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a b s t r a c t

Pesticides may contaminate ground and surface waters and one of the major factors governing this prop-
erty is soil sorption. Sorption can be assessed by batch equilibrium technique which produces lots of
extracts with high dissolved organic carbon concentration in which the pesticide concentration has to be
vailable online 17 June 2011
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determined. We developed an ELISA procedure to analyse atrazine based on polyclonal antibodies (C193)
for which tracer structure and dilutions of immunochemical reagents were adapted to fit the purpose.
After a 1000-fold dilution (or after an SPE clean-up procedure) extracts of a sewage-sludge amended
luvisol (used as an example application of the methodology developed) could be reliably analysed. The
Freundlich model is able to describe adsorption for this system (r2 = 0.977) delivering a distribution

(mg k −1 −1 −N

orption coefficient KF of 1.6 ± 0.2

. Introduction

Pesticides are important in modern farming, being practically
mpossible to produce the enormous quantities of food that are
equired to feed the world’s growing population without their use.
owever, pesticides may constitute also a significant source of con-

amination of air, water, soil and food products [1]. Some are stable
n the environment, undergo bioconcentration along the trophic
hains and can be toxic to insects, fish and other water organ-
sms, birds and mammals, including humans. The bioconcentration
f these compounds is therefore considered to be hazardous for
rganisms on the top of the trophic pyramid [2].

Among the herbicides, some of the most frequently used belong
o the triazines group [2]. The most prominent member of this
roup is atrazine (2-chloro-4-(ethylamino)-6-(isopropylamino)-s-
riazine) a weak-base, with a pKa of 1.7 [3,4], moderately soluble in
ater (28 mg L−1 [5]) and widely used to control annual grasses and

roadleaf weeds. Atrazine constitutes one of the most important
ollutants in ground water of many countries [6,7] and it is there-
ore important to monitor its concentration in the environment
2].

Atrazine has been recently recognized as an endocrine disrup-

or for mammals and aquatic life [8]. Because of the ubiquitous
nd inevitable water contamination, its use has been banned in the
uropean Union countries in 2003, legislation permitting only a

∗ Corresponding author. Tel.: +351 234 401 408; fax: +351 234 370 084.
E-mail address: valdemar@ua.pt (V.I. Esteves).

039-9140/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2011.06.024
g ) (mg L ) and an isotherm nonlinearity factor N of 0.70 ± 0.09.
© 2011 Elsevier B.V. All rights reserved.

very low concentration of atrazine in drinking water (0.1 �g L−1)
[8,9]. As a consequence of its solubility, high chemical and biologi-
cal stability in soils and aquifers, widespread use and considerable
leaching potential, atrazine has been detected in surface, ground,
and drinking waters, sometimes at elevated concentrations exceed-
ing the permissible levels [6,7,9,10].

The fate of organic pollutants in the environment involves com-
plex phenomena [11,12] and from all of the many processes likely
to occur, sorption phenomena are of the most relevant, controlling
mobility, persistence and degradation of pollutants such as atrazine
[13–15]. As a result, the sorption determines either the pesticide
will persist in the top soil layer or be transported and become a
pollutant (especially to groundwater) [16,17].

The adsorption coefficient of an organic molecule, such as
atrazine, in soil, is usually assessed via batch equilibrium experi-
ments following the OECD guideline 106 [18]. This method is easily
used for laboratory routine with the main advantage of separating
the soil and solution obtaining a large volume for analysis. Sam-
ple preparation for traditional analytical detection techniques, can
involve considerable time in extracting and concentrating pesti-
cide residues before analysis [19]. HPLC is the most commonly
used method for monitoring sorption of atrazine onto soils [20–23]
but also requires a long sample preparation due to clean-up pro-
cedures necessary prior to analysis. Other possible techniques to
follow sorption phenomena are liquid scintillation counting (LSC)

[4,24–26], micellar electrokinetic chromatography (MEKC) [27]
and voltammetry [17], however these methods can be costly and
time consuming. Conversely, an enzyme-linked immunosorbent
assay (ELISA) offers a way to quantitatively determine residual pes-
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icide concentrations in water and soil samples with much less
ffort, higher sensitivity, simplicity, quicker sample turnover time
nd often no need for sample clean-up or pre-concentration steps
19,28]. Accordingly, ELISA has been favourably compared with GC
nalysis when used for the evaluation of pesticide levels in surface
nd groundwater samples [29–31].

