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Abstract

We developed a sensitive, selective and precise method for measuring herbicide metabolites in human urine. Our method uses auton
liquid delivery of internal standards and acetate buffer and a mixed polarity polymeric phase solid phase extraction of a 2 mL urine sample. T
concentrated eluate is analyzed using high-performance liquid chromatography—tandem mass spectrometry. Isotope dilution calibration is use
guantification 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 i
pooled quality control samples range from 2.5 to 9.0% and from 3.2 to 16%, respectively, for all analytes at concentrations ranging from 0.6
12 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 selective mett
against a less selective method used previously in our laboratory by analyzing human specimens using both methods. The methods produced r
that were in agreement, with no significant bias observed.

Published by Elsevier B.V.
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1. Introduction herbicides, such as alachlor, acetochlor and metolachlor also
are preemergent herbicides targeting annual grasses and some

Herbicides composed 44% of the total pesticide use in 200broadleaf weeds by inhibiting protein synthegs3]. Over 75
in the United Stateld ]. About 430 million pounds of herbicides million pounds of acetochlor, metolachlor, and alachlor were
and plant growth regulators are used annually in U.S. agriculapplied in the United States in 2001, ranking them as the 4th, 9th,
ture, with another 80 million pounds used in home and gardeand 16th, respectively, most abundantly applied pestiditles
applicationg[1]. An additional 40 million pounds are used in Both chloroacetanilide and triazine herbicides are used widely
industrial, commercial, and government applications. Four obn corn crops in the Midwest. 2,4-Dichlorophenoxyacetic acid
the five most abundantly used pesticides in agricultural and re¢2,4-D) is a postemergent herbicide used for control of annual
idential setting in the United States are herbicidgsSimilarly, = and perennial broadleaf weeds. It is applied abundantly in both
four of the five most abundantly used residential pesticides aragricultural and residential uses and ranks first in residential
herbicideq1]. applicationd1].

Three common herbicide classes include the triazines, Biomonitoring has been a useful tool for assessing herbi-
chloroacetanilides and phenoxyacetic acid herbicides. Triazineide and other pesticide exposufés7]. The primary reported
herbicides, the most common of which is atrazine, are preemehuman metabolites of atrazine and the chloroacetanilde herbi-
gent herbicides used to kill annual broadleaf weeds and grassegles are their mercapturatfs-10] The phenoxy acid herbi-
by inhibiting photosynthesig2,3]. Over 70 million pounds of cides are largely excreted as the parent compo{ikijsin the
atrazine were applied in the United States in 2001, making it thpast, measurement of polar pesticide metabolites was complex
second most abundantly applied pesti¢ideChloroacetanilide and time-consuming, if possible, because their analysis was not

conducive to gas chromatography—mass spectrometry without

first protecting the polar groups (derivatization). With the advent

* Corresponding author. Tel.: +1 770 488 7886; fax: +1 770 488 0142, Of effective interfaces to couple high performance liquid chro-
E-mail address: dbarr@cdc.gov (D.B. Barr). 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. Funethod has a wide dynamic range, making it suitable for mea-
thermore, with the widespread availability of selective tandensuring in urine the parent herbicide or its metabolite resulting
mass spectrometers (MS/MS), sensitive and selective applicéom high-level occupational exposures, but also with the sensi-
tions for measuring pesticide metabolites have been reportdiVity and selectivity to measure them in urine from people with
[12—-18]and the overall potential of HPLC—-MS/MS in biomon- lower level environmental exposures.
itoring has been explordd9].

Because of the potential for widespread exposure to herb2. Materials and methods
cides in both occupational and environmental settings, health
effects associated with herbicide exposures or determinants]/. Chemicals
of herbicide exposures have been the focus of several stud-
ies, primarily evaluating occupational exposufés$,20—-26] All solvents used were analytical grade. Acetonitrile was
Thus, to further accommodate such exposure and health effeattained from Burdick & Jackson Inc. (Muskegon, MI, USA)
assessment studies, we have modified an existing methathd methanol from Caledon Laboratories Ltd. (Georgetown,
[15] to provide a more sensitive, accurate, precise, and sele@nt., Canada). Glacial acetic acid and sodium acetate were pur-
tive method for measuring the herbicides 2,4-D and 2,4,5¢hased from JT Baker (Phillipsburg, NJ, USA). Deionized water
trichlorophenoxyacetic acid (2,4,5-T), and the mercapturic acigvas organically and biologically purified with a NANOpfre
metabolites of the herbicides alachlor, acetochlor, metolachloinfinity UF from Barnstead International (Dubuque, 1A, USA).
and atrazine in human urinEi@. 1). These chemicals, their her- Nitrogen was purchased from Airgas Inc. (Radnor, PA, USA)
bicide class, and metabolite types are liste@iable 1 Ournew  and had a minimum purity of 99.99%. The OASIS HEBcc

