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bstract

Elimination of interfering substances in urine by solid phase extraction (SPE) prior to analysis resulted in 10-fold improvement in the sensitivity
f atrazine mercapturate (AM) enzyme-linked immunosorbent assay (ELISA) compared to previous reports. Of the two tested SPE systems, Oasis®

LB and MCX, the mixed-mode MCX gave good recoveries (82%) of AM in spiked samples measured by ELISA, whereas the reverse-phase HLB
hase was not compatible with the immunochemical method. At relatively high concentrations of urinary AM (>20 ng mL−1), sample dilution was
ffective enough for the elimination of interfering substances. The new liquid chromatography–mass spectrometry (LC–MS) method developed
or AM utilizes online-SPE with Oasis® HLB, column switching and a stable-isotope internal standard. The limit of quantification (0.05 ng mL−1)
ndicates improved sensitivity compared with most previously published LC–MS methods for AM. Validation of all three methods, LC–MS,
LISA + SPE and ELISA + dilution with spiked urine samples showed good correlation between the known and measured concentrations with R2

alues of 0.996, 0.957 and 0.961, respectively. When a set (n = 70 plus 12 blind duplicates) of urine samples from farmers exposed to atrazine
as analyzed, there was a good agreement (R2 = 0.917) between the log normalized data obtained by ELISA + SPE and LC–MS. High correlation

mong the data obtained by the two tested methods and the LC–MS method by the Center of Disease Control and Prevention (CDC), together
ith low variability among the blind duplicates, suggests that both methods reported here would be suitable for the analysis of urinary AM as a
iomarker for human exposure of atrazine.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Atrazine is one of the most widely used herbicides in the
nited States. Due to its fairly good mobility in soil, it is one of

he main surface water contaminants in the Midwestern United
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States [1,2]. Atrazine has a low acute toxicity to humans but it
has been implicated as a clastogen, an agent that causes chromo-
somal damage [3] and quite recently, atrazine at environmental
concentrations has been reported to have adverse effects on the
endocrine system of several animal models [4–7]. Despite its
low acute toxicity to humans, atrazine may pose a health risk to
humans, especially to agricultural workers through occupational
exposure.

Due to its lipophilic nature and rapid metabolism, atrazine
metabolites are more likely to be found in urine and feces than
the parent compound [8,9]. A major urinary metabolite, atrazine
mercapturate (AM; N-acetyl cysteine derivative of atrazine) [10]
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is quite stable and hence, has been suggested as a relevant
biomarker for atrazine exposure in humans [11]. In epidemi-
ological studies, low levels of atrazine metabolites are often
detected using mass spectrometry coupled to gas chromatog-
raphy [10,12,13] or liquid chromatography [10,11,14–18].
Although these methods can give excellent quantitative ana-
lytical results, they often require expensive instrumentation,
extensive sample clean-up using organic solvents or derivatiza-
tion. Immunochemical methods, on the other hand, are powerful
tools for exposure analysis and assessment offering low-cost
screening with minimal sample pretreatment requirements com-
bined with high sensitivity and selectivity. An enzyme-linked
immunosorbent assay (ELISA) for atrazine mercapturate was
first developed in our laboratory by Lucas et al. [10]. The assay
was based on a monoclonal antibody, and was able to detect AM
down to 0.5 ng mL−1 in crude urine diluted to 25% with buffer.
Similarly, an ELISA based on a polyclonal anti-AM antibody
offered a limit of quantification of 0.3 ng mL−1 after a simple
(1:4) sample dilution [19].

Attempts to analyze AM in urine by classical GC-MS tech-
niques illustrate the exceptional difficulty of such an approach
[10]. The molecule contains a variety of polar functional groups
that normally require derivatization for successful GC analysis.
Alternate strategies, such as HPLC combined with MS suf-
fer from numerous endogenous biological substances present
in urine, and sample clean-up or extraction is usually required
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compared with the ones from an liquid chromatography–mass
spectroscopy (LC–MS) analysis performed by the Centers for
Disease Control and Prevention (CDC).

2. Experimental

2.1. Chemicals and reagents

Atrazine mercapturic acid [N-acetyl-S-{4-(ethylamino)-6-
[(1-methylethylamino]-1,3,5-triazin-2-yl}-l-cysteine] was pre-
pared in the laboratory previously [10]. Ovalbumin, goat
anti-rabbit IgG horseradish peroxidase conjugate, 3,3′,5,5′-
tetramethylbenzidine (TMB) sodium salt and Tween 20 were
from Sigma Chemical Co. (St. Louis, MO). All other chemicals
were of reagent grade or better from Fisher Scientific (Pitts-
burgh, PA). The polyclonal sheep anti-AM antiserum (226) was
prepared in the laboratory previously [19] and stored in a freezer
in 1 mL aliquots. The coating antigen (7-BSA) was freshly syn-
thesized using previously reported methods [19]. Ring-labeled
14C (93%) atrazine mercapturate (25 �Ci mg−1) was a kind gift
from Ciba Geigy (Basel, Switzerland), and the stable-isotope-
labeled LC–MS internal standard, atrazine mercapturate-13C3-
ring (99%) was purchased from Cambridge Isotope Laborato-
ries, Inc. (Andover, MA).

