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Quantification of six herbicide metabolites in human urine
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Abstract

We developed a sensitive, selective and precise method for measuring herbicide metabolites in human urine. Our method uses automated
liquid delivery of internal standards and acetate buffer and a mixed polarity polymeric phase solid phase extraction of a 2 mL urine sample. The
concentrated eluate is analyzed using high-performance liquid chromatography–tandem mass spectrometry. Isotope dilution calibration is used for
quantification of all analytes. The limits of detection of our method range from 0.036 to 0.075 ng/mL. The within- and between-day variation in
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ooled quality control samples range from 2.5 to 9.0% and from 3.2 to 16%, respectively, for all analytes at concentrations ranging f
2 ng/mL. Precision was similar with samples fortified with 0.1 and 0.25 ng/mL that were analyzed in each run. We validated our selecti
gainst a less selective method used previously in our laboratory by analyzing human specimens using both methods. The methods pro

hat were in agreement, with no significant bias observed.
ublished by Elsevier B.V.
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. Introduction

Herbicides composed 44% of the total pesticide use in 2001
n the United States[1]. About 430 million pounds of herbicides
nd plant growth regulators are used annually in U.S. agricul-

ure, with another 80 million pounds used in home and garden
pplications[1]. An additional 40 million pounds are used in

ndustrial, commercial, and government applications. Four of
he five most abundantly used pesticides in agricultural and res-
dential setting in the United States are herbicides[1]. Similarly,
our of the five most abundantly used residential pesticides are
erbicides[1].

Three common herbicide classes include the triazines,
hloroacetanilides and phenoxyacetic acid herbicides. Triazine
erbicides, the most common of which is atrazine, are preemer-
ent herbicides used to kill annual broadleaf weeds and grasses
y inhibiting photosynthesis[2,3]. Over 70 million pounds of
trazine were applied in the United States in 2001, making it the
econd most abundantly applied pesticide[1]. Chloroacetanilide

herbicides, such as alachlor, acetochlor and metolachlor
are preemergent herbicides targeting annual grasses and
broadleaf weeds by inhibiting protein synthesis[2,3]. Over 75
million pounds of acetochlor, metolachlor, and alachlor w
applied in the United States in 2001, ranking them as the 4th
and 16th, respectively, most abundantly applied pesticide[1].
Both chloroacetanilide and triazine herbicides are used w
on corn crops in the Midwest. 2,4-Dichlorophenoxyacetic
(2,4-D) is a postemergent herbicide used for control of an
and perennial broadleaf weeds. It is applied abundantly in
agricultural and residential uses and ranks first in reside
applications[1].

Biomonitoring has been a useful tool for assessing h
cide and other pesticide exposures[4–7]. The primary reporte
human metabolites of atrazine and the chloroacetanilde h
cides are their mercapturates[8–10]. The phenoxy acid herb
cides are largely excreted as the parent compounds[11]. In the
past, measurement of polar pesticide metabolites was com
and time-consuming, if possible, because their analysis wa
conducive to gas chromatography–mass spectrometry w
first protecting the polar groups (derivatization). With the ad
∗ Corresponding author. Tel.: +1 770 488 7886; fax: +1 770 488 0142.
E-mail address: dbarr@cdc.gov (D.B. Barr).

of effective interfaces to couple high performance liquid chro-
matography (HPLC) with mass spectrometry in the 1990s, easy
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Fig. 1. Structures of the target analytes.

measurement of polar metabolites has become possible. Fur-
thermore, with the widespread availability of selective tandem
mass spectrometers (MS/MS), sensitive and selective applica-
tions for measuring pesticide metabolites have been reported
[12–18]and the overall potential of HPLC–MS/MS in biomon-
itoring has been explored[19].

Because of the potential for widespread exposure to herbi-
cides in both occupational and environmental settings, health
effects associated with herbicide exposures or determinants
of herbicide exposures have been the focus of several stud-
ies, primarily evaluating occupational exposures[4,5,20–26].
Thus, to further accommodate such exposure and health effects
assessment studies, we have modified an existing method
[15] to provide a more sensitive, accurate, precise, and selec-
tive method for measuring the herbicides 2,4-D and 2,4,5-
trichlorophenoxyacetic acid (2,4,5-T), and the mercapturic acid
metabolites of the herbicides alachlor, acetochlor, metolachlor,
and atrazine in human urine (Fig. 1). These chemicals, their her-
bicide class, and metabolite types are listed inTable 1. Our new

method has a wide dynamic range, making it suitable for mea-
suring in urine the parent herbicide or its metabolite resulting
from high-level occupational exposures, but also with the sensi-
tivity and selectivity to measure them in urine from people with
lower level environmental exposures.

