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Abstract

Presence of fatty acid ethyl esters (FAEE), ethyl glucuronide (EtG), and ethyl sulfate (EtS) in 

meconium, the first neonatal feces, identifies maternal alcohol consumption during pregnancy. 

Current meconium alcohol marker assays require separate analyses for FAEE and EtG/EtS. We 

describe development and validation of the first quantitative liquid chromatography tandem mass 

spectrometry assay for 9 FAEEs, EtG, and EtS in 100 mg meconium. For the first time, these 

alcohol markers are analyzed in the same meconium aliquot, enabling comparison of the 

efficiency of gestational ethanol exposure detection. 100 mg meconium was homogenized in 

methanol and centrifuged. The supernatant was divided, and applied to two different solid phase 

extraction columns for optimized analyte recovery. Limits of quantification for ethyl laurate, 

myristate, linolenate, palmitoleate, arachidonate, linoleate, palmitate, oleate, and stearate ranged 

from 25–50 ng/g, with calibration curves to 2,500–5,000 ng/g. EtG and EtS linear dynamic ranges 

were 5–1,000 and 2.5–500 ng/g, respectively. Mean bias and between-day imprecision were <15 

%. Extraction efficiencies were 51.2–96.5 %. Matrix effects ranged from −84.7 to 16.0 %, but 

were compensated for by matched deuterated internal standards when available. All analytes were 

stable (within ±20 % change from baseline) in 3 authentic positive specimens, analyzed in 

triplicate, after 3 freeze/thaw cycles (−20 °C). Authentic EtG and EtS also were stable after 12 h at 

room temperature and 72 h at 4 °C; some FAEE showed instability under these conditions, 

although there was large inter-subject variability. This novel method accurately detects multiple 

alcohol meconium markers and enables comparison of markers for maternal alcohol consumption.
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Introduction

Maternal alcohol consumption during pregnancy is associated with fetal alcohol spectrum 

disorder (FASD) that encompasses growth retardation, craniofacial dysmorphology, 

cognitive disorders common and social impairments [1–3]. According to the 2012 National 

Survey on Drug Use and Health in the United States, 8.5 % of pregnant respondents 15–44 

years old reported current alcohol use (≥1 drink in last 30 days), with 2.7 % reporting binge 

drinking (≥5 drinks/day once in past 30 days) [4]. Heavily alcohol-exposed children lacking 

syndromal craniofacial dysmorphology may still exhibit cognitive impairments [5, 6]. If an 

in utero alcohol exposure marker predicted poor infant outcomes, identified infants could be 

provided early access to FASD assistive services.

Most ingested ethanol (90–98 %) is oxidized to acetaldehyde in the liver [7, 8], with only a 

small percentage undergoing non-oxidative metabolism yielding fatty acid ethyl esters 

(FAEE), ethyl glucuronide (EtG), and ethyl sulfate (EtS), whose windows of drug detection 

are longer than ethanol. FAEE are formed by ethanol and endogenous free fatty acids 

esterification via FAEE synthases and acyl-CoA:ethanol acyltransferases primarily in the 

liver [9, 10]. Ethanol is converted to EtG and EtS following ethanol and glucuronic acid or 

activated sulfate conjugation by UDP-glucuronosyltransferases and sulphotransferases, 

respectively [11, 12].

The debate continues on which of these non-oxidative alcohol markers provides the most 

sensitive and specific detection of maternal alcohol consumption. Maternal self-reported 

alcohol consumption is frequently underreported due to societal disapproval of drinking 

while pregnant [13, 14]. Maternal blood or urine EtG or FAEE monitoring during pregnancy 

only identifies alcohol ingestion for a short period, requiring repeated sampling throughout 

gestation; however, identification early in pregnancy may help deter and prevent further 

fetal alcohol exposure. EtG is detected in blood for 10–14 h and urine for 25–44 h after 0.5 

g/kg ethanol [15, 16]. FAEE remain elevated in blood for 16–30 h after the last drink in non-

dependent individuals and 48–96 h in dependent individuals during detoxification [7, 17]. 

Meconium, the first neonatal feces, begins to form during gestational weeks 12–13, 

detecting drug exposure during the third and perhaps second trimesters [18]. Combining 

maternal self-reported alcohol consumption during pregnancy and meconium alcohol marker 

results improves detection of in utero alcohol exposure.