2.2. SPE cartridges and columns
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efore analysis. Similarly, endogenous compounds with struc-
ural similarities to AM can interfere with the immunochemical
etection of AM by ELISA. In some cases, a simple sample
ilution is enough to eliminate interfering substances for ELISA
nalysis [10,19]. However, this might in turn decrease the assay
ensitivity and increase the limit of detection (LOD).

Solid phase extraction (SPE) has gradually replaced more
edious sample clean-up methods in the human exposure anal-
sis. So far, only a few attempts have been made to extract
rine with SPE for AM-ELISA. Lucas et al. [10] tested an
cidic (phenyl) column to extract AM from urine with recov-
ries of spiked AM ranging from 77 to 110%. They also
sed affinity purification with a polyclonal antiserum against
-hydroxy-4-(ethylamino)-s-triazine for the elimination of inter-
ering substances. Jaeger et al. [19] tested three SPE systems
or urine clean-up prior to ELISA analysis—C18, phenyl and
mixed-mode column, Certify II. Even with the best system,
18, structurally similar compounds were co-eluting with AM,
nd the authors concluded that SPE clean-up would only be
orthwhile if a lower limit of quantification (LOQ) than one
btained by dilution (0.3 ng mL−1) could be achieved. For epi-
emiological studies, in particular in the general population with
race amounts of urinary metabolites, high assay sensitivity is
ften required and hence, the study presented here aimed at
mproved sensitivity of AM-ELISA using different SPE pre-
reatment methods and comparing them with sample dilution.
or data validation, a new HPLC–MS method using on-line SPE
nd column switching was developed for the analysis of urinary
M. Methods were further assessed and validated using a set
f field urine samples collected in the National Cancer Institute
NCI) corn farming study [20], and the results obtained were
Oasis® HLB cartridges 3 mL (60 mg) containing [poly-
divinylbenzene-co-N-vinylpyrrolidone)] and Oasis® MCX car-
ridges (3 mL 60 mg−1) containing strong cation-exchange
ulfonic groups on the surface of the HLB polymeric resin were
urchased from Waters Corporation (Milford, MA).

.3. Urine samples

.3.1. Storage and preparation
Urine samples from non-exposed male volunteers were stored

n polypropylene tubes in a refrigerator (+4 ◦C). The samples
rom NCI were received blind and numerically coded, and stored
t −80 ◦C until the analysis. Frozen urine samples were thawed
or 16 h at room temperature after which they were vortexed and
entrifuged at 15 ◦C for 1.5 min at 2500 g, and the supernatant
as transferred to an Eppendorf tube. The samples were then
iluted using a Tecan Miniprep liquid handling system (Tecan
ystems Inc., San Jose, CA) or extracted using the SPE protocols
elow.

.3.2. SPE-clean-up

.3.2.1. Reverse-phase sorbent—Oasis® HLB. The 3 mL
60 mg) cartridges were first equilibrated with 1 mL additions
f MeOH containing 1% acetic acid. The sample (0.5 mL) was
hen mixed with 0.5 mL of 200 mM acetate buffer (pH 3.0)
nd extracted by vacuum aspiration through the SPE cartridge
t a flow rate of approximately 2 mL min−1. After a 1 mL
ddition of acetate buffer the cartridge was sequentially washed
ith 1 mL of 30% MeOH in 1% acetic acid and 1 mL of 40%
eOH. The cartridge was dried under vacuum for 5 min after
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which AM was eluted with 1 mL 70% MeOH. The samples
were evaporated to dryness using a Heto VR-1 centrifugal
concentrator (Appropriate Technical Resources, Laurel, MD)
and reconstituted in 0.5 mL phosphate-buffered saline (PBS,
pH 7.4) before analysis.

2.3.2.2. Mixed-mode cation exchange sorbent—Oasis® MCX.
For the urine clean-up, 3 mL (60 mg) Oasis® MCX sorbent car-
tridges (Waters, MA, USA) were equilibrated with 1 mL of
MeOH then 1 mL of 100 mM sodium carbonate/bicarbonate
buffer (SCB, pH 9.5). A 0.5 mL urine sample mixed with 0.5 mL
of SCB buffer was extracted by vacuum aspiration through the
SPE cartridge at a flow rate of approx. 2 mL min−1 and followed
by another 1 mL of SCB. For removal of interfering substances
the cartridge was then rinsed with 1 mL of 40% (v/v) methanol
in 1% acetic acid in water after which the cartridge was dried
under vacuum. Atrazine mercapturate was eluted from the car-
tridge using 1 mL of ice-cold 2% (v/v) NH4OH in 100% MeOH.
Fresh 2% NH4OH in MeOH was prepared daily. Samples were
collected in Eppendorf tubes and evaporated to dryness after
which they were reconstituted with 1.0 mL of PBS. This 1:1
dilution was chosen in order to neutralize the sample.