2. Materials and methods

2.1. Chemicals

All solvents used were analytical grade. Acetonitrile was
obtained from Burdick & Jackson Inc. (Muskegon, MI, USA)
and methanol from Caledon Laboratories Ltd. (Georgetown,
Ont., Canada). Glacial acetic acid and sodium acetate were pur-
chased from JT Baker (Phillipsburg, NJ, USA). Deionized water
was organically and biologically purified with a NANOpure®

Infinity UF from Barnstead International (Dubuque, IA, USA).
Nitrogen was purchased from Airgas Inc. (Radnor, PA, USA)
and had a minimum purity of 99.99%. The OASIS HLB® 3cc

Table 1
The target analytes, their abbreviations, their metabolic status, and herbicide class

Analyte name Abbreviation Type of marker Indicator of exposure to (pesticide class)

Atrazine mercapturate AZM GSH-derived conjugate Atrazine (triazine)
Acetochlor mercapturate ACM GSH-derived conjugate Acetochlor (chloroacetanilide)
M G
A G
2
2

G

etolachlor mercapturate MM
lachlor mercapturate AM
,4,5-Trichlorophenoxyacetic acid 2,4,5-T
,4-Dichlorophenoxyacetic acid 2,4-D

SH: glutathione.
SH-derived conjugate Metolachlor (chloroacetanilide)
SH-derived conjugate Alachlor (chloroacetanilide)
Parent 2,4,5-T (phenoxyacetic acid)
Parent 2,4-D (phenoxyacetic acid)
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(60 mg) mixed-bed polymeric cartridges used for solid phase
extraction (SPE) were purchased from Waters Corporation (Mil-
ford, MA).

The native standards of acetochlor mercapturate
(ACM; 98% purity; N-acetyl-S-[2-(2-ethyl-6-methylphenyl)
(ethoxymethyl)amino]-2-oxoethyl-l-cysteine); alachlor mer-
capturate (AM; 99% purity;N-acetyl-S-[2-(2,6-diethylphenyl)
(methoxymethyl)amino]-2-oxoethyl-l-cysteine); metolachlor
mercapturate (MM; 98% purity;N-acetyl-S-[2-(2-ethyl-6-
methylphenyl)(2-methoxy-1-methylethyl)amino]-2-oxoethyl-
l-cysteine); and atrazine mercapturate (AZM; 98% purity;N-
acetyl-S-[4-(ethylamino)-6-[(1-methylethyl)amino]-1,3,5-tria-
zin-2-yl]-l-cysteine) were custom synthesized by Cambridge
Isotope Laboratories (Andover, MA, USA). 2,4-D (98% purity)
and 2,4,5-T (97% purity) were obtained from Aldrich Chemical
Company (Milwaukee, WI, USA). All isotopically labeled
standards were13C6-ring labeled, except AZM, which was
13C3-ring labeled, and were custom synthesized by Cambridge
Isotope Laboratories (Andover, MA, USA) and had chemical
and isotopic purities >99%.

2.2. Standard preparation

Individual stock solutions of each labeled internal standard
were prepared in acetonitrile to give concentrations ranging from
53 to 142�g/mL. Appropriate amounts of each stock solution
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2.4. Instruments

Samples were concentrated to dryness using a TurboVap LV
Evaporator (Zymark, Farmingham, MA, USA) where the water
temperature was set to 40◦C and nitrogen (10 psi pressure) was
used as the evaporating gas. The high-performance liquid chro-
matography (HPLC) was performed on an Agilent 1100 system
(Agilent Technologies, Waldbronn, Germany) consisting of a
binary pump, a degasser, an auto sampler, and a temperature-
stable column compartment. A TSQ Quantum Ultra® triple
quadrupole mass spectrometer (ThermoFinnigan, San Jose, CA,
USA) with an atmospheric pressure chemical ionization (APCI)
interface was used for analysis.

