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Abstract

Evidence has accumulated that herbicides in the environment present a significant health hazard
to the population. Therefore, the levels of heavily used substances such as atrazine and simazine
and their metabolites need to be regularly assessed. The objective was to develop a rapid and
simple tube ELISA procedure suitable for use in field studies and non-specialized laboratories.
The antisera used were polyclonal antibodies raised in sheep against atrazine or simazine amido
caproic acid conjugated to bovine serum albumin. The antibodies were first used to construct a
two-step competitive ELISA procedure in 96-well microtitre plates. The 96-well format was
then adapted to a coated-tube enzyme immunoassay, by immobilization of hapten-gelatine
conjugates on polystyrene tubes. This enabled the colour to be read using a basic spectro-
photometer. Soil samples were collected from agricultural and non-agricultural sites in Poland.
Atrazine and simazine were extracted by liquid extraction from soil and assayed by tube ELISA.
In addition, the samples were extracted by solid-phase extraction before analysis by HPLC. The
immunoassays and chemical analysis were carried out by different individuals who were
unaware of each other’s results, which were then compared at the end of the study. Correlation
of the two methods was excellent, with R =98.7 and 81.3 for atrazine and simazine, respectively.
The immunoassay yielded the same order of results without having to perform solid-phase
extraction before analysis. The study has demonstrated that the simple antigen-coated tube
assay provides a cost-effective and valuable screening test. Comparison with the more elaborate,
heavily labour-intensive HPLC analysis demonstrated that the results obtained by the simpler
enzyme-immunoassay tests were within the same order.
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Introduction

Atrazine and simazine are systemic herbicides that are absorbed via the roots
(simazine) or both roots and leaves (atrazine) of plants. They affect photosynthesis
by disruption of the electron transport chain in photo complex II (Gysin & Knuesli
1960, Kobbia et al. 2001). Atrazine is most widely used on corn and sorghum;
whereas simazine is used on higher value crops, e.g. citrus (US Environmental
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Protection Agency 2005a, 2005b). They are low cost and atrazine is used more heavily
(between 70 000 and 90 000 tons worldwide per year (Hayes et al. 2002). They are
relatively mobile in the environment and migrate readily through soil into the aquatic
environment (Lee et al. 1999). Their half-life in freshwater is 8350 days (Diana et al.
2000). Both atrazine and simazine have been detected in rainfall, river and lake water,
with levels varying between 0.1 and 40 ng1~ ' (Hayes 2004). However, much higher
levels of 445 ng1~! have been reported in surface waters (Hall et al. 1993). The
triazine herbicides are endocrine-disrupting compounds (Bisson & Hontela 2002,
Hayes 2004). Atrazine affects the sexual maturation in males of a number of species
including frogs (Hayes 2004), rats (Stoker et al. 2002) and Atlantic salmon (Moore &
Waring 1998). In humans there appears to be a causal link between long-term
exposure of triazines (especially atrazine) with breast, ovarian (Kettles et al. 1997) and
prostate cancer (Hayes et al. 2002).

Simazine and atrazine are also used to control weeds on roadside verges, railway
lines and footpaths. They are easily leached from the sites of application to surface
water, drains or water courses (Meakins et al. 1995). In addition, they are used
seasonally (Albanis et al. 1998, Garmouma et al. 1998, Steen et al. 2001). Recently,
the European Union Commission published policy documents regarding the use of
these herbicides (EU 2004a,b) and under this legislation a number of countries are
still permitted to use atrazine and simazine, but the total contamination level of these
pesticides and their breakdown products should not exceed 0.5 pg1~ ' (EU 1980). In
the USA, higher levels are acceptable, e.g. contamination in drinking water is of 4 and
3 ng 1! for atrazine and simazine, respectively (US Environmental Protection Agency
1988). Evidence has accumulated that this heavily used class of herbicides may
present a significant health hazard to consumers with emphasis on the possible long-
term effects on developing endocrine systems. Therefore, the levels of the various
parent compounds (mainly atrazine and simazine) and metabolites need to be
assessed regularly to meet the legislative minimum levels.