2.4. ELISA

A solid phase indirect competitive ELISA [19] was used for
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to change the color to a stable yellow. ELISA absorbances at
450 nm were measured with a microplate reader (Molecular
Devices, Menlo Park, CA). The content of AM in the unknown
samples was calculated based on the standard curves in each
plate. The software package Softmax (Molecular Devices) was
used for fitting the 11-point sigmoidal standard curve based on
a four-parameter logistic method of Rodbard [21].

2.5. LC–MS method

2.5.1. Internal standard
Ten calibration solutions containing AM in a range of

0.01–500 ng mL−1 in phosphate-buffered saline were prepared
fresh from a stock AM standard of 10 �g mL−1 MeOH before
each run. The concentration of the stable-isotope-labeled inter-
nal standard was kept constant at 10 ng mL−1. Urine aliquots
(95 �L) were spiked correspondingly with 5 �L internal stan-
dard (200 ng mL−1) resulting in a concentration of 10 ng mL−1.
Acetonitrile of HPLC grade was purchased from Fisher Scien-
tific (Pittsburgh, PA).

2.5.2. Online-SPE–HPLC–MS conditions
LC–MS analysis was performed using a Shimadzu ASP10

HPLC system equipped with a 10-port valve, a two-channel
UV detector and a Quattro Premier tandem quadrupole mass
spectrometer (Waters/Micromass, UK), HPLC–tandem-MS for
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easurement of AM in prepared samples. Briefly, Nunc Max-
sorp 96-well plates (Nunc, Roskilde, Denmark) were coated
vernight at 4 ◦C with the coating antigen 7-BSA prepared
fter Lucas et al., [10] (1/160,000 dilution, 0.07 �g mL−1) in a
.05 M sodium carbonate/bicarbonate buffer (pH 9.6). The fol-
owing day, the coating antigen was washed off the plate with a
hosphate-buffered saline solution containing 0.05% Tween 20
PBST), pH 7.5 and the wells were blocked for 1 h with 100 �L
.5% ovalbumin in phosphate buffered saline (PBS). After wash-
ng with an automatic plate washer (Bio-Tek Instruments, Inc.,

inooski, VT), each sample or standard in triplicate were pipet-
ed into each well (50 �L/well). The standard curve for AM was
repared from the frozen stock standard (10 �g mL−1 AM in
eOH) and contained 0–250 ng of AM in 1 mL PBST. Prior to

oading onto the plate, samples were either diluted with PBST
o that the concentration of AM would fit into the linear range
f the standard curve or they were extracted using SPE clean-up
rocedures described previously. To each sample well 50 �L of
he AM polyclonal antibody 226 [19] was added in 1/33,000
ilution, and the mixture was incubated at room temperature
or 60 min. The sample matrix was washed away leaving only
he antibodies bound to the coating antigen. Then, 100 �L of
he anti-rabbit IgG-horseradish peroxidase conjugate (IgG-HRP,
ilution 1:2750) was added into each well, and the IgG-HRP was
llowed to bind to IgG sites on the bound antibodies for 60 min.
nbound IgG-HRP was washed away to leave an amount of
RP enzyme that was inversely proportional to the AM concen-

ration in the samples or standards. Finally, a colorless substrate,
% H2O2, and a chromogen, 3, 3′, 5, 5′ tetramethylbenzidine
ere incubated with the bound enzyme to produce a blue color.
50 �L aliquot of 2 M H2SO4 was added as a stop solution
hort. The HPLC system consisted of three pumps. Pump A
nd B were used for binary high pressure gradient mixing and
ump C was delivering an independent eluate solvent flow. Urine
xtraction was performed using an Oasis® HLB pre-column
20 mm × 2.1 mm i.d., Waters). Analytes were separated on a
eversed phase HPLC column (Atlantis dC18, 3 �m C18-BD,
50 mm × 2.1 mm; Waters, Milford, MA) using gradient elution
ith a water–0.1% formic acid (solvent A)/acetonitrile–0.1%

ormic acid (solvent B) solvent system. A scheme of the ana-
ytical instrumentation with the online-SPE set up is shown in
ig. 1. In load position the sample was injected on the pre-
olumn (Oasis® HLB) followed by a wash step to remove salts
nd other matrix components. The load and wash steps were per-
ormed using a flow rate of 0.495 mL min−1 to increase the speed
f the sample clean-up step. The wash fluid was directed to waste
hile pump C delivers solvent (5 �L min−1 acetonitrile–0.1%