2.5. Sample preparation

Samples were thawed and vortex mixed to ensure sample
homogeneity. Two milliliters of each urine sample was pipet-
ted into a 16× 100 round-bottomed tube. The urine tubes were
loaded onto a Gilson 215 Liquid Handler with dual syringes
(Gilson, Middleton, WI) where 15�L ISTD was added automat-
ically to each sample tube, including calibration samples, blanks,
and QC materials. Each sample was buffered with 1.5 mL of a
0.2 M acetate buffer (pH 5) to allow for a more repeatable analyte
recovery, which was delivered automatically, and mixed thor-
oughly. The SPE cartridges were preconditioned with 1 mL of
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ere combined and diluted with acetonitrile to produce a w
ng internal combined standard solution (ISTD) of 0.96 ng�L
or each labeled standard. This solution (15�L) was used to
eliver the ISTD into each 2 mL urine sample to yield an IS
oncentration of about 7 ng/mL.

Individual stock solutions (∼200 ng/�L) of the unlabeled
nalytes were prepared from their solid standards. Approp
olumes were pipetted from the stock solutions to prepare
ultianalyte calibration standard spiking solutions with the

owing concentrations of each individual analyte: 0.018, 0.
.072, 0.180, 0.360, 0.720, 1.8, 3.6, and 7.2 ng/�L. To pre-
are a calibration standard set, 13�L of each standard solutio
as added to 2 mL of the matrix material, which was prep
ccording to the method detailed below. All concentrations
orrected for each analyte’s chemical purity.

.3. Quality control materials

Urine was collected from multiple anonymous donors, c
ined, and mixed overnight at 20◦C. The urine was divide

nto four pools, three of which were used to prepare qu
ontrol (QC) materials. The first QC pool (low concentrat
CL) was spiked with the native materials to yield an app

mate analyte concentration of 0.6�g/L. The second QC po
medium concentration; QCM) was spiked with the native m
ials to yield an approximate analyte concentration of 6�g/L.
he third QC pool (high concentration; QCH) was spiked w

he native materials to yield an approximate analyte conce
ion of 12�g/L. The final pool was not spiked and was u
s matrix material for calibration standards and urine b
amples.
e

-

ethanol followed by 1 mL of 1% acetic acid. The samples w
dded and passed through the cartridges. To reduce the c
al noise observed during analysis, the cartridges were w
ith 1 mL 5% methanol in 1% acetic acid. The cartridges w
ried for approximately 30 s using vacuum. Methanol (1.5
as eluted through the cartridges and collected. Two millil
f acetonitrile was added to the methanol fraction to help f

tate the evaporation of residual water eluted from the cartr
ecause acetonitrile forms a lower boiling azeotrope with w
he extracts were evaporated to dryness and reconstitu
00�L acetonitrile:water (1:1), resulting in an overall 20-f
oncentration of the original urine samples. The samples
ransferred to autosampler vials and capped for analysis
PLC–MS/MS.

.6. HPLC operating conditions

Chromatographic separation was performed on a Bet®

exylphenyl column (3�m particle size, 100̊A pore size, an
.6 mm I.D.× 100 mm length; Keystone Scientific Inc., Bel

onte, PA, USA). The flow rate was 0.5 mL/min, and the injec
olume was 5�L. The column temperature was kept at 25◦C
uring the analysis. Mobile phase A was 0.1% acetic ac
ater, and mobile phase B was 0.1% acetic acid in ace

rile. To accommodate two injections for each sample to ana
ons in both the positive and negative ion modes, two g
nt elution programs were employed using the same m
hases. Although the mass spectrometer is capable of s

ng between positive and negative ion modes within a si
njection, more reliable results were obtained if two sepa
njections were used. For positive ions, the mobile phase co
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sition was initially 50% A and 50% B which was held for 1 min.
The composition was changed linearly over 1 min to 40% A and
60% B. Over the next min, the composition changed linearly to
30% A and 70% B and changed to 15% A and 85% B over the
following min. Finally, the mobile phase changed to 100% B
linearly over 1 min and was held for 2 min before reverting to
initial conditions for 3 min to reequilibrate the column. The total
run time for positive ion analysis and reequilibration was 10 min.
For negative ions, the initial mobile phase composition was 47%
A and 53% B, which was held over the next 5 min. The com-
position was changed linearly over the next min to 15% A and
85% B. Finally, the composition was changed linearly over the
next min to 100% B and held for 2 min before reverting to initial
conditions for 3 min to reequilibrate the column. The total run
time for negative ion analysis and reequilibration was 12 min.

