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Abstract

An accurate and precise procedure was developed for the detection and quantification of (2-methoxyethoxy)acetic acid
(MEAA), a metabolite and biomarker for human exposure to 2-(2-methoxyethoxy)ethanol. The compound 2-(2-methoxy-
ethoxy)ethanol has a wide array of industrial applications including its use as an additive in military jet fuel. Exposure to
2-(2-methoxyethoxy)ethanol is a health concern owing to its toxicity which includes developmental and teratogenic
properties. Sample preparation consisted of liquid–liquid extraction (LLE) and esterification of MEAA to produce the ethyl
ester. Measurement was by a gas chromatograph (GC) equipped with a mass selective detector (MSD) using a HP-1
capillary column. Recovery studies of spiked blank urine demonstrated good accuracy and precision; recovery varied
between 95 and 103% with relative standard deviations of 8.6% and less. The limit of detection (LOD) for this procedure
was found to range from 0.02 to 0.08mg/ml equivalent levels of MEAA in urine. These data and other aspects of the
validation of this procedure will be discussed.
Published by Elsevier B.V.
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1 . Introduction significant prenatal toxicity[4,6]. The toxicology
data for 2-(2-methoxyethoxy)ethanol has been re-

The toxicity of glycol ethers and related com- viewed[2], and the compound has been studied
pounds was known as early as 1939[1] and has been numerous times. Hardin et al.[7] found that 2-
reported in the literature[2–5]. The compound 2-(2- (methoxyethoxy)ethanol had teratogenic and de-
methoxyethoxy)ethanol has many industrial applica- velopmental toxicity in Sprague–Dawley rats, and
tions including the use as an anti-icing agent in JP-8 Yamano et al.[8] demonstrated teratogenic prop-
military jet fuel. It is a health concern because of its erties in Wistar rats. Scortichini et al.[9] observed
similarity to 2-methoxyethanol, a glycol ether with fetotoxicity in the rabbit from dermal exposure.

Dermal exposure to 2-(2-methoxyethoxy)ethanol
during JP-8 fuel-transfer and aircraft tank-cleaning is
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(MEAA) has been shown to be the urinary metabo- traction and enrichment techniques[13] and was
lite best suited for use as a short-term biological ultimately chosen for the extraction of MEAA from
marker of exposure to 2-(2-methoxyethoxy)ethanol urine in this study. Esterification of MEAA to the
[10]. Fig. 1 shows the metabolic pathway for 2-(2- corresponding ethyl acetate proved to be effective; a
methoxyethoxy)ethanol to MEAA. However, as is similar esterification procedure has been reported by
shown in Fig. 1, other metabolites can be formed Laitinen[14] for the analysis of butoxyacetic acid
from the initial alcohol by glucuronyl transferase, using the methyl ester formation. Esterification of
dealkylase or sulfotransferase. MEAA can be further organic acids with various alcohols for gas chro-
metabolized by acyltransferase or dealkylase car- matographic (GC) analysis is frequently practised;
boligase. The focus of this manuscript is the de- haloacetic acids[15], mandelic acid [16,17] and
velopment and validation of a method for the 3-phenoxybenzoic acid[18] are just a few examples
detection and quantification of MEAA. of urine extract analysis using acid catalyzed esterifi-

It was the objective of this study to develop a cation reported in the literature. Other GC alkoxy-
simple and effective procedure to detect and measure acetic acid urine analysis methods reported have
the levels of MEAA in human urine samples. It was followed extraction with derivatization using diazo-
also a goal to have a validated[11,12] test method in methane[19], pentafluorobenzyl bromide[20–23] or
place for use in monitoring exposed individuals in trimethylsilyldiazomethane[24]. These methods are
the United States Air Force and to have the meth- generally more complicated than esterification.
odology in place to monitor animal exposure during Diazomethane is hazardous for the laboratory chem-
toxicity experiments, both of which are part of ist and pentafluorobenzyl bromide derivatization can
studies in progress or proposed at this laboratory. generate irritating hydrogen bromide gas. Trimethyl-
The analysis procedure was designed to be simple silyldiazomethane can be expensive to use. Acid
and straightforward. Liquid–liquid extraction (LLE) catalyzed esterification avoided many of these dif-
has been noted in the literature for its inherent ficulties. Capillary GC using a HP-1 column and
simplicity and ease of use over other sample ex- detection by means of a mass selective detector

(MSD) proved to be selective for the method and
 eliminated interferences for the analysis of the urine

sample matrix. Deuterated 2-butoxyacetic acid (d-
BAA) was chosen as an internal standard for the
chromatographic procedure.