ormic acid) independently to the mass spectrometer to main-
ain a stable spray in the electrospray source during the sample
xtraction step. Subsequently, the valve was switched to elute
osition and the pre-column was eluted in reverse direction using
olvent C (100% acetonitrile, 0.1% formic acid). Before enter-
ng the analytical reversed-phase column, the elution solvent
as diluted with aqueous mobile phase to reduce the mobile-
hase-strength and facilitate retention on the stationary phase.
alve switching events as well as the gradient and solvent flow
rogram are summarized in Table 1. Using these parameters, a
etention time of 10.6 min was obtained for AM. The samples
ere kept at 5 ◦C in the autosampler, and the injection volume
as 10 �L.
Analytes were detected by electrospray ionization in posi-

ive mode—tandem quadrupole mass spectrometry in multiple
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Fig. 1. Online-SPE–HPLC–MS set up used for the analysis of urinary atrazine mercapturate.

reaction-monitoring mode (MRM) using the HPLC–tandem-MS
described earlier. Nitrogen gas flow rates were fixed with a cone
gas flow of 50 L h−1 and a desolvation gas flow of 750 L h−1.
A source temperature of 125 ◦C and a desolvation temperature
of 300 ◦C were applied. Electrospray ionization was performed
in positive mode with a capillary voltage fixed at 2.00 kV. Tune
parameters including capillary voltage, cone voltage and extrac-
tion cone were optimized in an infusion experiment (data not
shown), and an extraction cone voltage of 5 V was selected.
Offset values of 0.6 and 2.0 were used for the ion energies
applied to quadrupole 1 and 2, respectively. Quadrupole res-
olution in MRM mode was set at an offset value of 13 resulting
in a peak width at half-height of 1 Da. A multiplier voltage of
650 V was applied. Argon was used as collision gas with a flow
rate of 0.23 mL min−1. The MRM conditions used for detection
of AM and the internal standard were optimized in an infu-
sion experiment. A transition of 343.4 > 214.4 m/z for AM and
346.4 > 217.4 m/z for the internal standard was monitored using
a cone voltage of 30 V and a collision voltage of 21 V.

2.6. Method validation using spiked and field samples

For method validation, a set (n = 38) of pooled urine sam-
ples spiked with known amounts of AM (0–70 ng mL−1) were
analyzed in a blind fashion using LC–MS with online-SPE and
the results were compared with those obtained by ELISA after
either sample dilution or SPE clean-up with Oasis® MCX. The
unknown field urine samples from NCI (n = 70 plus 12 blind
duplicates inserted for QC purposes) were analyzed by both the
SPE + ELISA and the newly developed LC–MS method, and the
results were compared with LC–MS analysis run by CDC using
the following method by Olsson et al. [16].

Briefly, a 2 mL aliquot of urine was spiked with isotopically
labeled standards, and then diluted with 1.5 mL of 0.2 M acetate
buffer to which 800 activity units of �-glucuronidase/sulfatase
had been added. The solution was allowed to incubate at 37 ◦C
overnight to liberate glucuronide- and sulfate bound conjugates,
and the hydrolysate was applied to an Oasis® HLB SPE car-
tridge. The SPE cartridge was washed with 1.5 mL methanol,

Table 1
HPLC conditions

Time (min) Solvent A H2O (%),
0.1% formic acid

Solvent B ACN (%),
0.1% formic acid

Solvent C ACN (%),
0.1% formic acid

Flow (mL min−1) Valve position

0 98 1 1 0.50 A, Load sample
1

30
1 5
1 5
1 1
1 1
2 1
2.4 98 1
2.5 69 1
0.0 60 35
2.0–15.0 0 95
6.0–19.0 98 1
9.1–20.0 1 98
0.1–21.0 98 1
0.50 A, Wash
0.25 B, Elution
0.25 B, Elution
0.25 B, Elution

B, Equilibrate column
0.50 A, Wash pre-column
0.50 A, Equilibrate precolumn
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the eluent was then diluted with 2 mL of acetonitrile, and evap-
orated to dryness. The residue was reconstituted in 50 �L ace-
tonitrile. AM was then measured in the sample extract using
HPLC–tandem-MS with atmospheric pressure chemical ion-
ization. A multiple reaction monitoring experiment was used
to isolate specific precursor and product ion pair. Calibration
standards, quality control materials and blank samples were pre-
pared and analyzed concurrently with unknown samples, and the
concentrations of AM were calculated using isotope dilution
quantification.

Based on probability plots, the results from the field sample
set were best described by log normal distributions and therefore,
data from this validation study was first ln-transformed before
further analysis.

3. Results and discussion

3.1. Method development

3.1.1. Optimization of MS parameters
Selective reaction monitoring was chosen as the operating

mode for the tandem mass spectrometer in order to develop a
specific method for AM with low detection limits. First, the
optimum cone voltage for the formation of the precursor ion
during electrospray ionization was determined experimentally
by infusing AM into the mass spectrometer. Being a zwitterion,
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ing to compare ionization with regards to instrument detection
limits. Positive mode ionization was chosen for all further exper-
iments because it provided about 50-fold lower detection limit
than negative mode ionization (data not shown).