2.7. Tandem mass spectrometry operating conditions

The TSQ Quantum Ultra® was operated in the multiple reac-
tion monitoring (MRM) mode. The precursor-product ion pairs,
collision offset energies, and scan times for the analysis of each
target analyte are summarized inTable 2. The scan width was
±0.05m/z in both the first and last quadrupoles, and the chrom
filter was set to 5 s. Data were collected as centroid peaks. In the
APCI source, the heated capillary was set at 450◦C, the corona
d wa
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first 2 min timed segment (dead volume time) for both positive
and negative ion injections was diverted to waste to maintain
cleanliness of the ion source, thus prolonging optimum system
performance.

2.8. Quantification and quality control of analytical runs

A nine-point matrix-based calibration plot for quantification
was generated during each analytical run. For each calibration
standard, 2 mL urine was spiked automatically with 13�L of
the appropriate standard using the Gilson 215 Liquid Handler to
produce a full calibration set. The concentrations of the nine cali-
bration points ranged from 0.1 to 50 ng/mL urine for all analytes.
A linear regression analysis of the area of the native analyte/area
of the ISTD plotted against the analyte concentration in urine
produced a linear equation from which unknown concentrations
could be calculated. This equation was appropriately corrected
for any contribution that the ISTD provided to the native ion
channel and vice versa using standard isotopte dilution calcula-
tions[27]. Each analytical run consisted of a full nine-standard
calibration set, one blank urine sample, two to five reagent blank
samples, one of each QC material concentration level, and up to
36 unknown samples. All samples were prepared concurrently
using the sample preparation method outlined above. In addition
during the validation process, two samples spiked at 0.1 ng/mL
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ischarge was set at 4.0 kV, and the capillary temperature
50◦C. The sheath and auxiliary gas (N2) pressures were set
5 and 5 psi, respectively, and the collision gas (Ar) pressur
et to 1.5 mTorr. All samples were injected twice. For the
njection, data were acquired in positive ionization mode,
he total run time was 10 min. The positive ion run was divi
nto four distinct timed segments (Table 2). For the second inje
ion, data were acquired in the negative ionization mode, an
otal run time was 12 min. The negative ion run was divided
hree distinct timed segments (Table 2). The mobile phase for th

able 2
ptimized precursor-product ion pairs and other instrumentation parame

arget analyte Ion type Precursor ion (m/z) Product ion (m

ZM Q 343 214
ZM C 343 172

3C3-AZM Q 346 217
CM Q 351 130
CM C 351 148

3C6-ACM Q 357 130
M Q 365 162
M C 365 130

3C6-AM Q 371 168
M Q 409 280
M C 409 150

3C6-MM Q 415 286
,4-D Q 219 161
,4-D C 221 161
3C6-2,4-D Q 225 167
,4,5-T Q 255 197
,4,5-T C 257 197
3C6-2,4,5-T Q 261 203

E: collision energy; Q: quantification ion; C: confirmation ion; AZM: atra
lachlor mercapturate.
s

s

e

nd two samples spiked at 0.2 ng/mL were included in the
o ensure the method could easily detect levels at or nea
revious limits of detection (LODs)[15].

Several QC criteria were used to evaluate the validity
iven analytical run. All three QC pools were characterize
etermine the mean and 95th and 99th control limits by con
tive analysis of at least 20 samples from each QC pool.
stablishing the control limits of the pools, all QC samples

ained within each analytical run were evaluated for vali
sing the Westgard multirules[28].

or the target analytes

CE (V) Ion mode Scan time (s) Timed segment (m

27 + 0.35 2–3.82
37 + 0.35 2–3.82
27 + 0.35 2–3.82
10 + 0.17 3.83–7.01
28 + 0.17 3.83–7.01
10 + 0.17 3.83–7.01
27 + 0.17 3.83–7.01
10 + 0.17 3.83–7.01
27 + 0.17 3.83–7.01
22 – 0.30 2–4.50
32 – 0.30 2–4.50
22 – 0.30 2–4.50
19 – 0.35 4.51–5.61
19 – 0.35 4.51–5.61
19 – 0.35 4.51–5.61
21 – 0.40 5.62–9.02
21 – 0.40 5.62–9.02
21 – 0.40 5.62–9.02

ercapturate; ACM: acetochlor mercapturate; MM: metolachlor mercapturate; AM:
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Table 3
Descriptive measurements of the method

Analyte Mean extraction recovery± S.D. Relative recovery (%),N = 72 LOD (ng/mL) Q/C ion ratio± S.D.a

5 ng/mL (N = 19) 50 ng/mL (N = 10)