A major limitation of meconium alcohol marker assays is the requirement for two separate 

analyses to quantify FAEE [19–22] and EtG/EtS [19, 23, 24]. A combined extraction 

procedure from the same meconium aliquot would permit direct comparison of these 

markers’ ability to predict in utero exposure and provide more information for result 

interpretation due to the lack of homogeneity in meconium. We developed and validated the 

first quantitative liquid chromatography tandem mass spectrometry (LC-MS/MS) assay for 9 

FAEEs, EtG, and EtS in 100 mg meconium. Our novel sample preparation approach 

permitted simultaneous extraction of all analytes from the same 100 mg meconium 

specimen. While two previous LC-MS/MS FAEE meconium methods are published [20, 22] 

and EtG and EtS are historically quantified by LC-MS/MS in all matrices, no method to date 

extracted all analytes from a single specimen aliquot.

Himes et al. Page 2

Anal Bioanal Chem. Author manuscript; available in PMC 2015 August 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Materials and methods

Meconium

Blank meconium pools were confirmed negative for all analytes at the assay’s limits of 

quantification (LOQs) prior to calibrator and quality control (QC) preparation. Method 

applicability and analyte stability were demonstrated by analyzing authentic positive 

meconium specimens.

Reagents

Ethyl laurate (E12:0), ethyl myristate (E14:0), ethyl palmitate (E16:0), ethyl palmitoleate 

(E16:1), ethyl stearate (E18:0), ethyl oleate (E18:1), ethyl linoleate (E18:2), ethyl linolenate 

(E18:3), and ethyl arachidonate (E20:4) were purchased from Cayman Chemical Company 

(Ann Arbor, MI). Available deuterated FAEE internal standards were obtained from Toronto 

Research Chemicals Inc (Toronto, Canada). EtG, EtS, EtG-d5, and EtS-d5 were acquired 

from Cerilliant Corporation (Round Rock, Texas). LCMS grade methanol and formic acid, 

HPLC grade acetonitrile, and ACS grade hydrochloric acid were from Fisher Scientific (Fair 

Lawn, NJ). Water was purified with an ELGA Purelab Ultra Scientific purifier (Siemens 

Water Technologies, Lowell, MA). Evolute-AX anion exchange solid-phase extraction 

(SPE) cartridges (100 mg/3 mL) and Isolute supported liquid extraction (SLE) columns (1 

mg/6 mL) were purchased from Biotage (Charlotte, NC).

Instrumentation

Alcohol markers were quantified on an AB Sciex 5500 Qtrap® mass spectrometer equipped 

with a TurboV electrospray ionization (ESI) source (AB Sciex, Foster City, CA), interfaced 

to a Shimadzu UFLCXR system with two LC-20ADXR pumps, a CTO-20 AC column oven, 

and a SIL-20ACXR autosampler (Shimadzu Corporation, Columbia, MD). Analyst 1.5.1 

was utilized for data acquisition and processing. SPE was performed with a CEREX-48 

positive-pressure manifold (SPEware Corporation, Baldwin Park, CA).

Preparation of standard solutions

Individual ethanol FAEE standard solutions were diluted to 1 g/L in acetonitrile. Serial 

acetonitrile dilutions yielded 0.1, 0.2, 0.4, 2, 4, 10, and 20 mg/L FAEE working calibrator 

solutions. 100 mg blank meconium was fortified with 25 μL working calibrator solutions 

producing 25–5,000 ng/g calibrators. FAEE QC solutions were prepared in acetonitrile from 

different preparations than calibrators. Low, medium, and high QCs were prepared across 

the linear dynamic range for each analyte. Powdered deuterated FAEE standards were 

reconstituted in the manufacturer’s recommended solvent. A 0.4 mg/L FAEE working 

internal standard solution was prepared in acetonitrile by diluting 1.0 and 2.5 g/L stock 

solutions. Separate EtG and EtS calibrator, QC, and internal standard solutions were 

prepared in methanol. Standard EtG and EtS solutions were diluted to 100 mg/L. Serial 

dilutions in methanol created 0.01, 0.02, 0.1, 0.4, 1, 2, and 4 mg/L mixed working calibrator 

solutions. Three QCs were prepared across the linear dynamic range for each analyte. A 0.1 

mg/L working internal standard solution was prepared by diluting 100 mg/L d5-EtG and d5-

EtS solutions in methanol. All standard solutions were stored in amber glass vials at −20 °C.
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Procedures