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)
Metolachlor mercapturate MM GSH-derived conjugate Metolachlor (chloroacetanilide)
Alachlor mercapturate AM GSH-derived conjugate Alachlor (chloroacetanilide)
2,4,5-Trichlorophenoxyacetic acid 2,45-T Parent 2,4,5-T (phenoxyacetic acid)
2,4-Dichlorophenoxyacetic acid 2,4-D Parent 2,4-D (phenoxyacetic acid)

GSH: glutathione.
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(60 mg) mixed-bed polymeric cartridges used for solid phase.4. Instruments

extraction (SPE) were purchased from Waters Corporation (Mil-

ford, MA). Samples were concentrated to dryness using a TurboVap LV
The native standards of acetochlor mercapturatd&evaporator (Zymark, Farmingham, MA, USA) where the water

(ACM; 98% purity; N-acetylS-[2-(2-ethyl-6-methylphenyl) temperature was set to 4Q and nitrogen (10 psi pressure) was

(ethoxymethyl)amino]-2-oxoethyl-cysteine); alachlor mer- used as the evaporating gas. The high-performance liquid chro-

capturate (AM; 99% purityN-acetylS-[2-(2,6-diethylphenyl) matography (HPLC) was performed on an Agilent 1100 system

(methoxymethyl)amino]-2-oxoethyl-cysteine); metolachlor (Agilent Technologies, Waldbronn, Germany) consisting of a

mercapturate (MM; 98% purity;N-acetylS-[2-(2-ethyl-6-  binary pump, a degasser, an auto sampler, and a temperature-

methylphenyl)(2-methox 1-methylethyl)amino]-2-oxoethyl-  stable column compartment. A TSQ Quantum Wtraiple

L-cysteine); and atrazine mercapturate (AZM; 98% puiy; quadrupole mass spectrometer (ThermoFinnigan, San Jose, CA,

acetylsS-[4-(ethylamino)-6-[(1-methylethyl)amino]-1,8-tria-  USA) with an atmospheric pressure chemical ionization (APCI)

zin-2-yl]-L-cysteine) were custom synthesized by Cambridgénterface was used for analysis.

Isotope Laboratories (Andover, MA, USA). 2,4-D (98% purity)

and 2,4,5-T (97% purity) were obtained from Aldrich Chemical 2.5. Sample preparation

Company (Milwaukee, WI, USA). All isotopically labeled

standards weré3Cs-ring labeled, except AZM, which was Samples were thawed and vortex mixed to ensure sample

13C5-ring labeled, and were custom synthesized by Cambridghomogeneity. Two milliliters of each urine sample was pipet-

Isotope Laboratories (Andover, MA, USA) and had chemicalted into a 16x 100 round-bottomed tube. The urine tubes were

and isotopic purities >99%. loaded onto a Gilson 215 Liquid Handler with dual syringes
(Gilson, Middleton, WI) where 1pL ISTD was added automat-
2.2. Standard preparation ically to each sample tube, including calibration samples, blanks,