AZM 96 ± 3.8 94± 1.8 101 0.060 3.4± 0.25
ACM 98± 5.1 94± 3.1 101 0.048 1.9± 0.1
AM 96 ± 4.6 95± 5.3 102 0.036 1.0± 0.1
MM 91 ± 8.6 90± 7.2 102 0.039 2.7± 0.5
2,4-D 96± 8.6 87± 3.8 99 0.054 1.5± 0.23a

2,4,5-T 97± 5.1 90± 2.4 101 0.075 1.0± 0.15a

N: number; S.D.: standard deviation; LOD: limit of detection; Q/C: ratio of quantification ion area to confirmation ion area; AZM: atrazine mercapturate; ACM:
acetochlor mercapturate; MM: metolachlor mercapturate; AM: alachlor mercapturate.

a All ion ratios quantified from calibration standards and quality control materials, except for 2,4-D and 2,4,5-T where the theoretical ratio of35Cl to 37Cl ± 15%
was used.

Additional QC criteria were used to judge the validity of an
analytical run or a measured concentration. The reagent blank
could not contain any measurable concentration of the analyte
over the method LOD. Furthermore, for an individual analyte
chromatographic peak to be identified as the target chemical and
for a valid concentration to be calculated, the peak was required
to [1] coelute with its respective labeled internal standard (±3 s);
[2] have the confirmation ion; and[3] have a ratio of the area of
the quantification ion to the confirmation ion that fell within the
predetermined range shown inTable 3.

2.9. Method validation

2.9.1. Limits of detection
The LODs were calculated as three times the standard devi-

ation of the noise at zero concentration[29]. The estimate of
the noise is based on the variation in precision at concentrations
close to the LOD. This was calculated using the confirmation ion
of the four lowest calibration standards from available validation
and analytical runs. This gives an integrated and conservative
LOD value over several (n > 10) runs. By using the confirmation
ion (typically the less abundant ion) for LOD calculations, we
ensured that a confirmation ion would always be detectable at or
near the LOD. Furthermore, the LODs were compared with the
results of the calibration standard samples and low-level spiked
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was calculated by comparing the responses of the blank urine
samples spiked before extraction with the responses of the blank
urine samples spiked after the extraction.

2.9.3. Precision
The precision of the method was determined by calculating

the relative standard deviation (RSD) of repeat measurements of
samples from the three QC pools. Five new samples from each
of the QCL, QCM, and QCH pools were prepared and analyzed
every day during a 7-day period, and the results were used to
determine the within-day precision. The between-day precision
was determined by analyzing each QC pool in a minimum of 15
analytical runs over a 1-month period.

2.9.4. Cross-method validation
The urine samples used for cross-validation of the present

method with our previous, less selective multianalyte method
[15] consisted of split samples collected from 14 men in Missouri
who were part of the study of Swan et al.[30] and were properly
archived at−70◦C immediately after collection and process-
ing. These samples were chosen for cross-validation because
many of these herbicide metabolites were measured previously
at low concentrations in these samples and because AM and
AZM concentrations were associated with sperm quality[30].
The archived samples used in this evaluation never had been
s esults
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3
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amples to ensure that the calculated values agreed wi
eaks observed and that a minimum signal-to-noise ratio
as present at these low levels.

.9.2. Extraction efficiency
The extraction recovery of the method was determine

wo concentrations (5 and 50�g/L) by spiking five “blank”
rine samples with the appropriate standard concentratio
xtracting according to the method. Five additional “bla
rine samples (unspiked) were extracted concurrently. B

he evaporation steps, all the extracts were spiked with a k
mount of labeled internal standard to correct for instrum
ariation resulting in a more accurate extraction recovery
ulation. The samples that were not spiked before prepar
ere then spiked with the appropriate native standard to se
ontrol samples representative of 100% recovery. After eva
ion and reconstitution, the samples were analyzed. The rec
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ubjected to a thaw–refreeze cycle. We compared the r
btained using this method with the results obtained usin
revious method, both analyzing the archived sample. In

ion, we compared the results on the archived samples wit
esults we previously obtained on the same person’s split
le, which previously was reported in Swan et al.[30]. Also,
C materials were analyzed using both methods, and the r
ere compared. All protocols, including those for collec
nonymous urine for pooled QC and matrix materials, w
eviewed and approved by a human subjects review comm
nd complied with all institutional guidelines for the protect
f human subjects.