Sample preparation—Blank meconium (0.1±0.003 g) was weighed into a 1.5 mL 

microcentrifuge tube and fortified with calibrator or QC FAEE (25 μL) and EtG/EtS (25 μL) 

solutions. 25 μL internal standard solutions were added to calibrators, QCs, and authentic 

specimens. 25 μL acetonitrile and 25 μL methanol were added to authentic specimens to 

account for calibrator and QC preparations. 1 mL methanol was added and specimens 

homogenized with wooden applicator sticks, vortexed vigorously, and centrifuged at 

18,000×g for 5 min at 4 °C. Supernatants were transferred to 16×100 mm conical 

polypropylene tubes. An additional 1 mL methanol was added, specimens were vortexed for 

1 min, and centrifuged again. The supernatant was added to the previous aliquot and 

vortexed.

Solid phase extraction—900 μL supernatant was transferred to SLE + columns for 

FAEE extraction. After 5 min equilibration at ambient pressure, FAEE were eluted with 5 

mL ethyl acetate into 16× 100 mm conical polypropylene tubes. Fine positive pressure was 

gradually applied to 2.4 L/min until 4 mL of final eluent was obtained. Samples were dried 

under nitrogen at 40 °C and reconstituted in 200 μL 75:25 mobile phase B:A (0.1 % formic 

acid in methanol (v/v): 0.1 % formic acid in water (v/v)). Samples were centrifuged for 5 

min at 4,000×g at 4 °C, transferred to a 350 μL polypropylene 96-well plate, and 5 μL 

injected.

Meconium EtG and EtS were extracted by Biotage’s recommended urine procedure with 

minor modification [25]. 1.8 mL acetonitrile was added to the remaining meconium 

supernatant, specimens were vortexed, and decanted onto Evolute-AX columns pre-

conditioned with 1.5 mL methanol, water, and acetonitrile. Columns were washed with 1.5 

mL acetonitrile and methanol before eluting EtG and EtS into 15 mL conical polypropylene 

tubes with 4 mL 1 % hydrochloric acid in acetonitrile. Extracts were dried under nitrogen at 

40 °C, reconstituted in 200 μL mobile phase A, centrifuged for 5 min at 11,500×g at 4 °C, 

and transferred to a polypropylene 96-well plate. 10 μL was injected.

LC-MS/MS—FAEE chromatographic separation was achieved on a Poroshell 120 EC-C8 

column (2.1×150 mm, 2.7 μm) fitted with a 2.1×5 mm, 2.7 μm, Poroshell 120 C8 Fast Guard 

(Agilent Technologies, Santa Clara, CA). Gradient elution began with 82%B, increased to 

90%B over 6 min, increased to 100%B over 1 min, held for 4 min, decreased to 82%B in 0.1 

min, and held for 4 min. Total run time and flow were 15 min and 0.3 mL/min, respectively. 

LC eluent was diverted to waste for the first 4 min and final 4.2 min of analysis. EtG and 

EtS chromatographic separation was achieved using a Kinetex XB-C18 column (2.1× 100 

mm, 2.6 μm) fitted with a 0.5 μm Krud Katcher Ultra UHPLC in-line filter (Phenomenex, 

Torrance, CA) with 0.3 mL/min flow rate. The gradient program started at 0%B, increased 

to 95%B over 3.6 min, held for 3.9 min, decreased to 0%B in 0.1 min, and held for 3.4 min; 

total run time was 10 min. LC eluent was diverted to waste for the final 6.5 min. 

Autosampler and column oven temperatures were 4 and 40ºC, respectively, for both 

methods.
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Mass spectrometric data were acquired via positive and negative ESI for FAEE and EtG/EtS 

methods, respectively. Compound-specific MS/MS parameters were optimized via direct 

infusion of 10–200 μg/L reference solutions at 10 μL/ min in initial mobile phase conditions 

(Table 1). Optimized FAEE source parameters were as follows: 30 psi gas1, 35 psi gas2, 50 

psi curtain gas, 500 °C source temperature, and 5,000 V ion spray voltage. Scheduled 

multiple reaction monitoring (MRM) scan mode was employed for FAEE and internal 

standards with a 60 s MRM window and a 0.7 s target scan time. EtG and EtS source 

parameters were 30 psi for gas1 and gas2, 50 psi curtain gas, 600 °C source temperature, and 

−3,500 V ion spray voltage. EtG, EtS, and internal standards were acquired in unscheduled 

MRM mode with dwell times of 30 msec. All experiments utilized unit resolution.

