure 2. Gas chromatograms. 
(A) Water spiked with t r i a z i n e standards (1.0 ug/L each) and 
c a r r i e d through the e x t r a c t i o n ; (1) t r i e t a z i n e , (2) propazine, 
(3) t e r b u t h y l a z i n e , (4) a t r a z i n e , (5) prometryn, (6) terbutryn, 
(7) simazine, and (8) ametryn; 12 J u l 88; 8 x 10" 1 2 a f s . 
(B) Water spiked with t r i a z i n e standards (0.1 ug/L each) and 
c a r r i e d through the e x t r a c t i o n ; 4 x 10~ 1 2 a f s . 
(C) Sample No. 66, 0.1 ug/L a t r a z i n e ; 4 x 10" 1 2 a f s . 
(D) Sample No. 98, 0.2 ug/L simazine; 4 x 10~ 1 2 a f s . 

12 -

0.4 0.6 0.8 1.0 1.2 

B / B Q 

Figure 3. Response of the EIA to samples containing <0.1 ug/L of 
t r i a z i n e , before (open) and a f t e r ( s o l i d ) spiking with 1.0 ug/L 
of a t r a z i n e . 
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containing 0.1-0.3 ug/L of a t r a z i n e by GC a n a l y s i s , twelve gave B/B 
responses <0.7 ( f a l s e - p o s i t i v e ) . When used as a screening t e s t , 
f a l s e - p o s i t i v e responses of t h i s nature w i l l probably not be con­
sidered a drawback for use of the EIA. Samples containing <0.1 ug/L 
by GC gave no f a l s e - p o s i t i v e responses. Twenty-five samples with 
<0.1 ug/L of t r i a z i n e s a l l gave p o s i t i v e EIA responses when spiked 
with 0.4 ug/L of a t r a z i n e . 

Background l e v e l s of some water sources may require a m u l t i ­
p l i e r e i t h e r higher or lower than three i n estimating the l i m i t of 
detection. A municipal water supply was monitored by GC and EIA 
weekly for s i x months. No t r i a z i n e herbicide was detected by GC i n 
t h i s period. The n o n s p e c i f i c response of the EIA was lower than 
that obtained i n the s i x - s t a t e survey so that when a m u l t i p l i e r of 
two was used to e s t a b l i s h the l i m i t of detection no false-negative , 
and only two f a l s e - p o s i t i v e responses were obtained. 

Most of the samples c o l l e c t e d i n the s i x - s t a t e region gave B/BQ 

values of <1.0 when the t r i a z i n
3). The n o n s p e c i f i c respons
with municipal or groun
response does not allow accurate q u a n t i t a t i o n near the l i m i t of 
d e t e c t i o n . However, at low l e v e l s of analyte, the EIA appears to 
serve as an e x c e l l e n t screening t o o l . 

Table I I I . The EIA Response f o r 
0.1 ug/L of T r i a z i n e 

Samples With 
Herbicide 

Source n B/Bn S .D. 

Surface Water 
Municipal Water 
Ground Water 

19 
23 
28 

0.83 
0.93 
0.91 

0 
0 
0 

.07 

.06 

.08 

A l l water samples were found to give a strong EIA response i f 
1.0 ug/L a t r a z i n e was present. Figure 3 shows the EIA response of 
samples found to have <0.1 ug/L of t r i a z i n e by GC, both before and 
a f t e r spiking to 1.0 ug/L of a t r a z i n e (100 uL of 0.1 ug/mL at r a z i n e 
to 10.0 mL of sample). The response to t h i s l e v e l of a t r a z i n e could 
be v i s u a l l y detected i n most cases. 

During t h i s study, Bushway et a l . (7_), published a report on 
the EIA used here with respect to measurement of a t r a z i n e i n water 
and s o i l . T h e ir study found good c o r r e l a t i o n between HPLC and EIA 
q u a n t i t a t i o n when water from a v a r i e t y of sources was spiked with 
a t r a z i n e between 1 and 80 ug/L. Our study focused on a p p l i c a t i o n of 
the EIA as a screening method. 

Bushway's group examined 10 ground water samples c o l l e c t e d i n 
Maine, three of which had l e v e l s of t r i a z i n e of 2-5 ug/L by the EIA. 
Atrazine was not detected i n these samples by HPLC. 
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Chapter 8 

Immunoassay as a Screening Tool 
for Triazine Herbicides in Streams 

Comparison with Gas Chromatographic-Mass Spectrometry 
Methods 

D. A Goolsby1, E. M. Thurman2, M. L. Clark3, and M. L. Pomes2 

1U.S. Geological Survey, U.S. Department of the Interior, 
Denver, CO 80225 

2U.S. Geological Survey

3U.S. Geological Survey, U.S. Department of the Interior, 
Iowa City, IA 53344 

Immunoassay and GC/MS (gas chromatography/mass 
spectrometry) analysis for triazine herbicides were 
compared in order to evaluate the potential of 
immunoassay as a screening tool. Water samples were 
collected at 146 sites on streams in a 10-state region 
of the midwestern United States during 1989 before and 
shortly after application of pre-emergent herbicides 
that were used for weed control in the production of 
corn and soybeans. The sites were sampled a third 
time in fall 1989 during a low streamflow period. 
The two methods compared well with a rank correlation 
coefficient of 0.90 for immunoassay results less than 
5 ug/L (micrograms per liter). The presence or 
absence of triazine herbicides can be determined 
visually at concentrations of about 0.5 ug/L, and the 
detection limit can be lowered to about 0.2 ug/L with 
a spectrophotometer. The median pre-application and 
fall concentrations of triazine herbicides in the 
streams were determined by immunoassay to be less than 
0.2 ug/L and 0.3 ug/L, respectively, compared with a 
post-application median of 3.4 ug/L. Immunoassay 
appears to be a rapid, reliable, and low-cost 
analytical screening method for detecting triazine 
herbicides in water. 

Large quantities of pre-emergent herbicides are used annually in 
the corn (Zea mays L.) and soybean (Glycine max L.) producing 

g 
region of the midwestern United States. Approximately 1.5 x 10 kg 
(kilograms) are applied each year over a 10-state region (1). The 
herbicides are applied to cropland prior to or during planting of 
seed within about a 1-month period from late April through late 
May. Typical application rates for atrazine and alachlor, the 
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predominant h e r b i c i d e s used i n the area, range from about 0.8 to 
1.5 kg/hectare. 

Previous studies have shown that r u n o f f from f i e l d s 
immediately a f t e r a p p l i c a t i o n r e s u l t s i n large concentrations of 
h e r b i c i d e s i n surface water (2. 3). This f i n d i n g has been 
documented i n s e v e r a l small sc a l e studies (4-10), but has not been 
examined at a m u l t i - s t a t e s c a l e to determine i f the h e r b i c i d e s 
cause r e g i o n a l water-quality contamination. Large concentrations 
of h e r b i c i d e s i n d r i n k i n g water, consumed over long periods of time 
can have adverse e f f e c t s on human h e a l t h (11). Furthermore, 
conventional water treatment p r a c t i c e s do not e f f e c t i v e l y remove 
h e r b i c i d e s , such as a t r a z i n e (11). 

In order to address these concerns, a reconnaissance was 
conducted during 1989 on a large number of streams i n 10 States 
( I l l i n o i s , Indiana, Iowa, Kansas, Minnesota, M i s s o u r i , Nebrasks, 
Ohio, South Dakota, and Wisconsin) i n the midwestern United States. 
Objectives of the reconnaissance were to: (1) Determine the 
usefulness of immunoassa
h e r b i c i d e s p r i o r to th
GC/MS, and (2) determin
assess the geographic and seasonal d i s t r i b u t i o n of h e r b i c i d e s i n 
streams i n a large region of the midwestern United States. The 
focus of t h i s paper w i l l be on the usefulness of immunoassay as a 
screening t o o l . The seasonal and geographic d i s t r i b u t i o n of 
h e r b i c i d e s w i l l be addressed elsewhere. 

Experimental 

Design of Reconnaissance. Sampling s i t e s were s e l e c t e d at 150 U.S. 
G e o l o g i c a l Survey streamflow- gaging s t a t i o n s by a s t r a t i f i e d 
random procedure designed to ensure geographic d i s t r i b u t i o n . 
Drainage-basin areas represented by the sampling s i t e s ranged from 

2 2 l e s s than 260 km (square kilometers) to more than 1,800,000 km 
f o r a s i t e on the M i s s i s s i p p i River. The median drainage area was 

2 
1800 km . The aggregate drainage area of i n d i v i d u a l h y d r o l o g i c 

2 
u n i t s sampled was about 518,000 km . The streams were sampled 
three times during 1989: (1) In l a t e March and A p r i l before 
h e r b i c i d e s were a p p l i e d to the f i e l d s (145 immunoassay analyses), 
(2) i n May and June during runoff from the f i r s t r a i n f a l l f o l l o w i n g 
h e r b i c i d e a p p l i c a t i o n (135 immunoassay analyses), and (3) i n the 
f a l l (October-November) during low-streamflow co n d i t i o n s when most 
of the water i n the streams was derived from ground-water sources 
(146 immunoassay analyses). 

V e r t i c a l l y i n t e g r a t e d water samples were c o l l e c t e d at three to 
f i v e p oints across each stream. Samples were c o l l e c t e d and 
composited i n glass containers and f i l t e r e d through glass f i b e r 
f i l t e r s (GGF14230, Geotech, Inc., Denver, Colo.) having a pore 
diameter of approximately 1 micrometer i n order to remove 
p a r t i c u l a t e m a t e r i a l . The f i l t r a t e was c o l l e c t e d i n 125-mL 
( m i l l i l i t e r ) glass b o t t l e s that had been heated to 350°C (degrees 
C e l s i u s ) to remove organic matter. Samples were r e f r i g e r a t e d to 
about 4°C u n t i l analyzed. 

In Immunoassays or Trace Chemical Analysis; Vanderlaan, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



88 IMMUNOASSAYS FOR TRACE CHEMICAL ANALYSIS 

Immunoassay. A l l samples were analyzed f o r t r i a z i n e h e r b i c i d e s 
using RES-I-MUNE immunoassay k i t s (ImmunoSystems Inc., Scarborough, 
Maine). The k i t s use p o l y c l o n a l antibodies coated on the walls of 
polystyrene t e s t tubes and an atrazine-enzyme conjugate prepared by 
c o v a l e n t l y b i n d i n g a t r a z i n e to horseradish peroxidase by a modified 
carbodiimide technique (12-13). Other reagents i n the immunoassay 
k i t s include three standards (negative c o n t r o l , 0.1 ug/L a t r a z i n e 
s o l u t i o n and 1.0 ug/L a t r a z i n e s o l u t i o n ) , substrate, chromogen, and 
a "stop" s o l u t i o n of 2.5 N (normal) s u l f u r i c a c i d . 

I n s t r u c t i o n s provided with the k i t were followed. The k i t s 
were s t o r e d at 4 to 8°C and the contents were allowed to warm to 
about 23°C p r i o r to making the a n a l y s i s . The samples and standard 
s o l u t i o n s (160 m i c r o l i t e r s or 4 drops) were placed i n separate t e s t 
tubes, immediately followed by 4 drops of the enzyme conjugate. 
The t e s t tube was gently mixed f o r 2-3 seconds, and then allowed to 
incubate f o r 5 minutes. A t r a z i n e i n the sample and the a t r a z i n e -
enzyme conjugate compete f o r a l i m i t e d number of antibody b i n d i n g 
s i t e s on the t e s t tube. A f t e
molecules were washed awa
reagent water. Substrate (4 drops) and chromogen (4 drops) were 
added, gently mixed i n the tube, and allowed to incubate f o r 2 
minutes. The presence of bound atrazine-enzyme conjugate i n the 
t e s t tube converts the substrate to a compound that causes the 
chromogen to turn blue. Because the number of antibody b i n d i n g 
s i t e s and the number of atrazine-enzyme conjugate molecules remain 
about constant, a sample containing a small concentration of 
a t r a z i n e allows many atrazine-enzyme conjugate molecules to be 
bound by the antibody. Therefore, a small concentration of 
a t r a z i n e i n the water sample produces a dark-blue s o l u t i o n . 
Conversely, the more a t r a z i n e present i n the water sample the 
l i g h t e r the c o l o r . Thus, concentration i s i n v e r s e l y p r o p o r t i o n a l 
to c o l o r . The r e a c t i o n was a r r e s t e d by adding 1 drop of the 2.5 N 
s u l f u r i c a c i d s o l u t i o n , which h a l t s the blue c o l o r development and 
causes the r e a c t i o n s o l u t i o n to turn yellow. A v i s u a l comparison 
between the samples and the negative c o n t r o l then was made to 
determine i f t r i a z i n e h e r b i c i d e s were present or absent and the 
r e s u l t was recorded. Because of the r a p i d r e a c t i o n k i n e t i c s , only 
four to f i v e samples, one standard, and a negative c o n t r o l could be 
analyzed i n one run. 

A f t e r the v i s u a l comparison was made, 0.50 mL of deionized 
water was added to each tube to provide a d d i t i o n a l volume, and the 
s o l u t i o n was t r a n s f e r r e d i n t o a 1 cm (centimeter) cuvette. The OD 
( o p t i c a l density) of the samples, standards, and negative c o n t r o l 
were read using a M i l t o n Roy Spectronic 401 single-beam 
spectrophotometer (Linden, New Jersey) that had been zeroed against 
a d e i o n i z e d water blank at 450 nm (nanometers). The OD of each 
standard and sample was normalized f o r c o l o r v a r i a t i o n s i n the 
negative c o n t r o l by d i v i d i n g the ODs by the OD of the negative 
c o n t r o l and m u l t i p l y i n g by 100 to obtain percent NC (percent of 
negative c o n t r o l ) . A working curve was prepared f o r each of the 
three sampling periods by p l o t t i n g the concentration of the 
standards as a f u n c t i o n of the percent NC on semi-log paper f o r a l l 
measurements made on standards during the sampling p e r i o d . A best 
f i t l i n e was drawn through the median percent NC f o r each standard 
(see f i g . 1 f o r example). The concentration f o r each sample ( i n 
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Figure 1. Immunoassay working curve f o r r e l a t i o n between 
t r i a z i n e h e r b i c i d e concentration and o p t i c a l d ensity f o r post-
a p p l i c a t i o n sampling period. 
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ug/L) was obtained by reading the concentration corresponding to 
the percent NC f o r that sample. 

For quality-assurance purposes, about 8 percent of a l l samples 
were submitted f o r immunoassay a n a l y s i s as b l i n d d u p l i c a t e s . In 
a d d i t i o n , about 25 percent of the samples (mostly from the pre- and 
p o s t - a p p l i c a t i o n periods) were analyzed i n a second l a b o r a t o r y by 
immunoassay a n a l y s i s . The procedure used by the second lab o r a t o r y 
was i d e n t i c a l to that described above except that a d i f f e r e n t i a l 
photometer ( A r t e l , Inc., Windham, Maine) was used i n s t e a d of the 
M i l t o n Roy spectrophotometer. These quality-assurance samples 
provided a means to evaluate the v a r i a t i o n i n r e s u l t s w i t h i n a 
l a b o r a t o r y and between l a b o r a t o r i e s . 

Thurman and others (14) have measured cross r e a c t i v i t y i n the 
immunoassay f o r 12 common t r i a z i n e h e r b i c i d e s and metabolites 
r e l a t i v e to a t r a z i n e at 1 ug/L concentrations f o r each h e r b i c i d e . 
The immunoassay response was expressed as ug/L of a t r a z i n e as shown 
i n f i g u r e 2. The response was greatest f o r a t r a z i n e (1.0 ug/L). 
Ametryn's cross r e a c t i v i t  0.6 ug/
prometryn and propazine
cross r e a c t i v i t y of eac
b i n d i n g that occurs between the antibody coated on the t e s t tube 
and the s t r u c t u r e of the c r o s s - r e a c t i v e molecule. The b i n d i n g was 
strongest f o r compounds that have s t r u c t u r e s most c l o s e l y 
resembling the a t r a z i n e molecule, that i s , a 4-ethylamino and a 6-
isopropylamino group. For example, a 1 ug/L s o l u t i o n of ametryn 
( f i g . 2) has a cross r e a c t i v i t y equivalent to 0.6 ug/L of a t r a z i n e . 
Likewise a s l i g h t change on the amino group from e t h y l to i s o p r o p y l 
(propazine) e l i c i t s a response equivalent to 0.5 ug/L of a t r a z i n e . 
Simazine, with 2 e t h y l groups, has a cross r e a c t i v i t y equivalent to 
0.2 ug/L of a t r a z i n e . S u b s t i t u t i o n of hydrogen f o r e i t h e r the 
e t h y l (desethylatrazine) or the i s o p r o p y l ( d e s i s o p r o p y l a t r a z i n e ) 
lowers the cross r e a c t i v i t y to l e s s than 0.1 ug/L of a t r a z i n e , or 
e s s e n t i a l l y no response. Because the immunizing hapten (an 
a t r a z i n e - l i k e s t r u c t u r e ) was bound at the 2 p o s i t i o n , i t appears 
that the r e l a t i v e response of the immunoassay i s r e l a t e d to 
antibody r e c o g n i t i o n and b i n d i n g to the a l k y l side chains on the 
t r i a z i n e r i n g . 

Only hydroxyatrazine deviates from t h i s p a t t e r n i n cross 
r e a c t i v i t y . Because i t has the same a l k y l s t r u c t u r e as a t r a z i n e , 
one would p r e d i c t a cross r e a c t i v i t y s i m i l a r to ametryn (about 0.6 
ug/L as a t r a z i n e ) . However, hydroxyatrazine gave a response of 
l e s s than 0.1 ug/L as a t r a z i n e . A p o s s i b l e explanation i s that the 
hydroxyl group decreases the binding energy at the s p e c i f i c 
antibody r e c o g n i t i o n s i t e . The d i d e a l k y l a t r a z i n e was nonreactive 
( f i g . 2). Neither a l a c h l o r nor metolachlor cross reacted with 
a t r a z i n e , which i s c o n s i s t e n t with r e s u l t s of a previous study 
(12). 

The immunoassay also was examined f o r i n t e r f e r e n c e by 
n a t u r a l l y o c c u r r i n g humic and f u l v i c acids (14), which account f o r 
the majority of d i s s o l v e d organic carbon i n n a t u r a l waters (15). 
A t r a z i n e was measured i n water samples that contained from 5 to 100 
mg/L of humic and f u l v i c a c i d from the Suwannee River (standard-
reference surface-water sample) (16) and humic and f u l v i c acids 
from Biscayne a q u i f e r near Miami, F l o r i d a (17). For a l l samples, 
there was no d i f f e r e n c e between the immunoassay response i n the 
presence and absence of the humic m a t e r i a l . These data i n d i c a t e 
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Figure 2. Chemical s t r u c t u r e and immunoassay response of 1 ug/L 
(micrograms per l i t e r ) concentrations of t r i a z i n e s . Immunoassay 
response, expressed as ug/L of a t r a z i n e , shown f o r each 
h e r b i c i d e . (Modified from Thurman and others, i n press.) 
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that the immunoassay i s not a f f e c t e d by cross r e a c t i v i t y with 
n a t u r a l d i s s o l v e d organic matter. 

GC/MS. About o n e - t h i r d of the p r e - a p p l i c a t i o n samples and ne a r l y 
a l l p o s t - a p p l i c a t i o n samples were analyzed by GC/MS f o r 11 
he r b i c i d e s and 2 metabolites of a t r a z i n e . Herbicides and 
metabolites were i s o l a t e d by s o l i d - phase e x t r a c t i o n and analyzed 
by GC/MS (14). GC/MS analyses of the eluates were performed on a 
Hewlett Packard model 5890A gas chromatograph (Palo A l t o , C a l i f . ) 
and a 5970A mass s e l e c t i v e detector (MSD). Thirty-one ions were 
s e l e c t i v e l y monitored, and the base-peak i o n current was measured 
f o r the q u a n t i f i c a t i o n curve as a f u n c t i o n of the response of the 
mass 188 ion of d-^phenanthrene. Confirmation was based upon 
presence of the molecular ion, two confirming ions (with area 
counts + 20 percent), and a r e t e n t i o n time match of + 0.2 percent 
r e l a t i v e to d^phenanthrene. 

Results 

Immunoassay. Working curves prepared f o r each of the three 
sampling periods were l i n e a r to s l i g h t l y c u r v i l i n e a r throughout the 
range 0.1 to 5 ug/L ( f i g . 1). Concentration i s i n v e r s e l y r e l a t e d 
to OD expressed as percent NC. Because of the v a r i a t i o n measured 
i n the negative c o n t r o l against the deionized water blank, the 
de t e c t i o n l i m i t f o r the method was e s t a b l i s h e d to be about 0.2 ug/L 
fo r a t r a z i n e . Any value l e s s than t h i s was reported as <0.2 ug/L. 
S i m i l a r l y , the upper r e p o r t i n g l i m i t f o r the procedure was 
e s t a b l i s h e d to be about 5 ug/L. The ODs expressed as a percent of 
the negative c o n t r o l obtained f o r a l l standards used f o r each 
sampling p e r i o d are summarized i n Table I. 

During the three sampling periods, b l i n d d u p l i c a t e s of 28 
samples were submitted f o r immunoassay analyses by a s i n g l e 
l a b o r a t o r y as a quality-assurance measure. Results f o r the samples 
are summarized i n table I I . The maximum d i f f e r e n c e between 
d u p l i c a t e s was 0.5 ug/L and 86 percent of the samples had absolute 
d i f f e r e n c e s of 0.14 ug/L or l e s s . These r e s u l t s i n d i c a t e that 
w i t h i n - l a b o r a t o r y v a r i a t i o n of the method i s r e l a t i v e l y small. 

V a r i a t i o n between l a b o r a t o r i e s was much l a r g e r than the wit h i n -
l a b o r a t o r y v a r i a t i o n (Table I I ) . For 107 samples analyzed by two 
l a b o r a t o r i e s , the l a r g e s t d i f f e r e n c e s were >5 ug/L. However, f o r 
most samples, the d i f f e r e n c e was much smaller. The median 
d i f f e r e n c e was 0.0 ug/L, and the absolute d i f f e r e n c e was 0.1 ug/L 
or l e s s f o r 50 percent of the samples. More than 80 percent of the 
samples had d i f f e r e n c e s smaller than 0.6 ug/L. As expected, the 
l a r g e s t d i f f e r e n c e s occurred i n samples with l a r g e s t h e r b i c i d e 
concentrations. Of the 13 samples with d i f f e r e n c e s greater than 1 
ug/L, 11 samples had at r a z i n e concentrations determined by GC/MS to 
be greater than 1 ug/L and 8 had at r a z i n e concentrations l a r g e r 
than 2 ug/L. However, n e i t h e r laboratory recorded c o n s i s t e n t l y 
higher concentrations. 

The r e s u l t s show that w i t h i n - l a b o r a t o r y v a r i a t i o n i s small and 
i n d i c a t e that w i t h i n - l a b o r a t o r y p r e c i s i o n can be very good. 
Between-laboratory v a r i a t i o n was much l a r g e r than w i t h i n - l a b o r a t o r y 
v a r i a t i o n , but there was no apparent bias between the l a b o r a t o r i e s 
(Table I I ) . About 20 percent of the between-laboratory d i f f e r e n c e s 
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were l a r g e r than 0.6 ug/L. The reasons f o r these d i f f e r e n c e s were 
not determined. 

Table I I . Comparison of immunoassay r e s u l t s obtained on b l i n d 
d u p l i c a t e samples by a s i n g l e laboratory (within lab) and r e s u l t s 
on samples analyzed by two d i f f e r e n t l a b o r a t o r i e s (between labs) 

[Results shown are d i f f e r e n c e s between d u p l i c a t e analyses 
w i t h i n a s i n g l e l a b o r a t o r y and between two l a b o r a t o r i e s ; 

d i f f e r e n c e s are i n micrograms per l i t e r ] 

Within Between 
labor a t o r y l a b o r a t o r y 

Number of samples 28 107 
Mean d i f f e r e n c e 0. ,01 -0. 02 
Standard d e v i a t i o n of d i f f e r e n 0. ,15 1. ,1 
Maximum d i f f e r e n c e 0. ,5 >5. ,0 
Minimum d i f f e r e n c e 
P e r c e n t i l e d i f f e r e n c e s 

10 th 
25th 0. .0 -0. .1 
50th (median 0, .0 0. .0 
75th 0, .08 0, .0 
90th 0, .14 0, .6 

Immunoassay by V i s u a l Comparison. During the course of t h i s study, 
421 immunoassay analyses were made by v i s u a l comparison as 
described p r e v i o u s l y i n t h i s paper. Immunoassay analyses on these 
same samples were also made with the a i d of a spectrophotometer; i n 
ad d i t i o n , 180 of the samples were analyzed by GC/MS. A comparison 
of the v i s u a l a n a l y s i s with spectrophotometry immunoassay r e s u l t s 
and GS-MS r e s u l t s i s given i n Table I I I . The r e s u l t s i n d i c a t e a 
v i s u a l d e t e c t i o n l i m i t f o r immunoassay of about 0.5 ug/L. For the 
173 samples i n which the v i s u a l a n a l y s i s r e s u l t s were negative, 98 
percent of the spectrophotometric analyses were l e s s than 0.5 ug/L. 
Also, f o r 45 of these samples that were analyzed by GC/MS, 98 
percent contained l e s s than 0.5 ug/L of a t r a z i n e . 

Table I I I . Comparison of v i s u a l immunoassay r e s u l t s f o r presence 
or absence of t r i a z i n e h e r b i c i d e s with immunoassay r e s u l t s 
obtained from spectrophotometric a n a l y s i s and with 

a t r a z i n e r e s u l t s obtained from GC/MS analyses 

Immunoassay r e s u l t s Immunoassay r e s u l t s A t r a z i n e r e s u l t s 
by v i s u a l by spectophotometric by GC/MS 
an a l y s i s a n a l y s i s a n a l y s i s 

Negative Ν = 173 Ν = 45 
(h e r b i c i d e s not % <0. .2 ug/L = 91 % <0.2 ug/L - 66 
detected) % <0, .5 ug/L = 98 % <0.5 ug/L = 98 

P o s i t i v e Ν - 248 Ν - 135 
(he r b i c i d e s % >0, • 2 ug/L -88 % >0.2 ug/L - 95 
detected) % >0. .5 ug/L = 60 % >0.5 ug/L - 82 

[GS-MS, gas chromatography-mass spectrometry; N, number of samples; 
%, percent of samples; ug/L, micrograms per l i t e r ; -, equals] 
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V i s u a l a n a l y s i s r e s u l t s were p o s i t i v e f o r t r i a z i n e s i n 248 
samples, 135 of which were analyzed by GC/MS. In 88 percent of the 
248 samples, t r i a z i n e s were determined to be present i n 
concentrations l a r g e r than 0.2 ug/L by immunoassay usin g 
spectrophotometric a n a l y s i s . Also, a t r a z i n e concentration i n 95 
percent of the samples analyzed by more s e n s i t i v e GC/MS a n a l y s i s , 
was determined to be l a r g e r than 0.2 ug/L These r e s u l t s i n d i c a t e 
that even without a spectrophotometer, the presence or absence of 
at r a z i n e at concentrations of about 0.5 ug/L can be determined with 
reasonable r e l i a b i l i t y by a v i s u a l comparison against s o l u t i o n s of 
known a t r a z i n e concentration. 

Comparison of Immunoassay with GC/MS A n a l y s i s . The r e l a t i o n 
between a t r a z i n e concentration determined by GC/MS a n a l y s i s and 
t r i a z i n e concentration determined from immunoassay a n a l y s i s on 127 
samples i s shown i n f i g u r e 3. Samples with immunoassay r e s u l t s 
l a r g e r than 5 ug/L are not p l o t t e d . Although the two 
determinations are h i g h l
i s 0.90; p<0.0001) the
5 ug/L range of the immunoassa
l i n e a r r e g r e s s i o n models were f i t t e d to the data to enable 
p r e d i c t i o n of a t r a z i n e concentrations from the immunoassay data. 

2 
The best model obtained (R = 0.86) i s as fol l o w s : 

A t r a z i n e (ug/L) - - 0.21 + 2(1) - 0.73(I) 2 + 0.15(I) 3; (1) 
where: I — T r i a z i n e immunoassay r e s u l t i n ug/L as a t r a z i n e . 

As may be expected, the r e s i d u a l s from t h i s model become l a r g e r 
as the immunoassay concentration becomes l a r g e r . The d i f f e r e n c e 
between the measured and p r e d i c t e d concentrations was l e s s than 
0.15 ug/L f o r 50 percent of the samples, and l e s s than 0.6 ug/L f o r 
80 percent of the samples. Only 10 percent of the samples had 
d i f f e r e n c e s l a r g e r than 0.8 ug/L. 

The spectrophotometric immunoassay a n a l y s i s produced no f a l s e 
p o s i t i v e s . Every sample i n which t r i a z i n e s were detected by 
immunoassay (0.2 ug/L or la r g e r ) was shown by GC/MS to co n t a i n 
a t r a z i n e at concentrations of 0.18 ug/L or l a r g e r . Furthermore, 
the immunoassay produced no f a l s e negatives f o r samples with 
a t r a z i n e concentrations of 0.5 ug/L or l a r g e r . For the 64 samples 
with a t r a z i n e concentrations determined by GC/MS to be l a r g e r than 
0.5 ug/L, a l l immunoassay analyses were l a r g e r than the 0.2 ug/L 
de t e c t i o n l i m i t . These r e s u l t s i n d i c a t e that immunoassay has good 
r e l i a b i l i t y i n p r e d i c t i n g the presence or absence of a t r a z i n e , and 
immunoassay can provide a semiquantitative estimate of 
concentration i n the range from about 0.2 ug/L to 5 ug/L i f the 
response i s p r i m a r i l y due to a t r a z i n e . The cost of the immunoassay 
i s about $15 per sample compared to more than $200 f o r a GC/MS 
a n a l y s i s i n a commercial laboratory. Also, immunoassay r e s u l t s can 
be obtained i n 15 minutes or l e s s . GC/MS analyses t y p i c a l l y 
r e q u i r e shipment of samples to a laboratory and r e s u l t s are not 
a v a i l a b l e f o r days or of t e n weeks a f t e r sample c o l l e c t i o n . 

Seasonal D i s t r i b u t i o n . Immunoassay r e s u l t s from the three sampling 
periods were analyzed to determine the seasonal d i s t r i b u t i o n of 
t r i a z i n e h e r b i c i d e s i n midwestern United States streams during 
1989. Concentrations of t r i a z i n e h e r b i c i d e s g e n e r a l l y were small 
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Figure 3. R e l a t i o n between t r i a z i n e h e r b i c i d e concentration 
determined by immunoassay and at r a z i n e concentration determined 
by GC/MS. S o l i d l i n e shows f i t f o r m u l t i p l e r e g r e s s i o n model. 
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i n the sp r i n g before a p p l i c a t i o n to cropland (Table IV). About 75 
percent of the samples had t r i a z i n e concentrations of 0.2 ug/L or 
l e s s . Two samples had a t r i a z i n e concentration l a r g e r than 3 
ug/L. However, GC/MS analyses were not made on these two samples 
and i t i s not known i f the at r a z i n e concentration i n these samples 
exceeded 3 ug/L, which i s the U.S. Environmental P r o t e c t i o n 
Agency's Health Advisory Level (HAL) f o r a t r a z i n e (11). 

During the f i r s t r a i n f a l l runoff f o l l o w i n g h e r b i c i d e 
a p p l i c a t i o n , l a r g e t r i a z i n e h e r b i c i d e concentrations were detected 
(Table IV). More than 85 percent of the samples had detectable 
concentrations of t r i a z i n e h e r b i c i d e s , and more than 50 percent of 
the samples had t r i a z i n e concentrations l a r g e r than 3 ug/L. Of the 
69 samples with immunoassay r e s u l t s of 3 ug/L or l a r g e r , a l l but 
f i v e had a t r a z i n e concentrations (by GC/MS) that equalled or 
exceeded the at r a z i n e HAL of 3 ug/L. Four samples with immunoassay 
r e s u l t s l e s s than 3 ug/L had more than 3 ug/L of a t r a z i n e (by 
GC/MS). Concentrations of t r i a z i n e s exceeded the upper l i m i t of 
the immunoassay method (
samples. The large concentration
p e r i o d probably p e r s i s t y  p e r i o
Large increases i n h e r b i c i d e concentrations i n streams f o l l o w i n g 
a p p l i c a t i o n have been reported p r e v i o u s l y by numerous i n v e s t i g a t o r s 

Table IV. Summary of immunoassay r e s u l t s f o r p r e - a p p l i c a t i o n , 
p o s t - a p p l i c a t i o n , and f a l l low-flow sampling periods 

[ug/L, micrograms per l i t e r ; %, percent; >, greater than; 
<, l e s s than] 

F a l l 
Pre- a p p l i c a t i o n P o s t - a p p l i c a t i o n low-flow 

Number of samples 
analyzed 145 135 146 

Concentration ug/L 
10th p e r c e n t i l e <0.2 <0.2 <0.2 
25th p e r c e n t i l e <0.2 0.6 <0.2 
50th p e r c e n t i l e (median) <0.2 3.4 0.3 
75th p e r c e n t i l e 0.2 >5 0.5 
90th p e r c e n t i l e 0.7 >5 1.1 

Percent 
Percent of samples 

i n i n d i c a t e d range 
<0.3 ug/L 67 15 49 
0.3-3 ug/L 32 32 50 

>3 ue/L 1 53 1 

Immunoassay r e s u l t s f o r samples c o l l e c t e d during the f a l l low-
streamflow p e r i o d were s i m i l a r to the p r e - a p p l i c a t i o n r e s u l t s 
(Table IV). Ninety percent of the samples had t r i a z i n e 
concentrations of 1.1 ug/L or l e s s and only one sample had t r i a z i n e 
concentrations l a r g e r than 3 ug/L. This sample was determined by 
GC/MS to co n t a i n 3.1 ug/L of a t r a z i n e . However, about 60 percent 
of the f a l l low-flow samples contained detectable l e v e l s of 
t r i a z i n e s by immunoassay (0.2 ug/L or more) compared to 45 percent 
of the p r e - a p p l i c a t i o n samples. A d d i t i o n a l a n a l y s i s w i l l be made 
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on these data using streamflow hydrographs i n an attempt to 
determine i f the source of the t r i a z i n e h e r b i c i d e s during the f a l l 
low-flow p e r i o d i s overland flow or discharge from groundwater 
systems. 

Conclusions 

Immunoassay appears to be a r a p i d , r e l i a b l e , and inexpensive 
screening t o o l f o r t r i a z i n e h e r b i c i d e s i n water. The presence or 
absence of t r i a z i n e h e r b i c i d e s at concentrations of about 0.5 ug/L 
can be determined by v i s u a l l y comparing water samples with standard 
s o l u t i o n s c o n t a i n i n g a t r a z i n e . When a spectrophotometer i s used to 
qua n t i f y immunoassay r e s u l t s , t r i a z i n e concentrations as small as 
0.2 ug/L can be detected. Within-laboratory and between-laboratory 
r e p r o d u c i b i l i t y of r e s u l t s was reasonably good, e s p e c i a l l y at 
concentrations l e s s than 1 ug/L. There was an e x c e l l e n t but 
s l i g h t l y non-linear c o r r e l a t i o n between a t r a z i n e concentrations 
determined by GC/MS and
l i n e a r r e g r e s s i o n model
r e s u l t s explained 86 percen
concentrations. No f a l s e p o s i t i v e i d e n t i f i c a t i o n s of a t r a z i n e were 
made by immunoassay, and no f a l s e negative i d e n t i f i c a t i o n s were 
made on samples containing 0.5 ug/L or more of a t r a z i n e . The cost 
f o r immunoassay a n a l y s i s i s about $15 per sample compared with more 
than $200 f o r a GC/MS a n a l y s i s i n a commercial laboratory. 
Immunoassay appears to be an e x c e l l e n t screening and q u a l i t y -
assurance t o o l f o r use p r i o r to GC/MS a n a l y s i s of water samples. 
I t a l s o appears to be good t o o l f o r v i s u a l l y determining the 
presence or absence of t r i a z i n e h e r b i c i d e s , and with a 
spectrophotometer, a semiquantitative estimate of concentration can 
be made i f the immunoassay response i s p r i m a r i l y from a t r a z i n e . 
However, immunoassay has some cross r e a c t i v i t y with t r i a z i n e s other 
than a t r a z i n e and can produce a p o s i t i v e response i n the absence of 
a t r a z i n e . 

The immunoassay r e s u l t s were very u s e f u l i n determining the 
occurrence and seasonal d i s t r i b u t i o n of t r i a z i n e h e r b i c i d e s i n the 
corn and soybean b e l t of the midwestern United States. Major 
d i f f e r e n c e s i n concentrations e x i s t e d between p r e - a p p l i c a t i o n and 
p o s t - a p p l i c a t i o n sampling periods. About 85 percent of the samples 
from the p o s t - a p p l i c a t i o n p e r i o d had detectable concentrations of 
t r i a z i n e s . The immunoassay i n d i c a t e s that more than 50 percent of 
the samples had t r i a z i n e concentrations l a r g e r than 3 ug/L, and 
n e a r l y a l l of these a l s o had a t r a z i n e concentrations (determined by 
GC/MS) that exceeded the U.S. Environmental P r o t e c t i o n Agency HAL 
f o r a t r a z i n e of 3 ug/L. Forty percent of the p o s t - a p p l i c a t i o n 
samples exceeded the upper l i m i t (5 ug/L) of the immunoassay 
method. 
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Chapter 9 

Development of Immunoassays for 
Thiocarbamate Herbicides 

Shirley J. Gee1, Robert O. Harrison1,3, Marvin H. Goodrow1, 
Adolf L. Braun2, and Bruce D. Hammock1 

1Departments of Entomology and Environmental Toxicology, University of 
California, Davis, CA 95616 

2Environmental Monitoring and Pest Management, California Department 
of Food and Agriculture, Sacramento, CA 95814 

Immunoassays fo
molinate, thiobencarb and EPTC (Eptam) are described. 
Using hapten synthesis strategies similar to those 
reported earlier for molinate, several haptens were 
synthesized for EPTC and thiobencarb. Rabbits were 
immunized with conjugates of two haptens for each target 
compound. Lower titer antibodies were produced against 
EPTC haptens, resulting in less sensitive assays (I50
 

for EPTC = 35 uM; 6.6 ppm). Cross reactivity with 
related thiocarbamates was 9-50%. The antibodies raised 
against thiobencarb haptens were of higher titer and of 
similar sensitivity (I50 for thiobencarb = 0.3 uM; 158 
ppb) to the molinate assay. With thiobencarb, three 
assays were characterized using different combinations 
of antibodies and antigens. Antibodies against an 
azophenyl hapten of thiobencarb used in a homologous 
assay showed very high specificity for thiobencarb 
(cross reactivity by other thiocarbamates was below 
0.1%). In the other two assays related thiocarbamates 
cross reacted less than 2%. This assay has been applied 
to the analysis of split samples from a field study to 
evaluate assay performance and to compare to gas 
chromatographic analysis. 

The thiocarbamate herbicides, molinate and thiobencarb (Figure 1), 
are used as pre-emergence herbicides in rice culture in California. 
Between early May and the end of June each year, about 900,000 kg of 
these materials are applied in California alone (1). Molinate has 
been implicated in fish kills in drainage canals (2) and thiobencarb 
imparts an off taste to the drinking water that can be tasted by 
some people at very low concentrations. Because of these problems, 
the California Department of Food and Agriculture (CDFA), in 
conjunction with the California Department of Fish and Game, the 
local Water Quality Control board and manufacturers of these 
thiocarbamates, has a program to monitor drainage canals and river 
water for these two compounds. In collaboration with CDFA, our 
laboratory was asked to develop immunoassays for molinate and 
3Current address: ImmunoSystems, Inc., 4 Washington Ave., Scarborough, ME 04074 

0097-6156/91A)451-0100$06.00A) 
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thiobencarb. CDFA's primary goal was to be able to analyze the 
samples from t h i s monitoring program by a quicker more cost 
e f f e c t i v e method than the c u r r e n t l y used gas l i q u i d chromatography 
(GC) method. A second, longer term goal of CDFA was to develop an 
understanding of immunoassays and determine the p o t e n t i a l 
c o n t r i b u t i o n of t h i s a n a l y t i c a l method to the Environmental 
Monitoring and Pest Management Branch's a n a l y t i c a l program 
(Stoddard, ACS Symposium S e r i e s , i n p r e s s ) . 

The h i s t o r y , p r i n c i p l e s and j u s t i f i c a t i o n f o r development and 
use of immunoassays are discussed elsewhere i n t h i s volume 
(Vanderlaan et a l . ) and i n reviews from t h i s l a b o r a t o r y (3-8, 
Hammock et a l . ACS Symposium Series, i n press) and others (9-10). 
The former als o include examples and references to many of the 
assays which we have developed. The thiocarbamates, i n p a r t i c u l a r , 
were of i n t e r e s t to us because they present a challenge f o r assay 
development. For example, molinate i s a low molecular weight, 
r e l a t i v e l y v o l a t i l e , and somewhat h y d r o l y t i c a l l  unstabl  compound
Thus the very p r o p e r t i e
make i t a d i f f i c u l t candidat
information presented has been published, but i s condensed here to 
serve as background to e x p l a i n the u n i f i e d development strategy f o r 
the thiocarbamate c l a s s . I t a l s o provides a b a s i s f o r comparison of 
p r e v i o u s l y obtained data to those newly reported here. 

Molinate Hapten Synthesis. Conjugate Preparation and Antibody 
Screening 
D e t a i l s on s t r a t e g i e s f o r thiocarbamate hapten design can be found 
i n Gee et a l . (11) and Harrison et a l . ( t h i s volume). Haptens were 
synthesized by a t h i o replacement r e a c t i o n i n which the parent 
compound was o x i d i z e d to the sulfone using 3-chloroperoxybenzoic 
a c i d . The sulfone was then d i s p l a c e d with the appropriate t h i o l to 
y i e l d e i t h e r a c a r b o x y l i c a c i d hapten or a n i t r o p h e n y l hapten with 
v a r y i n g a l i p h a t i c chain spacers (Figure 2). The n i t r o p h e n y l haptens 
were reduced to aminophenyl haptens using d o d e c a c a r b o n y l t r i i r o n and 
then coupled to c a r r i e r p r o t e i n s by d i a z o t i z a t i o n . Carboxylic a c i d 
haptens were coupled to c a r r i e r p r o t e i n s by the mixed anhydride 
method using isobutylchloroformate and tributylamine (11). 

Rabbits were immunized with conjugates of the c a r b o x y l i c a c i d 
( l a ) and aminophenyl (Ic) haptens. The r e s u l t i n g p o l y c l o n a l 
antibodies were screened f o r spacer r e c o g n i t i o n and t a r g e t 
s p e c i f i c i t y . Antibodies r a i s e d against hapten l a bound s t r o n g l y to 
the coating antigen having a homologous hapten. This b i n d i n g could 
not be i n h i b i t e d by the t a r ge t analyte, molinate. However t h i s 
b i n d i n g could be i n h i b i t e d by molinate when the coating antigen 
contained a heterologous hapten, i . e . antigens c o n t a i n i n g haptens 
l b . k or Id. Antibodies r a i s e d against hapten Ic a l s o bound 
s t r o n g l y to the homologous coating antigen and c o u l d not be competed 
o f f by molinate, presumably due to strong l i n k e r r e c o g n i t i o n 
(Harrison et a l . , t h i s volume). In a d d i t i o n , molinate only s l i g h t l y 
i n h i b i t e d the b i n d i n g of t h i s antibody to the heterologous haptens. 
Thus, the most u s e f u l antibodies were r a i s e d against hapten l a . 
These antibodies were used i n an i n d i r e c t competition enzyme l i n k e d 
immunosorbent assay (ELISA) (11-13). D e t a i l s of the synthesis (11) 
and assay development (13) have been reported p r e v i o u s l y . 
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Figure 1. Structures of molinate, thiobencarb, EPTC and 
haptens. 
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Figure 2. Synthetic routes for the thiocarbamate haptens. 
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Molinate F i e l d Study V a l i d a t i o n 
This assay was v a l i d a t e d i n a f i e l d study which examined assay 
performance and compared data obtained on the same samples by GC 
a n a l y s i s . These data have been published (12), and to our 
knowledge, i s the f i r s t study of i t s k i n d which addresses procedural 
e r r o r and data handling f o r r e a l world samples i n immunoassay f o r 
p e s t i c i d e s . Thus, i t seems appropriate to r e i t e r a t e some of the 
s a l i e n t p o ints here. 

Samples obtained from a t r e a t e d r i c e f i e l d were analyzed by 
both GC and ELISA. Samples f o r GC a n a l y s i s were ex t r a c t e d with 
toluene and the e x t r a c t s analyzed. Samples f o r ELISA a n a l y s i s were 
buffered, d i l u t e d and analyzed without f u r t h e r workup. 

The l i m i t of r e l i a b l e measurement of the ELISA was 21 ppb. The 
l i m i t of r e l i a b l e measurement i s a c a l c u l a t e d concentration that i s 
approximately the mean plus two standard d e v i a t i o n s , m u l t i p l i e d by 
two, of a negative c o n t r o l sample (12,14). This measurement i s 
probably more meaningful than a conventional l i m i t of d e t e c t i o n 
because i t provides a conservativ
estimate of the operatin
under r e a l i s t i c c o n d i t i o n s . The I ^ Q , which i s the amount of 
molinate needed to i n h i b i t the assay by 50%, was 106 ± 32 ppb. The 
working range was approximately 35 to 500 ppb. 

We used t h i s study to assess the importance of a number of 
p o t e n t i a l sources of e r r o r i n the ELISA procedure. The v a r i a b i l i t y 
of the b a s e l i n e ELISA s i g n a l ( i n t e r w e l l c o e f f i c i e n t of v a r i a t i o n at 
the absorbance f o r the zero dose c o n t r o l ) was 4%, of which 0.3% was 
reader e r r o r (instrument imprecision plus inaccuracy; 15). The 
between w e l l v a r i a b i l i t y i s akin to the v a r i a b i l i t y i n b a s e l i n e 
s i g n a l i n GC a n a l y s i s . P i p e t t i n g e r r o r was measured g r a v i m e t r i c a l l y 
to be l e s s than 1%. Two procedural v a r i a b l e s were t e s t e d f o r t h e i r 
e f f e c t on r e p r o d u c i b i l i t y . Shaking the p l a t e before reading 
decreased the average c o e f f i c i e n t of v a r i a t i o n f o r quadruplicate 
w e l l s by almost two f o l d . S i m i l a r improvements i n readings were 
obtained by Kemp et a l . (16). Reading i n dual wavelength mode (405-
650 nm) accounted f o r a small but reproducible decrease i n the 
c o e f f i c i e n t of v a r i a t i o n . 

A nested a n a l y s i s of variance (ANOVA) was conducted f o r two 
c o n t r o l samples analyzed i n 37 assays. V a r i a b i l i t y among r e p l i c a t e 
w e l l s (within p l a t e s ) accounted f o r more than 90% of the t o t a l 
v a r i a b i l i t y f o r both c o n t r o l s . Among day and among p l a t e ( w i t h i n 
day) v a r i a b i l i t y c o n s t i t u t e d 5-10% and l e s s than 1% of the t o t a l , 
r e s p e c t i v e l y . This i n t e r w e l l v a r i a b i l i t y i s a c h a r a c t e r i s t i c of 
microplate ELISAs which i s not widely documented, but i t i s known to 
those who work i n t h i s f i e l d . This v a r i a b i l i t y i s due to s e v e r a l 
compounded f a c t o r s , i n c l u d i n g i n t r i n s i c v a r i a b i l i t y i n the b i n d i n g 
c h a r a c t e r i s t i c s of the p l a t e s , p i p e t t i n g e r r o r , thermal v a r i a t i o n s 
across the p l a t e and i n t e r w e l l v a r i a b i l i t y of washing. The r e l a t i v e 
c o n t r i b u t i o n s of these f a c t o r s have not been st u d i e d adequately. 

The ELISA data obtained f o r f i e l d samples and spiked samples 
compared favorably to data obtained by GC. The c o r r e l a t i o n 
c o e f f i c i e n t (r) exceeded 0.90 i n each of two separate comparisons. 
Other issues addressed i n t h i s study were development of q u a l i t y 
assurance c r i t e r i a , a n a l y s i s of four parameter standard curves and 
i n t e r p r e t a t i o n of r e s u l t i n g data, p i p e t t i n g techniques, and study 
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design. Complete d e t a i l s are given i n the report by Har r i s o n et a l . 
(12). 

Assay Development f o r EPTC and Thiobencarb 
The thiocarbamates, thiobencarb and EPTC, were a l s o targets f o r 
immunoassay development. Using a s y n t h e t i c strategy s i m i l a r to that 
used f o r molinate, s e v e r a l haptens were synthesized (Figure 1) and 
the r e s u l t i n g antibodies were evaluated. Rabbits were immunized 
with mercaptopropanoic a c i d haptens l i a . I l i a , coupled to keyhole 
limpet hemocyanin (KLH) v i a mixed anhydrides, and ρ-aminophenyl 
haptens l i e and H i d , coupled to KLH by d i a z o t i z a t i o n . The 
r e s u l t i n g antibodies were t e s t e d i n both homologous and heterologous 
assay systems. In general, antibody t i t e r s i n homologous assays 
were s i m i l a r f o r each antigen. Combinations of co a t i n g antigens and 
antibodies r e s u l t i n g i n t i t e r s o f l e s s than 1000 from a checkerboard 
t i t r a t i o n were not screened f u r t h e r . The coating antigen and 
antibody combinations that passed t h i s f i r s t screen were then t e s t e d 
f o r the a b i l i t y of the targe

Antibodies d i r e c t e
i n h i b i t e d by EPTC when used i n a heterologous system. The amount of 
EPTC needed to i n h i b i t one of these i n d i r e c t ELISAs by 50% ( I 5 0 ) W A S 

35 uM (6.6 ppm) under optimized c o n d i t i o n s . Other s t r u c t u r a l l y 
r e l a t e d thiocarbamates such as vernolate, pebulate, b u t y l a t e and 
cyc l o a t e cross reacted from 9-50% (Table 1) r e l a t i v e to EPTC. There 
was high cross r e a c t i v i t y with EPTC haptens l i a and l i e . as expected 
( I ^ Q S were 0.4 and 0.5 uM, r e s p e c t i v e l y ) . Antibodies against hapten 
l i e were not i n h i b i t e d by l e v e l s of EPTC up to 2 ppm, regardless of 
the coating antigen used. Apparently b i n d i n g of antibodies to the 
l i n k e r moiety of EPTC conjugate IIc-BSA was stronger than to the 
Ν,Ν-dipropyl su b s t i t u e n t of the thiocarbamate i n homologous assays. 
S i m i l a r r e s u l t s were obtained with molinate (11). In heterologous 
assays, the antibody r e c o g n i t i o n of the Ν,Ν-dipropyl s u b s t i t u e n t of 
the thiocarbamate was so poor as to make the assay unusable. 
Further d i s c u s s i o n of t h i s and r e l a t e d problems i n hapten design can 
be found i n Harrison et a l . ( t h i s volume). 

Antibodies made against thiobencarb hapten I l i a could not be 
competed o f f i n a homologous assay, probably due to poor r e c o g n i t i o n 
of the Ν,Ν-diethyl su b s t i t u e n t on the thiocarbamate. Thiobencarb 
e f f e c t i v e l y i n h i b i t e d the binding of t h i s antibody to the 
heterologous antigen. A f t e r o p t i m i z a t i o n , these assays had good 
s e n s i t i v i t y f o r thiobencarb ( I 5 0 β 0.7 uM) and cross r e a c t i v i t y with 
s t r u c t u r a l l y r e l a t e d compounds of l e s s than 2% (Table 2) r e l a t i v e to 
thiobencarb. The maximum absorbance of t h i s assay was very small, 
but could be improved using s i g n a l amplifying systems. Antibodies 
against thiobencarb hapten H i d gave the best assays with both 
homologous and heterologous coating antigens due to the cl o s e 
s t r u c t u r a l s i m i l a r i t y of immunizing hapten, coating hapten and 
targ e t compound. This r e s u l t implies that the aromatic r i n g i s 
important to antibody b i n d i n g and i s c e r t a i n l y important to antibody 
s p e c i f i c i t y . The 1 5 0 S with t h i s antibody i n heterologous and 
homologous assays were 0.6 and 0.3 uM, r e s p e c t i v e l y (Table 2). 
Cross r e a c t i v i t i e s of other thiocarbamates i n the heterologous assay 
were l e s s than 2% and s t r i k i n g l y , i n the homologous assay was l e s s 
than 0.07%, denoting a p a r t i c u l a r l y s p e c i f i c antibody. 
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Table 1. Relative Cross Reactivity of Some Thiocarbamates in the 
EPTC Assay 

Inhibitor I 5 0 <«M) 
Assay I a Assay I I D 

II (EPTC) 35 (6.6 ppm) 67 (12.6 ppm) 
Ha 0.5 0.9 
l i b - -
l i e 0.4 0.6 
pebulate 400 800 
cycloate 200 400 
butylate c c 
vernam 75 130 
thiobencarb (III) c c 
molinate (I) 

Mean I^Q values for 2 experiments; for each experiment standard 
curves for each inhibitor were prepared using quadruplicate wells 
at each of 10 concentrations. Dashes indicate compound was not 
tested. 

aAssay I: Coating antigen: IIc-BSA; Immunizing antigen: Ila-KLH 
^Assay II: Coating antigen: IIc-CONA; Immunizing antigen: Ila-KLH 
cThe Î Q is greater than 5 X 10'̂ M, the highest concentration 
tested. 

Abbreviations: BSA - bovine serum albumin; KLH - keyhole limpet 
hemocyanin; CONA - conalbumin 

Table 2. Relative Cross Reactivity of Some Thiocarbamates in Three Thiobencarb Assays 

Inhibitor I 5 0 (uM) 
Assay I a Assay II Assay I I I e 

(heterologous) (heterologous) (homologous) 

III (thiobencarb) 0. .60 ± 0.03 (0.3 ppm) 0.70 ± 0. ,21 (0.4 ppm) 0.3 (0.2 ppm) 
Il i a 421 ± 162 1.91 ± 0. ,14 350 
Illb 13. .2 ± 3.9 1.28 ± 0. ,34 9 
IIIc 0, .90 ± 0.33 0.50 ± 0. .15 1.1 
H i d 0, .22 ± 0.07 0.42 ± 0. .22 0.1 
EPTC (II) 25 ± 4.3 (4.7 ppm) 54 ± 24. .5 (10.2 ppm) d 
vernolate 54 ± 1 62 ± 35. .2 500 
pebulate 97 ± 0.5 198 ± 74 2500 
cycloate 361 ± 0.1 198e d 
molinate 462 ± 71 (87 ppm) d 500 
butylate d d d 

Mean I 5 0 values for 3 experiments ± SD unless otherwise indicated; for each experiment, 
standard curves for each inhibitor were prepared using quadruplicate wells at each of 10 
concentrations. 
^Assay I: Coating antigen: IIIb-OA; Immunizing antigen: IIId-KLH. 
Assay II: Coating antigen: IIIc-THY; Immunizing antigen: IIIa-KLH. 

eAssay III: Coating antigen: IIId-OA; Immunizing antigen: IIId-KLH, η - 2 
The I50 is greater than 5 X 10" M, the highest concentration tested. 

e Ν - 1 
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Conclusions 
We have shown that the t h i o l replacement r e a c t i o n chemistry f o r the 
thiocarbamates can be a p p l i e d to other members of that c l a s s f o r 
development of antigens and s u c c e s s f u l antibody production. The use 
of t h i s r e a c t i o n to synthesize haptens with d i f f e r e n t spacers and 
coupling chemistries was c r u c i a l to the production of u s e f u l assays 
f o r molinate and EPTC because of strong spacer r e c o g n i t i o n . Assays 
f o r the three compounds had d i f f e r e n t s e n s i t i v i t i e s . The EPTC assay 
was 100 f o l d l e s s s e n s i t i v e compared to the molinate assay, l i k e l y 
due to the la c k of the r i g i d s t r u c t u r e found i n molinate. The EPTC 
assay a l s o lacked s e n s i t i v i t y compared to the thiobencarb assay 
since EPTC lacks s t r u c t u r e s capable of p i stacking or d i p o l e - d i p o l e 
i n t e r a c t i o n s (Harrison et a l . , t h i s volume). The assays described 
here demonstrate that antibodies can be made against haptens that 
are r e l a t i v e l y h y d r o l y t i c a l l y unstable. The molinate assay has 
c l e a r l y been demonstrated to be u s e f u l f o r q u a n t i t a t i v e a n a l y s i s of 
environmental samples. The data analyzed t h e r e i n provides 
g u i d e l i n e s f o r the optimization
assurance of other assays
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Chapter 10 

Analysis of Heptachlor and Related Cyclodiene 
Insecticides in Food Products 

Larry H. Stanker1, Bruce Watkins1, Martin Vanderlaan1, Richard Ellis2, 
and Jess Rajan2 

1Biomedical Sciences Division, Lawrence Livermore National Laboratory, 
University of California, P.O. Box 5507, L-452, Livermore, CA 94550 

2Food Safety and Inspection Service, U.S. Department of Agriculture, 
Washington  DC 20250 

A rapid, competition immunoassay has been developed that detects 
chlorinated cyclodiene insecticides in meat, fish and milk products. 
The assay, a competition enzyme-linked immunosorbent assay, em­
ploys a monoclonal antibody that recognized all of the cyclodiene 
insecticides it was tested against. A simple method to extract hep­
tachlor and related cyclodiene insecticides that is compatable with the 
immunoassay is described. The sensitivity of the immunoassay is 
sufficent to detect cyclodienes at the tolerance level in beef. We 
anticipate initial application of this assay as a screening aid. 

Cyclodiene insecticides are chlorinated hydrocarbons, often referred to as 
organochlorides and include compounds such as heptachlor, heptachlor 
epoxide, chlordane, and dieldrin. In addition to having long environmental 
half-lives, cyclodienes are lipophillic and thus in biological systems tend to 
accumulate in adipose tissue. Their mode of action, toxicology, carcinogenic 
potential, and metabolism has been extensively reviewed (1.2). The use of 
heptachlor and related cyclodiene insecticides on agricultural products in 
the United States was phased out in the 1970's (endosulfan represents an 
exception and is currently used on a variety of crops). Nevertheless, 
numerous incidents of heptachlor contamination of food products have 
occured, the most recent a case in Arkansas involving heptachlor 
contamination of chickens. Contamination of the human food supply, 
specifically by heptachlor, heptachlor epoxide, aldrin, and dieldrin, have 
been documented by the World Health Organization (2J, the U. S. Department 
of Agriculture Food Safety and Inspection Service (USDA-FSIS) (4) and the 
United States Food and Drug Administration (USFDA)(£). These studies 
indicate that main source route of exposure is via the food supply through 
meat and dairy products. 

Traditional analysis for cyclodiene insecticides involves their ex­
traction from rendered adipose fat followed by gas or thin layer 
chromatography and detection by electron capture or mass spectrometry (fL 
2). These methods are time consuming, require sophisticated equipment and 
highly trained personnel. Because of the persistence of cyclodiene insecti-
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cidcs in the environment and in the food supply, a rapid, inexpensive 
detection method is desirable. Immunoassays have these characteristics and 
represent potential alternatives to traditional chemical methods 

Development of immunoassays for residue analysis of small molecules 
has been well documented in the literature (8-9. 14) and by the articles in 
this volume. Recently, Dreher and Podratzki (10) reported the development 
of an immunoassay for endosulfan and its metabolites using a rabbit 
polyclonal antiserum. This assay however, did not readily detect other 
related cyclodiene insecticides. We report here the development of a 
monoclonal antibody that détectes all nine of the cyclodiene insecticides 
tested plus toxaphene, and the incorporation of this antibody to an 
immunoassay for detecting these compounds in meat, fish, and dairy 
products at, or below, the tolerance levels. 

Materials and Methods 

Reagents. The following
Chester, PA) as analytica
(mixed isomers), α-endosulfan, β-endosulfan, endosufansulfate, endrin, 
heptachlor, heptachlor epoxide, toxaphene, lindane (yBHC), and kepone. 

Hapten Synthesis. A hapten suitable for conjugation to a carrier protein was 
synthesized as outlined in Figure 1. Basically, The Diels-Alder addition of 
hexachlorocyclopentadiene and cyclopentadiene gave 4,5,6,7,8,8-hexachloro-
3a,4,7,7a-tetrahydro-4,7-methanoindene that was oxidized with selenium 
dioxide to l-exo-hydroxy-4,5,6,7,8,8-hexachloro-3a,4,7,7a-tetrahydro-4,7-
methanoindene as described (11). 

Synthesis of Immuogen. l-Exo-hydroxy-4,5,6,7,8,8-hexachloro-3a,4,7,7a-
tetrahydro-4,7-methanoindene was treated with succinic anhydride in 
pyridine. The resulting solution was evaporated in vacuo, dissolved in 5% 
aqueous sodium bicarbonate, washed with chloroform, and the aqueous so­
lution was acidified with concentrated hydrochloric acid to give the unpu-
rified hemisuccinate. Ths reaction product was conjugated to bovine serum 
albumin (BSA) (the heptachlor-BSA conjugate, Hept-BSA) and keyhole limpet 
hemocyanin (KLH) (the heptachlor-KLH conjugate, Hept-KLH) by a N-
hydroxysuccinimide procedure (12). 

Monoclonal Antibody Production. Six-month old BALB/cBkl mice (Bantin 
and Kingman Laboratories, Fremont, CA) were injected intraperitoneally 
(IP) with 100 μg of the heptachlor-KLH conjugate mixed 1:1 with complete 
Freund's adjuvant. Mice received a single IP injection every other week. A 
total of three injections were administered. Four days prior to fusion, each 
mouse was given an intrasplenic injection of 100 μg of the heptachlor-BSA 
conjugate in sterile saline. The spleen was removed and the splenocytes 
fused with SP2/0 myeloma cells and grown under conditions described by 
Stanker et al. (13). 

A direct-binding ELISA, described by Stanker et al. (13) and modified 
as described below was used to screen culture fluid from the growing hy-
bridomas for antibodies to heptachlor. In this procedure, 96-well Nunc 
round bottom microtiter plates were coated with the heptachlor-BSA (hept-
BSA) conjugate as follows. The heptachlor-BSA conjugate was dissolved in 
distilled water, 100 μΧ (100 ng/well), of this solution was added to each well 
and then allowed to evaporate to dryness at 37° C. Immediately before use, 
remaining reactive sites on the plastic microtiter plates are blocked by a 1 h 
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Figure 1. Schematic outline of hapten synthesis and linkage to a carrier 
molecule. 

In Immunoassays or Trace Chemical Analysis; Vanderlaan, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



10. STANKER ET A L Heptachlor and Related Cyclodiene Insecticides 111 

incubation at room temperature with dilution buffer (DB) (0.005 M sodium-
phosphate, 0.075 Ν NaCl, 0.001% Tween-20, 1% calf serum, pH 7.2). The plates 
were then incubated for 1 h at 37° C. with the hybridoma supernatants. The 
plates were carefully washed with a solution of 0.05% Tween-20 in water, 
peroxidase conjugated goat anti-mouse antiserum (Sigma, St Louis, MO) 
diluted 1:500 in DB was added to each well, and the plates incubated at 37° C 
for 1-h. Next, the plates were again washed with the 0.05% tween-water 
solution and the substrate, 2,2 azino-di-3-ethylbenzthiazoline sulfonic acid 
(ABTS), added. Absorbance was measured at 405 nm and transferred to a 
Macintosh (Apple Computer, Inc., Cupertino, CA) computer for subsequent 
analysis. 

Hybridoma cells from wells showing a positive response in the ELISA 
screen were expanded and subcloned twice by limiting dilution to insure 
their monoclonal origin. Ascites fluid was prepared in irradiated mice (12), 
and the monoclonal antibodies were purified by affinity chromatography on 
Protein G (Pharmica, Uppsala, Sweden) as described by the manufactuer. 
Isotype determination was don
chain specific antisera (Souther

Competition Enzyme-Ljqfred Immunosorbent Assay. A competition enzyme-
linked immunosorbent assay (cELISA) was developed to quantify the amount 
of heptachlor in solution and to evaluate the ability of the antibodies to 
distinguish among various cyclodiene insecticides and related chemicals. 
Microtiter plates were coated with 0.25 ng/well hept-BSA (100 μΐ/well of a 2.5 
ng/mL solution of hept-BSA in distilled water was allowed to evaporate onto 
the bottoms of the wells at 37° C). The plates were then blocked with DB as 
described above. Competitors (analytical standards dissolved in methanol) 
were added to the DB such that the resulting solution was 50% methanol. An 
aliquot (200 \iL) of this competitor-dilution buffer solution was added to an 
antigen-coated well. Then, the amount of competitor was serially diluted 
down the microtiter plate, so each well contained 100 uL of competitor in a 
50% methanol-dilution buffer solution. Next an equal volume of dilution DB 
100 ng of anti-heptachlor monoclonal antibody was added to each well. Thus, 
each well contained 200 μΐ of a 25% methanol solution in DB, antibody and 
competitor. Plates were incubated for 1 h at 37° C and then processed as 
described above. 

In each experiment microtiter wells containing all components except 
competitor were prepared and the activity in these wells was taken to 
represent 100% activity. The test wells, each containing different amounts 
of competitor, were normalized to the 100% activity wells. Percent inhibi­
tion then was calculated by subtracting the normalized percent activity from 
100. 

Extraction of Heptachlor from Beef Fat. Beef fat was obtained from local 
supermarkets. The fat was chilled to 4° C and ground with a food processor. 
Fat samples were heated at 110° C until they liquified (ie., rendered). The 
rendered fat samples were then spiked with various concentrations of 
heptachlor dissolved in hexane. In some experiments, ground fat samples 
(50 g) were spiked with various concentrations of heptachlor in hexane (a 
100 μ ί spike resulting in a 100, 300 and 1000 part-per-billion (PPB)), and 
stored at 4° C until used (the spiked fat samples were stored at least 24-h 
before use). Spiked fat samples were rendered as above. Heptachlor was 
removed from the fat as follows. Rendered fat, 0.2 g, was dissolved in 2 mL of 
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hexane, applied to a deactivated florisil column using a Baker vacuum 
manifold (Baker Chemicals, Phillipsburg, NJ). The heptachlor was then 
eluted with 20 mL of hexane using the vacuum manifold. The heptachlor 
containing hexane wash (20 mL) was then dryed at 30 °C under a gentle 
stream of N2 gas, the heptachlor dissolved in 200 μΧ of methanol, and used in 
a cELISA. 

Column Chromatography. Florisil (Baker Chemicals, Phillipsburg, NJ) was 
activated by heating at 650° C for 24-h. The activated florisil was then de­
activated with water (7% water was found to give optimum results). The de­
activated resin was stored at room temperature in sealed containers, and used 
within 2 weeks. Activated florisil was stored at 130° C. 

Deactivated florisil (5 grams) was added to a disposable, polycarbonate, 
syringe barrel fitted with a glass-wool plug. The resin was then washed with 
20 mL of hexane immediately prior to sample application. 

Radiolabeled Heptachlor. Radiolabele
having a specific activity o
obtained from Sigma Chemical Co. (St Louis, MO). 