. Results

The optimized precursor-product ion pairs for the target
ytes are summarized inTable 2. The ionization polarity tha
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Fig. 2. MS/MS fragmenting schemes for acetochlor mercapturate and alachlor mercapturate.

produced the cleanest fragmentation and produced the most
abundant signal was chosen for each analyte. All transitions
were based on the [M + H]+ or [M − H]− precursor ions except
for ACM and AM, which were based on a source-fragmented
ions representing the loss of ethanol and methanol, respectively.
The precursor-product ion fragmenting scheme for both ACM
and AM are shown inFig. 2.

Mass chromatograms of AZM, ACM, and AM, which were
monitored in the positive ion mode, are shown inFig. 3.
AZM is chromatographically separated from ACM and AM;
however, ACM and AM coelute. Mass chromatograms of
MM, 2,4-D, and 2,4,5-T, which were monitored in the neg-

ative ion mode, are shown inFig. 4. All analytes that were
analyzed in the negative ion mode were chromatographically
resolved.

The method validation data for all analytes are summarized in
Tables 3 and 4. The extraction recoveries ranged from 87 to 98%,
and the relative recoveries ranged from 99 to 102%. A regres-
sion plot showing the spiked concentrations plotted against the
quantified concentrations for AM and ACM is shown inFig. 5.
The slopes of 1.02 and 1.01 for AM and ACM, respectively,
indicate relative recoveries of 102 and 101%.

The LODs for all analytes were <0.1 ng/mL. The within-day
variation for the analytes was between 2.5 and 9%, at con-

Table 4a
Method precision calculated from quality control materials at three concentrations

Target analyte Within-day R.S.D. (%) Between-day R.S.D. (%) Total R.S.D. (%)

0.6 ng/mL 6 ng/mL 12 ng/mL 0.6 ng/mL 6 ng/mL 12 ng/mL 0.6 ng/mL 6 ng/mL 12 ng/mL
N = 5 N = 5 N = 5 N = 7 N = 8 N = 7 N = 30 N = 32 N = 30

AZM 3.6 3.1 2.5 16 7.4 9.1 15 6.9 7.4
ACM 3.8 4.3 3.0 15 8.8 8.8 14 11 8.7
AM 6.7 5.2 2.7 13 8.8 8.9 13 11 8.8
MM 4.7 6.6 2.9 4.7 7.4 2.9 16 16 7.2
2,4-D 9.0 8.2 6.3 8.8 8.2 6.3 20 10 6.4
2,4,5-T 6.8 4.3 3.2 7.1 4.4 3.2 15 10 5.3

R toch
SD: relative standard deviation; AZM: atrazine mercapturate; ACM: ace
 lor mercapturate; MM: metolachlor mercapturate; AM: alachlor mercapturate.
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Fig. 3. Mass chromatograms showing atrazine mercapturate (AZM), acetochlor mercapturate (ACM), and alachlor mercapturate (AM), the analytes measured in
positive ion mode, in a urine sample spiked at 0.1 ng/mL (A) and in an unspiked blank sample (B).

centrations ranging from 0.6 to 12 ng/mL. The between-day
R.S.D.s ranged from 3.2 to 16%, whereas the total R.S.D.s
ranged from 5.3 to 20%. Similarly, the within-day variation at
0.1 and 0.25 ng/mL was 1.2–22% and the between-day variation
was 6.5–22%. If only the mercapturic acid metabolites were con-
sidered, the within-day variation was <10% and the between-day

Table 4b
Method precision calculated from fortified samples near the method limit of
detection.

Target analyte Within-day R.S.D. (%) Between-day R.S.D. (%)

0.1 ng/mL 0.25 ng/mL 0.1 ng/mL 0.25 ng/mL
N = 4 N = 4 N = 8 N = 8

AZM 3.2 5.5 7.1 9.1
ACM 10 1.9 13 11
AM 4.6 9.9 8.9 9.1
MM 3.1 8.1 6.5 11
2,4-D 22 17 21 15
2,4,5-T 16 8.3 22 8.9

R.S.D.: relative standard deviation; AZM: atrazine mercapturate; ACM: ace-
tochlor mercapturate; MM: metolachlor mercapturate; AM: alachlor mercap-
turate.

variation was <13% at 0.1 and 0.2 ng/mL. The highest R.S.D.s
were observed for 2,4-D. A typical Shewart plot for QC is shown
in Fig. 6.