2 . Experimental

2 .1. Instrumentation and chromatographic
conditions

The chromatographic analysis was carried out
using an Agilent Technologies model 6890 gas
chromatograph (Avondale, Pennsylvania, USA)
equipped with a model 5973 mass selective detector
and an autosampler. The detector output was con-
nected to a Chemstation (Agilent Technologies)

Fig. 1. Metabolic pathways for 2-(2-methoxyethoxy)ethanol. (2- where all raw data were evaluated and integrated.
Methoxyethoxy)acetic acid, MEAA, is a major metabolite and The column was a capillary HP-1 (Agilent Tech-
biomarker of exposure and is the focus of this analysis procedure.

nologies) with a length of 50 m, internal diameter of2-(Methoxyethoxy)ethanol can also be metabolized by glucuronyl
0.20 mm and film thickness of 0.33mm. Thetransferase, dealkylase or sulfotransferase. MEAA can be metabo-

lized further by acyltransferase or dealkylase carboligase. instrumental conditions for analysis were as follows:
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helium carrier flow was 0.8 ml /min constant, injec- tion of 5.0 ml of deionized water. Extraction by use
tor port temperature was 2408C, and the detector of a vortex mixer with 1-min time periods was
source temperature was 2308C with the quadrupole performed. The methylene chloride layer was col-
set at 1508C. The column program was as follows: lected, and 5.0 ml of deionized water were added to
the initial temperature was 508C and held for 1 min, the original esterified sample tube. This mixture was
then increased to 1408C at a rate of 38C/min and extracted three more times with 3.0 ml of methylene
finally increased to 2308C at a rate of 158C/min. A chloride. The extract solutions were combined and
post run of 2408C for 5 min was included with each dried with anhydrous magnesium sulfate. The
run. The mass selective detector was operated in methylene chloride solutions were reduced to 1 ml
electron impact mode with an electron energy of 70 volume by evaporation by nitrogen sweep at room
eV and selected ions were monitored at ionm /z 59 temperature. These concentrated solutions were
(MEAA) and ion m /z 66 (d-BAA) for quantification. placed in crimp-capped vials for GC analysis.
Also, the mass selective detector was used in the
scanning mode for verification of the identity of 2 .4. Standard sample preparation and recovery
peaks during the initial development phase of this studies
analysis procedure. The injection size of the final
solution was 0.5ml using splitless mode injection. MEAA standards for calibration were prepared at

the 0.1, 0.25, 0.5, 1, 2, 5, 10, 20, 30, 40 and 50
2 .2. Chemicals and reagents mg/ml equivalent levels in urine plus a blank 0

mg/ml level sample. Blank urine was spiked at the 2,
Standard compounds of (2-methoxyethoxy)acetic 10, and 20mg/ml equivalent MEAA level for each

acid (MEAA, CAS no. 16024-56-9) and deuterated experimental day of the primary recovery study. A
2-butoxyacetic acid (d-BAA) were synthesized and secondary recovery study consisted of collecting
described previously by Cheever et al.[25] and by urine from 20 non-exposed volunteers. Urine sam-
Brown et al. [26]. All other reagents used were of ples containing no MEAA or d-BAA internal stan-
analytical grade and are regularly available in a dard, urine samples with d-BAA only, and urine
laboratory. samples spiked with 10mg/ml equivalent MEAA

level and d-BAA internal standard were prepared for
2 .3. General urine sample preparation this second recovery study.