3.1.2. LC–MS calibration
Calibration curves were obtained based on chromatographic

separation of the AM and peak calibration using the labeled
13C-AM as internal standard. Calibration curves were generated
using the peak area response. The instrumental detection limit
at a signal to noise ratio of 3:1 was determined as 0.01 ng mL−1

and the limit of quantification as 0.05 ng mL−1. The instrument
response was linear in the tested range of 0.05–500 ng mL−1,
which was used as working range.

The calibration solutions were prepared in PBS buffer to
mimic the urine matrix. Matrix calibration using blank urine was
not performed because the urine matrix can be variable from sub-
ject to subject and a well-chosen internal standard can correct
for potential matrix effects. The use of an isotopically (13C)-
labeled atrazine mercapturate as an internal standard for the new
LC–MS method was preferable because of a similar mechanism
of chromatography for both unlabeled and labeled compound
allowing optimal correction for matrix effects caused by co-
eluting components. Similar results were recently demonstrated
for S-phenylmercapturic acid by Lin et al. [22]. Other internal
standards tested in this study – benzylmercapturate, 2,5,- dini-
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M ionizes in both positive and negative mode forming [M + H]+

nd [M − H]− ions, respectively. Further experiments were per-
ormed to determine the fragmentation behavior of these pre-
ursor ions and the corresponding optimum collision energy.
epresentative product ion spectra of the pseudo-molecular ions

n positive and negative mode presented in Fig. 2, show one
ajor fragment ion. Fragmentation occurs at the sulfur forming
dominant ion of the atrazine moiety while the mercapturate

roup is predominantly leaving as a neutral product. The domi-
ant fragment ions seen in the product ion spectra were used to
et up the MRM transition parameters, and a series of calibration
olutions were analyzed with positive/negative mode switch-

ig. 2. Product ion spectra of atrazine mercapturate in positive (A) and negativ
ode and 17 V in a negative mode, respectively.
rophenylmercapturate and hexylmercapturate – did not provide
n efficient correction for matrix effects caused by interfering
ompounds.

.1.3. Online-SPE extraction
Evaluation of the Oasis® HLB pre-column for urinary AM

xtraction was performed using breakthrough experiments with
lution chromatography. Five microliters of an AM standard
ere injected on the pre-column and eluted directly in the MS
sing isocratic solvent systems with different percentages of ace-
onitrile. This method is based on the assumption that the analyte
s present at infinite dilution and the breakthrough is only caused

e (B) using a cone voltage of 30 V and a collision energy of 21 V in a positive
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by a migration of the analyte through the sorbent bed analo-
gous to an isocratic HPLC separation. The retention volume of
AM on the selected Oasis® HLB extraction column was calcu-
lated using the reduced retention time based on three replicate
measurements. The log transformed reduced retention volume
was then plotted over the percent organic solvent providing a
linear relationship which allows the calculation of the specific
retention volume in milliliter at any given solvent composition
(ln V′

R) = −0.141 × (% acetonitrile) + 1.798, R2 = 99.6%). For
example, at 1% acetonitrile used for sample loading, a retention
volume of 5.2 mL was calculated. Since a total of 1.25 mL of
aqueous solvent containing 1% acetonitrile is passed through
the pre-column during sample loading and column wash before
the valve is switched, a breakthrough of AM based on migration
is not expected. Also, it was estimated that the column volume
was exchanged at least 20 times during the wash step, which
was considered sufficient to remove salts.

Although only one target analyte was measured with the
described method, analysis was performed using a HPLC sep-
aration. In order to increase sample throughput it is possible
to elute the extraction column in reverse direction directly into
the MS without HPLC separation, using 100% organic solvent.
However, with direct elution, significant signal suppression was
observed, and the peak width was increased by a factor of 2.5
compared to HPLC separation. The better peak shape with the
HPLC separation is probably due to a focusing effect at the head
o
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Fig. 3. Relationship between signal response and injection volume in three dif-
ferent urine samples spiked with AM at a concentration of 5 ng mL−1. Points
represent mean values of three replicate measurements (CV % less than 6).

volumes of up to 50 �L can be used to further decrease the detec-
tion limit if a stable-isotope-labeled AM is used as an internal
standard.

3.1.5. Optimization of manual SPE clean-up
Optimization of SPE clean-up was performed using urine

samples from non-exposed male individuals spiked with 14C-
AM to give a final AM concentration of 30 ng mL−1. For the
optimized protocols, the recovery of 14C-AM in five replicated
0.5 mL samples was 98 ± 1.2% for both cartridges. According
to a separate loading study, approximately 70 ng of AM in urine
could be retained by one 3 mL (60 mg) sorbent cartridge, and the
amount of urine used for the clean-up was adjusted accordingly
(0.25–1.0 mL).