If a management programme is to be effective, frequent analysis of samples from the
same areas is required throughout the year. This will necessarily place considerable
costs on laboratories, which will require complex equipment and highly skilled
laboratory staff trained in different areas of analysis. Soil samples need special
treatment before analysis since pesticides have to be extracted from soil matrices.
These compounds are usually measured following a variety of extraction procedures
(Pacakova et al. 1996, Tekel & Hatrik 1996, Tadeo et al. 2000). Liquid chromato-
graphy using thermospray mass spectrometric (LC-TSP-MS) is one of the best
methods available for pesticide analysis. Liquid chromatography with ultraviolet
detection (LC-UV) (Tekel & Hatrik 1996, Matsui et al. 2000, Pinto & Jardim 2000)
and diode array detection (HPLC-DAD) are used for the determination of triazines.
Diode-array detection can be used to scan the entire range of the UV-VIS spectrum,
allowing interfering or overlapping peaks to be identified (Dean et al. 1996, Scriber
et al. 2000, Prosen & Zupancic-Kralj 2005).

The advantage of immunological methods is that they require a less complex sample
treatment, are cost-effective, are rapid to perform and allow a higher throughput
(Durand & Barcelo 1991, Albanis et al. 1998, Kramer et al. 2001) than HPLC.
Procedures have been developed for the various classes of herbicides, pesticides and
pollutants from wastewater and industrial pollutants (Goodrow et al. 1990, Harrison et
al. 1991, Sherry 1997, Lee & Kennedy 2001). Enzyme-linked immunosorbent assay
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(ELISA) is normally carried out in microtitre plates that require specialized
instruments and experienced personnel. This limits the use of ELISA to well-equipped
laboratories. Initially solid-phase immunoassays based on antibody-coated polystyrene
test tubes were used (Catt & Tregear 1967, Engvall & Perlmann 1972), which only
required a basic spectrophotometer or fluorimeter. This method is easier to carry out
since the larger volumes are easier to manipulate for less experienced workers and
avoids the use of the 96-well format and associated equipment. Some tube-based
procedures are available commercially Atrazine Tube Kit (Beacon Analytical Systems,
Inc., Portland, ME 04103, USA) as well as an assay based on microparticle
agglutination inhibition for atrazine (Li et al. 2003; Sherry & Borgmann 1993).

In the present study, the utility and advantages of an alternative antigen-coated tube
ELISA using antisera developed in-house are described. Soil samples from several
areas in Poland were analysed for atrazine and simazine using both the coated tube
enzyme immunoassay and by an established HPLC procedure. Analysis of extracted
soil samples was carried out by blind procedures and the results for ELISA and HPLC
were compared at the end of the study.

Materials and methods
Materials

Atrazine and simazine were obtained from Reidel-de-Haén (Seelze, Germany).
Polystyrene ELISA star-bottomed high-bind tubes and 96-well microtitre high-bind
ELISA plates were obtained from Greiner Bio-One Ltd., Brunel Way, Stroudwater
Business Park, Stonehouse, Gloucestershire, UK. Phosphate-citrate tablets, pH 5,
PBS sachets (0.138 M NaCl, 0.0027 M KCl, pH 7.4), fish gelatine, Tween 20, goat
anti-sheep-horse radish peroxidase conjugate, 2,2’-azino-bis (3-ethylbenzothiazolone-
6-sulphonic acid) di-ammonium salt (ABTS) tablets were from Sigma Chemical Co.
(Poole, UK). Acetonitrile, methanol and water for HPLC analysis (HPLC grade)
were obtained from Merck (Darmstadt, Germany). Bakerbond solid-phase extraction
(SPE) columns packed with 500 mg aromatic sulfonic acid columns were obtained
from J. T. Baker (Deventer, the Netherlands). The following reagents were obtained
from POCh S.A. Gliwice Poland: acetonitrile, acetic acid, citric acid, hydrogen
peroxide, methanol, potassium phosphate dibasic, sodium acetate and sodium
fluoride, all analytical grades.

Apparatus

HPLC analysis was carried out using an 1.-6200 A liquid chromatograph with an
L-4500 diode array detector (Merck Hitachi). The columns used were C;g columns
(25 cm x 4.6 mm i.d., 5 pm); SPE-12G and PhSO3;H SPE columns were purchased
from J. T. Baker; spectrophotometric measurements were made with a SPEKOL 10
(Carl Zeiss, Jena, Germany).