and QC materials. Each sample was buffered with 1.5 mL of a
Individual stock solutions of each labeled internal standard).2 M acetate buffer (pH 5) to allow for a more repeatable analyte
were prepared in acetonitrile to give concentrations ranging fromecovery, which was delivered automatically, and mixed thor-
53 to 142ug/mL. Appropriate amounts of each stock solution oughly. The SPE cartridges were preconditioned with 1 mL of
were combined and diluted with acetonitrile to produce a work-methanol followed by 1 mL of 1% acetic acid. The samples were
ing internal combined standard solution (ISTD) of 0.96ulg/ added and passed through the cartridges. To reduce the chemi-
for each labeled standard. This solution (15 was used to cal noise observed during analysis, the cartridges were washed
deliver the ISTD into each 2 mL urine sample to yield an ISTDwith 1 mL 5% methanol in 1% acetic acid. The cartridges were
concentration of about 7 ng/mL. dried for approximately 30 s using vacuum. Methanol (1.5 mL)
Individual stock solutions~200ngf.L) of the unlabeled was eluted through the cartridges and collected. Two milliliters
analytes were prepared from their solid standards. Appropriatef acetonitrile was added to the methanol fraction to help facil-
volumes were pipetted from the stock solutions to prepare ningate the evaporation of residual water eluted from the cartridge
multianalyte calibration standard spiking solutions with the fol-because acetonitrile forms a lower boiling azeotrope with water.
lowing concentrations of each individual analyte: 0.018, 0.036The extracts were evaporated to dryness and reconstituted in
0.072, 0.180, 0.360, 0.720, 1.8, 3.6, and 7.2uhg/To pre-  100uL acetonitrile:water (1:1), resulting in an overall 20-fold
pare a calibration standard set, i3 of each standard solution concentration of the original urine samples. The samples were
was added to 2 mL of the matrix material, which was preparedransferred to autosampler vials and capped for analysis using
according to the method detailed below. All concentrations werélPLC-MS/MS.
corrected for each analyte’s chemical purity.
2.6. HPLC operating conditions
2.3. Quality control materials
Chromatographic separation was performed on a B&tasil
Urine was collected from multiple anonymous donors, com-Hexylphenyl column (3um particle size, 108 pore size, and
bined, and mixed overnight at 2C. The urine was divided 4.6 mm [.D.x 100 mm length; Keystone Scientific Inc., Belle-
into four pools, three of which were used to prepare qualityfonte, PA, USA). The flow rate was 0.5 mL/min, and the injection
control (QC) materials. The first QC pool (low concentration;volume was uL. The column temperature was kept at°Zs
QCL) was spiked with the native materials to yield an approx-during the analysis. Mobile phase A was 0.1% acetic acid in
imate analyte concentration of Qug/L. The second QC pool water, and mobile phase B was 0.1% acetic acid in acetoni-
(medium concentration; QCM) was spiked with the native matetrile. To accommodate two injections for each sample to analyze
rials to yield an approximate analyte concentration pigf_. ions in both the positive and negative ion modes, two gradi-
The third QC pool (high concentration; QCH) was spiked withent elution programs were employed using the same mobile
the native materials to yield an approximate analyte concentrgghases. Although the mass spectrometer is capable of switch-
tion of 12ug/L. The final pool was not spiked and was useding between positive and negative ion modes within a single
as matrix material for calibration standards and urine blanknjection, more reliable results were obtained if two separate
samples. injections were used. For positive ions, the mobile phase compo-
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sition was initially 50% A and 50% B which was held for 1 min. first 2 min timed segment (dead volume time) for both positive
The composition was changed linearly over 1 min to 40% A andand negative ion injections was diverted to waste to maintain
60% B. Over the next min, the composition changed linearly tacleanliness of the ion source, thus prolonging optimum system
30% A and 70% B and changed to 15% A and 85% B over thgerformance.

following min. Finally, the mobile phase changed to 100% B

linearly over 1 min and was held for 2min before reverting t02 s Quantification and quality control of analytical runs

initial conditions for 3 min to reequilibrate the column. The total

runtime for positive ion analysis and reequilibration was 10 min. A nine-point matrix-based calibration plot for quantification