In order to evaluate if interfering substances were eluting
simultaneously with AM, four different urine samples were
spiked at 0.5 ng mL−1 of AM, passed through the SPE cartridges,
and the eluents were further tested using ELISA. For both sor-
bents (HLB and MCX), increasing the eluent MeOH concentra-
tion generally improved the recovery of AM (Table 2), but for the
reverse-phase HLB sorbent, concentrations above 70% resulted
in a huge increase in recoveries up to 276% measured by ELISA
rendering these high-organic-solvent HLB-eluents incompati-
ble with ELISA. This may be an indication of a simultaneous,
non-specific elution of interfering substances with AM. The
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f the analytical HPLC column supported by the dilution of
he eluate from the pre-column with aqueous solvent. Although
he use of a stable-isotope-labeled internal standard can correct
or ion suppression during quantification, the method detection
imit is nevertheless increased due to signal suppression and
ide peaks. Since AM was expected at low concentration in the
rine samples in this study, the use of an HPLC separation was
hosen to minimize ion suppression and achieve narrow peaks
t the expense of analytical speed. A retention time of 10.6 min
as still considered reasonable.

.1.4. Matrix effects
As discussed above, signal suppression by the matrix can be

inimized with HPLC separation. No significant ion suppres-
ion was observed with a sample volume of 5 �L. However, in
ome cases it would be beneficial to increase the injection vol-
me to reduce the method detection limits. To test maximum
njection volumes, three different urine samples were spiked at
concentration of 5 ng mL−1 and analyzed using injection vol-
mes of 5, 10, 20, 30, 40 and 50 �L. The correlation between
M signal response and injection volume is shown in Fig. 3. A

inear relationship between signal response and injection volume
as observed for sample 1. However, for sample 2 and 3 with
olumes greater than 20 �L, the response started to plateau. This
ndicates possible ion suppression caused by co-eluting matrix
omponents. However, the same trend in signal response was
bserved for the 13C-labeled internal standard, which conse-
uently will correct for the ion suppression. Quantification of
M in the injection experiments using internal standard cor-

ection resulted in an average concentration of 4.97 ng mL−1

n = 18) with a CV of 5.7%. This demonstrates that injection
anufacturer’s recommendation of urine SPE for basic drugs
sing Oasis® HLB or MCX columns includes sample loading
nd washing steps at an acidic pH (3.0). However, our 14C-AM
oading studies showed that AM is retained by the MCX sor-
ent also at basic conditions (up to pH 10.5), probably due to
ts amphoteric nature, and loading at high pH helped to wash
ut interfering substances leading to better recovery in ELISA.
nterestingly, loading at high pH did not improve recoveries with
he HLB sorbent. The mixed-mode cation exchange sorbent,

CX, was chosen for the manual SPE clean-up for ELISA
ecause of the consistently good recoveries of AM (70–95%)
ver a wide concentration range (Table 3). On the other hand,
he HLB column was chosen for the online-SPE clean-up
ecause the MCX protocol was not compatible with the LC–MS
nstrument due to a high concentration of NaOH in the final
luent.
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Table 2
Recovery of spiked AM from four different urine samples (spiked at 0.5 ng mL−1) using sample dilution and two different SPE methods

Urine spiked at 0.5 ng mL−1 Original sample SPE-Oasis® HLB % MeOH
in eluent

SPE-Oasis® MCX % MeOH
in eluent

Non-diluted Diluted 1:4 70% 100% 25% 100%

Recovery (%) by ELISA
A 85 79 72 187 60 80
B 86 84 58 244 70 85
C 61 52 68 255 64 72
D 58 77 50 276 50 62
Average ± S.D. 72 ± 15 73 ± 14 62 ± 10 240 ± 38 61 ± 8 75 ± 10

3.2. Method validation

3.2.1. ELISA with sample dilution
For elimination of interfering substances, dilution (1:4) sug-

gested by previous investigators [10,19] proved to be insufficient
for some urine samples leading to low recovery of AM in the
spiked urine (Table 2). For a few samples, a dilution of 1:100
was required in order to eliminate the background absorbance
in the non-spiked sample (data not shown). Taking into account
the 1:4 sample dilution, the limit of detection for ELISA calcu-
lated as the value for a non-spiked sample + 3 × S.D. [23,24]
increased from 0.04 to 0.16 ng mL−1 making the assay sub-
stantially less sensitive. In the validation experiment with 38
spiked urine samples, the ability of ELISA to measure urinary
AM throughout the whole concentration range (0–70 ng mL−1)
was quite good (Fig. 4a; R2 = 0.961) with slope = 0.84 and y-
intercept = 1.55 but there was less correlation between the known
and the measured concentrations at the lower (<20 ng mL−1)
concentration range (Fig. 4b). These results indicate that ELISA
with simple sample dilution would be suitable for analysis of
samples from occupationally exposed populations, but it is less
suitable than ELISA + SPE or LC–MS for the general popula-
tion in which AM levels are expected to be in the low ng mL−1

level [10,17–19,25].