Actual urine samples or MEAA-spiked blank urine 2 .5. Calculations
samples were treated identically. A 4.0-ml portion of
the urine was placed in a screw-capped tube and Calculations were based on peak area ratios of
acidified with 20ml of concentrated (12M) hydro- MEAA to d-BAA. Standard calibration curves were
chloric acid. A 0.5-ml aliquot of a 40mg/ml d-BAA linear within the 0.1 to 50mg/ml MEAA range used;
internal standard solution was added. A 0.5-ml correlation coefficients were 0.98 or greater and
portion of deionized water for test samples or y-intercepts approached zero for all curves generated
standard MEAA spiking solution was added. The with this method. Two calibration curves, at the
urine sample was extracted four times with 5.0 ml of beginning and end of the run, using all the standards
ethyl acetate using a vortex mixer for 1 min for each were collected for each batch set of the first recovery
extraction. The ethyl acetate layers were combined study. This generated six curves for data presented
and reduced in volume to 1 ml by evaporation by for the first recovery study. Three calibration curves,
nitrogen sweep at room temperature. Each concen- at the beginning, middle, and end of a run, were
trated urine extract was treated with 2.0 ml of collected during the second recovery study. Since
ethanol and 0.4 ml of concentrated sulfuric acid two batch runs were made during the second re-
overnight (16 h) at 508C in a heating block. A covery study of spiked unexposed urine, this created
3.0-ml portion of methylene chloride was added to an additional six calibration curves. Calibration
each esterified urine sample, followed by the addi- curve slope drift was minimal; less than 2% was
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 observed within any batch run. Duplicate injections
were performed for all spiked samples and average
values calculated for the recovery data.

The limit of detection (LOD) was calculated in the
traditional way, three times noise level divided by
the slope of the calibration curve[11]. The noise
level was determined for each batch run by inte-
grating noise levels in chromatograms at the re-
tention time window for MEAA from the 0mg/ml
blank standard. At least five chromatograms were
used, and the average noise level based on height
was used. The slope from the calibration curve using
peak height ratios of the standard levels was used for
this calculation. Fig. 2. (A) A total ion chromatogram of a blank non-exposed

volunteer urine sample analyzed by the described procedure. (B)
A total ion chromatogram of a 10mg/ml spiked MEAA urine
solution with 5 mg/ml equivalent d-BAA used as the internal3 . Results and discussion
standard. No interfering peaks were evident in any of the group of
20 non-exposed volunteer samples.

3 .1. Chromatographic separation and specificity

The optimized chromatographic conditions de- The mass selective detector was useful in adding
veloped for this procedure proved to be selective and additional selectivity to the procedure. The ionm /z
have no major interferences. The unspiked urine 59 [CH OCH CH –] was chosen for monitoring for3 2 2

samples chromatographed showed no interfering the calibration curve used in the calculations because
peaks for MEAA; the blank samples from 20 non- of its greater abundance, and it was a characteristic
exposed volunteers showed chromatograms with no fragment for the MEAA ethyl ester. Ionm /z 66
interferences for either MEAA or d-BAA internal [CD CD CD CD –] was monitored for the ethyl3 2 2 2

standard. Therefore, this procedure appears to be ester of d-BAA, the internal standard, for the same
specific for MEAA. Typical total ion chromatograms reasons. The use of ionm /z 58 [–OCH C=O] for a2

from urine of a non-exposed volunteer are shown in qualifying ion was considered initially for the
Fig. 2. The first chromatogram (Fig. 2A) shows a MEAA ethyl ester, however, no chromatographic
blank chromatogram from a non-spiked urine sam- interferences or co-eluting analytes were observed in
ple, the ethyl esters of MEAA and d-BAA are shown any part of the development of this method for either
in the second chromatogram (Fig. 2B). The baseline the analyte or the internal standard. Therefore,
displayed no major drift and the ethyl ester deriva- qualify ions were not considered necessary.
tive peaks had over a 1-min separation in retention
times. Peak shape was excellent and there was no
evidence of any carry over between injections; blank 3 .2. Liquid–liquid extraction and the selection of
urine samples injected after the 50mg/ml standard the internal standard
displayed no MEAA ethyl ester peak. Shih et al.[27]
reported the analysis of alkoxyacetic acids directly The liquid–liquid extraction (LLE) proved to be
by gas chromatography without a derivatization step, useful for this procedure. During early development
however, MEAA showed extensive injection work, a solid-phase extraction procedure designed