Validation—Sensitivity, specificity, linearity, bias, imprecision, extraction efficiency, 

matrix effect, carryover, dilution integrity, and analyte stability were evaluated according to 

the Scientific Working Group for Forensic Toxicology guidelines [26].

Sensitivity was defined by limits of detection (LOD) and quantification (LOQ); decreasing 

concentrations of drug-fortified meconium were analyzed to empirically determine LOD and 

LOQ. LOD was evaluated in triplicate experiments with duplicates from different meconium 

sources and was defined as the lowest concentration with transition peak area ratios within 

20 % of mean calibrator ratios, retention time within ±0.1 min of the mean calibrator 

retention time, and acceptable peak shape. LOQ also was evaluated in the same manner and 

defined as the lowest concentration meeting LOD criteria and measured concentration 

within ±20 % of target. Linearity was evaluated with calculation of a least squares 

regression line with 1/x2 weighting. Linearity assessment for each analyte utilized 6 

concentrations on 5 separate days.

Specificity was evaluated by relative retention time within ±0.1 min of mean calibrator 

retention time and transition peak area ratios within ±20 % of mean calibrator peak area 

ratios for each analyte. Endogenous interferences were evaluated from 6 blank meconium 

pools fortified with internal standards. Interferences from common therapeutic and illicit 

drugs were evaluated by fortifying drugs into low QC samples. Potential interferents were 

tested at 10,000 ng/g including cocaine (COC), benzoylecgonine (BE), cocaethylene (CE), 

norCE, norCOC, norBE, m-hydroxyCOC, p-hydroxyCOC, m-hydroxyBE, p-hydroxyBE, 

ecgonine, ecgonine ethyl ester, ecgonine methyl ester, anhydroecgonine methyl ester, 

buprenorphine, norbuprenorphine, morphine, normorphine, morphine-3-glucuronide, 

morphine-6-glucuronide, codeine, norcodeine, 6-acetylcodeine, 6-acetylmorphine, 

oxymorphone, oxycodone, noroxymorphone, noroxycodone, hydromorphone, hydrocodone, 

propoxyphene, nicotine, nornicotine, norcotinine, cotinine, trans-3′-hydroxycotinine, 

methamphetamine, amphetamine, p-hydroxymethamphetamine, p-hydroxyamphetamine, p-

methoxymethamphetamine, p-methoxyamphetamine, 4-hydroxy-3-methoxyamphetamine, 3-

methoxymethamphetamine, 3,4-methylenedioxymethamphetamine, 3,4-methylene-

dioxyethylamphetamine, 3,4-methylenedioxyamphetamine, 3,4-methylenedioxy-N-methyl-

butanamine, cathinone, N-ethylamphetamine, 4-bromo-2,5-dimethoxyphenethylamine, 

imipramine, clomipramine, fluoxetine, norfluoxetine, paraxetine, clonidine, acetylsalicylic 

acid, ibuprofen, acetaminophen, pentazocine, caffeine, diphenhydramine, chlorpheniramine, 

brompheniramine, dextromethorphan, ketamine, phentermine, (±)-ephedrine, (±)-
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pseudoephedrine, methadone, 2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine, 2-ethyl-5-

methyl-3,3-diphenylpyrroline, Δ9-tetrahydrocannabinol (THC), 11-hydroxy-THC, 11-nor-9-

carboxy-THC, cannabinol, cannabidiol, alprazolam, bromazepam, clonazepam, 7-

aminoclonazepam, diazepam, flunitrazepam, 7-aminoflunitrazepam, flurazepam, lorazepam, 

nitrazepam, 7-aminonitrazepam, nordiazepam, oxazepam, and temazepam. Potential 

interference from EtG, EtS, and FAEE at 10,000 ng/g also was tested in the respective 

methods.

Bias and between-run imprecision were determined from 4 replicates at 3 QC concentrations 

analyzed over 5 days with separate calibration curves (n=20). Bias was defined as percent 

deviation from expected concentration and was determined from overall mean QC 

concentrations compared to expected concentrations. Imprecision was expressed as % 

coefficient of variation (%CV) of target. Within-run imprecision was determined each day 

from 4 QC replicates and largest %CVs were reported.