However, like in all analytical procedures, when using enzyme
mmunoassays on soil extracts some problems may arise due to
o-extracted cross-reacting compounds or matrix effects. Matrix
ffects may produce false-positive results derived from the
nterference due to synthetic or natural substances, including struc-
urally similar compounds, halogens and dissolved organic carbon
DOC), that interact with the antibody or the enzyme tracer impair-
ng binding or activity of the tracer, leading to a lower signal [19,32].
he effect of DOC on standard solutions in an immunoassay has
een assessed before and matrix effects were attributed to interfer-
nce with the attachment of atrazine to the antibody [19]. However,
iluting the soil extract in water, the possible matrix effects were
educed [33].

The aim of this study was to develop an ELISA technique that
ould be used in the determination of atrazine in soil sample batch
quilibrium solutions in order to follow the sorption behaviour of
his pesticide onto soil samples. The optimized ELISA and a pre-
iously developed MEKC methodology [27] were applied to a soil
ample and results compared.

. Materials and methods

.1. Soil sample

The soil sample was collected (0–30 cm) from a long-term field
xperiment which was established in 1962, at the experimental
arm of INRES - Institute of Plant Nutrition, University of Bonn, on a
uvisol derived from loess (17.8% clay, 67.3% silt, 5.9% sand), fol-
owing a cereal-root crop sequence [34]. The soil was amended

ith sewage sludge from municipal wastewater treatment facil-
ties (14.88 t ha−1). Therefore the organic carbon content of the
elected soil was relatively high (1.98%) and soil pH was 6.5. The
oil sample was air-dried and passed through a sieve, mesh size
mm.

.2. ELISA

.2.1. Reagents and materials
All reagents were of analytical or biochemical grade and were

sed as received. Horseradish peroxidase (HRP) (EIA grade) was
btained from Roche, GuardianTM (an enzyme stabilizer) was from
erbio. Tetramethylbenzidine (TMB) and TweenTM 20 were pur-
hased from Serva, sodium azide was from VWR, ultrapure water
as obtained by running demineralized water through a Milli-Q
ater purification system from Millipore. Atrazine and all buffer

alts were supplied by Sigma–Aldrich. Sephadex columns were
rom Amersham Biosciences. For the immunoassay the following
uffers were used: washing buffer concentrate (60×) (43 mmol L−1

H2PO4, 375 mmol L−1 K2HPO4, 1.33 mmol L−1 sorbic acid potas-
ium salt and 3% TweenTM 20, pH 7.6), PBS buffer (10 mmol L−1

aH2PO4·2H2O, 70 mmol L−1 Na2HPO4·2H2O, 145 mmol L−1 NaCl,
H 7.6), coating buffer (15 mmol L−1 Na2CO3, 35 mmol L−1 NaHCO3,
mmol L−1 NaN2, pH 9.6) and substrate buffer (200 mmol L−1 citric
cid monopotassium salt buffer containing 3 mmol L−1 H2O2 and
.01% sorbic acid potassium salt, pH 3.8). A stabilized TMB solution

41 mmol L−1 TMB, 8 mmol L−1 tetrabutylammoniumborohydride
n dimethylacetamide) was prepared according to Frey et al. [35].
he final substrate solution consists of 540 �L TMB solution in
1.5 mL substrate buffer and was freshly prepared for each run.
5 (2011) 1494–1499 1495

Microtiter plates used were transparent with 96 flat-bottom wells
possessing high binding capacity (MaxiSorpTM, Nunc). Washing
steps were carried out using an automatic plate washer (Atlantis,
Asys Hitech). The incubation of the plates was performed using a
plate shaker (Titramax 100, Heidolph). Absorbance was measured
at 450 nm and referenced to 620 nm with a plate reader (UVM 340,
Asys Hitech).