3 ®
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during 4 different days did not exceed 12%. The precision and
accuracy of the whole system for the spiked samples, including
the SPE clean-up and ELISA, is presented in Table 3. For quality
assessment, pooled urine samples were spiked at four different
concentrations (0.5–500 ng mL−1), and the samples were ana-
lyzed on multiple days. The average recovery efficiency for all
tested concentrations was 82.5%.

With the spiked samples, ELISA with dilution and SPE
pretreatments showed a tendency for under-prediction of AM
(Fig. 4a; slope = 0.84–0.87). This might be due to incomplete

Fig. 4. Correlation between the known and measured concentrations of AM for
ELISA + dilution, ELISA + SPE and LC–MS methods; (a) range 0–80 ng mL−1;
(b) range 0–25 ng mL−1.
.2.2. ELISA with SPE using Oasis MCX
After an SPE clean-up with a MCX column, ELISA was able

o detect 0.08 ng AM per milliliter of urine, and the assay sen-
itivity could be doubled (LOD = 0.04 ng mL) by increasing the
ample volume to 1 mL. The intra-assay (intraplate) precision of
LISA, expressed as a coefficient of variation (CV %) between

hree replicates was always <15%, and in most cases <5%. The
etween-day precision measured for the same sample solutions

able 3
ecovery (%) of spiked AM and the precision of ELISA results using an SPE
lean-up with Oasis®-MCX

M added (ng mL−1) No. of samples Recovery (%) CV (%)

0.5 6 70.2 12.8
5.0 6 72.4 13.9

50.0 6 95.3 12.6
00.0 4 92.0 9.8

umber of different urine samples used for each concentration and the variability
mong urine samples is indicated in the table.
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Table 4
Recovery (%) of AM in spiked urine samples using LC–MS with online-SPE

AM added
(ng mL−1)

Recovery ± S.D. (%)

Sample 1 Sample 2 Sample 3 Average

0.5 81 ± 7 91 ± 7 91 ± 18 87 ± 7
5.0 88 ± 8 88 ± 7 88 ± 8 88 ± 6

50 103 ± 10 101 ± 5 88 ± 4 97 ± 8

The creatinine content in samples 1–3 varied from low–high.

recovery of AM in the sample pretreatment step. Overall, the
correlation between the known and measured concentrations
was quite similar for both sample pretreatment methods but as
Fig. 4b shows, at the lower concentration range (<20 ng mL−1),
the performance of the assay with SPE clean-up was superior to
the one with sample dilution making it more suitable for samples
with low levels of AM.

3.2.3. LC–MS with online-SPE
Recovery experiments were performed using three blank

urine samples with distinctly different creatinine concentra-
tions that were spiked with AM at concentrations of 0.5, 5
and 50 ng mL−1. Each sample was analyzed in triplicate, and
the values presented in Table 4 show an average recovery rate
of at least 87% at all three spike levels with CVs % ranging
from 6 to 8%. Validation of the new LC–MS method with the
blind spiked samples (n = 38) revealed an excellent correlation
(R2 = 99.6%, slope = 1.036 and y-intercept = 0.36) between the
known and measured urinary AM concentrations, the association
between known and measured values being similar throughout
the whole concentration range (Fig. 4a and b).

3.3. Method validation using field urine samples

For method validation and to test the applicability of the
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1 to <3 ng mL−1 n = 20; 3 to <80 ng mL−1 n = 20. In our study,
the levels of urinary AM measured in these samples ranged from
0 to 74 ng mL−1 (LC–MS) and 0 to 66 ng mL−1 (SPE + ELISA).
Median CV % based on the blind duplicates was 1.4% (mean
6.4%) and 8.4% (mean 24%) for LC–MS and ELISA, respec-
tively, indicating good reproducibility for both methods over a
wide concentration range.

Instrumental quantitative analysis of AM utilizing online-
SPE–LC–MS followed a standard quality control protocol. Cal-
ibration using a full set of calibration solutions was performed
before and after analysis of the field samples. Samples were
analyzed in random order to minimize systematic errors due to
instrumental response shifts. Analysis of method blanks did not
show significant carry-over effects. Replicate analysis (n = 5)
of a spiked urine sample was performed throughout the sam-
ple batch and met performance criteria with a recovery of 91%
and a CV of 3.8%. In addition, calibration check solutions were
analyzed every 20 samples to ensure stability of the analytical
calibration throughout a given analysis. Quantification of the
calibration check solution resulted in a recovery of 94% with a
CV of 2% (n = 4). Quantification of the calibration checks was
within 10% of the theoretical value with a CV less than 15% and
therefore met performance criteria.