For negative ions, the initial mobile phase composition was 47%yas generated during each analytical run. For each calibration
A and 53% B, which was held over the next 5min. The Com'standard' 2 mL urine was Sp|ked automatica"y W|th}1130f
position was changed linearly over the next min to 15% A andne appropriate standard using the Gilson 215 Liquid Handler to
85% B. Finally, the composition was changed linearly over theyroduce a full calibration set. The concentrations of the nine cali-
next min to 100% B and held for 2 min before reverting to initial pration points ranged from 0.1 to 50 ng/mL urine for all analytes.
conditions for 3min to reequilibrate the column. The total runa |inear regression analysis of the area of the native analyte/area
time for negative ion analysis and reequilibration was 12 min. of the ISTD plotted against the analyte concentration in urine
produced a linear equation from which unknown concentrations
2.7. Tandem mass spectrometry operating conditions could be calculated. This equation was appropriately corrected
for any contribution that the ISTD provided to the native ion
The TSQ Quantum UltfAwas operated in the multiple reac- channel and vice versa using standard isotopte dilution calcula-
tion monitoring (MRM) mode. The precursor-product ion pairs,tions[27]. Each analytical run consisted of a full nine-standard
collision offset energies, and scan times for the analysis of eactalibration set, one blank urine sample, two to five reagent blank
target analyte are summarizedTiable 2 The scan width was samples, one of each QC material concentration level, and up to
£0.05m/z in both the first and last quadrupoles, and the chronB86 unknown samples. All samples were prepared concurrently
filter was setto 5 s. Data were collected as centroid peaks. In thesing the sample preparation method outlined above. In addition
APCI source, the heated capillary was set at450he corona during the validation process, two samples spiked at 0.1 ng/mL
discharge was set at 4.0kV, and the capillary temperature wamnd two samples spiked at 0.2 ng/mL were included in the runs
250°C. The sheath and auxiliary gas Noressures were setto to ensure the method could easily detect levels at or near our
25 and 5 psi, respectively, and the collision gas (Ar) pressure wasrevious limits of detection (LODg)L5].
set to 1.5 mTorr. All samples were injected twice. For the first Several QC criteria were used to evaluate the validity of a
injection, data were acquired in positive ionization mode, andjiven analytical run. All three QC pools were characterized to
the total run time was 10 min. The positive ion run was divideddetermine the mean and 95th and 99th control limits by consec-
into four distinct timed segment$dble 2. For the second injec- utive analysis of at least 20 samples from each QC pool. After
tion, data were acquired in the negative ionization mode, and thestablishing the control limits of the pools, all QC samples con-
total run time was 12 min. The negative ion run was divided intatained within each analytical run were evaluated for validity
three distinct timed segmeni&ple 2. The mobile phase forthe using the Westgard multirul¢28].

Table 2

Optimized precursor-product ion pairs and other instrumentation parameters for the target analytes

Target analyte lon type Precursor ion/f) Product ion fu/z) CE (V) lon mode Scan time (s) Timed segment (min)
AZM Q 343 214 27 + 0.35 2-3.82
AZM C 343 172 37 + 0.35 2-3.82
13C,-AZM Q 346 217 27 + 0.35 2-3.82
ACM Q 351 130 10 + 0.17 3.83-7.01
ACM C 351 148 28 + 0.17 3.83-7.01
13Ce-ACM Q 357 130 10 + 0.17 3.83-7.01
AM Q 365 162 27 + 0.17 3.83-7.01
AM C 365 130 10 + 0.17 3.83-7.01
13Cs-AM Q 371 168 27 + 0.17 3.83-7.01
MM Q 409 280 22 - 0.30 2-4.50
MM C 409 150 32 - 0.30 2-4.50
13Cs-MM Q 415 286 22 - 0.30 2-4.50
2,4-D Q 219 161 19 - 0.35 4.51-5.61
2,4-D C 221 161 19 - 0.35 4.51-5.61
13Cq-2,4-D Q 225 167 19 - 0.35 4.51-5.61
2,45-T Q 255 197 21 - 0.40 5.62-9.02
2,45T C 257 197 21 - 0.40 5.62-9.02
18C6-2,4,5-T Q 261 203 21 - 0.40 5.62-9.02

CE: collision energy; Q: quantification ion; C: confirmation ion; AZM: atrazine mercapturate; ACM: acetochlor mercapturate; MM: metolachlduratscaAM:
alachlor mercapturate.
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Table 3

Descriptive measurements of the method

Analyte Mean extraction recovetyS.D. Relative recovery (%o =72 LOD (ng/mL) Q/C ion ratia- S.D2
5ng/mL (V=19) 50 ng/mL §¥=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 1.90.1

AM 96+4.6 95+ 5.3 102 0.036 1801

MM 91+8.6 90+ 7.2 102 0.039 2.%£0.5

2,4-D 96+ 8.6 87+3.8 99 0.054 1.50.23&

2,45T 97+5.1 90+ 2.4 101 0.075 18018

N: number; S.D.: standard deviation; LOD: limit of detection; Q/C: ratio of quantification ion area to confirmation ion area; AZM: atrazine mesca@Ma
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 theoreticaP@itio $iCl + 15%
was used.