2.2.2. Antibody
Antiserum production for the polyclonal antibody C193 was

described by Wittmann and Hock [36]. Direct ELISA procedure and
suitability of this antibody for sensitive atrazine analysis has been
reported [37–39].

2.2.3. Preparation of enzyme conjugates
Six triazine derivatives have been selected for tracer synthesis

(Fig. 1).
Syntheses and naming of derivatives were carried out by Weller

[40,41], as well as initial comparison of their binding properties
[40,42].

In order to produce enzyme tracers of different struc-
ture the six selected triazine derivatives were coupled to HRP
using modifications of the active ester method described by
Schneider and Hammock [43]. Triazine derivatives (10 �mol),
20 �mol of N-hydroxysuccinimide (NHS) and 10 �mol N,N-
dicyclohexylcarbodiimide (DCC) were dissolved in 120 �L tetrahy-
drofuran (THF) and stirred at room temperature overnight. The
mixture was centrifuged at 1750 × g for 10 min, 6 �L of the THF
supernatant was added dropwise to 200 �L stirred peroxidase solu-
tion (2.21 mg HRP in 1 mL 0.13 mol L−1 NaHCO3). Stirring at room
temperature and protecting the solution from light was continued
for 5 h. For purification, PBS buffer diluted 10 times was used for elu-
tion of the enzyme conjugates from Sephadex G-25 PD10 columns,
fractions were collected in a microtiter plate and their optical den-
sity (OD) measured at 405 nm. Fractions of highest OD values were
pooled, mixed with an equal amount of GuardianTM, aliquoted and
stored at 4 ◦C.

2.2.4. ELISA procedure
Direct competitive ELISA was adapted for the analysis of

atrazine. Microtiter plates were coated with polyclonal antibody
serum diluted 1:20,000 in coating buffer using 200 �L per well.
Plates were covered with ParafilmTM to prevent evaporation. After
overnight incubation at 20 ◦C in the plate shaker at 750 rpm, the
plates were washed three times with wash buffer concentrate
diluted 60 times. After the three washing cycles standards/samples
were added to the plate (100 �L per well) and the plate shaken at
room temperature for 30 min. This was followed by addition of the
respective enzyme conjugate in PBS (diluted 1:10,000, 100 �L per
well); the plate was shaken at room temperature for 30 min, fol-
lowed by a second three-cycle washing step. Finally, the substrate
solution was added (200 �L per well) and incubated for 30 min.
The enzyme reaction was stopped by addition of sulphuric acid
1 mol L−1 (100 �L per well).

Absorbance was read at 450 nm and referenced to 620 nm. All
determinations were at least made in triplicate. The mean values
were fitted to a four-parametric logistic equation (4PL) [44]. Data
comparison between assay variations was performed by normaliz-
ing the absorbance using the following formula:

Normalized OD = OD std − D × 100

A − D

where OD std: absorbance at respective standard concentration,
A: absorbance at zero concentration, and D: absorbance at excess
standard concentration [45].
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Fig. 1. Triazine derivatives: (a) 2-(tert-butylamino)-4-[(1-carboxypent-5-yl)amino]-6-(ethylamino)-1,3,5-triazine (t-Bu/Et/C6); (b) 2-(tert-butylamino)-4-[(1-carboxyeth-
2-yl-)thio]-6-(ethylamino)-1,3,5-triazine (t-Bu/Et/SC3); (c) 2-[(1-carboxyeth-2-yl-)thio]-4-(ethylamino)-6-(isopropylamino)-1,3,5-triazine (i-Pr/Et/SC3); (d) 2-(tert-
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utylamino)-4-[(1-carboxypent-5-yl)amino]-6-chloro-1,3,5-triazine (t-Bu/Cl/C6);
i-Pr/Et/C6); (f) 2-[(1-carboxypent-5-yl)amino]-4-chloro-6-(isopropylamino)-1,3,5-

.2.5. Tracer binding specificity
In order to evaluate and choose the most appropriate synthe-

ized tracer for the polyclonal antibody C193, the OD for two
tandards of atrazine (blank and 1000 �g L−1) were determined
sing the 6 different tracers. All determinations were made in trip-

icate. The evaluation was made by comparison of the OD obtained
or each standard in order to assess tracer binding (high blank
ignal), important for signal generation, against analyte competi-
ion (lowering OD) which determines sensitivity of the resulting
ssay.