Methods

Extraction of soil samples. The soil samples were collected from a range of different
Polish sites, according to the Polish Norm (PN-11466) protocol (Table III). The soil
samples were dried by heating them in an oven and sieved through a 0.102 mm mesh.
Chloroform (100 ml) and soil (100 g) were placed in a 300-ml flask. The mixtures were
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allowed to stand for 24 h after which they were shaken vigorously using a shaker for
2 h (Pieszko & Baranowska 2000). After filtration through Whatman filter paper, the
chloroform was allowed to evaporate at ambient temperature until a residue remained.

Sample preparation for HPLC analysis. The residue from the chloroform extraction was
dissolved in 5 ml acetonitrile. Columns packed with 500 mg aromatic sulfonic acid
washed with 25 ml acetic acid/HPLC grade water (1:99) and 5 ml soil extract were
aspirated through the column. The column was then washed with 2 ml acetic acid/
HPLC-grade water (1:99), followed by 1 ml acetonitrile, 3 ml HPLC-grade water and
finally 1 ml 0.1 M potassium phosphate dibasic. The column was allowed to air dry
under vacuum after each addition. Triazine herbicides were eluted with 2 ml
acetonitrile/0.1 M potassium phosphate dibasic (1:1). Three samples were prepared
simultaneously from each soil sample and three determinations were carried out on
each sample.

Chromatographic conditions. Samples were first concentrated on PhSO5H solid-phase
extraction columns and then analysed by HPLC using a C;g column. Maximum
sensitivity for atrazine and simazine was achieved at 224 nm. Analyses were performed
using isocratic elution at flow rate of 1.0 mlmin~'. The mobile phase contained
methanol:water (1:1) (Baranowska et al. 2005).

Sample preparation for ELISA analysis. The residues from 100 g extracted soil were
taken up into methanol (1 ml). Phosphate-citrate buffer (9 ml) was added to the
methanol solution; aliquots (0.1 ml) of the buffered solution were then further diluted
to 5 ml in the same buffer (1/50 dilution). Duplicate samples (1.5 ml) of the diluted
soil extracts were transferred into glass test tubes. Finally, 0.75 ml of the appropriate
diluted antisera were added and the assay performed as described below.

Antisera. Polyclonal antisera to atrazine and simazine were generated in sheep using
hapten-caproic acid derivatives according to Goodrow et al. (1990). The plate-coating
antigens were prepared using triazine-O-phenoxy benzoic acid derivatives and gelatine
according to a published procedure. The characterization of antisera and optimization
of the solid-phase competitive enzyme immunoassays were performed according to a
published procedure (Abuknesha & Griffith 2005).

Tube and plate enzyme-immunoassays. ELISA tubes (Greiner BioOne) were coated with
1 ml gelatine conjugates (tube-coating antigen complexes) of either atrazine-O-
phenoxybenzoic acid or simazine-O-phenoxybenzoic acid at 0.2 ug ml ! diluted in
buffer made from PBS sachets (Sigma). The coating of the ELISA tubes was carried
out for 3 h at room temperature before storage at —20°C for 16 h. After washing four
times with 2.5 ml PBS containing 0.05% Tween 20, ELISA tubes were blocked for
50 min with 2.5 ml blocking buffer (PBS with 0.5% fish gelatine; Sigma Aldrich Ltd).
The coated and blocked ELISA tubes were washed four times before assay.
Competitive immunoassays for both compounds were performed in the same format.
The appropriate antiserum (0.75 ml) was incubated in duplicate in glass test tubes.
The optimal dilutions of antisera made in PBS with 0.5% fish gelatine were 1/20 000
and 1/40 000 for atrazine and simazine, respectively. Analyte solutions (atrazine and
simazine, 1.5 ml) were prepared in phosphate-citrate buffer pH 5 starting at
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10 ng ml ! and diluted by one-third to provide a range of 10, 3.34, 1.12, 0.37, 0.12,
0.04 and 0.01 ng ml ™~ '; zero reference was buffer only. The incubation of antibody
and analyte was carried out for 1 h at 37°C with washing as above. At the end of the
incubation period, 1 ml of the antibody and of the analyte mixture were transferred to
the antigen-coated blocked ELISA tubes and left for 20 min with shaking at room
temperature before the ELISA tubes were washed as above.