Data from the cross-method validation are shown inTable 5.
Pearson correlation coefficients comparing the previous mea-
surements reported in Swan et al.[30] and measurements made
on archived split samples from the same persons using the her-
bicide method reported here ranged from 0.8545 to 0.9914 with
p < 0.0001. Pearson correlation coefficients of the new mea-
surements using the herbicide method with measurements on
the same new sample using the previous multianalyte method
[15] ranged from 0.9354 to 0.9992 withp < 0.0001. Similarly,
both samples measured using the previous multi-analyte method
[15] also agreed well (r=0.9206–0.9904;p < 0.0001). Individ-
ual paired measurements agreed well as shown for AM and ACM
in Table 6. Chromatograms of AM in the same sample mea-
sured using both methods along with the previous measurement
reported in Swan et al.[30] are shown inFig. 7. Measurements
made on QC materials and spiked samples using both the multi-
analyte method[15] and the herbicide method also agreed well
(Fig. 8). These data confirm our previous results reported on
these samples.
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Fig. 4. Mass chromatograms showing metolachlor mercapturate (MM), 2,4-D and 2,4,5-T, the analytes measured in negative ion mode, in a urine sample spiked at
0.1 ng/mL (A) and in an unspiked blank sample (B).

Table 5
Pearson correlation coefficients of urinary results previously reported in Swan et al.[30] using our multi-analyte method[15] with new results obtained on archived
split specimens using an the multi-analyte method[15] and the herbicide method presented in this paper

Analyte Previous measurements using old
method versus new measurements
using new method

Previous measurements using old
method versus new measurements
using old method

Newly measured values using
the old method versus the new
method

AZM 0.8545a 0.9852 0.9354
ACM 0.9435 0.9206 0.9434
AM 0.9914 0.9904 0.9992
MM 0.9256 0.9795 0.9725
2,4-D 0.9610 0.9621 0.9700
2,4,5-T b b b

All correlation coefficients were significant atp < 0.0001.
a Correlation becomes >0.92 when the same LOD is imposed on both data sets.
b Detected too infrequently in sample sets to calculate.

4. Discussion

The use of newer instrumentation which allowed for lower
LODs and inclusion of a confirmation ion allowed us to make
dramatic improvements in measuring herbicide metabolites in
human urine; thus, this method has improved specificity and
sensitivity. In addition, the newer instrumentation and pared list
of target analytes allowed us to measure fewer ions during each
MRM time segment, allowing more scan time per ion and ulti-
mately increasing the overall sensitivity.

The use of confirmation ions adds selectivity to analytical
methods providing more reliability in the detection of a given
analyte, especially at lower levels. In general, confirmation ions
which are less abundant than the quantification ions pose prob-
lems in positively identifying or confirming the identity of a
given analyte at or near the LOD. To circumvent this problem,
we calculated our LODs based upon the response and precision
of the confirmation ions rather than the quantification ions. The
ratio of the quantification ion to the confirmation ion is usually
less precise at lower concentrations; thus, using criteria similar to
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Fig. 5. Linear regression plots showing the amount spiked in urine samples
plotted against the amount quantified in urine samples for alachlor mercapturate
(AM) and acetochlor mercapturate (ACM). A slope of 1.00 indicates perfect
agreement.

the QC requirements (e.g., 95th and 99th confidence intervals
mentioned above allow a reasonable degree of confidence i
detection of a given analyte. Certainly the use of multiple quan-
tification ions would further enhance the reliability of a positive
detection, but may provide false negative detections. Thus, on
confirmation ion with strict ratio evaluation criteria should be
an acceptable practice for positively detecting analytes at low
concentrations.

Because AM and ACM have the same molecular weight and
coelute chromatographically, they were challenging to measure
To obtain mass resolution of AM and ACM, we selected a source
fragment ion for each of these analytes representing the los
of methanol and ethanol, respectively, from the sameN-alkyl
side chain, thus allowing different precursor ions to be selected
Similarly, the quantification product ion for AM and ACM rep-
resented the same loss (i.e., loss of the mercapturate moiety an

the otherN-alkyl side chain); however, because their aromatic
rings are substituted differently, the ions could be differentiated
on the basis of their mass. The confirmation ions for AM and
ACM were identical and were derived from a portion of the mer-
capturate moiety; however, because the precursor ions differed
for AM and ACM, no cointerference was observed. In fact, in all
testing performed, we found no interferences in the ion channels
of AM that could be attributable to ACM and vice versa.