Results 

Hapten synthesis. Heptachlor is a small organic molecule, and thus, it must 
be conjugated to a carrier protein in order to render it immunogenic. 
Synthesis of the hapten (-Exo-hydroxy-4,5,6,7,8,8-hexachloro-3a,4,7,7a-te-
trahydro-4,7-methanoindene) and its conjugation to a carrier protein (both 
K L H and BSA were used as carrier proteins) is shown in Figure 1. The K L H 
conjugate served as immunogen whereas the BSA conjugate served as 
antigen for subsequent direct binding ELIS As and cELISA's. 

Antibody Production. Spleen cells from a BALB/c mouse immunized with 
Hept-KLH were fused with SP 2/0 myeloma cells and cultured in Thirty, 96-
well microculture dishes. Hybridomas were observed in a typical fusion in 
greater than 90% of the wells at the time cultures were screened. The hy­
bridomas were screened for anti-heptachlor antibody production using the 
direct binding ELISA in which the Hept-BSA conjugate served as antigen. In 
a typical screen of 30, 96-well microtiter plates, 50 wells were observed to 
contain hybridomas that appeared to be secreting antibody that recognized 
the Hept-BSA but not BSA itself. The cells from these wells were expanded 
and tested against Hept-BSA, Hept-KLH, BSA, and KLH. Antibody that 
recognized both hapten conjugates, but did not bind either of the un­
conjugated carrier proteins, was observed in approximately 10% of the 
original positives (i.e., 5 wells). These were next evaluated for their ability to 
recognize "free" unconjugated heptachlor in a competition ELISA. In most 
cases no competition was observed. In only 2 cases, representing the results 
from 5 independent fusion experiments, were antibodies observed that 
recognized the nonconjugated compounds. These were subcoloned twice and 
are referred to as monoclonal antibody LLNL-Hept-1 and LLNL-Hept-2. 
Results from competition ELISA experiments suggested that the 
concentration of heptachlor resulting in a 50% inhibition of the control (i.e. 
the I50 value) for LLNL-Hept-2 was approximately 10-fold lower than the I50 
for LLNL-Hept-1 (I50 for LLNL-Hept-1 = 37 ng and 3.8 ng for LLNL-Hept-2). A 
5-fold difference in sensitivity was observed when the competitor was 
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heptachlor epoxide. Thus, the more sensitive LLNL-Hept-2 antibody was 
chosen for use in assay development. Isotype analysis indicated that L L N L -
Hept-1 is an IgGl antibody with a kappa light chain and that LLNL-Hept-2 is 
of isotype IgG2a, kappa light chain. 

Antibody Characterization. Typical c-ELISA's for LLNL-Hept-2 using hep­
tachlor as competitor (15 samples run over a 6-month interval) are pre­
sented in Figure 2. These data indicate that the average I50 for heptachlor 
occured when 3.0 ng of analyte was added to the reaction. A standard de­
viation of ± 7% was observed causing the I50 values to range between 1.9 and 
4.5 ng/well. Similar variations were observed with other competitors. The 
LLNL-Hept-2 antibody used in the above experiments, and all subsequent 
experiments, was purified from ascites fluid by affinity chromatography on 
Sepharose Protein G (see methods section). 

Next, LLNL-Hept-2 was characterized for its ability to recognize related 
cyclodiene insecticides. Representative inhibition curves for LLNL-Hept-2, 
using, heptachlor epoxide, chlordane
results obtained with heptachlor
reactivity of LLNL-Hept-2 to different chemicals was calculated by 
comparing the I50 values obtained with each chemical to the I50 obtained 
with heptachlor (the heptachlor value was arbitrarily assigned a value of 
100%). These cross-reactivity results are summarized in Table I. 

Immunoassay Development in Meat. The results presented above clearly 
indicate that the LLNL-Hept-2 antibody recognized all of the cyclodiene in­
secticides tested with roughly equal affinity. The next problem that needed 
to be solved was analyzing for pesticide residues in adipose tissue, the site of 
accumulation in animals. The heptachlor had to be extracted from the fat 
sample in a manner that is chemically compatible with an immunoassay. In 
addition, the cleanup method should be rapid and simple to take full 
advantage of an immunochemical detection method. 

Fat samples were spiked or rendered and spiked with heptachlor at the 
levels indicated in the figures. The rendered samples (0.5 g of fat) were then 
dissolved in hexane (2 mL), passed over a solid-phase column prepared in a 
disposable syringe barrel, and eluted with 20 mL of solvent. The solvent was 
collected, evaporated under a stream of N2 at 30° C, the residue resuspended 
in 110 μL of methanol, and 50 μί. (the equivalent of 0.2 g of starting 
material) analyzed in the cELISA. 

Different resins, including acid alumina, silica gel, C-18 reverse 
phase, and florisil, as well as different solvents, were evaluated for their 
ability to clean-up the heptachlor-spiked samples for an immunoassay. The 
data obtained using acid alumina and C-18 reverse phase resin as the solid 
support and elution with 20 mL of the solvent indicated are summarized in 
Table II. It may be noticed that many of the resin/elution solvent 
combinations were able to give >95% recoveries of the heptachlor (based on 
1 4C-heptachlor recovery), but when non-spiked beef fat samples were 
analyzed in the cELISA inhibition values of from 18 to 75% were observed. 
The inhibition, observed in nonspiked samples represents unknown 
interfering compounds that coeluted with heptachlor. In the case of 
chromatography on an acid alumina column followed by elution with 20 mL 
of 75% acetonitrile in water, only 18% inhibition in nonspiked samples was 
observed. Material from identical experiments using nonspiked and spiked 
beef fat were collected as 3 mL fractions. Each fraction was then analyzed 
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100 

10,000 

Competitor (PPB) 

Figure 2. Competition ELISA results using Mab LLNL-Hept-2 with various 
cyclodiene insecticides as competitors: heptachlor (solid circles), heptachlor 
epoxide (open circles), aldrin (open squares), chlordane (open diamond), and 
endrin (open triangle). Bars represent ± 1 standard deviation for 
heptachlor. 
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Table I: Cross reactivity of LLNL-Hept-2. 

115 

Compound % Cross Reactivity 

heptachlor 100 
heptachlor epoxide 100 
chlordane 75 
aldrin 100 
endrin 150 
dieldrin 300 
endosulfan (mix) 173 
α - e n d o s u l f a n 43 
β - e n d o s u l f a n 250 
endosulfansulfate 182 
toxaphene 100 
lindane (BHC) 7.
kepone 5 
hexa-Cl-cylopentidien
hexa-Cl-butadiene 0.4 

1.2.4- triCl-Bz 0 
hexa-Cl-ethane 0 
2-Cl-naphthalene 0 
1.2- diCl-Bz 0 
1.3- diCl-Bz 0 
1.4- diCl-Bz 0 
2.5- diCl-nitrobenzene 0 

2,4,6-triCl-phenol 0 
2-Cl-phenol 0 
2,4-diCl-phenol 0 
2,4-diMe-phenol 0 
2-nitro-phenol 0 
4-nitro-phenol 0 
2.4- dinitro-phenol 0.2 

4.6- dinitro-cresol 0.14 
penta-Cl-phenol 0 
phenol 0 
4-Cl-3-Me-phenol 0 
2.4.5- triCl-phenol 0 
4.5- diCl-catecol 0 
2,4-diCl-6-nitrophenol 0 
2,2,2-triCl-ethanol 0.4 

DDT 0 
Chlorobenzene 0 
2,4,5-triCl-phenoxyacetic acid 0 
2,4-D 0 

A value of 0 indicates that the cross reactivity was less than 
0.6%. A value greater than 100% indicates a higher relative 
affinity. 
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Table II. Recovery efficiency of chlorinated 
cyclodienes from beef fat 

Expt. # Resin Elution % Recovery %Inhibition 
Solvent of Q Spike 

1 A A 1 MeOH 2 100 50 
2 A A 50% MeOH/H20 0 

100% MeOH/H20 100 n d

3 A A + 100% MeOH 100 88 
silica gel 

4 AA Cyclohexane 100 61 

5 AA 50% MeOH 0 
(acid) 

100% MeOH 100 67 

6 A A 50% MeOH 0 
(basic) 

100% 100 75 

7 A A 100% A C N 4 100 nd. 

8 A A 25% ACN/H20 + 
75%ACN/H20 100 39 

9 A A 75% ACN/H2O 100 18 

1. AA = acid alumina 
2. MeOH = methanol 
3. nd = not done 
4. ACN = acetonitrile 
5. 10 mL was with 25% followed by a 10 mL wash with 5=*75% ACN 
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for 14C-heptachlor and percent of starting mass in the spiked samples and 
for spurious inhibition of the cELISA in the unspiked samples. The results of 
these experiments are summarized in Figure 3. These data clearly indicate 
that the majority of the heptachlor was recovered in the initial 2 fractions 
and that 6-8% of the fat (% of the starting mass) also was recovered in 
fractions 1 and 2. These same fractions from the nonspiked sample were 
then evaluated in a cELISA to determine if the material responsible for the 
background inhibition could be isolated. Background inhibition of the 
cELISA was substantially lower in fraction 1 than in fraction 2 (Figure 2, 
panel B). Fractions 1 and 2 were then spiked with heptachlor and analyzed 
in the cELISA. No increased inhibition was observed, suggesting that a 
sufficient amount of fat remained to allow the heptachlor spike to partition 
with the fat and thus be sequestered from the antibody. The use of acid 
alumina was thus abandoned. 

The results obtained using florisil with hexane as the elution solvent 
are summarized in Figure 4. Triplicate experiments with radiolabeled hep­
tachlor suggested that 93.6%
ered in the 20 mL wash wit
tion. The average inhibitio  nonspike  sample
were analyzed using this method in the cELISA was 25, ±6%. However, in 
contrast to the acid alumina results, these samples when spiked with hep­
tachlor showed an increased inhibition in the cELISA proportional to the 
spike. 

Typical cELISA results obtained with rendered beef-fat samples spiked 
with heptachlor at 10, 1, 0.5 and 0.1 parts-per-million (PPM) and then 
cleaned-up on a florisil column with hexane as the elution solvent are shown 
in Figure 5. A linear response was obtained in these experiments and the 0.1 
PPM sample resulted in an inhibition value of approximately 50% (twice the 
background value, arrow in Figure 5) The results obtained when fish fillets 
and whole heavy cream were spiked and analyzed are shown in Figure 6. In 
each case the arrow indicated the level of inhibition observed in nonspiked 
samples (the matrix effect). 

Next we evaluated the efficiency of our assay to detect other cyclodi­
ene insecticides contaminating beef fat. Results from these experiments are 
summarized in Table III. Since radiolabeled compounds for other cyclodienes 
were not available to us and the antibody recognized heptachlor, and the 
other cyclodienes with rough equivalency we normalized the cELISA results 
to that observed with heptachlor. Our results show that only heptachlor, 
aldrin and chlordane were readily detected. Dieldrin, endosulfan, endrin and 
heptachlor epoxide were not detected over the background. To determine if 
we were not extracting the compounds or if they were being retained on the 
column, we chromatographed analytical standards in hexane. The results 
(Table III, % recovered from column) were identical with those observed 
when meats were spiked and evaluated. Thus those cyclodienes not detected 
in the cELISA were being retained on the column. 

Discussion 

The use of chlorinated, cyclodiene insecticides in agricultgure production by 
and large has been phased out with the exception of endosulfan. 
Nevertheless, studies by the World Health Organization (1) by the USDA-FSIS 
(4), and by the US-FDA (5) indicate that these pesticides still are found com­
monly as contaminants in foods, particularly in meat and dairy products. 
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Figure 3. Chromatography of heptachlor spiked beef fat on an acid alumina 
column. Panel A. Percent recovery of 14C-heptachlor (hatched bars) and % 
recovery of fat (% of starting mass) (open bars). Panel B. cELISA results for 
fractions 1 and 2 from nonspiked beef samples, nd = not done. 

Figure 4. Recovery of 14C-heptachlor (solid circles) and fat (open circles) 
following clean-up on a florisil column using hexane as solvent. 
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Figure 5. cELISA data obtained with heptachlor spiked beef-fat. Samples 
were spiked and cleaned-up using a 10 g florisil column and hexane as sol­
vent. Arrow indicates level of background inhibition in nonspiked samples. 
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Figure 6. cELISA of heptachlor spiked fish (solid circles) and heavy cream 
(open circles) following clean-up on florisil with hexane as solvent. Arrows 
indicate level of inhibition in nonspiked samples. 
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Table III. Recovery efficiency of cyclodienes from beef fat. 

Compound % 
Recovered 
from 
Column 

% 
Recovered 
in Beef Fat 

A l d r i n 
Chlordane 
Dieldrin 
Endosulfan 
Endrin 
Heptachlor 
Hept-Epoxide 

97 
69 
nd 
nd 
nd 
100 
nd 

93 
67 
nd 
nd 
nd 
100 
nd 

nd = below background level of cELISA 

Their presence in these products is not surprising since as a group the cy­
clodienes are apolar, lipophilic compounds. Acceptable daily intake for 
cyclodienes has been established by the World Health Organization and tol­
erance limits in meats and poultry set by the US-EPA. Development of an 
immunoassay for these compounds would greatly facilitate improved moni­
toring for cyclodienes in foods and environmental samples. We have isolated 
a monoclonal antibody, LLNL-Hept-2, that detects cyclodiene insecticides and 
have used this antibody to develop an immunoassay that is able to detect 
heptachlor (and related chlorinated cyclodienes) in meat, fish and dairy 
products. 

The ability of LLNL-Hept-2 to recognize different chlorinated cyclo­
dienes was studied using a cELISA. The results of these studies indicate that 
LLNL-Hept-2 binds all of the cyclodiene insecticides evaluated with roughly 
equal relative affinity. Since the norborene structure is held in common by 
all of the cyclodiene insecticides tested, these data suggest that this portion of 
the molecule is recognized by the antibody. By design, this portion of the 
immunogen was most distal to the region used for linkage of the hapten to 
the carrier molecule. Thus, the antibody appears to bind the least altered 
portion of the hapten. Recognition of this region of the molecule by L L N L -
Hept-2, agrees with results by us (14-15) and others (jJi) suggesting that 
specific recognition is often to those regions distal to the linkage chemistry. 

The cELISA can easily detect heptachlor contamination in the range of 
0.1 PPM to 10 PPM, with minimal sample clean-up. Only 5 grams of material 
in the case of beef fat and fish or 1 mL of dairy cream was necessary for 
analysis. The large amount of florisil used was necessary to remove as much 
fat as possible since excess fat appears to interfere with the immunoassay. 
Commercial solid-phase florisil columns did not give satisfactory results. 
Failure of these columns may be related to the small amount of florisil in 
commercial columns being insufficient to remove the fat, to improper 
activation and deactivation of the resin, or a combination of these. In our 
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experiments we observed an absolute necessity to activate the florisil at 650 
°C followed by deactivation with water. Failure to deactivate resulted in large 
amounts (e.g., the entire fat sample) co-chromatographing with the 
heptachlor. 

A cELISA using LLNL-Hept-2, capable of detection heptachlor and 
other related chlorinated cyclodiene insecticides in spiked meat, fish and 
dairy samples was developed. Our cleanup method did not remove all of the 
substance(s) that interfered with the cELISA. Such substances were 
observed in the hexane extracted material from all three matrixes 
investigated. Our data suggests that the beef fat has the highest level of 
interfering substances and heavy dairy cream the lowest level. The exact 
nature of these substances are not known. 

The failure to detect an increase in inhibition following addition of a 
heptachlor spike to the extracts derived from the acid alumina cleanup 
method suggest that in addition to interfering substances, the cleanup 
method must be able to remove most of the fat from the sample or the cy­
clodienes, because of their lipophilic nature  simply will partition with the 
fat when the sample is suspende
patible with an immunoassay
immunoassays to other lipophilic pesticides (pyrethroids) (14). 
Chromatography on florisil appears to remove a sufficient amount of fat and 
of the interfering compound(s) from the sample to allow for detection of 
heptachlor using the cELISA. However, comparison of the sensitivity of the 
cELISA for cyclodiene analytical standards versus meat, fish or dairy extracts 
clearly indicates that a loss of sensitivity was realized in "real" samples. This 
loss of sensitivity is due in part, if not solely, to the coextraction of 
interfering compounds or the loss of some heptachlor to the small amount of 
fat that the method failed to separate. 

Our results clearly point out the critical role of sample cleanup in 
development of an immunoassay for lipophilic compounds. The methods 
should be simple, rapid, and capable of being exported into the field if the 
full potential of immunoassays are to be realized. The sample cleanup 
method we describe here meets these criteria for heptachlor, aldrin and 
chlordane. However, recovery experiments clearly indicate that the more 
polar epoxides of these insecticides are retained on the column. Thus, while 
the antibody binds all cyclodiene insecticides with roughly equal affinity, 
the cleanup method will not equally present the cyclodienes to the assay. 
Attempts at using mixed solvent elution systems such as ether/hexane 
remove the more polar insecticides but also remove more of the starting fat 
and interfering compound(s). Thus, further efforts in the area of sample 
cleanup are needed. 

Since LLNL-Hept-2 binds all of the chlorinated cyclodiene insecticides 
tested, a positive response in the cELISA represents an integrated value and 
does not identify a specific insecticide. Uncertainty about the exact 
composition of the contamination is a result of cross-reactivity with related 
chemicals and occurs even with monoclonal antibodies. However, 
monoclonal antibodies are invariant reagents that need to be extensively 
characterized only once to determine the range of compounds detected and 
their relative sensitivities. In contrast, polyclonal antibodies need to be 
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characterized, and the assay optimized following each cycle of antibody 
production. 

We anticipate that the immunoassay described here will be most useful 
as a screening tool, allowing for a rapid, inexpensive, easily automatable test 
for cyclodiene contamination. A positive response can then be confirmed 
using a more traditional chemical method if the exact nature of the 
contamination must be ascertained. Thus, the power of this method is to 
eliminate the vast majority of samples that are not contaminated and there 
by allow resources to be concentrated on those few samples that screen 
positive. 

Further studies of spiked and incurred tissues using both the cELISA 
and a more traditional chemical assay for chlorinated cyclodiene insecticides 
are needed to demonstrate the reliability of the cELISA. Such studies also will 
permit an evaluation of the level of false negatives and/or false positives 
detected by the immunoassay. This latter point is of key importance for 
defining a useful screening method. 
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Chapter 11 

Testing Cereal Products and Samples 
by Immunoassay 

Tests for Organophosphate, Carbamate, and Pyrethroid 
Grain Protectants 

John H. Skerritt1, Lisa G. Robson1, David P. McAdam2, and Amanda S. 
Hill1 

1Wheat Research Unit, Division of Plant Industry, Commonwealth 
Scientific and Industrial Research Organisation, North Ryde, New South 

2Wheat Research Unit
Scientific and Industrial Research Organisation, Canberra, Australian 

Capital Territory 2601, Australia 

Organophosphates, synthetic pyrethroids and/or 
carbaryl are applied to stored grain and grain 
storage facilities to minimize insect infestation. 
However, local industry deregulation coupled with 
increasingly stringent export residue tolerances 
and consumer demand for "chemical-free" foods have 
markedly increased demand for pesticide residue 
testing. Current instrumental testing requires 
skilled analysts and expensive capital equipment, 
and is too slow and costly for large-scale market, 
silo or field-based testing. We aim to develop 
rapid, simple and inexpensive tests for detection 
of key pesticides by modern immunological and 
enzyme-based methods. Monoclonal and polyclonal 
antibodies have been prepared and test methods 
developed for fenitrothion, the major 
organophosphate pesticide used on grain. Some 
antibodies were specific for fenitrothion and 
sensitive to 0.1 - 0.5ng - other antibodies bound 
to closely related organophosphates as well. A 
simple cholinesterase inhibition test for general 
screening for organophosphates and carbamates is 
being adapted for use in field situations or high­
-throughput laboratories. Finally, antibodies to 
certain pyrethroids (phenothrin, permethrin) are 
being assessed for use in simple test kits. 

A variety of pesticides (grain protectants) is applied to wheat 
and barley, usually upon receival of grain at silos (termed 
elevators in the US) to prevent infestation with insects during 
storage. Some compounds may also be applied at grain export 
terminals or by farmers storing grain on their farms. While 
considerable progress has been made in chemical-free storage of 
grain under controlled atmospheres (inert gases) or by grain 
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c h i l l i n g , these approaches w i l l remain economical i n only a 
m i n o r i t y of s i l o s f o r some time to come. 

Compounds c u r r e n t l y used f o r treatment of g r a i n or g r a i n 
storage f a c i l i t i e s are shown i n Table I. Those i n d i c a t e d i n 
parentheses are e i t h e r not used widely, are only of experimental 
status or are not c u r r e n t l y recommended(l). In the l a t e 1980's 
the most commonly-used compounds i n A u s t r a l i a were f e n i t r o t h i o n 
and bioresmethrin. C l e a r l y , g r a i n a n a l y s i s d i f f e r s from, say, 
a n a l y s i s of organochlorine contaminants i n meat or d i o x i n s i n 
water, i n that the compounds under a n a l y s i s i n g r a i n are 
d e l i b e r a t e l y a p p l i e d by the industry to t h i s produce. Modern 
g r a i n protectants are however, designed to decompose appreciably 
before the g r a i n i s processed (eg. m i l l e d or malted) f o r 
consumption by humans. 

Table I. P e s t i c i d e s Used f o r Treatment of Stored Grain 

ORGANOPHOSPHATES 
Chlorpyrifos-methyl 
Pirimiphos-methyl 

(Az inphos-methy1) 

CARBAMATE Carbaryl 

PYRETHROIDS Bioresmethrin 
Deltamethrin 

(Permethrin) 
((1R)-phenothrin) 
(fenvalerate) 

PYRETHROID SYNERGIST Piperonyl butoxide 

INSECT GROWTH REGULATOR Methoprene 

OTHER Phosphine 
Methyl bromide 

One aim of our work i s to enable the d e c e n t r a l i z a t i o n of 
residue t e s t i n g i n g r a i n and c e r e a l products by the development of 
simpler, f a s t e r and l e s s expensive t e s t methods. This should 
enable the p o t e n t i a l of load-by-load screening of export shipments 
f o r c e n t r a l g r a i n terminals and g r a i n r e c e i v a l s from farmers by 
s i l o s (elevators) and m i l l s . Both semi-quantitative screening 
methods (to check that residue l e v e l s i n g r a i n are below l e g a l l y -
set maximum residue l i m i t s , MRLs) and q u a n t i t a t i v e t e s t s f o r use 
i n r e g i o n a l or m i l l l a b o r a t o r i e s are envisaged. In a d d i t i o n , 
t e s t s are needed to ensure that g r a i n has been adequately and 
evenly t r e a t e d with protectants so that subsequent i n f e s t a t i o n 
w i l l not occur. Both of these aspects w i l l become i n c r e a s i n g l y 
important as more g r a i n i s t r e a t e d on-farm by r e l a t i v e l y 
inexperienced operators. Cent r a l l a b o r a t o r i e s and conventional 
instrumental a n a l y t i c a l techniques w i l l , of course, maintain t h e i r 
importance, both to confirm r e s u l t s obtained i n f i e l d t e s t s by 
newer methods and i n some cases to o b t a i n q u a n t i t a t i v e r e s u l t s f o r 
samples found to be p o s i t i v e i n " f i e l d " screening t e s t s . 

Apart from the a n a l y s i s of a n t i c h o l i n e s t e r a s e nerve gases such 
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as soman(2.3), most work to date has been done on immunoassays f o r 
malathion(4.5) and parathion/paraoxonf 6-11 ). Immunoassays have 
al s o been developed which s p e c i f i c a l l y detect organophosphate 
p e s t i c i d e s with diethyl-thiophosphate e s t e r groups, but not the 
dimethyl-ester groups(12). Because of the need f o r low t o x i c i t y 
i n g r a i n protectants, a l l organophosphates approved by the Codex 
Alimentarius Commission contain the 0,0-dimethyl g r o u p ( l ) . Thus 
work on the compounds of greatest importance to our industry has 
not been done. In the case of other compounds such as malathion, 
t e s t s are of i n s u f f i c i e n t s e n s i t i v i t y , speed, or robustness. 

Experimental Methods 

For both organophosphates and pyrethroids we have concentrated on 
the use of p o l a r water-miscible extractants(13). These provide 
as good e x t r a c t i o n of these compounds as immiscible extractants 
such as methylene c h l o r i d e d hav  th  advantag  that th  g r a i
e x t r a c t can be added d i r e c t l
In e x t r a c t i o n studies e i t h e
(whole grain) or 10g ground g r a i n added to 20mL solvent (ground 
g r a i n ) . A c e t o n i t r i l e and dichloromethane s o l u t i o n s were f i r s t l y 
evaporated and the residue r e c o n s t i t u t e d i n ethanol before gas 
chromatography. 

Both p o l y c l o n a l and monoclonal antibodies to f e n i t r o t h i o n were 
r a i s e d using s e v e r a l methods of conjugating f e n i t r o t h i o n to 
c a r r i e r p r o t e i n s such as chicken IgG, ovalbumin and hemocyanin. 
The p e s t i c i d e was coupled to p r o t e i n i n se v e r a l ways; through the 
aromatic nitro-group by reduction and d i a z o t i z a t i o n of the 
r e s u l t i n g amino group and by coupling through a 6-carbon spacer 
arm based on the a c y l c h l o r i d e of e t h y l adipate. In a d d i t i o n , 
coupling of f e n i t r o t h i o n through the thio-phosphate group was 
performed by r e a c t i o n of the methyl ester of thiophosphoryl 
c h l o r i d e with a protected primary amino a c i d and 3-methyl-4-
nitrophenoxide (or other organophosphate s u b s t i t u e n t s ) . The 
p r o t e c t i n g group was hydrolyzed and reacted with N-
hydroxysuccinimide to y i e l d an a c t i v a t e d moiety, r e a c t i v e both 
with the c a r r i e r p r oteins and with marker enzymes. Since a l l of 
the organophosphates used i n A u s t r a l i a (and i n many other 
countries) are dialkoxyphosphorothioates, t h i s s t r a t e g y was al s o 
used f o r the other compounds of i n t e r e s t . 

Two formats were developed f o r the ELISA assays (Table I I ) , 
and a l s o f o r those with permethrin/phenothrin-binding monoclonal 
antibodies (see below). 

A n a l y s i s of f e n i t r o t h i o n by technique (A) i s based on the 
competition between f e n i t r o t h i o n i n the t e s t sample and enzyme-
l a b e l e d f e n i t r o t h i o n , f o r binding to f e n i t r o t h i o n - s p e c i f i c 
antibody on the s o l i d phase. There i s a decrease i n the bi n d i n g 
of the enzyme-labeled f e n i t r o t h i o n as the concentration of 
f e n i t r o t h i o n increases i n the t e s t sample; t h i s i s manifest i n 
decreasing absorbance of the co l o r e d enzyme product. The 
concentration of f e n i t r o t h i o n i n an unknown sample may be 
determined by comparing the degree of i n h i b i t i o n of antibody 
b i n d i n g caused by the a d d i t i o n of the sample e x t r a c t , with that 
r e s u l t i n g from the a d d i t i o n of known amounts of f e n i t r o t h i o n . 

For the r e s u l t s shown i n Figure 1, p o l y c l o n a l IgG antibodies 
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Figure 1. Reaction of an antibody to f e n i t r o t h i o n with organophosphates 
used on s t o r e d g r a i n i n A u s t r a l i a : f e n i t r o t h i o n ( φ ), c h l o r p y r i f o s -
methyl ( • ), ρirimiphos-methyl ( φ ), azinphos-methyl ( A ). 
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Table I I . Organophosphate and Py r e t h r o i d ELISA Methods 

(A) Tube precoated with PESTICIDE-SPECIFIC ANTIBODY 
1. Add b u f f e r , p e s t i c i d e - c o n t a i n i n g g r a i n e x t r a c t then enzyme-

l a b e l e d p e s t i c i d e . 
2. Mix. Incubate 2-30 minutes. 
3. T i p out unbound components. Wash tube. 
4. Add enzyme substrate. Incubate 2-15 minutes. 
5. Stop c o l o r development. Read absorbance. 

Compare with c o n t r o l s and p e s t i c i d e standards 

OR 

(B) Tube precoated with PESTICIDE-PROTEIN CONJUGATE 
1. Add b u f f e r , p e s t i c i d e - c o n t a i n i n g g r a i n e x t r a c t then enzyme-

l a b e l e d antibody
2-5. As f o r (A) 

(to f e n i t r o t h i o n amine coupled to chicken serum IgG through e t h y l 
a d i p y l c h l o r i d e ) were used; s i m i l a r but not i d e n t i c a l 
s p e c i f i c i t i e s were obtained with monoclonal antibodies prepared to 
t h i s immunogen and to r e l a t e d immunogens. The antibody was coated 
( l h r , 20°) at 10μg/ïaL· i n 50mM sodium carbonate b u f f e r , pH 9.6. 
Non-sp e c i f i c b inding of immunoreactants was minimized by treatment 
with 10mg/mL bovine serum albumin i n 50mM sodium phosphate, pH 
7.2 - 0.9% sodium c h l o r i d e (PBS). Antibody-coated s o l i d phases 
may be prepared ( f o r i n c o r p o r a t i o n i n k i t s ) and stored many months 
before use. The g r a i n or food or other sample to be analyzed was 
simply e x t r a c t e d i n neat ethanol. The e x t r a c t i s d i l u t e d f i v e ­
f o l d i n 10mg/mL bovine serum albumin i n 0.05% (v/v) Tween 20-PBS, 
a p p l i e d to the s o l i d phase and enzyme-labeled f e n i t r o t h i o n i s 
immediately added. F e n i t r o t h i o n standards are prepared i n 
ethanol and d i l u t i o n s assayed simultaneously. 

The second enzyme-immunoassay format (B) invo l v e d competition 
f o r f e n i t r o t h i o n - s p e c i f i c antibody between p e s t i c i d e present i n a 
sample e x t r a c t and solid-phase-bound f e n i t r o t h i o n . The antibody 
may e i t h e r be enzyme-labeled by d i r e c t covalent a s s o c i a t i o n or a 
second l a b e l e d anti-mouse antibody used to detect b i n d i n g of the 
f i r s t antibody. 

The p h y s i o l o g i c a l b a s i s of a c t i o n of organophosphates and 
carbamates i s i n h i b i t i o n of a c e t y l c h o l i n e s t e r a s e at the i n s e c t 
neuromuscular j u n c t i o n . Accordingly, f o r almost 30 years 
attempts have been made to analyse these p e s t i c i d e s using 
c h o l i n e s t e r a s e i n h i b i t i o n assays(14). Many of these assays have 
invo l v e d an i n i t i a l separation of the compound by t h i n - l a y e r 
chromatography and treatment with crude c h o l i n e s t e r a s e sources 
such as horse serum. We have assessed and modified a method 
using Taiwanese-made reagents ( T a i Da Chemicals, T a i p e i ) , most 
notably a h i g h - a f f i n i t y bee-head ch o l i n e s t e r a s e enzyme. A 
labo r a t o r y format using ELISA microwell p l a t e s , and a f i e l d t e s t -
tube format have been developed by us from these reagents. Also we 
have attempted to make the steps i n the method s i m i l a r to those i n 
ELISA assays, so that the assays may be performed together using 
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the same g r a i n e x t r a c t . In these assays, the methanol g r a i n 
e x t r a c t and bu f f e r e d enzyme are added to the t e s t tube, incubated 
5 or 10 minutes, then a mixture of a c e t y l t h i o c h o l i n e and Ellman's 
reagent (dithionitrobenzoate,DTNB) i s added. A f t e r 2 minutes, 
stopping s o l u t i o n i s added. The a c t i o n of ch o l i n e s t e r a s e on 
a c e t y l t h i o c h o l i n e releases a t h i o l which reacts spontaneously with 
DTNB to y i e l d a yellow c o l o r . Thus, l i k e immunoassays f o r 
p e s t i c i d e s , presence of the p e s t i c i d e compound r e s u l t s i n 
i n h i b i t i o n of c o l o r development. 

Results and Discus s i o n 

E x t r a c t i o n of organophosphates. Where r a p i d r e s u l t s are 
required, the r e s u l t s i n d i c a t e alcohols can be used together with 
high-frequency homogenization or blending of ground g r a i n or f l o u r 
(Table I I I ) , or where batches of g r a i n samples are to be analyzed 
together, whole or groun
with occ a s i o n a l mixing.
complete e x t r a c t i o n , but rather give reproducible e x t r a c t i o n . 

Table I I I . E x t r a c t i o n of F e n i t r o t h i o n (% a v a i l a b l e ) 

Solvent Whole g r a i n Ground g r a i n 
shaking homogenization 

( U l t r a t u r r a x , 2/3 
maximal speed) 

E x t r a c t i o n 5 min >12 hr 30 sec 2 min 
time 

ethanol 61 93 63 96 
50% ethanol 23 39 nt nt 
methanol nt nt 27 78 

acetone 78 100 72 78 
a c e t o n i t r i l e 38 95 68 82 

dichloromethane nt nt 61 73 

A n a l y s i s by g l c , t o t a l a v a i l a b l e - 4.1ppm, nt — not te s t e d 
Mean standard deviations of determinations were ± 6%. 

Immunoassays f o r organophosphates. H i g h - t i t e r antibodies to 
f e n i t r o t h i o n (coupled through the phosphate group) were obtained: 
of the other conjugates, those through the C6 spacer arm produced 
the best antibody responses. Horseradish peroxidase conjugates 
prepared i n t h i s manner were both enzymically a c t i v e and able to 
bin d to the antibodies. 

F e n i t r o t h i o n was r e a d i l y detectable i n wheats dosed with 
d i f f e r i n g amounts of f e n i t r o t h i o n used i n commercial g r a i n 
treatment p r a c t i c e (Table IV). For a n a l y s i s of ex t r a c t s of 
gra i n , no clean-up of the extr a c t s was necessary, i f a 
f e n i t r o t h i o n standard curve prepared i n undosed g r a i n e x t r a c t was 
used f o r c a l i b r a t i o n . 
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Table IV. A n a l y s i s of F e n i t r o t h i o n i n Wheat by ELISA 

O r i g i n a l 
a p p l i c a t i o n 

(ppm) 

A c t u a l 
amount a 

(ppm) 

E x t r a c t i o n method 
(ELISA r e s u l t s , ppm) 

O r i g i n a l 
a p p l i c a t i o n 

(ppm) 

A c t u a l 
amount a 

(ppm) 
Overnight Rapid 

O r i g i n a l 
a p p l i c a t i o n 

(ppm) 

A c t u a l 
amount a 

(ppm) 

Whole 
g r a i n 

Ground 
g r a i n 

Ground 
g r a i n 

3 2.1 2 2 2 

9 6.3 5 6 6 

14 9.8 9 13 9 

A n a l y s i s by g a s - l i q u i d chromatography  A c t u a l values are lower 
than o r i g i n a l a p p l i c a t i o
Data are means of 3 experiments

The assay was s e n s i t i v e to 0.5ng f e n i t r o t h i o n , with 50% 
i n h i b i t i o n obtained at 7ng f e n i t r o t h i o n . This s e n s i t i v i t y i s 
s u f f i c i e n t f o r a n a l y s i s of f e n i t r o t h i o n both at low l e v e l s of 
a d d i t i o n and at l e v e l s near or i n excess of s p e c i f i e d maximum 
residue l e v e l s . The t e s t d i d not determine 4-nitro-3-
methylphenol, a major ( i n a c t i v e ) breakdown product of 
f e n i t r o t h i o n , produced during c o o k i n g ( l ) . The assay was s p e c i f i c 
f o r f e n i t r o t h i o n and very c l o s e l y r e l a t e d compounds. 
0,0-dimethyl-phosphorothioate esters with 4 - s u b s t i t u t e d phenyl 
moieties were most a c t i v e , and of these, the most a c t i v e were 
s u b s t i t u t e d at the 3 - p o s i t i o n on the phenyl moiety. 0,0-diethyl-
phosphorothioates had l i t t l e or no a c t i v i t y . Other common 
organophosphates such as d i c h l o r v o s , c h l o r p y r i f o s - e t h y l , 
pirimiphos-methyl, azinphos-methyl, dimethoate and malathion were 
detected extremely weakly or not at a l l (Figure 1). Carbamates 
(eg. c a r b a r y l ) , organochlorines (eg. d i e l d r i n ) and s y n t h e t i c 
pyrethroids (eg. bioresmethrin) were not detected. Parathion-
methyl was detected weakly. Thus f o r p e s t i c i d e s encountered i n 
A u s t r a l i a n c e r e a l foods, t h i s assay i s f u n c t i o n a l l y s p e c i f i c f o r 
f e n i t r o t h i o n . 

The assay with a p o l y c l o n a l antibody (P7) was s e n s i t i v e to 
O.lng f e n i t r o t h i o n , with 50% i n h i b i t i o n obtained at lOOng 
f e n i t r o t h i o n . The assay with a monoclonal antibody (F3) was 
s e n s i t i v e to lOOng f e n i t r o t h i o n . These s e n s i t i v i t i e s are 
s u f f i c i e n t f o r monitoring samples at l e v e l s equal to or i n excess 
of s p e c i f i e d l e g a l maximum residue l e v e l s , when simple ethanol 
e x t r a c t s of the food, g r a i n or produce sample are used. 
S e n s i t i v i t y can be increased by use of v o l a t i l e organic solvents 
f o r e x t r a c t i o n of the sample, evaporation of solvent and 
r e d i s s o l v i n g the residue i n a smaller volume of organic solvent. 

The s p e c i f i c i t y of the assay d i f f e r e d from that obtained with 
the f i r s t assay format (Table V). The assay with antibody P7 
detected f e n i t r o t h i o n , amino-fenitrothion, methyl-parathion, 
parathion, f e n t h i o n and dicapthon with s i m i l a r potency to 
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Table V. Reaction of antibodies with f e n i t r o t h i o n and r e l a t e d 
organophospahtes 

Compound R e l a t i v e potency a 

Assay format 

Antibody 

A Β Assay format 

Antibody PI P7 F3 

1. Dimethyl-ο-phosphorothioates ((CH^O) 2 PS-Ox) 

a) χ = s u b s t i t u t e d phenyl 
f e n i t r o t h i o n 1.0 1.0 1.0 
reduced f e n i t r o t h i o n 2.0 2.0 -
methyl-parathion 0.04 1.4 2.0 
fen t h i o n 0.6 1.0 -
c y t h i o a t e 0.1 -
dicapthon 

b) 

a) 

b) 

0.001 
0.0005 

( C 2 H 5 0 ) 2 PS-Ox) 

0.0005 
0.01 

0.1 

0.1 

temephos 

χ =* other 
chlorphyifos-methyl 
pirimiphos-methyl 

Diethyl-ο-phosphorothioates 
χ — s u b s t i t u t e d phenyl 
parathion 
f e n s u l f o t h i o n 
d i c h l o f e n t i o n 
c h l o r p y r i f o s - e t h y l 
ρ i r imipho s-e thy1 

Other organophosphates 
di c h l o r v o s 
paraoxon 

Dimethyl phosphorodithioates (CH 30) 2 PS-Sx) 
azinphos-methyl 0.0005 
dimethoate 0.0005 
malathion 0.0008 

a Potency r e l a t i v e to f e n i t r o t h i o n determined as r e l a t i v e 
concentration y i e l d i n g 50% i n h i b i t i o n of antibody binding. 
Assay format 1: -
Assay format 2: -

<0.0005 r e l a t i v e cross r e a c t i o n , 
f e n i t r o t h i o n I C ^ Q > 200ppm 

f e n i t r o t h i o n . Related (oxo)-phosphates such as paraoxon and 
dic h l o r v o s were not detected. Dimethyl-O-phosphorothioate 
p e s t i c i d e s with other than p h e n y l - s u b s t i t u t i o n s were detected very 
weakly. Thus, 0,0-dimethyl-phosphorothioates with 4-nitrophenyl 
or 4-thiomethylphenyl groups were detected, but not compounds with 
l a r g e r groups s u b s t i t u t e d i n the 4- p o s i t i o n . The assay usi n g 
antibody F3 was even more s p e c i f i c , d e t e c t i n g f e n i t r o t h i o n , 
methyl-parathion and dicapthon only. Other p e s t i c i d e s , i n c l u d i n g 
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a carbamate ( c a r b a r y l ) , an organochlorine ( d i e l d r i n ) and a p y r e t h r o i d 
(bioresmethrin) were not detected by e i t h e r antibody. Thus, these 
assays detect f e n i t r o t h i o n and r e l a t e d organophosphorus p e s t i c i d e s . 

Cholinesterase i n h i b i t i o n assays. With the compounds used f o r 
treatment of A u s t r a l i a n grain, the cholinesterase i n h i b i t i o n assay was 
s p e c i f i c f o r c a r b a r y l and d i c h l o r v o s . Each of the other major 
organophosphates that are widely used are a c t u a l l y thiophosphates, and 
do not p o t e n t l y i n h i b i t the enzyme unless they are f i r s t o x i d i s e d , 
e i t h e r in vivo by enzymes i n the target i n s e c t or chemically by the 
a n a l y s t . Therefore, we have developed t h i s assay e i t h e r f o r c a r b a r y l -
s p e c i f i c a n a l y s i s or f o r b r o a d - s p e c i f i c i t y a n a l y s i s of c a r b a r y l and 
a l l o f the organophosphates i n g r a i n (Table VI). In the l a t t e r case, 
the methanol e x t r a c t of g r a i n was t r e a t e d with bromine water f o r three 
minutes before exposure to the enzyme. These assays were quite 
s e n s i t i v e , d e t e c t i n g down to 10ng/mL c a r b a r y l , Ing/mL d i c h l o r v o s and 
a f t e r bromine treatment  0.2ng/mL f compound h  c h l o r p y r i f o s
methyl i n the f i n a l incubatio
only 10 to 15 minutes an
and cuvet assays have been developed (Figure 2). Further 
m o d i f i c a t i o n s can reduce the assay time f u r t h e r or convert the assay 
to a s p o t - t e s t , y i e l d i n g an i n s o l u b l e enzyme product. 

Table VI. A n a l y s i s of p e s t i c i d e s used f o r treatment of stored 
g r a i n using a c h o l i n e s t e r a s e i n h i b i t i o n assay 

P e s t i c i d e s o l u t i o n s P e s t i c i d e s o l u t i o n s 
Compound not o x i d i s e d o x i d i s e d a 

(ppm) 

Carbaryl 0.8 0. 9 

Dichlorvos 0.07 0. 08 

F e n i t r o t h i o n 100 1 

Chlorpyrifos-methyl 5 0. ,01 

Pirimiphos-methyl 100 0. .3 

Malathion 10 0, .4 

Bioresmethrin » 1000 » 1000 

a treatment with bromine water (3 min); 10 min enzyme incub a t i o n 
c o n c e n t r a t i o n i n methanol s o l u t i o n y i e l d i n g 50% i n h i b i t i o n of 

c o l o r development. F i n a l concentration i s 16-fold lower. 

I C 5 0 
(ppm) 
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E x t r a c t g r a i n i n methanol 

3 min 1 
Add g r a i n extract and buf f e r e d 

enzyme to t e s t tube 

1 5 min or 10 min 

Add a c e t y l t h i o c h o l i n e and DTNB 

2 min 

• 
Add stop s o l u t i o n . Read c o l o r versus a 

p e s t i c i d e - f r e e c o n t r o l and p e s t i c i d e standards 

Figure 2. Cholinesterase I n h i b i t i o n Assay - Method 
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Synthetic p y r e t h r o i d s . Apart from widespread use as 
household i n s e c t i c i d e s , and i n treatment of f r u i t , vegetables, 
tobacco, and cotton, s y n t h e t i c pyrethroids are used f o r 
treatment of stock and wool. Some such as (1R)-phenothrin 
a l s o have p u b l i c h e a l t h a p p l i c a t i o n s such as treatment of head 
l i c e . In d i f f e r e n t parts of the world, permethrin, 
bioresmethrin, deltamethrin and n a t u r a l p y r e t h r i n s are used, 
and (1R)-phenothrin has been commercially evaluated. Few 
ELISA assays f o r pyrethroids have been developed to date, and 
those that have, are for other compounds, such as S-
b i o a l l e t h r i n ( 1 5 ) , cypermethrin(16) and tetramethrin(17). We 
have used monoclonal antibodies generated by c o l l a b o r a t o r s at 
the U n i v e r s i t y of C a l i f o r n i a ( 1 8 ) i n our i n i t i a l s t u d i e s . 
These antibodies were r a i s e d to a 3-phenoxybenzyl-2,2-
dimethylcyclopropane-1,3-dicarboxylate hapten coupled to bovine 
serum albumin, and thus b i n d mainly to permethrin and (1R)-
phenothrin. These c o l l a b o r a t o r s had developed a two-step 
competitive ELISA f o
assay used the phenoxybenzy
immobilized on the ELISA s o l i d phase through conjugation with 
bovine serum albumin; p y r e t h r o i d was q u a n t i f i e d using a three 
hour assay by sequential incubation with monoclonal antibody, 
enzyme-labeled anti-mouse antibody followed by enzyme 
substrate. In a d d i t i o n , some clean-up of p y r e t h r o i d -
c o n t a i n i n g meat ext r a c t s was required. We have s i m p l i f i e d 
t h i s assay i n s e v e r a l ways, f o r adaption to the a n a l y s i s of 
g r a i n and f l o u r . F i r s t l y , the antibody has been d i r e c t l y 
conjugated to the enzyme horseradish peroxidase (HRP) which 
removes a separate incubation and washing step from the assay. 
Secondly, an a l t e r n a t e assay format has been developed, using 
microwell-bound monoclonal antibody and a HRP-labeled 
phenoxybenzoic a c i d d e r i v a t i v e (Table V I I ) . The r e s u l t s 
obtained were s i m i l a r to those of Stanker and coworkers(18), 
except that using our assay format the d i f f e r e n c e i n potency 
between (1R)-phenothrin and permethrin, and deltamethrin and 
cypermethrin was greater. This assay format may have 
advantages i n s e n s i t i v i t y and i n s t a b i l i t y f o r long-term 
storage of t e s t k i t s and i n r e p r o d u c i b i l i t y of r e s u l t s obtained 
with such k i t s . T h i r d l y , we have developed a means of 
assaying permethrin i n g r a i n and f l o u r without the need f o r 
clean-up of g r a i n e x t r a c t s . In standard ELISA d i l u e n t s , 
permethrin i s approximately 10-fold l e s s potent i n a methanol 
or a c e t o n i t r i l e e x t r a c t of ground wheatgrain than i n pure 
solvent. 

Components i n the wheat e x t r a c t i t s e l f d i d not i n h i b i t 
antibody binding, but decreased the i n h i b i t i o n potency of the 
py r e t h r o i d s . Some of the r e s u l t s obtained from i n i t i a l 
experiments with permethrin-treated wheat and f l o u r samples are 
shown i n Table V I I I . Both assay formats using antibody 
immobilized on the microwell and antigen on the microwell gave 
s i m i l a r r e s u l t s . In v i r t u a l l y a l l cases, values obtained were 
s l i g h t underestimates, due to incomplete e x t r a c t i o n of the 
p y r e t h r o i d from the g r a i n - i n these experiments the g r a i n was 
e i t h e r gently shaken overnight or homogenized f o r two minutes 
i n methanol or a c e t o n i t r i l e . Although such e x t r a c t i o n 
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techniques do not provide complete e x t r a c t i o n , they are 
reproducible and as such can form the b a s i s of a u s e f u l 
screening method f o r residue l e v e l s . Use of a constant 
c o r r e c t i o n f a c t o r ( f o r incomplete e x t r a c t i o n ) r e s u l t s i n 
quite accurate estimates. In a d d i t i o n a simple way to 
overcome a sample matrix e f f e c t was found, by i n c l u s i o n of 
c e r t a i n a d d i t i v e s to the ELISA assay d i l u e n t used f o r the 
g r a i n e x t r a c t , enabling q u a n t i t a t i v e r e s u l t s to be obtained 
with wheat samples. 

Table VII. S p e c i f i c i t y of a Pyr e t h r o i d Monoclonal Antibody 

Compound S o l i d phase antigen S o l i d phase antibody 

Extractant A c e t o n i t r i l e Methanol Methanol 

(1R)-Phenothrin 20 10 30 
Permethrin 3
Deltamethrin 200
Fenvalerate -5000 -5000 -5000 
Cypermethrin -5000 -5000 -5000 
Bioresmethrin - -
Tetramethrin - -

B i o ( d - t r a n s ) a l l e t h r i n -
S - b i o a l l e t h r i n 

P iperonyl butoxide 

F e n i t r o t h i o n 

Data shown are concentrations y i e l d i n g 50% i n h i b i t i o n of 
antibody b i n d i n g i n ng/mL (ppb) - - no i n h i b i t i o n at 2000ppb 

Table V I I I . A n a l y s i s of Permethrin by ELISA 

Matrix A c t u a l a b (ppm) Determined (ppm) 

Assay Antibody Antigen 
format on p l a t e on p l a t e 

E x t r a c t i o n method overnight r a p i d overnight r a p i d 

Wheat 0.68 0.6 0.5 0.5 0.6 
0.73 n.t. n.t. 0.5 0.5 
0.91 0.9 0.8 0.9 0.8 
2.6 1.6 1.5 1.9 1.7 

Flour 0.26 0.5 0.3 0.3 0.3 
0.74 0.7 0.6 0.6 0.4 

a by g a s - l i q u i d chromatography with e l e c t r o n capture d e t e c t i o n 
using methanol extracts of ground g r a i n or f l o u r . Standard 
e r r o r s of the mean were t y p i c a l l y 10-15%. 

In Immunoassays or Trace Chemical Analysis; Vanderlaan, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



136 IMMUNOASSAYS FOR TRACE CHEMICAL ANALYSIS 

Summary and Conclusions 

We have developed u s e f u l immunoassays f o r members of the major 
c l a s s e s of p e s t i c i d e s used f o r treatment o f stored g r a i n -
organophosphates and sy n t h e t i c p y r e t h r o i d s . While work to 
date has mainly involved the organophosphate, f e n i t r o t h i o n , and 
the pyre t h r o i d s , permethrin and (1R)-phenothrin, work on the 
development of assays f o r other important compounds i n these 
groups (c h l o r p y r i f o s - m e t h y l , pirimiphos-methyl and 
bioresmethrin) i s ongoing. While these immunoassay t e s t s have 
quite narrow s p e c i f i c i t y , enabling the i d e n t i t y of the residue 
to be e s t a b l i s h e d , broad screening t e s t s are sometimes 
p r e f e r r e d . Immunoassay i s not as amenable to such broad 
screening as other methods(19), and, f o r organophosphate and 
carbamate residues, we have modified an e x i s t i n g c h o l i n e s t e r a s e 
i n h i b i t i o n method to make i t s u i t a b l e f o r use with the broad 
range of these p e s t i c i d e s

Both the ELISA an
to wheat and f l o u r wit
While the assays are i n theory adaptable to other matrices such 
as vegetables, wool and c i t r u s f r u i t s , the e f f e c t of the 
p a r t i c u l a r matrix must be stud i e d f o r each assay. For 
example, clean-up i s e s s e n t i a l f o r the p y r e t h r o i d antibodies 
when meat or f a t i s analyzed(17). 

Current work i s aimed at developing prototype antibody k i t s 
f o r use by the g r a i n industry. Considerable s t a b i l i t y t e s t i n g 
and c o l l a b o r a t i v e t r i a l l i n g i s , however, re q u i r e d before t h i s 
can be done. Assay v a l i d a t i o n of p e s t i c i d e ELISAs has a l s o 
been reviewed elsewhere(20). While q u a n t i t a t i v e ELISA k i t s 
w i l l be u s e f u l i n r e g i o n a l l a b o r a t o r i e s , we also aim to produce 
simple "tube" and d i p s t i c k - t y p e t e s t s f o r use i n f i e l d 
s i t u a t i o n s , such as at g r a i n elevators or i n produce markets. 
Much of our experience i n t h i s area comes from e a r l i e r 
development of the f i r s t ELISA t e s t (now commercially 
a v a i l a b l e ) that i s designed to be used i n the home f o r food 
a n a l y s i s , i n t h i s case, f o r gluten. We aim to produce 
something s i m i l a r to our r a p i d gluten t e s t , and we w i l l 
describe t h i s t e s t i n d e t a i l . This t e s t allows s u f f e r e r s of 
gluten i n t o l e r a n c e to inexpensively t e s t foods f o r g l u t e n 
before they consume them. I t i s s u i t a b l e f o r use with a l l 
types of foods, raw, cooked or processed. The p r i n c i p l e of 
the t e s t i s s i m i l a r to the now-commonplace home pregnancy 
t e s t s . The t e s t i s designed f o r use by untrained i n d i v i d u a l s 
without need f o r any f a c i l i t i e s or equipment except running tap 
water, provides r a p i d (5 minute), r e s u l t s and i s s u i t a b l e f o r 
home use by c e l i a c s or in-process q u a l i t y c o n t r o l i n food and 
wheat s t a r c h manufacture. For the t e s t , we s e l e c t e d 
monoclonal antibodies to c e r t a i n heat-stable p r o t e i n s . The 
antibodies chosen a l s o c r o s s - r e a c t a p p r o p r i a t e l y with prolamine 
from d i f f e r e n t c e r e a l s such as rye and b a r l e y but not maize and 
r i c e , y et showed l i t t l e d i f f e r e n c e i n bi n d i n g to d i f f e r e n t 
v a r i e t i e s of wheat, b a r l e y and rye(21,22). Foods are co a r s e l y 
ground, and gluten extracted by shaking f o r 60 seconds i n the 
extractant provided, and a drop of sample i s added to the 
coated tube and mixed f o r 90 seconds. The antibody s o l u t i o n 
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i s added, the tube shaken then unbound components ti p p e d out 
and the tube washed under tap water, and f i n a l l y substrate i s 
then added. Presence of gluten i n the food r e s u l t s i n the 
development of a blue c o l o r w i t h i n seconds of a d d i t i o n of c o l o r 
developer (enzyme subs t r a t e ) . A pre-formed c o l o r e d standard 
corresponding to r e s u l t s obtained with " j u s t acceptable" 
amounts of gluten i s proved i n the k i t f o r comparison. The 
r a p i d t e s t k i t was s u c c e s s f u l l y t r i a l e d by over 50 c e l i a c s , 
d i e t i c i a n s and food industry l a b o r a t o r i e s e a r l y i n 1989. 

A f i e l d t e s t f o r g r a i n protectants would be extremely 
valuab l e . I t would enable g r a i n managers to ensure that 
p r o t e c t a n t l e v e l s f e l l w i t h i n a " d e s i r a b l e " range such as very 
low or l e s s than Codex "Maximum Residue Levels". I t would 
al s o enable consumers such as f l o u r m i l l e r s and lot-farmers to 
t e s t residue l e v e l s . These t e s t s w i l l be a valuable t o o l i n 
the r a t i o n a l and safe use of these p e s t i c i d e s . 
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Chapter 12 

Current Immunochemical Methods for 
Mycotoxin Analysis 

Fun S. Chu 

Food Research Institute and Department of Food Microbiology and 
Toxicology, University of Wisconsin, Madison, WI 53706 

Mycotoxins are smal
metabolites and immunogenic , 
mycotoxins can be conjugated to a protein or a 
polypeptide carrier and subsequently be used for 
immunization. Using this approach, antibodies against 
a number of mycotoxins have been developed. With the 
availability of these antibodies, simple and rapid 
radioimmunoassays (RIA) and enzyme-linked 
immunosorbent assays (ELISA) for the determination of 
these mycotoxins in grains and biological fluids have 
been developed. The present review will cover recent 
progress on this rapidly developing research area with 
emphasis on: (1) the approaches used for the 
preparation of immunogens and antibody production; (2) 
diversity of specificity of antibodies obtained from 
various immunogens and (3) different immunochemical 
approaches that are currently used in mycotoxin 
analysis. 

Mycotoxlns are small molecular weight secondary fungal metabolites 
and are not Immunogenic. However, mycotoxlns can be conjugated to 
a protein or a polypeptide carrier and subsequently be used for 
Immunization. Using this approach, antibodies against a number of 
mycotoxlns have been developed. With the availability of these 
antibodies, both polyclonal and monoclonal types, several types of 
Immunoassays have been developed for mycotoxin analysis. The rapid 
progress on the Immunoassay of mycotoxlns research area can be seen 
from the large volume of literature published 1n the last few years 
as well as from various talks on the application of this 
methodology that are covered in this symposium. Such progress 
together with an overall recognition of the potential wide 
application of this powerful technique have not only led to more 
rapid and accurate protocols that allow detection of small amounts 
of mycotoxlns present 1n foods, feeds and biological fluids, but 
have also generated considerable Interest 1n the preparation of 
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commercial kits for mycotoxin analysis. Due to limited time for 
the talk and limited space for the manuscript, I will confine my 
discussion to the following three areas: (1) the approaches used 
for the preparation of Immunogens for antibody production; (2) 
diversity of specificity of antibodies obtained from various 
Immunogens and Its role In the Immunoassay and (3) different 
Immunochemical approaches that are currently used In mycotoxin 
analysis. Most references on the Immunoassay of mycotoxlns before 
1985 are also omitted from this article; for a more extensive 
discussion and complete references on the Immunoassay of 
mycotoxlns, several recent reviews should be consulted (1-13). The 
application of Immunoassays for mycotoxlns can been seen from 
several articles In this book. 

Approaches used for the preparation of Immunogens: 

Since mycotoxlns are not antigenic, they must be conjugated to a 
protein or polypeptide carrie
that have been used for conjugation of mycotoxlns to a protein 
carrier and methods for the preparation of mycotoxin derivatives 
before conjugation are summarized In Table I. 

Whereas some mycotoxlns have a reactive group which can be 
directly conjugated to a protein carrier for antibody production, 
most mycotoxlns do not; thus, a reactive group must first be 
Introduced Into the molecule before coupling to the protein (1-7). 
Additional reactive groups can be Introduced Into different 
analogues of a specific mycotoxin, so that the reactive group would 
be located at different positions In the related parent molecule. 
For mycotoxlns containing a carbonyl group, a carboxymethyl oxlme 
(CMO) could be prepared (1-6). Approaches for the preparation of 
various aflatoxln Bj and T-2 toxin derivatives are shown 1n figures 
1 and 2. For mycotoxlns containing a hydroxyl side chain, 
acylatlon of the mycotoxin with afunctional anhydrides such as 
succinic add and glutarlc add anhydride to form the corresponding 
hemlsucclnate (HS) and hemlglutarate (HG) are generally used. 
However, the stability of the HS and HG should be tested before 
conjugation to the proteins. Since the ability of a hapten to 
elicit antibody In animals depends both on the amount of the 
haptenlc group conjugated to the protein as well the orientation of 
the hapten on the protein molecule, the presence of a spacer alkyl 
chain, such as glutarate, between protein and mycotoxlns has an 
additional advantage In Improving antibody production both In 
quantity and 1n quality. We have also found that Immiiogenlclty of 
mycotoxln-proteln conjugates Improved when additional spacer groups 
were Introduced Into bovine serum albumin (BSA) with ethylene 
diamine (14). An alternative method for mycotoxin containing an 
primary alcohol Is by oxidizing the OH group to a carbonyl group 
for subsequent derlvatlzatlon and conjugation (15). 

Among different methods that have been used in conjugation of 
mycotoxin to protein carriers, the water soluble carbodllmlde (WSC) 
method 1s most commonly used. Alternatively, mycotoxin or Its 
derivative Is first activated with N-0H-sucdn1m1de (NHS) 1n the 
presence of carbodllmlde and then conjugated to protein directly 
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AFQi 

Figure 1. Approaches used for the preparation of various 
aflatoxin Bl derivatives. Abbreviations are given in Table I. 
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Figure 2. Approaches used for the preparation of various T-2 
toxin derivatives. Abbreviations are given in Table I except 
ISV and NEOS which represent isovaleroxy and neosolaniol, 
respectively. 
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(7-8, 13). The mixed anhydride method has also been used for 
conjugation of some mycotoxlns to proteins. For mycotoxlns 
containing an active aldehyde group, reductive alkylation was used. 
Cross-linking agents such as glutaraldehyde have been used for 
mycotoxlns containing an amino group such as fusarochromanone (Yu 
et al. , 1989; unpublished). 

Table I. Approaches used for the conjugation of 
mycotoxlns to protein (a) 

Derivatives Mycotoxlns Methods of 
prepared used conjugation 

CMO AFB, AFM, DAS, T-2, ZEARA WSC, MA, NHS 
HA AFB2a, AFG2a, AFQ2a, ST, RA 
HG AFB2a
HS AFQ, AFB3, DAS, DON, Ac-DON, 

DOVE, T-2, HT-2, acetyl-NIV, 
Rorldin, 3'-OH-T-2, WSC, MA, NHS 
T-2-tetra-acetate 

None PR toxin RA 
None AFB2a, KJ TA 
None OTA, Rubratoxin Β WSC, MA 
None AFB-C1, AFB-Br, SA Direct 
None AFB m-Cl-PBA Direct 
None TDP-1 (Fusarochromanone) WSC, GA 

(a) Abbreviation used: CMO, carboxymethyl oxlme; DAS, 
diacetoxysdrpenol; DON, deoxynivalenol; DOVE, deoxyverrucarol; 
NIV, nivalenol; HA, hemlacetal; HG, hemiglutarate; HS, 
Hemlsuccinate; GA, glutarladehyde; MA, mixed anhydride; NHS, 
n-hydroxylsucdnimde; RA, reductive alkylation; TAB, 
tetrazobenzldine; WSC, water soluble carbodllmlde; AFB, AFM, 
AFB2a, AFG2a, AFQ2a, AFB3, AFQ, AFB-C1 and AFB-Br are 
aflatoxins Bl, Ml,B2a, G2a, Q2a, B3, Ql, chloride and bromide, 
respectively; KJ, kojlc acid; OTA, ochratoxin A; ST, 
sterigmatocystln; ZEARA, zearalenone; m-Cl-PBA, 
m-chloroperoxybenzoic acid; SA, secalonlc add. 

Using different mycotoxin protein conjugates as Immunogens, 
specific antibodies, both polyclonal and monoclonal antibodies, 
against most mycotoxlns have been obtained (1-13). Table II 
summarizes the different antibodies which have been made against 
various mycotoxlns and mycotoxin metabolites. 

Diversity of antibody specificity: 

The specificity, generally expressed as the cross-reactivity, of an 
antibody Is determined primarily by the type of mycotoxin or its 
metabolites that has been used in the antibody production as well 
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as by the site In the mycotoxin molecule where linkage was made 
when 1t was conjugated to the protein carrier. Thus, the degree of 
cross-reactivity of these antibodies with their respective 
structural analogs vary considerably (1-9). The accuracy of 
Immunoassay of mycotoxlns for naturally-contaminated samples 
generally 1s affected by both the specificity of the antibody to be 
used and by the possible presence of structurally related analogs 
of the mycotoxin In the sample that may react with the antibody. 
For example, If the antibodies used In an immunoassay for aflatoxin 
(AF) are 100% cross-reactive with aflatoxin Bl (AFB1), but only 33% 
with AFG1, the presence of AFG1 in the sample would result in a 
lower "apparent" total AF level by the Immunoassay method (16). 
Thus, 1t is very important to know the specificity of the antibody 
to be used 1n the immunoassays. The specificity of antibody 
against various mycotoxlns has been documented in a number of 
reviews (1-6, 17). For the purpose of discussion, the diversity of 
antibody specificity for aflatoxlns (AFs) and trlochothecenes 
(TCTCs) are presented here

Table II. Antibodies Against Mycotoxlns 

Mycotoxlns Type References 

Aflatoxins 
Bl, B2, Ml M, Ρ 5, 13, 17-25 
Gl, B1&G1 M, Ρ 13, 26, 27 

Aflatoxin metabolites 
B2a, Ql, Ml, Ro M, Ρ 5, 9, 17, 22, 25, 28 
DNA-Adducts M, Ρ 17, 29-32 

Kojic Acid Ρ 5 
Ochratoxln A M, Ρ 5, 13, 33-36 
Patulin Ρ 37 
PR-tox1n Ρ 38 
Rubratoxin Β Ρ 5 
Secalonlc acid Ρ 39 
Sterlgmatocystln Ρ 5, 40 
Trichothecenes 

DAS, DON, DOVE M, Ρ 5, 15, 41-44 
AcDON, NIV, Ror1d1n A M, Ρ 45-48 

T-2 toxin M, Ρ 5, 49-54 
T-2 toxin metabolites 

HT-2, T-2-tetraacetate M, Ρ 5, 55-58 
3·_ΟΗ-Τ-2, de-ep-T-2 M, Ρ 51, 59-61 

Zearalenone M, Ρ 5, 63 

Abbreviation used: Μ, monoclonal antibody; Ρ, polyclonal 
antibodies; other abbreviations are same as Table I. 

Specificity of antibodies against aflatoxin and related 
metabolites: The relative cross-reactivity of different types of 
antibodies against aflatoxin with some selected AF analogs are 
Illustrated in F1g. 3. The Importance of the site of conjugation 
to the antibody specificity is well demonstrated from these 
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examples. When rabbits were Immunized with conjugates prepared by 
linking the CMO of AFB1 and AFM1, the antibodies generally 
recognize the dlhydrofuran ring of the molecule as well as 
structural variation 1n the dlhydrofuran portion of aflatoxin 
molecules. Thus, antibodies highly specific against AFB1 and AFM1 
were produced 1n this manner. These two type of antibodies are 
currently used for most of the Immunoassays for both aflatoxlns. 
Whereas antibodies for AFB1 cannot recognize AFM1, antibodies for 
AFM1 bind AFB1 effectively. This property has been used as an 
approach for the Immunoassay of AFM1 so that radioactive AFB1 or 
enzyme-linked AFB1 could be used as the marker 1n the assays (5, 8, 
9, 63, 64). From these studies, It is apparent that the side chain 
hydroxyl group In AFM1 plays an Important role in eliciting 
antibodies that can recognize AFM1. 

When conjugates prepared through the dlhydrofuran portion of 
the AF molecule were used in Immunization, the antibodies had a 
specificity directed toward the cyclopentane ring. Antibodies with 
similar specificity and
obtained from rabbits when conjugates prepared by coupling AFB2a 
(designated as B2a antibody; 5, 17), AFG2a, AFB dlol (designated as 
AFB-dlol antibody; 5, 17) and AFB chloride (designated AFB-C1 
antibody; 38) to protein were used for Immunization. These 
antibodies also have been shown to cross-react with AFB-DNA adducts 
and other related compounds. Since the majority of the structure 
of AFB1 and AFG1 1s Identical to AFB3, we conjugated the AFB3-HS to 
protein which was then used In the Immunization. We found that the 
antibodies elicited showed good reaction with both AFB1 and AFG1. 
Thus, these type of antibodies are very useful to for immunoassays 
of both aflatoxlns (27; Schubrlng, Zhang, and Chu, Abstracts of 
Annual meetlng-1989 of American Society for Microbiology. New 
Orleans, May, 1989). 