Goat-anti-sheep-HRP conjugate (1/2000, 1 ml) was added after washing as above
to the ELISA tubes and incubated for 1 h at 37°C. The colour was developed, after
washing as above, by adding 1 ml of a solution of ABTS (50 mg) and hydrogen
peroxide (40 pl) in 100 ml sodium acetate-citrate buffer, pH 4.1. After standing for
10 min, the reaction was stopped with 50 pl 2% sodium fluoride. The absorbance was
measured at 405 nm using a spectrophotometer (SPEKOL 10).

Standard ELISA assays using 96-well microtitre plates were performed using the
same reagents and procedure except that the assay volumes were 0.15 ml, plates were
washed using a plate washer (Ultrawash plus, Dynex, West Sussex, UK) and the
colour was read using a standard microtitre plate reader (Anthos 2001, Salzburg,
Austria).

The cross-reactivities of the antisera and assays were assessed by ELISA according
to Abraham (1975) and Butler (1975), and the cross-reaction levels of related triazines
were calculated using the 50% inhibition procedure, taking atrazine or simazine as
100% for the respective assays.

The recovery of spiked atrazine and simazine aqueous samples was assessed by
using three levels of the analytes: 0.1, 2 and 5 ng ml ~'. Each spiked level was assessed
in triplicate with the respective tube assays on each of 2 days, alongside the calibrant
solutions.

The effect of added methanol (5, 10 and 20%, v/v) on the analyte dose—response
curves was assessed according to the method of Abuknesha & Griffith (2005).

Statistics

Fitted line regression analysis and Spearman rank correlation were carried out using
Minitabs Statistical Software (v.13 for Windows; Minitab Ltd, Coventry, UK).

Results
Validation of immunoassay procedures

Dose—response curves for atrazine and simazine were virtually identical when the
antigen-coated procedure was carried out using tubes or microtitre plates (Figures 1
and 2). Interestingly, the coating antigen complexes and antisera were used at the
same dilution for both the tube and the microtitre plate assays. This indicates that the
assay signal was proportional to the concentration rather than to the total amount of
reagents or assay volume. It was therefore possible to compare directly the standard
ELISA procedure with the coated tube assay.

The response (absorbance) of the calibration curves shown by the two assays, the
standard plate format and in the coated-tube format, was highly comparable. Figure
1A and 2A show the similarity of these two formats for atrazine and simazine,
respectively. To compare directly the dose—response curves, the obtained response
(absorbances) using the two formats were normalized (Figure 1B and 2B) for atrazine
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Figure 1. Atrazine dose—response curves using the tube and plate format. Both ELISA formats were
constructed using atrazine-O-phenoxy acetic acid-gelatine conjugate as the coating antigen. The assay
parameters (By, slope, ICso, R?) are essentially the same for both assays. The dose—response graphs were
taken from concentration against absorbance (A) and the normalized response (B).

and simazine, respectively. The concentration of standard analyte that inhibited
antibody binding by 50% (ICs), the binding at zero analyte concentration (By) and
the slope of the curves were virtually identical when the enzyme immunoassay was
carried out in either a plate or coated-tube format. The agreement between
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Figure 2. Simazine dose—response curves using the coated tube and microtitre plate formats. See Figure 1

for further details.

concentration and response was good as defined by the R? values. The minimum
detection limits (the concentration that gave 90% inhibition) were estimated to be
about 0.012+0.002ngml ™' (0.012 ugl™ ') for both assays. The cross-reaction
values shown by the two antisera are given in Table I. Both antisera showed low
cross-reactivities to simetryn and, importantly, to desethylatrazine, which is a major
metabolite of atrazine. However, as is well documented (Wortberg et al. 1996,
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Table I. Cross-reactivity of the atrazine and simazine antisera with a selection of s-triazine compounds.