Extraction efficiency and matrix effect were determined by post-extraction addition (n=5) 

[26, 27]. Three sets of samples were prepared. In set 1, five blank meconium sources were 

fortified with analytes and internal standards prior to homogenization. In set 2, different 

aliquots of the same 5 sources were extracted and fortified with analytes and internal 

standards after SLE or SPE. In the final set, analytes and internal standards were prepared in 

mobile phase. Extraction efficiency was calculated from mean analyte peak areas of set 1 

divided by set 2 and expressed as a percentage. Matrix effect was assessed by dividing mean 

analyte peak areas from set 2 by set 3, converting to a percentage, and subtracting from 100. 

Positive and negative values indicate ion enhancement and suppression, respectively.

Carryover was assessed in triplicate by injecting extracted blank meconium with internal 

standards immediately after a sample containing analytes at twice the highest upper limit of 

linearity (ULOL). Absence of carryover was documented by failure of LOD criteria in blank 

meconium specimens. Dilution integrity (1/10) was assessed with 3 meconium specimens 

fortified with twice the ULOL and internal standards, and homogenized in methanol as 

previously described. After the final centrifugation, 400 μL supernatant was combined with 

1,600 μL supernatant from meconium fortified with only internal standard.

Analyte stability during extraction was determined by fortifying blank meconium with each 

analyte individually at its ULOL prior to homogenization. Stability also was evaluated with 

triplicate blank meconium fortified at low and high QC concentrations stored for 12 h at 

room temperature, 72 h at 4 °C, and at −20 °C with 3 freeze/thaw cycles. Fortified stability 

specimen’s calculated concentrations were compared to target concentrations. Autosampler 

stability was assessed by reinjecting QC specimens after 72 h and comparing calculated 

concentrations to target based on initial calibration curves. Three authentic meconium 

specimens were analyzed in triplicate at baseline, and after 12 h at room temperature, 72 h at 

4 °C, and 3 freeze/thaw cycles to demonstrate method applicability and assess authentic 

analyte stability.
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Results

Simultaneous extraction refers to our simultaneous extraction of FAEE, EtG, and EtS from 

the same meconium aliquot, enabling a direct comparison of results. This is the first time all 

of these analytes were extracted from the same meconium aliquot. However, we were not 

able to achieve simultaneous LC separation and mass spectrometric detection. Two LC-

MS/MS injections were required as initial experiments revealed FAEE autosampler 

instability in 50–100 % aqueous mobile phase; normal reverse phase columns require EtG 

and EtS to be in aqueous mobile phase as these polar analytes elute at low organic 

conditions. Initial experiments also indicated that separate LC columns with different 

chemistries offered the best peak shape and chromatographic separation from matrix 

components for all analytes. Ethyl stearate, oleate, linoleate, and palmitate did not elute until 

100%B conditions were held for a substantial period on a C18 LC column, while EtS and 

EtG were minimally retained on a C8 column. A tailored LC approach, with 2 different LC 

columns and different autosampler mobile phase conditions was developed, achieving short 

run times and appropriate LOQs.

Six blank meconium sources contained no interfering peaks. None of 92 potential exogenous 

interferences fortified at 10,000 ng/g into low QC samples caused transition ratio or 

quantification criteria failure; additionally, FAEE did not interfere with low EtG and EtS QC 

samples, and EtG and EtS did not interfere with low FAEE QCs; all low QC samples had 

measured concentrations within ±20 % of target. FAEE LODs ranged from 15 to 50 ng/g 

and LOQs from 25 to 50 ng/g (Table 2). EtG and EtS LOQs were 5 and 2.5 ng/g, 

respectively (Table 2). Quantifier ion chromatograms are shown in Fig. 1. Linear ranges 

spanned 2–2.5 orders of magnitude for all analytes. All calibration curve correlation 

coefficients (R2) from least squares regression with 1/x2 weighting were >0.990. Percent 

bias and imprecision were evaluated with 4 replicates of 3 QC concentrations across the 

linear range over 5 days. Mean between-run bias was −2.0–12.3 % (n=20) and within-run 

bias −16.9–17.8 % (n=4) of target (Table 3). Between-run imprecision was 3.0–10.4 % and 

maximum within-run imprecision 3.4–14.2 % (Table 3).