Additional QC criteria were used to judge the validity of an was calculated by comparing the responses of the blank urine
analytical run or a measured concentration. The reagent blardamples spiked before extraction with the responses of the blank
could not contain any measurable concentration of the analyterine samples spiked after the extraction.
over the method LOD. Furthermore, for an individual analyte
chromatographic peak to be identified as the target chemical armlo. 3. Precision
for a valid concentration to be calculated, the peak was required The precision of the method was determined by calculating
to[1] coelute with its respective labeled internal stand&i8¢);  the relative standard deviation (RSD) of repeat measurements of
[2] have the confirmation ion; arjd] have a ratio of the area of samples from the three QC pools. Five new samples from each
the quantification ion to the confirmation ion that fell within the of the QCL, QCM, and QCH pools were prepared and analyzed

predetermined range shownTable 3 every day during a 7-day period, and the results were used to
determine the within-day precision. The between-day precision
2.9. Method validation was determined by analyzing each QC pool in a minimum of 15

analytical runs over a 1-month period.

2.9.1. Limits of detection

The LODs were calculated as three times the standard devi:9.4. Cross-method validation
ation of the noise at zero concentratif#9]. The estimate of The urine samples used for cross-validation of the present
the noise is based on the variation in precision at concentratiomaethod with our previous, less selective multianalyte method
close to the LOD. This was calculated using the confirmation iorj15] consisted of split samples collected from 14 men in Missouri
of the four lowest calibration standards from available validationwho were part of the study of Swan etf@0] and were properly
and analytical runs. This gives an integrated and conservativarchived at—70°C immediately after collection and process-
LOD value over severah(> 10) runs. By using the confirmation ing. These samples were chosen for cross-validation because
ion (typically the less abundant ion) for LOD calculations, wemany of these herbicide metabolites were measured previously
ensured that a confirmation ion would always be detectable at @it low concentrations in these samples and because AM and
near the LOD. Furthermore, the LODs were compared with théA\ZM concentrations were associated with sperm qu486j.
results of the calibration standard samples and low-level spike®the archived samples used in this evaluation never had been
samples to ensure that the calculated values agreed with t@bjected to a thaw—refreeze cycle. We compared the results
peaks observed and that a minimum signal-to-noise ratio of 8btained using this method with the results obtained using the

was present at these low levels. previous method, both analyzing the archived sample. In addi-
tion, we compared the results on the archived samples with the
2.9.2. Extraction efficiency results we previously obtained on the same person’s split sam-

The extraction recovery of the method was determined aple, which previously was reported in Swan et[&D]. Also,
two concentrations (5 and B@/L) by spiking five “blank”  QC materials were analyzed using both methods, and the results
urine samples with the appropriate standard concentration andere compared. All protocols, including those for collecting
extracting according to the method. Five additional “blank”anonymous urine for pooled QC and matrix materials, were
urine samples (unspiked) were extracted concurrently. Beforeeviewed and approved by a human subjects review committee
the evaporation steps, all the extracts were spiked with a know@nd complied with all institutional guidelines for the protection
amount of labeled internal standard to correct for instrumen@f human subjects.
variation resulting in a more accurate extraction recovery cal-
culation. The samples that were not spiked before preparatioh Results
were then spiked with the appropriate native standard to serve as
control samples representative of 100% recovery. After evapora- The optimized precursor-product ion pairs for the target ana-
tion and reconstitution, the samples were analyzed. The recovelytes are summarized ifable 2 The ionization polarity that
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Fig. 2. MS/MS fragmenting schemes for acetochlor mercapturate and alachlor mercapturate.