A number of monoclonal antibodies against AFs have been 
obtained In the last few years (17-25, 29-32). In general, the 
specificity of different monoclonal antibodies for aflatoxlns Is 
also depend on the type of conjugates used 1n the Immunization. 
When the same immunogens are used for the preparation of either 
polyclonal or monoclonal antibody, most of the high affinity 
monoclonal antibodies have almost the same specificity as that 
observed for the polyclonal antibodies (F1g. 3). Although clones 
that elicited antibodies which have different cross-reactivlties 
have been found, these clones generally have lower affinities. For 
example, Kawamura et al., (25) have recently found some of the 
monoclonal antibodies for AFB1 had higher cross reactivity with 
aflatoxicol (AFRo), one of the aflatoxin metabolites. 
Nevertheless, the affinity of these antibodies to aflatoxicol was 
still lower than the affinity of the best monoclonal antibody to 
AFB1. Two types of AFB-DNA adducts have been prepared (17, 29-32). 
The monoclonal antibodies prepared against AFB-guanlne modified DNA 
and AFB-r1ng opened modified DNA showed virtually no 
cross-reactlvit^ with aflatoxlns Bl, B2a, dlol and AFB-guan1ne. 
They have a high degree of recognition for AFB-DNA adducts 
regardless of whether they are AFB-DNA or AFG-DNA (17). 
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Specificity of antibodies against trlchothecene mvcotoxins: The 
relative cross-reactivity of different types of antibodies against 
T-2 toxin and other trichothecenes with selected TCTCs are 
Illustrated in Figs. 4 and 5. It is apparent that these antibodies 
are very specific to the toxins that were originally used in the 
conjugation. Since T-2 antibody cross-reacted with HT-2 to some 
extent (5, 55, 56), it is possible to use this antiserum for 
monitoring HT-2; however, it is useless for the analysis of other 
important metabolites of T-2 toxin. Likewise, 1t is also possible 
to use the HT-2 and 3'-OH-T-2 antibodies to measure T-2 toxin 
(56, 60). The antibodies for DAS (15, 41-44) are highly specific 
for DAS itself, and cannot be used for monitoring DAS metabolites 
including either 4-mono-acetyl-DAS (4-MAS) or 15-mono-acetyl-DAS 
(15-MAS) as well as scirpentrlol. Antibodies against DOVE (5), 
triacetyl-DON (45), and 3-acetyl-D0N (46), however, can only be 
used for measuring DOVE, triacetyl-DON and 3-acetyl-DON. Thus, DON 
must be first converted to triacetyl-DON before analysis of DON 
can be made (8). Antibodie
were also obtained, with
toxin but not to the tetraol. Antibodies against macrocyllc TCTC 
rorldln A has recently obtained (47, 48). Such antibodies had 
highest cross-reaction with rorldln family TCTCs. As more data 
accumulated, we found that the side chain of TCTC groups play an 
Important role in eliciting antibody against this group of 
mycotoxlns. Consequently, an immunogen which was prepared by 
conjugating 3-acetyl-neosolan1ol-HS (3-Ac-NE0S-HS) to protein at 
the C-8 position Instead of using conjugates that have been coupled 
to the protein through the C-3 position of TCTCs, was used 
(58,59). We found that antibodies, both polyclonal and monoclonal 
type, obtained from animals after immunization with this Immunogen 
showed shown good cross-reactivities with most of the group A TCTCs 
(58, 59). The affinity of these antibodies to the acetylated group 
A trichothecenes 1s almost 10 times higher than to the 
non-acetylated group A trichothecenes. This property has become 
very useful for the development of an ELISA method for the 
detection of less than 10 ppb of group A trlchothecene in the urine 
and serum (65). The epoxide group In the TCTC appears not to be an 
important epitope for the production of antibody because we found 
that two types of antibodies raised against T-2 toxin, i.e. 
antl-T-2-HS-BSA and anti-3-Ac-NEOS-HS-BSA, showed good 
cross-reactivity with deepoxy T-2 toxin (66). 

The specificity of monoclonal antibodies against several types 
of TCTCs are also shown in Figs. 4 and 5. Several monoclonal 
antibodies were found to have specificities different from the 
polyclonal antibodies when the same type of immunogen was used. 
For example, immunization with T-2-HS-BSA conjugates resulted In 
monoclonal antibodies from different laboratories that each have 
different specificities. Some monoclonal antibodies have high 
specificity against HT-2 toxin (49), the others have specificity 
against 3'-OH-T-2 toxin (51). Since TCTCs have different side 
chains, the diversity of antibody specificity for those monoclonal 
antibodies might be due to the hydrolysis of either the Immunogen 
in the immunization process or the hydrolysis of the T-2 toxin 
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Figure 3. Specificity of different antibodies against selected 
aflatoxlns. Reference numbers are given in the parenthesis for 
each Immunogen used. Abbreviations are given in Table I except 
AFL which represents aflatoxicol. 

Figure 4. Specificity of different antibodies against T-2 
toxins. Reference numbers are given in the parenthesis for each 
Immunogen used. Abbreviations are given in Table I except 
NEOS, 4ol and 4Ac which represent neosolaniol, tetraol, and 
tetra-acetate, respectively. 
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Figure 5. Specificity of different antibodies against T-2 
toxin metabolites and selected trichothecenes. Reference 
numbers are given in the parenthesis for each Immunogen used. 
Abbreviations are given in Table I except MAS, NEOS, 4Ac and VA 
which represent monoacetoxysclrpenol, neosolaniol, 
tetra-acetate, and verrucarin A respectively. 
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conjugate 1n the microtiter plate during selection of the specific 
clones. 

Specificity of antibodies against other ochratoxln, 
ster1amatocvst1n and zearalenone: The antibody for ochratoxln A 
(OTA) was most specific for OTA and OTC, and was not specific for 
ochratoxlns B, alpha and other coumarlns (5, 34). Thus, they can 
not be used for monitoring OT-alpha which has been reported to be a 
major ochratoxln metabolite 1n animals. These results Indicate 
that phenylalanine and chloride Ion 1n OTA play an Important role 
1n eliciting OTA antibody. The antibodies obtained from pigs which 
were Immunized with the CMO derivative of zearalenone conjugated to 
BSA were most specific for zearalenone with good cross-reactivity 
with zearalanone, and low melting point zearalenol at the same 
degree as with zearalenone (5, 62). Thus, these antibodies could 
be used for the determination of both zearalenone In agricultural 
commodities and for monitoring zearalenone metabolites In serum 
(62, 67). The antibody agains
dehydro-ST (16 times less than ST), but had no cross-reaction with 
aflatoxlns and 6-0-methyl-ST (5). Similar to the antibodies 
against AFB2a, antibodies against ST also cross-react with ST-DNA 
adducts effectively (Olson and Chu, unpublished observation). 

Immunochemical approaches for mycotoxin analysis: 

Although a number of Immunochemical methods have been used for the 
analysis of small molecular weight biological substances, only 
radioimmunoassay (RIA), enyzme-1Inked Immunosorbent assay (ELISA) 
and 1mmuno-aff1n1ty assay (IAA), have been developed for the 
analysis of mycotoxlns. Recent developments have led to several 
quick screening tests and more than 10 types of commercial kits 
have become available In the last few years (8, 10, 13). In most 
cases, sample after extraction from the solid matrix and diluted In 
buffer can be directly used In the assay. Since the application of 
Immunoassay for several mycotoxlns are covered by other speakers, I 
will only briefly highlight some of the recent progress on these 
methods. 

Progress on the RIA of mycotoxlns: Since RIA Involves the 
competition between the binding of antibody with a radioactive 
marker and the toxin in the sample, the specific activity of 
radioactive llgands plays an essential role In the sensitivity of 
RIA. Whereas tritated mycotoxlns are generally used In the RIA 
with a sensitivity between 0.25-0.5 ng/assay (2-5 ppb), recent 
developments have led to the use of more sensitive labeled markers 
such as 125I-AFB1, 125I-AFM1 (68-71) and 125I-OA (72, 73). C-14 
labeled has also been for OTA analysis (36). RIA Is now more 
simple to perform using a magnetic gel which antibody is conjugated 
to (Wei and Chu, unpublished observations) as well as other solid 
phases (6-9). The sensitivity of RIA Is Improved by a more 
efficient simple cleanup treatment (5, 8, 36, 68, 74). However, 
because of the need for radioactive toxin, RIA can only be used In 
a laboratory which has facilities for determining radioactivities. 
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Competitive enzyme-Τ Inked Immunosorbent assays (ELISA): Two types 
of ELISA have been used for the analysis of mycotoxlns and both 
types are heterogenous competitive assays. One type, I.e. direct 
ELISA, Involves the use of a mycotoxln-enzyme conjugate and the 
other system, I.e. Indirect ELISA, Involves the use of a 
proteln-mycotoxln conjugate and a secondary antibody to which an 
enzyme has been conjugated. Although horseradish peroxidase (HRP) 
1s most commonly used as the enzyme for conjugation, other enzymes 
such as alkaline phosphatase and beta-galactosldase, also have been 
used (5, 9, 13). 

Direct Competitive ELISA: In this assay, specific antibodies are 
first coated to a solid phase, most commonly to a microtiter plate 
although other solid-phases have been used (1-13). The sample 
solution or standard toxin is generally incubated simultaneously 
with enzyme conjugate or Incubated separately In two steps. After 
washing, the amount of enzyme bound to the plate is then determined 
by incubation with a substrat
color, which Is Inversel
concentration present in the sample, Is then measured 
instrumentally or by visual comparison with the standards. In 
general, direct ELISA is approximately 10-100 times more sensitive 
than RIA when purified mycotoxin is used. As low as 2.5-5 pg of 
pure mycotoxin can be measured. However, the sample matrix 
sometimes causes Interference with the assay. This problem 1s 
generally overcome by dilution of the sample to a range which does 
not affect the assay (75) or by using sample extract in the 
preparation of the standard curve (6-8, 12, 13). Since a clean-up 
step is generally not necessary, many samples can be analyzed 
within a relatively short period. The sensitivity of the direct 
ELISA for the analysis of mycotoxlns in foods and feeds Is in the 
range of 0.05 to 50 ppb (6-8, 12, 13). Like RIA, the sensitivity 
of ELISA can be Improved when a cleanup treatment is included 
(6-9). For example, when milk or urine samples were subjected to a 
simple cleanup treatment with a C-18 reversed-phase Sep-Pak 
cartridge (76) or through an affinity column (9, 22, 36, 77), the 
sensitivity of ELISA for AFM in milk and urine reached the 10-25 
ppt level. Use better antibody and toxin-enzyme conjugates, the 
time required to run the ELISA has improved considerably. Thus, 
the whole ELISA can be completed within one hour. By shortening 
the incubation time, and also using of removable microtiter wells, 
this method could be used as a screening test for mycotoxlns (8-13, 
75, 77, 78). A protocol for screening AF In cotton seed and mixed 
feed has been approved as the interim official first action by the 
AOAC (13, 80). 

Indirect competitive ELISA (or double antibody ELISA): In the 
indirect ELISA, Instead of using a mycotoxln-enzyme conjugate, a 
mycotoxin-protein (or polypeptide) conjugate is first prepared and 
then coated to the microplate (1-13). The plate is then Incubated 
with specific antibody against the mycotoxin In the presence or 
absence of the homologous mycotoxin. The amount of antibody bound 
to the plate coated with mycotoxin-protein conjugate 1s then 
determined by reaction with a second antibody-enzyme complex such 
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as goat ant1-rabbit IgG-enzyme complex or goat antl-mouse-IgG 
(IgM)-enzyme complex which Is generally commercially available, and 
by subsequent reaction with the substrate. Thus, toxin In the 
samples and toxin 1n the sol Id-phase competes for the same binding 
site with the specific antibody In the solution. The sensitivity of 
the Indirect ELISA Is comparable to or slightly better than the 
direct ELISA with the advantage that much less antibody (100 times 
less) Is required. In addition, It Is not necessary to prepare a 
toxin-enzyme conjugate. The disadvantage of the method Is that an 
additional Incubation step Is necessary for the assay and thus, It 
requires more analytical time (2-3 hours). Modifications on the 
Indirect ELISA have been made for the analysis of several 
mycotoxlns. One approach Involved the conjugation of antibody, 
especially monoclonal antibody, to an enzyme and then use directly 
In the assay (81, 82). The second approach Involved pre-mlxlng the 
antibody with the second antibody-enzyme conjugate. Such 
modifications have shortened the assay time without sacrificing the 
sensitivity. Because onl
the Indirect ELISA, this method has been used extensively for 
monitoring the antibody titers of hybridoma culture fluids for the 
screening of monoclonal antibody producing cells (1-13) In addition 
to toxin analysis. 

Immunoafflnlty assay: The Immunoaff1n1ty assay which Involves the 
use of an antibody column that traps the mycotoxlns has been used 
for AFB1, AFM1 and OTA (8, 9, 13, 36, 83,84). The toxin can be then 
eluted from the column for subsequent analysis or adsorbed In a 
solid-phase to which the fluorescence Is then read directly. Thus, 
the affinity column serves as a specific cleanup and concentration 
tool for the analysis. Recent advances in Improvement of 
Instrumentation of fluorescence detection and post-column 
derlvatlzatlon have led to a wider application of this method for 
AF detection. An AOAC collaborative study showing good result has 
been completed (85). In such an assay, AF extracted from the 
sample Is first diluted with buffer at pH 7.0 and then subjected to 
a disposable affinity column containing ant1-AF antibody Sepharose 
gel. After washing, AF Is removed from the column with methanol, 
subjected to treatment with iodine solution, and the fluorescence 
determined. Nevertheless, this method cannot be used for 
mycotoxlns, such as TCTCs, which do not have high fluorescence or a 
chromophore. 

New developments: Several new approaches for the analysis of 
mycotoxlns have been made 1n recent years. One method called 
the"h1t and run" assay (86) was developed for T-2 toxin. In this 
assay, an affinity column which was prepared by conjugating T-2 
toxin to Sepharose gel, was equilibrated with fluorescein 
Isothiocyanate (FITC)-labelled Fab fractions of IgG (ant1-T-2 
toxin). Samples containing T-2 toxin were Injected Into the 
column. The FITC-Fab which eluted together with the samples 
containing T-2 toxin was then determined in a standard flow-through 
fluorometer. The detection limit for T-2 toxin was found to be 
between 25 and 50 ng/mL. Although this assay 1s rapid and the 
column could be used many times, 1t was very selective and required 
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specific monoclonal antibodies (Chu, unpublished observations). The 
sensitivity was also not very high. Another approach that may lead 
to the development of a biosensor 1s a homogenous Immunoassay for 
T-2 toxin which Involves the use of liposomes and complement (87). 
Unfortunately, the system Is not very sensitive. Antibody against 
T-2 toxin has been conjugated to fiber optics which could be used 
1n the future for the development of a biosensor (88). 

Quick screening tests: By shortening the Incubation time and 
adjusting the antibody and enzyme concentrations In the 
direct/modified Indirect competitive microtiter plate ELISA assay 
system, It is possible to obtain a positive or negative test at 
certain toxin levels (such as 20 ppb) as a quick screening test for 
AF. This approach has been adapted by the AOAC as first action for 
screening AF at 20 ppb 1n several commodities (8, 9, 13, 78, 80). 
Several other types of Immunoscreenlng tests which have similar 
sensitivity to those of ELISA, were developed for mycotoxin 
analysis In recent years
coating the antibody ont
approach immobilizes the antibody on a paper disk or other membrane 
which Is mounted either 1n a plastic card (card screen test) or 1n 
a plastic cup (8). The reaction is carried out on the wetted 
membrane disk. The principle of the reaction In this assay format 
1s similar to that of direct ELISA. In practice, sample extracts 
(a few drops) could be first applied to the test spot on the 
plastic card or 1n the cup, followed by reaction with 
aflatoxin-enzyme conjugate, washing, and finally reaction with the 
substrate. The absence of color (or decrease in color), generally 
blue, at the spot indicates the sample contains mycotoxlns as 
comparing with a negative control spot where a bright blue color 
appears. The reaction Is generally very rapid and takes less than 
10 m1n. to complete. Thus, the rapid screening test kits permit 
monitoring of mycotoxlns semi-quantltatively In the field. Good 
correlation between the quick screening methods with conventional 
methods such TLC and HPLC methods has been found. Collaborative 
studies for some of these new screening tests are currently being 
carried out (80). 

Compllmentarilv of chemical analyses and immunochemical methods: 

Immunoaffinlty chromatography as a cleanup tool: The application 
of affinity column chromatography for the immunoassay of mycotoxlns 
began as early as 1977 when Sun and Chu Immobilized antibody to 
Sepharose gel, which was then used In a RIA (91). Subsequent 
studies led to use of the affinity column as a tool for 
pre-concentration and cleanup of samples of mycotoxlns before RIA 
or HPLC analysis (30, 92). With the availability of different 
monoclonal antibodies against AFB and AFM, affinity chromatography 
has gained wide application as a cleanup tool for AF analysis 1n 
recent years. Because the first step in affinity chromatography 
Involves the binding of toxin with the column at neutral pH, this 
method is ideal for biological fluids. Thus, this method Is used 
more frequently for the analysis of AF metabolites, especially AFM 
In biological fluids including urine and milk (8, 9, 13). More 
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recently, a robotic system Involving the use of an affinity column 
and HPLC was developed for routine analysis of AFM in milk (93). 

Immunochromatography: A new approach Involving the use of ELISA as 
a post column monitoring system for HPLC for the analysis of 
different group A TCTCs was developed. Various group A 
trichothecenes were first separated on a C-18 reversed-phase 
column. Individual fractions eluted from the column were analyzed 
by ELISA using generic antibodies against group A trichothecenes. 
This approach not only can identify each individual group A 
trlchothecene, but also can determine their concentration 
quantitatively. As low as 2 ng of T-2 toxin and related 
trichothecenes as well as their metabolites can be monitored by 
this method. Combination of HPLC and ELISA technology proved to be 
an efficient, sensitive and specific method for the analysis of 
trichothecenes (94) and other mycotoxlns. 

Concluding Remarks: 

Different approaches used In the preparation of Immunogens have led 
to production of various antibodies, Including both monoclonal and 
polyclonal antibodies, with diverse specificity against 
mycotoxlns. With availability of such antibodies, good and 
reliable Immunoassay protocols for mycotoxlns, in different 
commodities have been established. These methods are very simple, 
sensitive and specific. Several immunoassay kits for aflatoxin and 
other mycotoxlns are currently available. It Is imperative for 
those who perform the Immunoassay to know the specificity of the 
antibody used 1n each assay. Depending on the purpose of research 
or routine analysis, selection of appropriate antibody plays an 
Important role In determining the success of a typical assay. 
Antibodies highly specific to certain mycotoxlns as well as 
antibodies which cross-react with a group of mycotoxin (generic 
type) are Important, and both should be considered for 
immunoassays. Immunochemical methods, including affinity 
chromatography as a clean-up tools and immunoassay as a post-column 
HPLC monitoring system, have been used 1n conjunction with other 
analytical methodology. Immunohistochemical methods have also been 
used for localize mycotoxlns in animal tissues (4, 8). Such 
innovative approaches have led to a new dimension In the 
immunochemical method for mycotoxlns. This type of research should 
be continued and extended in addition to the development of new 
antibodies for other Important mycotoxlns and mycotoxin 
metabolites, especially generic type antibodies and Improvement In 
the existing Immunoassay protocols. 
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Chapter 13 

Aflatoxin Immunoassays for Peanut Grading 

R. J . Cole, J . W. Dorner, and F. E. Dowell 

National Peanut Research Laboratory, Agricultural Research Service, U.S. 
Department of Agriculture, 1011 Forrester Drive, SE, Dawson, GA 31742 

Recent studies conducted to determine the accuracy
speed, and expens
(ELISA) screening
light of proposals that such a method be implemented as 
part of the official grading system for farmers stock 
peanuts. The studies have shown several of the ELISA 
methods to be reliable with regard to screening accuracy. 
This combined with the speed of the analyses and the 
relatively low costs could make a practical change in the 
way incoming loads of farmers stock peanuts are evaluated 
for aflatoxin contamination. 

The U.S. peanut industry has developed a system for aflatoxin 
management during the production and processing of peanuts.- This 
system includes diversion of aflatoxin-suspect lots at the initial 
point of sale of farmers stock peanuts, analysis of shelled peanuts 
prior to sale, and removal of aflatoxin-contaminated kernels during 
the shelling, blanching, and manufacturing processes (1). Removal of 
contaminated kernels during these processes is achieved by screening 
out small kernels and removal of damaged kernels by electronic color 
sorting and hand-picking. 

Sale of farmers stock peanuts starts at the grading point where 
a value is placed on the peanuts based on several grade factors. The 
official U.S. peanut grading system currently relies on an indirect 
visual method for detecting loads of peanuts suspected of being 
contaminated with aflatoxin and diverting them from edible channels 
to oil production. This procedure involves a visual examination of 
loose-shelled kernels from approximately 1800 g of farmers stock 
peanuts and of kernels from a 500 g subsample of pods for the 
presence of the aflatoxin-producing fungi. If any kernel shows 
evidence of Aspergillus flaws growth, the entire lot of 
approximately 4000 kg of farmers stock peanuts is diverted to oil 
stock without further evaluation. The refined oil is free of any 
aflatoxin, which resides primarily in the meal, and residual 
aflatoxin contained in the crude oil is degraded during the refining 
process. The meal cannot be used for feed purposes and must be 
destroyed, exported, or used for fertilizer purposes only. 

The U.S. peanut industry is currently considering the 
feasibility of implementing a new approach for aflatoxin management 
at the grading point. This involves different sampling and detection 
methods for more effective aflatoxin control. This paper discusses 
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the f e a s i b i l i t y of using Enzyme-Linked Immunosorbent Assay (ELISA) 
screening methods as part of the grading of farmers stock peanuts. 

In order to implement use of a direct analytical method for 
detecting aflatoxin-contaminated lots at peanut grading points, the 
method should meet several c r i t e r i a . F i r s t , i t should be relatively 
inexpensive, because of limited available resources. Second, the 
method should be relatively accurate, particularly around the current 
FDA action level of 20 ppb. Third, i t must be relatively simple to 
conduct. The peanut grading season lasts only 2-3 months; therefore, 
employees must be trained each year. In addition, employees may work 
10-15 hours per day, which dictates that the analytical method be 
simple in order to minimize physical and mental fatigue. Finally, 
and, perhaps, most important criterion i s speed, since any analytical 
method cannot impede the flow and sale of peanuts through the grading 
process, particularly during peak processing periods. Since the 
peanut harvest season can be very short and grading points are 
extremely variable in size (capacities for processing range from 20-
200 samples daily), each test needs to be completed within five 
minutes. 

Recently, the effectiveness of the o f f i c i a l visual method was 
compared with a rapi
[Environmental Diagnostics
presence or absence of aflatoxin in farmers stock grade samples (2). 
The 152 samples used for comparison were o f f i c i a l grade samples 
obtained for analysis after the grading inspectors had completed 
their inspection. The comparative analyses were conducted on common 
methanol-water (80:20;2 ml/g) extracts. The ELISA test was conducted 
according to recommendations of the suppliers. HPLC analyses were 
done according to the method of Dorner and Cole (3). 

The results showed 41% of the grade samples determined to be 
contaminated by visual inspection contained less than 20 ppb 
aflatoxin when analyzed by both ELISA and HPLC methods; 18.7% of 
peanuts determined to be uncontaminated by visual inspection actually 
contained aflatoxin with a range of 26-2542 ppb. The results of 
ELISA and HPLC agreed in 98.6% of the composite sample analyses with 
the detection of 20 ppb or greater. However, the ELISA screening 
method failed to give positive tests 12 of 13 times when the 
aflatoxin content was between 20-43 ppb in the component samples. 
Samples were' analyzed at the rate of one every two minutes when 
duplicate analyses of ten samples (20 analyses) were performed. 

It was concluded that the direct ELISA method was considerably 
more effective (97.6% effective) than the visual method (51% 
effective) in identifying farmers stock grade samples that were 
contaminated with aflatoxin at levels >20 ppb. 

This prompted a subsequent study comparing duplicate analyses 
of common extracts using the EZ-Screen Quick Card and Afla-10 Cup 
Test (International Diagnostics Systems Corp., St. Joseph, MI) with 
HPLC (4). However, in this case a large number of samples in the 
c r i t i c a l range of 0-50 ppb range were selected from an unrelated 
study by HPLC for the comparison. Both ELISA methods were performed 
according to manufacturers' instructions; the HPLC method was 
conduced according to the method presented previously. One hundred 
common extracts (methanol-water, 80:20; 2 ml/g) in the c r i t i c a l range 
of 0-50 ppb were analyzed in duplicate by a l l methods. 

Each ELISA assay properly identified 95% of samples containing 
no detectable aflatoxin as negative and >97% of samples containing 
>10 ppb aflatoxin as positive. The EZ-Screen Quick Card, which had 
a 20 ppb detection threshold, identified as positive 32 of 34 samples 
in the 11-20 ppb range. This indicated that the card test might 
actually have a detection threshold closer to 10 ppb. Most of the 
errors associated with both assays occurred on samples containing <10 
ppb aflatoxin. The cup and card tests identified 76 and 67% of 
samples, respectively, as negative in the range of 4-10 ppb. 

The objective of an aflatoxin testing program i s to identify 
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p o s i t i v e loads of farmers stock peanuts and to d i v e r t these to o i l 
stock or p o s s i b l e cleanup. Results from t h i s study i n d i c a t e d that 
e i t h e r the card t e s t or the cup t e s t would r e l i a b l y (>95%) i d e n t i f y 
samples of peanuts containing >10 ppb of a f l a t o x i n s . Likewise, both 
methods were r e l i a b l e (95%) i n properly i d e n t i f y i n g samples that were 
negative f o r a f l a t o x i n . Because of t h i s degree of accuracy, both 
methods were deemed w e l l - s u i t e d f o r use as r a p i d screening t o o l s at 
peanut grading p o i n t s . 

The USDA/Federal Grain Inspection Service r e c e n t l y completed a 
thorough study which compared s i x commercially a v a i l a b l e a f l a t o x i n 
t e s t k i t s to the c u r r e n t l y used Holaday-Velasco minicolumn method f o r 
determining a f l a t o x i n i n corn (5). The study included f i v e ELISA 
t e s t k i t s . These were the Afla - 2 0 Cup, A f l a t e s t (VICAM, Somerville, 
MA), A g r i s c r e e n (Neogen, East Lansing, MI), EZ-Screen Quick Card and 
Oxoid (not an ELISA t e s t ) . C r i t e r i a used f o r e v a l u a t i o n included 
accuracy, safety, user performance, speed, and v a r i a b l e and f i x e d 
c o s t s . The o b j e c t i v e of the FGIS study was to determine i f a s i n g l e 
a l t e r n a t e screening t e s t could be used to replace the two c u r r e n t l y 
used screening t e s t s , the b l a c k l i g h t t e s t and Holaday-Velasco 
minicolumn method (HV)  The study was designed to compare the 
ef f e c t i v e n e s s of the a l t e r n a t
sample sets of corn containin
negative samples were used i n t h i s study. The r e s u l t s showed that, 
with one exception (Agriscreen t e s t ) , a l l t e s t s evaluated were 
capable of pr o v i d i n g the same r e l i a b i l i t y as the HV method. The 
performance of the Afla - 2 0 Cup Test was the only t e s t r a t e d as b e t t e r 
than the HV minicolumn. The Afla - 2 0 Cup a l s o scored highest on user 
preference where each analyst ranked the t e s t s according to ease of 
use (Table 1). The average length of time r e q u i r e d per assay, 
excluding sample preparation and e x t r a c t i o n , was 5.71 min compared to 
7.42 min f o r EZ-Screen, 9.09 min f o r Agriscreen and 10.33 min f o r 
A f l a t e s t (Table 2). The Afla-Cup Test had the lowest v a r i a b l e costs 
at $4.68, while the EZ-Screen had the lowest f i x e d c o s t s / s i t e at 
$121.36 (Table 3). 

Table I. Ranking based on user preference scores 

Ranking Test 
Afla-Cup 

EZ-Screen 
A f l a t e s t 

A g riscreen 
Oxoid 

F i r s t 
Second 
T h i r d 
Fourth 
F i f t h 

Taken from FGIS study 

Table 2. Average length of time req u i r e d per assay 

Afla-Cup 
EZ-Screen 

Test 
Average time 

per t e s t (min) 

A f l a t e s t 
Oxoid 

Agriscreen 

5.71 
7.42 
9.09 

10.33 
15.27 

Taken from FGIS study 
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Table3. V a r i a b l e and f i x e d costs f o r each t e s t . 

Test V a r i a b l e costs/tësT Fixed c o s t s / s i t e 

Agriscreen 
Oxoid 

Afla-Cup 
EZ-Screen 
A f l a t e s t 

$4.68 $184.50 
6.02 121.36 
6.05 2,681.56 
7.00 495.00 

18.04 901.36 

Taken from FGIS study 

The r e s u l t s of t h i s study f u r t h e r s u b s t a n t i a t e d previous 
s t u d i e s that the new ELISA screening t e s t s provide an e x c e l l e n t 
opportunity to implement a d i r e c t a n a l y t i c a l method at peanut grading 
p o i n t s . 
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Chapter 14 

Field Evaluation of Immunoassays 
for Aflatoxin Contamination in Agricultural 

Commodities 

Douglas L. Park, Henry Njapau, Sam M . Rua, Jr., 
and Karen V. Jorgensen 

Department of Nutrition and Food Science, University of Arizona, 
Tucson, AZ 85721 

Four commercially available aflatoxin test kits based on immunochemical 
technology were used to monitor aflatoxin contamination in whole 
cottonseed under non-laboratory conditions. The kits, utilizing monoclonal 
antibodies to measure aflatoxin levels, can be divided into two categories: 
enzyme-linked immunosorbent assay (ELISA) and affinity columns. Assays 
were performed at cotton gins, dairy farms, feed mills, ammoniation plants 
and cotton oil processing plants under varying environmental conditions. 
Results from these locations were compared to those obtained in the 
laboratory using the same kits and thin layer chromatography (TLC). 
Preliminary results show good agreement between on-site and laboratory kit 
performance. Agreement between kits was 92% on-site and 83% in the 
laboratory. These results indicate that the kits are suitable for use under non­
-laboratory conditions. Aflatoxin stability in aqueous methanol extracts was 
determined using the immunochemical kits and TLC. Aflatoxin concentration 
decreased by almost 40% after 4 days. 

Natural toxicants occurring in human foods and animal feeds present a potential health 
hazard to man. The significance of the risk due to mycotoxin contamination is dependent on 
the toxicological properties of the compound (acute, sub-acute or chronic toxicity, 
reproductive, mutagenic or teratogenic) as well as the extent of human exposure (occurrence, 
incidence and level of contamination). Aflatoxins, characterized as Blf B2, G„ and G2, are 
potent hepatocarcinogens and toxins. Their metabolites and reaction products, including 
aflatoxin M,, a metabolite of aflatoxin B, found in milk of dairy cows exposed to aflatoxin-
contaminated feed, have also demonstrated toxic potentials (1). Prevention of exposure to 
such toxic agents, which is dependent on rapid screening of food and feedstuff's, is more 
desirable than undertaking curative measures after toxicity has occurred. Such prophylactic 
measures are often in the form of surveys or monitoring programs which involve assaying 
large quantities of samples. 

On a global scale, surveys and monitoring programs have had limited effectiveness due 
to various constraints, among them: the need for a laboratory set-up (often only one facility 
exists in a developing economy), transportation and methodology requiring expensive 
equipment. Thin layer (TLC) and liquid chromatographic (e.g. high performance liquid 
chromatography (HPLC)) methods have been developed, validated and are still used in a 
variety of situations (2.3). These methods are unsuited for rapid screening because they 
involve expensive and sophisticated equipment, extensive sample cleanup limiting the number 
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of assays that can be performed and the need for a laboratory set-up. A number of 
immunochemical assays using aflatoxin-specific polyclonal antisera have been developed (4.5). 
The advantages offered by these assays include high specificity and sensitivity, relatively 
inexpensive equipment, and the capability to routinely screen large numbers of samples due 
to a reduction in assay time. The potential of immunochemical methods, particularly the 
enzyme-linked immunosorbent assay (ELISA) and affinity columns to rapidly assay for low 
levels of aflatoxin in milk, corn, cottonseed, peanuts and peanut products has been evaluated. 
In these studies their performance has been comparable to, and often more sensitive than, 
TLC (6), HPLC © , and radioimmunoassay (8). Commercial production of stable, solid-phase-
coupled, aflatoxin antibody kits (Aflatest-10, Vicam Corp.; Afla-20 Cup, International 
Diagnostics Systems Corp.; Agri-Chek, IDEXX Corp.; and Agri-Screen, Neogen Corp.) has 
greatly increased the potential of immunoassays as a rapid screening tool. The performance 
of some of these kits (Afla-20 Cup, Aflatest-10 and Agri-Screen) under laboratory conditions 
has been demonstrated in inter-laboratory validation studies for corn, peanuts, and cottonseed 
(9-11). The United States Department of Agriculture (USDA) has adopted the use of these 
techniques for screening aflatoxin in corn and peanuts (12). Studies evaluating the 
performance of these immunological based methods under non-laboratory conditions  which 
would enhance the efficiency o

This study focused on the applicabilit
kits to adequately screen for aflatoxin in cottonseed under non-laboratory conditions by 
comparing their performance to laboratory results. On a global scale, TLC and 
immunochemical methods would have highest potential use. TLC was used to confirm the 
presence and identity of aflatoxins in the test samples. 

Materials and Methods 

Sample Collection and Preparation. Cottonseed samples of unknown aflatoxin contamination 
levels were collected from cotton gins, ammoniation plants (ammonia is used to 
decontaminate aflatoxin-contaminated seed), a dairy farm, cottonseed oil processing plants, 
and feed mills in the areas of Stanfield, Casa Grande and Tucson, Arizona. At each location 
six to ten three-pound samples of whole cottonseed were collected using a 3-inch vacuum 
probe (Probe-A-Vac) (Park, D.L. J. Assoc. Off. Anal. Chem.. in press). Approximately 1 Kg of 
each sample was dehulled in a ultracentrifugal mill (Retsch, Brinkmann, ZM 1, Westbury, 
NY) with the grinding screen removed, followed by fine grinding in the same mill with a 2.0 
mm grinding screen installed such that the ground material passed a No. 18 sieve. The entire 
ground sample was mixed in a twin shell blender for 20 minutes prior to taking a test 
portion. 

The test portion (50g) was extracted with 250 mL methanol:water (80+20) for 1.0 
minute at high speed in a Waring blender. The mixture was gravity settled for 15 minutes and 
filtered through Whatman No. 4 filter paper. This common filtrate was used for all 
immunochemical and TLC analyses. 

Aflatoxin Analysis. Immunoassays were performed at the various locations where samples 
were collected and repeated approximately 24 hours later in the laboratory (Food Toxicology 
Research Laboratory, Department of Nutrition and Food Science, University of Arizona). The 
four commercially available (US market) test kits, listed below, were used: 

1. Aflatest-10 - Vicam Corp., Somerville, MA 02145. 
2. Afla-20 Cup - International Diagnostic Systems Corp. 

St. Joseph, MI 49085 
3. Agri-Chek - Idexx Corp. Portland, ME 04101. 
4. Agri-Screen - Neogen Corp. Lansing MI 48912. 

Each test kit is available with reagents and accessories sufficient for analysis. Upon receipt, 
the Afla-20 Cup, Agri-Chek and Agri-Screen test materials were kept refrigerated (4° C) until 
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use. The AflatesMO kit does not require refrigeration. The assays were conducted according 
to manufacturers' specifications (as summarized in Table I) with the relative concentrations 
of methanol in the extract adjusted accordingly. Assay readings were classified as negative or 
positive depending on whether they were below or above 20 ppb, respectively. The Agri-
Screen test kit used in this study was Version I. Version II, currently available commercially, 
has improved sensitivity and specificity and is currently under study. 

Table I. Comparison of Procedural Steps of Immunochemical Test Kits for Aflatoxin 

AflatesMO 
(Affinity Column) 

Immunochemical Kit 
Afla-20 Cup 
(ELISA) 

Agri-Screen 
(ELISA) 

Agri-Chek 
(ELISA) 

MeOHiHjO 
Ratio 70+30 80+20 55+45 70+29" 

Extract Amount 
Used in Analysis 20 mL 

Incubation Time 
(minutes) NAb 1.0 5.0 30.0 

Washing 2 χ 10 mL 1.5 mL 10 χ 0.5 mL 5 χ 0.5 mL 
HjO reagent* Hfi H p 

Color Develop­
ment Time 15-30 secs.d 1.0 min. 5.0 min. 10 min. 

Total # of 
Analytical steps 10 10 

Assay Time 
(minimum) 12 min. 5 min.' 15 min.f 45 min.f 

Nature of Test semi­
quantitative 

positive/ 
negative 

semi- semi­
quantitative quantitative 

"Methanohwaterrdimethyl formamide (70+29+1) 
*ΝΑ = not applicable 
'Washing reagent supplied with kit 
Reaction time with dilute bromine developing solution 
•Simultaneous analysis of up to three samples possible 
'Simultaneous analysis of up to 10 samples possible (with multichannel pipette) 

TLC analysis was performed in the laboratory approximately 24 hours after extraction in 
the field due to long distances from on-site locations (25-100 miles). The assays were based 
on adaptation of the method of Thean et al., (13) and AOAC sections 26.031 and 26.083. Fifty 
(50) mL from the common extract was mixed with 50 mL of 0.6M (NH^SOj and 5g of Celite 
545, then stirred for 2 minutes and filtered through fluted filter paper. The filtrate (lOOmL) 
was placed in a 250 mL separatory funnel and partitioned twice into 5 mL portions of 
chloroform. The solution was evaporated to dryness under nitrogen and reconstituted in 0.5 
mL chloroform. After dilution with 0.5 mL hexane the material was applied to a 1.0 cm (i.d.) 
column (4 cm bed, 37-75 /on Porasil A silica gel). The column was washed sequentially with 
2 mL hexane and 2 mL ether. Aflatoxin was eluted from the column with 5 mL 
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chloroformrethanol (95+5) and evaporated to dryness. The dried extract was dissolved in 200 
fiL of benzene:acetonitrile (98+2) and varying amounts of sample and aflatoxin standard 
were spotted on a pre-coated TLC plate (Kieselgel 60, E. Merck) and developed in 
chloroform:acetone (9+1). Quantities were estimated visually under long wave UV light (365 
nm). Aflatoxin identity was confirmed by trifluoroacetic acid derivatization (AOAC 26.083). 

In order to determine whether the aflatoxin content of the 80% methanol extracts 
remained stable over the 24 hour period between extraction and laboratory analysis, 3 
extracts from naturally contaminated cottonseed were stored at 4° C for a period of 10 days. 
The extracts were analyzed on days 0, 1, 2, 3, 4, 5, 6, 7, and 10 by both TLC and 
immunochemical methods. Reductions in aflatoxin concentration were recorded as a 
percentage of that obtained from day zero (Figure 1). 

Results and Discussion 

Results in Table II demonstrate that the performance of all kits was comparable under both 
conditions. There was an apparent difference in the performance of the individual kits  with 
Agri-Screen showing the highes
underlying principle of each tes
development. The detection phase of the AflatesMO affinity column is based on the 
measurement of the fluorescence of a reaction product between aflatoxin and bromine. For 
this specific test, extract age and site conditions may account for the variation in readings 
since a fluorometer was used on-site and in the laboratory. The other three immunochemical 
kits are based on color development. For the Afla-20 Cup, blue coloration implied an aflatoxin 
concentration below 20 ppb. This distinct end point greatly simplified the reading of the 
results hence rnmimizing analyst error. The Agri-Chek and Agri-Screen kits also employ color 
development but in a graded fashion where a small variation in the amount of color produced 
was dependent on the amount of aflatoxin in the extract. This compromised visual estimation 
as it was sometimes difficult to determine whether a sample was equal to, less than, or 
slightly above the concentration of the standard it was being compared to. There were no 
apparent difference between the individual kits because comparable results were observed on-

TABLE II. Comparison of On-Site and Laboratory Results of Immunochemical Methods 

Immunochemical Number of Percent (%) 
Kit Analyses Agreement1 

Afla-20 Cup 72 85 

AflatesMO 62 94 
(affinity column) 

Agri-Screen (visual2) 60 67 
(reader3) 46 70 

Agri-Chek (visual2) 51 96 
(reader3) 47 85 

1 Agreement between on-site and laboratory results 
2 Analytical result determined visually 
3 Analytical result determined with Titertek Multiscan III 

site (92%) and in the laboratory (83%). This observation may be attributed to the fact that 
although antibody specificity of the kits varies, they all have high reactivity with aflatoxin B„ 
the major contaminant in cottonseed. Antibodies used in these kits cross-react with other 
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Figure 1. Aflatoxin recovery versus time from a methanohwater (80+20) extract of 
cottonseed meal. 
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aflatoxins to varying degrees; therefore, inter-kit variation may be different in commodities 
with higher levels of aflatoxins G„ or G 2. 

Ammoniated cottonseed samples were also analyzed in this study. Ammoniation is a 
process that has successfully reduced (>99%) anatoxin levels in corn, peanut and cottonseed 
products Q4). Arizona uses this process to treat aflatoxm-contaminated, whole cottonseed and 
cottonseed meal. This process had no apparent effect on the function of any of the 
immunochemical test kits. 

Manufacturer's specifications for the kits included an operating temperature range of 23-
29° C (room temperature). Temperatures at the testing sites varied from 26° C to 38° C; only 
the laboratory conformed to the recommended range. As the results in Table II indicate, these 
differences do not seem to affect kit performance to a great extent, as long as kits requiring 
refrigeration are kept at low temperature, i.e. in an ice chest, until an hour before assay time. 
Reports by other workers indicate that portions of immunochemical assay (enzyme-conjugate 
incubation) could be carried out at 37° C (15.16). An investigation into the effect of 
prolonged exposure to such high temperatures was outside the scope of this study. However, 
Koeltzow and Tanner (12) reported that the Afla-20 Cup, AflatesMO and Agri-Screen 
performed equally well at 18, 2

Compared to TLC values, th
the laboratory (Table III). The laboratory performance of the kits used in this study has been 
evaluated by several investigators. Dorner and Cole (17) and Trucksess et al., (2) reported the 
satisfactory performance of the Afla-20 Cup test kit in assaying for anatoxin in corn, 
cottonseed and peanuts. This kit has been adopted as official first action by the AOAC for corn 
(^30 ppb) and cottonseed and peanut butter (^20 ppb). Similarly the effectiveness of the 
affinity column test kit for monitoring total aflatoxin in corn, peanuts and peanut butter, has 
been validated through a collaborative study, and was found suitable for levels of 10 ppb or 
more (Trucksess, M.W. J. Assoc. Off. Anal. Chem.. in press). This kit has also been designated 
interim first action by the AOAC. In other validation studies, Park et al., (10.11) evaluated the 
performance of the Agri-Screen test kit, which is also AOAC approved, and reported a 35.2 
± 15.9 mean when compared to a TLC value of 36 ppb in corn and peanuts. The difference 
between our results and those reported by other investigators (preceding discussion) could 
be attributed to the design of each study. We tested cottonseed of unknown, naturally-
incurred contamination levels whereas spiked (known concentration) samples were used in 
the other studies. In this report inherent errors and variations in readings in both TLC and 
immunoassays (Table IV) were ignored because TLC was not intended to provide the correct 
aflatoxin concentrations to which the immunoassays were to be compared. TLC was solely 
used to confirm the presence and identity of aflatoxin in the samples. The kits are therefore 
more accurate than is reflected in this report 

Because of long distances between the laboratory and on-site locations, laboratory 
analyses had to be performed a day later. We investigated the effect of extract storage on the 
values obtained in the laboratory. Our results show that aflatoxin content decreased with 
time, to about 60% after four days, in methanohwater (80+20) when stored at 4° C (Figure 
1). Contrasting findings have been reported by other workers. Dorner and Cole (17) reported 
that aflatoxin extracted into methanol from peanuts remained stable for at least three months. 
On the other hand, Kiemeier and Meshaley (18) reported aflatoxin M, decreased by 11-25% 
at 5° C after three days and by as much as 80% after six days at 0° C. Although we did not 
specifically investigate the changes occurring to the aflatoxin molecule, it was interesting to 
note that the decrease observed using immunochemical methods was less than TLC (Figure 
1). We postulate that there may be co-extractants that bind the aflatoxin molecule making 
it less available for TLC but still recognizable by antibodies. 

Summary and Conclusions 

Current emphasis in aflatoxin monitoring programs is on large-scale screening. Using these 
immunochemical methods on-site offers the advantage of speed and prompt "go/no go" 
decisions. The kits are versatile and easily transported to testing locations with accessories 
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Table III. Percent (%) Agreement of Immunochemical Results When Compared to TLC1 

Anatoxin Kit Mean % 
Testing Concentration Afla-20Cup AflatesMO Agri-Screen Agri-Chek Agreement 
Location Range Qig/kg) (per site) 

On-site <20 67 (54)2 77(44) 56(48) 67(39) 

>20 78(18) 56(18) 78(18) 59(12) 

Mean 70 71 62 65 67 

Laboratory <20 65 (54) 80 (64) 60 (48)3 72 (39)3 

>20 78

Mean 6

Overall Kit 
Agreement 69 72 62 67 

1 Modified Thean et aL (1981) and AOAC CB method (26.031). 
2 Number of analyses in parentheses. 
3 Based on visual estimates only. 

Table IV. Percent (%) False Readings1 by Immunochemical or TLC Methods on Analyses 
Performed in the Laboratory2 

False Positives False Negatives 

Afla-20 Cup 8.7 4.3 

AflatesMO 0 0 

Agri-Screen 
Visual3 0 8.8 
Reader4 34.8 0 

Agri-Chek 
Visual3 0 0 
Reader4 17.4 0 

TLC 4.3 21.7 

1 Based on one method (kit or TLC) in disagreement with the rest, 
2 Comparisons based on 23 samples. 
3 Analytical result determined visually. 
4 Analytical result determined using Titertek Multiscan III. 
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and solvents necessary for analyses easily fitting the trunk of any vehicle. With these 
immunoassays, the longest technique takes about one hour to run 10 samples (excluding 
sample preparation and extraction). The same number of samples would require 6-8 hours 
by TLC. The cost in terms of analyst wages is therefore greatly reduced. The preliminary 
results from this study demonstrate that the immunoassay kits can be satisfactorily used in 
varying non-laboratory environments for semi-quantitative screening of cottonseed for 
aflatoxins, provided extraction and analysis are done on the same day. For strict enforcement 
purposes, official quantitative methods should be used to confirm positive samples. 
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Chapter 15 

Immunoassay for Detection of Zearalenone 
in Agricultural Commodities 

Glenn A. Bennett 

Agricultural Research Service, U.S. Department of Agriculture, Northern 
Regional Research Center, 1815 North University Street, Peoria, IL 61604 

A direct competitiv
assay for the detectio
wheat, and feed has been evaluated by 23 
collaborators in an international collaborative 
study. Both visual and spectrophotometric 
determinations of zearalenone were done on blind 
duplicates of spiked and naturally contaminated 
samples of each commodity. Frequency of false 
negatives was 25% at the target level of 500 ng 
zearalenone/g commodity, but was only 3.4% at 800 
ng zearalenone. No noticeable matrix effect was 
observed for the samples tested. Coefficients of 
variation for repeatability were 11.6% and 11.7% 
for spiked and naturally contaminated samples, 
respectively. Coefficients of reproducibility 
were 25.1% and 33.1% for spiked and naturally 
contaminated samples, respectively. This study 
demonstrates the reliability of the immunoassay 
procedure as a screening method for zearalenone 
at ≥800 ng/g in corn, wheat, and feed. 

Trans-zearalenone, also know as F-2 toxin, is a non-steroidal 
estrogenic compound produced by several Fusarium species which 
colonize a number of agricultural commodities. Zearalenone has 
been implicated in numerous cases of mycotoxicoses in farm animals, 
especially pigs. The toxin causes "estrogenic syndrome" in pigs 
and is an economically important mycotoxin. Although corn is the 
most often contaminated grain in the united States, recent surveys 
demonstrate that zearalenone is found in other commodities world­
wide (1). Analytical methodology for detection of zearalenone 
include TDC, QC, HPLC, and GC-MS (2-5). These procedures are 
sensitive but require extensive sample cleanup or require expensive 
instrumentation for detection and quantitation. The development of 
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enzyme-linked immunosorbent assays (ELISA) as an alternative 
procedure, promises to reduce both assay expense and time. This 
paper describes the evaluation of an ELISA procedure tested in a 
collaborative study to screen for the presence of zearalenone in 
corn, wheat, and animal feed. 

Description of Study 

Twenty-three collaborators received 18 coded samples, which 
included six sets of blind duplicates of spiked and naturally 
contaminated corn, wheat, and feed (Table I). All collaborators 

Table I. Commodity and Zearalenone Levels Used for 
Enzyme-linked Immunosorbent Assay 

Zearalenone (ng/g) 
Commodity 
Corn 
Wheat 
Feed 

0 
300 
0 

800 800 247 2570 2570 
300 1000 215 1027 1027 
500 500 352 352 1295 

^Levels of zearalenone determined by liquid chroma­
tography (AOAC Method 26:A09-26:A16) (8). 

were also supplied with ELISA Test Kit components (available 
commercially from Neogen Corp., Lansing, MI 48912. Mention of 
companies or products by name does not imply their endorsement by 
the U.S. Department of Agriculture over others not cited.). 

Zearalenone is extracted with methanol-water (70 + 30) by 
shaking ground, blended samples (20 g) on a wrist-action shaker for 
3 min. A portion of the filtered extract is mixed with an equal 
volume of zearalenone-enzyme conjugate and this mixture allowed to 
react competitively for receptor sites of zearalenone-specific, 
monoclonal antibodies coated on the surface of microtiter wells 
(6). After a 15-min incubation time, the wells are washed (10X) to 
remove unbound zearalenone and zearalenone-enzyme conjugate. A 
pre-set volume of activated enzyme substrate is added to each well 
and allowed to incubate for an additional 15 min. Sample extracts 
containing less than 500 ng/g zearalenone will show development of 
a blue color, darker than the control, which results from the 
reaction between activated enzyme substrate and zearalenone-enzyme 
conjugate bound to antibody receptor sites. Sample extracts 
containing 500 ng/g or more zearalenone result in l i t t l e or no 
color development. Reduced color development is due to the binding 
of free zearalenone in the sample extract to antibody receptor 
sites, thus reducing the number of sites available for zearalenone-
enzyme conjugate binding. After the second 15-min incubation time, 
a colored enzyme-stopping reagent is added. Color development in 
standard and sample wells is determined visually or spectrophoto-
metrically. In the visual method, the level of zearalenone in 
samples is judged to be less than (-), equal to (=), or greater 
than (+) 500 ng/g, by comparing color development in samples to 
color development in controls which contain 500 ng/g zearalenone. 
In the spectrophotometry method, approximate levels of zearalenone 
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are interpolated from a standard curve constructed from spiked 
extracts of each commodity. 

Results and Discussion 

Visual Method. Results from the visual determination of 
zearalenone are presented in Table II. At 300 ng/g, only 63% 

Table II. Results of Visual Method for Immunochemical 
Detection of Zearalenone in Blind Duplicate Samples 

1 Zearalenone No. % False False 
Commodity (ng/g) Assays Correct Pos. Neg. 
Corn A 800 51 96 — 1 

Β 2570 52 100 — — 
Wheat A 300 54 63 10 — 

Β 102
Feed A 50

Β 352 52 83 3 — 
"A = Spiked samples; Β = Naturally contaminated samples. 

(34/54) of assays were correct and 10 false positives were 
reported. At 500 ng/g, 75% (39/52) of assays were correct, 
however, 8 false negatives were reported. When the level of 
zearalenone was 800 ng/g, only one sample (3.4%) was 
misidentified. All samples containing >800 ng/g were correctly 
identified. Outliers were identified as samples which gave 
conflicting results on duplicate assays and were not included in 
determining number of false negative or false positive results. 
The number of incorrect answers, especially false negatives, 
affects the usefulness of this screening procedure. Figure 1 shews 
the rate of positive answers at the different levels of zearalenone 
in spiked samples. As the level increases from 500 to 800 ng/g, 
the percent correct results increase from 75% to 96%. These data 
shew that the level of zearalenone must be at least 800 ng/g in 
order to achieve a 95% confidence level for the assay. 

Spectrophotometry Method. The accuracy of the screening procedure 
depends on the construction of standard curves and interpolation of 
levels in samples from these curves. Table III lists the average 

Table III. Summary of Percent Absorbance Values of Spiked 
Extracts from Extracts from Corn, Wheat, and Feed Used to 

Construct Standard Curves Used to Estimate Levels 
in Test Samples 

Zearalenone (ng/g) 
Commodity 0 200 500 1000 1500 3000 
Corn 
Wheat 
Feed 

100 
100 
100 

82.9+6.1 
82.4+7.9 
82.9+6.6 

66.4+7.1 
63.9+5.9 
66.7+6.7 

44.3+7.6 38.9+7.3 
48.0+5.4 39.5+5.2 
52.0+6.4 42.1+5.6 

28.4+6.4 
26.4+4.8 
29.6+4.2 
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absorbance values reported for 48 standard curves constructed by 
eight collaborators. Curves were constructed for each set of 
samples assayed and each set of samples was assayed in duplicate. 
The average value of duplicate assays was reported as the value for 
that sample. This technique, although more time-consuming than the 
visual method, provides quantitative data and can also be used to 
estimate the rate of microtiter well or test component failure. A 
typical standard curve is shewn in Figure 2 and represents a "best 
f i t " line through the data points for 20-300 ng/ml zearalenone 
(which corresponds to 200 to 3000 ng/g). Assay results from the 
spectrophotometry method are shewn in Table IV. Very similar 

Table IV. Results of Inmunochemical Determination 
Spectrophotometric Method of Zearalenone in 

Blind Duplicate Samples of Corn, Wheat, and Feed 

Zearalenon
Commodity (ng/g) (ng/gp Pos. Pos. 
Corn A 800 940 — 0 

Β 2570 3191 — 0 
Wheat A 300 452 5 — 

Β 1027 1482 — 0 
Feed A 500 613 — 4 

Β 352 255 1 — 
A = Spiked samples; Β = Naturally contaminated 
samples. 
^alue is average value of duplicate assays 
reported by each collaborator. 

rates of false positives and false negatives were reported as was 
reported for the visual method, however, no false negatives were 
reported at levels >500 ng/g. At the target level (500 ng/g), four 
false negatives were reported even though the method appears biased 
to give high values since >100% recovery was reported for a l l 
spiked samples. Analysis of variance for results from spiked and 
naturally contaminated samples were calculated and the relative 
standard deviations (repeatability) were almost identical for both 
type samples (11.6% and 11.7%). Relative standard deviations 
(reproducibility between labs) were 25.1% and 33.1% for spiked and 
naturally contaminated samples, respectively. 

Summary and Conclusions 

These data indicate that the enzyme-linked immunosorbent assay 
procedure tested can be used with confidence to screen for the 
presence of zearalenone in agricultural commodities at >800 ng/g. 
Both visual and spectrophotometry methods can be used to 
significantly reduce the number of samples that need to be assayed 
by more precise, time-consuming procedures by identifying 
contaminated (>800 ng/g) samples. Samples that are identified as 
positive by this screening procedure should be analyzed by an 
official method to determine exact levels of contamination. This 
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Zearalenone Level (ng/g) 

Figure 1. Assay results of spiked commodities. 

100 

01 1 1— ι I ι I ι I 
10 20 50 100150 300 1000 

Zearalenone (ng/mL) 

Figure 2. Typical standard curve constructed from corn, wheat, 
or feed extracts spiked to contain 20-300 nq/ml zearalenone. 
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technique can be used to enhance surveillance of both animal and 
human foods for the mycotcxin zearalenone (7). 

Literature Cited 

1. Tanaka, T.; Hasegawa, Α.; Yamamoto, S.; Lee-U-S.; Sugiura, Y.; 
Ueno, Y. J . Agric. Food Chem. 1988, 36, 979. 

2. Bennett, G. Α.; Shotwell, O. L. J . Am. Oil Chem. Soc. 1979, 
56, 812. 

3. Bata, Α.; Vanyi, Α.; Lasztity, R. J . Assoc. Off. Anal. Chem. 
1983, 66, 577. 

4. Bennett, G. Α.; Shotwell, O. L.; Kwolek, W. F. J . Assoc. Off. 
Anal. Chem. 1985, 68, 958. 

5. Plattner, R. D.; Bennett, G.A. J . Assoc. Off. Anal. Chem. 
1983, 66, 1470. 

6. Dixon, D. Ε.; Warner  R  L.; Ram B  P.; Hart  L  P.; Pestka
J . J . J . Agr. Food

7. Pestka, J. J. J. Assoc
8. Official Methods of Analysis (1984) 14th Ed., AOAC, Arlington, 

VA. 

RECEIVED August 30, 1990 

In Immunoassays or Trace Chemical Analysis; Vanderlaan, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



Chapter 16 

A Pyrrolizidine Alkaloid Enzyme-Linked 
Immunosorbent Assay Detection Strategy 
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R. Bryan Miller1, and Henry J. Segal2 
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Pharmacology, and Toxicology, University of California, Davis, CA 95616 

A two-pronged class-specific and compound-specific 
immunochemical approach targeting naturally occurring macrocyclic 
pyrrolizidine alkaloid
developed against a retronamine-BS
the necine base retronecine, a common substructural feature of many 
naturally occurring macrocylcic pyrrolizidine alkaloids. In addition, 
three macrocyclic alkaloids isolated from the plant Senecio vulgaris 
(retrorsine, senecionine, and seneciphylliine) were detected using 
antibodies to retronamine. A comparison of antibodies produced 
against the retronamine conjugate in both rabbits and mice showed that 
the mouse antibodies possessed a slightly higher affinity (I50 = 1.1 
ppm) for the retronecine analyte than antibodies raised in rabbits (I50 = 
1.5 ppm). Antibodies produced to this retronamine conjugate may 
prove useful in assaying the toxic macrocyclic pyrrolizidine alkaloids in 
plant extracts. Antibodies were also developed to monocrotaline and 
can be used to detect quaternarized monocrotaline (I50 = 0.25 ppm at 
pH 7.6), N-methylated monocrotaline (I50 = 5.3 ppm at pH 7.6), and 
protonated monocrotaline (I50 = 6.0 ppm at pH 6.0). Antibodies to 
monocrotaline do not cross-react with retrorsine, retrorsine N-oxide, 
ridelliine or retronecine. 

The pyrrolizidine alkaloids (PAs) constitute a class of secondary plant metabolites of 
notably wide geographical and botanical distribution, occurring in numerous plant 
families, (including Boraginaceae, Compositae, Gramineae, Leguminosae, 
Orchidaceae, Rhizophoraceae, Santalaceae, and Saptoaceae) which are indigenous to 
various environments throughout the world [1]. Indeed, the number of PA-producing 
plant species may approach 6,000, accounting for 3% of all known flowering plants 
[2] — many of which produce more than one PA. Frequently these compounds co­
exist in the plant with varying amounts of their corresponding N-oxide derivatives. 

Most of the more than 200 known PAs are toxic to mammals [3,4], exhibiting a 
broad range of cytotoxic and pathological actions including hepatotoxic, pneumotoxic, 
embryotoxic, mutagenic, carcinogenic, and teratogenic effects [5,6,7], Chronic 
gastrointestinal [8], cardiopulmonary [9], and central nervous system [10] disorders 
are further manifestations of PA poisoning. The toxicity plus the ubiquitous nature of 
these alkaloids makes them a world-wide health concern. 

0097-6156/91/0451-0176$06.00/0 
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While non-competitive enzyme-linked immunosorbent assays (ELIS As) have been 
used to detect snake venom protein in whole blood in experimental [11] and clinical 
settings [12], competitive ELISAs have been recently developed against toxic 
alkaloids. The ability to detect ergotamine in spiked grain samples in concentrations of 
10 ng/g [13] and tropane alkaloids as a class (with atropine in concentrations as small 
as 10 n^mL) have been reported [14]. Thus the proven clinical, field, and research 
applications of ELISAs in both the detection and quantification of toxins prompted us 
to develop immunoassay techniques for the rapid, reliable screening of biological 
samples for PA contamination. As presented below, our strategy is to develop a two-
pronged class-specific and compound-specific immunochemical approach to PA 
detection. 

The suitability of the ELISA in PA detection encounters certain limitations which 
must be addressed and which have posed significant problems in the development of a 
broad spectrum immunoassay. Two important issues which must be considered in 
developing an immunoassay for the detection of PAs are: (i) selection of a hapten and 
linker arm that constitute a suitable immunogen, and (ii) use of an amplified 
immunoassay versus an indirec
important in any immunoassay
sensitive PA immunoassay. 

Class-specific Immunoassay: In reviewing the structural features of the known 
macrocyclic PAs, one common similarity becomes obvious: retronecine, the necine 
base, is found in alkaloids from six botanical families and 26 genera [15]. Thus, one 
aspect of our approach to hapten design was based on the premise that antibodies 
produced in response to PA analogues possessing the retronecine moiety would 
deliver a class-specific immunoassay capable of detecting most macrocyclic PAs: for 
example, retrorsine, senecionine, and seneciphylliine are all PAs from the plant 
Senecio vulgaris which contain the retronecine substructural unit (Figure 1). In 
previous work from our laboratory [16], we coupled retronecine to bovine serum 
albumin (BSA) and produced retronecine antibodies that competed for retronecine and 
monocrotaline. More recently, we have developed anti-retronamine to a retronamine 
hapten, an antigen with improved in vitro (and presumably in vivo) stability, which 
also target the retronecine moiety. Figure 2 presents a comparison in the ability of 
anti-retronecine and anti-retronamine to detect the analyte retronecine in a competitive 
ELISA. 

Compound-specific Immunoassay: A second aspect of our PA detection strategy 
targeted developing a compound-specific immunoassay - a strategy which required 
presenting the necic acid moiety as well as the necine base moiety to the immune 
system. Monocrotaline, which possesses the necine base retronecine and, by bis-
esterification (i.e., macrolactonization), the necic acid monocrotalic acid, is present in 
numerous plants making it an ideal substrate for compound-specific ELISA 
development. Further, monocrotaline occurs in a sufficiently high concentration in 
some plants (over 9% by weight in the seeds of Crotalaria retusa, for example [17]) to 
make ELISA detection useful for some samples without the need for concentrating 
extracts before obtaining a sufficient mass of alkaloid to provide a working I50, the 
alkaloid concentration at which 50% antibody inhibition is seen. 

Materials and Methods 

Antibodies were developed against three different hapten-BSA conjugates in 
rabbits: retronecine-BSA, retronamine-BSA, and monocrotaline-BSA. Antibodies to 
each of the hapten conjugates were assayed using the antibody detection ELISA. 
While each hapten was capable of stimulating an immune response, the ability of 
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to 
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Figure 1. Immunogen strategy based on the premise that 
antibodies produced in response to the retronecine moiety would 
deliver a class-specific immunoassay capable of detecting 
retrorsine, senecionine, seneciphylliine, and monocrotaline. 
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Figure 2. Rabbit antibodies to retronecine-BSA (1 jigfaell ret-
ronecine-OVA coating antigen) and retronamine-BSA (10 
μg/vίell retronamine-OVA coating antigen). 
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antibodies to detect retronecine and/or monocrotaline [Trans World Chemicals] in a 
competitive ELISA varied considerably. 

The amplified assay system for retronecine was based upon the work of Laurent 
et al [18] who were able to detect desmosine, a cross-linked amino acid present in 
minute quantities in rat connective tissue and urine using the avidin-biotin amplified 
ELISA. While it is possible to use a non-amplified indirect ELISA for antibody 
detection, such a strategy has the disadvantage of requiring increased substrate 
incubation time and generally results in lower overall absorbance values. As 
discussed below, the amplified ELISA has also proven superior in assays using 
antisera developed against retronamine and monocrotaline haptens. 

Retronamine and monocrotaline antibodies were used to detect retronecine and 
monocrotaline. In an attempt to improve on the relatively high I50 value of our anti-
retronecine (1.68 ppt), we conjugated retronamine, a synthetic derivative of 
retronecine, to BS A by acylation of the retronamine primary amine with hexanedioic 
anhydride giving a hapten intermediate which was then coupled to BSA by water-
soluble l-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDAC). The tertiary 
nitrogen of monocrotaline wa
bromocrotonic acid giving a
N-acylation of the lysine primary amines. 

Microtiter plates were coated with 1 or 10 μ^ΛνβΙΙ of hapten-chicken egg 
ovalbumin conjugates (hapten-OVA). The retronamine conjugate provided a more 
sensitive assay with a more concentrated coating solution (10 μg/well) than the 
retronecine conjugate, which was used at a 1 μg/well concentration. Both 
concentrations were tested with each assay. The concentration which provided the 
more sensitive assay was selected for later experiments. Standard concentrations of 
the hapten were assayed on each microtiter plate. The standards (retronecine and 
monocrotaline) were incubated with various dilutions of antisera for one hour at 37°C 
in culture tubes. Retrorsine [Aldrich], senecionine, and seneciphylliine were tested at 
a single concentration for cross-reactivity against the retronamine antiserum. A 100 

aliquot of the standard solution was added to each well on the microtiter plate. 
Following a one hour incubation the plates were washed and biotinylated goat-
antirabbit antibody [Sigma] was added. This step was followed by the addition of 
avidin labelled horseradish peroxidase. After the final washing the enzyme substrate 
0-phenylenediamine was added. The development of colored product was measured 
using a Molecular Devices UVmax microtiter plate reader. 

Results and Discussion 

Results from the assay using anti-retronecine are provided in our prior publication 
[16]. Under neutral conditions (pH 7.6) the I50 for retronecine detection using anti-
retronamine was 1.5 ppm; a significant improvement when compared to our previous 
results using anti-retronecine (I50 = 1.68 ppt). For comparative purposes, it is useful 
to mention here that anti-retronecine was not as sensitive for detecting retronecine as 
the homologous system which uses anti-retronamine. In both cases, the antisera did 
not cross-react with monocrotaline. However, anti-monocrotaline was found to detect 
unconjugated monocrotaline to a far greater extent than retronecine. This would be 
expected since the necic acid portion of the molecule is most likely important to 
antibody-antigen interaction with anti-monocrotaline. 

Anti-retronamine was used in a competitive ELISA for the detection of purified 
retronecine and for the detection of retronecine-containing PAs (i.e., retrorsine, 
senecionine, and seneciphylline) from S. vulgaris. Indeed, these studies have 
established that anti-retronamine is superior to anti-retronecine in detecting not only 
purified PAs, but also the mixture of PAs found in chloroform extracts of 5. vulgaris. 
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A complete description of the hapten conjugation, antibody production, and assay 
development has been published [16]. It is worthwhile to reiterate that although 
antiserum to retronecine can detect the homologous hapten (retronecine) as wel l as a 
heterologous hapten (i.e., monocrotaline Iso's of 1.68 vs. 1.21 μg /μL, respectively), 
we consistently find that the homologous system gives a significantly higher 
maximum inhibitory response than the heterologous system. Whi le this retronecine 
assay indicates that the E L I S A technique might prove useful in screening samples for 
the presence of the necine base, our initial results also indicated that assay sensitivity 
needed to be enhanced. Since the presentation of the retronecine moiety to the immune 
system is paramount to obtaining a sensitive E L I S A , we investigated different sites for 
hapten-protein conjugation. 

A n important question considered in our immunochemical study was whether 
significant benefit would be derived from an amplified immunoassay. Indeed, 
previous work from our laboratory has shown that, when using retronecine as an 
immunizing hapten, an avidin-biotin amplified system is far superior in the competitive 
immunoassay [16]. This amplified E L I S A , which takes advantage of the high binding 
affinity of avidin labelled horseradish-peroxidase for biotinylated second antibody 
(avidin/biotin KD=10~ 1 5 )> provide
interactions of both the homologou

A s presented here (see Figure 2), rabbit anti-retronamine can detect retronecine 
with over a thousand-fold greater sensitivity than rabbit anti-retronecine. This is an 
intriguing result, especially in light of the structural similarity between the two 
haptens. Whi le conclusive evidence is not available, the decreased sensitivity with 
anti-retronecine is consistent with partial hydrolysisof the retronecine-BS A ester bond 
and concomitant loss of the retronecine moiety — an unwanted difficulty which is 
circumvented by the amide linkage of retronamine-BSA. 