Percentage cross-reaction

Compound Anti-atrazine Anti-simazine
Atrazine 100 101.1
Prometryn 177.4 0.4
Ametryn 126.5 3.6
Propazine 94.9 18.0
Desethylatrazine 6.9 2.9
Simazine 59.7 100
Simetryn 3.9 1.6
Irgarol 1051 7.4 0.5
Terbuthylazine 1.2 127.7

Values are percentage cross-reactivity.

Thurman & Aga 2001) with other immunoassays for this class of compounds both
antisera showed high cross-reactivities to a number of the s-triazine compounds.

Recoveries of the three spiked levels of aqueous samples were between 83 and
111%, which is within the acceptable values for immunoassay screening methods.

The addition of increasing percentages of methanol (5, 10 and 20%) to the analyte
buffer over the range 0.002—10 ng ml ! atrazine or simazine for the respective assays
(Figure 3) did not adversely affect the performance of either assays. The dose—
response curves were only marginally affected by 5 and 10% methanol. However,
20% methanol caused the dose—response curves to show slightly lower absorbances
and become flatter.

Analysis of the herbicide content in soil samples by ELISA and HPLC

The amount of each herbicide recovered in the soil samples determined by HPLC and
ELISA are shown in Tables III and IV. Regression analysis of the two sets of data
found that atrazine values had r=98.6% and simazine » =81.4% (Figures 4 and 5).

The Spearman rank correlation coefficients between HPLC and ELISA were 0.993
for atrazine with p <0.0005 and 0.936 for simazine with a p <0.0005, using HPLC as
the predictor and ELISA as the response. These data indicate that the procedure of
extraction atrazine and simazine from soil samples was suitable for both methods. In
addition, the determination of these compounds could be carried out effectively by

Table II. Coefficient of variation (%) and percentage recovery of atrazine or simazine recovered in the tube
assays. The assays were performed with spiked samples in the Polish laboratory as described in the Materials
and methods.

Atrazine assay Simazine assay
Day 1 Day 2 Day 1 Day 2

Spiked level  Percentage Percentage Percentage Percentage

(ng ml 1) recovery % CV recovery % CV recovery % CV recovery % CV

5 111.6 0.4 97.8 3.6 86.9 0.7 85.6 1.5

2 106.4 3.3 117.2 1.0 83.6 5.2 98.5 1.9

0.1 101.9 4.1 102.3 3.7 87.8 8.4 86.2 1.9
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Figure 3. Effect of methanol on the dose—response curves for atrazine (A) and simazine (B) over the
calibration range of 0.002—10 ng ml~'. Both assays appear to tolerate up to 10% methanol.

either procedure. However, the ELISA procedure proved to be more sensitive since in
some of the soil samples the levels of atrazine and simazine were too low to be detected
by HPLC. The results obtained with samples obtained from various localities and type
therefore provided an opportunity to assess the value of the simpler coated-tube
enzyme-immunoassay method carried out in a non-immunoassay laboratory, analy-
tical chemistry environment.
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Table III. Estimation of atrazine levels in soil samples by ELISA and HPLC (ng atrazine g ! of soil) as
determined separately by either ELISA or HPLC analysis. Analysis was carried out by different workers who
were unaware of the results until the completion of the study. The type of cultivation of the soil is indicated.