produced the cleanest fragmentation and produced the moative ion mode, are shown iRig. 4. All analytes that were
abundant signal was chosen for each analyte. All transitionanalyzed in the negative ion mode were chromatographically
were based on the [M + HJor [M — H]~ precursor ions except resolved.
for ACM and AM, which were based on a source-fragmented The method validation data for all analytes are summarized in
ions representing the loss of ethanol and methanol, respectivelyables 3 and 4The extraction recoveries ranged from 87 to 98%,
The precursor-product ion fragmenting scheme for both ACMand the relative recoveries ranged from 99 to 102%. A regres-
and AM are shown itfrig. 2 sion plot showing the spiked concentrations plotted against the
Mass chromatograms of AZM, ACM, and AM, which were quantified concentrations for AM and ACM is shownHig. 5.
monitored in the positive ion mode, are shown kig. 3. The slopes of 1.02 and 1.01 for AM and ACM, respectively,
AZM is chromatographically separated from ACM and AM; indicate relative recoveries of 102 and 101%.
however, ACM and AM coelute. Mass chromatograms of The LODs for all analytes were <0.1 ng/mL. The within-day
MM, 2,4-D, and 2,4,5-T, which were monitored in the neg-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 25 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
2,45T 6.8 43 3.2 7.1 4.4 3.2 15 10 5.3

RSD: relative standard deviation; AZM: atrazine mercapturate; ACM: acetochlor mercapturate; MM: metolachlor mercapturate; AM: alachlaratercapt
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Fig. 3. Mass chromatograms showing atrazine mercapturate (AZM), acetochlor mercapturate (ACM), and alachlor mercapturate (AM), the anakytesm meas
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 12ng/mL. The between-dayariation was <13% at 0.1 and 0.2 ng/mL. The highest R.S.D.s

R.S.D.s ranged from 3.2 to 16%, whereas the total R.S.D.were observed for 2,4-D. A typical Shewart plot for QC is shown

ranged from 5.3 to 20%. Similarly, the within-day variation atin Fig. 6.

0.1and 0.25 ng/mL was 1.2—22% and the between-day variation Data from the cross-method validation are showmahle 5

was 6.5-22%. If only the mercapturic acid metabolites were conPearson correlation coefficients comparing the previous mea-

sidered, the within-day variation was <10% and the between-dagurements reported in Swan et[80] 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

Table 4b . -

Method precision calculated from fortified samples near the method limit o < 0.0001. Pe_arson Corre_la_tlon coeﬁ|C|ents of the new mea-

detection. surements using the herbicide method with measurements on

the same new sample using the previous multianalyte method

Targetanalyte . Within-day R.S.D. (%) ~  Between-dayR.S.D.(%) 1151 ranged from 0.9354 to 0.9992 wigh< 0.0001. Similarly,
0.1ng/mL  0.25ng/mL  0.1ng/mL 0.25ng/mL poth samples measured using the previous multi-analyte method
N=4 N=4 N=8 N=8 [15] also agreed well{(= 0.9206—0.9904p < 0.0001). Individ-

AZM 3.2 55 7.1 9.1 ual paired measurements agreed well as shown for AM and ACM

ACM 10 1.9 13 11 in Table 6 Chromatograms of AM in the same sample mea-

fm ‘3"? g'(‘l’ 2'2 12'1 sured using both methods along with the previous measurement

2.4D 22 17 2 15 reported in Swan et aJ30] are shown irFig. 7. Measurements

2.45-T 16 8.3 22 8.9 made on QC materials and spiked samples using both the multi-

, — , analyte method15] and the herbicide method also agreed well
R.S.D.: relative standard deviation; AZM: atrazine mercapturate; ACM: ace- y @1 ] 9

tochlor mercapturate; MM: metolachlor mercapturate; AM: alachlor mercap-(Flg' 8. These data confirm our previous results reported on
turate. 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 uriiledanple sp
0.1ng/mL (A) and in an unspiked blank sample (B).

Table 5

Pearson correlation coefficients of urinary results previously reported in Swarj3i]alsing our multi-analyte methdd5] with new results obtained on archived
split specimens using an the multi-analyte metfi&] and the herbicide method presented in this paper

Analyte Previous measurements using old Previous measurements using old Newly measured values using
method versus new measurements method versus new measurements the old method versus the new
using new method using old method method