Given the sensitivity of rabbit anti-retronamine, we decided to immunize mice with 
a retronamine-BSA conjugate and were pleased to find the mice did produce 
polyclonal 

Table I. Mouse Competitive E L I S A Using Anti-retronamine 

Retronecine Anti-retronamine* 

^ g / r h D (O.D. at 490 nm) 
0.0 1.84 
0.5 0.66 
1.0 0.27 

10.0 0.19 
15.0 0.12 
20.0 0.08 

Pyrrolizidine Alkaloids from Anti-retronamine* 

Senecio vulgaris (5-7 (O.D. at 490 nm) 
retrorsine 0.23 

senecionine 0.01 
seneciphylline 0.01 

Antibodies to retronamine were raise in mice against retronamine-BSA and then used 
in the competitive E L I S A at a 1:1,335 dilution. Microtiter plates were coated with 
^ g / w e l l o f retronamine-OVA and a standard curve of retronecine was assayed with 
each microtiter plate. 
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Figure 3. Di lu t ion

(4a) Coating Antigen: Retronamine-OVA (10 μg/well) 

Retronecine [ppm] 

(4b) Coating Antigen: Retronamine-OVA (1 μg/well) 

Retronecine [ppm] 

Figure 4. Percent inhibition of polyclonal antisera against 
retronamine versus retronecine (analyte). A 50% inhibition was 
observed at retronecine concentrations of 1 to 2 ppm. 
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antibodies (Figure 3) which could be detected at serum dilutions up to 1:10,000. In 
competition studies, we found that mouse anti-retronamine provides a slightly better 
I 5 0 (1-1 \ig/mL) than the corresponding rabbit anti-retronamine (1.5 μ g / m L ) . In 
addition, mouse polyclonal anti-retronamine detects the macrocyclic P A s (senecionine, 
seneciphylline and retrorsine) isolated from Senecio vulgaris in a range o f 5 - 7 
μ g / μ L (Table I). 

Figure 4 shows a comparison between rabbit and mouse antisera developed 
against the retronamine-OVA immunogen. In addition, Figure 4 illustrates that assay 
sensitivity increases slightly when the coating antigen is decreased from 10 μ § ^ β 1 1 to 
1 | ig /wel l . These promising results suggested the possibility o f raising monoclonal 
antibodies to the retronamine-BSA conjugate. 

The antibody detection assay indicated that the monocrotaline-BSA immunogen 
had elicited a specific immune response in rabbits and that, at serum dilutions as high 
as 1:150,000, antibodies to monocrotaline could be detected. Moreover, these 
antibodies to monocrotaline are capable of detecting monocrotaline at a dilution of 
1:50,000. These ini t ia l results were exciting since they demonstrated the first 
immunogenic response to a naturally occurring macrocyclic P A  The next steps 
undertaken were (i) screenin
ridelliine, retrorsine, and retrorsin
for the detection of retronecine in a competitive assay. Our results establish that anti-
monocrotaline is specific for monocrotaline and does not compete with the other 
macrocyclic alkaloids tested. Antibodies to monocrotaline d id not compete for 
retronecine. 

Hapten design and selection of a hapten that provides the desired sensitivity and 
immunogenicity is cri t ical to establishing a useful P A immunoassay. Since 
protonation of the tertiary amine of monocrotaline in neutral buffer appears important 
in antibody-antigen recognition, our next strategy was to investigate the use of 
quaternarized monocrotaline (i.e., N-alkylated monocrotaline) as a competitor. N -
(Methyl)- and N-(crotonic acid) monocrotaline were analyzed under neutral conditions 
(pH 7.6) providing Iso's of 0.53 and 0.25 ppm, respectively, while monocrotaline 
(pH 6.0) gave an I 5 0 of 6.0 ppm. The increased sensitivity obtained with N-(crotonic 
acid)monocrotaline over N-(methyl)monocrotaline reflects linker-arm recognition of 
the crotonic acid moiety. 

ÇonclusiQns 

The competitive, amplified E L I S A can be used to detect monocrotaline and retronecine 
and within the range o f 5-7 μ g / μ L of retrorsine, seneciphylline and senecionine. 
Assay sensitivity is dependent on the immunizing hapten and the type of E L I S A 
selected. Retronamine and monocrotaline are currently our haptens o f choice for 
detecting a broad spectrum of naturally occurring P A s , although, many more alkaloids 
need to be screened for cross-reactivity against these antisera. 
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Chapter 17 

Molecular Epidemiology 
Dosimetry, Susceptibility, and Cancer Risk 

P. G. Shields, A. Weston, H. Sugimura, E. D. Bowman, Ν. E. Caporaso1, 
D. Κ. Manchester2, G. E. Trivers, S. Tamai, J. H. Resau3, B. F. Trump3, 

and C. C. Harris4 

Laboratory of Human Carcinogenesis, National Cancer Institute, National 
Institutes of Health, Bethesda, MD 20892 

Molecular epidemiology is a multi-disciplinary field 
including internal dosimetry assessments of carcinogen 
exposure, involvin
of genetic alterations
becoming increasingly chemically specific and multiple 
corroborative assays are more frequently performed. These 
should facilitate interlaboratory comparisons and 
ultimately improve measurements of biologically effective 
doses. Metabolic phenotyping can be predictive of cancer 
risk and available evidence indicates that, when combined 
with an exposure assessment (PAH, asbestos), predictabil­
ity is enhanced. Investigations of pediatric tumors have 
documented that mutation and chromosome loss either inher­
ited or acquired increases cancer risk. Other acquired 
defects as identified through restriction fragment length 
polymorphism analysis for HRAS-1 and MYCL relates to tumor 
incidence and metastasis. Analyses of lung cancer cases 
demonstrate that loss of heterozygosity of allelic DNA 
sequences is non-random in both small-cell and non-small­
-cell lung cancer. This paper will review our experience 
in molecular epidemiology as well as summarize significant 
accomplishments of other investigators. 
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A major goal of molecular epidemiology is to identify and quantify 
carcinogenic risk in an individual. Risk is a function of exposure 
to carcinogens as well as acquired inherited predispositions. 
Clinical cancer results from multiple steps involving both genetic 
and epigenetic alterations (Figure 1) (1-3). The development of 
methods to identify and quantitate these alterations will enhance 
the assessment of cancer risk. 

Molecular dosimetry quantitates carcinogen exposures at the 
level of DNA (or its surrogate) and has been the focus of research 
in numerous laboratories (4). Adduct levels depend upon the 
interaction between environmental exposure, absorption, metabolism, 
DNA repair and can be associated with promutagenic lesions. 
Interspecies, interindividual and intertissue variations have been 
well documented (5.6). Studies using laboratory animals generally 
demonstrate a relationship between dose, DNA adduction and 
carcinogenicity; some of these studies will be described in this 
review. Human pilot studies are now beginning to demonstrate the 
application of molecula
assessments, but this has proven difficult due to complexities of 
multiple carcinogen exposures and inter-individual variation in 
metabolism and repair. Methods need to be developed which can 
identify these adducts with chemical specificity, adequate 
sensitivity and quantitative reliability. 

Genetic predispositions to cancer can be inherited and 
acquired. Models of pediatric tumorigenesis postulate the 
accumulation of at least two mutations within a single cell (7.8). 
These models are exemplified by studies of retinoblastoma, 
osteosarcoma and Wilms' tumors (9-12). Family members of patients 
with either retinoblastoma or osteosarcoma may be at risk for one or 
both of these tumors (9). These tumors are the direct result of an 
autosomally dominant trait with 90% penetrance. A homozygous 
deletion, detected by a restriction fragment length polymorphism 
(RFLP) specific for chromosome 13q is often found in these tumors. 
This deletion also includes a loss of the retinoblastoma gene (RBI), 
a putative tumor suppressor gene. In the familial form, loss of one 
allele is inherited while the loss of the remaining functional copy 
occurs during life via several possible mechanisms (Figure 2). 
Other tumors such as Wilms' or bladder are associated with reduction 
to homozygosity of chromosome 11 (13-17), while acoustic neuroma is 
associated with loss in chromosome 22 (18). Loss of chromosome 17p 
and mutations in p53, a putative tumor suppressor gene on that arm, 
have been detected during progression of human colon carcinoma (19), 
breast cancer, lung cancer, brain cancer, neurofibrosarcomas and 
other human malignancies (20). A recent report associating allelic 
deletions of chromosome 18 in colorectal cancers has shown that the 
DCC gene from this region codes for a protein similar to neural cell 
adhesion molecules and other related cell surface glycoproteins 
involved in growth regulation (21). The expression at this gene is 
greatly reduced in colorectal carcinomas and several somatic 
mutations were observed (deletions, point mutations and insertions). 
Genetic alterations have been shown to be important in both early 
and late stages of carcinogenesis (Figure 1). Vogelstein et al., 
have shown that activation of the KRAS oncogene by base substitution 
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Carcinogen Exposure Initiation Promotion Conversion Progression 

• Defects in Terminal Differentiation 
• Defects in Growth Control 
• Resistance fo Cytotoxicity 

INITIATED PRENEOPLASTIC 
CELL LESION 

• Activation of Proto-Oncogenes 
• Inactivation of Tumor Suppressor Genes 

Figure 1. Multistage carcinogenesis. 

Non-Disjunction Deletion Deletion Somatic Loss & Point 
Translocation Recombination Reduplication Mutation 

Figure 2. Mutational mechanisms. 
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is an early event in human colon carcinogenesis (22) while 
amplification of N-myc is associated with tumor progression of human 
neuroblastoma (23). Detection of genetic alterations in 
preneoplastic lesions and carcinoma in situ may aid our assessment 
of individual cancer risk. 

Inheritance of certain metabolic phenotypes is also associated 
with cancer risk. Rapid hydroxylation of debrisoquine, a medication 
originally used to treat hypertension, is associated with increased 
risk of lung cancer (24). Similarly, individuals that have a slow 
acetyl ation rate for caffeine are at increased risk of bladder 
cancer (25-27). while those with a rapid acetylation phenotype are 
more susceptible to colon cancer (25). The combined effect of these 
phenotypes with environmental exposures further increases cancer 
risk. 

Lung cancer serves as a model for the study of human 
carcinogenesis, molecular epidemiology and cancer risk. Cigarette 
smoking is the leading risk factor for lung cancer (28.29). Tobacco 
smoke is a complex mixtur
resulting in multiple effects (30). Consequently, our laboratory, 
as well as others, have studied the interaction of tobacco smoke 
carcinogens and genetic predispositions in relationship to molecular 
epidemiology. This report summarizes these efforts. 

Methods in Molecular Dosimetry 

A variety of assays are available to identify carcinogen adducts in 
DNA and proteins. Enzyme immunoassays (31-40). 32P-
postlabeling/nucleotide chromatography (41-43). fluorescence 
spectroscopy (44)> synchronous fluorescence spectroscopy (SFS) 
(45-48). gas chromatography/mass spectroscopy (GC/MS) (48.49) and 
electrochemical detection (50) have been applied to the analysis of 
human tissues. In some cases, these have been combined with 
preparative techniques such as high performance liquid 
chromatography (HPLC) or immunoaffinity chromatography (IAC). While 
these techniques have generally been validated by laboratory animal 
and cell culture experiments, their use with human samples has been 
limited in sensitivity, specificity and quantitative reliability. 

Previous research has demonstrated the need to develop 
chemically specific assays dependent upon the use of synthetic 
standards and leading to accurate detection and quantitation of 
adducts. Moreover, the techniques should be sufficiently specific 
to allow for separation and identification of individual adducts. 
Preparing samples with HPLC followed by the 32P-postlabeling assay, 
which relies on three different separations (HPLC and 2 dimensional 
thin layer chromatography) can detect 06methyl-2'-deoxyguanosine 
(51), 0Bethyldeoxyguanosine (06ethyldG) (51) and 
N7methyldeoxyguanosine (N7methyldG) (Shields, P. G., Cancer Res., in 
press) (Figure 3) at levels as low as 1 adduct in 107 

2'deoxyguanosine residues in human tissues. Other laboratories have 
utilized HPLC after 32P-postlabeling (52). Another approach is to 
combine HPLC and/or IAC with SFS for the detection of polycyclic 
aromatic hydrocarbon (PAH) adducts (Figure 4) (45.48). The use of 
IAC is not limited by a lack of chemical specificity within a 
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5 10 15 20 2 5 3 0 3 6 4 0 4 6 

Figure 3. 
Combined HPLC and the 32P-postlabeling assay for N7methyldGp in 
human lung: A) HPLC elution profile of 3'-monophosphate nucleotide 
digest with the position of N7methyldGp shown; B) Autoradiography of 
32P-postlabeled fractions exposed for 10 minutes; and C) 3 hours. 
Fractions corresponding to dGp were pooled, diluted and added back 
to the fractions for N7methyldGp. The mixture was 32P-postlabeled 
and separated by 2-dimensional thin layer chromatography as 
bisphosphate-mononucleotides. This sample was from a 57 year old 
painter with a 40 pack year smoking history. The N7methyldGp level 
was determined to be 70 χ 10"7 per normal 2'-deoxyguanosine. 
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Emission Wavelength (n.m.) 

Figure 4. 
Synchronous fluorescence spectra (wavelength difference - 34nm). A) 
Acid-hydrolyzed isoamyl alcohol extracts of human placental DNA 
pooled from 8 donors. Emission wavelength at 344 corresponds with 
signature signal of BP tetrols. B) Eluant of immunoaffinity column 
chromatography of acid-hydrolyzed pooled placental DNA. C) Eluant 
of immunoaffinity column chromatography after additional clean-up 
with HPLC. D) Authentic sample of BP-7,10/8,9-tetrol. 
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chemical class, as are immunoassays that employ the same antibodies 
(4), because the use of HPLC with IAC followed by detection with SFS 
and/or the 32P-postlabel ing assay can provide corroborative and 
specific chemical analyses (47,48,53). HPLC has also been combined 
with immunoassays (38,39). 

Methods in molecular dosimetry need to be validated by 
complementary assays. For example, we have used ultrasensitive 
enzyme radioimmunoassay (USERIA) (54,55), SFS (46,56), GC/MS (45,48) 
and 32P-postlabeling assay for the detection of PAH-DNA adducts; and 
we have also investigated levels of human serum antibodies that 
recognize PAH-adducts (31). In a group of 41 coke oven workers, 75% 
had detectable PAH-DNA adduct levels in lymphocytes by SFS, 64% by 
USERIA and 27% had serum antibodies (32). Six of nine persons who 
were USERIA negative had detectable levels by SFS and five of eight 
who were SFS negative had detectable levels by USERIA. In the same 
group of workers and another small set of cancer patients, detection 
by HPLC with SFS for DNA adducts was corroborated by use of GC/MS 
(45). The use of IAC (specifi
derivative fluorescence
GC/MS (47,48). In an interlaboratory comparison of immunoassays 
developed against BPDE-modified DNA, Santella et al. (34)> reported 
that as much as an 11-fold difference in adduct level was identified 
among laboratories using either an enzyme linked immunosorbent assay 
(ELISA) or the USERIA. Comparing the 32P-postlabeling assay to 
ELISA for PAHs failed to agree on the presence of smoking-related 
adducts in placental tissue (57). These differences are due, in 
part, to a lack of appropriate and common standards (i.e., degree of 
modification of BPDE-DNA) and lack of chemical specificity. 

Tissue selection, identification of alternate sources of 
exposures and confounders impact on study design and results. 
Tables I and II summarize available human tissue studies. It would 
be optimal to utilize body fluids such as blood or urine. It 
remains to be established if blood testing will be a reliable 
surrogate for target tissues and if so, if one blood component is 
more appropriate than another. We also will need to consider half-
lives of blood cells (lymphocytes and red blood cells survive longer 
than granulocytes), differences in repair and ability to separate 
blood cells. It has been reported that the initial adduction of 
lymphocytes and granulocytes is similar but that adduct levels are 
more persistent in the latter (58). Our laboratory has used 
lymphocytes (31-33,45) while others have studied total white blood 
cells (predominantly granulocytes) (36,59). 

The placenta is useful to study because it is generally 
available in large quantities and it has inducible cytochrome P450 
enzymes (48,57,60). Twenty-eight placentas were studied using IAC 
separation followed by SFS. Detectable levels of BPDE-DNA were 
identified in 10 samples, which included smokers and non-smokers 
(48). The 32P-postlabeling assay (57) and SFS also have been 
utilized for the detection of PAH-DNA adducts (Manchester D.K. 
Carcinogenesis, in press) while an immunoassay has been used for 
detection of 06methyldG (37). Whether or not these types of assays 
will be useful for maternal and/or fetal exposure assessments and 

In Immunoassays or Trace Chemical Analysis; Vanderlaan, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



Ta
bl

e 
I: 

D
N

A
 A

dd
uc

ts
 in

 N
or

m
al

 H
um

an
 T

is
su

e*
 b

 

B
uf

fy
 

O
ra

l 
A

dd
uc

t 
Pl

ac
en

ta
 

Es
op

ha
gu

s 
Ly

m
ph

oc
yt

es
 

C
oa

t 
Li

ve
r 

Lu
ng

 
M

uc
os

a 
M

et
ho

d6 
C

oh
or

t*
1 

R
ef

 

P
A

H
 

33
{?

/3
1)

 
Ε 

G
 

(5
7)

 
16

 (?
/3

0)
 

Ε 
G

 
(5

7)
 

10
 (1

0/
28

) 
S 

G
 

(4
8)

 
23

(1
3/

13
) 

U
 

C
o 

(3
3)

 
27

6 
(1

8/
27

) 
U

 
C

o 
(3

2)
 

+ e (
31

/4
1)

 
S 

Co
 

(3
2)

 
7(

7/
20

) 
υ 

Fo
 

(1
23

) 
45

 (
7/

28
) 

υ 
R

 
(1

23
) 

18
 (3

0/
35

) 
Ε 

Fo
 

(3
6)

 
65

 (
15

/4
3)

 
Ε 

Fi
 

(5
9)

 
28

 (
4/

27
) 

Ε 
G

 
(1

24
) 

+ 
(9

/1
7)

 
υ 

G
 

(1
25

) 
0.

32
 (5

/1
2)

 
Ε 

G
 

(8
7)

 

06
m

et
hy

ld
G

 
0.

01
 (

5/
20

) 
Ε 

G
 

(1
26

) 
2(

16
/2

2)
 

RI
A

 
G

 
(9

0)
 

59
0 

(1
/1

)f 
F 

D
M

N
 

(4
4)

 
11

0 
(1

6/
17

) 
Ρ 

G
 

(1
25

) 
0.

05
 (

4/
20

) 
Ε 

G
 

(3
9)

 

04
et

h
yl

d
T 

12
 (1

1/
12

) 
RI

A
 

G
 

(9
1)

 

O
eet

hy
ld

G
 

14
(1

7/
17

) 
Ρ 

G
 

(1
25

) 

N
7m

et
hy

ld
G

 
13

68
 (

1/
1)

f 
F 

D
M

N
 

(4
4)

 

3
2
P

-P
L

9 
+ 

(1
9/

31
) 

Ρ 
G

 
(5

7)
 

5(
?/

17
) 

Ρ 
F 

(1
27

) 
2(

9/
24

) 
Ρ 

F 
(4

1)
 

9(
29

/2
9)

 
Ρ 

G
 

(1
28

) 
64

7 
(?

/1
9)

 
Ρ 

G
 

(4
2)

 
88

8 
(?

/2
2)

 
Ρ 

B
 

(4
2)

 
93

6 
(?

/2
2)

 
Ρ 

TC
 

(4
2)

 
4.

7 
(3

5/
35

) 
Ρ 

G
 

(6
1)

 
0.

28
 (2

5/
25

) 
Ρ 

G
 

(6
1)

 

4-
A

m
in

ob
ip

he
ny

l 
9(

10
/1

7)
 

Ε 
G

 
(1

25
) 

A
fla

to
xi

n 
Β

·) 
53

 (
7/

8)
 

Ε 
H

C
 

(8
7)

 

aPa
re

nt
he

se
s 

in
di

ca
te

 n
um

be
r 

of
 in

di
vi

du
al

s 
po

si
tiv

e/
to

ta
l 

ex
am

in
ed

 
k A

dd
uc

t l
ev

el
s 

ar
e 

10*
* 

pe
r 

nu
cl

eo
tid

e 
ex

ce
pt

 w
he

re
 n

ot
ed

 
C
E

=E
L

IS
A

; 
F=

Fl
uo

re
sc

en
ce

; P
=32

P
-p

os
tl

ab
el

in
g;

 
R

IA
=R

ad
io

im
m

un
oa

ss
ay

; U
=U

SE
R

IA
; 

S=
Sy

nc
hr

on
ou

s 
Fl

uo
re

sc
en

ce
 

dB
=B

et
el

 n
ut

 c
he

w
er

s;
 C

o=
C

ok
e-

ov
en

 w
or

ke
rs

; D
M

N
=N

-
ni

tr
os

od
im

et
hy

la
m

in
e 

po
is

on
in

g;
 F

i=
F

ir
ef

ig
ht

er
s;

 F
o=

Fo
un

dr
y 

w
or

ke
rs

; 
G

=G
en

er
al

 p
op

ul
at

io
n 

(in
cl

ud
in

g 
sm

ok
er

s 
an

d 
no

n-
sm

ok
er

s)
; 

H
C

=H
ep

at
oc

el
lu

la
r 

ca
rc

in
om

a 
pa

tie
nt

s;
 

R
=R

oo
fe

rs
; T

C
=T

ob
ac

co
 ch

ew
er

s 
e+d

en
ot

es
 a

dd
uc

t d
et

ec
te

d
 b

ut
 q

ua
nt

ita
tiv

e 
da

te
 n

ot
 a

va
ila

bl
e 

fr
om

 p
ub

lic
at

io
n.

 
*p

er
 m

ol
 g

ua
ni

ne
 

g 
32

p
.p

L
_3

2p
.p

O
S

tj a
j )e

jj
n
g  

a
s

s
a
y  

w
it

ho
ut

 m
ic

ro
pr

ep
ar

at
iv

e 
te

ch
ni

qu
e 

or
 

ch
em

ic
al

 s
pe

ci
fic

ity
. 

In Immunoassays or Trace Chemical Analysis; Vanderlaan, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



194 IMMUNOASSAYS FOR TRACE CHEMICAL ANALYSIS 

Table

Adduct Hemoglobi

Aflatoxin Bj 102 (42/42) RIA C (88) 

4 Aminobiphenyl 51 (25/25)a GC/MS NSm (49) 
176 (43/43)a GC/MS Sm-Blo (49) 
288 (18/18)3 GC/MS Sm-BIa (49) 

28 (25/25)a GC/MS NSm (129) 
154 (19/19)8 GC/MS Sm-Blo (129) 

PAH + (2/2) HPLC/SFS Co (45) 

Eto 3.7 (4/4)e GC/MS ETO-1 (130) 
0.3 (6/6)e GC/MS ETO-2 (130) 
0.39(11/11)e GC/MS Sm-Blo (131) 
0.058 (14/14)e GC/MS NSm (131) 

apg/gm 
bng/gm 
c G C / M S = Gas chromatography/mass spectroscopy; HPLC/SFS = High performance liquid chromatography/ 
Synchronous fluorescence spectroscopy; RIA = Radioimmunoassay. 
d C = Chinese residents; Nsm = non-smokers; Sm-Blo = Blond tobacco smokers; Sm-BIa = Black tobacco smokers; 
Co = Coke-oven workers; ETO-1 = Ethylene-oxide exposed workers (high and intermediate exposed); 
ETO-2 = Controls and low exposed ethylene-oxide workers. 
enmol/gm 
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cancer risk estimates will need to be investigated in prospective 
studies. 

Oral mucosal cells are another relatively non-invasive source 
of DNA. Immunoassays detect 06methyldG and N7methyldG (32) while 
the P-postlabeling assay detects putative carcinogen-DNA adducts 
(4£). Investigations of other tissues such as liver or lung are 
highly dependent upon availability (e.g. autopsy or surgical 
samples). While providing important information relevant to 
elucidating mechanisms of carcinogenesis, these tissues cannot be 
useful for sampling cohorts or used prospectively to assess an 
individuals exposure and cancer risk. 

Molecular epidemiologic studies need to assess multiple sources 
of exposure and modifying behaviors. For example, Foi les and 
coworkers reported lower adduct levels as detected by 32P-
postlabeling assay in oral mucosal cells of persons consuming 
alcohol (fil) while Liou et al. , (59) found no statistically 
significant difference in occurrence of PAH-DNA adducts using 
similar methods. Tobacc
as well as other adducts identified by immunoassays (32.59) and P-
postlabeling assay (57.61). Persons consuming blond or black 
tobacco have demonstrably different levels of 4-aminobiphenyl or 3-
aminobiphenyl adducts when compared to each other and with non-
smokers (49). Several studies did not identify smoking related 
differences for PAH, alkyl and 32P-postlabeled putative adducts in 
placenta (37.57.62). These phenomena might be tissue specific as 
adduct differences are observed more consistently in blood than 
placenta. 

Laboratory Animal and Human Pilot Studies 

Laboratory animal experiments demonstrate that dose-response 
relationships exist between carcinogen exposure and adduct levels, 
suggesting the utility of these studies in human exposure 
assessments. In animals, DNA and protein adduct levels correlate 
with dose of PAHs (63-65). tobacco-smoke condensate (43.60.66). N-
nitrosamines (67-70). aromatic amines (21) (Beland, F. Α . , 
unpublished data; Poirier, M. C., unpublished data) and heterocyclic 
amines (72J3). 

Adduct levels correlate with in vitro mutagenicity assays 
(68.71.74-76) and laboratory animal cancer incidence 
(65.71.75.77-84) (Beland, F. Α . , unpublished data; Poirier, M. C., 
unpublished data). Carcinogen binding to DNA in rat liver is 
directly related to carcinogenic potency although the liver is not 
always the target organ (7Z). In other tissues, tumor incidence 
correlates with benzo[a]pyrene (BP) adducts in mouse skin (ZS) as 
does methylation caused by 1,2-dimethylhydrazine in intestine (79) 
and persistence of 06ethylguanine caused by ethyl nitrosourea in rat 
brain (Sfi). Benzidine treatment following partial hepatectomy in 
mice led to a high correlation of adduct levels measured by the P-
postlabeling assay in association with clastogenic effects in its 
target organ (71). Animals sensitive to the carcinogenic effects of 
various PAHs can have higher DNA adduct levels than those caused by 
non-carcinogenic PAH exposure (SI). Chronic dosing leads to higher 
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levels of DNA adducts than single exposures although this is not 
necessarily the case with hemoglobin adducts (65,82). Target organs 
also tend to have higher levels (75.80,83,84). However, adduct 
levels do not always correlate with tumorigenicity (85,86), but this 
might reflect the complexity of cancer mechanisms. 

Pilot human dosimetry studies have demonstrated the usefulness 
of adduct measurements in exposure assessments. Higher adduct 
levels in heavily exposed coke oven workers compared to those with 
lower exposures or controls have been reported using USERIA (32), 
ELISA (36) or the 32P-postlabeling assay (41). Tobacco consumption 
is also positively correlated with adduct formation (49). 
Chemotherapeutic trials are among the best evidence that adduct 
levels are related to exposure because in these cases, negative 
controls are truly negative. The development of immunoassays for 
cisplatin-DNA adducts by Poirier et al., have led to internal 
dosimetry estimates and predictions for prognosis (35)· Levels of 
aflatoxin B^adducts have also been identified in human liver and 
breast with ELISA (40.87)
(38). Multiple adduct assessment
(89). 

Cancer risk studies are now being formulated as methodologies 
are becoming sophisticated enough to reliably detect and quantitate 
adducts. Evaluations of cancer patients have shown that Chinese 
people with esophageal cancer and presumed higher exposures to 
dietary N-nitrosamines have higher levels of 06methyl-2'-
deoxyguanosine adducts than European cancer patients (90). 
Radioimmunoassay for 04methylthymine in human liver DNA showed 
higher levels in autopsy samples of cancer patients compared to 
controls and also a further subdivision for those with and without 
liver cancer (91). In addition, urinary excretion of aflatoxin B:-
guanine adducts was correlated with cancer risk of certain ethnic 
groups in Kenya using HPLC/UV and confirmation with spectral 
fluorescence (92). 

Genetic Predispositions 

Metabolic phenotyping has suggested an inherited predisposition for 
cancer. Ayesh et al., (24) reported that among a cohort of smokers 
in London, England, poor metabolizers of debrisoquine, an 
antihypertensive medication, had a reduced risk for lung cancer. A 
concomitant four-fold increased risk for extensive metabolizers was 
identified. The poor metabolic phenotype is an autosomally 
recessive trait occurring in 5-10% of whites. The findings of Ayesh 
and coworkers have been confirmed in a second study of lung cancer 
patients participating in a case-control study evaluating cancer 
risk and prognosis (93). These data have been extended to suggest 
an interactive effect with pulmonary carcinogens (asbestos or PAHs) 
(93-95). In addition to lung cancer, weak associations have also 
been found with liver and advanced bladder carcinoma risk and 
extensive debrisoquine metabolizer phenotype (96,97). The hepatic 
mono-oxygenase (P450nD6) responsible for the debrisoquine phenotype 
has been cloned and expressed in mammalian cell culture (98,99). 
Studies are now under way to correlate restriction fragment length 
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polymorphisms with metabolic phenotypes (99). Although the 
phenotype is associated with the hydroxylation of a number of 
medications, no candidate carcinogen has been identified as a 
substrate for this enzyme. Whether the cytochrome P450HD6 enzyme 
is responsible for activating procarcinogens or its respective gene 
is in linkage disequilibrium with another gene related to cancer 
risk is unknown. 

An investigation involving the metabolism of a medication used 
in the treatment of tuberculosis, isoniazid, has led to the 
identification of an acetylator phenotype for N-acetyltransferase. 
This enzyme, in addition to metabolizing medications and caffeine, 
also acetylates aromatic amines linked to bladder cancer. Slow 
acetyl ation has been associated with bladder cancer in aromatic 
amine exposed workers (25), as well as the general population (26). 
It is also positively correlated with bladder tumor invasion (£7) 
and laryngeal cancer (27). Slow acetylators are homozygous for an 
autosomal recessive gene. In contrast to slow acetylators, rapid 
acetyl ation is associate
of an individual can be
caffeine metabolites or other drug testing (101). 

Acquired genetic abnormalities include activation of 
protooncogenes, loss of suppressor genes and other chromosomal 
alterations. Our laboratory has investigated the incidence of rare 
alleles of the HRAS-1 protooncogene locus in lung cancer patients 
and controls. Rare nucleotide tandem repeat alleles detected by 
DNA-RFLP analysis have been previously detected in bladder cancer 
(102) and breast cancer patients (103). The HRAS-1 protooncogene 
contains a hypervariable insertion/deletion polymorphism with 30 to 
100 tandem nucleotide repeats of a 28 base pair consensus sequence 
aligned head-to-tail downstream from the 3' end of the structural 
gene of HRAS-1. The function of this variable tandem repeat is 
unknown but it is possible that this region contains enhancer 
activity, and may be a "hot spot" for the effects of chemical 
carcinogens or reflects genomic instability. In an interlaboratory 
study, we have been able to unambiguously distinguish more than 20 
different restriction enzyme patterns at the HRAS-1 gene locus in 
our subjects and found that "rare" alleles occurred more frequently 
than in controls (Sugimura, H. Cancer Res., in press). 

We have also investigated the association of lung cancer and 
MYCL genetic phenotype using RFLP. The S allele has been detected 
more frequently in males with soft tissue sarcoma (104)» and the 
presence of metastasis in gastric (105) and lung cancer patients 
(106). While the presence of the S allele was not informative in 
renal cell cancer patients, the L-L allelotype was more closely 
associated with the lack of metastases and lower grade tumors (107). 
A recent analysis of our lung cancer cohort failed to reveal 
predictive information of MYCL alleles (Tamai, S., unpublished 
data). Interestingly, racial differences were found whereby the S-S 
allele was detected more frequently in American blacks than whites. 
In other tumors, such as colon (108) or breast (105), no association 
with MYCL genotypes was found. 

It is commonly accepted that lung cancer results from exposure 
to multiple carcinogenic agents found in tobacco smoke and various 
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environmental sources (109). Karyotype data indicates that genetic 
abnormalities are predictably complex (110). In small-cell and non-
small -cell carcinoma of the lung, a loss of chromosome 3p21 has been 
noted (111-114) albeit less consistently in non-small cell carcinoma 
(111.112). The long arm of chromosome 3 is also lost in some non-
small -cell tumor types (115)· We have observed abnormalities in 
other genes and have noted associations with specific histological 
types (Figure 5). In this case, fifty-four non-small lung cancer 
cases were examined for loss of heterozygosity by DNA-RFLP analysis 
(23 squamous cell carcinomas, 23 adenocarcinomas and 8 large cell 
carcinomas). Of these, only 20 did not show loss of heterozygosity 
at chromosome 11 and 10 of those 20 had abnormalities at other 
chromosomal loci (116). Loss of heterozygosity from chromosome 17 
was identified in 8/9 of squamous cell carcinomas while loss from 
both chromosomes 17 and 11 were observed in 7/8 cases. Whereas loss 
of heterozygosity at chromosome 17p (D17S1) was detected in only 2 
of 11 cases of adenocarcinoma of the lung. Loss of heterozygosity 
in 17p is particularly interestin
tumor suppressor, is locate
mutations are found in lung cancer (20.122). These studies indicate 
that the spectrum of mutations and deletions in oncogenes and 
putative tumor suppressor genes is complex in lung cancer 
carcinogenesis. These genetic changes are likely to be involved in 
a "multi-hit" framework similar to the specific changes that have 
been described for other malignancies (9.11.117.118). 

Conclusion 

Molecular epidemiology continues to evolve by developing multiple 
corroborative and chemically specific carcinogen adduct assays. 
These are more apt to provide reliable exposure assessments. The 
ease of metabolic phenotyping, combined with exposure assessments, 
will enhance cancer risk estimates. The application of a variety of 
molecular biological techniques is providing new insights into both 
carcinogenic mechanisms and elucidating at-risk inherited or 
acquired genetic predispositions. The integration of adduct assays, 
phenotyping and other molecular studies is now being realized so 
that individual cancer risk assessments might be feasible. 

Acknowledgments 

We gratefully acknowledge the editorial and typing assistance of Mr. 
Bob Julia. 

Literature Cited 

1. Barbacid, M. Carcinogenesis 1986, 7, 1037. 
2. Bishop, J. M. Leukemia 1988, 2, 199. 
3. Weinstein, I. B. Cancer Res. 1988, 48, 4135. 
4. Weston, Α.; Manchester, D. K.; Povey, A. C.; Harris, C. C. J. 

Am. Coll. Toxicol. 1989, 8, 913. 
5. Harris, C. C.; Trump, B. F.; Grafstrom, R. C.; Autrup, H. J. 

Cell Biochem. 1982, 18, 285. 

In Immunoassays or Trace Chemical Analysis; Vanderlaan, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



17. SHIELDS ET Molecular Epidemiology 201 

6. Harris, C. C. Carcinogenesis 1989, 10, 1563. 
7. Knudson, A. G., Jr. Proc. Natl. Acad. Sci. USA 1971, 68, 820. 
8. Knudson, A. G., Jr. Cancer Res. 1985, 45, 1437. 
9. Hansen, M. F.; Koufos, Α.; Gallie, B. L.; Phillips, R. Α.; 

Fodstad, O.; Brogger, Α.; Gedde-Dahl, T.; Cavenee, W. K. Proc. 
Natl. Acad. Sci. USA 1985, 82, 6216. 

10. Fung, Y. K.; Murphree, A. L.; T'Ang, Α.; Qian, J.; Hinrichs, S. 
H.; Benedict, W. F. Science 1987, 236, 1657. 

11. Cavenee, W. K.; Murphree, A. L.; Shull, M. M.; Benedict, W. F.; 
Sparkes, R. S.; Kock, E.; Nordenskjold, M. N. Engl. J. Med. 
1986, 314, 1201. 

12. Friend, S. H.; Bernards, R.; Rogelj, S.; Weinberg, R. Α.; 
Rapaport, J. M.; Albert, D. M.; Dryja, T. P. Nature 1986, 323, 
643. 

13. Koufos, Α.; Hansen, M. F.; Lampkin, B. C.; Workman, M. L.; 
Copeland, N. G.; Jenkins, Ν. Α.; Cavenee, W. K. Nature 1984, 
309. 170. 

14. Orkin, S. H.; Goldman
172. 

15. Reeve, A. E.; Housiaux, P. J.; Gardner, R. J.; Chewings, W. E.; 
Grindley, R. M.; Millow, L. J. Nature 1984, 309, 174. 

16. Fearon, E. R.; Vogelstein, B.; Feinberg, A. P. Nature 1984, 
309, 176. 

17. Fearon, E. R.; Feinberg, A. P.; Hamilton, S. H.; Vogelstein, B. 
Nature 1985, 318, 377. 

18. Seizinger, B. R.; Martuza, R. L.; Gusella, J. F. Nature 1986, 
322. 644. 

19. Baker, S. J.; Fearon, E. R.; Nigro, J. M.; Hamilton, S. R.; 
Preisinger, A. C.; Jessup, J. M.; vanTuinen, P.; Ledbetter, D. 
H.; Barker, D. F.; Nakamura, Y. Science 1989, 244, 217. 

20. Nigro, J. M.; Baker, S. J.; Preisinger, A. C.; Jessup, J. M.; 
Hostetter, R.; Cleary, K.; Bigner, S. H.; Davidson, N.; Baylin, 
S.; Devilee, P.; Glover, T.; Collins, F. S.; Weston, Α.; 
Modali, R.; Harris, C. C.; Vogelstein, B. Nature 1989, 342, 
705. 

21. Fearon, E. R.; Cho, K. R.; Nigro, J. M.; Kern, S. E.; Simons, 
J. W.; Ruppert, J. M.; Hamilton, S. R.; Preisinger, A. C.; 
Thomas, G.; Kinzler, K. W.; Vogelstein, B. Science 1990, 247, 
49. 

22. Vogelstein, B.; Fearon, E. R.; Hamilton, S. R.; Kern, S. E.; 
Preisinger, A. C.; Leppert, M.; Nakamura, Y.; White, R.; Smits, 
A. M.; Bos, J. L. N. Engl. J. Med. 1988, 319, 525. 

23. Brodeur, G. M.; Hayes, F. Α.; Green, Α. Α.; Casper, J. T.; 
Wasson, J.; Wallach, S.; Seeger, R. C. Cancer Res. 1987, 47, 
4248. 

24. Ayesh, R.; Idle, J. R.; Ritchie, J. C.; Crothers, M. J.; 
Hetzel, M. R. Nature 1984, 312, 169. 

25. Cartwright, R. Α.; Glashan, R. W.; Rogers, H. J.; Ahmad, R. Α.; 
Barham-Hall, D.; Higgins, E.; Kahn, M. A. Lancet 1982, 2, 842. 

26. Mommsen, S.; Barfod, N. M.; Aagard, J. Carcinogenesis 1985, 6, 
199. 

27. Hein, D. W. Biochim. Biophys. Acta 1988, 948, 37. 

In Immunoassays or Trace Chemical Analysis; Vanderlaan, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



202 IMMUNOASSAYS FOR TRACE CHEMICAL ANALYSIS 

28. International Agency on the Research of Cancer IARC Monographs 
on the Evaluation of the Carcinogenic Risk of Chemicals to 
Humans: Tobacco Smoking. Vol. 38; IARC: Lyon, France, 1986; 

29. Wynder, E. L.; Graham, E. A. J. A. M. A. 1950, 143, 329. 
30. Grafstrom, R. C.; Willey, J. C.; Sundqvist, K.; Harris, C. C. 

In Banbury Report #23: Mechanisms of Tobacco Carcinogenesis; 
Hoffmann, D.; Harris, C. C., Eds.; Cold Spring Harbor Press: 
Cold Spring Harbor, New York, 1986; ρ 273. 

31. Newman, M. J.; Light, Β. Α.; Weston, Α.; Tollurud, D.; Clark, 
J. L.; Mann, D. L.; Blackmon, J. P.; Harris, C. C. J. Clin. 
Invest. 1988, 82, 145. 

32. Harris, C. C.; Vahakangas, K.; Newman, M. J.; Trivers, G. E.; 
Shamsuddin, A. K. M.; Sinopoli, N. T.; Mann, D. L.; Wright, W. 
E. Proc. Natl. Acad. Sci. USA 1985, 82, 6672. 

33. Haugen, Α.; Becher, G.; Benestad, C.; Vahakangas, Κ.; Trivers, 
G. Ε.; Newman, M. J.; Harris, C. C. Cancer Res. 1986, 46, 4178. 

34. Santella, R. M.; Weston  Α.; Perera  F  P.; Trivers  G  E.; 
Harris, C. C.; Young
M. C. Carcinogenesi

35. Poirier, M. C.; Reed, E.; Ozols, R. F.; Fasy, T.; Yuspa, S. H. 
Prog. EXP. Tumor Res. 1987, 31, 104. 

36. Perera, F. P.; Hemminki, K.; Young, T. L.; Brenner, D.; Kelly, 
G.; Santella, R. M. Cancer Res. 1988, 48, 2288. 

37. Foiles, P. G.; Miglietta, L. M.; Akerkar, S. Α.; Everson, R. 
B.; Hecht, S. S. Cancer Res. 1988, 48, 4184. 

38. Wild, C. P.; Jiang, Y. Z.; Montesano, R.; Parkin, M.; Khlat, 
M.; Srivatanakul, P. Proc. Am. Assoc. Cancer Res. 1989, 30, 
317. 

39. Wild, C. P.; Stich, H. F.; Montesano, R. Proc. Am. Assoc. 
Cancer Res. 1989, 30, 318. 

40. Wild, C. P.; Lu, S. H.; Montesano, R. IARC Sci. Publ. 1987, 
534. 

41. Phillips, D. H.; Hemminki, K.; Alhonen, Α.; Hewer, Α.; Grover, 
P. L. Mutat. Res. 1988, 204, 531. 

42. Dunn, B. P.; Stich, H. F. Carcinogenesis 1986, 7, 1115. 
43. Chacko, M.; Gupta, R. C. Carcinogenesis 1988, 9, 2309. 
44. Herron, D. C.; Shank, R. C. Cancer Res. 1980, 40, 3116. 
45. Weston, Α.; Rowe, M. L.; Manchester, D. K.; Farmer, P. B.; 

Mann, D. L.; Harris, C. C. Carcinogenesis 1989, 10, 251. 
46. Vahakangas, K.; Haugen, Α.; Harris, C. C. Carcinogenesis 1985, 

6, 1109. 
47. Weston, Α.; Manchester, D. K.; Poirier, M. C.; Choi, J. S.; 

Trivers, G. E.; Mann, D. L.; Harris, C. C. Chem. Res. Toxicol. 
1989, 2, 104. 

48. Manchester, D. K.; Weston, Α.; Choi, J. S.; Trivers, G. E.; 
Fennessey, P.; Quintana, E.; Farmer, P. B.; Mann, D. L.; 
Harris, C. C. Proc. Natl. Acad. Sci. USA 1988, 85, 9243. 

49. Bryant, M. S.; Vineis, P.; Skipper, P. L.; Tannenbaum, S. R. 
Proc. Natl. Acad. Sci. USA 1988, 85, 9788. 

50. Shigenaga, M. K.; Gimeno, C. J.; Ames, Β. N. Proc. Natl. Acad. 
Sci. USA 1989, 86, 9697. 

51. Wilson, V. L.; Basu, A. K.; Essigmann, J. M.; Smith, R. Α.; 
Harris, C. C. Cancer Res. 1988, 48, 2156. 

In Immunoassays or Trace Chemical Analysis; Vanderlaan, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



17. SHIELDS ET A L Molecular Epidemiology 203 

52. Gorelick, N. J.; Wogan, G. N. Carcinogenesis 1989, 10, 1567. 
53. Weston, Α.; Beland, F. Α.; Manchester, D. K.; Parker, Ν. B.; 

Harris, C. C.; Poirier, M. C. Proc. Am. Assoc. Cancer Res. 
1989, 30, 134. 

54. Poirier, M. C.; Santella, R. M.; Weinstein, I. B.; Grunberger, 
D.; Yuspa, S. H. Cancer Res. 1980, 40, 412. 

55. Hsu, I. C.; Poirier, M. C.; Yuspa, S. H.; Grunberger, D.; 
Weinstein, I. B.; Yolken, R. H.; Harris, C. C. Cancer Res. 
1981, 41, 1091. 

56. Vahakangas, K.; Trivers, G. E.; Rowe, M. L.; Harris, C. C. 
Environ. Health Perspect. 1985, 62, 101. 

57. Everson, R. B.; Randerath, E.; Santella, R. M.; Cefalo, R. C.; 
Avitts, T. Α.; Randerath, K. Science 1986, 231, 54. 

58. Schutte, H. H.; Van der Schans, G. P.; Lohman, P. H. Mutat. 
Res. 1988, 194, 23. 

59. Liou, S. H.; Jacobson-Kram, D.; Poirier, M. C.; Nguyen, D.; 
Strickland, P. T.; Tockman  M S  Cancer Res  1989  49  4929

60. Randerath, E.; Avitts
Everson, R. B.; Randerath

61. Foiles, P. G.; Miglietta, L. M.; Quart, A. M.; Quart, E.; 
Kabat, G. C.; Hecht, S. S. Carcinogenesis 1989, 10, 1429. 

62. Everson, R. B.; Randerath, E.; Santella, R. M.; Avitts, T. Α.; 
Weinstein, I. B.; Randerath, K. JNCI 1988, 80, 567. 

63. Lee, B. M.; Santella, R. M. Carcinogenesis 1988, 9, 1773. 
64. Schoepe, Κ. B.; Friesel, H.; Schurdak, M. E.; Randerath, K.; 

Hecker, E. Carcinogenesis 1986, 7, 535. 
65. Schoket, B.; Hewer, Α.; Grover, P. L.; Phillips, D. H. 

Carcinogenesis 1988, 9, 1253. 
66. Gupta, R. C.; Sopori, M. L.; Gairola, C. G. Cancer Res. 1989, 

49, 1916. 
67. Becker, R. Α.; Barrows, L. R.; Shank, R. C. Carcinogenesis 

1981, 2, 1181. 
68. Van Zeeland, A. A. Mutagenesis 1988, 3, 179. 
69. Kleihues, P.; Magee, P. N. J. Neurochem. 1973, 20, 595. 
70. Koepke, S. R.; Kroeger-Koepke, M. B.; Bosan, W.; Thomas, B. J.; 

Alvord, W. G.; Michejda, C. J. Cancer Res. 1988, 48, 1537. 
71. Talaska, G.; Au, W. W.; Ward, J. B., Jr.; Randerath, K.; 

Legator, M. S. Carcinogenesis 1987, 8, 1899. 
72. Schut, H. Α.; Putman, K. L.; Randerath, K. In Carcinogenic and 

Mutagenic Responses to Aromatic Amines and Nitroarenes: King, 
C. M.; Romano, L. J.; Schuetzle, D., Eds.; Elsevier: Amsterdam, 
1988; ρ 265. 

73. Turesky, R. J.; Skipper, P. L.; Tannenbaum, S. R. 
Carcinogenesis 1987, 8, 1537. 

74. Arce, G. T.; Allen, J. W.; Doerr, C. L.; Elmore, E.; Hatch, G. 
G.; Moore, M. M.; Sharief, Y.; Grunberger, D.; Nesnow, S. 
Cancer Res. 1987, 47, 3388. 

75. Pegg, A. E. Rev. Biochem. Toxicol. 1983, 5, 83. 
76. Bignami, M.; Vitelli, Α.; Di Muccio, Α.; Terlizzese, M.; 

Calcagnile, Α.; Zapponi, G. Α.; Lohman, P. H.; Den Engelse, L.; 
Dogliotti, E. Mutat. Res. 1988, 193, 43. 

77. Lutz, W. K. J. Cancer Res. Clin. Oncol. 1986, 112, 85. 

In Immunoassays or Trace Chemical Analysis; Vanderlaan, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



204 IMMUNOASSAYS FOR TRACE CHEMICAL ANALYSIS 

78. Ashurst, S. W.; Cohen, G. M.; Nesnow, S.; DiGiovanni, J.; 
Slaga, T. J. Cancer Res. 1983, 43, 1024. 

79. James, J. T.; Autrup, H. J. Natl. Cancer Inst. 1983, 70, 541. 
80. Goth, R.; Rajewsky, M. F. Proc. Natl. Acad. Sci. USA 1974, 71, 

639. 
81. Daniel, F. B.; Joyce, N. J. J. Natl. Cancer Inst. 1983, 70, 

111. 
82. Gorelick, N. J.; Hutchins, D. Α.; Tannenbaum, S. R.; Wogan, G. 

N. Carcinogenesis 1989, 10, 1579. 
83. Schurdak, M. E.; Stong, D. B.; Warshawsky, D.; Randerath, K. 

Carcinogenesis 1987, 8, 1405. 
84. Schurdak, M. E.; Randerath, K. Carcinogenesis 1985, 6, 1271. 
85. Dipple, Α.; Pigott, Μ. Α.; Bigger, A. H.; Blake, D. M. 

Carcinogenesis 1984, 5, 1087. 
86. Daniel, F. B.; Joyce, N. J. Carcinogenesis 1984, 5, 1021. 
87. Garner, R. C.; Dvorackova, I.; Tursi, F. Int. Arch. Occup. 

Environ. Health 1988  60  145
88. Gan, L. S.; Skipper

S.; Wogan, G. N.; Tannenbaum,  Carcinogenesi , , 
1323. 

89. Wyndham, C.; Devenish, J.; Safe, S. Res. Commun. Chem. Pathol. 
Pharmacol. 1976, 15, 563. 

90. Umbenhauer, D.; Wild, C. P.; Montesano, R.; Saffhill, R.; 
Boyle, J. M.; Huh, N.; Kirstein, U.; Thomale, J.; Rajewsky, M. 
F.; Lu, S. H. Int. J. Cancer 1985, 36, 661. 

91. Huh, N. H.; Satoh, M. S.; Shiga, J.; Rajewsky, M. F.; Kuroki, 
T. Cancer Res. 1989, 49, 93. 

92. Autrup, H.; Seremet, T.; Wakhisi, J.; Wasunna, A. Cancer Res. 
1987, 47, 3430. 

93. Caporaso, N.; Hoover, R.; Eisner, S.; Resau, J.; Trump, B. F.; 
Issaq, H.; Morshik, G.; Harris, C. C. ASCO Proceedings 1988, 7, 
336. 

94. Caporaso, N.; Hayes, R. B.; Dosemeci, M.; Hoover, R.; Ayesh, 
R.; Hetzel, M.; Idle, J. R. Cancer Res. 1989, 49, 3675. 

95. Caporaso, N.; Pickle, L. W.; Bale, S.; Ayesh, R.; Hetzel, M.; 
Idle, J. Genet. Epidemiol. 1989, 6, 517. 

96. Kaisary, Α.; Smith, P.; Jaczq, E.; McAllister, C. B.; 
Wilkinson, G. R.; Ray, W. Α.; Branch, R. A. Cancer Res. 1987, 
47, 5488. 

97. Ritchie, J. C.; Idle, J. R. IARC Sci. Publ. 1982, 381. 
98. Gonzalez, F. J. Pharmacol. Rev. 1988, 40, 243. 
99. Skoda, R. C.; Gonzalez, F. J.; Demierre, Α.; Meyer, U. A. Proc. 

Natl. Acad. Sci. USA 1988, 85, 5240. 
100. Ilett, K. F.; David, B. M.; Detchon, P.; Castleden, W. M.; Kwa, 

R. Cancer Res. 1987, 47, 1466. 
101. Weber, W. W. The Acetylator Genes and Drug Response; Oxford 

University Press: New York, 1987; 
102. Krontiris, T. G.; DiMartino, Ν. Α.; Colb, M.; Parkinson, D. R. 

Nature 1985, 313, 369. 
103. Lidereau, R.; Escot, C.; Theillet, C.; Champeme, M. H.; Brunet, 

M.; Gest, J.; Callahan, R. JNÇI 1986, 77, 697. 

In Immunoassays or Trace Chemical Analysis; Vanderlaan, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



17. SHIELDS ET A L Molecular Epidemiology 205 

104. Kato, M.; Toguchida, J.; Honda, K.; Sasaki, M. S.; Ikenaga, M.; 
Sugimoto, M.; Yamaguchi, T.; Kotoura, Y.; Yamamuro, T.; 
Ishizaki, K. Int. J. Cancer 1990, 45, 47. 

105. Ishizaki, K.; Kato, M.; Ikenaga, M.; Honda, K.; Ozawa, K.; 
Toguchida, J. J. Natl. Cancer Inst. 1990, 82, 238. 

106. Kawashima, K.; Shikama, H.; Imoto, K.; Izawa, M.; Naruke, T.; 
Okabayashi, K.; Nishimura, S. Proc. Natl. Acad. Sci. USA 1988, 
85, 2353. 

107. Kakehi, Y.; Yoshida, O. Int. J. Cancer 1989, 43, 391. 
108. Ikeda, I.; Ishizaka, Y.; Ochiai, M.; Sakai, R.; Itabashi, M.; 

Onda, M.; Sugimura, T.; Nagao, M. Gann 1988, 79, 674. 
109. Doll, R. In Biochemical and Molecular Epidemiology of Cancer; 

Harris, C. C., Ed.; Alan R. Liss, Inc.: New York, 1985; ρ 111. 
110. Zech, L.; Bergh, J.; Nilsson, K. Cancer Genet. Cytogenet. 1985, 

15, 335. 
111. Brauch, H.; Johnson, B.; Hovis, J.; Yano, T.; Gazdar, A. F.; 

Pettengill, O. S.; Graziano  S  L.  Sorenson  G  D.  Poiesz  B
J.; Minna, J.; Linehan
317. 1109. 

112. Kok, K.; Osinga, J.; Carritt, B.; Davis, M. B.; van der Hout, 
A. H.; van der Veen, A. Y.; Landsvater, R. M.; de Leij, L. F.; 
Berendsen, H. H.; Postmus, P. E.; Poppema, S.; Buys, C. H. 
Nature 1987, 330, 578. 

113. Naylor, S. L.; Johnson, Β. E.; Minna, J. D.; Sakaguchi, A. Y. 
Nature 1987, 329, 451. 

114. Johnson, Β. E.; Sakaguchi, A. Y.; Gazdar, A. F.; Minna, J. D.; 
Burch, D.; Marshall, Α.; Naylor, S. L. J. Clin. Invest. 1988, 
82, 502. 

115. Rabbitts, P.; Douglas, J.; Daly, M.; Sundaresan, V.; Fox, B.; 
Haselton, P.; Wells, F.; Albertson, D.; Waters, J.; Bergh, J. 
Genes Chromosomes Cancer 1989, 1, 95. 

116. Weston, Α.; Willey, J. C.; Modali, R.; Sugimura, H.; McDowell, 
Ε. M.; Resau, J.; Light, B.; Haugen, Α.; Mann, D. L.; Trump, B. 
F.; Harris, C. C. Proc. Natl. Acad. Sci. USA 1989, 86, 5099. 

117. Gusella, J. F. Annu. Rev. Biochem. 1986, 55, 831. 
118. Hansen, M. F.; Cavenee, W. K. Cancer Res. 1987, 47, 5518. 
119. Finlay, C. Α.; Hinds, P. W.; Levine, A. J. Cell 1989, 57, 1083. 
120. Eliyahu, D.; Michalovitz, D.; Eliyahu, S.; Pinhasi-Kimhi, O.; 

Oren, M. Proc. Natl. Acad. Sci. USA 1989, 86, 8763. 
121. Isobe, M.; Emanuel, B. S.; Givol, D.; Oren, M.; Croce, C. M. 

Nature 1986, 320, 84. 
122. Takahashi, T.; Nau, M. M.; Chiba, I.; Birrer, M. J.; Rosenberg, 

R. K.; Vinocour, M.; Levitt, M.; Pass, H.; Gazdar, A. F.; 
Minna, J. D. Science 1989, 246, 491. 

123. Shamsuddin, A. K. M.; Sinopoli, N. T.; Hemminki, K.; Boesch, R. 
R.; Harris, C. C. Cancer Res. 1985, 45, 66. 

124. Perera, F. P.; Poirier, M. C.; Yuspa, S. H.; Nakayama, J.; 
Jaretzki, Α.; Curnen, M. M.; Knowles, D. M.; Weinstein, I. B. 
Carcinogenesis 1982, 3, 1405. 

125. Wilson, V. L.; Weston, Α.; Manchester, D. K.; Trivers, G. E.; 
Roberts, D. W.; Kadlubar, F. F.; Wild, C. P.; Montesano, R.; 
Willey, J. C.; Mann, D. L.; Harris, C. C. Carcinogenesis 1989, 
10, 2149. 

In Immunoassays or Trace Chemical Analysis; Vanderlaan, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



206 IMMUNOASSAYS FOR TRACE CHEMICAL ANALYSIS 

126. Nebert, D. W.; Negishi, M. Biochem. Pharmacol. 1982, 31, 2311. 
127. Savela, K.; Leppala, S.; Hemminki, K. Arch. Toxicol. Suppl. 

1989, 13, 101. 
128. Phillips, D. H.; Hewer, Α.; Martin, C. N.; Garner, R. C.; King, 

M. M. Nature 1988, 336, 790. 
129. Bryant, M. S.; Skipper, P. L.; Tannenbaum, S. R.; Maclure, M. 

Cancer Res. 1987, 47, 602. 
130. Farmer, P. B.; Bailey, E.; Gorf, S. M.; Tornqvist, M.; 

Osterman-Golkar, S.; Kautiainen, Α.; Lewis-Enright, D. P. 
Carcinogenesis 1986, 7, 637. 

131. Tornqvist, M.; Osterman-Golkar, S.; Kautiainen, Α.; Jensen, S.; 
Farmer, P. B.; Ehrenberg, L. Carcinogenesis 1986, 7, 1519. 

RECEIVED August 30, 1990 

In Immunoassays or Trace Chemical Analysis; Vanderlaan, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



Chapter 18 

Immunoaffinity-Based Monitoring of Human 
Exposure to Aflatoxins in China and Gambia 

John D. Groopman and Audrey Zarba 

Department of Environmental Health Sciences, School of Hygiene and 
Public Health, The Johns Hopkins University, 615 North Wolfe Street, 

Baltimore, MD 21205 

Monoclonal antibod
tography (IAC) used in combination with high 
performance l iquid chromatography (HPLC) is a 
useful technique that permits the concentration, 
resolution, quantification of aflatoxin B1 (AFB1), 
i ts metabolites, and the aflatoxin-DNA adducts 
from various body fluids and food samples of 
people chronically exposed to aflatoxin. Two 
population groups of men and women l iving in 
Guangxi Province, People's Republic of China and 
the village of Keneba, The Gambia were studied and 
samples measured by combined IAC/HPLC. In both 
studies samples of blood, urine, and human milk 
were collected. The average daily intakes of AFB1 
of men and women studied in Guangxi Province were 
48.4 ug and 92.4 ug, respectively. Partial re­
sults of analyses of blood and urine for aflatox-
in-DNA adducts are reported here. We found two 
advantages to using IAC/HPLC methods: (1) IAC/HPLC 
permits efficient analysis of many samples of body 
fluids and food or grain samples in a short time; 
(2) IAC/HPLC is non-destructive to the aflatoxin 
molecule so the same sample aliquot can be used 
for confirmatory analysis. 

Using epidemiological methods, the relationship between 
aflatoxin exposure and human l iver cancer has been hindered 
by inadequate data on aflatoxin consumption, excretion, 
metabolism, and the general poor quality of world-wide 
cancer morbidity and mortality statist ics . Molecular dosim­
etry methods are needed to help accurately assess an indi ­
vidual 1 s exposure to aflatoxins. This is especially impor­
tant because of the recent reclassification by the 
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I n t e r n a t i o n a l Agency f o r Research on Cancer (IARC) o f a f l a ­
t o x i n B l (AFB1) t o a C a t e g o r y I , known human c a r c i n o g e n (1 ) . 
The development o f m o l e c u l a r d o s i m e t r y methods t o p e r m i t the 
m o n i t o r i n g o f an i n d i v i d u a l ' s a f l a t o x i n i n d u c e d g e n o t o x i c 
burden w i l l l e a d t o the i d e n t i f i c a t i o n o f p e o p l e a t h i g h 
r i s k f o r d e v e l o p i n g d i s e a s e l o n g b e f o r e c l i n i c a l m a n i f e s t a ­
t i o n o c c u r s . In t h i s c h a p t e r , we w i l l d e s c r i b e t h e use o f 
i m m u n o a f f i n i t y / H P L C t e c h n i q u e s f o r u r i n e , serum a l b u m i n , and 
food a n a l y s i s and how t h i s method has been a p p l i e d t o t h e 
b i o l o g i c a l m o n i t o r i n g o f p e o p l e exposed t o a f l a t o x i n s i n 
C h i n a and The Gambia. 

E x t e n s i v e l i t e r a t u r e rev iews o f the a f l a t o x i n f i e l d 
have been p u b l i s h e d and the r e a d e r s h o u l d r e f e r t o t h e 
f o l l o w i n g r e c e n t rev iews t h a t d e s c r i b e the t o x i c o l o g y (2 ) ; 
b i o l o g i c a l m o n i t o r i n g (3) and e p i d e m i o l o g i c a l a s p e c t s o f 
a f l a t o x i n s and l i v e r c a n c e r (4) f o r more complete d e s c r i p ­
t i o n s o f r e s e a r c h i n these a r e a s . 

Immunoaf f in i ty Chromatograph
A f l a t o x i n 

U r i n e The i n i t i a l p i l o t s tudy was conducted i n Guangxi 
P r o v i n c e , P e o p l e ' s R e p u b l i c o f C h i n a . T h i s i n v e s t i g a t i o n 
e x p l o r e d b o t h the d i e t a r y consumption o f a f l a t o x i n B l and 
the u r i n a r y e x c r e t i o n o f o x i d a t i v e a f l a t o x i n m e t a b o l i t e s i n 
the same p e r s o n . The methods employed i m m u n o a f f i n i t y 
chromatography w i t h subsequent HPLC q u a n t i t a t i o n . These 
p h a r m a c o k i n e t i c d a t a a r e e s s e n t i a l i n d e t e r m i n i n g the r e l a ­
t i o n s h i p among a f l a t o x i n exposure , b i o l o g i c a l l y e f f e c t i v e 
doses , and l i v e r c a n c e r ( 5 - 8 ) . Twenty i n d i v i d u a l s were 
s e l e c t e d from a presumpt ive h i g h a f l a t o x i n exposure group 
and u r i n e samples were o b t a i n e d i n t h e m o r n i n g . The d a i l y 
i n t a k e o f AFB1 from the d i e t , which i s p r i m a r i l y c o r n c o n ­
t a m i n a t e d w i t h a f l a t o x i n B l , ranged from 13.4 t o 87.5 ug 
AFB1 . U r i n e samples from f o u r i n d i v i d u a l s who had been 
exposed t o t h e h i g h e s t l e v e l (87.5 ug) the p r e v i o u s day were 
p r e p a r e d w i t h the monoc lona l a n t i b o d y i m m u n o a f f i n i t y column 
and t h e n i n d i v i d u a l a f l a t o x i n m e t a b o l i t e s were s e p a r a t e d by 
a n a l y t i c a l HPLC. These prove the presence o f t h e major 
AFB1-DNA a d d u c t , AFB1-N7-Gua , and i n d i c a t e d t h a t the mono­
c l o n a l a n t i b o d y columns, i n c o m b i n a t i o n w i t h HPLC, can 
q u a n t i f y a f l a t o x i n - D N A adducts i n human u r i n e samples o b ­
t a i n e d from i n d i v i d u a l s e n v i r o n m e n t a l l y exposed t o A F B 1 . 

The above e x p e r i e n c e s t i m u l a t e d a more e x t e n s i v e f o l ­
low-up s t u d y i n Guangxi P r o v i n c e . To a s se s s t h e dose and 
e x c r e t i o n o f AFB1 and i t s adducts i n c h r o n i c a l l y exposed 
p e o p l e , t h e f o l l o w i n g p r o t o c o l was d e v e l o p e d . The d i e t s o f 
30 males and 12 f emales , ages r a n g i n g from 25 t o 64 y e a r s , 
were s t u d i e d f o r one week and the t o t a l a f l a t o x i n i n t a k e was 
de termined f o r each day . U r i n e was o b t a i n e d i n two twe lve 
hour f r a c t i o n s f o r t h r e e c o n s e c u t i v e days d u r i n g the one 
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week c o l l e c t i o n p e r i o d . These u r i n e samples were o b t a i n e d 
o n l y a f t e r d i e t a r y a f l a t o x i n l e v e l s had been measured f o r a t 
l e a s t t h r e e c o n s e c u t i v e days and the u r i n e c o l l e c t i o n s were 
i n i t i a t e d on t h e f o u r t h day o f the p r o t o c o l . The average 
male i n t a k e o f AFB1 was 48.4 ug p e r day and t h e mean t o t a l 
i n t a k e f o r t h e seven day p e r i o d was 276.8 ug AFB1 . The 
average female d a i l y i n t a k e was 92.4 ug AFB1 p e r day . 
P r e p a r a t i v e i m m u n o a f f i n i t y chromatography was per formed on 
a l i q u o t s o f t h e twe lve hour u r i n e s . In t o t a l , 256 u r i n e 
samples were a n a l y z e d . 

Complete o x i d a t i v e a f l a t o x i n m e t a b o l i t e e x c r e t i o n i n t o 
u r i n e f o r each twe lve hour sample p e r i o d was c a l c u l a t e d by 
m u l t i p l y i n g t h e u r i n e volume by the c o n c e n t r a t i o n o f a f l a ­
t o x i n s de termined by radioimmunoassay i n t h e a l i q u o t o f 
u r i n e . F i g u r e 1 d e p i c t s a s c a t t e r p l o t compar i son o f a f l a t o x ­
i n i n t a k e w i t h t o t a l o x i d a t i v e a f l a t o x i n m e t a b o l i t e e x c r e ­
t i o n . A l l t h e male and female d a t a were combined f o r t h i s 
p r e s e n t a t i o n . The a f l a t o x i
t o t a l i n t e g r a t e d i n g e s t i o
b e f o r e u r i n e c o l l e c t i o n and d u r i n g the t h r e e day u r i n e 
c o l l e c t i o n . The e x c r e t i o n d a t a a r e the compos i te o f a l l 
a f l a t o x i n m e t a b o l i t e s e x c r e t e d i n t o t h e u r i n e d u r i n g t h e 
t h r e e days o f u r i n e s a m p l i n g . These d a t a r e v e a l t h a t d e ­
s p i t e a twenty f o l d range o f a f l a t o x i n B l d i e t a r y i n t a k e the 
amount o f a f l a t o x i n e x c r e t e d g e n e r a l l y v a r i e d o n l y o v e r a 
t h r e e f o l d r a n g e . 