.3. Adsorption experiment

Adsorption isotherms of atrazine were established using the
atch equilibration experiments [18] in a miniaturized approach
nalogously to Fruhstorfer et al. [46]. Five pesticide concentra-
ions (2–10 mg L−1) were prepared in 0.01 mol L−1 calcium chloride
olution. A 4 mL aliquot of each concentration of atrazine solution
as added to 2 g of soil. Three adsorption trials were performed

or each concentration. The tubes containing the mixtures were

haken, head over head at 100 rpm for 24 h at 20 ± 1 ◦C, centrifuged
nd the supernatant filtered and analysed. The equilibrium con-
entration after the sorption experiment was determined using
EKC and ELISA. For ELISA determination, sample solutions were
2-[(1-carboxypent-5-yl)amino]-4-(ethylamino)-6-(isopropylamino)-1,3,5-triazine
ne (i-Pr/Cl/C6) (for nomenclature, cf. to [40]).

diluted 10,000 times. MEKC analysis procedure was performed as
described previously [27].

2.4. Sample clean-up procedure

In cases when a 10,000-fold sample dilution is not possible due
to a low atrazine concentration present in matrix solution a solid-
phase extraction (SPE) procedure was adopted. SPE cartridges, from
Phenomenex Inc., STRATA X, size 6 mL were conditioned by flushing
with 3 mL CHCl3, followed by 6 mL of methanol, 6 mL of ultrapure
water and 6 mL of 0.01 mol L−1 CaCl2 solution. The 1000 �g L−1

atrazine samples (5 mL) were passed through the cartridges with
a flow of ca. 1–2 mL min−1, then the cartridges were rinsed with
3 mL of water. After the washing step, the cartridges were dried
completely by a nitrogen stream for 1 h and the analyte was eluted
with 5 mL of CHCl3. The eluate was reduced to dryness under a gen-
tle stream of nitrogen and recovered with 5 mL of ultrapure water.
In order to evaluate the complete removal of sample organic matrix,
sample UV spectra, before and after SPE procedure, were recorded
between 300 and 220 nm, using a Shimadzu UV-1603 Spectropho-

tometer UV–Vis System, in a 1 cm quartz cell. In order to determine
the recovery of the SPE procedure, samples (three replicates) were
analysed using MEKC according to the method previously described
by Lima et al. [27].
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Fig. 2. OD results and error bars for n = 3 for blank ( ) and 1000 �g L−1 ( ) atrazine
standard using the tracers obtained from coupling the following triazine derivatives:
(a) t-Bu/Et/C6; (b) t-Bu/Et/SC3; (c) i-Pr/Et/SC3; (d) t-Bu/Cl/C6; (e) i-Pr/Et/C6; (f) i-
Pr/Cl/C6; antibody dilution 1:5000; tracer dilution 1:5000 each.
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Table 1
Parameter values obtained for the four-parametric logistic equation (4PL) using
different antibody and tracer dilutions.

Tracer A B C D

Ab 1:20,000
Tracer 1:20,000

0.329 0.996 0.087 0.024

Ab 1:20,000
Tracer 1:10,000

0.464 0.922 0.095 0.026

Ab 1:10,000
Tracer 1:20,000

0.358 0.911 0.084 0.021

Ab 1:10,000
Tracer 1:10,000

0.478 0.910 0.083 0.027
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Fig. 4. Calibration curve (triangles) of ELISA (A = 0.697; B = 0.776; C = 0.036;
2

ion 1:5000; tracer dilution 1:5000. Equation parameters: i-Pr/Et/SC3 (A = 0.792;
= 0.486; C = 0.520; D = 0.464); t-Bu/Cl/C6 (A = 0.798; B = 0.869; C = 0.117; D = 0.041);

-Pr/Cl/C6 (A = 0.359; B = 1.028; C = 8.127; D = 0.027).