carryover and peak ghosting on many chromato- for these acidic compounds using Waters Oasis
graphic columns and conditions tried early during MAX cartridges (anion-exchange and reversed-phase
this study. Esterification of MEAA eliminated these mixed mode SPE cartridge) was attempted. How-
problems. ever, linearity for the extraction of MEAA was poor
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at higher levels and recovery of the compound was 3 .3. Analyte recovery
problematic. Extensive procedural development time
to determine bed capacity optimization and the linear A primary recovery study of blank urine spiked
extraction range was not desired, so this procedure with MEAA was performed over three separate
was not pursued. Also, the validation of the final experimental batch runs to demonstrate the accuracy
procedure using LLE gave excellent results. and precision of the procedure. These data are

Deuterated 2-butoxyacetic acid, d-BAA, was presented inTable 1A; average recovery was be-
chosen as an internal standard, because this com- tween 95 and 103% for the three MEAA spiked
pound would not be expected to be present in a sample levels investigated. For each run, the ex-
worker exposed to glycol ethers. Generally, an perimental trial consisted of three samples at three
internal standard compensates for changes in solvent concentration levels. The 2mg/ml level had the
volume, however, the use of d-BAA as a procedural lowest average recovery at 95%, and the 20mg/ml
internal standard reduces analysis variation to accept- had an average recovery of 103%. This is within
able levels. Variability caused by differences in the statistical expectations for recovery and displays no
extraction and derivatization procedure can be com- obvious bias. The highest relative standard deviation
pensated for by the use of d-BAA added to the initial was 7.8% for the 10mg/ml, which was considered
urine sample. d-BAA is chemically similar to MEAA acceptable for a procedure of this nature. Most of the
and has similar solubility and extraction properties. variation on recovery would be attributed to the two
Good calibration curves were obtained using this extraction steps and the esterification step within the
internal standard and the precision of the recovery sample preparation of this procedure. The second
data implies a reproducible extraction and esterifica- recovery study used urine samples from 20 non-
tion of both MEAA and d-BAA. Additionally, the exposed volunteers and demonstrated that the pro-
use of an internal standard increases the precision of cedure was both accurate and precise (Table 1B).
chromatographic injections. Five replicate injections The 10mg/ml spiked samples show an average
of the 10 mg/ml standard sample gave relative recovery of 103% and a relative standard deviation
standard deviations (RSD) of peak area ratios rang- (RSD) of 8.6%. The lowest individual sample re-
ing from 0.1 to 1.9% during the recovery studies. covery was 8.9mg/ml and the highest was 12.0

T able 1
aRecovery studies of (2-methoxyethoxy)acetic acid; (A) multilevel recovery study of MEAA from spiked urine samples , (B) recovery of 10

b
mg/ml MEAA spikes from urine samples of 20 non-exposed volunteers

(A)
Spike level Mean MEAA Average SD % RSD
(mg/ml) recovered (n59) % recovery (mg/ml)

(mg/ml)

2 1.89 95 0.11 5.8
10 10.0 100 0.78 7.8
20 20.6 103 1.33 6.4

(B)
Mean recovery Average Lowest value Highest value % RSD
(mg/ml) % recovery (mg/ml) (mg/ml)

10.3 103 8.9 12.0 8.6
a Three different spiked samples were prepared at each level and chromatographed on three separate experimental trial runs (a total of nine

samples at each spike level were analyzed). The same HP-1 GC column was used for experimental batch trial 1 and 2; a second column was
used on trial run 3.

b All non-spiked samples showed no MEAA ethyl ester peak in the chromatograms. The second recovery study was performed using a
third HP-1 column, one different from those used in the first recovery study above.
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