A l l u r i n e samples were then a n a l y z e d by HPLC and AFM1, 
AFP1 and the major AFB-DNA adducts q u a n t i f i e d ( F i g u r e 2 ) . 
When the a f l a t o x i n DNA adduct e x c r e t i o n l e v e l s i n u r i n e were 
c o r r e l a t e d t o a f l a t o x i n B l d i e t a r y i n t a k e amount i n ug p e r 
day , a dose dependent e x c r e t i o n i s seen . Because the a f l a ­
t o x i n - D N A adduct has a r e l a t i v e l y s h o r t h a l f l i f e i n DNA (2) 
t h i s dose dependent e x c r e t i o n p a t t e r n r e f l e c t s exposures 
d u r i n g the p r e v i o u s few d a y s . The c o r r e l a t i o n c o e f f i c i e n t 
f o r t h i s a s s o c i a t i o n o f adduct e x c r e t i o n and AFB1 i n t a k e i s 
0.6 w i t h a Ρ v a l u e o f l e s s than 0.00001. Taken t o g e t h e r , i t 
appears t h a t t h e q u a n t i f y i n g o f a f l a t o x i n DNA adduct s i n 
u r i n e i s a v a l i d compartment t o sample f o r a f l a t o x i n expo­
s u r e , but more d a t a must be c o l l e c t e d f o r d e v e l o p i n g a r i s k 
model f o r p e o p l e . 

Serum Albumin A n o t h e r a p p l i c a t i o n o f the i m m u n o a f f i n i t y 
chromatography t e c h n i q u e was i n the a n a l y s i s o f AFB1 bound 
t o serum a lbumin (9 ) . B l o o d samples were c o l l e c t e d on Day 5 
from the same i n d i v i d u a l s who p a r t i c i p a t e d i n the s t u d y 
d e s c r i b e d above . Serum a lbumin was s e l e c t i v e l y i s o l a t e d 
from b l o o d and s u b j e c t e d t o enzymat ic p r o t e o l y s i s u s i n g 
P r o n a s e . A f l a t o x i n s p e c i f i c adducts were p u r i f i e d by immu­
n o a f f i n i t y chromatography and q u a n t i f i e d by c o m p e t i t i v e 
radio immunoassay . A h i g h l y s i g n i f i c a n t c o r r e l a t i o n o f 
adduct l e v e l w i t h AFB1 i n t a k e (r = 0 .69 , Ρ l e s s t h a n 
0.000001) was o b s e r v e d . From the s l o p e o f t h e r e g r e s s i o n 

In Immunoassays or Trace Chemical Analysis; Vanderlaan, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



210 IMMUNOASSAYS FOR TRACE CHEMICAL ANALYSIS 
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l i n e f o r adduct l e v e l as a f u n c t i o n o f i n t a k e , we c a l c u l a t e d 
t h a t 1.4-2.3% o f i n g e s t e d AFB1 becomes c o v a l e n t l y bound t o 
serum a l b u m i n . These combined s t u d i e s i n d i c a t e t h e amount 
o f serum a lbumin adduct formed and t h e amount o f DNA adduct 
e x c r e t e d can be used as a way t o i d e n t i f y p o p u l a t i o n s a t 
r i s k and t h a t q u a n t i t a t i o n o f t h e s e adducts a r e u s e f u l 
d o s i m e t e r s i n exposed p e o p l e . 

Food A n a l y s i s P r e p a r a t i v e i m m u n o a f f i n i t y chromatography 
t e c h n i q u e s a r e a l s o a p p l i c a b l e t o t h e a n a l y s i s o f food 
samples f o r t h e p r e s e n c e o f p a r e n t a f l a t o x i n s . To v a l i d a t e 
t h i s method, n a t u r a l l y contaminated c o r n and peanut p r o d u c t 
samples were o b t a i n e d and e x t r a c t s made u s i n g methano l -water 
(60%:40%, v o l / v o l ) . An a l i q u o t o f e x t r a c t was a p p l i e d t o 
t h e monoc lona l a n t i b o d y a f f i n i t y co lumn, a f l a t o x i n s e l u t e d , 
and t h e p r o d u c t measured by r e v e r s e d phase HPLC. In Figure 
3 i s d e p i c t e d t h e HPLC p r o f i l e from a n a t u r a l l y contaminated 
peanut sample . T h i s sampl
(ug/kg) t o t a l a f l a t o x i n s
t h a t a f l a t o x i n s can be i d e n t i f i e d w i t h o u t any f u r t h e r d e r i v -
a t i z a t i o n by u s i n g a d i o d e a r r a y d e t e c t o r a f t e r t h e a f f i n i t y 
c l e a n - u p p r o c e d u r e and r e v e r s e d phase HPLC. T h i s d e t e c t o r 
o b t a i n s t h e spectrum o f chromatograph ic p e a k s . S i n c e as 
l i t t l e as 2 ppb i n the d i e t o f r a t s (2) has been found t o 
produce l i v e r tumors f o l l o w i n g l i f e t ime exposure , t h e 
l e v e l s o f a f l a t o x i n s i n the d i e t s o f p e o p l e e a t i n g t h i s 
l e v e l o f contaminated foods would be o f s e r i o u s c o n c e r n . 

The Gambia A f l a t o x i n - H e p a t i t i s Β Study The p r e l i m i n a r y d a t a 
g a t h e r e d i n C h i n a encouraged the e s t a b l i s h m e n t o f a l o n g e r 
term s tudy i n The Gambia, where l i v e r c a n c e r i s a major 
d i s e a s e . T h i s i s a l a r g e c o l l a b o r a t i v e s tudy i n v o l v i n g t h e 
IARC, t h e M a s s a c h u s e t t s I n s t i t u t e o f Techno logy (MIT) and 
The Johns Hopkins U n i v e r s i t y and i s a n c i l l a r y t o The Gambia 
H e p a t i t i s I n t e r v e n t i o n Program. In the f i r s t y e a r , d i e t a r y 
i n t a k e o f a f l a t o x i n o f twenty i n d i v i d u a l s was de termined 
d u r i n g a c o n s e c u t i v e e i g h t day p e r i o d and t h e e x c r e t i o n o f 
a f l a t o x i n m e t a b o l i t e s i n 24 hour u r i n e c o l l e c t i o n s from days 
4 t o 8 was measured. The i n d i v i d u a l s s e l e c t e d f o r t h i s 
s tudy i n c l u d e d b o t h c h r o n i c h e p a t i t i s Β v i r u s (HBV) c a r r i e r s 
and n o n - c a r r i e r s . T h i s i s the f i r s t t ime HBV s t a t u s , a l s o 
thought t o be an i m p o r t a n t r i s k f a c t o r i n t h e e t i o l o g y o f 
l i v e r c a n c e r , has been i n t e g r a t e d i n t o a m o l e c u l a r e p i d e m i ­
o l o g y s tudy w i t h a f l a t o x i n B l . We hope t o o b t a i n i n f o r m a ­
t i o n about t h e i n t e r a c t i o n o f AFB1 and HBV and i t s r e l a t i o n 
t o AFB1 m e t a b o l i s m . In a d d i t i o n , i n s i g h t s i n t o t h e r o l e o f 
s p e c i f i c cytochrome P450 metabo l i sm o f a f l a t o x i n may be 
g a i n e d . 

T h i s f o u r y e a r m o l e c u l a r e p i d e m i o l o g i c a l s t u d y i n The 
Gambia w i l l h e l p e l u c i d a t e the r o l e o f h e p a t i t i s Β v i r u s and 
a f l a t o x i n s i n the e t i o l o g y o f l i v e r c a n c e r by t h e a n a l y s i s 
and q u a n t i t a t i o n o f s p e c i f i c b i o m a r k e r s . Both s e a s o n a l and 
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annual v a r i a b i l i t i e s of aflatoxin consumption, metabolism, 
urinary excretion and albumin adducts i n people, both hepa­
t i t i s Β surface antigen (HBsAg) c a r r i e r s and non-carriers 
are being examined. Therefore, these studies w i l l systemat­
i c a l l y evaluate the relationship between dietary intake of 
aflatoxins and b i o l o g i c a l markers, such as, excreted AFB-DNA 
adducts, and oxidative metabolites i n urine, a f l a t o x i n Ml i n 
human milk, and covalently bound aflatoxin to serum albumin, 
to determine which of these markers has u t i l i t y for non-
invasively assessing the exposure status of people at high 
r i s k for l i v e r cancer. 

A l l c o l l ections are carried out i n the v i l l a g e of 
Keneba. Keneba i s a t y p i c a l rural African v i l l a g e with a 
population of approximately 600. In Keneba, the Dunn Nutri­
t i o n Unit has established housing f a c i l i t i e s for v i s i t i n g 
s c i e n t i s t s as well as a sophisticated laboratory with the 
requisite f a c i l i t i e s for aliquoting the food  urine  milk 
and blood samples tha

Presently the f i r s
occurred and preliminary data on aflatoxin consumption, 
albumin adduct binding and urine excretion of adducts ana­
lyzed. The data are very preliminary i n nature, but we hope 
that over the next three years a more complete picture of 
aflatoxin metabolism i n people w i l l be elucidated. 

Summary Primary hepatocellular carcinoma i s one of the most 
common cancers i n the world and i s prevalent on the co n t i ­
nents of A f r i c a and Asia. A number of c l a s s i c a l epidemio­
l o g i c a l studies have determined that the exposure status of 
people to aflatoxin Bl i s an important r i s k factor i n the 
etiology of l i v e r cancer. However, these studies have only 
r e l i e d upon the c r i t e r i a of presumptive intake data, rather 
than information obtained from quantitative analyses of food 
samples, b i o l o g i c a l f l u i d s and from people exposed to a f l a ­
toxin. Information obtained by monitoring exposed individu­
als for s p e c i f i c DNA adducts and metabolites w i l l define the 
pharmacokinetics of aflatoxin Bl i n people, thereby f a c i l i ­
t a t ing r i s k assessments. Preliminary data, reported here, 
support the concept that measurement of the major, rapidly 
excised AFB-N7-Gua adduct i n urine and quantification of the 
more persistent aflatoxin albumin adduct are appropriate 
dosimeters for estimating exposure status and possibly r i s k 
in individuals consuming t h i s mycotoxin. 
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Chapter 19 

Immunological Quantitation of Human 
Exposure to Aflatoxins and N-Nitrosamines 

Christopher P. Wild and Ruggero Montesano 

Unit of Mechanisms of Carcinogenesis, International Agency for Research 
on Cancer, 150 cours Albert Thomas, 69372 Lyon Cedex 08, France 

Methods for measurin
N-nitrosamines (NNO
the analysis of human samples. A combination of 
immunoassay and hplc-fluorescence techniques permits the 
quantitation of AF-albumin adducts in serum samples from 
fingerprick blood samples and this approach is 
applicable to field studies. AF-albumin adducts have 
been measured in various African and Asian populations, 
with no detectable levels found in European populations. 
Antibodies to the methylated DNA bases, 
06-methyldeoxyguanosine and 7-methyldeoxyguanosine, have 
allowed the detection of these adducts in peripheral 
blood cells in experimental animals following exposures 
to NNO. The potential application of these 
methodologies to epidemiological studies of the etiology 
of various human cancers is discussed. 

The understanding of the etiology of a large proportion of human 
cancer requires an integrated effort of laboratory scientists and 
epidemiologists because of the multifactorial origin of most tumours 
and the multistage process of neoplastic development. Man is exposed 
to a variety of carcinogens (1) and among these aflatoxins (AF) and 
N-nitrosamines (NNO) could be particularly relevant as human exposure 
to these carcinogens is extensive and their carcinogenicity has been 
observed in a variety of experimental systems (2, 3). 

Epidemiological studies implicate AF as of importance in the 
induction of liver cancer in man, particularly in certain parts of 
the world (e.g. South-east Asia and sub-Saharan Africa), however, it 
is not evident whether this carcinogen induces cancer alone or 
through an interaction with hepatitis Β virus (HBV) infection (4). 
Although human exposure to NNO is well documented (see 3, 5), it is 
not evident which human cancer(s) could be directly attributed to 
this group of compounds. 

One significant limitation in clearly demonstrating the causal 
association between exposure to the above compounds and the etiology 
of disease has been the lack of methods to measure exposure to 
carcinogens, or their interaction with other risk factors, at an 
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individual level (6). In response, significant methodological 
advances have been achieved in the quantitation of markers of 
exposure in human tissues and body fluids for both AF (see 7, 8) and 
NNO (see Wild C P . and Montesano R, in: Molecular Dosimetry of Human 
Cancer: Epidemiological, Analytical and Social Considerations, 
Telford Press, 1990, in press). This paper reviews and discusses the 
properties of some of the most promising methods now available and 
assesses their su i tab i l i ty for integration into epidemiological 
studies. 

Aflatoxin 

Methodological Approaches. The major approaches to measuring 
individual human exposure have included the measurement of AF 
metabolites and DNA or protein adducts in urine, serum, tissues and 
milk (see 7, 8). The most widely applied techniques have involved 
the use of antibodies both to purify the AF molecules by 
immunoaffinity chromatograph
or ELISA (see 7\_ 8, Groopma
Molecular Dosimetry of Human Cancer: Epidemiological, Analytical and 
Social Considerations, Telford Press, 1990, in press, and Groopman et 
a l . , this volume). Recently the measurement of AF-albumin adducts in 
serum has emerged as a most promising marker for determining 
individual exposure to this carcinogen in f i e ld studies for a number 
of reasons. 

F i r s t , i t has been demonstrated that AFB1 binds covalently to 
albumin after single and multiple doses (9, 10) in rats in a 
dose-dependent manner and in the latter case an accumulation of 
binding to a steady state level is achieved. In man, with a 
h a l f - l i f e of albumin of approximately 20 days, an accumulation of 
AF-albumin adducts to a level 30 times that of a single exposure can 
be calculated (11). Second, Sabbioni et a l . (11) speci f ica l ly 
identif ied AFB!-lysine as a major adduct in rat albumin and this 
adduct has recently been observed in human sera (12). The adduct is 
a result of the same metabolic activation which leads to nucleic acid 
adduct formation (11) and therefore ( i ) may reflect the level of DNA 
damage in the hepatocyte, the target c e l l for experimental AFBj 
carcinogenesis (10); ( i i ) gives a rel iable indirect measurement of 
biological ly effective dose at an individual level (13). Moreover, 
data are also available which demonstrate that AFBX intake in food is 
reflected by binding to serum albumin (14, Wild et a l . unpublished 
data); and ( i i i ) may provide a more rel iable basis for extrapolation 
of dosimetry/carcinogenicity data in animal models to the human 
situation. Third, antibodies have been developed and used to detect 
AF-albumin adducts including AFB^lysine in peripheral blood by an 
enzyme-linked immunosorbent assay following albumin hydrolysis (12). 
The assay has been validated in experimental systems in comparison 
with other methods of detection (hplc-fluorescence, radioactive 
carcinogen) and has been shown to be highly sensitive and specif ic . 
The immunoassay can be performed on as l i t t l e as 1 mg hydrolysed 
albumin (50 μΐ serum) which also makes i t feasible to apply in f ie ld 
studies. 

Applications to Human Sera. The immunoassay for AF-albumin adducts 
has been validated in terms of speci f ic i ty and reproducibil ity using 
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sera from subjects in various parts of the world. In total , around 
80 serum samples from France and Poland have been found to be 
negative for the presence of AF-albumin adducts by ELISA (detection 
l imi t : 5 pg AFB 1 - lysine per mg albumin). This provides one 
indication that the assay has a very low false positive rate. The 
speci f ic i ty has been further examined by measuring AF-albumin by both 
the immunoassay and an hplc-fluorescence technique (12). Whilst the 
immunoassay approach involves measuring total AF moieties present in 
the hydrolysed albumin sample, the hplc-fluorescence detects one 
specific adduct, AFI^-lysine, and therefore the two techniques used 
together ensure a high speci f ic i ty to further eliminate the r isk of 
false positive results . Figure 1 shows the correlation between the 
two methods using human sera.from an African population. From 
experiments in rats using [ C]AFB1 i t was shown that the immunoassay 
was more sensitive than hplc-fluorescence with low quantities of 
albumin (12) and this should be the predominant explanation for the 
fact that samples below about 50 pg AFBi-lysine per mg albumin in 
ELISA are undetectable b
quantitatively the ELIS
mentioned above, i t is measuring any AF moieties in hydrolysed 
albumin which are recognised by the antibody whilst hplc-fluorescence 
is measuring only AFBj-lysine. Another contributing factor may be 
that in addition to AFB t in food samples one also finds AFGj (see 2). 
This aflatoxin can cause DNA and protein modification in a similar 
way to AFBi (15) and the antibody used in ELISA w i l l react with 
AFG^DNA (16) and -albumin (Sabbioni, G . , and Wild, C P . , unpublished 
data) adducts so that any AFGj residues present in human albumin 
hydrolysates could also be measured. In contrast, the hplc-
fluorescence technique separates kFBx and AFGX adducts. We examined 
this question by treating rats with either AFBj or AFGj and comparing 
the inhibit ion of the albumin hydrolysates in ELISA (Table I ) . We 

Table I. Levels of AF-Albumin Adducts in Rat Plasma 
following Treatment with Aflatoxins B t and G1 

Dose 
(mg/kg) Aflatoxin 

Mean AF-albumin level 
(pg AF-lysine / mg albumin) a 

1.20 Bi 9855 

0.97 Gi 229 

0.32 B l 2885 

0.27 82 

a BDIV rats were treated by gavage with AFB! or AFGj in olive o i l . 
Plasma was collected 48h after treatment and assayed for 
AF-albumin adducts in ELISA using an AFBi-lysine standard as 
described (12) 
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observed about a 35-fold lower level by immunoassay for AFG!-albumin 
adducts compared to AFB^albumin adducts after the same dose of AF 
when quantitating in both cases against an AFB^lysine standard in 
ELISA. Consequently in human sera, the contribution of AFGX 

albumin-adducts to the total quantitated AF-albumin adduct level would 
be expected to be relat ively small, part icularly considering that AFGX 

levels are generally lower than AFBj in the same food sample (see 2). 
It should not be concluded, however, that AFG2 gives a 35-fold lower 
absolute level of adduct because the speci f ic i ty of the antibody 
varies for the AFG X - and AFBi-albumin adducts and quantitation was 
made against an AFB!-lysine standard curve in ELISA. In fact studies 
by hplc-fluorescence, or ELISA quantitating against an AFGi-lysine 
standard, indicate that the albumin binding is only between two- and 
f ive-fold lower with AFGX compared to AFBi (Sabbioni, G. and Wild, 
C P . , unpublished observations). 

Data are accumulating on the prevalence and levels of AF-albumin 
adducts in several populations using the above techniques and a 
summary of some of thes
the samples analysed to
Africa compared to Thailand whilst in Europe we have not observed any 
positive sera. Although these data do not provide a complete 
geographical or temporal picture of AF exposure in these countries 
they do provide ( i ) valuable data concerning the level of adduct and 
exposure which is occurring in humans and ( i i ) demonstrate that the 
approach has the required sensit iv i ty and speci f ic i ty to be applied in 
f i e ld studies. 

Table I I . Aflatoxin Albumin Adducts in Human Sera 

Country No. Percent AF-albumin adducts 
analysed positive (pg AF-lysine/mg albumin) 

mean ± SD (range) 

Kenyan 61 49 45.2 ± 70.0 (4.6 - 338) 

Thailand 84 19 10.7 ± 11.5 (3.6 - 50) 

The Gambia 20 100 44.1 ± 51.6 (6.8 - 176) 

France 14 0 -

N-nitrosamines 

Methodological Approaches. In analogy with AF, several approaches to 
measuring exposure to ΝΝ0 have been taken including excised DNA 
adducts excreted in urine, DNA adducts in tissues and haemoglobin 
adducts (see Wild C P . and Montesano R. , in: Molecular Dosimetry of 
Human Cancer: Epidemiological, Analytical and Social Considerations, 
Telford Press, 1990, in press, 13, 17, 18). In the case of ΝΝ0 our 
work has been focused on methylating agents and speci f ical ly to 
detecting two DNA adducts, 06-methyldeoxyguanosine (06-medG) and 
7-methyldeoxyguanosine (7-medG), using a combination of hplc and 
immunoassay (19, 21). Methylation adducts were studied because 
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frequent exposure to methylating agents occurs from tobacco, diet and 
through drug exposures (3, 22, 23). Using monoclonal antibodies to 
06- medG we were able to measure this adduct in surgical samples of 
oesophagus and stomach from patients in high and low risk areas for 
cancer at these two sites (20). These studies have been extended by 
ourselves and others to show the presence of 06-medG in other human 
tissues, including colon, l i v e r , placenta, lung, oral mucosa (Wild, 
C P . and Montesano R. , in: Molecular Dosimetry of Human Cancer: 
Epidemiological, Analytical and Social Considerations, Telford Press, 
1990, in press, 24, 25). Whilst these studies are important in 
demonstrating the formation and persistence of this promutagenic 
adduct in human tissues, the application to epidemiology has been 
limited because of the d i f f i cu l ty in obtaining tissue samples and the 
l imitation to retrospective studies. 

Developments in two directions have been made in order to 
circumvent these problems, one concerning improved sensi t iv i ty of 
assay techniques for 06-medG and other adducts and the second 
involving the use of mor

Some promising approache
DNA samples (eg 100 yg or less) are the 3 2 P-post - labe l l ing technique, 
immunoslot blot assays, immunohistochemistry and a competitive 0 -meG 
repair assay. 

Wilson et a l . (26) used an hplc purif ication step, prior to 
3 2 P-pos t - labe l l ing , to detect 06-medG in human lung DNA samples. In 
the same study the small quantities of DNA (~100 yg) were 
insufficient to allow quantitation by hplc-radioimmunoassay. In 
addition by a similar approach the former method has been applied to 
7- med̂ ! (27). These methods with sens i t iv i t ies of around one adduct 
in 10 parent deoxynucleosides in a 100 yg DNA sample may permit the 
analysis of DNA from peripheral blood cel ls or biopsies. The use of 
antibodies to purify methylation adducts, as has been reported for 
aflatoxin (8, 28), benzo(a)pyrene (29) and 3-methyladenine (30), 
prior to analysis by 3 2 P post- labell ing, is also a potentially useful 
approach which may improve both the speci f ic i ty and the speed of 
analysis. 

Another approach which requires further validation in human 
tissues was reported by Souliotis and Kyrtopoulos (31). The 
principle involves a two-step competition assay for 06-medG repair 
using AGT, DNA and radioactive 06-medG containing oligonucleotides. 
This method has been reported to detect 0.5 fmol 06-medG in less than 
10 yg DNA. 

In order to circumvent the limited sensi t iv i ty imposed by the 
smaller quantities of DNA which can be obtained from peripheral blood 
or biopsies compared to tissue samples, we have developed antibodies 
to imidazole ring-opened 7-methyldeoxyguanosine (iro-7-medG) (21) to 
permit quantitation of 7-medG. This latter adduct is formed in 
greater amounts and is generally repaired at a slower rate than 
06-medG and consequently may be present at higher levels in DNA. In 
addition, as a result of these properties, 7-medG might accumulate in 
ce l lu lar DNA and thus give a more sensitive and informative measure 
of past exposure (Montesano, R. , Ha l l , J . , Hollstein, M. , Mironov, N. 
and Wild, C P . Proceedings of Symposium "DNA Damage and Repair in 
Human Tissues", Plenum Press, 1990, in press). To date, these 
antibodies have been used in an hplc-ELISA procedure (21, see below 
and Figure 2) but more recently they have proved to be applicable to 
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ELISA 
400 

Figure 1. Levels of AF-albumin adducts (pg AFBj-lysine/mg 
albumin) as measured by immunoassay and hplc-fluorescence using 
methods described previously (12). 

DNA isolated from cel ls 
(e.g. white blood ce l l s , buccal ce l l s ) and tissues 

\ 
A l k a l i treatment of DNA to hydrolyse RNA 
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Figure 2. Analysis of Methylated Bases in DNA 
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in s i tu visual isation of adducts by immunohistochemistry (32) and in 
an immunoslot blot procedure (unpublished data in collaboration with 
Drs B. Ludeke and P. Kleihues). These lat ter two techniques require 
s ignif icantly smaller samples than the hplc-ELISA approach. 

The immunohistochemistry approach would be part icularly 
informative in examining the distribution of methylation adducts 
amongst different c e l l types of a given tissue. In addition, i f the 
methods can be adapted to fixed paraffin embedded tissues, then 
retrospective studies could be performed on samples already 
available. At present the detection l imits for mgthylat^on- and 
aflatoxin-DNA adducts are of the order of 1 in 10 to 10 unmodified 
nucleotides (16, 33) and further studies are required to see i f this 
level of sensi t iv i ty is sufficient for human studies. 

DNA Alkylation in Peripheral Blood Cel l s . One of the most readily 
available sources of human DNA is from peripheral blood ce l l s . 
I n i t i a l l y i t was necessary to establish whether the above methylation 
adducts were formed in viv
administration of methylatin
important to understand the relationship between the adduct levels in 
internal organs and leucocytes i f these ce l l s are to be used as 
surrogates for target organ exposure (see 34). There are very 
limited data concerning these questions for methylating agents and 
the information available is summarized in Table III . It is clear at 
least with two of the three compounds tested in rats that (a) 
methylation does occur in peripheral blood c e l l DNA and (b) that the 
level of adduct is not greatly dissimilar to that seen in the 

Table I I I . Methylation of Leucocyte DNA in Rats 

Methylating 
Agent 

Dimethyl-
nit rosamine 

Dose Time Internal 
(mg/kg) (h) organ(s) 

0.4; 1.0 6 
24 

Liver 
Liver 

Ratio of 06-medG 
internal organ: 

leucocytes 

0; 1.2a 
0 .9» 

Dimethyl-
nitrosamine 

0.03-1.0 Liver =1.1* 

Procarbazine 

NNK 

5 
10 

30; 100 

2 
2 

24 

Liver 
Liver 

Lung 

2.4 
1.9 

>1.2^ 

*Lymphocytes 
-In experiments using 4-(N-nitrosomethylamino)-l-(3-pyridyl)-l-
butanone (NNK) the sensit iv i ty of analyses in leucocytes only 
permitted ratios of 1.2 or lower to be detected. Consequently 
methylation in these cel ls may occur at ratios higher than 1.2. 
Data from refs. 21, 31 and Wild et a l . , unpublished data 
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internal organs examined at least at the doses tested. Further 
studies w i l l show i f such a relationship also occurs at lower dose 
levels . 

The advantage of 7-medG as a marker of exposure is clearly 
demonstrated in Table IV. In this experiment the level of 7-medG 
accumulates throughout the treatment period but the 06-medG remains at 
low levels probably due to the effective repair of this adduct. 
Similar results^of accumulation of 7-medG in rat l i v e r , lung and 
kidney after [ C]dimethylnitrosamine treatment have been observed 
over periods up to 24 weeks (35). These results are consistent with 
observations of a low level of glycosylase repair act iv i ty for 7-medG 
in rat tissues (36) and i t is interesting that s imilarly low repair 
has been observed in human l i ver samples (Hal l , J . and Montesano, R. , 
unpublished data). 

Table IV. Methylated Bases in Rat Leucocyte DNA after Single 
or Multiple Treatment with 1 mg/kg Dimethylnitrosamine (DMN)a 

Treatment (ymoles/mole dG) Ratio: 06-medG 
7-medG 06-medG 7-medG 

l x l mg/kg 236 27.0 0.1027 
5 x 1 mg/kg 1393 9.8 0.0070 

15 χ 1 mg/kg 4246 7.4 0.0017 

aBDIV rats were administered DMN daily by gavage (5 days per week) 
and were sacrif iced 6 hours after the last treatment. Analyses 
were performed as described previously (21). 

Based on these data we have begun to assay for the presence of 
7-medG in human leucocytes, lymphocytes and some other tissues. Some 
preliminary data for peripheral blood ce l l s are shown in Table V. The 
values range from non-detectable (< lymole 7-medG/mole dT) to 49ymole 
7-medG/mole dT (a leucocyte sample). For comparison, data are 
presented for adduct levels in leucocytes from cancer patients treated 
with 300 or 600 mg N-methyl-N-nitrosourea which are one to two orders 
of magnitude higher (37). 

A major concern with the analysis of 7-medG is the poss ibi l i ty of 
contamination with 7-methylguanosine which is a normal constituent of 
tRNA at levels of around 3.5 mmoles 7-methylguanosine per mole 
ribonucleosides. As a consequence a IX contamination of DNA with RNA 
would result in an 'apparent' 7-medG level of around 35 ymoles adduct 
per mole dT. In order to overcome this problem we have incorporated, 
amongst other measures, a boronate a f f in i ty chromatography step 
(aminophenylboronic acid-agarose, Sigma, St. Louis, M0, USA) which 
spec i f ica l ly retains ribonucleosides whilst the DNA derived 
deoxynucleosides elute in the void volume. Following this separation 
on approximately 2 ml/gel columns the eluate containing dT and 
iro-7-medG is separated by reverse-phase chromatography and ELISA is 
performed on hplc fractions. The overall methodology is shown in 
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Table V. Levels of 7-Methyldeoxyguanosine 
in Human Peripheral Blood Cells 

Samples Fraction of 
positive samples 

ymole 7-medG / mole dT 

White blood cel ls 
(Chemo therapy-NMU) 14/14 147 - 1162a 

White blood cel ls 
(Smokers) 4/12 9; 18; 37; 49 

Lymphocytes^ 8/8 4 - 2 9 

f ymole 7-medG/mole dG 
Each sample was pooled from four to six individuals 

Figure 2. We have demonstrated the quantitative recovery of 
thymidine by boronate af f in i ty chromatography and the quantitative 
retention of adenosine with up to 1 ymole quantities. 

In four individuals from whom leucocytes were collected (see 
Table V) sufficient DNA was available to repeat the analyses 
following heating of the DNA at 100° for 30 min. at pH7. This latter 
treatment should cause depurination of methylated bases (38) and thus 
y ie ld a sample free of 7-medG. Using this approach the two samples 
having an apparent level of 7-medG of 37 and 18 ymoles/mole dT were 
negative after heat depurination whilst two samples which were 
negative prior to heat depurination were also negative after this 
treatment. 

The data from animal models and from human samples reported 
above supports the rationale of measuring 7-medG in peripheral blood 
ce l l s and the use of hplc-ELISA together with other complementary 
techniques appears feasible. 

Poss ib i l i t i es of Integration into Epidemiological Studies 

The above summary i l lustrates the advances which have been made in 
developing ways of quantitating markers of human exposure to AF and 
NNO and some considerations can be made regarding their application 
to epidemiological studies. It should be noted, however, that the 
integration of these methods into epidemiological studies has been so 
far very l imited. 

For the assay of AF exposure the use of AF-albumin adducts is a 
significant advance over previous methods of extrapolation from food 
analysis and the use of questionnaires (see 4), giving a measure of 
biological ly effective dose which may also reflect DNA damage in the 
l iver (as discussed above). The ava i lab i l i ty of two complementary 
methods constitutes a strong rel iable approach although i t is s t i l l 
noteworthy that i t is the immunoassay which permits the application 
to f i e ld studies with the hplc-fluorescence analysis limited to tens 
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of samples rather than hundreds. The immunoassay procedure can be 
performed on fingerprick blood samples and could be easily integrated 
as one parameter of studies which also examine other end-points such 
as serological markers of hepatit is . The application to correlation, 
case-control and cohort (prospective) studies is therefore feasible. 
Nevertheless the potential advantages for any one study should be 
carefully assessed prior to application and in fact a good 
understanding of the interpretation of the assay data is essential i f 
the epidemiologist is to take f u l l advantage of the potential . For 
example the use of AF-albumin adducts in cohort studies of hepatitis 
Β virus surface antigen (HBsAg) carriers using primary hepatocellular 
carcinoma as the endpoint is potentially a powerful approach to 
examining the role of AF in the progression of l iver damage to l i ver 
cancer. However, as the marker is probably only relevant to exposure 
over the previous 2-3 months this implies repeated sampling of the 
cohort for the marker to be of most value. Therefore i t is 
advantageous to actually design the study based on a knowledge of the 
qualit ies of the availabl
component to an existin
epidemiologists with laboratory scientists at the point of study 
design. For example, a single AF-albumin assay only gives a measure 
of exposure in a small fraction of the lifespan of an adult and may 
be limited on this basis, but i f the assay was performed at birth 
(cord blood) and, for example, at times of routine vaccination during 
the f i r s t year of l i f e a measure of ' l i fet ime' ( in utero included) 
exposure could be obtained for a particular individual . This type of 
approach with a re lat ively short follow-up could certainly be used 
for example to test whether AF exposure early in l i f e increased the 
chances of becoming an HBsAg carrier following HBV infection. In 
contrast, the length of follow-up and the size of cohort required for 
a study of l i ver cancer i n , for example, non-HBsAg carr iers , could be 
argued to be prohibitive but other snorter term c l i n i c a l end-points 
could perhaps be used and a precedent has been set in the form of the 
Gambia Hepatitis Intervention Study (GHIS) on HBV vaccination (39, 
40) where a 40-year follow-up is envisaged. 

In the context of case-control studies of l i ver cancer the 
l imitat ion is more prominently the lack of information on past ( i . e . 
20-30 years) exposure. This again may be circumvented by examining 
end-points other than cancer. Precancerous lesions or markers (e .g . , 
alphafoetoprotein) could be used as end-points with which the 
AF-albumin assay could be compared in a case-control approach. In 
addition, a case-control approach could be employed to investigate 
short-term effects of AF exposure such as aflatoxicosis . 

In correlation studies or for monitoring population exposures 
the advantages of the assay are less evident because the major object 
of developing the methodology i . e . to give a measure of individual 
exposure, is not a requirement in such studies. As a consequence the 
previous approach of assaying AF in food samples could be argued to 
be appropriate. This decision may be dependent upon logist ics of 
sample col lect ion (e .g . , the use of blood samples collected for other 
purposes), cost of analyses, completeness of knowledge of the 
distribution of AF in different food types etc. However 
notwithstanding these considerations, the knowledge gained from 
measuring at an individual level can be valuable in ( i ) establishing 
baseline or background levels of the marker in a population and ( i i ) 
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contributing to the planning of prospective studies, because the 
number of individuals, number of repeat samplings, geographical area 
in which to conduct the study etc. can be better decided once the 
prevalence and level of exposure in a population is known. 

The ava i lab i l i ty of individual markers of exposure could also 
lead to the identif ication of a pathological condition previously 
unsuspected of being associated with that exposure. For example, in 
collaboration with Drs D. Forman, F. Sitas and G. Lachlan, ICRF, 
London, UK, we have found suggestion of a strong association between 
dyspepsia and AF-albumin adduct levels in Kenyan individuals (41). 

In contrast to AF, the situation with NNO is much less advanced 
in terms of integration of markers into f i e ld studies. Whilst the 
knowledge concerning types of methylation adducts, their repair and 
their mutagenic potential is considerable (42, 43) the assay of low 
levels (<1 adduct in 10 or 10 parent deoxynucleosides) in a way 
which could be applied to f ie ld studies has not been real ised. There 
are some specific reasons which can be identif ied and for which 
solutions can be envisaged

F i r s t l y , sensit iv i t
achieve. Athough low levels of 06-medG were found using 
hplc-immunoassay (Wild C P . and Montesano R. , in: Molecular Dosimetry 
of Human Cancer: Epidemiological, Analytical and Social 
Considerations, Telford Press, 1990, in press, 20, 24, 25) this 
method has insufficient sensi t iv i ty to apply to samples other than 
surgical tissues. The immunological quantitation of more abundant 
adducts such as 7-medG has to date been hampered by speci f ic i ty ( i . e . 
RNA derived 7-methylguanosine). New methods now being validated 
should solve these limitations with the goal of providing 
complementary methods for the measurement of the same adduct (see 
above) as has been done for AF-albumin analysis. 

Secondly, environmental exposure to NNO is l ike ly to be low (3) 
and therefore i t is more d i f f i c u l t to identify populations known to 
be exposed to elevated levels and which could be used to validate the 
adduct analyses. One situation in which this problem can be solved 
is with patients undergoing chemotherapy with methylating agents such 
as N-methyl-N-nitrosourea (37) or, more commonly, procarbazine 
(Souliotis , V. and Kyrtopoulos, S., 1990, unpublished data). These 
studies would be valuable to allow correlations between DNA adduct 
levels and c l i n i c a l response as well as validating the assays in 
human samples as has been successfully done with c i s -p la t in (44). 

In conclusion, considerable progress has been made towards the 
eventual integration of laboratory methodologies into epidemiological 
studies and as the interaction between these two discipl ines 
increases the understanding of the assay requirements becomes better 
defined. In addition, the measurement of carcinogen macromolecular 
adducts on which this review has focused should be recognized as one 
tool of molecular epidemiology, to be used together with other 
markers providing information on genetic suscept ibi l i ty , mutation, 
and genetic alterations (oncogene activation, a l l e l e loss) as has 
been discussed previously (45-47). 

Acknowledgmen t s 

The authors express their thanks to Y . - Z . Jiang, B. Chapot, A. Munnia 
at IARC for their contribution to the work discussed in this paper. 

In Immunoassays or Trace Chemical Analysis; Vanderlaan, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



226 IMMUNOASSAYS FOR TRACE CHEMICAL ANALYSIS 

In addition the work is dependent upon continuing collaboration with 
Dr A. Hall and the Gambia Hepatitis Intervention Study Group, Dr G. 
Sabbioni, University of Wurzburg, Wurzburg, FRG, Dr J .D . Groopman, 
Johns Hopkins University Baltimore, USA, Dr D. Forman, ICRF, 
University of Oxford, UK, and Dr Petcharin Srivatanakul, NCI, 
Bangkok, Thailand. The authors also appreciate the comments of Dr 
F.X. Bosch, IARC, on the f ina l draft of this manuscript. This work 
was .supported by USA NCI grant No. 1 U01-CA48409-02, USA NIEHS grant 
No. 5-U01-ES04281-03 and the International Programme on Chemical 
Safety, WHO. 

Literature cited 

1. Tomatis, L.; Aitio, Α.; Wilbourn, J.; Shuker, L. Jpn. J. Cancer 
Res. 1989, 80, 795-807. 

2. Busby, W.F.; Wogan, G.N. Aflatoxins; American Chemical Society 
Monograph 182, Washington DC 1984; ρ 945

3. Bartsch, H.; Montesano
4. Bosch, F.X.; Muñoz,

Keppler, D.; Weber, G., Eds.; Kluwer Academic: London, 1989; ρ 3. 
5. International Agency for Research on Cancer The Relevance of 

N-Nitroso Compounds to Human Cancer: Exposures and Mechanisms 
Bartsch, H.; O'Neill, I.; Schulte-Hermann, R.; Eds.; IARC 
Scientific Publications No. 84, International Agency for Research 
on Cancer, Lyon, 1987. 

6. IARC/IPCS Cancer Res. 1982, 42, 5236-5239. 
7. Groopman, J.D.; Cain, L.G.; Kensler, T.W. CRC Critical Reviews in 

Toxicology 1988, 19, 113-145. 
8. Wild, C.P.; Chapot, B.; Scherer, E.; Den Engelse, L.; Montesano, 

R. In Methods for detecting DNA damaging agents in humans: 
applications in cancer epidemiology and prevention Bartsch, H.; 
Hemminki, K.; O'Neill, I.K.; Eds.; IARC Scientific Publications 
No. International Agency for Research on Cancer, Lyon, 1988, pp 
67. 

9. Skipper, P.L.; Hutchins, D.H.; Turesky, R.J.; Sabbioni, G.; 
Tannenbaum, S.R. Proc. Amer. Assoc. Cancer Res. 1985, 26, 90. 

10. Wild, C.P.; Garner, R.C.; Montesano, R.; Tursi, F. Carcinogenesis 
1986, 7, 853-858. 

11. Sabbioni, G.; Skipper, P.L.; Büchi, G.; Tannenbaum, S.R. 
Carcinogenesis 1987, 8, 819-824. 

12. Wild, CP.;Jiang, Y-Z.; Sabbioni, G.; Chapot, B.; Montesano, R. 
Cancer Res. 1990, 50, 245-251. 

13. Skipper, P.L.; Tannenbaum, S.R. Carcinogenesis 1990, 11, 507-518. 
14. Gan, L-S.; Skipper, P.L.; Peng, X.; Groopman, J.D.; Chen, J.; 

Wogan, G.N.; Tannenbaum, S.R. Carcinogenesis 1988, 9, 1323-1325. 
15. Garner, R.C.; Martin, C.N.; Lindsay Smith, J.R.; Coles, B.F.; 

Tolson, M.R. Chem.-Biol. Interactions 1979, 26, 57-73. 
16. Wild, C.P.; Montesano, R.; Van Benthem, J.; Scherer, E.; Den 

Engelse, L. J. Cancer Res. Clin. Oncol. 1990, 116, 134-140. 
17. Shuker, D.E.G. Arch. Toxicol. 1989 Suppl. 13, 55-65. 
18. Hecht, S.S.; Carmella, S.G.; Trushin, N.; Spratt, T.E.; Foiles, 

P.G.; Hoffmann, D. In Methods for Detecting Damaging Agents in 
Humans: Applications in Cancer Epidemiology and Prevention; 
Bartsch, H.; Hemminki, K.; O'Neill, I.K., Eds.: IARC Scientific 
Publications No. 89, Lyon, 1988, pp 121-128. 

In Immunoassays or Trace Chemical Analysis; Vanderlaan, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



19. WILD AND MONTESANO Aflatoxins and N-Nitrosamines 227 

19. Wild, C.P.; Smart, G.; Saffhill, R.; Boyle, J.M. Carcinogenesis 
1983, 4, 1605-1609. 

20. Umbenhauer, D.; Wild, C.P.; Montesano, R.; Saffhill, R.; Boyle, 
J.M.; Huh, N.; Kirstein, U.; Thomale, J.; Rajewsky, M.F.; Lu, 
S.H. Int. J. Cancer 1985, 36, 661-665. 

21. Degan, P.; Montesano, R.; Wild, C.P. Cancer Res. 1988 48, 5065-
5071. 

22. Hoffman, D.; Hecht, S.S. Cancer Res. 1985, 45, 935-942. 
23. International Agency for Research on Cancer, Carcinogenicity of 

Alkylating Cytostatic Drugs Schmähl, D.; Kaldor, J.M., Eds.; 
IARC Scientific Publications No. 78, International Agency for 
Research on Cancer, Lyon, 1986. 

24. Foiles, P.G.; Miglietta, L.M.; Akerkar, S.A.; Everson, R.B.; 
Hecht, S.S. Cancer Res. 1988 48 4184-4188. 

25. Saffhill, R.; Badawi, A.F.; Hall, C.N. In Methods for Detecting 
Damaging Agents in Humans: Applications in Cancer Epidemiology 
and Prevention Bartsch  H.; Hemminki  Κ.  O'Neill  I.K.  Eds.: 
IARC Scientific Publication
Research on Cance, Lyon  pp

26. Wilson, V.L.; Weston, Α.; Manchester, D.K.; Trivers, G.E.; 
Roberts, D.W.; Kadlubar, F.F.; Wild, C.P.; Montesano, R.; Willey, 
J.C.; Mann, D.L.; Harris, C.C. Carcinogenesis 1989, 10, 
2149-2153. 

27. Shields, P.G.; Povey, A.C.; Wilson, V.L.; Harris, C.C. Proc. 
Amer. Assoc. Cancer Res. 1989, 30, 316. 

28. Groopman, J.D.; Donahue, P.R.; Zhu, J.; Chen, J.; Wogan, G.N. 
Proc. Natl. Acad. Sci. USA 1985, 82, 6492-6496. 

29. Tierney, B.; Benson Α.; Garner, R .C .J . Natl. Cancer Inst. 1986, 
77, 261-267. 

30. Shuker, D.E.G.; Friesen, M.D.; Garren, L.; Prevost, V. In 
Relevance to Human Cancer of N-Nitroso Compounds, Tobacco Smoke 
and Mycotoxins, IARC Scientific Publication No. 105, 
International Agency for Research on Cancer, Lyon, 1990. 

31. Souliotis, V.L.; Kyrtopoulos, S.A. Cancer Res. 1990, 49, 
6997-7001. 

32. Van Benthem, J.; Wild, C.P.; Vermeulen, E.; Winterwerp, H.H.K.; 
Den Engelse, L.; Scherer, E. In Methods for Detection of DNA 
Damaging Agents in Humans: Applications in Cancer Epidemiology 
and Prevention, Bartsch, H.; Hemminki, K.; O'Neill, I.K., Eds.: 
IARC Scientific Publications No. 89, International Agency for 
Research on Cancer, Lyon, 1988, pp 102-106. 

33. Den Engelse, L.; Bax, J.; Terheggen, P.M.A.B.; Van Schooten, 
F . -J . ; Van Benthem, J.; Wild, C.P.; Scherer, E. Ann. 1st. Super. 
Sanità 1989, 25, 11-20. 

34. Lucier, G.; Thompson, C.L. Env. Health Perspect. 1987, 76, 
187-191. 

35. Margison, G.P.; Margison, J.M.; Montesano, R. Biochem. J. 1977, 
165, 463-478. 

36. Margison, G.P.; Pegg, A.E. Proc. Natl. Acad. Sci. (USA) 1981, 78, 
861-865. 

37. Wild, C.P.; Degan, P.; Brésil, H.; Serres, M.; Montesano, R.; 
Gershanovitch, M.; Likhachev, A. Proc. Amer. Assoc. Cancer Res. 
1988, 29, 260. 

38. Berenek, D.T.; Weiss, C.C.; Swenson, D.H. Carcinogenesis 1980, 1, 
595-606. 

In Immunoassays or Trace Chemical Analysis; Vanderlaan, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



228 IMMUNOASSAYS FOR TRACE CHEMICAL ANALYSIS 

39. Hall, A.J.; Inskip, H.M.; Loik, F.; Day, N.E.; O'Conor, G.; 
Bosch, X.; Muir, C.S.; Parkin, M.; Munoz, N.; Tomatis, L.; 
Greenwood, B.; Whittle, H.; Ryder, R.; Oldfield, F.S.,J.; N'jie, 
A.B.H.; Smith, P.G.; Coursaget, P. Cancer Res. 1987, 47, 
5782-5787. 

40. Hall, A.J.; Inskip, H.M.; Loik, F.; Chotard, J.; Jawara, M.; Vall 
Mayans, M.; Greenwood, B.M.; Whittle, H.; Njie, A.B.H.; Cham, K.; 
Bosch, F.X.; Muir, C.S. Lancet 1989, 1057-1060. 

41. Wild, C.P.; Sitas, F.; Lachlan, G.; Jiang, Y-Z.; Forman, D. 
Proc. Amer. Assoc. Cancer Res. 1990, 31, 231. 

42. Saffhill, R.; Margison, G.P.; O'Connor, P.J. Biochim. Biophys. 
Acta 1985, 823, 111-145. 

43. Lawley, P.D. Mutat. Res. 1989, 213, 3-25. 
44. Poirier, M.C.; Egorin, M.J.; Fichtinger-Schepman, A.M.J.; Yuspa, 

S.H.; Reed, E. In Methods for Detecting Damaging Agents in 
Humans: Applications in Cancer Epidemiology and Prevention 
Bartsch, H.; Hemminki  K.; O'Neill  I.K  Eds: IARC Scientific 
Publications No. 89
Lyon, 1988, pp 313-320

45. Schulte, P.A. Amer. J. Epidem. 1987, 126, 1006-1016. 
46. Bos, J.L. Cancer Res. 1989, 49, 4682-4689. 
47. Montesano, R. In Complex Mixtures and Cancer Risk IARC Scientific 

Publications No. 104, International Agency for Research on 
Cancer, Lyon, 1989, pp 11-19. 

RECEIVED August 30, 1990 

In Immunoassays or Trace Chemical Analysis; Vanderlaan, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



Chapter 20 

Immunological Methods for Monitoring Human 
Exposure to Benzo[a]pyrene 

and Aflatoxin B 1 

Measurement of Carcinogen Adducts 

Regina M . Santella, Yu Jing Zhang, Ling Ling Hsieh, Tie Lan Young, Xiao 
Qing Lu, Byung Mu Lee, Guang Yang Yang, and Frederica P. Perera 

Cancer Center and Division of Environmental Science, School of Public 
Health, Columbia University  New York  NY 10032 

Immunologic methods have been developed for the 
measurement of human exposure to environmental 
and occupational carcinogens by quantitation of 
carcinogen-DNA or protein adducts. Antibodies 
recognizing specific adducts have been used in 
highly sensitive competitive enzyme linked 
immunosorbent assays (ELISA) to detect femtomole 
levels of adducts in human samples. Antibodies 
recognizing benzo(a)pyrene diol epoxide-DNA have 
been used to quantitate adducts in white blood 
cells of foundry workers and coal tar treated 
psoriasis patients and in white blood cells and 
placenta of smokers and nonsmokers. These same 
antibodies have been used in indirect immuno­
fluorescence staining of tissues to localize 
adduct formation to specific cell types. Albumin 
adducts have also been measured in several of 
these populations. Antibodies recognizing 
aflatoxin B1-DNA adducts have been used to 
quantitate adducts in liver tissue from hepato­
cellular cancer patients. Adduct measurement 
provides a relevant marker of carcinogen exposure 
but may also prove useful in identifying individuals 
at risk for cancer development. 

Monitoring human exposure to environmental or occupational 
carcinogens can be carried out at several different levels (1). 
External exposure can be measured by methods which quantitate 
carcinogen levels in air, food and water. Internal dose can be 
estimated by measuring levels of the carcinogen in body fluids such 
as blood and urine. More recently, methods have been developed to 
measure the biologically effective dose of the chemical, defined as 
the amount of chemical reacting with critical cellular targets (2). 

0097-6156/91A)451-0229$06.00A) 
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Covalent binding of the carcinogen to DNA is believed to be the 
i n i t i a l c r i t i c a l step in chemical carcinogenesis. Thus, measurement 
of carcinogen-DNA adducts should be a more relevant marker of 
exposure to carcinogens than measurement of the chemical i t s e l f in 
the environment or body f luids . Such assays take into account 
individual differences in absorption and metabolism of carcinogens 
as well as repair of adducts once they are formed. In addition to 
being a more relevant marker of exposure, i t is hoped that such 
measurements w i l l be useful as markers of individual r isk for 
development of cancer. 

While DNA is believed to be the c r i t i c a l target for chemical 
carcinogens, such agents also bind to RNA and proteins. 
Quantitation of adducts on either hemoglobin or albumin has been 
used as an alternate marker of exposure to environmental 
carcinogens. In contrast to DNA adduct measurements, large amounts 
of protein can be obtained from blood samples and no repair occurs 
suggesting that chronic
Red blood ce l l s have an
has a half l i f e of 21 days , y  exposur
quantifiable with protein adduct measurement. 

We have concentrated on the development of immunologic methods 
for the measurement of carcinogen-DNA and protein adducts as well as 
measurement of the carcinogen i t s e l f in body f luids such as urine 
and sera. These antibodies can be used in highly sensitive 
competitive enzyme-linked immunosorbent assays (ELISA) with color-
or fluorescence-endpoint detection to give femto (10- 1 5 ) mole 
sens i t iv i t i es . For DNA adduct measurement, with this level of 
sens i t iv i ty , and the a b i l i t y to assay 50ug of DNA per well adduct 
levels in the range of 1/108 nucleotides can be measured. Table I 
l i s t s the monoclonal antibodies recognizing carcinogen-DNA adducts 
that we have developed to date. Several of these antibodies, 
including those recognizing aflatoxin, benzo(a)pyrene d io l epoxide 
and 8-methoxypsoralen-DNA adducts, have been applied to adduct 
detection in humans. A major advantage of immunologic methods is 

Table I. Monoclonal Antibodies Recognizing Carcinogen-
DNA and Protein Adducts 

Acetylaminofluorene-DNA 
Aflatoxin-DNA 
4-Aminobiphenyl-guanos ine 
Aminopyrene-DNA 
Benzo(a)pyrene d io l epoxide-DNA 
Benzo(a)pyrene d io l epoxide-guanosine 
Ethenoadenine 
Ethenocytidine 
7- (Hydroxyethy1)guanos ine 
8- Methoxyps ora1en-DNA 
8-Oxoguanos ine 
Tr imethy1ange1icine-DNA 
Aflatoxin Bi-albumin 
Benzo(a)pyrene d io l epoxide-protein 
Ethylene oxide-hemoglobin 

unpublished 
(5) 
(6) 
(6) 
(7) 
(7) 

(3) 
(4) 
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that once a sensitive and specif ic method has been developed i t can 
easi ly be applied to the large number of samples that are collected 
in epidemiologic studies. However, before an immunoassay can be 
developed the structure of the adduct of interest must be known and 
i t must be possible to synthesize an appropriate immunogen. 

Also shown in Table I are the antibodies we have recently 
developed for measurement of carcinogen-protein adducts. Only the 
antibody recognizing benzo(a)pyrene d io l epoxide-protein adducts has 
been applied to human samples (see below). 

Measurement of Exposure to Polycyclic Aromatic Hydrocarbons: 
Antibodies to Benzo(a)pyrene d io l epoxide-DNA 

Benzo(a)pyrene (BP), a polycyclic aromatic hydrocarbon (PAH), is a 
ubiquitous environmental pollutant resulting from the incomplete 
combustion of organic material, including fos s i l fuels. It is found 
in urban a i r , sidestream and mainstream cigarette smoke and the food 
supply. BP is generally
PAH concentration. Extensiv
determined that i t is metabolized in vivo to 7,8-dihydroxy-9,10-
epoxy-7,8,9,10-tetrahydrobenzo(a)pyrene (BPDE-I), the major 
e lectrophil ie , mutagenic and carcinogenic metabolite involved in DNA 
binding (Figure 1, reviewed in (11)). The complete structure and 
conformation of the adduct formed between BPDE-I and DNA in v i tro is 
known and results from binding of the C-10 position of BPDE-I to the 
2-amino group of guanosine (Figure 1). This adduct has been 
detected as the major adduct formed when a variety of human, bovine 
and rodent ce l l s are exposed to BP in culture. We have developed 
polyclonal and monoclonal antibodies recognizing this adduct. Two 
types of antigens were used, the modified DNA electrostat ical ly 
complexed to bovine serum albumin (BSA) or the ribose form of the 
nucleoside monoadduct covalently coupled through the adjacent 
hydroxides on the ribose ring to BSA (6,12). When f i r s t 
characterized, the antisera developed against BPDE-I-DNA were 
found to be highly specif ic for the modified DNA not recognizing BP 
i t s e l f or nonmodified DNA. In addition, there was no 
crossreactivity with several other carcinogen modified DNAs, 
including acetylaminofluorene and 8-methoxypsoralen-DNA. More 
recently, both the polyclonal and monoclonal antibodies were found 
to crossreact with structural ly related d io l epoxide adducts of 
several other PAHs including chrysene and benz(a)anthracene (13). 
For example, polyclonal antibody #29,(12) obtained from animals 
immunized with BPDE-I-DNA, recognizes DNA modified by chrysene-1,2-
diol-3,4-epoxide more e f f ic ient ly (50* inhibit ion at 18 fmol) than 
i t recognizes BPDE-I-DNA (50* inhibit ion at 30 fmol). This antibody 
also binds to DNA modified by benz(a)anthracene-8,9-diol-10,11-
epoxide (50* inhibit ion at 42 fmol) and 3,4-diol-l ,2-epoxide (50* 
inhibit ion at 114 fmol). These results indicate that multiple 
adducts may be detected by the ELISA. Since humans are exposed to 
BP in complex mixtures containing a number of other PAHs, a number 
of different adducts may be present. The identity of the adducts 
cannot be determined and thus absolute quantitation of adducts is 
not possible. However, since a number of PAHs in addition to BP are 
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Figure 1. Structure of benzo(a)pyrene ( 1 ) , BPDE-I (2 ) and the 
adduct of BPDE-I with guanine ( 3 ) . 
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carcinogenic, the ELISA provides a biologically relevant general 
index of DNA binding by this class of compounds. Measured values 
are expressed as femtomole equivalents of BP adducts which would 
cause a similar inhibition in the assay. 

We have also recently determined that antibody #29 detects 
adducts more eff i c i e n t l y in highly modified DNA (1.2 adducts/100 
nucleotides) than in DNA modified to a lower level (1.5/105) 
(14). This efficiency also varied with the type of ELISA used. 
With the color endpoint ELISA there was a 2.5 fold difference 
between the high and low modified DNA samples but with the 
fluorescence endpoint ELISA the difference was 10 fold. These two 
assays dif f e r in antibody dilution and concentration of antigen used 
for plate coating. The antigen used for antibody development was 
highly modified DNA. Clustering of adducts or some unique 
determinents present on highly modified DNA may be responsible for 
the higher sensitivity with these samples. Utilization of highly 
modified DNA in the standard curve in our original studies resulted 
in an underestimation o
recognizing 8-MOP-DNA hav
high and low modified DNA (15). These results demonstrate the 
importance of thorough characterization of antisera before 
application to human samples and the u t i l i z a t i o n of appropriate 
standards for analyzing biological samples. Currently, we use 
polyclonal antibody #29 in a competitive ELISA with a low modified 
BPDE-I-DNA standard and fluorescence endpoint detection. This assay 
has a 50% inhibition of antibody binding with low modified DNA of 
about 44 fmol. If 20% inhibition is taken as the lower limit of 
detectability, adduct levels of about 1/108 nucleotides can be 
determined. 

Detection of PAH-DNA Adducts in Humans 

Occupational Exposure. Antibodies recognizing PAH-DNA have been 
used in several studies to quantitate adduct levels in humans. 
Lung, the target tissue for PAH carcinogenesis, is not available on 
a routine basis from healthy individuals. Therefore, white blood 
c e l l s have been u t i l i z e d in a number of biomonitoring studies as a 
surrogate source of DNA since i t is readily and repeatedly 
available. A 30ml blood sample provides the 500ug of DNA required 
for duplicate assays in t r i p l i c a t e wells as normally carried 
out. In collaboration with K. Hemminki, Institute of Occupational 
Health, Finland, adducts were measured in white blood c e l l DNA from 
iron foundry workers and controls (16). Foundry workers are 
known to be at elevated risk of lung cancer (17) and constitute 
a model population for purposes of validating PAH-DNA adducts as a 
marker of biologically effective dose. Workers were cla s s i f i e d into 
high, medium, or low exposure to BP based on ai r monitoring data and 
an industrial hygienist's evaluation of the job description (Table 
II). A dose response relationship was seen between estimated 
exposure to BP and adduct levels. Adducts in these samples were 
also analyzed by two other laboratories by [ 3 2P] postlabeling 
(18). In this method, the DNA is enzymatically digested to 
3'monophosphates followed by labeling with T4 polynucleotide kinase 
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and gamma [ 3 2 P] ATP. Normal nucleotides are separated from adducted 
ones by thin layer chromatography and adducts visualized by 
autoradiography (19-20). While adduct levels were lower in the 
postlabeling assay, there was a good correlation between the 
immunoassay and postlabeling data. From a subset of 9 foundry 
workers, we recently collected blood samples immediately after a one 
month vacation and then again after the individuals had been working 
for 3 months. Mean adduct levels increased 10 fold after return to 
the work environment (Table II) . Although the sample number is 
small, these results suggest rapid repair of adducts in white 
blood ce l l s . 

Table II. PAH-DNA adducts in white blood ce l l s of foundry 
oven workers determined by ELISA. 

Exposure level Ν mean adducts/ 
ug BP/m3 10 7nucleoti des 

High >0.
Medium 0.05-0.2 13 2.2 
Low <0.05 18 0.80 
Control <0.01 10 0.22 

At work 0.05->0.2 9 3.1 
After vacation <0.01 9 0.39 

C l i n i c a l Exposure to Crude Coal Tar. Topical application of 2-5* 
crude coal tar followed by skin irradiat ion with UVB (Goeckerman 
theraphy) is used as an effective therapy for psoriasis , a 
hyperproliferative disease of the skin. Coal tars, including 
pharmaceutical-grade preparations, are complex mixtures of PAHs and 
well established mutagens and animal carcinogens (17). Isolated 
case reports have also suggested that therapeutic coal tar treatment 
can produce squamous and basal c e l l carcinomas (reviewed in 
(21)). We have estimated that patients treated with total body 
application of about 50gm of a 3* tar preparation are exposed to an 
average of 1.5gm of tar per day. 

PAHs are known to be absorbed through the skin after topical 
application as demonstrated by elevated levels of several PAHs in 
blood (22). Urinary excretion of 1-hydroxypyrene, a fluorescent 
metabolite of pyrene, has also been used as a marker of internal 
dose of coal tar (23-24). Elevated levels of s i s ter chromatid 
exchange (SCE) and chromosomal aberrations in peripheral blood 
lymphocytes and of urinary mutagens, measured by the Salmonella 
mutagenesis assay, have also been found (24-26). 

We have carried out a small p i lo t study on blood samples from 
coal tar treated psoriasis patients and controls, with a panel of 
biomarkers for exposure to genotoxic agents as a model system for 
skin exposure in the occupational setting. Blood samples were 
obtained from 22 coal tar treated psoriasis patients and 5 controls. 
Only one control had detectable adducts by ELISA while 13/22 
patients were posit ive. Mean values for patients was 1.70 adducts 
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/10 7 nucleotides compared to 0.79/107 for controls. Mean values 
for the controls are higher than seen in previous studies on 
nonoccupationally exposed individuals (0.15-0.23/10 7). This was due 
to the very high adduct level , comparable to that of foundry 
workers, seen in the one positive control (3.3/10 7 ), a nurse on the 
dermatology f loor. However, her occupational exposure to coal tar 
should have been minimal and i t was not clear what exposures were 
responsible for the high adduct levels. Sister chromatic exchange 
(SCE) and micronuclei (MN) were also analyzed in a subset of 17 of 
the patients and in the 5 controls. Mean SCE levels were higher for 
patients (9.43) than controls (7.74) but no significant difference 
was seen in MN between patients (13.59) and controls (13.75). We 
are currently carrying out a larger scale study of patients and 
controls with a panel of biomarkers. 

Immunohistochemical Studies on Skin Biopsies. Antibodies to 
particular carcinogen-DNA adduct  als  b d t  investigat
local ization of adduct formatio
indirect immunofluorescenc
(FITC) labeled secondary antibodies. We obtained 4mm punch biopsies 
from several coal tar treated patients as well as control biopsies 
from untreated volunteers. Sections were cut and stained with the 
same antibody #29 used for ELISA quantitation of PAH-DNA. To 
enhance access ibi l i ty of the antigen for antibody binding, s l ides 
were f i r s t treated with RNase A, proteinase Κ and HC1. Staining of 
skin biopsy sections from coal tar treated patients indicated 
specif ic nuclear staining in the stratum spinosum and granulosum of 
the epidermis (Figure 2). Staining was also scattered variably 
throughout the dermis with some local izat ion to fibroblasts and 
vessels. No staining was v i s ib le in sections from an untreated 
control. 

With the conventional immunofluorescence methods u t i l i z e d here, 
quantitative adduct levels cannot be determined. However, they can 
be estimated by comparison to previous studies carried out on 
keratinocytes treated in culture with BP. In these studies, adduct 
levels in the range of 1/106 gave detectable immunofluorescence 
(27). This is in the same range as found in studies u t i l i z i n g 
antibodies to 8-methoxypsoralen-DNA adducts (15). Improvements in 
sens i t iv i ty , coupled to methods giving quantitative data should 
allow the application of the immunofluorescence method to detection 
of adducts resulting from environmental exposures. 

Environmental Exposure. In contrast to these results , several 
studies on adducts in smokers and nonsmokers have not detected 
significant differences between these populations. Mean adduct 
levels in placental DNA of smokers were 1.9/107 nucleotides and in 
nonsmokers 1.2/107 (28-29). White blood c e l l DNA adducts were 
lower than in placenta but also were not s ignif icantly different in 
smokers (0.15/10 7) compared to nonsmokers (0.12/10 7) (30). These 
results probably reflect the ubiquitous exposure of the general 
population to PAHs from a number of sources including a i r pollution 
and, more importantly, diet . Recently, we have also found a 
seasonal effect on adduct levels with blood samples collected during 
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Figure 2. Indirect immunofluorescence staining of human skin biopsies from a patient 
treated topically with coal tar and a control. Slides were treated with RNase, proteinase Κ 
and 4N HC1 before staining with antisera #29 (1:50 dilution) and goat anti-rabbit IgG 
antibody conjugated with fluorescein (1:30). Magnification was 220fold. A.) section from 
patient; B) section from control 
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the late summer and early f a l l showing higher levels than those 
collected during the other two seasons (31). This seasonal effect 
is consistent with observations of a peak in aryl hydrocarbon 
hydroxylase (AHH) inducibility during this period (32). The i n i t i a l 
data are from samples collected throughout the year. Repeat 
measurements on the same individual during the year should provide 
further information about the relationship of adduct formation and 
season. 

Detection of PAH-Protein Adducts. Quantitation of adducts on 
albumin has been used as an alternate marker of exposure to PAHs. 
To determine PAH-protein adduct levels, we have u t i l i z e d a 
monoclonal antibody, 8E11, developed from animals immunized with 
BPDE-I-guanosine coupled to BSA (6). This antibody recognizes BPDE-
I modified deoxyguanosine, DNA, and protein as well as BPDE-I-
tetrols, the hydrolysis products of BPDE-I. More recently, we have 
further characterized this antibody in terms of crossreactivity with 
a number of other BP metabolites
epoxide modified DNAs. 8E1
metabolites (Table III), with higher sensitivity for the diols and 
weak recognition of phenols. It also recognizes the diol epoxide 
DNA adducts of several other PAHs, and there i s weak cross-
reactivity with other PAHs including pyrene, aminopyrene and 
nitropyrene. Although not available for testing, this antibody w i l l 
probably recognize a number of PAH protein adducts. As with the 
PAH-DNA immunoassay, multiple adducts w i l l be measured and this 
assay w i l l be a general index of exposure to this class of 
compounds. 

Direct quantitation of adducts on protein cannot be carried out 
with precision due to inefficient detection of adduct in intact 

Table III. Competitive Inhibition of Antibody 8E11 
binding to BPDE-I-BSA 

Competitors 50* Inhibitory Concentration 
femtomole 

BP-9,10-diol 
Chrysene diol epoxide-DNA 
BP-7,8-diol 
BPDE-I-tetrol 
BPDE-I-DNA 
BPDE-I-BSA digested 
Benz(a)anthracene dio l epoxide-DNA 
BPDE-I-BSA nondigested 
1-OH-pyrene 
BP 
1-nitropyrene 
Pyrene 
4-OH-BP 
1-aminopyrene 
5-OH-BP 
D imethy lbenz ( a ) anthracene 

150 
160 
250 
350 
350 
400 
1350 
1450 
3400 
6000 
16000 
16200 
42700 
70000 
>lxl0* 
>lxl0 6_ 
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protein. This low sens i t iv i ty is probably due to burying of the 
adduct in hydrophobic regions of the protein. Others have suggested 
that release of tetrols by acid hydrolysis, followed by quantitation, 
i s a sensitive method for determination of protein adducts (33-34). 
While this method worked well on protein treated in v i tro with BPDE-
I, our i n i t i a l studies in mice treated with radiolabeled BP 
indicated that only low levels of radioactivity could be released 
from globin by acid treatment (35). For this reason, we used an 
alternate approach for measurement of protein adducts. When protein 
modified in v i tro with BDPE-I was enzymatically digested to peptides 
and amino acids before ELISA sens i t iv i ty was increased 3-4 fold 
(Table III) . This assay was validated using globin isolated from 
animals treated with radiolabeled BP. The ELISA was able to detect 
90-100% of the adducts measured by radioactivity (36). These animal 
studies also indicated that adduct levels were about 10 fold higher 
in albumin than in globin. For this reason, our i n i t i a l work on 
human samples has been with albumin isolated from workers 
o c c u p â t i o n a l l y exposed t
blue 2-Sepharose CL-4B a f f in i t
digested with insoluble protease coupled to carboxymethyl cel lulose, 
which was subsequently removed by centrifugation. Samples were then 
analyzed by competitive ELISA with antibody 8E11. I n i t i a l studies 
have been carried out on a small number of roofers o c c u p â t i o n a l l y 
exposed during the removal of an old pitch roof and application of 
new hot asphalt. These studies were carried out in collaboration 
with R. Herbert, Mt. Sinai Medical Center, NY. Seventy percent of 
the roofers samples were positive with a mean level of 5.4fmol/ug 
while 62% of the controls had detectable adduct levels (mean of 
4.0fmol/ug). In this small number of subjects there was a trend but 
no significant difference between roofers and controls. However, we 
are continuing studies of PAH-albumin adducts using a larger sample. 