All FAEEs demonstrated adequate extraction efficiency of 51.2–62.0 % (Table 4). FAEE 

matrix effects were −84.7–16.0 %; matched deuterated internal standards had similar matrix 

effects (−89.6–16.0 %). Extraction efficiencies for EtG and EtS were 84.1–96.5 % and 54.8–

65.6 %, respectively (Table 4). EtG and EtS matrix effects were −76.0 to –35.3 %. Matched 

deuterated internal standards had similar matrix effects (−71.8 to −54.7 %). There was no 

carryover in negative specimens injected after samples containing twice the ULOL (n=3). 

Dilution integrity was acceptable; 10-fold dilution of specimens fortified with twice the 

ULOL showed a mean (range) 103 % (85–114) of expected concentrations.

All analytes were −9.7–16.3 % of target when fortified at low and high QC concentrations 

for 12 h at room temperature, 72 h at 4 °C, and after 3 freeze/thaw cycles at −20 °C (Table 

5). Extracted samples also were stable after 72 h on the 4 °C autosampler. Thirteen 

meconium specimens were screened to identify 3 authentic positive sources that contained 

as many analytes as possible for further stability experiments. In these 3 sources (Fig. 1b 

chromatograms), EtG and EtS concentrations were 26.8–541 ng/g and 6.5–7.6 ng/g, 
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respectively. FAEE concentrations were generally 75–750 ng/g, although ethyl linoleate, 

palmitate, and oleate were higher. Figure 2 illustrates that all analytes were stable (<±20 % 

change in concentration) in authentic positive sources after 3 freeze/thaw cycles at −20 °C 

with mean (range) %baseline concentrations 103.2 % (87.6–115.1). Ethyl stearate, EtG, and 

EtS also were stable in authentic specimens after 12 h at room temperature and 72 h at 4 °C 

(Fig. 2). Other FAEE showed instability after storage at room temperature and refrigerated 

conditions, although there was large inter-subject variability. Across all analytes, mean 

(range) %baseline concentration was 79.5 % (42.5–108.1) after 12 h at room temperature 

and 71.7 % (32.4–109.3) after 72 h at 4 °C. Intra-subject variability was low as %CVs from 

triplicate analyses from each subject under each test condition were 0.7–17.6 %, and 

subjects with poor room temperature stability also showed poor refrigerated stability.

Discussion

A novel quantitative LC-MS/MS assay for 9 FAEEs, EtG, and EtS from 100 mg meconium 

was developed and validated. This method is highly useful to evaluate these markers alone 

and in combination for fetal alcohol exposure identification. This method also permits, for 

the first time, comparison of ethanol markers from the same meconium aliquot, and 

evaluation of the best marker to predict adverse neonatal and child outcomes associated with 

in utero alcohol exposure. Alternatives to FAEE or combined use of FAEE with EtG and 

EtS are increasingly recommended for meconium [19, 28–30] and hair [31, 32] testing to 

identify alcohol exposure.

A major limitation of current meconium alcohol marker assays is that two separate analyses 

for FAEE and EtG/EtS are required. Initially, we sought to develop a single sample 

preparation procedure for all analytes, investigating whether methods quantifying FAEE 

alone [22, 33] or EtG and EtS alone [23, 24, 34–36] could be modified for all analytes. 

Liquid-liquid extraction (LLE) with water, acetone, and hexane recovered FAEE in hexane 

[22, 33]; however, EtG and EtS were undetectable in the water-acetone layer due to severe 

matrix suppression. LLE with acetonitrile homogenization and hexane, allowed recovery of 

EtG and EtS from acetonitrile, but recovery was lower than with methanol homogenization. 

Acetonitrile also did not thoroughly homogenize meconium yielding highly variable, lower 

measured concentrations from authentic positive specimens compared to methanolic 

homogenization.

Initial experiments with aminopropyl SPE columns and combinations of published methods 

were evaluated including different loading conditions, followed by FAEE elution in hexane, 

further sample clean-up with various solvents, and finally EtG/EtS elution, to test whether a 

single SPE approach could be achieved for all analytes. None of the evaluated conditions 

sufficiently removed large matrix interferences affecting EtG and EtS. Clean Screen EtG 

columns (United Chemical Technologies, Bristol, PA) [34, 35] failed to retain EtS under all 

tested acidic loading conditions (10 % hydrochloric acid, trifluroacetic acid, acetic acid, and 

formic acid). An anion exchange approach [25, 37, 38], offered efficient sample clean-up 

and sufficient EtS extraction efficiency (Table 4), obtaining a low 2.5 ng/g LOQ. Lower EtS 

extraction efficiency compared to EtG was most likely due to strong sulfate group retention 

on the quaternary amine SPE phase [25]. FAEE performance was similar on SLE + and 
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aminopropyl SPE columns; however, SLE + was selected because direct methanolic 

supernatant loading was possible without evaporation and reconstitution in hexane, as is 

required for aminopropyl columns [22, 33]. Our SLE + FAEE extraction efficiencies (51–62 