. Results and discussion

.1. ELISA adaptation

.1.1. Tracer binding specificity
OD results obtained for both atrazine standards assayed (blank

nd 1000 �g L−1) with the 6 different tracers synthesized are pre-
ented in Fig. 2.

From Fig. 2, it is possible to verify that using the tracer derived
rom t-Bu/Et/SC3 the OD obtained for a high atrazine standard is
imilar to the one obtained with the blank, denoting an unspe-
ific binding that allowed us to conclude that this tracer is not
uitable for the determination of atrazine using this polyclonal
ntibody. Looking to the rest of the results, the OD obtained for
he blank is always larger than the one obtained for the atrazine
tandard 1000 �g L−1. However, the difference between the OD is
ignificantly larger using i-Pr/Et/SC3, t-Bu/Cl/C6 and i-Pr/Cl/C6 trac-
rs. For this reason, and in order to evaluate the most appropriate
racer, the complete calibration curves (Fig. 3) and the correspon-
ent parameters of the 4-parameter-fitting (4PL) were determined
or each of the three mentioned tracers. The parameters correspond
o A = signal at zero dose, D = signal at excess dose, C = x-coordinate

concentration) of the turning point of the sigmoidal curve and
= slope parameter.

From the three tracers tested the t-Bu/Cl/C6 was chosen since
t presents the lowest turning point value (C), indicating the possi-
D = 0.058; r = 0.996) and precision profile (squares). The precision profile and deter-
mination of the relative error of concentration were calculated in accordance with
Ekins [47].

bility to achieve a lower detection limit. Also this tracer presented
a higher OD difference between the blank (A) and the maximum
concentration used (D).

3.1.2. Optimization of ELISA procedure
After choosing the suitable tracer for the atrazine quantification

it was necessary to optimize the antibody (Ab) and tracer dilution.
Four combinations were tested: Ab diluted 1:10,000 and 1:20,000
and tracer diluted 1:10,000 and 1:20,000. The parameters obtained
for the four-parametric logistic equation curve fitting using the dif-
ferent combinations of antibody and tracer dilution are presented
in Table 1.

Although the parameter values obtained were not significantly
different, the combination that presented the lowest turning point
(0.083) and the highest A parameter value (curve upper limit) was
chosen (antibody and tracer dilution 1:10,000).

3.1.3. Evaluation of assay performance
After performing the optimization of the ELISA conditions the

assay had to evaluated in terms of precision profile. Also, the con-
centration working range had to be defined. ELISA calibration curve
and respective precision profile, determined as described by Ekins
[47], are presented in Fig. 4. In order to determine the quantifi-
cation range of the previous optimized assay, 16 standards with
concentrations ranging from 0.0001 to 10 �g L−1 (six replicates per
standard) were used. Assessing the quantification range via the pre-
cision profile allows to know the highest and lowest concentration

which can be quantified with an acceptable degree of precision and
is calculated using the respective precision profile with a maximum
RSD (relative standard deviation) of the concentration result of 30%.
Considering this RSD as the maximum value allowed, the analytical
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Table 2
Mean (±standard errors) Freundlich KF and N parameters for adsorption of atrazine
onto a luvisol soil amended with sewage sludge. Concentration measurements by
ELISA and MEKC, are shown.

KF (mg kg−1 (mg L−1)−N) N R2

ELISA 1.6 ± 0.2b 0.70 ± 0.09 0.977
MEKC 1.6 ± 0.1 0.72 ± 0.04 0.993
t Studenta 0.30 0.32
ig. 6. UV spectra of an equilibrium extract prepared as described in Section 2.3 from
luvisol soil amended with sewage sludge before (a) and after (b) SPE clean-up.

orking range for atrazine quantification obtained was between
.003 and 3.0 �g L−1. This assay can be used over three orders of
agnitude of analyte concentration.