Monitoring Exposure to Aflatoxin Bi 

Detection of Aflatoxin-DNA Adducts. Aflatoxin Bi (AFBi), is a 
fungal metabolite produced by specif ic strains of Aspergillus 
flavus. This mycotoxin contaminates the food supply in many regions 
especially in Asia and Afr ica . Epidemiological studies have 
demonstrated a strong association between exposure to this potent 
l i ver carcinogen and human l iver cancer incidence (37). AFBi is 
metabolized in vivo by microsomal mixed-function oxidases to produce 
a reactive e lectrophi l ic epoxide which binds to the N7 position of 
guanine (Figure 3). This adduct is unstable having an apparent half 
l i f e of 7.5hr and either depurinates or imidazole ring-opens (Figure 
3) (38). The imidazole ring opened (iro) AFBi-FAPy adducts are 
stable, have been shown to accumulate in treated animals and may 
play an important role in hepatocarcinogenesis (39). 

We have developed monoclonal antibodies recognize AFBi-FAPy 
adducts from animals immunized with DNA modified in v i tro with AFBi 
followed by base treatment to convert adducts to the FAPy form 
(4). An immunogen was prepared by complexing this DNA with 
methylated BSA. Competitive ELISAs using antibody 6A10 are shown in 
Figure 4. This antibody has higher react ivity with denatured highly 
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DNA 

Figure 3. Structure of aflatoxin Bi-guanine (1) and imidazole r ing 
opened aflatoxin Bi-guanine (AFBi-FAPy), (2). 
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Figure 4. Competitive ELISA of antibody 6A10 binding to i ro AFBi-
DNA. The competitors were highly modified denatured iro AFBi-DNA 
(2.5 adducts/100 nucleotides) (A), highly modified denatured AFBi-
DNA (7 adducts/100 nucleotides) ( ψ ) , and low modified denatured iro 
AFBi-DNA (4 adducts/10 5 nucleotides) ( Δ ) . Reproduced with 
permission from Ref. 4, Copyright 1988, Cancer Research. 
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modified iro AFBi-DNA (2.5 adducts/100 nucleotides, 50% inhibit ion at 
160fmol) than with iro AFBi-DNA modified to a lower level 
(4 adducts/10 5 nucleotide, 50% inhibit ion 500fmol) or with denatured 
highly modified AFBi-DNA (50% inhibit ion at 1300fmol). 
Since AFBi-DNA contains both ring-opened and ring-closed adducts, 
these results suggest that the antibody binds more strongly with the 
ring opened adduct against which i t was generated. Adducts are 
detected about 4-fold more e f f ic ient ly in highly modified DNA than 
in DNA with a lower modification level . While there is no 
crossreactivity with unmodified native ca l f thymus DNA, there is 
minor crossreactivity with unmodified denatured DNA. There is no 
crossreactivity with free aflatoxins, aflatoxin-protein conjugates, 
AFBi-guanine or several other carcinogen modified DNAs including 
DNAs modified by acetylaminofluorene, psoralen or BPDE-I. The l imit 
of sens i t iv i ty , based on assaying 50ug of DNA/well and >20% 
inhibit ion, is 5 adducts/107 nucleotides. 

To validate the immunoassay  antibody 6A10 was used to detect 
adducts in l iver and kidne
radiolabeled AFBi. The ELIS
measured by radioactivity in both rat and mouse l iver (4). 
Relatively high adduct levels (>1/106) were also detectable in 
2 of 8 tumor adjacent-normal tissues and 7 of 7 tumor tissues 
obtained from l i ver cancer patients from Taiwan (Table IV). 

Table IV. Levels of AFBi-FAPY Adducts in Human Liver 

Patient Tumor Ad j acen t -norma 1 
adducts/10 6 nucleotides 

1 3.5 ND* 
2 3.2 ND 
3 1.2 ND 
4 3.4 1.7 
5 1.2 1.2 
6 1.8 ND 
7 - ND 
8 - ND 
9 L 3 NA 

*ND, non detectable 
NA, not assayed 

One potential art i fact of competitive ELISAs is nonspecific 
inhibit ion of antibody binding by factors such as high or low salt 
concentration and pH. Thus, to further support these results, 
samples were tested in a competitive ELISA using a monoclonal 
antibody with specif i ty for unrelated 8-methoxypsoralen-DNA 
adducts (8). Since these patients had not been treated with 
psoralen and there is l i t t l e environmental exposure no psoralen 
adducts should be present. The level of inhibit ion of a l l samples 
was less than 20% indicating there was no nonspecific inhibit ion of 
antibody binding by the matrix of the DNA samples. The difference 
between tumor and nontumor tissue may not be significant because of 
the small number of samples but w i l l be further investigated in 
ongoing studies. In addition, because of the re lat ive ly high adduct 
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levels present in some samples, we have recently begun to u t i l i z e 
fluorescence methods to confirm adduct levels quantitated by ELISA. 
I n i t i a l studies with in v i tro modified DNA indicate that 
fluorescence spectroscopy can readily detect adducts down to a level 
of 1/10 7. We are currently developing immunoaffinity techniques to 
isolate AFBi modified DNA fragments from par t ia l ly digested human 
DNA samples. By combining the spec i f ic i ty of the immunoaffinity 
technique with the sens i t iv i ty of fluorescence spectroscopy, we hope 
to obtain supportive data for the ELISA results. A similar approach 
has been used by others to confirm the presence of BPDE-I-DNA 
adducts in human placental DNA (34) and excised aflatoxin-DNA 
adducts in urine (see Groopman et a l , this publication). 

Immunohistochemical Detection of Aflatoxin Bi-DNA Adducts. The 
antibodies recognizing AFBi-DNA are also being applied in 
immunohistochemical studies to local ize adducts. I n i t i a l studies 
have u t i l i z ed hepatocytes treated in v i tro with 40uM AFBi. Six 
hours after exposure, ce l l
solution to convert the
recognized by antibody 6A10. Staining with adduct specif ic antibody 
was followed by FITC labeled secondary antibodies. Figure 5 shows 
specif ic nuclear staining in treated ce l l s but not in controls. 
This method is now being applied to the detection of adducts in 
human l iver biopsies. 

Multiple Adduct Analysis. Human exposure to environmental 
carcinogens usually occurs in the form of complex mixtures. To 
monitor exposure to these mixtures, we would ideal ly l ike to perform 
multiple ELISAs on DNA samples from the same individual to determine 
a l l adducts present. To circumvent the limited ava i lab i l i ty of 
white blood c e l l DNA, we have recently developed methods in which 
two different DNA adducts can be measured in a DNA sample with 
specif ic antibodies recognizing the individual adducts. I n i t i a l 
studies have been on DNA modified in v i tro with BPDE-I and 
subsequently modified with 8-methoxypsoralen and UVA l ight . A 
mixture of the antibodies recognizing both adducts, each at the 
appropriate f ina l di lut ion for the ELISA, was used. The competitive 
ELISA was carried out on ser ia l dilutions of the modified DNA and 
mixed antibodies. This competitive mixture was f i r s t added to 
plates coated with BPDE-I-DNA and after a 90 min incubation, 
transferred to plates coated with 8-methoxypsoralen-DNA. Each plate 
was then incubated with alkaline phosphatase secondary antibody 
conjugate as in the standard assay. For both BPDE-I and 8-MOP-DNA, 
s imilar 50* inhibitions were found when only one adduct or both were 
present. These results suggest that i t may be possible to make a 
cocktail of antisera to specif ic DNA adducts and, by sequential 
transfer to plates coated with the appropriate antigen, quantitate a 
number of different DNA adducts in a single sample. Since the 
adducts are not destroyed by incubation with antibodies in the 
ELISA, DNA can also be recovered from the competitive mixture on the 
microwell plate and repurified. The DNA can then be u t i l i z e d for 
additional analysis by alternate methods such as postlabeling or 
fluorescence. 
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Discussion 

These studies demonstrate that immunologic methods have sufficient 
sens i t iv i ty to monitor human exposure to environmental carcinogens. 
Immunoassays also have the advantage of ease of application to large 
number of samples making them ideal for epidemiologic studies. 
However, human samples frequently have adducts levels near the 
l imits of sens i t iv i ty of these assays. In addition, because 
competitive ELISAs measure general inhibit ion of antibody binding to 
plates, art i facts can sometimes interfere with quantitation. For 
these reasons, i t is desirable to use other methods to confirm 
adduct levels determined by ELISA. unfortunately, alternate 
methods, with the required sensi t iv i ty , are not always available. 
The studies discussed above on PAH adducts in foundry workers are 
examples of this approach. While the postlabeling assay may not be 
measuring the identical adducts as the ELISA, the correlation of 
both assays with exposure level and with each other provides support 
for the relevance of th
DNA adducts we are attemptin
to confirm immunoassay data. 

The current immunofluorescence method is l imited to the 
detection of adduct levels around 1/106 nucleotides. Computer-
assisted video microscopy systems or the use of biotin-streptavidin 
staining should further increase sensi t iv i ty . It may then be 
possible to u t i l i z e these methods for adduct detection in human 
samples from occupational or environmental exposures. Since adducts 
can in theory be visualized in single ce l l s , the small amount of 
material obtained at biopsy could be u t i l i z ed . 

While methods for the determination of DNA adducts in humans 
provides information about the bio logical ly effective dose of a 
carcinogen, and can therefore be used as a marker of exposure, 
information about the relationship of these measurements to r isk is 
unknown. Future epidemiologic studies are needed to provide this 
information. 
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Chapter 21 

Immunological Detection and Quantitation 
of Carcinogen—DNA Adducts 
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Antibodies agains
-1-oxide(4NQO), and 3,2'-dimethyl-4-aminobiphenyl(DMAB) 
were raised in rabbits. On application in enzyme 
linked immunosorbent assays (ELISA), these antibodies 
proved highly specific for the DNA-adducts which were 
used as the immunogens or structurally related forms. 
Sensitive immunoassays for the detection of the 
adducts isolated from tissues of rats exposed to 
carcinogens could therefore be established using 
competitive ELISA. Levels as low as 5-7 fmol adducts 
in 5 ug of DNA i.e. 2-3 adducts per 107 nucleotides 
could be detected. Demonstration of adduct formation 
in rat organs by immunoperoxidase staining revealed 
that the adducts were found preferentially in target 
tissues after exposure to DMAB, the staining intensity 
increasing dose dependently. Indirect immunofluores­
cence staining of human fibroblast (NSF) cells treated 
with 4NQO also indicated adducts to be localized 
specifically in the nuclei after treatment with 0.25 
uM at mean lethal dose. These assays should prove 
useful for elucidation of the levels, localization 
and persistence of carcinogen carcinogen-DNA adducts 
in target organs in vivo. 

The availability of methods for the direct measurement of specific 
DNA adducts should greatly facilitate studies on the biological 
significance of these lesions. In recent years, the immunoassay 
approach to detection of DNA damage has attracted interest because of 
the associated sensitivity and specificity, and the fact that DNA or 
other chemical adducts do not reqire radiolabeling. A large number 
of polyclonal and monoclonal antibodies have thus been elicited 
against carcinogen-DNA adducts(l-5) and used in highly sensitive 
immunoassays such as the enzyme-linked immunosorbent assay (ELISA) 
and radioimmunoassay (RIA) to quantitate adducts formed in DNA from 
animal tissues and cultured cells. With these assays, it has been 
possible to determine adduct formation in the fmol range. Moreover, 
immunohistochemical staining with these antibodies has allowed 
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d e t e c t i o n of the p r e c i s e l o c a l i z a t i o n and examination of the k i n e t i c s 
of formation and removal of adducts at both s i n g l e - c e l l and c e l l 
population l e v e l s . This information i s of obvious s i g n i f i c a n c e f o r 
r i s k assessment and molecular epidemiology. 

Our own r e s e a r c h h a s c o n c e n t r a c t e d on ( i ) d e t a i l e d 
c h a r a c t e r i z a t i o n of p o l y c l o n a l a n t i b o d i e s against 4 - n i t r o q u i n o l i n e 
1-oxide (4NQ0)- m o d i f i e d DNA and 3 , 2 1 - d i m e t h y l - 4 - a m i n o b i p h e n y l ( 
DMAB)-modified DNA, ( i i ) q u a n t i t a t i o n of adducts i n b i o l o g i c a l 
samples and ( i i i ) i m m u nohistochemical s t u d i e s of the adducts i n 
t i s s u e s and c u l t u r e d c e l l s . 

Experimental Methods 

Po lyc lona l Ant ibodies: C a r c i n o g e n m o d i f i e d DNA was prepared as 
described p r e v i o u s l y (6,7). Modified DNA samples used as immunogens 
contained 18 pmol of 4NQ0-adduct or 11.0 pmol of DMAB-adducts i n 1 ug 
of c a l f thymus DNA, t h i  i  6 4NQ0 adduct  3.4 DMAB adduct
10 n u c l e o t i d e s . 

The modified DNA (0.25-0.5mg
e q u a l amounts of me t h y l a t e d bovine serum albumin i n phosphate 
b u f f e r e d s a l i n e (PBS), and e m u l s i f i e d w i t h complete F r e u n d ! s 
adjuvant. Immunization of r a b b i t s and p u r i f i c a t i o n of IgG f r a c t i o n s 
were performed as described p r e v i o u s l y (6,7). 
Immunoassay (ELISA): M i c r o t i t e r w e l l s (Nunc Type I I ) coated with 
lOng of hi g h l y modified DNA(l-6 adducts/10 n u c l e o t i d e s ) were used f o r 
competitive ELISA. Antibodies were d i l u t e d i n PBS con t a i n i n g 2 % FCS 
and mixed with equal volumes of s e r i a l l y d i l u t e d competitor. The 
mixtures were incubated i n the w e l l s f o r 60 min at 37°C, and the 
pla t e s were then washed and incubated w i t h peroxidase-conjugated 
goat a n t i - r a b b i t IgG f o r one hour a t 37°C. Enzyme a s s a y s were 
c a r r i e d out as described p r e v i o u s l y ( 6 ) . The amount of i n h i b i t o r 
r e q u i r e d f o r 50 % i n h i b i t i o n of a n t i b o d y b i n d i n g t o i m m o b i l i z e d 
antigen ( I A ^ Q ) was regarded as a measure of the competitive ELISA 
s e n s i t i v i t y . (Figure 1.) 

Immunohistochemical Staining 

Rat T issues : Immunohistochemical s t a i n i n g was c a r r i e d out as 
described p r e v i o u s l y (14). B r i e f l y , s e c t i o n s were tre a t e d w i t h 
RNase A(100 ug/ml) at 37°C f o r 2 hr and then with 2.5N HC1 at room 
temperature f o r 45 min. S l i d e s were incubated w i t h 5 % normal goat 
serum f o r 20 min and then with anti-DMAB-DNA antibody f o r 60 min at 
37°C. A f t e r treatment with 0.3 % H 20? f o r 30 min at 37°C, binding of 
the antibody was v i s u a l i z e d by the ABC method(37°C f o r 30 min) wit h 
0.05 % diaminobenzidine ( f o r 10 min). The sec t i o n s were a l s o weakly 
counterstained w i t h hematoxylin before dehydration through graded 
ethanols and xylene, and mounting. 
Human Cel l s : Normal human s k i n f i b r o b l a s t c e l l s (NHSF) were grown as 
monolayer c u l t u r e s on Lab-Tek 2 chamber-slides (Lab-Tek Products, 
N a p e r v i l l e , 111) and t r e a t e d w i t h 2§10 χ 10 7M 4NQ0 i n Hank's 
s o l u t i o n . These c e l l samples were a p p l i e d t o immunofluoresence 
s t a i n i n g according to our method ( 6 ) . 
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F i g . 1 Competitive i n h i b i t i o n of antibody binding to DMAB-DNA by 
ELISA. Each w e l l was coated with 10 ng of denaturated DMAB-DNA (5 
pmol adducts/ug DNA) and antibody was 25 ng of IgG per w e l l . The 
i n h i b i t e r contained fmol adducts i n ug of DNA ; ( · ) 26, ( O ) 710, 
( Δ ) 5,140 and (•) 13,600, r e s p e c t i v e l y . 
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Results 

Characterization of Antibodies j_ Anti 4NQ0-DNΑ-Antibody: The antibody 
a f f i n i t y f o r 4NQ0-DNA was studied i n d e t a i l by competitive ELISA 
using DNA with la r g e d i f f e r e n c e s i n m o d i f i c a t i o n l e v e l s . The r e s u l t s 
p r e s e n t e d i n Ta b l e I , c l e a r l y show t h a t h i g h l y m o d i f i e d DNA i s 
recognized more e f f i c i e n t l y by the antibody than DNA having a lower 
degree of m o d i f i c a t i o n . For measurement of adducts i n DNA from 
b i o l o g i c a l samples, s t a n d a r d m o d i f i e d DNA s h o u l d be used as the 
c o m p e t i t o r i n the same m o d i f i c a t i o n range as the samples (1-10 
adducts/10 n u c l e o t i d e s ) . 

As the anti-4NQ0-DNA antibody hardly reacted with nuclease Pi 
digested n u c l e o t i d e adducts, i t may not i n f a c t recognized the 4NQ0 
adduct moiety i n DNA, but r a t h e r may r e a c t w i t h s u r r o u n d i n g DNA 
st r u c t u r e s . The antibody was al s o found to recognize DNA modified by 
4HAQ0 d e r i v a t i v e s such as 6 - m e t h y l - 4 - n i t r o q u i n o l i n e 1-oxide ( 6 - C H 3 -
4NQ0) or N-methyl-4-nitroquinoline 1-oxide (N -CH3-4NQO) with the same 
a f f i n i t y as 4NQ0-DNA. Th
presumably heat and a l k a l i n
to a n t i b o d i e s d i d not decreas
NaOH. 

Table I . Competitive i n h i b i t i o n of p o l y c l o n a l antibody 
binding to 4NQ0 DNA 

M o d i f i c a t i o n Amount of competitor 
adducts (fmol) causing 

Competitor fmol/ug DNA 50% i n h i b i t i o n of 
antibody binding 

ss 4NQ0-DNAa) 20,000 5 
1,860 15 

356 60 
36.3 120 
21.0 120 
10.0 120 

ds 4NQ0-DNA 20,000 20 
1,860 

>iof) 356 >iof) 
ss AFF-DNA 25,000 >105 

ss DMAB-DNA 13,600 >10 5 

ss 6CH3-4NQ0-DNA 13,630 5 
ss N-CH3-4NQ0-DNA 12,360 5 

The m i c r o t i t e r p l a t e s were coated with 50 ng of ds 4NQ0-DNA 
(20 pmol adducts/ug) and 25 ng of IgG were a p p l i e d per w e l l . 
a) Modified DNAs were heated i n PBS or 0.1N NaOH at 90°C 

f o r 4 min. 
b) No i n h i b i t i o n detected at the highest concentration 

t e s t e d . 

A n t i DMAB-DNA A n t i b o d y : S p e c i f i c f o r DMAB-DNA a nd 4-
aminobiphenyl(AB)-modified DNA, t h i s antibody was found to not c r o s s -
react with 4NQ0-,4-aminoazoben d e r i v a t i v e - or AAF-modified DNA (Table 
I I ) . I t i s t h e r e f o r e c o n c l u d e d t h a t the anti-DMAB-DNA a n t i b o d y 
recognizes biphenyl r i n g s bound to purine bases ( 7 ) . 
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In c o n t r a s t t o anti-4NQ0-DNA a n t i b o d y , the I A ^ Q v a l u e s f o r 
heated denatured DNA were 7-8 fmol/assay, independent of m o d i f i c a t i o n 
l e v e l s and almost same a f f i n i t y f o r enzymatic hydrolysates (mono- or 
o i l i g o n u c l e o t i d e s ) . DMAB nu c l e o t i d e s are thought to be the a n t i g e n i c 
determinants. (Table I I ) 

The antibody has a greater a f f i n i t y f o r h i g h l y modified n a t i v e 
DMAB-DNA than f o r low modified DNA. Denaturation of DNA proved 
e s s e n t i a l f o r competitive ELISA. 

Table I I . Competitive i n h i b i t i o n of antibody binding to DMAB-
DNA by various competitors 

Competitor M o d i f i c a t i o n 
(fmol/ug) 

Amount of competitor 

ss DMAB-DNAa) 13,600 7.0 

ds DMAB-DNA 13,600 22.0 
710 44.0 

DMAB-DNA-digest b ) 

ss AB-DNAC' 

26 90.0 
DMAB-DNA-digest b ) 

ss AB-DNAC' 
13,600 

866 
30.0 

ss 4NQ0-DNA 20,000 > 1 0 f ) 
ss AAF-DNA 25,000 >105_ 
ss 2-MeO-AAB-DNA 15,600 >10^ 
ss 3-MeO-AAB-DNA 11,300 >10 5 

The m i c r o t i t e r p l a t e s were coated w i t h 50 ng of ds DMAB-DNA 
(12.3 pmol/ug) and 20 ng of IgG were a p p l i e d per w e l l . 
a) Heated i n PBS or 0.1 Ν NaOH at 90°C f o r 5 min. 
b) DNasel digested. 
c) 4-Aminobiphenyl adducts were determined s p e c t r o p h o t o m e t r i c a l l y . 
d) No i n h i b i t i o n detected at the highest concentration t e s t e d . 

Quantitation of Adducts in DNA from Rat Tissues 

4NQO: Donryu female r a t s ( 8 weeks o l d ) were a d m i n i s t e r e d an 
i n t r a v e n o u s i n j e c t i o n of [ H]4HAQ0 a t 20 mg per kg body w e i g h t . 
A f t e r one hour, the l i v e r , pancreas, kidney, lung and uterus t i s s u e s 
were excised and DNA samples i s o l a t e d by phenol e x t r a c t i o n combined 
wi t h protease and RNase A treatment. The amounts of 4NQ0 adducts 
were determined by UV absorbance at 260 nm and by measurement of 
r a d i o a c t i v i t y . The DNA samples were denatured by heating f o r 5 min 
at 90°C, and were assayed by competitive ELISA. 

Competitive ELISA was c a r r i e d out using h i g h l y modified DNA 
(107 adducts/10 6 n u c l e o t i d e s ) and s l i g h t l y modified DNA ( 1 - 3 
adducts/10 n u c l e o t i d e s ) as standards. The r e s u l t s are shown i n 
Table I I I and compared with values obtained from the r a d i o a c t i v i t y 
measurements. Using the s l i g h t l y modified DNA (3 adducts/10 
n u c l e o t i d e s ) f o r the standard i n h i b i t i o n curve, the values obtained 
were e s s e n t i a l l y the same as those g a i n e d from r a d i o a c t i v i t y 
measurements. U s i n g the h i g h l y m o d i f i e d DNA (10 adducts/10 
n u c l e o t i d e s ) as the standard, the values were approximately 30% lower 
than r a d i o a c t i v i t y assay l e v e l s . The pancreas has been found to be 
the main t a r g e t organ a f t e r a s i n g l e i . v i n j e c t i o n of 4HAQ0, the 
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highest amounts of adducts were a l s o found i n pancreatic t i s s u e . 
Adducts were not present or only present at low l e v e l s i n the l i v e r 
nontarget organ ( 9 ) . These r e s u l t s i n d i c a t e a s i g n i f i c a n t r o l e of 
adducts formation i n tumorigenesis. 

Table I I I . Q u a n t i t a t i o n of 4NQ0-adducts i n DNA from r a t 
t i s s u e s by r a d i o a c t i v i t y and competition ELISA 

Tissue Amount of [ JH] 4HAQ0 
(fmol/ug DNA) 

R a d i o a c t i v i t y ELISA 
(a) (b) 

Pancreas 392.0 373.3 274.0 
Kidney 232.0 220.0 85.7 
Stomach 221.0 206.7 -Uterus 
Lung 
L i v e r 4.0 <7.0 -

M i c r o t i t e r p l a t e s were coated with 50 ng of ds 4NQ0-DNA 
(20 pmol/ug DNA) and 25 ng of IgG were a p p l i e d per w e l l . 
M o d i f i c a t i o n l e v e l s of DNA used f o r s t a n d a r d curve 
generation were (a) 10-30 fmol/ug, 3-10/10 nu c l e o t i d e s 
(b) 350 fmol/ug, 107/10 6 n u c l e o t i d e s . 

DMAB: F344 male r a t s (8 weeks old) were given a s i n g l e s.c. i n j e c t i o n 
of DMAB d i s s o l v e d i n corn o i l at 50, 100 or 200 mg/kg body weight. 
A f t e r 24 ho u r s , the r a t s were s a c r i f i c e d and the l i v e r , c o l o n , 
i n t e s t i n e , kidney, pancreas and prostate t i s s u e s were removed and 
DNA samples were i s o l a t e d as above. 

Table IV. Q u a n t i t a t i o n of DMAB-adducts i n DNAs from r a t 
t i s s u e s exposed to DMAB 

Tissue Amount of DMAB adducts 
(fmol/ug DNA) 

Does (mg/kg) 50 100 200 

L i v e r 47.0 66.7 117.3 
Colon 7.6 32.3 73.6 
Small i n t e s t i n e 5.7 10.2 21.3 
Prost a t e ( v e n t r a l ) 19.6 51.0 91.3 

( d o r s o l a t e r a l ) 10.3 21.0 34.7 

The percentage i n h i b i t i o n 
numbers of adducts i n the 

was used 
samples . 

to c a l c u l a t e 
. ( c f . Figure 

the 
1) 

The DNA samples were heated i n 0.02N NaOH at 70 °C f o r 10 min 
and then n e u t r a l i z e d with IN HC1 and used i n the competitive ELISA. 
Dose dependent increase i n adduct formation i n a l l the t i s s u e s was 
observed (Table I V ) . The amounts of adducts i n l i v e r and i n t e s t i n e at 
a dose of 200 mg/kg were 117 and 21.3 fmol i n 1 ug of DNA , s i m i l a r 
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r e s u l t s b e i n g o b t a i n e d by Westra e t a l u s i n g a r a d i o a c t i v i t y 
a s s a y ( l O ) . 
Immunohistochemical Studies of DMAB Adducts in Rat Tissues Exposed to 
DMAB: Dose-dependent s t a i n i n g of l i v e r n u c l e i was observed at 24 hr 
a f t e r a d m i n i s t r a t i o n of 50mg and 200mg of DMAB per kg body weight 
( F i g 2 ) . Under the c o n d i t i o n s of the immunohistochemical method 
a p p l i e d , anti-DMAB-DNA antibody did not bind i n detectable amounts to 
t i s s u e s e c t i o n s of untreated r a t s and normal r a b b i t sera a l s o d i d not 
react with t i s s u e s from DMAB-treated r a t s . The numbers of adducts 
d e t e r m i n e d by c o m p e t i t i v e E L I S A , c o r r e l a t e d w e l l w i t h t h e 
immunostaining i n t e n s i t y of n u c l e i i n the t r e a t e d r a t t i s s u e s . With 
the i m m u n o h i s t o c h e m i c a l t e c h n i q u e , a c l e a r p o s i t i v e c o r r e l a t i o n 
between nuclear s t a i n i n t e n s i t y and dose of carcinogen used was al s o 
observed. As l i t t l e as 5 to 10 xlO adducts i n one genome could be 
r e a d i l y detected by immunostaining. 
Immunofluorescence Studies on 4NQ0 Adducts in Human Fibroblast Cells; 
As i l l u s t r a t e d i n F i g 3  th  antibod  found t  bind s p e c i f i c a l l
to the n u c l e i of the c e l l
the n u c l e o l i . The i n t e n s i t
to depend on the concentration of 4NQ0 administered to the c e l l s . 
Weak f l u o r e s c e n t s i g n a l c o u l d be observed w i t h 0.25 uM of mean 
l e t h a l carcinogen dose. In t h i s case, i t was c a l c u l a t e d that l e s s 
than 10 addu c t s would be produced i n one genome. I n r e p a i r 
experiments, c e l l s were t r e a t e d f o r 60 min with 1x10" M 4NQ0 and, 
a f t e r removal of the carcinogen, then incubated with M-DEM medium 
c o n t a i n i n g 10% FCS f o r a f u r t h e r 16 h r . As shown i n F i g 3, the 
i n t e n s i t y of nuclear fluorescence was diminished. These r e s u l t s 
demonstrated the p o s s i b i l i t y of v i s u a l i z i n g r e p a i r processes i n s i t u . 
Experiments to quanti f y adduct formation i n s i t u by fluorescence or 
co l o r i n t e n s i t y measurement are i n progress. 

Discussion 

P o l y c l o n a l a n t i b o d i e s a g a i n s t 4NQ0-, and DMAB-modified DNA were 
developed, both of which s p e c i f i c a l l y recognized the carcinogen-DNA 
adducts used as the immunogenic antigens, while c r o s s - r e a c t i n g only 
w i t h s t r u c t u r a l l y r e l a t e d adducts. We have a l s o r e c e n t l y e l i c i t e d 
a n t i 2-methoxy- or 3-methoxy-4-aminoazobenzene m o d i f i e d DNA 
ant i b o d i e s i n r a b b i t s . These a n t i b o d i e s are a l s o h i g h l y s p e c i f i c to 
the m o d i f i e d DNAs used as immunogens, but c r o s s - r e a c t w i t h each 
other, and o-aminoazotoluol-modified DNA. However, they do not bind 
to DNAs modified by DMAB, 4NQ0 or AAF. 

The chemical s t r u c t u r e s of 4NQ0 and DMAB adducts have been w e l l 
i n v e s t i g a t e d . In 4NQ0-DNA, 3-(deoxyguanosine-N - y l ) a m i n o q u i n o l i n e - l -
oxide (4AQ0), N-(deoxyguanosine-8-yl)-4AQ0, 3-(deoxyadenosine-N - y l ) -
4AQ0 and one unstable deoxyguanosine adducts were recognized.(11-14) 
DMAB-DNA addu c t s were i d e n t i f i e d by Beland and k a d l u b a r ( 1 5 ) and 
Flammang e t a l ( 1 6 ) . as N - ( d e o x y g u a n o s i n e - 8 - y 1 ) - D M A B , 5-
(deoxyguanosine-N -yl)-DMAB and N-(deoxyadenosine-8-yl)-DMAB. 

The a n t i g e n i c i t i e s of 4NQ0 and DMAB adducts were not changed by 
heat t r e a t m e n t e i t h e r i n n e u t r a l or a l k a l i n e s o l u t i o n . Under 
a l k a l i n e c o n d i t i o n s , guanine-C8 adducts are e a s i l y c o n v e r t e d t o 
i m i d a z o l - r i n g - o p e n e d p r o d u c t s , w h i c h may a l s o be a n t i g e n i c 
determinants. Since the guanine Ν and adenine Ν adducts were a l s o 
a l k a l i s t a b l e , the p o s s i b i l i t y that these adducts are invol v e d as 
an t i g e n i c determinants can not be excluded.(17,18) 
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F i g . 3 S p e c i f i c binding of anti-4NQ0-DNA antibody to n u c l e i of human 
s k i n f i b r o b l a s t c e l l s demonstrated by immunofluorescence. C e l l s were 
exposed to (a) 2x10 M, (b) l x l O ~ 6 M , (c) as b, but then incubated f o r 
16 hr i n f r e s h medium, (d) 5xlO" 7M , (e) 2.5xlO~ 7M and ( f ) without 
4NQ0. 

F i g . 2 Nuclear immunostaining of DMAB-DNA adducts i n l i v e r from the 
r a t 24 hr a f t e r s.c. a d m i n i s t r a t i o n of DMAB. The dose of DMAB per kg 
of body weight (a) 200 mg, (b) 50 mg and (c) corn o i l only. 

In Immunoassays or Trace Chemical Analysis; Vanderlaan, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



254 IMMUNOASSAYS FOR TRACE CHEMICAL ANALYSIS 

The a f f i n i t y of a n t i 4NQ0-DNA-antibody f o r h i g h l y modified DNA 
was found to be higher than f o r DNA modified to a l e s s e s degree, with 
as much as a 30 f o l d d i f f e r e n c e being observed between m o d i f i c a t i o n 
l e v e l s of 6 adducts/10 n u c l e o t i d e s and 2.4 adducts/10 n u c l e o t i d e s . 
As mentioned above, f o r q u a n t i t a t i o n of 4NQ0 adducts i n DNA from 
b i o l o g i c a l s a m p l e s , s l i g h t l y m o d i f i e d DNA must be u s e d f o r 
competitive immunoassay as the standard.(19,20) 

I n c o n t r a s t , anti-DMAB-DNA a n t i b o d y demonstrated the same 
a f f i n i t y f o r both high and low m o d i f i c a t i o n l e v e l s of DNA a f t e r heat 
denaturation. As shown i n F i g . 1, a s i n g l e l i n e standrad curve was 
obtained with various DMAB-DNA samples having d i f f e r e n t m o d i f i c a t i o n 
l e v e l s . Consequently the anti-DMAB-DNA antibody has an advantage 
over the anti-4NQ0-DNA antibody f o r q u a n t i t a t e of a wide range of 
adduct l e v e l s i n b i o l o g i c a l samples. 

Immunohistochemical s t u d i e s can g i v e i n f o r m a t i o n on the 
formation and r e p a i r of adducts i n s i n g l e c e l l s as w e l l as c l a r i f y i n g 
the d i s t r i b u t i o n and l o c a l i z a t i o f adduct  d i f f e r e n t c e l l 
types i n t i s s u e s e c t i o n s
i t i s necessary to denatur
o r d e r t o a l l o w the immune r e a g e n t s a c c e s s . T h e r e f o r e o p t i m a l 
c o n d i t i o n s f o r the a c i d t r e a t m e n t must be s t u d i e d c a r e f u l l y , t o 
minimize adduct i n s t a b i l i t y . I t remains to be e s t a b l i s h e d whether 
t h e p r e s e n t l y a p p l i e d methods a r e s u i t a b l e f o r a c c u r a t e 
q u a n t i f i c a t i o n of adducts i n c e l l s . ( 6 - 8 , 21) 

Conclusion and Summary 

P o l y c l o n a l a n t i b o d i e s against DNA modified by four kinds of chemical 
carcinogen, 4NQ0, DMAB, 3- and 2-methoxy-4-AAB have been e l i c i t e d i n 
our l a b o r a t o r y . 

The m o d i f i e d DNAs were presence by a c t i v a t i o n of N-hydroxy-
compounds i n the presence of seryl-AMP, and DNAs co n t a i n i n g 1-7 
adducts per 10 n u c l e o t i d e s were o b t a i n e d . I t was found t h a t 
m o d i f i c a t i o n l e v e l s of DNA of at l e a s t one per 10 nu c l e o t i d e s were 
necessery f o r s u i t a b l e immunogencity. With h i g h l y modified DNAs very 
s e n s i t i v e and s p e c i f i c a n t i s e r a could be obtained from immunized 
r a b b i t s . 

C h a r a c t e r i z a t i o n of t h e s e a n t i b o d i e s was c a r r i e d out by 
competitive ELI£A. The d i f f e r e n c e i n I A ^ Q values between 60 and 2.4 
adducts per 10 nuc l e o t i d e s was i n the order of 30. Namely, the 
binding r e a c t i o n was 30 f o l d greater w i t h the h i g h l y modified DNA. 
Thus f o r q u a n t i f i c a t i o n of DNA adducts of t h i s type i n b i o l o g i c a l 
samples, DNA wi t h a low degree of m o d i f i c a t i o n must be used as the 
competitor standard. 

T h u s , u s i n g DNA m o d i f i e d a t a l o w l e v e l ( 3 a d d u c t / 1 0 
n u c l e o t i d e s ) , we have obtained r e s u l t s f o r adduct number almost the 
same as these gained by measurement of r a d i o a c t i v i t i e s i n DNA from 
r a t s t r e a t e d with l a b e l e d 4NQ0. 

In c o n t r a s t to the a n t i 4NQ0-DNA-antibody, the a n t i DMAB-DNA-
antibody reacted w i t h denatured DNA modified to widely d i f f e r i n g 
extents with s i m i l a r a f f i n i t y . Moreover, a n t i DMAB-DNA- antibody 
c o u l d be shown t o r e a c t w i t h t h e same a f f i n i t y t o mono- o r 
oli g o n u c l e o t i d e - a d d u c t s . In t h i s respect, the anti-DMAB-DNA antibody 
t h e r e f o r e has advantage f o r d e t e r m i n a t i o n of adduct l e v e l s i n 
b i o l o g i c a l samples. 
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Immunochemical s t u d i e s should prove e s p e c i a l l y u s e f u l f o r non 
r a d i o l a b e l e d c h e m i c a l s . As r e g a r d s our a n t i azobenzen-DNA-
a n t i b o d i e s , they could not be ch a r a c t e r i z e d i n as great d e t a i l as f o r 
the anti-4NQ0-DNA and anti-DMAB-DNA-antibodies, because r a d i o l a b e l e d 
compounds are not a v a i l a b l e , and the chemical nature of the re l e v a n t 
adducts has not yet been e l u c i d a t e d . However, these a n t i b o d i e s were 
found to react s p e c i f i c a l l y with 4-aminoazobenzene-modified DNA and 
immunostaining was observed i n the n u c l e i of hepatocytes of r a t s 
t r e a t e d with 3-methoxyl-AAB. 

Immunohistochemical s t u d i e s have allowed d e t e c t i o n of formation 
and removal of adducts i n i n d i v i d u a l c e l l s . However, p r i o r t o 
imm u n o s t a i n i n g , a c i d t r e a t m e n t i s e s s e n t i a l f o r a n t i g e n t o have 
access and react with antibody and so the p o s s i b i l i t y of a l t r a t i o n i n 
adducts s t r u c t u r e under such c o n d i t i o n s r e q u i r e that methodological 
l i m i t a t i o n s be c l e a r l y d efined. 

I n c o n c l u s i o n , we c o n f i r m e d t h a t i m m u n o c h e m i c a l and 
immunohistochemical approache  u s e f u l t o o l  f o  monitorin
human exposure to environmenta
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Chapter 22 

Polycyclic Aromatic Hydrocarbon—DNA Adduct 
Load in Peripheral Blood Cells 

Contribution of Multiple Exposure Sources 

P. T. Strickland1, N. Rothman2, M. E. Baser1, and M. C. Poirier3 

1Department of Environmental Health Sciences and 2Department of 
Epidemiology, School of Public Health, Johns Hopkins University, 

Baltimore, MD 21205 
3Laboratory of Cellular Carcinogenesis and Tumor Promotion, National 
Cancer Institute, Nationa

Polycyclic aromatic hydrocarbons (PAH) are produced by 
combustion of organic materials, and humans are exposed 
to these compounds from a variety of sources. In a 
recent cross-sectional study of PAH exposure in 
residential fire fighters and controls, PAH-DNA adducts 
in peripheral nucleated blood cells were examined by 
immunoassay (ELISA) as potential markers of exposure. 
Mean adduct levels in caucasian participants (22 
detectable/66 tested) increased with exposure to one or 
more sources of PAH: fire fighting, smoking, and/or 
char-broiled (CB) food consumption. The effect of 
dietary PAH on PAH-DNA adduct levels was further 
investigated in a controlled exposure study in which 4 
volunteers consumed CB beef daily for 7 days. PAH-DNA 
adduct levels increased 3-fold and 6-fold above baseline 
levels and in two individuals and remained unchanged in 
two individuals during the feeding period. These 
results suggest that multiple sources of PAH contribute 
to the PAH-DNA adduct load in peripheral blood cells and 
confirm the importance of dietary contributions. 

Polycyclic aromatic hydrocarbons (PAH) are introduced into the 
environment by a number of combustion processes, including heat 
and power generation, coke production, open refuse burning and 
motor vehicle emissions (.1,2). Individuals can be exposed to PAHs 
from these environmental sources or from their occupation, diet or 
smoking habits. 

In a recent study of exposure to combustion products in 
residential fire fighters (3,A), we measured several markers of 
genotoxic damage in nucleated blood cells as potential markers of 
exposure including sister chromatid exchanges and PAH-DNA adducts. 
The results suggest a contribution of occupation (fire fighting), 
diet (char-broiled (CB) food consumption) and cigarette smoking to 
individual levels of PAH-DNA adducts. In this report, we 
summarize these findings and present further evidence that dietary 
PAH contribute to PAH-DNA adduct levels in peripheral blood cells. 
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M u l t i p l e PAH Exposure i n F i r e F i g h t e r s 

Blood samples (40 mis) were c o l l e c t e d from 43 urban f i r e f i g h t e r s 
and 38 c o n t r o l s with s i m i l a r demographics and smoking h a b i t s . A 
d e t a i l e d questionnaire was administered to p a r t i c i p a n t s to obtain 
information on recent f i r e f i g h t i n g a c t i v i t y , tobacco smoking (or 
chewing), frequency of consumption of CB food and a l c o h o l , and 
other p o t e n t i a l confounding f a c t o r s (3). DNA was extracted from 
the nucleated blood c e l l f r a c t i o n (buffy coat) and analyzed f o r 
PAH-DNA content by ELISA as p r e v i o u s l y described (5,6) using a 
BPDE-DNA standard modified i n the same range as the b i o l o g i c a l 
samples (4.4 fmoles/ug DNA). The ELISA employed r a b b i t anti-BPDE-
DNA (antibody 33, d i l u t e d 1:70,000), g o a t - a n t i - r a b b i t IgG 
conjugated to a l k a l i n e phosphatase ( d i l u t e d 1:400) and p - n i t r o -
phenyl-phosphate as described p r e v i o u s l y (6). Since the antiserum 
i s capable of recognizing s e v e r a l PAH-DNA adducts (_7)> the r e s u l t s 
are expressed as BPDE-DNA a n t i g e n i c i t y and represent PAH-DNA 
adduct formation (.7» 8)
assay was 0.3 fmol adduct/u

PAH-DNA adducts were detectable (> 0.3 fmole adduct/ug DNA) 
i n 35% (28/81) of the i n d i v i d u a l s t e s t e d . Smoking increased the 
unadjusted r i s k f o r detectable PAH-DNA adducts (odds r a t i o = 2.4; 
95% confidence i n t e r v a l = 0.96-6.26) (3). Caucasian f i r e f i g h t e r s 
(66/81) e x h i b i t e d a higher r i s k f o r the presence of detectable 
PAH-DNA adducts than Caucasian c o n t r o l s a f t e r adjustment f o r CB 
food consumption (odds r a t i o = 3.4; 95% confidence i n t e r v a l = 1.1-
10.5; ρ = 0.04) (3). Simple l i n e a r regression a n a l y s i s i n d i c a t e d 
that consumption of CB foods >3 times per month was associated 
with increased PAH-DNA adduct l e v e l s (p = 0.04). Thus, the three 
sources of exposure that contributed to PAH-DNA adduct l e v e l s i n 
the Caucasian p a r t i c i p a n t s were f i r e f i g h t i n g , tobacco smoking, 
and CB food consumption (Figure 1, 2 and Refs 3,4). The percentage 
of i n d i v i d u a l s with detectable adducts increased with the number 
of exposure sources (Table I ) , but X 2 a n a l y s i s f o r trend was not 
s i g n i f i c a n t . 

Table I. Percent I n d i v i d u a l s With Detectable Levels 
of PAH-DNA Adducts 

Number of Number with/without 
Exposure Number of Detectable PAH--DNA Adducts 
Sources I n d i v i d u a l s with without 
(FF,SM,CBF) (n) (>0.3 fmole/ug) (<0.3 fmole/ug) 

0 10 2 (20%) 8 
1 24 8 (33%) 16 
2 25 9 (36%) 16 
3 7 3 (43%) 4 

66 22 44 

A n a l y s i s f o r Trend: 
( c u t o f f at > 0.3 fmole/ug DNA) X 2 = 0.99 ρ = 0.32 
( c u t o f f at > 0.75 fmole/ug DNA) X 2 = 2.68 ρ = 0.10 

(Reproduced with permission from Ref 4. Copyright 1990, Oxford 
U n i v e r s i t y ) . 
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Figure 1. I n d i v i d u a l l e v e l s of PAH-DNA adducts i n samples 
with detectable adducts s t r a t i f i e d by f i r e f i g h t i n g a c t i v i t y 
(FF) and c h a r c o a l - b r o i l e d food consumption (CBF). Mean 
adduct l e v e l s are in d i c a t e d i n each group. (Reproduced with 
permission from Ref 4. Copyright 1990, Oxford U n i v e r s i t y ) . 
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Figure 2. I n d i v i d u a l l e v e l s of PAH-DNA adducts s t r a t i f i e d 
by number of exposure sources ( f i r e f i g h t i n g , smoking, or CB 
food consumption). 
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Mean adduct l e v e l s i n the Caucasian p a r t i c i p a n t s (22 detectable/ 
66 tested) increased with exposure to one or more of these three 
sources of PAHs ( F i g 2, Table I I ) . Linear regression a n a l y s i s 
i n d i c a t e d an a s s o c i a t i o n between number of exposure sources and 
mean adduct l e v e l s (p = 0.02). The major source of exposure 
c o n t r i b u t i n g to PAH-DNA adduct l e v e l s i n the non-caucasian cohort 
(6 detectable/15 tested) was smoking (data not shown). 

Table I I . Mean Levels of PAH-DNA Adducts 

Mean Adduct Levels (fmole/ug DNA) 
No. of Exposure 
Sources A l l Samples* Detectable Samples 
(FF,SM,CBF) (n = 66) (n = 22) 

0 0.22 + 0.16 0.50 + 0.15 
1 0.48 + 0.53 1.13 + 0.40 
2 0.7
3 1.3

^ S e t t i n g undetectable (<0.3 fmole/ug DNA) = 0.15 fmole/ug DNA 

Linear regression a n a l y s i s using number of exposures as 
independent v a r i a b l e : r = 0.28, ρ = 0.023 ( a l l samples); 
r = 0.48, ρ = 0.025 (detectable samples). 
(Reproduced with permission from Ref 4. Copyright 1990, Oxford 
U n i v e r s i t y ) . 

D i e t a r y PAH Exposure i n Volunteers 

A c o n t r o l l e d d i e t a r y exposure study was conducted i n order to t e s t 
the hypothesis that d i e t a r y sources of PAH can s i g n i f i c a n t l y 
c o n t r i b u t e to PAH-DNA adduct load (9). Four healthy Caucasian 
non-smoking male volunteers aged 33-39 adhered to a d i e t f r e e of 
CB foods f o r one month. During t h i s period, three blood samples 
(40 mis each) were c o l l e c t e d f o r baseline measurements. Volunteers 
then consumed CB ground beef d a i l y f o r seven days (approximately 
10 oz (280 gm) cooked weight per person per day). One i n d i v i d u a l 
d i d not complete the planned schedule and ate CB beef on four days 
only. Blood samples were c o l l e c t e d immediately before eating CB 
beef on the f i r s t day of feeding (day 1) and on days 2, 5, 8, 12 
and 24-31. During the three weeks f o l l o w i n g feeding (days 8 to 
31), volunteers r e f r a i n e d from eating any CB foods. D i e t a r y 
h a b i t s were monitored throughout the e n t i r e study by a d a i l y d i a r y 
of food and beverage consumption. 

DNA was extracted from the nucleated blood c e l l f r a c t i o n by a 
mo d i f i c a t i o n of the method of M i l l e r et a l (10). PAH-DNA adduct 
content was analyzed by ELISA as decribed above except that a 
fl u o r e s c e n t enzyme substrate, 4-methylumbelliferyl phosphate, was 
used i n the f i n a l step as p r e v i o u s l y described (6). The lower 
l i m i t of det e c t i o n was 0.04 fmole adduct/ug DNA. 
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Figure 3. Individual levels of PAH-DNA adducts before, 
during and after CB beef consumption. Solid bar indicates 
period of dai ly CB beef intake. Volunteer D consumed beef 
for A days only. Volunteers A, B, and C consumed beef for 7 
days. (Reproduced with permission from Ref A. Copyright 1990, 
Oxford University) . 
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Baseline l e v e l s of PAH-DNA adducts p r i o r to CB beef 
consumption were between non-detectable and 0.19 fmole/ug DNA f o r 
a l l i n d i v i d u a l s (Figure 3a, 3b). During the week of CB beef 
consumption, two i n d i v i d u a l s e x h i b i t e d an increase i n PAH-DNA 
adduct l e v e l (Figure 3b). Volunteer A e x h i b i t e d a 6-f o l d increase 
a f t e r one day of CB beef and dec l i n e d to baseli n e l e v e l s A days 
a f t e r c e s s a t i o n of CB beef consumption. Volunteer Β e x h i b i t e d a 
3- f o l d increase a f t e r A days of CB beef consumption and de c l i n e d 
to b a s e l i n e l e v e l s one day a f t e r cessation of CB beef consumption. 
PAH-DNA adduct l e v e l i n volunteers C and D d i d not increase at any 
time during the study (Figure 3a). Volunteer D remained on the CB 
beef d i e t f o r four days only. 

Discussion 

These and other studies i n d i c a t e that m u l t i p l e sources of PAH 
contrib u t e to the l e v e l
nucleated blood c e l l s . Th
as p o s s i b l y c o n t r i b u t i n
d i e t , and smoking. The occupation i n t h i s case was f i r e f i g h t i n g 
which involves exposure to combustion products produced at the 
f i r e s i t e and d i e s e l and gasoline exhaust from f i r e t r ucks. The 
smoking exposure was c i g a r e t t e or c i g a r smoking d a i l y . The 
d i e t a r y exposure i n the i n i t i a l study was CB food consumption at 
l e a s t three times per month (about once per week). 

Di e t a r y exposure to PAH was examined i n more d e t a i l i n a 
c o n t r o l l e d CB beef feeding experiment i n which each i n d i v i d u a l 
served as h i s own c o n t r o l . Two i n d i v i d u a l s e x h i b i t e d measurable 
increases i n PAH-DNA adduct l e v e l s while the two other i n d i v i d u a l s 
d i d not respond. This d i f f e r e n c e could be due to i n t e r i n d i v i d u a l 
d i f f e r e n c e s i n c o n s t i t u t i v e or induced p h y s i o l o g i c a l parameters 
such as absorption, d i g e s t i o n , metabolism, e x c r e t i o n and DNA 
adduct formation and r e p a i r (11.). Conney et a l (12) demonstrated 
the induction of phenacetin metabolizing enzymes i n human 
volunteers fed CB beef f o r four days. V a r i a t i o n i n the 
i n d u c i b i l i t y of PAH metabolizing enzymes i n hepatocytes and 
p e r i p h e r a l blood c e l l s i n i n d i v i d u a l s fed CB beef may ex p l a i n some 
of the observed i n t e r i n d i v i d u a l d i f f e r e n c e s i n t h i s study. Other 
studies (13,IA) have demonstrated a 3-10 f o l d v a r i a t i o n i n the 
a b i l i t y of c u l t u r e d human lymphocytes or monocytes to form B(a)P-
DNA adducts a f t e r treatment with B(a)P. 

These r e s u l t s i n d i c a t e that d i e t a r y sources of PAH can 
cont r i b u t e to PAH-DNA adduct load i n p e r i p h e r a l blood c e l l s and 
should be considered when using PAH-DNA adducts as a marker of 
exposure to PAH from occupational or environmental sources. 
Furthermore, an understanding of the biochemical basis f o r the 
observed i n t e r i n d i v i d u a l d i f f e r e n c e s i n PAH-DNA adduct l e v e l s 
should enhance the use of these adducts as markers i n exposure 
assessment. 
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Chapter 23 

Immunohistochemical Localization of Paraquat 
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Immunohistochemistry was used to investigate 
the localization and dynamics of paraquat 
in lung and brain in paraquat-poisoned rats. 
Rats were sacrificed at 3 h, 12 h, 24 h, 3 
days, 7 days and 10 days after the intravenous 
injection of paraquat (5 mg/kg). In lung 
tissues, paraquat was localized in walls of 
blood vessels and bronchiolar epithelial cells 
from 3 h to 10 days after the paraquat 
exposure. Furthermore, histiocytes contain­
ing paraquat were observed. Interst it ial 
pulmonary fibrosis containing paraquat 
developed with time. These results indicate 
that histiocytes are the probable cause of the 
pulmonary fibrosis in paraquat-poisoned 
rats. On the other hand, in brain 
tissues, paraquat was localized only in 
capillary walls and g l ia l cells but was not 
observed in nerve cells 10 days after the 
injection of paraquat, providing evidence 
that paraquat cannot pass through the blood­
-brain barrier. 
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Paraquat ( 1 ,1 1-dimethyl-4,4 1-bipyridinium) i s a widely 
used herbicide, and i s one of major causes of 
mortality i n human self-poisonings (1 , 2 ) . Pulmonary 
f i b r o s i s i s one of the most harmful complications of 
paraquat poisoning. Although several studies concern­
ing the mechanism of development of pulmonary f i b r o s i s 
have been performed ( 1 ,3-6 ) , there has not been a study 
on the l o c a l i z a t i o n and dynamics of paraquat in 
lung. Also, parkinsonism can be induced by 
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), an 
analog of paraquat (7,8) , and paraquat may also be a 
cause of parkinsonism. In this paper, we describe the 
lo c a l i z a t i o n and dynamics of paraquat i n lung and brain 
tissues with immunohistochemical techniques using 
previously developed rabbit antisera (£). 

Materials and Method

Chemicals Paraquat dichloride (1,1 -dimethyl-4,4'-bi
pyridinium dichloride) was purchased from Aldrich Co., 
U.S.A. Stravigen (biotin-streptavidin amplified 
system (peroxidase)) was purchased from BioGenex 
Laboratories, U.S.A. 3-Amino-9-ethylcarbozole (AEC) 
and 3,3 1-diaminobenzidine (DAB) were obtained from Sigma 
Chemical Company, U.S.A. A l l other reagents were 
purchased from Nakarai Chemical Co., Japan. 

Animal Treatment Male Sprangue-Dawley rats (200-250g) 
were intravenously administered paraquat dichloride (5 
mg/kg) dissolved in saline. They were s a c r i f i c e d 3 h, 
12 h, 24 h, 3 days, 7 days and 10 days after injection 
and the tissues (lung and brain) were removed. 

Tissue Preparation The tissues were fixed in 0.1 M 
phosphate buffer (pH 7.4) containing 4 % paraformaldehyde 
for 6 h. After f i x a t i o n , they were cut to a thickness 
of 2 mm and these s l i c e s were fixed again i n the 
paraformaldehyde for 3 days; the s l i c e s were then 
dehydrated i n upgrading series of ethanol, cleared in 
xylene, and embedded in paraffin. Sections of 3 um 
in thickness were cut and used for the 
immunohistochemical analysis of paraquat. 

Antibodies Against Paraquat The polyclonal antibodies 
against paraquat reported previously (9J were 
used. After these antisera were prepared a 1:10 
d i l u t i o n with 0.01 M phosphate-buffered saline (pH 7.4, 
PBS), they were absorbed with bovine serum albumin (BSA, 
1 mg/ml) overnight at 4°C before use. 

Immunohistochemical Procedures for Light Microscopy The 
immunohistochemical staining using a biotin-streptavidin-
peroxidase complex was performed according to the 
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method as described previously ( 1_0). The sections 
from lungs and brains were stained with AEC and with DAB, 
respectively. 

Histological Staining In order to evaluate the 
morphological changes of lung and brain, a 
hematoxylin-eosin stain was performed. A Masson 
trichrome stain was also used in order to evaluate the 
collagen generation in lungs. 
Results 

Following paraquat exposure, i n f i l t r a t i o n of inflammatory 
c e l l s into lung tissue and f i b r o s i s of i n t e r s t i t i a l lung 
tissue developed with time (Figure 1). Pathological 
changes were not observed in brain tissues. 

In a l l immunohistochemical sections of the 
lungs during the experiments
observed in walls o
bronchiolar e p i t h e l i a l c e l l s (Figure 2). It was 
also observed that the paraquat localized i n the 
bronchiolar e p i t h e l i a l c e l l s seemed to be secreted into 
bronchiole (Figure 2-A). On the other hand, the 
paraquat-localization in brain was found only 
in c a p i l l a r y walls and g l i a l c e l l s (Figure 
3-A). However, these positive reactions were 
completely inhibited when the antiserum was absorbed with 
3 mg/ml paraquat overnight at 4 °C before use (Figures 
2-D and 3-B), and in control sections of lung and brain 
antibody binding was not observed. 
Discussion 

The l o c a l i z a t i o n of paraquat in lung and brain of the 
paraquat-exposed rats was demonstrated immunohisto-
chemically. Since paraquat i s water-soluble, i t 
would be removed by the f i x a t i o n and staining processes 
except for the i n t r a c e l l u l a r l y localized paraquat. It 
i s not clear whether paraquat i s localized 
i n t r a c e l l u l a r l y as a free form, or bound to c e l l u l a r 
components. However, the antiserum used in this study 
sele c t i v e l y recognizes both the methyl group and 
bi p y r i d y l ring of paraquat, and dose not bind even 
s l i g h t l y to analogs of paraquat (9) , indicating that the 
antiserum s p e c i f i c i c a l l y binds to the i n t r a c e l l u l a r l y 
localized paraquat which keeps the o r i g i n a l 
structure. The further investigations for the 
i n t r a c e l l u l a r l o c a l i z a t i o n of paraquat should be 
performed. 

In the lung 3 h after paraquat exposure, histiocytes 
containing paraquat already had i n f i l t r a t e d into 
i n t e r s t i t i a l lung tissue and could be found there 10 
days after the exposure. I n t e r s t i t i a l f i b r o s i s was 
also observed to increase with time. Schoenberger et 
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F i g u r e 1. Masson trichrome s t a i n i n g s of lung; (x100) 
3 h (A), 24 h (Β), 3 days (C) and 10 days (D). 
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Figure 2. Immunohistochemical lo c a l i z a t i o n of 
paraquat in the lung tissue. (x400) 3 h (A), 3 days 
(B), 10 days (C) and control (D). 

In Immunoassays or Trace Chemical Analysis; Vanderlaan, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



23. NAGAO ET A L Localization of Paraquat in Lungs and Brains 269 

Figure 3. Immunohistochemical l o c a l i z a t i o n of 
paraquat in the brain tissue. (x400) 3 days (A) and 
control (B). 
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a l . (_3) reported that after paraquat exposure i n vivo, 
alveolar macrophages produce fibronectin and release a 
fibroblast growth factor and Wong and Stevens (11) 
reported that after exposure i n v i t r o , paraquat induces 
not only cytotoxicity in alveolar macrophages but also 
extracellular superoxide anion generation from alveolar 
macrophages. From these findings i t i s l i k e l y that 
the development of the pulmonary f i b r o s i s induced by 
paraquat i s due to the release of the b i o l o g i c a l l y active 
substances produced by macrophages, which are activated 
by phagocytizing herbicide damaged c e l l s , i n addition to 
the direct t o x i c i t y of paraquat. 

The mechanism of migration of macrophages to the 
i n t e r s t i t i a l lung tissue i s not clear. However, i t i s 
possible that the increase in vascular permeability 
after the paraquat exposure i n vivo (12) results in the 
production of a macrophage chemotactic factor from plasma 
proteins (13,14) at

Webb (J_5) reporte
study paraquat i s loca l i z e d i n bronchiolar epithelium 24 
hafter the paraquat exposure and implicates the 
bronchiolar epithelium as the si t e of paraquat 
uptake. In our immunohistochemical study, we not only 
observed that paraquat was selectively localized in 
bronchiolar e p i t h e l i a l c e l l s , but also observed that 
paraquat was secreted into the bronchiole. 

In the brain, even 10 days after the paraquat 
exposure, paraquat was not found in nerve c e l l s but 
observed only i n g l i a l c e l l s and ca p i l l a r y 
walls. These findings indicate that paraquat i s 
unable to pass through the blood-brain-barrier, 
suggesting that paraquat i t s e l f i s not a cause of 
Parkinson's disease ( 1 6 ) . 
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Chapter 24 

Immunoassays for Molecular Dosimetry Studies 
with Vinyl Chloride and Ethylene Oxide 

Michael J. Wraith, William P. Watson, and Alan S. Wright 

Shell Research, Ltd., Sittingbourne Research Centre, Sittingbourne, Kent, 
M E 9 8 A G , United Kingdom 

Specific, sensitive radioimmunoassays have been developed for detecting 
1,N6-ethenodeoxyadenosine (EdA) and 3,N4-ethenodeoxycytidine (EdC), 
two adducts reported to occur in liver DNA of rats chronically exposed 
to vinyl chloride. Application of these assays in the analysis of liver DNA 
from rats exposed orally to five daily doses of 50 mg/kg vinyl chloride 
failed to clearly detect EdA and EdC. The levels of detection were 1 
adduct in 3x108 nucleotides and 1 adduct in 6x108 nucleotides 
respectively. A novel immunochemical procedure has also been developed 
for monitoring human exposures to ethylene oxide based on the reaction 
of ethylene oxide with the amino group of the N-terminal valine residue 
of the α-chain of human hemoglobin. The method is designed to measure 
the extent of this reaction by determining the product in the form of 
the aducted N-terminal tryptic heptapeptide. The method has been 
employed in monitoring exposures of workers to ethylene oxide and has 
been validated by comparison with a gas chromatography-mass 
spectrometry procedure. 

Despite the long-standing and diverse applications of immunochemistry in the clinical area, 
this technology is only now becoming widely exploited as a general tool in analytical and 
biochemistry, e.g. in environmental analysis. Initial studies in our laboratory were directed 
towards the analysis of the products of reactions between carcinogens and bio-macromolecules 
for applications in molecular dosimetry and biomonitoring programmes (1). Subsequently, 
the focus has shifted to applications in environmental monitoring where the major attributes 
of the methods, i.e. speed and simplicity combined with high sensitivity and specificity, were 
needed to cope with the increasingly heavy demands. Particular emphasis was placed on 
enzyme-linked immunosorbent assays (ELISA) with a view to establishing practical field 
assays (2). 

These developments have been greatly facilitated by the development of monoclonal 
antibody technology which has expanded the horizons of immunoassay (3). In particular this 
technology provides the potential for greater specificity and virtually unlimited supplies of 
antibodies which has allayed concerns about the long-term viability of the newly developed 
assays. The, so-called, non-traditional applications of immunoassay are therefore well-
established (4) and have an important role in both applied and fundamental research. 

0097-6156/91/0451-0272$06.00/0 
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Molecular dosimetry 

It is now widely accepted that the identification and quantitation of the products of interactions 
between D N A and electrophilic chemicals (or their metabolites) is of key importance in the 
understanding of the mutagenic and carcinogenic processes. In particular, qualitative and 
quantitative determinations of D N A adducts formed during low-level exposures to chemicals 
are essential for rational prospective risk assessments (5). 

Problems arise when extrapolations are made from high experimental doses or 
concentrations, designed to give measurable effects in experimental species, to low 
concentrations occurring in the environmental or occupational situation. For example, it is 
uncertain whether the extrapolation from high doses to low doses should be based on a linear 
regression to zero dose or on some alternative dose-response relationship. Furthermore, 
translation of the risk estimates from the test (experimental) species to man are subject to 
error, the assessments being complicated by species differences among factors that determine 
the response to a given exposure or dose of the carcinogen (6). 

These interpretative problems led to the development of the 'target-dose' approach (7), 
which seeks to improve the quality of risk assessment by providing a means of compensating 
for differences in the metabolis
the test species and man. Thi
ultimate carcinogen delivered to the critical cellular target (DNA), permits the investigation 
of the integrated operation of all the toxicokinetic and toxicodynamic factors that regulate 
tissue D N A dose. 

A further important consideration is that human tissue D N A is generally inaccessible 
for experimental purposes and this led to the development of indirect methods of assessment 
of D N A doses (8). Due to the electrophilic nature of mutagens and carcinogens they react 
with all types of nucleophilic centre, including those found in proteins. There are several 
examples where hemoglobin (Hb) is an appropriate dose monitor for DNA(9). Its advantages 
are that blood is readily and repeatedly obtainable from humans in useful quantities. Also 
the biological lifetime of the human erythrocyte (120 days) permits monitoring long after 
a particular exposure has ceased and provides high sensitivity by permitting adduct formation 
due to chronic, low-level exposure to accumulate. 

The estimation of target dose, either directly at D N A or indirectly in proteins, is based 
on measurements of the amounts of the adducts formed by chemical reactions occurring 
between the ultimate carcinogen and D N A bases or amino acid residues. These adducts occur 
in tissues at extremely low concentrations, typically 1 adduct per 1 0 6 - 1 0 bases or amino acids, 
and the technical demands on quantitative assays, without the use of radiolabelled carcinogens, 
are very high. In such instances, e.g. the monitoring of occupational exposure or conventional 
experimental carcinogenicity studies, the assay of adducts necessitates the development of 
extremely sensitive and specific procedures. In this respect immunochemical assays have made 
a significant contribution (10,11) and, because of their intrinsic selectivity, which often 
significantly reduces or obviates the need for preliminary purification steps, they are one 
of the principle methods of choice. 

Vinyl Chloride Dosimetry Studies 

Vinyl chloride (VC) has been known for many years to be a human carcinogen. It has therefore 
been the subject of intensive investigation and was chosen as a model for our molecular 
dosimetry studies in experimental animals. During 1980 work began on the development of 
radioimmunoassays (RIA) to quantitate VC-induced D N A adducts. The aim was to apply 
the RIAs in studies designed to investigate the quantitative relationships between exposures 
to low doses of V C , tissue D N A doses (including both target and non-target tissues) and 
hepatocarcinogenesis. A t the commencement of the study, three V C - D N A adducts had been 
described in rats exposed to V C in vivo (12,13,14). These comprised a major adduct, 
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N7-(2-oxoethyl)guanine (I), and two minor (cyclic) adducts, l,N6-ethenodeoxyadenosine (II, 
EdA) and 3,N4-ethenodeoxycytidine (III, EdC). During the course of the work evidence for 
a third cyclic adduct, ^,3-ethenoguanine (IV), was reported (15). (Figure 1). 

Part of the original objectives of the study was the development of a RIA for the major 
V C - D N A adduct. However, ^-alkylated deoxyguanosine adducts are chemically unstable 
and, although an immunogen was prepared, production of antibodies was not detected. Thus 
RIAs were developed for E d A and EdC. 

Antibody Production. Immunogens were prepared by covalently l inking 
l,N6-ethenoadenosine and 3,N4-ethenocytidine to bovine albumin (16). The use of the ribose 
forms of the adducts did not create a problem of specificity as the analytical samples were 
purified free of R N A . Ultimately, H P L C purification of E d A and EdC prior to analysis 
obviated all potential cross-reactivity problems. Rabbits were immunised by the multisite 
intradermal method (17) and high-titre antisera were generated. 

Synthesis of Reference Standards and Radiolabeled Tracers. E d A and EdC were 
prepared (18) and purified by H P L C  In order to prepare [1 2 5I]-radiolabelled tracers a 
strategy was devised to introduc
the antigenic determinant, whic
derived from the reaction of anisaldehyde with the ribose moieties of adenosine or cytidine 
was demethylated with lithium t-butyl mercaptide to give phenolic derivatives. These were 
then allowed to react with chloroacetaldehyde (18) to give the modified etheno adducts. 
Iodination was accomplished using sodium [ 1 2 5I]iodine and a solid-phase oxidising agent, 
1,3,4,6-tetrachloro-3a-i6a-diphenylglycoluril (19). 