ELISA HPLC

Sample Cultivation type Day 1 Day 2 Day3 Mean+SD Test1 Test2 Test3 Mean+SD

1 Meadow 2.0 1.6 2.0 1.9+0.3 2.6 3.0 2.8 2.940.2
2 Meadow 6.1 6.1 6.8 6.3+0.4 6.1 6.6 6.2 6.0+0.2
3 Meadow 4.3 3.2 3.9 3.840.6 3.0 3.8 3.4 3.440.4
4 Meadow 0.6 0.7 0.6 0.7+0.1 0.7 0.8 0.8 0.84+0.1
5 Meadow 2.1 1.5 1.0 1.5+0.6 1.0 1.2 1.0 1.0+0.1
6 Meadow 4.5 4.0 4.6 4.440.3 5.3 5.1 5.8 5.4+0.4
7 Orchard 4.9 2.6 2.1 32415 2.8 3.0 4.2 3.340.7
8 Wheat field 1.0 0.8 0.9 0.9+0.1 1.0 1.5 1.1 1.2+0.2
9 Wheat field 11.3 9.4 109 10.6+1.0 12.6 138 123 12.4+0.2
10 Strawberry field 2.4 2.3 2.0 2.24+0.2 2.7 3.0 2.2 2.6+0.4
11 Strawberry field 6.5 2.7 4.5 4.6+1.9 6.1 5.5 5.2 5.64+0.4
12 Beet fields 11.5 4.8 7.8 8.0+3.4 7.2 6.6 6.0 6.6+0.6
13 Orchard 1.1 0.6 0.6 0.84+0.3 n.d. n.d. n.d. -
14 Wheat field 25.0 17.9 16.5 19.8+4.6 18.0 20.1 18.8 19.0+1.1
15 Wheat field 21.1 19.8 21.7 21.0+1.1 186 254 172 21.4+4.4
16 Wheat field 46.9 38.6 52.5 4594+7.2 39.2 37.2 40.8 39.1+1.8
17 Meadow 9.3 9.4 8.8 9.240.3 8.9 7.8 8.5 8.44+0.5
Discussion

The principal objective of this study was to assess the utility and value of antigen-
coated tube enzyme-immunoassays in the measurement of two commonly used
herbicides. It was particularly important to establish whether this procedure was

Table IV. Estimated concentrations of simazine levels in soil samples by ELISA and HPLC (ng simazine g

soil) in the extracted soil samples analysed by either ELISA or HPLC. For further details, see Table III.

ELISA HPLC

Sample Day 1 Day 2 Day 3 Mean +SD Test 1 Test 2 Test 3 Mean +SD

1 1.3 1.7 2.4 1.8+0.6 1.5 1.7 1.7 1.6+0.2
2 3.0 3.9 3.0 3.3+0.5 2.2 4.4 2.6 2.440.3
3 1.1 2.5 1.6 1.8+0.7 1.7 2.9 1.1 1.94+0.9
4 - 0.2 0.0 0.1+0.1 - - - -

5 2.6 5.0 6.2 4.6+1.8 4.4 4.3 4.8 4.540.3

6 0.9 2.0 1.6 1.5+0.6 1.6 1.7 1.4 1.5+0.2

7 0.3 1.2 1.3 1.0+0.5 - - - -

8 2.1 0.4 0.1 0.9+1.1 - - - -

9 1.5 2.9 2.5 2.3+0.7 3.9 3.1 3.5 3.8+0.4
10 3.2 6.3 7.8 5.8+2.3 6.7 6.6 6.9 6.7+0.2
11 8.7 7.2 12.8 9.6+2.9 8.7 4.8 7.8 8.2+0.6
12 3.7 4.4 4.4 4.2+0.4 3.2 5.0 5.1 44+1.0
13 - 0.4 0.7 0.4+0.3 1.5 0.9 1 1.1+0.1
14 5.8 8.4 6.5 6.9+1.3 6.5 5.1 5.5 5.7+1.0
15 3.6 5.4 10.6 6.5+3.6 2.0 2.8 3.1 2.6+0.5
16 5.1 9.1 19.2 11.1+7.3 10.9 15.4 12.5 12.9+2.3
17 0.2 0.2 0.2 0.2+0.0 1.1 1.0 1.2 1.14+0.1
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Figure 4. Regression plot of atrazine ELISA data compared with HPLC results with the same samples; the
estimation of levels is in ng g~ ! soil.

suitable for use in a laboratory that lacked immunoassay equipment, therefore making
the procedure more widely available. The advantages of the coated-tube enzyme-
immunoassay procedure are its high sensitivity, basic specificity, simplicity and ease of
performance. The difficulties encountered in handling small volumes are avoided and
the procedure is much more flexible than the 96-well plate format, making it more
useful for environmental and field screening studies. The coated-tube enzyme-
immunoassays can be performed by less skilled workers in a field situation, allowing
the test to be performed nearer the sites of potential contamination. In the present
study, the developed test proved robust and could be readily incorporated into
screening programmes and would not require the involvement of a high-tech
laboratory.