AZM 0.8548 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 g 0.0001.
2 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 confirmation ions adds selectivity to analytical
methods providing more reliability in the detection of a given
The use of newer instrumentation which allowed for loweranalyte, especially at lower levels. In general, confirmation ions
LODs and inclusion of a confirmation ion allowed us to makewhich are less abundant than the quantification ions pose prob-
dramatic improvements in measuring herbicide metabolites items in positively identifying or confirming the identity of a
human urine; thus, this method has improved specificity angjiven analyte at or near the LOD. To circumvent this problem,
sensitivity. In addition, the newer instrumentation and pared listve calculated our LODs based upon the response and precision
of target analytes allowed us to measure fewer ions during eadf the confirmation ions rather than the quantification ions. The
MRM time segment, allowing more scan time per ion and ulti-ratio of the quantification ion to the confirmation ion is usually
mately increasing the overall sensitivity. less precise atlower concentrations; thus, using criteria similar to
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Fig. 5. Linear regression plots showing the amount spiked in urine sample

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 €Ba].
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 methodfl2,15,16]in which 2,4-D was measured with
LODs ranging from 0.2 to 1 ng/mL; all of these method have
peen used to measure 2,4-D in general population 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.

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

the QC requirements (e_g_’ 95th and 99th confidence interval$9°h'°r mercapturate using a multianalyte metfids] and the present method

mentioned above allow a reasonable degree of confidence ihayte 1D

Old value with  New value with New value with

detection of a given analyte. Certainly the use of multiple quan- multianalyte new method multianalyte

tification ions would further enhance the reliability of a positive method method

detection, but may provide false negative detections. Thus, ongv 1 <01 <0.036 <0.1
confirmation ion with strict ratio evaluation criteria should be 2 0.41 1.444 1.545
an acceptable practice for positively detecting analytes at low 3 0.34 0.397 0.324
: 4 0.40 0.493 0.522

concentrations. _ 5 <01 <0.036 <01
Because AM and ACM have the same molecular weight and 6 0.35 0.388 0.295
coelute chromatographically, they were challenging to measure. 7 0.39 0.393 0.269
To obtain mass resolution of AM and ACM, we selected a source 8 0.37 0.468 0.359
fragment ion for each of these analytes representing the loss 9 0.42 0.687 0.496
of methanol and ethanol, respectively, from the savrakyl ﬁ ggg g'gg‘; 8'223
side chain, thus allowing different precursor ions to be selected. 12 0.66 0.726 0.762
Similarly, the quantification product ion for AM and ACM rep- 13 0.44 0.454 0.429
resented the same loss (i.e., loss of the mercapturate moiety and 14 8.91 8.107 8.795
ACM 1 0.23 0.340 0.330

- 2 <01 <0.048 <0.1

3 <01 0.048 <0.1

= 091 RS R AREs = oo et no e s e - 4 <0.1 <0.048 <0.1
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Fig. 6. A Shewart quality control plot for alachlor mercapturate (AM).

Measurements previously determined using a separate aliquot and the multian-
alyte method. Current measurements determined using an archived split sample
from the same individual.
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Fig. 7. Chromatograms showing alachlor mercapturate (AM) in an archived split sample from the same individual. (A) Shows the measurement ukod) the me
presented here on the archived sample that was newly prepared. (B) Shows the measurement using our previous multiana]y& orethedarchived sample

that was newly prepared. (C) Shows the measurement using our previous multianalyte [h&tloodthe split sample previously analyzed and reported in Swan et
al.[30].

Several methods measuring AZM have been reported using
both mass spectrometrjd2,15,16] and immunoassay34].
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
= y = 0.9833x - 0.0059 o) three-fold. 5

.g : R%=09917 . / M_et_hods to measure human exposure to chloroacetanilide
£12 5 herbicides have been rarely reported. To date, the only meth-
§1_o -,//" ods reported in the literature to measure human exposure to
B4 / alachlor, acetochlor, and/or metolachlor have been developed in
; e / our laboratory6,15]. In fact, our laboratory first identified the
=" / . primary metabolites of alachl¢t0] and metolachlof35], and

S 04 soon will do the same for acetochlor (unpublished data). The
02 F"R"I‘/ present method has allowed us to increase both our sensitivity
= 0.0 and specificity for measuring the mercapturic acid metabolites

00 02 04 06 08 10 12 14 16

of these herbicides in urine. In fact, in 14 archived urine sam-
Herbicide method (ng/mL)

ples, we improved our frequency of detection for ACM from
Fig. 8. Agreement among quality control materials and spiked samples usingl t0 50%. The excellent agreement with our previous multi-
the method presented here and our previous multianalyte mtBpd analyte method15] also will allow us to easily compare data
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