Radioimmunoassay Parameters. The RIAs for E d A and EdC were developed by conventional 
approaches. The lower limit of detection for E d A was 1 pmol/ml which was equivalent to 
0.05 pmol (3 χ 10 1 0 molecules) in the test sample volume. For EdC the lower limit of detection 
was 0.5 pmol/ml. Antibody affinities for both the E d A and EdC were estimated (20) to be 
in the order of 1 0 ~ 9 M . 

Both antisera displayed high specificity for their respective antigen targets, with no 
cross-reactivity between these. Furthermore, cross-reactivity with normal deoxyribonucleosides, 
determined at the limits of solubility in the test system i.e. 3.6 ^mol/ml, was also very low 
and suggested that the RIAs would be capable of detecting one adducted deoxyribonucleoside 
in the presence of approximately 105 non-adducted deoxyribonucleosides. This level of cross-
reactivity indicated that the assays would be unable to meet the requirement of quantifying 
adducts in the presence of a molar excess of approximately 10 1 0 deoxyribonucleosides i.e. 
1 adduct per cell. 

Assay sensitivity was therefore enhanced by concentrating and isolating the adducts 
by H P L C prior to RIA. Recoveries of 80% were typical. The removal of cross-reacting species 
maximised the assay sensitivities which were now limited only by the quantity of D N A available 
for analysis. The adopted procedure was based on a 5 mg D N A sample, equivalent to 
9.25 χ 10 1 8 nucleotides. The lower limits of detection of the E d A and EdC RIAs were 3 χ 10 1 0 

molecules and 1.5 χ 10 1 0 molecules respectively. Thus the E d A R I A was capable of detecting 
1 adduct in 3 x 108 nucleotides and the EdC R I A 1 adduct in 6 x 108 nucleotides. 

Vinyl Chloride Exposure Study. Rats were exposed to V C for 5 days (daily doses of 50 mg/kg 
in corn oil by oral intubation). D N A was isolated from the livers and hydrolysed enzymatically 
prior to H P L C . 

Following collection of the appropriate fractions each was assayed by both RIAs. E d A 
was not detected. In the case of EdC values bordering on the lower limit of detection were 
obtained. Confirmation of this result would have required a 10-fold greater amount of D N A 
which was unavailable. 
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Conclusions. Specific and sensitive RIAs have been developed for the two minor adducts 
reported to occur in the liver D N A of rats exposed to V C . The results obtained in the 
experiment reported here were inconclusive and subsequent acute exposure studies performed 
in this laboratory and elsewhere (14) with 1 4C-labelled V C failed to confirm the earlier 
findings (13). However, a recent study (21) in which rats were exposed to 2000 ppm of V C 
for 10 days has reported measurements of the minor V C adducts by R I A . 

The results observed in this range of V C exposure conditions supports the idea that 
measurable levels of the minor cyclic adducts are only found after long-term exposures or 
following exposures during rapid growth e.g. in neonates. Current views (22) are that the 
minor cyclic adducts are criticial to the promutagenic, and carcinogenic, activity of V C . 
However, there still remains a need to develop a simple quantitative method for the major 
N^oxoethylguanine adduct as this will provide a more sensitive monitor, especially at low 
exposure doses. 

Ethylene Oxide Exposure Monitoring 

The utility of Hb as a D N A dose monitor was investigated  using ethylene oxide (EO) as 
the model carcinogen. Prior t
E O had indicated a rapid absorptio
The results of these studies were consistent with the view that, in the case of E O , H b would 
be an effective tissue D N A dose monitor. 

Peptide approach. A RIA was developed (1) for use in biomedical monitoring of E O exposure. 
The principal adducted amino acids formed in human Hb by reaction with E O are N -
(2-hydroxyethyl)valine (a- and 0-chain), N r(2-hydroxyethyl)histidine, N3-(2-hydroxy-
ethyl)histidine and S-(2-hydroxyethyl)cysteine. The possibility of developing antibodies against 
the adducted amino acids was judged to be low as their small molecular size offers only 
limited antigenicity. A n alternative approach was to raise antibodies against a peptide from 
human Hb which contained an EO-adducted amino acid. The peptide selected was the N -
terminal heptapeptide released from the α-chains of human Hb by the action of trypsin (24) 
(Figure 2). 

The adducted heptapeptide and the unmodified analogue were synthesized chemically. 
Both peptides were analysed by high-performance liquid chromatography and were 
homogeneous on two different stationary phases. In addition, fast atom bombardment-mass 
spectrometry of both peptides gave ( M + H)+ ions consistent with the required molecular 
weights. 

Radioimmunoassay development. The hydroxyethylated (HOEt) peptide was radioiodinated 
at the amino group of the C terminal lysine using a conjugation procedure (25). This radioactive 
tracer was used in the optimized R I A and to monitor incorporation of the HOEt peptide 
during preparation of the immunogen. The HOEt peptide was coupled to horse albumin 
using l-ethyl-3-(3-dimethylaminopropyl)carbodiimide, resulting in approximately 16 mol 
adducted peptide per mol immunogen. Four rabbits were immunized, and antisera from one 
animal (R103B9) demonstrated sufficiently low cross-reactivity when tested against the non-
HOEt peptide, native human Hb and the peptides from trypsin-hydrolysed Hb, to be useful 
for the development of a R I A (see Figure 3). The cross-reactivity results indicated that it 
was possible to quantify the HOEt peptide in the presence of a lC^-fold excess of the non-
HOEt peptide. During development of the assay, attempts were made to analyse native Hb 
treated with E O ; however, very low recoveries indicated that the antibody was capable of 
binding the HOEt peptide only after its release by trypsin hydrolysis. Additional assessments 
of specificity indicated that the antibody bound equally well to the equivalent HOEt peptide 
from rat Hb. This was probably due to the sequence homology of the first three amino acids 
of the α-chains of human and rat Hb (also rabbit, mouse and chimpanzee Hb). In contrast, 
the antibody did not bind the analogous propylene oxide adducted peptide, indicating high 
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Figure 1. Vinyl chloride-DNA adducts 
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Figure 2. The N-terminal heptapeptide released from the α-chain of 
ethylene oxide-treated haemoglobin by trypsin hydrolysis 
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Figure 3. Examples of cross-reactivity of three antisera 
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Figure 4. Levels of N-(2-hydroxyethyl)valine in the α-chain of Hb 
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specificity for the HOEt modification. The lower limit of detection of the optimized R I A 
was 25 fmol/50 μ\ sample, which in conjunction with the cross-reactivity data gave an overall 
sensitivity of 0.14 pmol HOEt peptide/g globin. 

Subsequent to the R I A development an E L I S A method for E O exposure monitoring, 
was developed. The E L I S A method was more rapid and convenient than the RIA, retaining 
the advantages of immunochemical analysis but without the hazards of radioactivity. 

Biomonitoring study. The RIA was validated in a study of hospital workers potentially exposed 
to E O . Samples of blood were obtained from a group of operatives employed in E O 
sterilization of medical equipment and supplies. Blood samples were also obtained from a 
group not involved in sterilization work. Test and control samples were analysed using the 
R I A procedure and were also analysed independently using a G C - M S method for N -
(2-hydroxyethyl)valine (26) (Figure 4). Significant differences were found between potentially 
exposed workers and the control group. Background levels of hydroxyethylation were also 
found in the unexposed group, in agreement with earlier findings (27). In the RIA, background 
levels of α-chain N-(2-hydroxyethyl) valine ranged from 0.14-0.44 nmol/g globin (mean 
0.25; SD, 0.09; η = 14) in samples from the unexposed group  Samples from the potentially 
exposed operatives gave correspondin
0.58; SD, 0.37; n= 17). Correspondin
unexposed group 0.05 - 0.67 nmol/g globin (mean 0.27; SD, 0.2; η =13), exposed group 
0.21-2.11 nmol/g globin (mean 0.83; SD 0.61; n= 15). The independent G C - M S analysis 
thus gave results that were in very good agreement with the R I A data (I). 

Conclusions. A novel, sensitive and specific immunochemical biomonitoring method for E O 
exposure was developed. The R I A was validated against an existing G C - M S method, and 
the two widely differing analytical methods showed excellent agreement. A n assumption made 
at the outset of this study was that the N-terminal valine residues of the a- and 0-chains 
of Hb would display similar reactivities towards E O . This remains to be proven experimentally. 

The observation of background levels of hydroxyethylation of Hb suggested the possible 
occurrence of the corresponding adducts as a 'background' in D N A . Potential sources of 
hydroxyethylating agents included cigarette smoke, engine exhausts, intestinal bacteria and 
lipid peroxidation. The origins and significance of background alkylations are under 
investigation (28). 

Final Remarks 

In recent years the demands for trace analysis in toxicology and environmental monitoring 
have been steadily increasing. A t the same time the costs of conventional methods of analysis 
have been escalating with continued advances in the sophistication of instruments. This has 
led to a search for more economic alternatives with performances comparable to existing 
technology. Immunoassay techniques match these requirements and have additional benefits 
which can fulfil the changing needs of the analyst. For example, although antibodies are 
usually very specific, it is possible, by accident or design, to produce antibodies of general 
specificity. This allows the development of generic immunoassays or immunoaffinity 
chromatography methods e.g. to quantify polyaromatic hydrocarbon adducts of D N A (29). 
Applications of immunoassay outside the medical field are now widespread and fully 
established. 
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Chapter 25 

Biological Response and Quantitation of 
Diethylstilbestrol via Enzyme-Linked 

Immunosorbent Assay 

Paul Goldstein 

Department of Biological Sciences, University of Texas, El Paso, TX 79968 

Diethylstilbestro
estrogen, acts as a mitotic/meiotic inhibitor 
via the disruption of microtubules and severely 
affects gametogenesis. Treatment of cells with 
DES results in the production of aneuploid 
cells and gametes. To quantify the 
concentration of DES in tissues, cells or 
subcellular fractions, an anti-DES antibody was 
produced conjugated to keyhole limpet 
hemocyanin (KLH) and a modified enzyme-linked 
immunosorbent assay for DES was developed. The 
sensitivity of the assay was 10 ng/ml of DES 
which is in the same range as the RIA 
technique, but has the advantage of not using 
radioactive particles in the analysis. The high 
correlation coefficient (r2=0.99) indicated a 
linear relationship between the concentration 
of DES in the fluid or tissue and the anti-DES 
antibody. 

Diethylstilbestrol (DES), an artificial nonsteroidal 
estrogen, is recognized by the estradiol receptor (ER) 
with a high affinity (kD 10-9 M) and elicits the same 
cellular response as estrogen. Because DES is an analog 
of estrogen, i t was used as a gynecological medication 
for women and as a feed additive for cattle and sheep 
(1). Studies have shown that intrauterine exposure to 
DES results in the development of adenocarcinomas with 
subsequent sterility of young female offspring (2). 
Activity of intermediates in the metabolic pathway are 
enhanced in the presence of oxidizing agents (3) which 
may account for the pleiotropic toxic effects manifested 
by elevated levels of DES. In addition to unscheduled DNA 
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s y n t h e s i s (4 ) , DES has been i m p l i c a t e d i n : i n c r e a s e d o r 
i n d u c e d s i s t e r - c h r o m a t i d exchange ( 5 ) , c e l l 
t r a n s f o r m a t i o n (6 ) , i n c r e a s e d chromosomal n o n d i s j u n c t i o n 
( 7 ) , i n d u c t i o n o f a n e u p l o i d y and p o l y p l o i d y ( 8 ) , and 
i n h i b i t i o n o f c e l l u l a r p r o l i f e r a t i o n ( 9 ) . 

I n a d d i t i o n t o i n t r a n u c l e a r e f f e c t s , DES d i s r u p t s 
m i t o t i c and m e i o t i c s p i n d l e s r e s u l t i n g i n e r r o r s i n c e l l 
d i v i s i o n (10) . I t i s b e l i e v e d t h a t DES a c t s d i r e c t l y on 
t u b u l i n w i t h i n 10 minutes o f exposure s i n c e DES i n h i b i t s 
t h e GTP-dependent s e l f - a s s e m b l y o f t u b u l i n (11) and 
i n h i b i t s c o l c h i c i n e b i n d i n g ( 1 2 ) · The e f f e c t o f DES i s 
s i m i l a r t o t h a t o f c o l c h i c i n e which a l s o s p e c i f i c a l l y 
b i n d s t o t u b u l i n and p r e v e n t s t h e f o r m a t i o n o f 
m i c r o t u b u l e s and s p i n d l e s . 

The mechanism o f s t e r o i d a c t i o n , which i s l i m i t e d t o 
s p e c i f i c t a r g e t t i s s u e s , i n v o l v e s hormone b i n d i n g t o a 
h i g h a f f i n i t y , l o w - c a p a c i t y e s t r o g e n r e c e p t o r 
( E R ) ( 1 3 . 1 4 ) . The s m a l l e s
d a l t o n s (15) and t h
upon t h e k i n e t i c s o f t h e i n t e r a c t i o n w i t h t h e c y t o s o l i c 
r e c e p t o r (16) , wh ich i s t r a n s l o c a t e d t o t h e n u c l e a r 
membrane (17) . T h i s i n c r e a s e d b i n d i n g o f t h e 
r e c e p t o r - h o r m o n e complex t o t h e c e l l n u c l e u s (18) , w i t h 
subsequent i n t e r a c t i o n w i t h c h r o m a t i n (19.20) r e s u l t s i n 
an a l t e r e d t r a n s c r i p t i o n a l p a t t e r n ( 2 1 . 2 2 ) . DES and many 
o f i t s o x i d a t i v e m e t a b o l i t e s (such as D I E S - d i e n e s t r o l ) 
a l s o i n t e r a c t w i t h h i g h a f f i n i t y w i t h t h e ER and have 
been shown t o i n i t i a t e h i g h l e v e l s o f m u t a g e n i c i t y and 
c a r c i n o g e n i c i t y ( 2 3 . 1 4 . 2 4 . 2 5 ) . T h u s , t h e ER b i n d s and 
r e t a i n s DES w i t h i n t h e c e l l n u c l e u s (14) . Such an 
i n t e r a c t i o n may be r e s p o n s i b l e f o r l o c a l i z i n g DES t o 
t a r g e t t i s s u e s and i n d i c a t e s t h e s p e c i f i c i t y o f t h e 
c e l l u l a r re sponse t o DES. T h e r e have been no r e p o r t s o f 
i n v i v o DES t o x i c i t y i n s i t e s which do n o t c o n t a i n 
e s t r o g e n r e c e p t o r s (14) . 

S i n c e DES i s s t i l l i n use as a p h a r m a c e u t i c a l d r u g 
f o r humans and as a f eed a d d i t i v e f o r l i v e s t o c k ( i n t h e 
U . S . A . , a r e c e n t c a s e was d i s c o v e r e d i n A n t h o n y , NM), 
v a r i o u s t e c h n i q u e s have been d e v e l o p e d t o q u a n t i t a t e t h e 
amount o f DES i n b o t h food and f l u i d s . These i n c l u d e : 1) 
H i g h - p r e s s u r e l i q u i d chromatography (HPLC) , wh ich 
e f f e c t i v e l y measures DES t o t h e pg l e v e l (26) ; 2) 
radio immunoassay ( R I A ) , which i s s e n s i t i v e t o t h e ng 
l e v e l ( 2 7 . 2 8 ) , and E L I S A , which i s a l s o s e n s i t i v e t o t h e 
ng l e v e l (as d e s c r i b e d i n t h e c u r r e n t s t u d y ) . ELISA has 
a d i s t i n c t i v e advantage t o t h e o t h e r t e c h n i q u e s i n t h a t 
i t i s n o n - r a d i o a c t i v e , does n o t r e q u i r e e x p e n s i v e 
equipment , i n t e r p r e t a t i o n o f d a t a i s s t r a i g h t f o r w a r d , 
and i t i s r a p i d and i n common use i n numerous c l i n i c a l 
l a b o r a t o r i e s (29 ) . I n t h i s s t u d y , a p r o t o c o l i s d e s c r i b e d 
f o r t h e d e t e r m i n a t i o n o f DES i n f l u i d s ( i . e . t i s s u e 
e x t r a c t i o n s , c e l l and s u b c e l l u l a r p r e p a r a t i o n s ) and f o r 
t h e p r o d u c t i o n and c h a r a c t e r i z a t i o n o f h i g h l y s p e c i f i c 
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a n t i - D E S a n t i b o d i e s . The ELISA i s s e n s i t i v e t o 10 n g / m l 
o f DES i n f l u i d s , e . g . human and r a b b i t s e r a , c e l l 
e x t r a c t s . 

MATERIALS AND METHODS 

I . PREPARATION OF AN ANTI-DES ANTIBODY 

C u r r e n t l y , a n t i - D E S a n t i b o d i e s , a l l u s i n g a h a p t e n 
c o n j u g a t e d t o b o v i n e serum a l b u m i n (BSA) , have been 
p r o d u c e d from a t l e a s t f i v e d i f f e r e n t l a b o r a t o r i e s , as 
f o l l o w s : 1) Hoeschs t #254 from B e h r i n g ( F r a n k f u r t , 
Germany); 2) L a b o r a t o i r e d 'Hormonolog ie ( M a r l o i e , 
B e l g i u m ) ; 3) I n s t i t u t P a s t e u r ( P a r i s , F r a n c e ) ; 4) D r . B . 
Hoffman and D r . H . Meyer (Tech . U n i v . Munchen, F r e i s i n g , 
Germany); and 5) D r . A . Kambegawa ( T e i k y o M e d i c a l U n i v . , 
J a p a n ) . The v a r i a n c e i n s p e c i f i c i t y between t h e s e 
a n t i b o d i e s i s d i s t i n c t i v
we ight o f 248, has o n l
e n s u r e l e s s v a r i a n c e between a n t i b o d i e s . DES i t s e l f i s 
non- immunogenic , t h e r e f o r e i t must be c o n j u g a t e d t o a 
p r o t e i n , s u c h as BSA, t o e l i c i t an immune r e s p o n s e . 
However, s p e c i f i c i t y i s compromised because o f t h e 
c r o s s - s p e c i e s r e a c t i v i t y o f BSA. 

The c u r r e n t s t u d y , d e s c r i b i n g t h e p r o d u c t i o n o f an 
a n t i - D E S a n t i b o d y c o n j u g a t e d t o k e y h o l e l i m p e t hemocyanin 
( K L H ) , i s a m o d i f i c a t i o n o f E r l a n g e r (30) and Nakamura 
(28) and r e s u l t s i n t h e p r o d u c t i o n o f a h i g h l y s p e c i f i c 
a n t i b o d y t h a t i s s e n s i t i v e t o a l e v e l o f 10 n g / m l DES. 
The s p e c i f i c i t y and s e n s i t i v i t y o f t h e a n t i b o d y were 
v e r i f i e d u s i n g immunodot, o u c h t e r l o n y and ELISA 
t e c h n i q u e s . The c o m p l e t e , d e t a i l e d p r o t o c o l f o r 
p r o d u c t i o n o f t h e a n t i b o d y i s a v a i l a b l e upon r e q u e s t and 
a b r i e f v e r s i o n f o l l o w s . 

A . P r e p a r a t i o n o f t h e DES-4-CME-Me I n t e r m e d i a t e 

M e t h y l bromoaceta te was added t o DES t h a t had been 
d i s s o l v e d i n d i m e t h y l s u l f o x i d e (DMSO). F o l l o w i n g t h i s , 
p o t a s s i u m c a r b o n a t e was added and t h e m i x t u r e was s t i r r e d 
f o r one hour a t 5 0 e C . A f t e r e t h e r e x t r a c t i o n , t h e e t h e r 
l a y e r was e v a p o r a t e d o v e r argon gas and t h e r e s u l t i n g 
c r y s t a l s were r e d i s s o l v e d i n c h l o r o f o r m and 
chromatographed on t h i n l a y e r p l a t e s . The m i d d l e o f t h r e e 
bands ( the DES-4-CME-Me p r o d u c t ; carboxymethy1ether) was 
e l u t e d by m i x i n g i n c h l o r o f o r m / m e t h a n o l , c e n t r i f u g e d and 
r e c r y s t a l l i z e d o v e r argon g a s . 

B . S a p o n i f i c a t i o n o f t h e DES-4-CME-Me I n t e r m e d i a t e 

The DES-4-CME-Me c r y s t a l s were r e d i s s o l v e d i n m e t h a n o l . 
NaOH was added and t h e m i x t u r e was i n c u b a t e d f o r one hour 
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a t room t e m p e r a t u r e . The s o l u t i o n was t h e n made a c i d i c by 
a d d i n g HC1 and t h e methanol was e v a p o r a t e d o f f u s i n g a 
S o r v a l l Speed Vac c o n c e n t r a t o r . The r e m a i n i n g s o l u t i o n 
was e x t r a c t e d w i t h e t h e r and e v a p o r a t e d t o produce p u r e 
DES-4-CME t o which t h e k e y h o l e l i m p e t hemocyanin was 
c o n j u g a t e d . 

C . C o n j u g a t i o n o f DES-4-CME t o K e y h o l e L impet 
Hemocyanin(KLH) 
The DES-4-CME c r y s t a l s were r e d i s s o l v e d i n d i o x a n e t o 
wh ich t r i b u t y l a m i n e was added f o l l o w e d by 
i s o b u t y l c h l o r o f o r m a t e . A f t e r i n c u b a t i o n a t room 
t e m p e r a t u r e a y e l l o w s o l u t i o n r e s u l t e d . The DES-4-CME 
s o l u t i o n was added t o t h e KLH s o l u t i o n ( c o n s i s t i n g o f 
K L H , d H - O , NaOH) and d i a l y z e d o v e r n i g h t a g a i n s t d H 2 0 . The 
d i a l y z e d e m u l s i o n was c e n t r i f u g e a and t h e s u p e r n a t a n t was 
a d j u s t e d t o pH 4 .5 u s i n g HC1 and r e a d j u s t e d t o pH 6 . 5
The f i n a l s o l u t i o n wa

D. Immunizat ion o f New Z e a l a n d White R a b b i t s 

R a b b i t s were immunized w i t h D E S - 4 - C M E - K L H , e m u l s i f i e d i n 
F r u e n d ' s complete a d j u v a n t , a t two i n t r a m u s c u l a r s i t e s . 
Secondary i m m u n i z a t i o n s , c o n s i s t i n g o f D E S - 4 - C M E - K L H i n 
F r u e n d ' s i n c o m p l e t e a d j u v a n t were g i v e n a t 21-28 days 
p o s t p r i m a r y i m m u n i z a t i o n . The f i n a l b o o s t was g i v e n 
21-28 days p o s t s econdary immuniza t ion u s i n g t h e 
D E S - 4 - C M E - K L H i n F r u e n d ' s i n c o m p l e t e a d j u v a n t , t h e a n i m a l 
was s a c r i f i c e d t h r e e days l a t e r and t h e serum f r o z e n . 

2 . PROTOCOL FOR ELISA FOR PES 

D i e t h y l s t i l b e s t r o l (DES) (S igma) ,a s m a l l h a p t e n , mw=248, 
w i l l n o t e f f e c t i v e l y adhere t o a m i c r o t i t e r p l a t e . F o r 
t h i s r e a s o n , t h e w e l l s o f t h e Immulon 2 p l a t e were f i r s t 
c o a t e d w i t h p o l y - l - l y s i n e (10 ug/ml) f o l l o w e d by t h r e e 
washes o f d i s t i l l e d water and t h e n 100 u l o f v a r y i n g 
c o n c e n t r a t i o n s o f DES (DES i s d i s s o l v e d i n a b s o l u t e 
e t h a n o l ) o r sample were added t o t h e w e l l s . A f t e r 8 h r s . 
o f e v a p o r a t i o n a t 4 e C , a b l o c k i n g agent (PBS/ 5% 
F C S ) ( P B S : phosphate b u f f e r e d s a l i n e ; F C S : f e t a l c a l f 
serum) was added, i n c u b a t e d o v e r n i g h t a t 4 ° C , and t h e 
f i r s t wash c o n s i s t e d o f PBS/Tween. B i n d i n g o f t h e DES t o 
t h e w e l l was maximized t o 46% w i t h t h e Tween wash. 
A n t i - D E S a n t i b o d y ( r a b b i t IgG) was added a t a 
c o n c e n t r a t i o n o f 1:900, i n c u b a t e d a t 3 7 e C f o r one h o u r , 
washed w i t h PBS, and f o l l o w e d w i t h a l k a l i n e phosphatase 
c o n j u g a t e d a n t i - r a b b i t IgG (Sigma) a t a c o n c e n t r a t i o n o f 
1:3000. T h i s was i n c u b a t e d f o r one hour a t 3 7 e C , washed 
w i t h PBS, and f o l l o w e d w i t h p - n i t r o p h e n y l phosphate 
s u b s t r a t e (PNP)(1 mg/ml) i n d i e t h a n o l a m i n e b u f f e r (pH 
9 . 6 ) . A f t e r 45 minutes i n d a r k n e s s , an average p o s i t i v e 
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c o n t r o l was 2 .9 +/~ 0.4 a t 405 nm. A t e s t was c o n s i d e r e d 
p o s i t i v e i f t h e absorbance o f t h e specimen was t h r e e 
t i m e s t h a t o f t h e n e g a t i v e . 

C o n t r o l s ; 
1) P o s i t i v e 

A) To d e t e r m i n e l e v e l s o f DES i n spec imen , v a r y i n g 
c o n c e n t r a t i o n s o f t h e specimen were c o a t e d onto 
t h e m i c r o t i t e r w e l l s , f o l l o w e d by t h e a n t i - D E S 
a n t i b o d y a t a c o n c e n t r a t i o n o f 1:900. 

B) To d e t e r m i n e t h e s e n s i t i v i t y o f a n t i - D E S a n t i b o d y , 
3 u g / w e l l o f DES were c o a t e d onto t h e w e l l , and 
t h e c o n c e n t r a t i o n o f t h e a n t i b o d y was v a r i e d from 
1:500 t o 1:100000. 

2) N e g a t i v e 
F o u r s e p a r a t e n e g a t i v

r e q u i r e d f o r t h i s t e s t
n o n - s p e c i f i c b i n d i n g . The s o l u t i o n s a r e added as f o l l o w s 
a t t h e a p p r o p r i a t e s t e p : 

1) B u f f e r (no -DES) c o a t i n g ; A n t i - D E S a n t i b o d y ; 
a n t i - r a b b i t - I g G a n t i b o d y ; PNP 

2) DES (3 ug/ml) c o a t i n g ; b u f f e r (no a n t i - D E S 
a n t i b o d y ) ; a n t i - r a b b i t IgG a n t i b o d y ; PNP 

3) DES; A n t i - D E S a n t i b o d y ; b u f f e r (no a n t i - r a b b i t 
IgG a n t i b o d y ) ; PNP 

4) DES; a n t i - D E S a n t i b o d y ; a n t i - r a b b i t IgG 
a n t i b o d y ; b u f f e r (no PNP) 

Average absorbance v a l u e s a t 405 nm f o r t h e s e 
n e g a t i v e c o n t r o l s were 0.05 + / - 0 .02 . 

I n a d d i t i o n , u n t r e a t e d human and r a b b i t s e r a and 
c e l l e x t r a c t s were t e s t e d f o r any n o n - s p e c i f i c b i n d i n g 
i n h e r e n t t o t h e s e f l u i d s . I n a l l c a s e s , t h e absorbance 
v a l u e s were s i m i l a r t o t h e n e g a t i v e c o n t r o l s . 

P r e p a r a t i o n o f S t a n d a r d Curve f o r PES d e t e r m i n a t i o n 

To p r e p a r e a s t a n d a r d c u r v e , known u g / m l o f DES a r e 
c o a t e d onto t h e m i c r o t i t e r w e l l s , r a n g i n g from 0.5 t o 15 
u g / w e l l . The a n t i - D E S a n t i b o d y (1:900) i s r e a c t e d t o t h i s 
and t h e absorbance o f each w e l l i s d e t e r m i n e d . A t y p i c a l 
r e s u l t (which may d i f f e r f o r each l a b o r a t o r y ) i s as 
f o l l o w s ( F i g . 3 ) : (See Figures 1-5) 

PES ( u g / w e l l O p t i c a l D e n s i t y (a t 405 nm) 

15 
6 
3 

0.51 
0.33 
0.19 
0.13 
0.07 

1.5 
0 .5 
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The region of t h i s curve between DES concentrations of 15 
to 0.5 g/well can be plotted as a l i n e a r function. In 
t h i s example, the correlation c o e f f i c i e n t i s r 2 = 0.98 
which demonstrates that the concentration of DES on the 
well i s related to absorbance. unknown quantities of DES 
i n the f l u i d can then be determined by reading the 
absorbance of the t e s t f l u i d and using the standard curve 
to i d e n t i f y l e v e l s of DES. 

Determination of S e n s i t i v i t y 

Known quantities of DES (from 10,000 - 10 ng) were added 
to 1 ml of either human serum, rabbit serum or a 
phosphate buffer and added to microtiter wells that had 
been previously coated with anti-DES antibody (1:500). In 
t h i s manner, i t was determined that a concentration of 10 
ng/ml of DES could be detected (Fig  4) using t h i s ELISA

Results and Discussio

THE ELISA FOR PES 

This heterogeneous ELISA for PES i s , i n i t s present form, 
noncompetitive (45). The single sandwich design of the 
ELISA (see Materials and Methods) i s a necessity due to 
the sole epitope present on the small PES molecule. PES 
by i t s e l f w i l l not e l i c i t an immune response, thus, i t 
must be conjugated to BSA or another substance (e.g. 
keyhole limpet hemocyanin) for the production of an 
antibody. The anti-PES antibody used i n t h i s study was 
produced against a carboxymethylether derivative of PES 
that was conjugated to KLH. 

P i l u t i o n s of Antisera 

Working d i l u t i o n s of the antisera were established using 
a checkerboard on the microtiter plate. The working 
d i l u t i o n was 1:900. 

Non-specific binding of reagents 

Negative controls, as l i s t e d i n Materials and Methods 
including the use of untreated human and rabbit sera, 
were analyzed to check for non-specific binding of PES 
and antibodies. There was a s i g n i f i c a n t problem of 
non-specific binding of the anti-PES antibody to the 
p o l y - l - l y s i n e coated well (which was u t i l i z e d to obtain 
an even coating of the PES to the well). This problem was 
removed by washing with PBS\Tween between the blocking 
step and the addition of the anti-PES antibody, followed 
by washes i n straight PBS for the remainder of the ELISA. 
Non-specific binding was also reduced 50% by blocking 
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overnight at 4°C i n PBS/5% FCS. The f i n a l absorbance of 
0.02- 0.04 was considered acceptable as compared to 
pos i t i v e controls of 2.9 at 405 nm. 

S e n s i t i v i t y of the anti-DES antibody and the ELISA 

To determine the percentage of binding of DES to the 
microtiter well, pre-determined amounts of radioactive 
DES i n d i f f e r e n t f l u i d s (100 % ethanol, PBS, and tissue 
culture f l u i d ) were coated onto the well. After 
evaporation, followed by washes as outlined i n the 
Protocol, the average binding r a t i o was 46%, regardless 
of the type of f l u i d the DES was i n (e.g. started with 
6900 counts of DES i n the well and an average of 3150 
counts remained af t e r protocol). 

Demonstration of s e n s i t i v i t y of the anti-DES 
antibody was shown i
f i r s t experiment, eac
coated with 3 ug/well of DES and the amount of anti-DES 
antibody i n the system was varied from 1:500 to 1:100,000 
(Fig. 2). The re s u l t was a l i n e a r graph with a 
correla t i o n c o e f f i c i e n t (CC) of r = 0.98. The average 
fo r 10 tests was 0.95 with the CC ranging from 0.92 to 
0.99. In the second experiment, varying amounts (0.5 to 
15 ug) of DES were coated to the well, followed by 
constant anti-DES concentration (1:900)(Fig. 3). The 
l i n e a r graph also had a correlation c o e f f i c i e n t of 0.98. 
The average of the tests was 0.94 with a range of CC from 
0.91 to 0.99. In both cases, there was no interaction 
between FCS and the anti-DES antibody. 

S e n s i t i v i t y of t h i s ELISA was also determined by 
adding known amounts of DES to 1 ml of either human 
serum, rabbit serum or phosphate buffer. Antigen capture 
was established by precoating the wells with anti-DES 
antibody (1:500) and then reacting the "spiked" f l u i d s . 
Thus, t h i s ELISA i s sensitive to the 10 ng/ml l e v e l of 
DES such that the positive absorbance i s three times that 
of the negative controls (Fig. 4). 

These experiments indicate that the anti-DES 
antibody was highly discerning for the DES molecule and 
that the concentration of DES can be determined using a 
non-radioactive immunoassay. A unique application of 
t h i s ELISA has been i n the determination of the ef f e c t s 
of DES on gametogenesis of the f r e e - l i v i n g nematode 
Caenorhabd i t i s e l écran s. 

EFFECTS OF PES ON GAMETOGENESIS IN Caenorhabditis 
elegans. 

The ELISA for PES was used to quantitate the amount of 
PES that was absorbed to d i f f e r e n t body tissues i n the 
nematode Caenorhabd i t i s elegans. The effects on 
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gametogenesis of various concentrations of DES were 
characterized since even low levels of DES have an 
immediate e f f e c t on c e l l d i v i s i o n i n C. eleqans and most 
organisms. For example, within 10 minutes of exposure to 
low l e v e l s of DES, microtubules were dissociated and 
showed a dose-dependent curve (11). In addition, 
DES-induced DNA fragmentation (31), aneuploidy, nuclear 
morphology alterations (32) and p a r t i a l chromosome loss 
resulted i n induction of recessive spontaneous mutations 
v i a pseudodominance (33). 

In most organisms, DES concentration exceeding 100 
uM are l e t h a l (34), however, i n Ç. eleqans. there i s a 
low percentage of the population that remains viable even 
under conditions of 400 uM DES (Fig. 1)(35). In the 
cytoplasm, DES becomes bound to estrogen receptor (ER) 
with a high binding a f f i n i t y . Once the DES-cytosolic ER 
i s formed, the receptor protein undergoes a temperature 
dependent activatio
transformed state tha
and i s retained within the c e l l nucleus (14). Thus, the 
ef f e c t s of DES on gene regulation are, i n part, related 
to the quantity of ER present and upon the k i n e t i c s of 
the interaction of the receptor (16). The quantity of ER 
present i s also related to the amount of DES present (36) 
and saturation can be achieved at r e l a t i v e l y low l e v e l s . 
Consequently, less than 100 uM DES can f u l l y saturate the 
ER, however, only a fr a c t i o n of the t o t a l nuclear ER need 
be associated with the nuclear matrix to stimulate the 
b i o l o g i c a l response. Higher doses of DES, up to 10,000 uM 
DES, did not promote additional elevation i n 
matrix-associated ER (37). 

In C. eleqans. the quantity of estrogen receptor has 
not yet been determined, however, there i s limited ER 
available to bind to the DES and i t i s only t h i s bound 
DES that can be physiologically active (14,31). After 
saturation of the ER, DES may bind to other proteins, but 
at a lower avidity, yet t h i s i s inconsequential because 
of the lack of any physiological response to non-bound 
DES (38). This e f f e c t i s c l e a r l y seen i n C. elegans 
whereby maximum organismal death occurs at 100 uM DES and 
does not increase even as the concentration of DES 
approaches 400 uM (Fig 1,5). 

Summary and Conclusions 

The e f f e c t s of even minute quantities (5 ug/ml) of DES 
are devastating to the process of c e l l d i v i s i o n i n 
mitosis and meiosis (39) and the b i o l o g i c e f f e c t s , i n 
general, are l i n e a r on a dosage response curve. For t h i s 
reason, i t i s of great interest to accurately determine 
extant l e v e l s of DES i n tissues and f l u i d s . This paper 
describes the production of a highly s p e c i f i c 
(non-reactive to DES-diproprionate and Hexoestrol) and 

In Immunoassays or Trace Chemical Analysis; Vanderlaan, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



288 IMMUNOASSAYS FOR TRACE CHEMICAL ANALYSIS 

DES 

Figure 1. Response of C. elegans to various levels of DES. At 50uM 
DES, the numbers of worms a l i v e af ter 5 days are within normal 
l i m i t s (>400). At concentrations of DES exceeding 100 uNI, v i a b i l ­
i t y sharply decreases. However, the entire population does not die 
out and i s sustained by a few (max. 10) i n d i v i d u a l s . 
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Figure 2. Constant quantit ies of DES were coated onto m i c r o t i t e r 
wells (3 ug/well) to which were added varying d i l u t i o n s of a n t i -
DES antibody (1:500- 1:100,000). The correlat ion c o e f f i c i e n t of 
r 2 = 0.98 suggests that the relat ionship between DES and the 
anti-DES antibody i s l i n e a r . 
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0.60 

DES ug/well 

Figure 3. Varying the amount of DES coated onto a well (from 
15 ug to 0.5 ug) also had a high corre lat ion c o e f f i c i e n t of 
r 2 = 0.98. This suggests that the amount of absorbance i s r e l a ­
t i ve to the amount of DES present in the f l u i d . 

2 

10000 1000 100 50 10 
Cone DES ng/ml 

Figure 4. The s e n s i t i v i t y of the ELISA was determined by testing 
1 ml samples of sera and buffers that had predetermined quant­
i t i e s of DES added to them. This ELISA i s sensit ive to 10 ng/ml 
as the absorbance at th is level i s s t i l l three times that of the 
negative controls. 
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Figure 5. Worms incubated for 4 hrs. in varying concentrations 
of DES (50 - 400 uM) showed saturation of DES in c e l l - f r e e 
extracts at a concentration of 100 uM. Analyses were via non­
competitive ELISA and radioactive uptake. 
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sensitive anti-DES antibody using a keyhole limpet 
hemocyanin conjugate instead of more commonly used BSA 
conjugates. The ELISA for DES described in this study is 
the first for this small hapten and offers a distinct 
advantage over the RIA and HPLC techniques. 
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Chapter 26 

Preparation and Characterization of Mouse 
Antibodies Against Hemoglobins Modified 

by Styrene Oxide 

Robert A. Haas, Doris Hollander, and Mitchell Rosner 

Air and Industrial Hygiene Laboratory, California Department of Health 
Services, Berkeley, CA 94704 

Antibodies were raise  recogniz  styrene-7,8-oxid
human hemoglobin. The covalent binding of styrene-7,8-oxide 
with human hemoglobin was measured at varying styrene oxide 
concentrations. The same reaction with Swiss-Webster mouse 
hemoglobin was carried out and resulted in a heterogeneous 
mixture of chemically-modified hemoglobins plus unreacted 
hemoglobin which was used without further purification to 
immunize BALB/c mice. Antibodies produced by this method 
cross-reacted with styrene-oxide modified human hemoglobin and 
demonstrated a preference for the chemically-modified hemo­
globins. Each serum sample also cross-reacted to a slight but 
measurable extent with unmodified human hemoglobin but no 
cross-reactivity was observed using unmodified mouse hemoglobin. 
Antibody recognition of human hemoglobin required that the level 
of styrene oxide modification be greater than 0.03 styrene oxide 
residues per hemoglobin tetramer. 

The analysis of chemically-altered hemoglobin (Hb) as a indicator of chemical 
exposure was pioneered by Ehrenberg and colleagues (1). Hemminki (2) 
demonstrated that the styrene metabolite, styrene-7,8-oxide (SO) (1,2-epoxy-
ethylbenzene, CAS 96-09-3) became covalently bound to serum proteins and 
hemoglobin when incubated with human blood. This chemically-modified 
hemoglobin should be immunologically distinct from unmodified hemoglobin. 
Thus antibodies that recognize the modified Hb could be raised and utilized in 
an immunoassay to detect such molecules in blood samples from exposed 
individuals. This report describes the development of such antibodies in mice 
and their binding properties to styrene oxide-modified hemoglobins from mice 
and humans. 

0097-6156/91/0451-0293$06.00/0 
© 1991 American Chemical Society 
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Materials and Methods 

Reactions of styrene oxide (SO) with whole blood in vitro were performed using 
freshly-drawn human blood. T o determine S O incorporation into blood, 
[ 1 4C]styrehe oxide (28 m C / m m o l , Amersham, Arl ington, IL ) in 100% ethanol 
was added to 0.9 m l whole human blood plus 0.1 m l sterile saline (0.9% N a C l ) 
to final concentrations of styrene oxide of 3.6 μ Μ , 36 μ Μ , 357 μ Μ , and 1.8 m M 
and incubated at 37° for 2 h. The reaction mixtures were centrifuged at 3000 
χ g for 5 min and the pellets washed three times with 0.7 m l 0.9% saline. The 
red blood cell pellets were lysed by addition of an equal volume of deionized 
water, the debris removed by centrifugation, and globin prepared by the acidic 
acetone method (3). S O incorporation was then determined by l iquid 
scintillation counting of the redissolved globin pellet and expressed as nmol S O 
per m l whole blood assuming [ H b ] w h o l e b l o o d = 1 5 mg/ml (4). Mouse and human 
hemoglobin were prepared by hypotonic lysis of red blood cells  removal of 
stroma, and ammonium sulfat
proteins. The hemoglobin-containing supernatan  dialyze  agains
Bis-Tris ( p H 7.0) and used within one week. F o r preparation of immunogen 
and competitors, styrene oxide-modified hemoglobin was prepared by addition 
of an appropriate volume of a 5 M solution of [ 1 4 C] styrene oxide (50 
D P M / n m o l ) to a solution of 310 μ Μ human or mouse hemoglobin in 10 m M 
Bis-Tris buffer ( p H 7.4) to yield the final desired concentration of styrene oxide. 
E thanol (10% v:v) was added and the reaction mixture vortexed to aid in 
solubilizing the styrene oxide. The reaction solutions were incubated in the dark 
for 24 hours at ambient temperature. The styrene oxide/hemoglobin reaction 
mixtures were then chromatographed twice on 150 μηι Sephadex G-25 size-
exclusion spun columns to remove the unreacted styrene oxide. The excluded 
volume containing the hemoglobin was dialyzed against three changes of water 
for 36 hours. Aliquots of the hemoglobin were analyzed for radioactivity by 
l iquid scintillation counting and for hemoglobin content by reaction with 
Drabkin 's reagent to measure cyanmethemoglobin at 540 nm. The extent of 
modification expressed as nmol styrene oxide /nmol hemoglobin tetramer was 
calculated. 

T o raise antibodies against S O - H b , B A L B / c mice were immunized intraderm-
ally on days 0, 7, and 21 with SO-modified mouse hemoglobin (1-2 S O 
residues/Hb tetramer) with 100 μg conjugate in 2 X R I B I ( R i b i Immuno­
chemica l Res . Inc., Hami l ton , M T ) adjuvant. O n day 28, the mice were bled 
via the tail vein and the sera screened against SO-modified mouse and human 
hemoglobin and unmodified human hemoglobin. 

Ascites production was induced by intraperitoneal injection of A T C C 
sarcoma T G 1 8 0 (200 μΐ, « 1 0 5 cells). 

A competitive enzyme-linked immunosorbent assay ( E L I S A ) using S O -
modified H b as competitor was used to characterize the antibodies. Solutions 
for assay were prepared by addition of equal volumes of a 1:100 dilution of the 
polyclonal ascites to an equal volume of the hemoglobin samples (at various 
dilutions) to yield the desired concentration of competitor. The control wel l 
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contained only a 1:200 dilution of the ascites fluid. These solutions were 
prepared 12-16 h before the assay and stored at 4°. Immulon 2 flat bottom 96 
wel l microtitration plates (Dynatech Laboratories, Chantilly, V A ) were coated 
with 0.5 μg of the desired hemoglobin solution in 100 μΐ phosphate buffered 
saline ( p H 7.2) at 4° for 16 h. The wells were aspirated, washed 3 times with 
0.05% Tween 20 phosphate buffered saline solution (PBS-Tween) , and 
subsequently filled to capacity with a 1% bovine serum albumin in PBS-Tween 
(v:v) and incubated for 0.5 h at room temperature to block any uncoated sites 
in the microplate wells. After discarding the blocking solution, the anti­
body/competitor solutions were added to the appropriate wells. After 2 hours 
the wells were aspirated and washed 3 times with the PBS-Tween solution. T o 
each well was added 100 μΐ of a 1:1000 dilution of goat antimouse IgG alkaline 
phosphatase conjugate (Sigma Chemical C o . St. Louis , M O ) . Fol lowing 
incubation for 2 h at 20°, the wells were washed 3 times with PBS-Tween before 
applying the alkaline phosphatas
solution in 0.1% M g C l 2 (w:v
were read at 405 nm either kinetically or after stopping the reactions at 1 hour 
with 50 μΐ of 0.1 M E D T A . 

Serum titers were determined using plates coated as described above. 
Serum was obtained by tail bleeding. 

Results and Discussion 

The covalent binding of styrene oxide to human hemoglobin when S O is 
incubated with whole blood or washed red blood cells is shown in Figure 1. 
Over the concentration range of 3 μΜ-1 .8 m M S O , the amount of S O in washed 
red blood cells is approximately proportional to its initial concentration. In 
whole blood, the linear range of S O incorporation into hemoglobin is [SO]=30 
μΜ-1 .8 m M . The ratio of S O / H b tetramer ranges from 0.0006-0.6 S O / H b 
tetramer. M u c h higher levels of modification may be achieved by lysing the 
erythrocytes and removing cell debris (5). W h e n this semi-purified human 
hemoglobin is reacted with S O at concentrations up to 50 m M , the styrene oxide 
reacts in a linearly-related, dose-dependent manner similar to that seen for the 
whole blood reaction. Concentrations of S O above 50 m M do not lead to 
additional modification but to extensive denaturation and precipitation of the 
protein. It appears that saturation of soluble H b occurs when about five S O 
residues/Hb tetramer are achieved (unpublished observations). Semi-purified 
mouse hemoglobin was also reacted with S O to prepare immunogens. Mouse 
hemoglobin (0.29 m M ) from Swiss-Webster mice reacts with S O (50 m M ) 
yielding 1.2 SO residues/Hb tetramer. This preparation was used to immunize 
B A L B / c mice. The serum titers of two such immune mice are shown in Figure 
2. Three different immobil ized antigens were used: (a) unmodified human H b ; 
(b) SO-modif ied human H b ; and (c) SO-modified murine H b (the immunogen). 
The antisera from both mice showed no cross-reactivity with unmodified human 
hemoglobin. The antisera from mouse #5 cross-reacts with modified human H b 
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Figure 1. Incorporation of [ 1 4C]-styrene oxide into whole b lood (open 
circles) and washed red bloo
styrene oxide concentration
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Figure 2. Serum titers of two individual B A L B / c mice (#5, Figure 2a and 
#1, Figure 2b) immunized with styrene oxide-modified Swiss-Webster mouse 
hemoglobin. The antisera is titered against the immunogen, SO-modif ied 
S -W mouse H b , (filled squares), styrene oxide-modified human hemoglobin 
(filled triangles), and unmodified human hemoglobin (open squares). 
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to about half the extent as the immunogen. Mouse #1 antisera demonstrates 
approximately 100% cross-reactivity with SO-modif ied human hemoglobin. 

Injection of a sarcoma cell line into the intraperitoneal cavity of these 
immune mice provided a polyclonal ascites fluid. The use of antibodies in the 
ascites fluid in competitive E L I S A experiments using SO-modif ied human H b 
at different levels of modification is summarized in Figure 3. In all cases the 
immobil ized antigen was 0.5 /zg of a high level (3.6 S O / H b ) modified human H b 
preparation. A s shown in Figure 3, the degree of inhibition is related to the 
extent of modification. The H b with the lowest level of modification tested, 0.03 
styrene oxide residues per tetramer, produced no inhibition even when as much 
as 500 μg of the modified hemoglobin was incubated with antibody (data not 
shown). Higher levels of competitor could not be used because inhibition of 
binding occurred even with unmodified hemoglobin as competitor at concentra­
tions greater than 100μg/well. This can be seen by the nearly 30% inhibition 
that resulted using unmodified hemoglobi t 500 μg/well

Inhibition relative to unmodifie
0.15 S O / H b . It may be that the lack of inhibition at lower levels of modification 
is the result of too few binding sites at very low levels of modification, or there 
may be something qualitatively different about hemoglobin modified at different 
levels. The latter possibility is unlikely since peptide mapping of SO-modif ied 
hemoglobin from whole blood reactions indicates that there is no single 
preferred site of reaction and that the pattern of modification on several 
different peptides is qualitatively similar regardless of whether the hemoglobin 
is within the red blood cell or not (manuscript in preparation). The ascites fluid 
can be used for screening of samples where the modification levels are high 
enough to permit detection, eg. in animal studies employing relatively high S O 
doses. There is no significant cross-reaction of these antibodies with unmodified 
murine hemoglobin and thus these preparations can be used for in vivo mouse 
experiments, now in progress. 

Summary and Conclusions 

Mouse antibodies against SO-modified hemoglobin were raised using a 
heterogeneous immunogen consisting of chemically-modified mouse hemoglobin 
molecules in a mixture that contained many different modified sites (5) as well 
as a large proportion of unmodified molecules. It is shown that B A L B / c mice 
can mount an immune response to the SO-modif ied hemoglobin of Swiss-
Webster mice. Al though there are amino acids differences between the /3-chains 
of these strains (6, 7), the chemical modification of hemoglobin provides the 
immunodominant epitopes as evidenced by a much higher serum response to 
the modified hemoglobin. In addition, antibodies raised against styrene oxide-
modified mouse hemoglobin also bind to similarly modified human hemoglobin. 
These mouse antibodies have a "threshold" of 0.15 S O residues per human H b 
tetramer below which no binding is observed. 
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Competitor (ug) 

Figure 3. Competi t ive enzyme-linked immunosorbent assay. Immobil ized 
antigen is styrene oxide-modified human hemoglobin (3.6 S O / H b tetramer), 
competitors are human hemoglobins modified at different levels: no 
modification (open circles), 0.15 S O / H b tetramer (filled diamonds), 
0.4 S O / H b tetramer (filled triangles), and 3.6 S O / H b tetramer (filled 
squares). 
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Chapter 27 

Detection of Cisplatin—DNA Adducts 
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A n ELISA, which  cisplatin-DNA intrastrand adducts
and atomic absorbanc
platinum bound to ,  quantify
cation in samples from patients receiving platinum drug-based 
therapy and rats in which the treatment of human cancer patients 
has been modeled. Adducts measured in blood cell DNA samples 
from cancer patients have correlated with dose and chemothera­
peutic efficacy. Human tissue D N A adducts have a widespread 
distribution, and long-term adduct persistence (> 1 year) has 
been observed in many organs including tumor and target sites 
for drug toxicity. 

In recent years a large number of polyclonal and monoclonal antisera have 
been produced against adducts or modified D N A samples of a variety of 
chemical classes, including methylating and ethylating agents, aromatic 
amines, polycyclic aromatic hydrocarbons (PAH), aflatoxins, psoralens and 
platinum-ammine complexes (1.2). These antisera have been used to 
establish highly-sensitive quantitative immunoassays and have been adapted 
for immunohistochemistry, and electron microscopy. 

The determination of carcinogen-DNA adduct levels by quantitative 
immunologic procedures has certain advantages over other techniques (1). 
The sensitivity is frequently better than that obtained with radiolabeled 
carcinogens. Carcinogen-DNA adduct antisera generally do not react with 
structurally-dissimilar adducts of the same carcinogen, the carcinogen alone, 
unmodified nucleosides or unmodified D N A . They are therefore highly­
-specific probes for chemical bound to D N A . Immunologic assays are rapid, 
highly reproducible, and can be used in many situations where the cost of a 
radiolabeled compound would be prohibitive; for example, long-term chronic 
administration of a carcinogen. In addition, because these techniques are 
highly sensitive they have been successfully applied to the determination of 
D N A adducts in tissues of humans exposed to chemicals (2). 

Cisplatin is a chemotherapeutic agent responsible for the cure of 
testicular cancer, and in widespread use for ovarian, head and neck and lung 
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cancers. Because it is a rodent carcinogen (2) and causes the formation of 
D N A adducts it was of interest for us to investigate D N A adducts formed by 
this drug i n tissues of human cancer patients receiving pla t inum drug 
chemotherapy. Efforts have been made to correlate the extent of cisplatin-
D N A adduct formation with dose, toxicity and response of the disease to 
chemotherapy. 

The U s e of Enzyme-Linked Immunosorbent Assay ( E L I S A ) and A t o m i c 
Absorbance Spectrometry ( A A S ^ for Determinat ion of C i s p l a t i n - D N A 
Adducts . 

D N A modified with the chemotherapeutic agent cisplatin (t is-diammine-
dichloroplat inum [II]) has been used to elicit antisera specific for the 
intrastrand bidentate N 7 - d ( G p G ) - and N7-d(ApG)-d iamminepla t inum adducts 
(4). These adducts comprise a major port ion (80%) of pla t inum bound to 
D N A i n biological sample
drug exposure (5.6). The antiseru
not specific for the individual adducts alone, unmodified D N A or unmodified 
nucleotides (4). It has been demonstrated (7) that the E L I S A , as performed 
with a calf thymus D N A standard modified 1-4%, similar to the immunogen 
D N A , substantially underestimates the total intrastrand adducts i n a biological 
D N A sample. This is because the three-dimensional conformation i n a D N A 
modified i n the range of several adducts per 100 nucleotides is significantly 
different from a biological sample D N A modified i n the range of one adduct 
i n a m i l l i o n nucleotides. There is, however, good correlation between 
biologically-relevant events such, as dose response and disease response, and 
D N A adducts determined by the E L I S A . Thus the assay measures D N A 
damage i n an internally-consistent fashion, even though the values do not 
reflect the total number of adducts. 

In order to obtain quantitative evaluation of cisplatin bound to D N A , 
we now assay a l l human samples by both E L I S A and A A S . Because at least 
80% of the total plat inum bound to D N A i n a biological sample is i n the 
form of intrastrand adducts, A A S gives values which are close to the desired 
quantitation. A A S with Zeeman background correction has sufficient 
sensitivity to measure cisplatin i n biological samples (8). In order to compare 
results with the two methods, 44 samples of rat tissue were assayed by both 
E L I S A and A A S , and when data from the two methods were plotted 
simultaneously (Figure 1), the correlation observed was essentially linear. The 
actual numbers generated by the A A S were approximately 500 times higher 
than those obtained by E L I S A , as shown i n the Figure. 

Moni to r ing of C i s p l a t i n - D N A Adducts in B l o o d C e l l D N A of Cancer Patients 

The E L I S A , described above, has been uti l ized to measure D N A adducts i n 
nucleated b lood cell D N A and tissue D N A of cancer patients receiving 
plat inum drug-based chemotherapy. Advantages of this approach include the 
opportunity to obtain human samples from unexposed controls, and the 
potential to observe a dose-response for adduct formation since precise dose 
information is available. In addition, it was anticipated that i f adducts could 
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be correlated wi th biological effects such as disease response or toxicity, any 
manipulations which would enhance adduct formation might actually improve 
therapy. 

B l o o d cel l D N A samples were obtained from testicular and ovarian 
cancer patients receiving plat inum drug-based therapy during 5 day drug 
infusions at the N I H Cl in ica l Center (9), and assayed for adducts by cisplatin-
D N A E L I S A . These studies demonstrated the first dose-response for D N A 
adduct formation i n humans (Figure 2), and samples from unexposed controls 
were consistently negative. Abou t half of the treated patients experienced a 
dose-related increase i n adducts with subsequent monthly cycles of 
chemotherapy, and the other half did not have measurable adducts even after 
very high total cumulative doses (9). This suggests that there may be 
biochemical or metabolic factors which govern interindividual variability i n 
D N A adduct processing. 

W h e n adducts were correlated with disease response i n 72 ovarian and 
poor-prognosis testicular cance
which the complete responder
from many of the non-responders did not contain measurable adducts (10.11). 
The trend analysis, which compared mean adduct levels for complete 
responders, partial responders and non-responders was significant with a Ρ 
value of 0.03 (10). These data support the contention that the formation of 
high levels of the c i sp l a t i n -DNA intrastrand adducts, as measured by the 
E L I S A , is associated with successful chemotherapy, and that those individuals 
who fail to form measurable adducts have a high rate of therapy failure. In an 
extension of these studies (12) a series of prognostic variables, including D N A 
adduct formation, Karnofsky status, total cumulative plat inum dose, stage of 
disease, bulk of disease at init iation of therapy and histologic type and grade, 
was correlated with disease response by univariate and multivariate analysis. 
In an analysis of data from 24 ovarian cancer patients the only variable to be 
significantly associated with disease response was c i sp l a t i n -DNA adduct 
formation measured by the E L I S A . 

Moni to r ing of C i s p l a t i n - D N A Adducts in Tissue D N A of Cancer Patients 

E v e n though blood cell D N A adducts correlate with platinum-drug dose i n 
some individuals, and are associated with a positive response to therapy, 
experiments with b lood cell D N A do not indicate the extent of adduct 
formation i n the target tumor tissue or i n organs which undergo toxicity. In 
order to investigate D N A adduct formation i n tumor and other human tissues, 
adducts were measured in tumor biopsies and i n tumor tissues obtained at 
autopsy. In one study, biopsies of cervical tumor were taken before and 24 hr 
after treatment with carboplatin (7). In addition, b lood was drawn from the 
same individuals before, 24 hr after and 8 days after chemotherapy. D N A 
adducts, measured by E L I S A (Table I), were similar i n tumor and i n b lood 24 
hr after the drug infusion, and continued to be elevated in b lood 8 days later. 
The results demonstrated that adduct levels i n b lood cell D N A were reflective 
of those i n cervical tumor D N A after a single carboplatin dose. 
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Figure 1. Comparison of cisplatin-DNA adduct values determined in 44 samples of rat 
kidney D N A by ELISA using an anti-cisplatin-DNA antiserum, and by AAS. 

CUMULATIVE CISPLATIN DOSE (mg/m2) 

Figure 2. Dose response for cisplatin-DNA adducts, assayed by ELISA, in nucleated blood 
cell D N A of 77 testicular and ovarian cancer patients receiving their first course of 
cisplatin-based therapy on 21 or 28 day cycles. Adduct levels are plotted as a function of 
total cumulative cisplatin dose, with 45 positive samples (0) and 47 negative samples (Δ). 
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Figure 3. Correlation between cisplatin-DNA adduct level in nucleated blood D N A 
(ordinate) and disease response for 55 ovarian and 17 poor prognosis testicular cancer 
patients receiving 6 different single-agent or combination treatment protocols (different 
symbols) (10,11). Disease response is classified as complete response (CR), an absence of 
detectable disease; partial response (PR), a greater thatn 50% remission; and no-response 
(NR), a less thabn 50% remission. 
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Table I. C a r b o p l a t i n - D N A adducts (attomol adduct/ug D N A ) in cervical 
tumor and nucleated blood cell D N A of patients. 

Adduct Levels Before /Af te r Carboplat in Therapy' 
Patient D o s e b 

Tumor of Cervix Nucleated B l o o d Cel ls 
Before 24hr Before 24hr 8days 

A 399 0 97 0 160 137 

Β 393 0 250 0 83 127 

C 226 0 none 0 51 none 

a = attomol of adduct/ug D N A
SOURCE: Reproduced with permissio

Table II. Cisplatin-DNA adducts measured by ELISA (attomol adduct/ug DNA) 
and AAS (femtomol adduct/ug DNA) in human tissues obtained at autopsy. 

Tissue Patient 2 Patient 4 Patient 6 Patient 7 
ELISA AAS ELISA AAS ELISA AAS ELISA AAS 

Tumor - - 58 0 176 0 73 11 

Bone Marrow 0 0 77 0 - - 45 14 

Lymph Node 143 28 0 14 - - - -

Spleen 343 0 - 0 - - 283 53 

Kidney 511 41 50 6 315 204 122 38 

Liver 457 23 45 29 342 90 96 198 

Peripheral 
Nerve 

- 0 0 0 - 62 4 19 

Brain, Gray 143 0 62 2 - - - -

Brain, White 306 0 112 - - - -

"-" indicates absence of tissue sample 
"0" indicates adduct levels too low to measure 
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Measurements of cisplatin-DNA adducts in autopsy tissues of 
cancer patients have demonstrated a widespread adduct distribution and long-
term persistence in many tissues. Thus, it has been possible to compare 
adduct levels in many organs with those in the target tumor. Cisplatin-DNA 
adducts have been measured in multiple tissues obtained at autopsy from 9 
individuals who received platinum drug-based therapy (Table II). Samples 
from all but 2 patients were assayed by both ELISA and AAS. Evidence 
obtained to date suggests that adducts are formed in many organs of the 
body, and that the levels observed are similar in all organs including tumor. 
In addition, many of the individuals studied had acheived their latest 
chemotherapy 4-15 months prior to death, and still had measurable adducts. 
This demonstrates that cisplatin-DNA adducts are highly persistent. 

Summary and Conclusions 

These studies were initiall  established t  validat  th f immunoassay
for carcinogen-modified DN
to define a dose-response for DNA adduct formation in humans under 
controlled conditions, and to explore a possible relationship between adduct 
formation and observable biological consequences such as tumor remission. 
In the area of assay development it has become apparent that the 
immunoassays have limitations and that corroborative methods should be 
employed where possible. The human studies have established a dose 
response for the 50% of blood cell DNA samples that are positive. In 
addition, patients with the highest blood cell DNA adduct levels were those 
most likely to enter into remission, while those with unmeasurable adducts 
responded poorly. This finding opens the possibility that the cisplatin-DNA 
ELISA may be useful in predicting the response of an individual patient to 
therapy. Adduct determinations in human tissues have shown that platinum 
drug bound to DNA has a broad physiological distribution, and is present in 
tumor as well as organs which are targets for drug toxicity. In addition, DNA 
adducts are highly persistent in human tissues for many months after 
treatment. It is likely that the widespread distribution and long-term 
persistence of drug-induced DNA damage may be related to chemo-
therapeutic efficacy, toxicity and a potential for second malignancy, all of 
which are associated with the use of the diammineplatinum compounds for 
human cancer chemotherapy. 
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Chapter 28 

Detection of O4-Alkylthymine in Human Liver 
DNA 
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Quantitation of premutagenic DNA structural modifications is among 
the most reliable markers for the assessment of possible human 
exposure to environmental carcinogens. Considering the ubiquitous 
distribution of alkylating N-nitroso compounds and their capability 
to induce malignant tumors in a wide variety of animal tissues, we 
quantitated O4-ethylthymine in human liver DNA. Among 33 cases  

analysed, O4-ethylthymine was detected in 30 cases and the mean O4 

-ethylthymine level of 19 cancer cases was significantly higher than 
that of 11 non-cancerous cases. Further, when we screened 5 human 
liver DNA samples for some other premutagenic O-alkylated DNA 
adducts, Ο4-methylthymine was detected in 3 cases, but none of the 
cases showed any detectable Ο6-methyl- or Ο6-ethylguanine levels. 
These results indicate that humans are actually exposed to 
alkylating N-nitroso compounds and Ο4-alkylthymine may be a suitable 
marker for monitoring the exposure because of its stable nature in 
mammalian cells. For more extensive studies in this direction, we 
have established a highly sensitive and specific method to detect O4 

-ethylthymine by a combination of pre-fraction by HPLC, 32P­
-postlabelling, and immunoprecipitation with monoclonal antibody 
(PREPI), thus increasing the sensitivity about 30 fold compared to 
our previous method without sacrifying its extremely high 
specificity. 

Chemical carcinogenesis is a complex multistep process involved in 
the induction of a large proportion of human cancers. Among the 
most important factors in this process are structural modifications 
of DNA by chemical carcinogens and their subsequent repair, the 

Abbreviations; 0 -EtG, 0 -ethylguanine; 40 -EtT, Ο -ethylthymine; 
Ο -EtdThd, Ο -ethyl-2 ' -dœxythymidine ; Ο -Et-3 '-ΤΜΡ, Ο -ethyl^-
d e o x y t i i y i a i à i J i e ^ Ο -MetG, Ο ̂ ethylguanine; Ο -
MetT, Ο ̂ etliylthymidine; Τ, thymidine; PREPI, A detection method 
by pre fractionation, postlabeling and immunoprecipitation. 
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e f f i c i e n c y of which d i f f e r s widely depending on the type of DNA 
adducts, c e l l s , t i s s u e s , and animal species (1-3). In t h i s regard, 
a l k y l a t i n g N-nitroso compounds are most we l l 6 s t u d i e d , and a number^ 
of s p e c i f i c DNA m o d i f i c a t i o n s i n c l u d i n g 0 -alkylguanine and 0 
-alkylthymine are i d e n t i f i e d as premutagenic and/or pretrans-
formational l e s i o n s (2, 4-10). In a t r a n s p l a c e n t a l carcinogenesis 
with a pulse treatment of N-ethyl-N-nitrosourea i n r a t s , Goth and 
Rajewsky showed that persistance of 0 -ethylguanine (O -EtG) i n 
c e l l u l a r DNA may be responsible f o r the p a r t i c u l a r s u s c e p t i b i l i t y of 
b r a i n c e l l s to malignant conversion (2^. This n o t i o n was f u r t h e r 
confirmed by an i n v i t r o study, where transformation frequency was 
compared i n a ^et of c l o n a l f i b r o b l a s t s with d i f f e r e n t r e p a i r 
c a p a c i t i e s f o r 0 -EtG (Thomale e t a l . , manuscript i n p r e p a r a t i o n ) . 
The r e p a i r - p r o f i c i e n t v a r i a n t s were f a r more r e s i s t a n t t o malignant 
conversion by N-ethylnitrosourea, but not by ben ζ (a)pyrene-7,8-
diol-9,10-epoxide, than the r e p a i r - d e f i c i e n t clone. On the other 
hand, continuous feedin f r a t  with dLethylnitrosamin  l e a d t
accumulation of 0 -ethylthymin
while 0 -Et(^ content i
l e v e l than 0 -EtT because of r a p i d enzymatic e l i m i n a t i o n ( 10 ). 

Detection of such c r i t i c a l m o d i f i c a t i o n s i n DNA derived from 
human t i s s u e s may be a r e l i a b l e marker f o r monitoring human exposure 
to environmental a l k y l a t i n g agents, and contribute to p o s s i b l e 
i d e n t i f i c a t i o n of h i g h - r i s k group or i n d i v i d u a l s who may develop 
cancer i n the f u t u r e . Since humans are exposed c h r o n i c a l l y t o low 
concentration of diverse environmental carcinogens, DNA adducts i n 
human t i s s u e s are expected to be a complex mixture of d i f f e r e n t 
m o d i f i c a t i o n s at extremely low l e v e l s . Highly s e n s i t i v e and 
s p e c i f i c methods are, therefore, e s s e n t i a l f o r p r e c i s e q u a n t i t a t i o n 
of DNA adducts i n human m a t e r i a l s . In t h i s paper, we describe a 
study on the d e t e c t i o n of 0 -EtT i n human l i v e r DNA using HPLC 
f r a c t i o n a t i o n and ratioimmunoassay (RIA), and the development of a 
d e t e c t i o n method f o r 0 -EtT with improved s e n s i t i v i t y and 
s p e c i f i c i t y . 