Regression Plot, for simazine

C1 = 0.489694 + 0.909898 C2 °
10 - S=144351 RSq=859% R-Sq(ad))=814%

)
(@)
2
&
5 5
L
o4 ¢

HPLC (ng/g)

Figure 5. Regression plot of simazine ELISA data compared with HPLC results with the same samples; the
estimation of levels is in ng g~ ! soil.

RIGHTES

Wy



Biomarkers Downloaded from informahealthcare.com by Hacettepe Univ. on 11/18/12
For personal use only.

302 Robert G. Price et al.

The results obtained demonstrated that the tube assay for atrazine and simazine
showed a high degree of correlation with those obtained using the standard 96-well
plate ELISA, indicating that the tube assay could be used for direct assay
measurements if required. The minimum detection limit (0.012 pg1~ ') was within
the requirements of most regulatory bodies (EU 1980, US Environmental Protection
Agency 1988). Both assays had a high level of sensitivity, and the incorporated
reagents had a long shelf-life (2.5 years). The present study has demonstrated their
utility for the assay of herbicides in soil, but they could easily also be applied to river
water or wastewater samples.

Tube assay kits for atrazine and simazine and many other herbicides have been
described (Fleeker & Lovett 1985, Sherry & Borgmann 1993), however they are based
on the adsorption of antibodies and ligand—enzyme tracers not on the coated-antigen
format, adsorbed to tubes. In our hands, the antigen-coated tube approach is more
convenient because of the stability of the coated antigen and the faster kinetics of
binding of antibodies in solution. In addition, the antisera could be stored for several
months or years under ammonium sulphate and the second antibody-labelled tracer is
a generic reagent and can be obtained worldwide. The coated tube assay as described
avoids contact between the tracer enzyme and samples and, therefore, the possible
effect by sample components on the enzyme tracer. Extracts from soil samples may
vary widely with unpredictable effects on the tracer enzyme, which could lead to
misleading results.

There was cross-reactivity of these antisera with related triazines. However, the
levels of both atrazine and simazine estimated by the individual ELISAs were in line
with the HPLC results. The cross-reactivity of the two antisera to the related triazine
compounds as shown by the ELISA (Table I) did not appear to affect the levels of
these two compounds detected by the immunoassays in soil samples when compared
with the results obtained by HPLC-DAD. This is probably because the actual
interference within the assay is rather less that suggested by the method used to
estimate the cross-reactivity. The proportions of the target analyte and the analogues
in the actual sample may also be a factor. However, the critical issue here is not
absolute specificity, but rather the convenience and practicality of the coated-tube
assay coupled with a good specificity range that provides a useful answer.

Analysis of the soil samples by the coated ELISA method and HPLC were carried
out by different workers as part of a blind study. The excellent correlation found
between the results for both herbicides (Figures 4 and 5) indicated that the methods
were interchangeable and that the convenience and greater sensitivity of the tube
method would allow its widespread use in environmental studies and monitoring.
Further, in some samples there were some differences between results obtained by
HPLC and ELISA methods. One difficulty encountered when using HPLC for the
analysis of complex soil sample matrix was the incomplete fractionation of compounds
in the concentrated extracts, which may cause interference with the analysis. In
contrast, this possible source of interference was much reduced in the immunoassay
by virtue of diluting the samples before analysis. HPLC had limits in its sensitivity
probably due to the detection system used in this instance. Whereas ELISA was a
much more sensitive method which avoided interference by other compounds or
derivatives present.

The principal objective was to demonstrate the utility of atrazine and simazine
enzyme immunoassays for the screening of soil samples and particularly to
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demonstrate the performance of the coated-tube enzyme immunoassay format in non-
immunoassay laboratory environment. This assay format offers a number of technical
and logistical advantages including the obviation of handling small volumes and the
use of multi-pipettes, plate washer and readers. In addition, the larger assay volumes
allows diluting samples, a much reduced dependence on workers’ experience in liquid
handling, and possibility of using standard spectrophotometers for measuring
absorbances. The method is ideal for exploiting the many advantages of antibody-
based analysis by non-immunoassay laboratories.
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