.1.4. Evaluation of matrix effects on optimized ELISA procedure
Soil matrix effects on the ELISA were evaluated using calibra-

ion curves obtained with standards prepared both in soil extract
nd in several dilutions of it. According to Fig. 5, with increas-
ng concentration of matrix in the standards the sigmoidal shape
f the calibration curve was steadily lost, i.e., quantification turn-
ng impossible. Since organic matter present in soil solution is a
omplex mixture of aromatic and aliphatic hydrocarbon structures
inked by and bearing many functional groups [48], the intrinsic

echanisms of interference are unknown. We suppose that it may
e a combination of different effects as stated already by other
esearchers [49]. It is important to note from these findings that
or samples from the sorption experiments carried out analysis by
LISA should be possible after dilution of a factor of 1000.

.2. Sample clean-up procedure

Comparing the UV spectra of the soil extract before and after the
PE clean-up procedure described (Fig. 6) it is possible to observe a
ignificant absorbance decrease in UV spectrum, especially below

30 nm. This is due to the removal of organic matrix which presents
high absorbance signal at low wavelengths, indicating the effi-

iency of the clean-up procedure. In order to evaluate the recovery
f the applied SPE method, samples were analysed using MEKC,
a Critical t value for 4 degrees of freedom at 95% confidence level is 2.78.
b Results are an average of triplicate runs of adsorption experiments.

previously and after sample clean-up. Results indicated a recov-
ery between 98 and 103%, making this approach a valid alternative
every time dilution is not a possible way to reduce matrix interfer-
ence in the ELISA determination. Also, it is important to highlight
that this sample clean-up method could be useful in water samples
with low atrazine level, where sample dilution can not be per-
formed in order to reduce matrix effects. In our work, since the
concentrations used to perform adsorption experiments were in a
range where the dilution allowed quantification by ELISA, without
any matrix interference, no SPE procedure was needed.

3.3. Adsorption experiment

The Freundlich parameters (KF and N) were calculated from the
fitting of a non-linear regression according to the equation Qe =
KF × CN

e to the experimental data, where Qe is the total sorbed mass
concentration (mg kg−1), Ce is the solution-phase concentration
(mg L−1), KF (mg kg−1) (mg L−1)−N is the Freundlich distribution
coefficient, and N is the isotherm nonlinearity factor. Adsorption
isotherms were obtained by plotting the amount of atrazine sorbed
per unit weight of soil at equilibrium (Qe) versus the amount of
chemical per volume of solution at equilibrium (Ce).

The Freundlich equation is able to reasonably describe the
adsorption of atrazine on the soil studied (R2 > 0.97). The Freundlich
adsorption coefficient is an empirical constant of the Freundlich
model expressing soil sorbent capacity (sorption isotherm slope)
for the studied range of sorbate concentration and the higher
the value, the stronger is adsorption. The low KF value obtained
(Table 2), using both methods, reflects low adsorption capacity
and is commonly associated with greater permeability of the soil
leading to a higher leaching potential [7]. The sorption isotherm
is non-linear, showing N values smaller than 1, indicating that the
percentage of atrazine adsorbed to the soil decreased as the initial
concentration increased.

A Student t-test was applied to compare the results obtained
by both methods. Since the t calculated presented lower values for
both KF and N than the critical t value for 4 degrees of freedom at
95% confidence level, it can be stated that there are no significant
differences between the results obtained by ELISA and MEKC.

4. Conclusions

It has been shown that ELISA can be a valid alternative in
assaying concentrations from sorption experiments of organic pol-
lutants onto soils. Atrazine was determined by immunoassay using
a polyclonal antibody after selection of an appropriate structure
for synthesizing a tracer that produces the signal of the assay.
Since selectivity against other structurally similar compounds is
not an issue with laboratory model experiments and sensitivity is
not crucial in sorption experiments – starting concentrations can be
widely adapted to the measurement range of the analytical method

– we focused on matrix effects of co-extracted soil compounds
of a high organic carbon soil and found that dilution by a factor
of 1000 usually will overcome matrix interferences in ELISA. For
other instances or if the adsorption isotherm should be assessed in
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