Table I. Ο -EtT i n human l i v e r DNA 

o 4 -EtT/T (x 10* >> 

No. of 
No. of cases above 
cases d e t e c t i o n κ 

Cases analysed l i m i t Msan+SD Range 

I L i v e r cancer 13 12 39.9+40.2 3.6-113 

II Cancer i n 8 7 54.3+74.0 3.4-206 
other organs 

I I I Nonmalignancy 12 11 11.7+6.5 3.4-25.8 

a D e t e c t i o n l i m i t f o r Ο -EtT/T/ 3x10 
D i f f e r e n c e between I and I I I : ρ < 0.05; d i f f e r e n c e between I + II 

and I I I : p< 0.05 
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D e t e c t i o n o f 0 - E t h y l t h y m i n e a n d Some O t h e r A l k y l a t e d DNA A d d u c t s i n 
Human L i v e r DNA 

I n t h e f i r s t s e r i e s ^of m o l e c u l a r e p i d e m i o l o g i c a l s t u d i e s ^ ( 1 1 ) , we 
d e c i d e d t o d e t e c t 0 - E t T i n human l i v e r DNA, b e c a u s e 0 - E t T i s 
c h e m i c a l l y a n d b i o l o g i c a l l y s t a b l e ( 1 0 , 1 2 , 1 3 ) , r e l e v a n t t o m u t a t i o n 
a n d / o r t r a n s f o r m a t i o n (7-10 ). I n a d d i t i o n , l i v e r shows v e r y l o w 
c e l l p r o l i f e r a t i o n ( t h u s " m i n i m i z i n g d i l u t i o n o f DNA a d d u c t s b y DNA 
r e p l i c a t i o n ) a n d i s most a c t i v e i n m e t a b o l i c a c t i v a t i o n o f c h e m i c a l 
c a r c i n o g e n s . DNA was i s o l a t e d f r o m 20-50 g o f l i v e r t i s s u e o b t a i n e d 
a t a u t o p s y by a c o n v e n t i o n a l p h e n o l e x t r a c t i o n , a n d h y d r o l y s e d 
e n z y m a t i c a l l y t o n u c l e o s i d e s . 0 - e t h y l - 2 1 - d e o x y t h y m i d i n e (O -
EtdThd) i n t h e DNA h y d r o l y s a t e s was f r a c t i o n a t e d b y r e v e r s e phase^ 
HPLC s y s t e m a n d q u a n t i t a t e d b y c o m p e t i t i v e R I A u s i n g a n t i - ( 0 
-EtdThd) monoc_^Dnal a n t i b o d y ER-01 (^4 ). D e t e c t i o n l i m i t o f t h e 
a s s a y was 3x10 as a m o l a r r a t i o o f 0 - E t T t o t h y m i d i n e (T) when 20 
mg o f DNA was a n a l y s e d . T a b l e I shows t h e summary o f t h e r e s u l t 
o b t a i n e d f r o m 13 l i v e r
l i v e r , a n d 12 c a s e s w i t
one i n e a c h g r o u p showed d e t e c t a b l e 0 - E t d T h d c o n t e n t . The a d d u c t 
l e v e l s were s i g n i f i c a n t l y h i g h e r i n t h e l i v e r c a n c e r g r o u p a n d 
n o n - l i v e r c a n c e r c a s e s a s compared t o t h e n o n - m a l i g n a n t c o n t r o l 
g r o u p (p < 0.05). T h i s r e s u l t i n d i c a t e s t h a t humans a r e a c t u a l l y 
e x p o s e d t o e t h y l a t i n g a g e n t s a n d t h a t 0 - E t T a c c u m u l a t e d i n c e l l u l a r 
DNA m i g h t be i n v o l v e d i n t h e i n d u c t i o n o f human c a n c e r . 

E n c o u r a g e d w i t h t h e above r e s u l t , we a r e now e x t e n d i n g t h e 
s t u d y t o d e j e c t some o t h e r p r e m u t a g e n i c a l k y l a t e d a d d u c t s a s w e l l , 
i n c l u c l i n g Ο - m e t h y l t h y m i d i n e (O - M e t T ) , Ο - m e t h y l g u a n i n e (0 -MetG), 
a n d 0 - E t G . The p r e l i m i n a r y r e s u l t was shown i n F i g u r e 1. About 5 
mg o f l i v e r DNA h y d r o l y s a t e s i n e a c h c a s e was f r a c t i o n a t e d b y t h e 
r e v e r s e p h a s e HPIC s y s t e m a n d t h e f r a c t i o n s were s c r e e n e d f o r t h e 4 
a l k y l a t e d n u c l e o s i d e s u s i n g c o r r e s p o n d i n g m o n o c l o n a l a n t i b o d i e s 
( d e t a i l e d c o n d i t i o n s w i l l be r e p o r t e d e l s e w h e r e ) . Among 4 c a s e s 
a n a l y s e d , Ο -MetT was d e t e c t e d i n 3 c a s e s , 0 - E t T jLn 2 c a s e s , b u t no 
c a s e s c o n t a i n e d d e t e c t a b l e amount o f Ο -MetG o r 0 - E t G . T h i s a g a i n 
i n d i c a t e s t h a t p e r s i s t e n c e o f a d d u c t s i n c e l l u l a r DNA l a r g e l y 
depends on e f f i c i e n c y o f r e m o v a l , a n d n o t much on t h e y i i t i a l 
f o r m a t i o n r a t e i n c a s e o f c h r o n i c e x p o s u r e , a n d t h a t t h e Ο - a l k y l 
m o d i f i c a t i o n o f t h y m i d i n e i s a b e t t e r m a r k e r f o r m o n i t o r i n g human 
e x p o s u r e t o m e t h y l a t i n g o r e t h y l a t i n g a g e n t s . 

T a b l e I I . C o m p a r i s o n o f t h e methods t o q u a n t i t a t e 
Ο - E t T w i t h r e s p e c t t o a b s o l u t e 

a n d r e l a t i v e s e n s i t i v i t y 

Methods 
A b s o l u t e 

s e n s i t i v i t y DNA 
R e l a t i v e 

s e n s i t i v i t y 

I m m u n o - S l o t - B l o t 
HPLC + R I A 
PREPI 

3 f m o l 
600 f m o l 
20 f m o l 

25 ug 
20 mg 
20 mg 
1 mg 

1.5 χ 10"^ 
3 x 1 0 1 
1 χ 10 I 2 χ 10 ° 
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Sensitivity and Specificity of Detection Methods 

Humans are chronically exposed to a diversity of chemical substances 
at low concentrations. Highly sensitive and specific methods, 
therefore, are a prerequisite of molecular epidemiological studies. 

The term "sensitivity" in the present context possibly implies 
two different meanings, i.e., absolute and relative sensitivity. 
The absolute sensitivity may be defined as minimum amount of DNA 
adducts to be quantitated precisely by a given method, while the 
relative sensitivity i s the lowest relative modification level to be 
determined in cellular DNA (Table II). When the absolute 
sensitivity i s fixed, the relative sensitivity depends on the amount 
of DNA which can be analysed in a system. To identify and 
quantitate DNA adducts in human materials, we need an assay with 
very high absolute as well as relative sensitivity. 

Structural modification of human DNA by environmental 
carcinogens i s also considered t  widel  and  therefore
need a highly specifi
experimental situations
solely from antibody (e.g., ELISA, Immuno-Slot-Blot (15), or RIA 
without pre fractionation) i s not adequate. For example, when we 
screened each fraction of HPLC elutes of human liver DNA 
hydrolysates with respect to the finding to antibody ER-01, we 
observed two peaks in addition to Ο -EtdThd (see reference 11). If 
we had quantitated by simple RIA without prefractionation by HPI£, 
we might have falsely interpreted the result as a higher^value. In 
Figure 1, we also notice some peaks reactive with anti-0 -ethyl-2*-
deoxyguanosine antibody at the aberrant position. Thus, combined 
use of several analytical methods with a different molecular basis 
for specificity i s essential for reliable assessment of DNA 
modification levels in human materials. 

PREPI; A New Detection^ Method of 0 4-EtT by the Combination of 
HPLC-Prefractionation, P-Postlabelling, and Immunoprecipitation 

4 
In the previous study where we quantitated Ο -EtT using the 
combination of prefractionation by HPLC and competitive RIA, the 
absolute detection .limit was 600 fmol (11). For the analysis of 
3x10 level of 0 -EtT/T, we needed 20 mg of DNA isolated from 
20 - 50 g of li v e r tissues. This large DNA requirement precluded 
the more extensive studies using biopsy specimens or peripheral 
blood c e l l DNA. We have developed, therefore, a more sensitive and 
specific method to quantitate 0 -EtT. The detailed procedure w i l l 
be described elsewhere (Moriyama, C. et a l . , Manuscript in 
preparation). Briefly, the assay i s composed of enzymatic 
hydrolysis of DNA to nucleosides-3'-monophosphate, fractionation by 
HPLC, 5*-phosphorylation of - 0 -ethyl-2'-deoxythymidine-3 '-
monophosphate (O -Et-3 '-ΤΜΡ) with P-gamma ATP and polynucleotide 
kinase (16)/ and immunoprecipitation using monoclonal antibody afte^ 
3 '-dephosphorylation. Figure 2 shows the standard curve of Ο 
-Et-3'-IMP obtained by the method. Radioactivity οξ the f i n a l 
precipitates increased linearly from 5 to 20 fmol of Ο -Et-3'-ΤΜΡ. 
Therefore, 20 fmol of Ο -EtT i n sample DNA w i l l be enough for 
precise determination in duplicates after serial dilution. Thus the 
absolute sensitivity was increased about 30 fold from 600 to 20 fmol 
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Case 1 

Case 2 

Case 3 

Case 4 

35 45 50 
Fraction Number 

F i g u r e 1. About 5 mg o f human l i v e r DNA h y d r o l y s a t e s was 
f r a c t i o n a t e d b y r e v e r s e p h a s e HPLC s y s t e m . E a c h f r a c t i o n was 
s c r e e n e d w i t h r e s p e c t g t o t h e r e a c t i v i t y 4 w i t h s p e c i f i c m o n o c l o n a l 
a n t i b o d i e s a g a i n s t Ο -MetG, Ο - E t G , 0 -MetT o r 0 - E t - T . The 
a r r o w s i n d i c a t e t h e p o s i t i o n o f t h e c o r r e s p o n d i n g a u t h e n t i c 
s t a n d a r d s . 

*, 40 

Ο -E tdTMP (fmol/assay tube) 

F i g u r e 2. A s t a n d a r d c u r v e o f 0 4-Et-3'-ΤΜΡ o b t a i n e d b y PREPI 
( P r e f r a c t i o n a t i o n , P o s t l a b e l i n g a n d I m m u n o p r e c i p i t a t i o n ) . The 
o r d i n a t e means r a d i o a c t i v i t y d e t e r m i n e d b y C e r e n k o v - c o u n t i n g . 
The a b s c i s s a i s t h e amount o f O - E t - 3 '-ΤΜΡ i n an a s s a y t u b e . 
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4 
of Ο -EtT. The specificity of the method is also very high because 
each step contributes to the increase of specificity depending on 
different molecular basis. We are now further optimizing conditions 
and also applying the method to actual human samples. 
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Chapter 29 

Sensitive Immunochemical Assays for 
Monitoring Acetaminophen Toxicity in Humans 

Dean W. Roberts1, Robert W. Benson1, Neil R. Pumford1,3, David W. 
Potter1,4, Henrik E. Poulsen2, and Jack A. Hinson1 

1Division of Biochemical Toxicology, National Center for Toxicological 
Research, Jefferson, AR 72079-9502 

2Department of Pharmacology, University of Copenhagen and Department 
of Medicine A, Rigshospitalet DK-2100 Copenhagen, Denmark 

Acetaminophen (paracetamol) is a commonly used analgesic 
which is hepatotoxic at high doses in humans and in labo­
ratory animals. Toxicity is believed to be mediated by the 
reactive metabolite N-acetyl-p-benzoquinone imine which 
binds to protein thiols as 3-(cystein-S-yl)acetaminophen 
adducts. Ultrasensitive immunoassays for 3-(cystein-S­
-yl)acetaminophen derivatives were developed and extensively 
characterized. Using these assays the formation of this 
adduct in protein has been correlated with the development 
of the hepatotoxicity in mice and humans. In mice, adduct 
levels in the liver reached maximal levels at 2-4 hours and 
then exhibited a marked decrease which was inversely corre­
lated with parallel elevations in serum adducts and serum 
levels of the liver-specific transaminase ALT. This sug­
gested that the serum adducts were of hepatic origin and 
could be monitored as a biomarker of acetaminophen 
toxicity. Analysis of serum samples from acetaminophen 
overdose patients demonstrated a positive correlation bet­
ween immunochemically detectable serum adducts and 
hepatotoxicity. 

Acetaminophen (APAP, N-acetyl-p-aminophenol, paracetamol) is a 
widely used over-the-counter analgesic. At therapeutic doses it is a safe 
drug. However, at high doses it may produce severe hepatic necrosis and 
has also been reported in some individuals to be nephrotoxic (1-3). 
Available evidence indicates that acetaminophen hepatotoxicity is not a 
result of the parent compound but is mediated by a reactive metabolite 
N-acetyl-p-benzoquinone imine (NAPQI). This metabolite is the two­
-electron oxidation product of acetaminophen and is formed by the micro­
somal cytochrome P-450 mixed function oxidase system (4-8). Following 
a therapeutic dose of acetaminophen the reactive metabolite is detoxified 
3Current address: National Institutes of Health, Bethesda, MD 20892 
4Current address: Rohm and Haas Company, Spring House, PA 19477 
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by reaction with the cysteine-containing tripeptide glutathione (GSH) to 
form 3-(glutathion-S-yl)acetaminophen. Following an acetaminophen 
overdose, hepatic GSH levels are depleted and covalent binding of reac­
tive metabolite to cellular proteins correlates with the development of the 
hepatotoxicity (9,10). Covalent binding is believed to be primarily a reac­
tion of NAPQI with cysteinyl sulfhydryl groups to produce the corre­
sponding 3-(cystein-S-yl)acetaminophen (3-Cys-A)-protein adduct (11,12). 

We perceived the need for sensitive assays that do not rely on the 
use of radioisotopes or extensive analytical methodology and that could 
accurately detect protein-bound acetaminophen in biological fluids in the 
presence of unbound acetaminophen. To this end, we recently developed 
sensitive avidin biotin-amplified ELISA (A-B ELISA) and particle con­
centration fluorescence immunoassays (PCFIA) which use antiserum 
specific for the major acetaminophen-protein adduct associated with tox­
icity (13-16). These assay
formation of the 3-Cys-A
icity. In this report we review how these assays were developed, vali­
dated in laboratory animals, and used to quantify 3-Cys-A protein 
adduct formation in human acetaminophen overdose patients. 

Development of Immunoassays for Protein-bound Acetaminophen 

Previous assays for acetaminophen covalently bound to protein required 
the use of radiolabeled acetaminophen which was detected after extensive 
solvent extraction of the protein to remove unbound radioactivity and 
subsequent quantification of radiolabel associated with the protein (10). 
Since it was shown that acetaminophen-binding to protein is primarily 
via cysteine residues (3-Cys-A) (11,12), an immunogen was synthesized 
which contained the acetaminophen-cysteine adduct. Synthetic NAPQI 
was allowed to react with N-acetylcysteine to produce 3-(N-acetyl-
cystein-S-yl)acetaminophen (NAC-acetaminophen) which was purified by 
HPLC. The conjugate was subsequently coupled to an immunogenic car­
rier protein, keyhole limpet hemocyanin (KLH), using l-(3-dimethyl-
aminopropyl)-3-ethyl-carbodiimide hydrochloride as a coupling reagent. 
Rabbits were immunized with the resulting KLH-NAC-acetaminophen 
(13). 

An antigen was also synthesized for use as a solid-phase coating 
antigen in the A-B ELISA and as particle-bound antigen in the PCFIA. 
The requirement was for an immobilized antigen that contained aceta­
minophen bound to cysteinyl groups in protein as occurs in acetamino­
phen toxicity. Metallothionein was selected because it contained a high 
molar content of free cysteine sulfhydryl groups and it was thought that 
it would react directly with synthetic NAPQI to yield the relevant 
3-Cys-A adduct. The synthetic scheme used to prepare the immunogen 
and solid phase antigen is presented in Figure 1 (13). 

To select the antiserum best suited for detection of 3-Cys-A adducts 
in the presence of free acetaminophen, the relative inhibitory potencies of 
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N A C - a c e t a m i n o p h e n and ace taminophen were compared for n ine an t i se ra 
i n compe t i t ive A - B E L I S A . F o r a l l r e spond ing rabb i t s , N A C - a c e t ­
aminophen was a more efficient i n h i b i t o r t h a n free ace taminophen . T h e 
re la t ive efficiency of N A C - a c e t a m i n o p h e n a n d ace taminophen to i n h i b i t 
b i n d i n g of an t ibody to so l i d phase meta l lo th ione in-ace taminophen are 
presented i n F i g u r e 2. I n h i b i t i o n curves u s i n g p o l y c l o n a l r abb i t a n t i 
3 - C y s - A f rom one of the r abb i t s at a d i l u t i o n of 1:4308, a n d N A C -
ace taminophen a n d ace taminophen as i n h i b i t o r s , demons t r a t ed tha t 
N A C - a c e t a m i n o p h e n was detected w i t h 3.8 orders of magn i tude greater 
s e n s i t i v i t y t h a n the free d r u g . 

I m m u n o c h e m i c a l Q u a n t i f i c a t i o n of A c e t a m i n o p h e n A d d u c t s 

I n i n i t i a l w o r k to charac ter ize the epitope and to a s say samples f rom 
acetaminophen-dosed a n i m a l s  the compet i t ive A - B E L I S A was u t i l i z e d 
(14). I n subsequent w o r k
t ive P C F I A format (15).  advantage
i n g : a cova len t ly coupled so l id phase, shor ter i n c u b a t i o n t imes , the 
a v a i l a b i l i t y of i n t e r n a l s t andards , a n d a more f lexible a s say format . I t 
u t i l i zes a fluorimeter a n d spec ia l ly des igned assay plates (Bax te r H e a l t h ­
care Corp . , M u n d e l e i n , I L ) . S o l i d phase an t igen for P C F I A was prepared 
b y c o u p l i n g meta l lo th io in -ace taminophen to amino- subs t i t u t ed poly­
s ty rene beads u s i n g N - s u c c i n i m i d y l 3-(2-pyr idyldi thio)propionate as a 
c o u p l i n g reagent (F igure 3). I n b o t h assays , a l i m i t i n g amoun t of r abb i t 
a n t i 3 - C y s - A an t ibody was incuba ted w i t h ei ther 3 - (N-ace ty l -L-cys te in -S-
y l )ace taminophen s t a n d a r d or an u n k n o w n sample (mouse l ive r f rac t ion , 
s e rum, or s t r u c t u r a l l y re la ted inh ib i to r ) a n d t h e n w i t h so l i d phase 
ace taminophen-der iva t ized me ta l lo th ione in . De tec t ion of r abb i t a n t i 
3 - C y s - A an t ibody b o u n d to so l id phase , meta l lo th io in -ace taminophen 
a s say an t igen was accompl i shed u s i n g av id in -b io t in -horse rad i sh peroxi ­
dase ampl i f i ca t ion a n d subs t ra te convers ion i n the A - B E L I S A , a n d 
u s i n g f luorescein i so th iocyana te conjugated second an t ibody i n the 
P C F I A . 

T o evaluate the amoun t of ace taminophen b o u n d to pro te ins , u t i l i z ­
i n g the compet i t ive A - B E L I S A or P C F I A , i n h i b i t i o n b y u n k n o w n sam­
ples was compared w i t h a n assay s t a n d a r d prepared b y d e r i v a t i z i n g 
p ro t e in w i t h N A P Q I . F o r some exper iments , 3 - (N-ace ty l -L-cys te in -S-
yDace taminophen was used as an assay s t anda rd , i n w h i c h case, the 
values ob ta ined were corrected for differences i n the re la t ive i n h i b i t o r y 
po tency of 3- (N-ace ty l -L-cys te in-S-y l )ace taminophen a n d 3 - C y s - A p ro te in 
adduc t (120 fmol /wel l a n d 2300 fmol /wel l , respect ively) (14). A f t e r 
d i a l y s i s , u n k n o w n samples were d i l u t e d to a f ina l concen t ra t ion of ap­
p r o x i m a t e l y 4 Mg p ro te in /assay we l l , a s sayed i n dupl ica te , a n d expressed 
as nmoles of 3 - C y s - A per m g of p ro te in . T h e E L I S A a n d P C F I A were 
s h o w n to have s i m i l a r l i m i t s of de tec t ion (20 p m o l e / m g protein) a n d to 
recognize the same epitope as demons t r a t ed b y s i m i l a r re la t ive i n h i b i t o r y 
potencies for N-ace ty lcys te ine-ace taminophen , ace taminophen-bound 
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metallothionein 
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Figure 1. A . Preparation of 3 - C y s - A - K L H immunogen. B . Preparation 
of metallothionein-acetaminophen assay antigen. Detailed methods for 
the syntheses are described in 13 (Reproduced from Ref. 13). 
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Figure 2. Relative efficiency of NAC-acetaminophen ( • ) and aceta­
minophen ( * ) in the competitive A-B E L I S A . The relative efficiency of 
NAC-acetaminophen and acetaminophen to compete for a limited amount 
of rabbit anti KLH-NAC-acetaminophen antibodies were determined in 
the presence of excess metallothionein-acetaminophen adsorbed in wells 
of 96-well polystyrene assay plates. The 50% inhibitory concentration 
was 110 fmole/well for NAC-acetaminophen and 687,000 fmole/well for 
acetaminophen (Reproduced from Ref. 13). 
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glutathione S-transferase, and acetaminophen in both assays. Serum 
samples and liver fractions containing 3-Cys-A protein adducts assayed 
by ELISA and PCFIA produced similar results (r= 0.89) (15). 

Epitope Characterization 

One of the primary reasons for development of an immunoassay that 
recognized acetaminophen bound to protein was to examine acetamino-
phen-toxicity in human overdose patients. It was therefore essential to 
fully characterize the epitope recognized in the assay and to evaluate the 
degree to which metabolites, structural analogs or other analgesics 
might cross react. To determine the nature of the epitope and to quantify 
the relative importance of specific substituent groups, twenty structu­
rally related compounds were evaluated as inhibitors in the competitive 
immunoassay. These data are presented in Table I. and Figure 4 (14). 

The most effectiv
yl)acetaminophen which ha
120 + S.D. 30 fmol/well (n=19). Approximately 6,200-fold higher con­
centrations of unbound acetaminophen and 5.2 χ 106-fold higher con­
centrations of N-acetyl-L-cysteine were required for comparable 
inhibition. It was demonstrated with acetaminophen analogs, that the 
hydroxyl group and the N-acetyl moiety of acetaminophen were impor­
tant in epitope recognition. A 5,000-fold decrease in detection was ob­
served when the analog did not contain the hydroxyl group or when the 
N-acetyl moiety was replaced with a hydroxyl substituent. Recognition 
by antibody was also dependent upon the stereochemistry of the analogs. 
The 50% inhibitory concentration for 3-(L-cystein-S-yl)acetaminophen 
was 2,300 fmol/well, whereas a 25-fold higher concentration of 
3-(D-cystein-S-yl)acetaminophen was required for 50% inhibition. 
Although 3-(glutathion-S-yl)acetaminophen was an efficient inhibitor at 
very low concentrations, the 50% inhibitory concentration for GSH was 
2.3 χ 109 and for S-methylglutathione was 2.6 χ 109 fmol/well. Other 
metabolites of acetaminophen were poor inhibitors in the immunoassay. 
3-Hydroxyacetaminophen was nearly 2-fold less efficient than acetamino­
phen and over 10,000-fold less efficient than 3-(N-acetyl-L-cystein-S-
yl)acetaminophen. The acetaminophen sulfate and acetaminophen glu-
curonide were ineffective competitive inhibitors at concentrations below 
106 fmol/well. Other analgesics such as aspirin and phenacetin were not 
inhibitory even at high concentrations (Table 1) (14). Collectively, these 
data indicate that primary antibody specificity involves antigenic 
determinants found on acetaminophen bound covalently via carbon 3 to 
the sulfur of cysteine residues, that are not found on protein alone or on 
free acetaminophen (Figure 4). 

This antiserum has also been used to detect acetaminophen-protein 
adducts in Western blots of serum and liver fractions from 
acetaminophen-dosed animals (16) and to localize the 3-Cys-A adduct in 
target tissues (17 and 18, Bucci et al. this volume). 
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a. (5,200,000-fold) 

c. (5,100-fold) · · · · · · · · · < 
• e. (52-fold) 

OH 
d. (4,900-fold) 

S—CH 2 C-COOH 
I 
H 

g. (12-fold) 

b. (6,200-fold) 

Figure 4. Effect of acetaminophen-conjugate substituents on antibody 
recognition in the acetaminophen-adduct immunoassay. The decrease in 
inhibition due to particular substituents is shown. These values were 
calculated by comparing the ability of the following acetaminophen-
conjugate analogs to competitively inhibit antibody binding to solid-
phase acetaminophen-bound metallothionein. a: N-acetyl-L-cysteine com­
pared to 3-(N-acetyl-L-cystein-S-yl)acetaminophen. b: acetaminophen 
compared to 3-(N-acetyl-L-cystein-S-yl)acetaminophen. c: 2-(N-acetyl-L-
cystein-S-yl)hydroquinone compared to 3-(N-acetyl-L-cystein-S-yD-
acetaminophen. d: 3-(methylthio)acetanilide compared to 3-(methyl-
thio)acetaminophen. e: 2-(L-cystein-S-yl)-g-aminophenol compared to 3-
(L-cystein-S-ylacetaminophen. f: 3-(L-cystein-S-yl)acetaminophen com­
pared to 3-(N-acetyl-L-cystein-S-yl)acetaminophen. g: 3-(methyl-
thio) acetaminophen compared to 3-(N-acetyl-L-cystein-S-yD-
acetaminophen (Reproduced from Ref. 14). 
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Tab le I . C o m p e t i t i v e I n h i b i t i o n of A c e t a m i n o p h e n A n a l o g s i n the 
A c e t a m i n o p h e n - A d d u c t A s s a y 

5 0 % I n h i b i t i o n 
I n h i b i t o r (fmol/well) 

3 - (N-ace ty l -L-cys te in-S-y l )ace taminophen 120 
3 - (gluta thion-S-yl)acetaminophen 300 
3 - (methyl th io)acetaminophen 1,400 
3 - (L-cys te in-S-yl )ace taminophen 2,300 
3 - (d ig lu ta th ion-S-yl )d iace taminophen 22,000 
3 - (D-cyste in-S-yl )acetaminophen 57,000 
3 - (g lu ta th ion-S-yl )diacetaminophen 75,000 
2-(L-cystein-S-yl ) - 4-aminopheno
ace taminophen d i m e r 
2 - (N-ace ty l -L-cys te in -S-y l )hydroquinone 610,000 
ace taminophen 740,000 
3 -hydroxyace taminophen 1.3 χ 106 
3 - (methyl thio)acetani l ide 6.9 χ 106 
N - a c e t y l - L - c y s t e i n e 6.2 χ 108 
g lu ta th ione 2.3 χ 109 
S-methy lg lu ta th ione 2.6 χ 109 
ace taminophen sulfate >1.0 χ 106a 
ace taminophen g lucuron ide >1.0 χ 106a 
phenace t in >1.0 χ 106a 
a s p i r i n >1.0 χ 106a 

a l n h i b i t i o n was not detected at t h i s concen t ra t ion . 

Ef fec t of S u b s t i t u t i o n L e v e l 

S ince our i n t en t was to use the compet i t ive A - B E L I S A to quan t i fy 
3 - C y s - A adduc t s formed i n b io log ica l samples at u n k n o w n a n d perhaps 
var iab le levels of p ro t e in modi f i ca t ion , exper imen t s were conduc ted to 
de te rmine the effect of adduc t s u b s t i t u t i o n level on quan t i f i ca t ion . 
S t a n d a r d s of k n o w n s u b s t i t u t i o n level were prepared b y d e r i v a t i z i n g 
9,000 g l ive r superna tan t w i t h var ious concent ra t ions of [ 3 H ] N A P Q I . 
A f t e r ex tens ive d i a l y s i s to remove noncova len t ly b o u n d ma te r i a l s , pro­
t e i n concen t ra t ions were de t e rmined a n d the s u b s t i t u t i o n level of each 
s t a n d a r d was de t e rmined b y s c i n t i l l a t i o n c o u n t i n g . These s y n t h e t i c 
s t anda rds , w h i c h ranged f rom 0.5 to 30 n m o l 3-(cystein-S-
y l ) [3H]ace taminophen per m g pro te in , were ana lyzed i n the compet i t ive 
i m m u n o a s s a y . W h e n the d a t a were p lo t t ed w i t h percent i n h i b i t i o n as a 
func t ion of p ro t e in concen t ra t ion , the r e su l t s show an ordered f a m i l y of 
i n h i b i t i o n curves where the m o s t h i g h l y subs t i t u t ed pro te ins were the 
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m o s t efficient i n h i b i t o r s , a n d the least subs t i t u t ed p ro te in was the least 
efficient i n h i b i t o r (F igure 5, P a n e l A ) . W h e n the same i n h i b i t i o n d a t a 
were p lo t t ed as a func t ion of cova len t ly b o u n d 3-(cystein-S-
yl ) [3H]ace taminophen, the f a m i l y of curves were super imposed i n d i c a t i n g 
t h a t under these cond i t ions the compet i t ive A - B E L I S A accura te ly 
quant i f ies ace taminophen cova len t ly b o u n d to p ro te in regardless of sub­
s t i t u t i o n level (F igure 5, P a n e l B ) . 

Acetaminophen-induced Hepatotoxicity in Mice 

T o de te rmine the r e l a t ionsh ip between the fo rmat ion of 3 - C y s - A adduc t s 
i n p ro t e in a n d the development of hepa to tox ic i ty , dose response a n d t i m e 
course exper iments were conduc ted i n male B 6 C 3 F 1 mice . U s i n g the A - B 
E L I S A specific for 3 - C y s - A adduc ts , we quant i f ied the fo rma t ion of t h i s 
adduc t i n l i ve r a n d s e r u m pro te in of mice dosed w i t h ace taminophen . 
S e r u m levels of a lanine
index of hepa to tox ic i ty . A d m i n i s t r a t i o
100, 200, 300, 400, and 500 m g / k g to mice resu l t ed i n an increase i n 
s e r u m levels of l iver-specif ic t r a n s a m i n a s e (evidence of hepa to tox ic i ty ) at 
four hours i n the 300, 400, a n d 500 m g / k g t r ea tmen t groups o n l y . T h e 
fo rma t ion of 3 - C y s - A adduc ts i n l ive r p ro t e in was not observed i n the 
groups r ece iv ing 50, 100, a n d 200 m g / k g doses, b u t was observed i n the 
groups r ece iv ing doses above 300 m g / k g of ace taminophen . L e v e l s of l ive r 
adduc t were h igher i n an ima l s r ece iv ing the h igher doses. 3 - C y s - A pro­
t e i n adduc t s were also observed i n s e r u m of mice r ece iv ing hepato toxic 
doses of ace taminophen . T h i s was an unexpected resu l t . I n the t i m e 
course s t u d y , 3 - C y s - A adduc ts i n the l ive r p ro t e in reached m a x i m a l 
levels two hours after a 400 m g / k g dose of ace taminophen . B y twelve 
hours the levels decreased to app rox ima te ly t en percent of the m a x i m a l 
level . I n con t ras t , 3 - C y s - A adduc ts i n s e r u m pro te in were delayed, reach­
i n g a su s t a ined m a x i m u m s i x to twelve hours after d o s i n g . T h e correla­
t i o n between the appearance of s e r u m aminot ransferase a n d 3 - C y s - A 
adduc t s i n s e r u m p ro te in a n d the t empora l cor re la t ion between the dec­
rease i n 3 - C y s - A adducts i n l ive r p ro te in a n d the appearance of adduc t s 
i n s e r u m p ro t e in are cons i s t en t w i t h a hepat ic o r i g i n of the 3 - C y s - A 
adduc t s detected i n s e r u m p ro te in (F igure 6). W e t h u s hypo thes ized t ha t 
the adduc ts appear ing i n s e r u m were of hepat ic o r i g i n , de r ived f rom 
in jured hepatocytes d u r i n g the development of d rug- induced hepatotoxic­
i t y a n d pos tu la t ed tha t s e r u m 3 - C y s - A p ro te in adduc t s are a specific 
b i o m a r k e r t ha t c a n be used to s t u d y ace taminophen hepa to tox ic i ty (19). 
Subsequen t ly , the hepat ic o r i g i n of the 3 - C y s - A p ro te in adduc ts i n s e r u m 
was fur ther conf i rmed b y c o m p a r i s o n of adduc t s detected i n S D S - P A G E 
i m m u n o b l o t s of s e r u m a n d hepat ic p ro t e in of B 6 C 3 F 1 mice at va r ious 
t imes after ace taminophen d o s i n g (16). M o r e t h a n 15 pro te ins c o n t a i n i n g 
3 - C y s - A adduc t s were detected i n the l ive r 10,000 g superna tan t . T h e 
m o s t p r o m i n e n t p ro te in c o n t a i n i n g 3 - C y s - A adduc t s i n the hepat ic 
10,000 g superna tan t h a d a re la t ive molecu la r m a s s ( M r ) of 55 k D a . 
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[ng Protein/Well] [fmol Bound Acetaminophen/Well] 

F i g u r e 5. Effect of s u b s t i t u t i o n level on q u a n t i t a t i o n i n the compet i t ive 
A - B E L I S A . T h e s u b s t i t u t i o n levels based on the nmoles of [3H] N A P Q I 
per m g of p ro te in were (
pane l A acetaminophen-prote i  expresse  pro
t e i n concen t ra t ion a n d i n pane l B , the same i n h i b i t i o n d a t a was p lo t t ed 
as a funct ion of cova len t ly b o u n d ace taminophen equiva lents based on 
r a d i o a c t i v i t y (Reproduced f rom Ref. 19). 

0 4 8 12 16 20 24 

Time (hours) 

F i g u r e 6. T i m e course for 3 - C y s - A adduc t fo rmat ion i n l i ve r a n d s e r u m 
pro te ins . B 6 C 3 F 1 male mice w h i c h h a d been fasted ove rn igh t were a d m i ­
n i s t e red ace taminophen (400 mg/kg) . T h e procedures for the prepara t ion 
of the p ro te in samples a n d the compet i t ive A - B E L I S A for q u a n t i t a t i o n 
of the ace taminophen are descr ibed i n (19). T h e da t a po in t s are m e a n +_ 
S E M . A l l d a t a on ace taminophen adduc t fo rmat ion i n s e r u m f rom 2 to 
24 hours are s ign i f i can t ly different f rom c o n t r o l va lues . T h e acetamino­
phen adduc t fo rma t ion i n l ive r p ro t e in f rom one hour to e ight hours i s 
s ign i f i c an t l y different (P j< 0.05) f rom con t ro l values ; however, the aceta­
m i n o p h e n adduc t fo rma t ion at the 12 a n d 24 hour t i m e po in t s are not 
s ign i f i c an t l y different f rom the un t rea ted con t ro l s (Reproduced f rom Ref . 
19). 
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S e r u m pro te ins c o n t a i n i n g 3 - C y s - A adduc t s h a d molecu la r masses s i m i ­
l a r to those found i n the l ive r 10,000 g superna tan t (55, 87 a n d approx i ­
m a t e l y 102 k D a ) . Co l l ec t i ve ly , these d a t a i nd i ca t ed t h a t l i ve r adduc ts 
were released in to the s e r u m fo l lowing l y s i s of hepatocytes (16,19). 

De tec t ion of A c e t a m î n o p h e n - P r o t e i n A d d u c t s i n H u m a n s 

T o de te rmine i f ace taminophen t o x i c i t y i n h u m a n s was media ted b y a 
s i m i l a r m e c h a n i s m as repor ted for expe r imen ta l a n i m a l s , we looked for 
the occurrence of 3 - C y s - A p ro te in adduc t s i n p l a s m a samples f rom 
pa t ien t s w h o h a d t a k e n an overdose of ace taminophen . P l a s m a was ob­
t a ined f rom 30 pa t ien ts p r e sen t i ng w i t h ace taminophen p o i s o n i n g at 
R i g s h o s p i t a l e t , Copenhagen. P l a s m a samples were s tored at -20 ° C a n d 
subsequen t ly sh ipped frozen to the N a t i o n a l Cen te r for T o x i c o l o g i c a l 
R e s e a r c h for i m m u n o c h e m i c a l quan t i f i ca t ion of 3 - C y s - A adduc t s i n pro­
t e in u s i n g the compet i t iv
tha t a l l pa t ien t s , excep
i m m e d i a t e l y t rea ted w i t h N A C (antidote, N A C ) i .v . 300 m g / k g body 
we igh t . P l a s m a ob ta ined at a d m i s s i o n was as sayed for s e r u m A L T act iv­
i t y a n d ace taminophen concen t ra t ion . O f the 30 pa t ien t s , eleven were at 
h i g h r i s k for developing severe l ive r damage acco rd ing to P r e s c o t t ' s 
c l a s s i f i ca t ion (a n o m o g r a m r e l a t i n g r i s k as a func t ion of t i m e a n d p l a s m a 
pa race tamol concen t ra t ion ; 21); five pa t ien ts (Group I) were t rea ted w i t h 
N A C w i t h i n 8 hours after overdose, five pa t i en t s were t rea ted la ter t h a n 

Tab le I I . Concordance between H e p a t o t o x i c i t y a n d A c e t a m i n o p h e n -
P r o t e i n A d d u c t s 

G r o u p [n] I[5] H[6] III[3] IV[16] 

R i s k F a c t o r * h i g h h i g h modera te low 

T i m e to N A C * 4 41 10 10 
(hours) (1-7) (13-74) (4-15) (2-56) 

A L T * ( L U . χ 1000) 0.02 8.4 0.04 0.02 
(0.01-0.05) (4.4-14) (0.01-0.08) (0.01-0.06) 

P l a s m a 3 - C y s - A * 0 1.9 0 0 ? 
(nmo l /mg protein) (0.1-4.1) (0-0.2) 

P l a s m a aceta­ 1.8 0.4 1.1 0.6 
minophen* (μΜ) (0.09-2.8) (0-1.5) (0.2-1.8) (0.4-1.3) 

# R i s k of severe l ive r damage acco rd ing to P re sco t (21). 
* V a l u e s are the m e d i a n (range) at a d m i s s i o n . 
V O n e pa t i en t h a d a value of 0 .192. 
A d a p t e d f rom H i n s o n et a l . (20). 
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8 hours and one was untreated (Group II). Three patients were at mode­
rate risk for developing hepatotoxicity (Group III), and 16 patients were 
at low risk for developing hepatotoxicity (Group IV) (Table II). All 
patients that had liver damage, as indicated by elevated plasma ALT, 
had immunochemically detectable 3-Cays-A adducts in their plasma. 
These were the patients at high risk of severe liver damage that did not 
receive antidotal NAC treatment within 8 hours after ingesting aceta­
minophen (Group II). In contrast, adducts were not found in the plasma 
of patients who did not show evidence of hepatotoxicity. The relationship 
between plasma ALT and levels of 3-Cys-A protein adducts at the time of 
admission is the first direct evidence of a mechanism involving 3-Cys-A 
adducts in acetaminophen induced liver toxicity in man. 

Summary 

Immunological approache
between the binding of acetaminophe
acetaminophen induced hepatotoxicity. Knowledge of the toxic reactive 
metabolite formed during acetaminophen metabolism and the structure 
of the resultant 3-Cys-A adduct in protein, suggested the synthesis of a 
corresponding cysteine-acetaminophen derivative for use as an immuno­
gen. Competitive A-B ELISA and PCFIA were developed and the epitope 
recognized was extensively characterized. These immunoassays consti­
tuted new tools which were used to establish the relationship between 
the formation of the 3-Cys-A protein adduct in liver and serum and the 
pathogenesis of acetaminophen toxicity in mice. These tools made it 
possible to test the hypothesis of an identical mechanism for acetamino­
phen toxicity in man. Our finding that 3-Cys-A adducts occur in plasma 
from patients with acetaminophen overdose (20) is preliminary evidence 
in support of this hypothesis. The close correlation between serum 
transaminase levels and serum 3-Cys-A adducts is consistent with a 
hepatic origin for this adduct. In future work this characterized antise­
rum, coupled with sensitive immunochemical assays and modern protein 
technology, will provide experimental approaches for the identification 
and characterization of the protein structures damaged by the aceta­
minophen metabolite. Such knowledge is needed to understand the pro­
cesses that ultimately lead to acetaminophen-induced cellular necrosis. 
This insight is a prerequisite for the development of improved treatment 
strategies for patients with acetaminophen overdose, and hopefully can 
be extended to improve understanding of cellular damage from other 
arylating agents. 
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Immunohistochemica
plished using antiserum developed and characterized for 
quantitative immunoassays. The 3-(cystein-S-yl)aceta­
minophen protein adduct is associated with the toxicity of 
the prototype hepatotoxin, acetaminophen. Immunohisto­
chemical localization of this adduct is described to illustrate 
the technique as an adjunct to other methods in the assess­
ment of toxicity. This method provides direct correlation 
between presence of adduct and morphologic evidence of cell 
injury. Microwave irradiation was pioneered as a fixation 
method to simultaneously preserve tissue structure and ad­
duct antigenicity. 

Many chemicals that are active as toxicants or carcinogens have electro­
philic properties or are metabolically converted to electrophiles which 
react with nucleophilic centers in nucleic acids and proteins to form 
covalent adducts. Covalent binding of a reactive metabolite to essential 
cell constituents is frequently a critical event that leads to toxicity. The 
complex formed by reactive metabolite binding to cell macromolecules 
(adduct) constitutes a novel molecular species in the organism, and it 
may contain unique antigenic determinants or "neoantigens". 
Immunological assays that recognize these neoantigens can be used to 
study the role of the macromolecular adduct in toxicity. 

Once an important neoantigen is known, antisera raised against an 
immunogen that contains the critical epitope may be the basis of a 
variety of immunoassays. Since the parent compound is usually a hapten 
which, by itself, is too small to be an immunogen, appropriate immuno­
genic conjugates must be isolated or synthesized. Antisera raised 
against macromolecular conjugates of the parent compound or a struc­
turally related metabolite may recognize 1) the parent compound 2) the 
modified macromolecule, or 3) a unique adduct. The criteria used to 
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select a n a n t i s e r u m or monoc lona l an t ibody clone are d i c t a t ed b y the 
objectives of the in tended app l ica t ion . T h u s , the use of h i g h l y character­
ized an t i se ra is e ssen t ia l to meaningfu l in te rp re ta t ion . 

I n m a n y cases, ant ibodies developed to detect a n d quan t i fy these 
an t igen ic adduc t s (and other an t igenic target molecules) are also su i tab le 
for use i n pa ra l l e l i m m u n o h i s t o c h e m i c a l s tud ies . These s tudies c a n pro­
v ide b o t h spa t i a l a n d t empora l cor re la t ion of adduc t loca l i za t ion w i t h ce l l 
i n j u r y a n d t hus provide i n fo rma t ion on pathogenesis t ha t cannot be ob­
t a ined b y other means . T h e i n t e g r i t y of i n fo rma t ion ga ined f rom i m ­
m u n o h i s t o c h e m i c a l loca l i za t ion of ant igens is c r i t i c a l l y dependent on 
knowledge of the an t igen ic de te rminan t s t ha t the p r i m a r y an t ibody w i l l 
b i n d . 

A s pa r t of the loca l i za t ion procedure, the ant igen-bound p r i m a r y 
an t ibody i s detected b y a s y s t e m tha t p e r m i t s d i rec t observa t ion of the 
s i te of an t i body b i n d i n g  A n u m b e f de tec t io  s y s t e m  avai labl  t
enhance s e n s i t i v i t y a n d t
ta rge t an t igen . M o s t of t h e m use ei ther a radiolabeled second an t ibody 
a n d v i s u a l i z a t i o n b y au torad iography , or an enzyme, f luorescent, or elec­
t r o n dense probe coupled to a l i n k i n g second an t ibody , p ro t e in A , or 
av id in -b io t i n ampl i f i ca t ion s y s t e m (1,2). 

I m m u n o h i s t o c h e m i s t r y provides s t r u c t u r a l spec i f ic i ty t ha t i s ab­
sent i n au to rad iography of radiolabeled compounds a n d fur ther affords 
the o p p o r t u n i t y to s t u d y h u m a n t i s sue w i t h o u t h a v i n g f i r s t to a d m i n ­
i s t e r a rad ioac t ive compound . I n add i t ion , i m m u n o h i s t o c h e m i c a l tech­
niques have the advantage t ha t m a n y ant igens are preserved b y 
so lu t ions u sed for h i s to log ic f ixa t ion , e.g., formaldehyde . T h u s , t i s sues 
preserved for other purposes c a n be s tud ied re t rospec t ive ly to correlate 
h i s topa tho logy , adduc t loca l i za t ion and other indices of i n ju ry . I n p r i n c i ­
p a l , the m e t h o d lends i t se l f we l l to iden t i f i ca t ion of b i o m a r k e r s of t o x i ­
can t exposure i n the con tex t of "molecu la r ep idemio logy" . A l t h o u g h a 
v a r i e t y of f i xa t ion techniques are avai lable , no s ingle s y s t e m provides 
o p t i m a l p rese rva t ion of morpho logy of a l l t i s sues a n d a l l ta rget ant igens 
s i m u l t a n e o u s l y . T h u s there is a s p e c t r u m of effectiveness i n a ch i ev ing 
good p rese rva t ion of b o t h s t ruc tu re a n d an t igen ic i ty , i n c l u d i n g several 
h i g h l y sa t i s fac to ry techniques (3-6). 

F o r prospect ive s tudies , we have successfu l ly pioneered the s i m u l t a ­
neous p rese rva t ion of adduc t an t i gen i c i t y a n d t i s sue s t ruc tu re u s i n g 
f i xa t i on b y mic rowave i r r a d i a t i o n (7). M i c r o w a v e i r r a d i a t i o n h a d been 
demons t r a t ed to provide super ior p rese rva t ion of ant igens used i n d iag­
nos t i c pa tho logy . F o r 22 of 23 ant igens i n n ine t i s sues i n c o m p a r i s o n 
w i t h formaldehyde , i t y i e lded i m m u n o s t a i n i n g tha t was more in tense a n d 
more ex tens ive wh i l e p r o v i d i n g excel lent p rese rva t ion of cy tomorpho log ic 
de t a i l (8). B y c a u s i n g exc i t a t i on of water molecules , the mic rowave en­
e rgy effects con t ro l l ed hea t i ng and coagula t ive s t ab i l i z a t i on of p ro te in . 
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L o c a l i z a t i o n of D r u g - P r o t e i n A d d u c t s i n A n i m a l s D o s e d w i t h the 
P r o t o t y p e H e p a t o t o x i n , A c e t a m i n o p h e n 

I m m u n o l o g i c techniques were used to s t u d y ace taminophen t o x i c i t y i n 
mice to e lucidate m e c h a n i s m s of l iver t o x i c i t y . T h e hepa to tox ic i t y of 
ace taminophen i s med ia ted b y a react ive metabol i te , N-acetyl-p-ben-
zoquinone i m i n e ( N A P Q I ) . T h e metabol i te b i n d s to p ro te in as 
3-(cyste in-S-yl)acetaminophen (3-Cys-A) a n d the a m o u n t of b i n d i n g corre­
lates w i t h t o x i c i t y . T h i s covalent b i n d i n g , a n d i n p a r t i c u l a r the 3 - C y s - A 
adduct , i s the m o s t rel iable b i o m a r k e r of ace taminophen t o x i c i t y (9-12). 

P rev ious repor ts descr ibed: an E L I S A specific for 3 - C y s - A p ro te in 
adduc t s t ha t does not r e ly on radiolabeled samples (.13); cha rac te r i za t ion 
of the re levant epitope (14); a n d quan t i f i ca t ion of 3 - C y s - A adduc ts i n l ive r 
a n d s e r u m as a func t ion of hepa to tox ic i ty (9). T h i s h i g h l y charac te r ized 
a n t i s e r u m specific for the ace taminophen-prote in adduct  3 - C y s - A  was 
used to correlate the i m m u n o h i s t o c h e m i c a
t e i n adduc t s w i t h the developmen  in ju ry

A p p r o a c h . M a l e B 6 C 3 F 1 mice were fasted ove rn igh t a n d dosed w i t h 
sa l ine (control) or ace taminophen (400 mg/kg) i n t r a p e r i t o n e a l ^ the fol­
l o w i n g m o r n i n g . M i c e were k i l l e d at va r ious t imes after d o s i n g a n d 
s e r u m a n d t i s sues were col lected for c l i n i c a l c h e m i s t r y a n d adduc t analy­
s i s as descr ibed p rev ious ly (9). T h e a lanine aminot ransferase ( A L T ) ac­
t i v i t y i n s e r u m was de te rmined as an index of hepa to tox ic i ty (15). T o t a l 
hepat ic g lu ta th ione ( G S H ) levels were de te rmined , a cco rd ing to the 
m e t h o d of T ie tze (16), as an ind ica to r of the degree to w h i c h react ive 
metabol i te h a d depleted t h i s cons t i t u t i ve de tox i f i ca t ion m e c h a n i s m (11). 

T h e p o l y c l o n a l a n t i s e r u m used for these s tudies was ra i sed i n rab­
b i t s i m m u n i z e d w i t h 3- (N-acety lcys te in-S-yl )ace taminophen-keyhole l i m ­
pet h e m o c y a n i n a n d has spec i f ic i ty for an t igenic de t e rminan t s w h i c h are 
not found on the paren t c o m p o u n d or on hos t p ro te in , bu t are found on 
adduc t s i n w h i c h ace taminophen is b o u n d v i a ca rbon 3 to the sulfur of 
cys te ine i n pro te ins (13,14, R o b e r t s et a l . , t h i s volume) . 

C o m p a r i s o n of F i x a t i o n Techn iques . F o r mic rowave f ixa t ion , fresh t i s ­
sues were t r i m m e d to app rox ima te ly 2 m m t h i c k n e s s , p laced i n p l a s t i c 
casset tes , a n d he ld i n ice co ld sa l ine (30-120 minutes ) u n t i l i r r a d i a t i o n i n 
a 700-wat t oven set to ho ld at 6 0 ° C for 2 m i n u t e s (7). Mic rowave - f i xed 
t i s sues were s to red overn igh t i n 7 0 % e thanol at r o o m temperature , proc­
essed rou t ine ly a n d then embedded i n paraff in, sect ioned, deparaffinized, 
a n d r ehyd ra t ed u s i n g s t a n d a r d techniques . O t h e r pieces of l i ve r were 
s i m i l a r l y t r i m m e d , then f ixed b y i m m e r s i o n i n e i ther 3 .7% formaldehyde 
i n neu t r a l phosphate buffer (48 hours) , 2 % g lu ta ra ldehyde i n phosphate 
buffer (2 hours) , B o u i n ' s so lu t ion (24 hours) , or B - 5 so lu t ion (4 hours) . 
These t i ssues were s i m i l a r l y embedded i n paraff in t hen sect ioned rou­
t i ne ly . I n other s tudies , specimens of l u n g and k i d n e y were f ixed b y 
mic rowave i r r a d i a t i o n w i t h the same schedule as l ive r . 
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T h e five f i xa t ion procedures were evaluated s y s t e m a t i c a l l y to com­
pare p rese rva t ion of adduc t an t igen i c i t y i n i m m u n o s t a i n e d sect ions a n d 
ce l l s t ruc tu re i n h e m a t o x y l i n a n d eosin ( H & E ) - s t a i n e d sect ions (Table I). 

T a b l e I . F i x a t i o n Ou tcome : S imu l t aneous P r e s e r v a t i o n of A d d u c t 
A n t i g e n i c i t y a n d T i s s u e S t r u c t u r e 

S t r u c t u r a l A n t i g e n 
F i x a t i v e P r e s e r v a t i o n P r e s e r v a t i o n C o m m e n t s 

G l u t a r a l d e h y d e 2 % 3* 3* t i s sue b r i t t l e , 
i m m u n o s t a i n weak 

B - 5 so lu t i on 3 3.5 t i s sue b r i t t l e , 

B o u n d s so lu t ion 4 
preserved 

F o r m a l d e h y d e 3 .7% 4.5 4 i m m u n o s t a i n a n d 
s t ruc tu re 
acceptable, some 
ce l l sh r inkage 

M i c r o w a v e i r r a d i a t i o n 5 5 i m m u n o s t a i n 
in tense , u n i f o r m , 
boundar ies sharp ; 
s t ruc tu re excel lent 

* subject ive scale 1-5; 5 = m a x i m u m score 

I m m u n o h i s t o c h e m i c a l S t a i n i n g . B a s e d on the c o m p a r i s o n of f i xa t ion 
techniques , m ic rowave i r r a d i a t i o n was used for a l l subsequent evalu­
a t ions . Ace taminophen-p ro t e in adducts were detected i n t i s sue sect ions 
w i t h a mod i f i ca t ion of the unlabeled an t ibody enzyme m e t h o d descr ibed 
b y S te rnberger (1). Drug -p ro t e in ant igens were s t a ined b y sequent ia l 
i ncuba t ions w i t h 1) r abb i t a n t i 3 - C y s - A (di luted 1:350 i n P B S c o n t a i n i n g 
1% fetal bovine s e rum, 20 minutes ) , 2) sheep ant i - rabbi t l i n k i n g antise­
r u m , 20 m i n u t e s , 3) r abb i t peroxidase-ant iperoxidase ( P A P ) , 20 m i n u t e s , 
a n d 4) 3 ,3 ' -d iaminobenzid ine ( D A B ) subs t ra te (con ta in ing 0 .03% H2O2, 
20 minu tes ) . A l l incuba t ions were at r o o m tempera ture a n d s l ides were 
w a s h e d twice w i t h P B S between incuba t ions . Sec t ions were coun-
t e r s t a ined w i t h M a y e r ' s h e m a t o x y l i n . These reagents for i m m u n o ­
h i s t o c h e m i c a l de tec t ion of r a b b i t a n t i 3 - C y s - A were components of an 
immunope rox ida se s t a i n i n g k i t (Cambr idge R e s e a r c h L a b o r a t o r y , 
C a m b r i d g e , M A ) . T h e re la t ive content of 3 - C y s - A p ro te in adduc t i n l ive r 
cel ls was de t e rmined b y the depos i t ion of the m i c r o s c o p i c a l l y v i s ib l e 
b r o w n D A B reac t ion p roduc t at the s i tes of an t ibody b i n d i n g . T h e 
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a m o u n t of reac t ion p roduc t was p ropor t iona l to the q u a n t i t y of adduct . 
T h e subject ive es t imates of adduc t q u a n t i t y loca l ized i n h i s to log ic sec­
t ions of l i ve r were corrobora ted b y quan t i t a t i ve i m m u n o a s s a y of adduc t 
i n l i v e r homogenates (Rober t s et a l . , t h i s volume) . 

C o r r e l a t i o n of A d d u c t L o c a l i z a t i o n a n d T o x i c i t y . Sal ine- t rea ted con t ro l s 
h a d no hepatocyte i n ju ry a n d no adduc t fo rmat ion . F i g u r e 1 is an H & E -
s t a ined sec t ion of l i ve r f rom a sal ine-treated mouse (normal control) a n d 
F i g u r e 2 i s a (negative) i m m u n o s t a i n for 3 - C y s - A adduct , f rom the same 
a n i m a l . I n con t ro l s i n w h i c h n o r m a l p re - immune s e r u m was s u b s t i t u t e d 
for a n t i 3 - C y s - A an t ibody , no i m m u n o h i s t o c h e m i c a l r eac t ion p roduc t was 
present i n sect ions f rom adduct -pos i t ive a n i m a l s (F igure 5). 

Ace taminophen- re la t ed hepa to tox ic i ty was inferred f rom the mor­
phologic changes i n sect ions of l ive r f ixed b y mic rowave i r r a d i a t i o n , proc­
essed rou t ine ly , a n d s t a ined w i t h H & E u s i n g s t a n d a r d techniques . 
F i g u r e 3 depic t s an H & E - s t a i n e
three hours after 400 m g / k
of a l l lobules w i t h s p a r i n g of pe r ipor t a l areas i s cons i s t en t w i t h previous 
desc r ip t ions of ace taminophen- induced hepa to tox ic i t y a t the l i g h t mic ro ­
scopic (10-11), a n d u l t r a s t r u c t u r a l (17) levels . 

Th ree hours after a dose of 400 m g / k g ace taminophen the area i m -
m u n o s t a i n e d for adduc t w i t h a n t i 3 - C y s - A an t ibody (F igure 4), co inc ided 
e x a c t l y w i t h the necro t ic zone evident i n the H & E - s t a i n e d repl ica te sec­
t i o n f rom the same t i s sue b lock (F igure 3). I n t ime-course s tudies , the 
adduc t was present i n cen t r i lobu la r hepatocytes as ea r ly as 15 m i n u t e s 
after a d m i n i s t r a t i o n of ace taminophen, w i t h progress ive concen t r i c en­
l a rgemen t of the i m m u n o s t a i n e d area, w i t h i n c r e a s i n g i n t e n s i t y of s t a i n , 
to a m a x i m u m at two to four hours . Thereafter , the i n t e n s i t y of s t a i n 
decreased i n a n i m a l s e x a m i n e d at i n t e rva l s to 24 hours , as hepatocytes 
d i s in t eg ra t ed . F i g u r e 6 is an i m m u n o s t a i n e d l ive r f rom a mouse k i l l e d 
seven hours after 400 m g / k g ace taminophen . L e s s in tense adduc t 
s t a i n i n g was evident , compared w i t h the 3-hour sample depic ted i n 
F i g u r e 4. 

T h e q u a n t i t y of adduc t i n hepatocytes , as revealed b y i m m u n o s t a i n -
i n g , cor re la ted we l l w i t h the adduc t con ten t of the 10,000 χ g l ive r 
supernate f rom the same l ive r , measured b y quan t i t a t i ve i m m u n o a s s a y . 
F u r t h e r , i n dose-response s tudies , adduc t a c c u m u l a t i o n i n hepatocytes 
fol lowed deple t ion of hepatocel lu lar G S H . B y one hour after a 400 m g / k g 
dose, G S H was reduced b y > 9 0 % , a n d the adduc t was abundan t (7). 

Whereas i m m u n o s t a i n i n g revealed adduc t as ea r ly as 15 m i n u t e s 
after a 400 m g / k g dose, morpholog ic evidence of hepat ic in ju ry , as deter­
m i n e d b y l i g h t mic roscopy , was absent u n t i l one hour after d o s i n g . A t 
t h a t t ime , c loudy s w e l l i n g of cen t r i lobu la r hepatocytes a n d "piece-meal" 
necros is of i n d i v i d u a l cel ls were evident . B y two to three hours , however, 
there was m a s s i v e cen t r i lobu la r necros is , a n d s ign i f i can t hepa to tox ic i ty 
was also i nd i ca t ed b y an increase i n A L T i n s e r u m (7). A v a i l a b l e evi­
dence ind ica tes t ha t the 3 - C y s - A adduc t s t ha t appear i n s e r u m are 
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F i g u r e s 1-4. (F igure 1) N o r m a l l ive r . Sal ine- t reated c o n t r o l mouse . H & E 
s t a i n . C = cen t r a l v e i n . (F igure 2) N o r m a l l ive r . Sal ine- t rea ted c o n t r o l 
mouse . A n t i 3 - C y s - A i m m u n o s t a i n for ace taminophen adduc t i s negat ive . 
C = cen t r a l v e i n . (F igure 3) M o u s e l ive r 3 hours after 400 m g / k g aceta­
m i n o p h e n . H & E s t a i n . Hepa tocy te s i n cen t r i lobu la r reg ion ( w i t h i n 
arrows) are swol len a n d vacuola ted . M a n y are anuclear . M o s t are nec­
ro t i c . T h e pe r ipo r t a l r eg ion appears n o r m a l . C = cen t r a l ve in , Ρ = p o r t a l 
v e i n . (F igure 4) S a m e l ive r as F i g u r e 3. A n t i 3 - C y s - A i m m u n o s t a i n for 
ace taminophen adduc t i s s t r o n g l y pos i t ive i n cen t r i lobu la r hepatocytes 
(dark cells) , a n d negat ive i n pe r ipo r t a l hepatocytes . C = cen t r a l ve in , Ρ 
= p o r t a l v e i n . 
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F i g u r e s 5-8. (F igure 5) Same l ive r as F i g u r e 4. I m m u n o s t a i n con t ro l . 
P r e i m m u n e s e r u m was subs t i t u t ed for the o m i t t e d p r i m a r y an t ibody to 
ver i fy the spec i f ic i ty of the i m m u n o s t a i n to reveal 3 - C y s - A . N o reac t ion 
p roduc t i s present , despi te the presence of adduc t (compare w i t h F i g u r e 
4). (F igure 6) M o u s e l ive r 7 hours after 400 m g / k g ace taminophen . A n t i 
3 - C y s - A i m m u n o s t a i n for ace taminophen adduc t i s pos i t ive i n cen t r i lobu­
la r hepatocytes (dark cel ls) . A d d u c t has leached f rom l y s e d necrot ic 
hepatocytes nearest the cen t r a l ve in (C). T h e cen t r i lobu la r hepatocytes 
more d i s t a l to the cen t ra l ve in are also necrot ic , b u t s t i l l r e t a in adduct . 
S i n u s o i d s (arrows) are d i l a t ed . Ρ = p o r t a l v e i n . (F igure 7) M o u s e k i d n e y 
3 hours after 400 m g / k g ace taminophen . A n t i 3 - C y s - A i m m u n o s t a i n for 
ace taminophen adduc t is pos i t ive (dark cells) i n some p r o x i m a l ( long 
arrows) a n d some d i s t a l (short arrows) convolu ted tubules . (F igure 
8) M o u s e l u n g 3 hours after 400 m g / k g ace taminophen . A n t i 3 - C y s - A 
i m m u n o s t a i n for ace taminophen adduc t i s pos i t ive i n m o s t ep i the l i a l 
cel ls (dark cells) l i n i n g the bronchio les . T h e remainder of the l u n g is 
negat ive . 
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leached f rom damaged hepatocytes (9). B y e ight hours nea r ly a l l cen t r i ­
lobu la r hepatocytes were l y sed , a n d the i n t e r v e n i n g s inuso ids were d i ­
la ted . T h e progress ive l y s i s of necro t ic cel ls t ha t was evident i n H & E -
s ta ined sect ions corre la ted t empora l l y w i t h increases i n s e r u m of b o t h 
A L T a n d adduc t s (data not shown), l ibera ted f rom the d i s i n t e g r a t i n g 
hepatocytes (9). A t 24 hours , there was a moderate i n f l a m m a t o r y re­
sponse at the j u n c t i o n of the necro t ic cen t r i lobu la r zone w i t h the su rv iv ­
i n g pe r ipo r t a l hepatocytes , t ha t i nc luded p r o m i n e n t phagocy tos i s b y 
macrophages . T h e macrophages also con ta ined adduc t w h i c h was pre­
s u m a b l y scavenged f rom hepatocyte debr i s . B r i s k m i t o t i c a c t i v i t y a n d 
regenera t ion of hepatocytes were also present . T h e necro t ic cen t r i lobu la r 
reg ion co l lapsed a n d was remodeled over a three to five-day per iod . 

T h e u n i f o r m cen t r i lobu la r d i s t r i b u t i o n of adduc t a n d of necros is 
co inc ided w i t h the repor ted hepat ic d i s t r i b u t i o n of the e thanol - inducib le 
c y t o c h r o m e P-450 enzym
respons ib le for convers io
adduc t loca l i za t ion s tudies fur ther corroborate the role of t ha t enzyme 
s y s t e m i n p r o d u c t i o n of the react ive metabol i te responsib le for the ad­
d u c t fo rma t ion . I n add i t i on , the da t a suppor t the concept t ha t N A P Q I 
reacts w i t h p ro t e in at the s i te of i t s fo rma t ion a n d does not diffuse f rom 
cen t r i l obu la r hepatocytes to other cel ls s u c h as pe r ipo r t a l hepatocytes . 

T h i s s y s t e m was also used to demons t ra te 3 - C y s - A adduc t s i n the 
mouse k i d n e y a n d l u n g . Three hours after 400 m g / k g ace taminophen , 
adduc t was present i n m o s t p r o x i m a l a n d some d i s t a l convolu ted tubules 
i n the k i d n e y (F igure 7). I n the l u n g , adduc ts were r e s t r i c t ed to ep i the l i a l 
cel ls l i n i n g the b r o n c h i a n d bronchio les , s i tes p r ev ious ly repor ted to be 
the ta rge t of ace taminophen- induced necros is (20) a n d the loca t ion of the 
e thanol - inducib le P -450 (19) (F igure 8). 

C o n c l u s i o n 

U s i n g a d rug-pro te in adduc t as a b i o m a r k e r of ce l l i n ju ry , we have s h o w n 
t h a t i m m u n o h i s t o c h e m i s t r y c a n be a potent technique to complemen t 
other i m m u n o c h e m i c a l ana lyses to reveal i n s i t u the molecu la r i n s u l t 
assoc ia ted w i t h pa tho log ic change at the subce l lu la r level . W e l l -
cha rac te r i zed an t ibody i s essent ia l , as are we l l preserved t i s sue s t ruc­
tures a n d adduc t an t i gen i c i t y . Cor robora t ive evidence afforded b y other 
techniques , b o t h quan t i t a t i ve a n d t empora l , provides ample v a l i d a t i o n of 
the loca l i za t ion procedure. I m m u n o h i s t o c h e m i s t r y is subjec t ive ly semi­
quan t i t a t i ve . Carefu l a t t en t ion to p rocedura l de ta i l s s u c h as sec t ion 
t h i c k n e s s , i n c u b a t i o n per iods , a n d s t anda rd ized me thods improve repro­
d u c i b i l i t y a n d quan t i t a t i on . A u t o m a t e d image an a ly s i s s y s t e m s u s i n g 
d e n s i t o m e t r y or p h o t o m e t r y c a n provide fur ther enhancement . These 
me thods c a n be employed u l t r a s t r u c t u r a l l y as we l l , to p rov ide greater 
de t a i l r e g a r d i n g the loca l i za t ion of an t igenic m a r k e r s . 

Once va l ida ted , i m m u n o h i s t o c h e m i c a l techniques c a n be used i n 
re t rospect ive s tudies , t a k i n g advantage of t i ssues col lected for other pur-

In Immunoassays or Trace Chemical Analysis; Vanderlaan, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



30. BUCCI ET AL Antigenic Biomarkers in Microwave-Fixed Target Tissues 335 

poses. For example, they can be used after the fact to identify possible 
toxic agents in human tissues. Immunohistochemical surveys provide a 
potential approach to environmental monitoring in which sentinel ani­
mals or plants could be collected and evaluated for presence of adducts 
that were biomarkers of exposure. 

Localization of a specific adduct in tissue provides a visual fixed 
point of reference from which further questions may be posed regarding 
other correlates of injury: altered structure or function and quantifica­
tion of adduct. In the case of acetaminophen adducts in the liver, we 
showed that morphologic evidence of cell injury (histology), coincided 
consistently in time and location with quantity of localized adduct. 
Functional measurements revealed that clinical evidence of hepatic dys­
function also were proportional to histologic evidence of localized adduct 
and of injury. The concordance between adduct visualized in tissue sec­
tions and adduct measure
noassay was temporally
later as the adduct leaked from damaged cells and appeared in serum (7). 
Other correlations that strengthened the postulated mechanism of aceta­
minophen hepatotoxicity were the depletion of hepatic GSH antecedent 
to cell injury, and the coincident distribution of localized adduct, tissue 
injury, and ethanol-inducible P-450. 
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Readers are refered to the journal Food and Agricultural Immunology where a 
majority of the papers deal with food monitoring by immunoassay. 
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