%) were similar to aminopropyl SPE methods (45–95 %) [20, 22, 39] and to a recent SLE + 

application of nonpolar cannabinoids (34–41 %) [40]. Although this novel validated 

procedure utilizes 2 SPE approaches, its strength is quantification of all analytes in a single 

100 mg meconium aliquot. Previous assays [20–22, 39, 41] required 0.5–1 g meconium for a 

more limited number of ethanol markers; this large meconium amount also frequently limits 

the number of other drugs that can be tested.

It was important to dilute FAEE standards in acetonitrile rather than ethanol, as fortified 

stability experiments with ethanol and ethanolic FAEE standards indicated artificial FAEE 

formation, described previously in tissue extracts [42] and meconium [43]. Triplicate blank 

meconium specimens fortified with ethanol and extracted after 72 h at 4 °C showed artificial 

formation of ethyl oleate >1,000 ng/g, ethyl linoleate and ethyl palmitate >250 ng/g, ethyl 

myristate >175 ng/g, and ethyl arachidonate, palmitoleate, and linolenate from 30 to 100 

ng/g. The extent to which artificial FAEE formation occurs in vivo in meconium from EtOH 

produced through normal metabolism is unknown [43]. FAEE quantification in tissue 

extracts by Kinnunen and Lange suggested conversion of FAEE to fatty acid methyl esters 

in methanol [42]. However, stability of fortified QC samples was demonstrated after 72 h in 

methanolic reconstitution solvent (75 % methanol 0.1 % formic acid) suggesting no 

conversion of FAEE to fatty acid methyl esters in the autosampler over 3 days.

Internal standard selection for FAEE without commercially available matched deuterated 

analogs was determined by retention time and/or structural similarity in carbon chain length. 

The selected internal standards for these FAEE (ethyl laurate, linolenate, and palmitoleate) 

also showed similar extraction efficiencies and matrix effects between the d0 and d5 

analytes.

Previous meconium FAEE, EtG, and EtS stability experiments consisted of 3–75 days 

fortified stability [21, 23], and repeat analysis of authentic specimens after 3–12 months at 

−20 °C [19, 22, 23]. Fortified FAEE stability by Moore et al. indicated FAEE instability at 

room temperature and refrigerated conditions; total FAEE were 35 % of total target 

concentration after 24 h at room temperature, and 75–80 % after 48–72 h refrigerated [21]. 

Earlier freeze/thaw stability experiments in authentic positive specimens showed FAEE, 

EtG, and EtS concentrations within 11 % of initial results [22, 23]. Previous study results 

were confirmed by our stability experiments in authentic specimens, documenting alcohol 

marker stability at −20 °C, and after 3 freeze/thaw cycles. We also showed that some FAEE 

are unstable at room temperature and 4 °C. Our fortified stability results contradicted these 

results. Fortified stability tests may not adequately mimic FAEE incorporation in authentic 

positive meconium, despite centrifugation of fortified FAEE into meconium prior to storage. 

This study demonstrated that EtG and EtS are more stable in room temperature and 

refrigerated authentic meconium than FAEE, and all markers were stable in frozen 

meconium, even after 3 freeze/thaw cycles. It is recommended that meconium is frozen 

immediately after collection to permit accurate FAEE quantification; however, when 

immediate freezing is not possible, EtG/EtS quantification is recommended.
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In comparison to previously published methods, this new method achieves similar, and in 

some cases more sensitive, LOQs for EtG and FAEE in less meconium; previous FAEE 

methods required 0.5–1 g meconium [20–22, 41]. Our LOQ for EtS (2.5 ng/g) is slightly 

higher than Morini et al.’s LOQ of 1 ng/g [23]. Therefore, low EtS concentrations (<2.5 

ng/g) may be undetectable by this new method. EtS is found in fewer meconium samples 

than EtG and concentrations are generally an order of magnitude lower than EtG. Utility of 

EtS meconium concentrations are still being discussed but work by Morini et al. suggests 

EtS may be useful in confirming diagnoses of prenatal alcohol exposure determined by EtG 

concentrations [44]. Our validated method also requires 100 rather than 200 mg meconium 

as described previously [23].