Paired sample t-test and linear regression analysis of the
ln-transformed data showed statistically significant (p < 0.001)
c
w
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f
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mproved methods in real samples, a set of urine samples from a
tudy among corn farmers [20] was analyzed using both LC–MS
nd ELISA + SPE. The two methods were chosen based on the
ssumption that levels of urinary AM in the samples would be
t the low nanogram per milliliter range. Previously, Lucas et
l. [10] had measured urinary AM concentrations ranging from
race to 1756 ng mL−1 with a median of 46 ng mL−1, and accord-
ng to Perry et al. [13] mean concentrations of urinary AM in
amples from atrazine applicators was 6.4 ng mL−1 with a range
f 1.5 to >40 ng mL−1, while the corresponding value in con-
rol samples was 2.9 ng mL−1 with a range of 1.5–3.6 ng mL−1.

study among a probability-based sample set of 102 chil-
ren found urinary AM levels ranging from non-detectable to
6 ng mL−1 with a mean of 0.55 ng mL−1 [17]. The geometric
ean urinary AM measured in a study by Curwin et al. was 0.015

nd 0.043 ng mL−1, for non-farmers and farmers not involved
n pesticide application, respectively. The levels found among
armers involved in the spraying were much higher with a geo-
etric mean of 1.2 ng mL−1 [18].
The set of samples (n = 70 + 12 blind duplicates) for the

ethod validation study were selected according to the LC–MS
esults obtained by CDC: <ND n = 10; 0.1 to <1 ng mL−1 n = 20;
orrelation between results obtained by all three methods (Fig. 5)
ith a tendency of CDC-LC–MS results being consistently

ower than the ones obtained with LC–MS with online-SPE
r ELISA + SPE (slope = 0.79). This might be due to ana-
yte losses during the manual SPE clean-up process. Both

ethods tested in this study have similar limits of detec-
ion (ELISA + SPE 0.04 ng mL−1 with a 1 mL sample, LC–MS
ith online-SPE 0.05 ng mL−1 with a 10 �L sample) which

re lower than in most reported studies on AM: ELISA

ig. 5. Linear regression equations derived using log normally transformed data
or the samples obtained from the corn farming study analyzed for AM using
LISA + SPE and two different LC–MS methods.
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0.3–0.5 ng mL−1 [10,19], LC–MS 0.29 [14], 0.53–1.0 [17], 0.3
[16] and 0.026 ng mL−1[18].

For both ELISA and LC–MS, SPE clean-up (either manual
or online) dramatically improved the assay sensitivity which
made them feasible methods for studies on human exposure
to atrazine. For screening purposes, ELISA combined with
SPE would be an ideal low-cost yet easy, specific and sensi-
tive method for urinary AM analysis [26]. As an example, 36
duplicated samples can be quantified in one ELISA plate within
2.5 h, whereas the LC–MS analysis for the same number of sam-
ples is much more expensive and takes a total of 25 h. On the
other hand, a novel LC–MS method with online-SPE and inter-
nal stable-isotope standard would be more suitable for studies
requiring a quantitative analytical approach and good accuracy
over a wide concentration range even though its sensitivity still
might need improvement to facilitate the measurement of urinary
AM among the general population as indicated by Curwin et al.
[18]. The LC–MS method also facilitates simultaneous analysis
of a multiple metabolism pathways or multiple urinary biomark-
ers of exposure as demonstrated recently by Lin et al. [27].
There are potential advantages for monitoring multiple pathways
of atrazine metabolism in the same sample. For example, by
monitoring both N-dealkylation products and mercapturates one
could estimate the relative contribution of cytochrome P450 and
glutathionine transferase-dominated pathways in human pop-
ulation. It seems obvious that such multi-analyte assays can
b
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viously reported AM methods for LC–MS. Validation of all
three methods, LC–MS, ELISA + SPE and ELISA + dilution
with spiked urine samples showed good correlation between the
known and measured concentrations with R2 values of 0.996,
0.957 and 0.961, respectively. With spiked samples, both ELISA
methods tended to underestimate the urinary AM concentra-
tion (slopes = 0.84–0.86), which is probably an indication of an
incomplete recovery of AM during the SPE clean-up. However,
further validation of the methods using field samples containing
incurred residues and lognormalized data did not show signif-
icant underprediction by ELISA. There was a good agreement
(R2 = 0.917) between the ln-transformed values obtained by
ELISA + SPE and LC–MS suggesting that both methods would
be suitable for the analysis of urinary AM used as a biomarker for
human exposure to atrazine. In addition, the field study sample
results obtained using methods developed in this study corre-
lated well to the ones from the LC–MS analysis conducted by
the CDC.

Acknowledgements

This study was supported in part by the NIEHS Super-
fund Basic Research Program 5P42ES04699; NIEHS Cen-
ter for Environmental Health Sciences P30ES05707 and the
NIOSH Western Center for Agricultural Health Research 1
U50OH07550. Additional support was provided by the Intra-
m
a
L

R

[

[

[

[

[

[

e carried out more easily using LC–MS than ELISA-based
ethods.
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. Conclusions

In this study, the sensitivity of the atrazine mercapturate
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