Few methods reported in the literature have focused solely
on the measurement of herbicides or their metabolites in human
urine. Of the herbicides targeted in this method, 2,4-D and
atrazine have been the most widely studied. Aprea et al.[31]
reported a method for measuring 2,4-D and another similar her-
bicide in human urine with and LOD of 15 ng/mL. Lyubimov
et al. [32] reported a novel immunoassay for measuring 2,4-D
exposure with an LOD of 19 ng/mL. These methods are suitable
for measuring occupational exposures but probably would miss
any environmental exposures to 2,4-D because the population
levels are low[33]. Our laboratory has reported several multi-
analyte methods[12,15,16]in which 2,4-D was measured with
LODs ranging from 0.2 to 1 ng/mL; all of these method have
been used to measure 2,4-D in general population samples.

Table 6
Comparison of measured values (ng/mL) for alachlor mercapturate and ace-
t d

A

A

A

8 <0.1 <0.048 <0.1
9 0.11 0.090 0.100

10 0.33 0.302 0.220
11 <0.1 0.048 <0.1
12 <0.1 0.049 <0.1
13 <0.1 <0.048 <0.1
14 <0.1 0.055 <0.1

Measurements previously determined using a separate aliquot and the multian-
alyte method. Current measurements determined using an archived split sample
from the same individual.
Fig. 6. A Shewart quality control plot for alachlor mercapturate (AM).
)
n

e

.

s

.

d

ochlor mercapturate using a multianalyte method[15] and the present metho

nalyte ID Old value with
multianalyte
method

New value with
new method

New value with
multianalyte
method

M 1 <0.1 <0.036 <0.1
2 0.41 1.444 1.545
3 0.34 0.397 0.324
4 0.40 0.493 0.522
5 <0.1 <0.036 <0.1
6 0.35 0.388 0.295
7 0.39 0.393 0.269
8 0.37 0.468 0.359
9 0.42 0.687 0.496

10 0.34 0.444 0.398
11 0.78 0.857 0.639
12 0.66 0.726 0.762
13 0.44 0.454 0.429
14 8.91 8.107 8.795

CM 1 0.23 0.340 0.330
2 <0.1 <0.048 <0.1
3 <0.1 0.048 <0.1
4 <0.1 <0.048 <0.1
5 <0.1 <0.048 <0.1
6 <0.1 <0.048 <0.1
7 <0.1 <0.048 <0.1
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Fig. 7. Chromatograms showing alachlor mercapturate (AM) in an archived split sample from the same individual. (A) Shows the measurement using the method
presented here on the archived sample that was newly prepared. (B) Shows the measurement using our previous multianalyte method[15] on the archived sample
that was newly prepared. (C) Shows the measurement using our previous multianalyte method[15] on the split sample previously analyzed and reported in Swan et
al. [30].

Fig. 8. Agreement among quality control materials and spiked samples using
the method presented here and our previous multianalyte method[15].

Several methods measuring AZM have been reported using
both mass spectrometry[12,15,16] and immunoassay[34].
These methods are sensitive and selective for quantifying AZM
with LODs ranging from 0.3 to 0.5 ng/mL. However, the present
method has improved the sensitivity of AZM measurements over
three-fold.

Methods to measure human exposure to chloroacetanilide
herbicides have been rarely reported. To date, the only meth-
ods reported in the literature to measure human exposure to
alachlor, acetochlor, and/or metolachlor have been developed in
our laboratory[6,15]. In fact, our laboratory first identified the
primary metabolites of alachlor[10] and metolachlor[35], and
soon will do the same for acetochlor (unpublished data). The
present method has allowed us to increase both our sensitivity
and specificity for measuring the mercapturic acid metabolites
of these herbicides in urine. In fact, in 14 archived urine sam-
ples, we improved our frequency of detection for ACM from
21 to 50%. The excellent agreement with our previous multi-
analyte method[15] also will allow us to easily compare data
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obtained in studies conducted before the development of this
method.

5. Conclusions

We have developed an HPLC–MS/MS method for assess-
ing human exposure to six herbicides. This method is sensi-
tive, selective, accurate and precise. Isotope dilution calibration
is used for quantification of all analytes. The LODs ranged
from 0.036 to 0.075 ng/mL for 2 mL urine. The within- and
between-day variation ranged from 2.5 to 9.0% and 3.2 to 16%,
respectively, for all analytes at concentrations ranging from 0.6
to 12 ng/mL. We validated our method against a less selective
method used previously in our laboratory by analyzing human
specimens using both methods. The methods produced results
that were in agreement with no significant bias observed, thus
allowing comparison of results from this study with those pro-
duced using our previous method. Additionally, the results of
our new method confirm our previous results.
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