Future applications of this method will include determination of which markers, FAEE or 

EtG and EtS, are most sensitive and specific for identifying in utero alcohol exposure. Due 

to large variability in FAEE profiles in meconium, a summation of selected FAEE is 

recommended to determine maternal alcohol drinking during pregnancy. Zelner et al. also 

suggested that delayed meconium collection postnatally can result in false-positive FAEE 

tests, with cumulative concentrations above the 2 nmol/g cutoff [43]. FAEE also may be 

present in meconium from non-drinking women due to maternal diet [45], postnatal diet 

prior to stool collection [43], and ethanol-producing microorganisms in the fetal 

gastrointestinal tract [43]. Quantitative EtG and EtS measurement in meconium may not 

have these same limitations, although postnatal formation of EtG from ethanol produced by 

gut microorganisms may be possible as ethanol glucuronidation capacity develops 

postnatally [46, 47]. Although research on EtG and EtS meconium concentrations is more 

limited than FAEE, EtG and EtS may offer an alternative to FAEE. With a robust cutoff [19, 

44, 45], EtG and EtS could offer similar in utero alcohol exposure detection rates, without 

the many FAEE false-positive issues. This novel validated meconium method for 

simultaneous extraction of FAEE, EtG, and EtS will be helpful for investigation of many 

issues surrounding the best markers to identify in utero alcohol exposure.

Conclusion

Meconium biomarkers provide objective confirmation of in utero drug exposure. However, 

in the case of alcohol exposure, meconium alcohol markers must be accurately interpreted 

because markers may be present in infant meconium from non-drinking women. Recent 

studies shed light on limitations associated with meconium FAEE, including association 

with maternal diet and timing of collection postnatally. Additional research is needed to 

understand the advantages and limitations of meconium FAEE and EtG/EtS, and determine 

which markers best correlate with maternal drinking behavior and predict neonatal outcomes 

associated with FASD. This novel validated LC-MS/MS method quantifying 9 FAEE, EtG, 

and EtS in 100 mg meconium will be applied to further investigate the important public 

health issue of maternal gestational alcohol intake.
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Fig. 1. 
Multiple reaction monitoring chromatograms for alcohol marker quantifier ions in a blank 

meconium fortified at analyte limits of quantification and in b authentic positive meconium 

specimens with concentrations of alcohol markers listed under the name of each marker
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Fig. 2. 
Mean (range) percent baseline concentrations after 3 freeze/thaw cycles, 72 h at 4 °C, and 12 

h at room temperature in 3 authentic positive meconium specimens (1 positive EtS source, 2 

positive ethyl palmitoleate sources). Triplicate specimens were analyzed under all test 

conditions, including baseline; %CVs from triplicate analyses ranged from 0.7 to 17.6 %
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Table 4

Extraction efficiency and matrix effect for alcohol markers in meconium

Analyte Extraction efficiency (n=5) Matrix effect (n=5)

Lowa Highb Low High

Ethyl laurate 51.2 % 54.6 % 12.5 % −21.2 %

Ethyl myristate 54.9 % 56.0 % 16.0 % −3.2 %

Ethyl linolenate 55.4 % 59.6 % −44.8 % −41.3 %

Ethyl palmitoleate 57.7 % 62.0 % −30.2 % −46.4 %

Ethyl arachidonate 54.8 % 56.0 % −33.5 % −27.7 %

Ethyl linoleate 56.8 % 51.4 % −58.7 % −51.7 %

Ethyl palmitate 52.9 % 54.0 % −52.6 % −61.0 %

Ethyl oleate 58.0 % 52.6 % −39.8 % −56.9 %

Ethyl stearate 60.6 % 53.0 % −72.1 % −84.7 %

Ethyl sulfate (EtS) 65.6 % 54.8 % −35.3 % −57.4 %

Ethyl glucuronide (EtG) 96.5 % 84.1 % −45.6 % −76.0 %

a
Low QC concentration was 150 ng/g for ethyl laurate, ethyl palmitate, and ethyl stearate; 75 ng/g for all other FAEE; 7.5 ng/g for EtS; and 15 ng/ 

g for EtG

b
High QC concentration was 4,000 ng/g for all FAEE, except 2,500 ng/g for ethyl arachidonate, 450 ng/g for EtS, and 900 ng/g for EtG
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