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a b s t r a c t

A liquid chromatography mass spectrometric selected reaction monitoring mode (SRM) method for
methadone, 2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine (EDDP), cocaine, benzoylecgonine (BE),
6-acetylmorphine, morphine and codeine quantification in human umbilical cord was developed and
fully validated. Analytes were extracted from homogenized tissue (1 g) by solid phase extraction. Lin-
eywords:
ethadone

ocaine
piates
mbilical cord

earity was 2.5–500 ng/g, except for methadone (10–2000 ng/g). Method imprecision was <12.7%CV with
analytical recovery 85.9–112.7%, extraction efficiency >59.2%, matrix effect 4.5–39.5%, process efficiency
48.6–92.6% and stability >84.6%. Analysis of an umbilical cord following controlled methadone admin-
istration and illicit drug use contained in ng/g, 40.3 morphine, 3.6 codeine, 442 BE, 186 methadone and
45.9 EDDP.
CMS
n utero

. Introduction

Illicit drug use during pregnancy is a major public health con-
ern. In the 2007 National Survey on Drug Use and Health, an
verage of 5.2% of pregnant women 15–44 years old reported illicit
rug use in the prior month [1].

Pregnant opiate-exposed women are more likely to expe-
ience serious obstetric complications, including spontaneous
bortion, premature labor, abruption placenta, placenta insuffi-
iency, preeclampsia or gestational diabetes [2,3]. In utero drug
xposure also may impact fetal and neonatal development includ-
ng decreased birth weight, body length and head circumference,
etal distress or neurodevelopment complications [4–7]. There also

ay be long term consequences for the child [3,8].
Methadone is the only pharmacotherapy approved for the treat-

ent of opioid-dependent pregnant women in the US, and is
ssociated with decrease in illicit drug use, better prenatal care and

mproved birth outcomes [9–14]. However, methadone pharma-
otherapy is not without controversy because of the risk of neonatal
bstinence syndrome (NAS) [15–17].

∗ Corresponding author at: Chemistry and Drug Metabolism, National Institute
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Detecting drug exposure during pregnancy is the most effec-
tive way to improve pre- and post-natal care in the mother and
newborn, as it permits implementation of adequate treatment and
follow-up. However, many pregnant women avoid prenatal care
due to feelings of guilt about illicit drug use, and fear of legal con-
sequences if their drug use is identified. Furthermore, although
self-report surveys on drug consumption during pregnancy have
been improved with new interviewing techniques [18], underre-
porting is still a concern [19]. Maternal or neonatal urine screening
has traditionally been the primary analytical technique for detect-
ing drug use during pregnancy [20,21] because of ease of specimen
collection, reduced cost, and lack of sensitive and accurate ana-
lytical methodologies for alternative specimens [22]. The main
disadvantage of urine testing is the short window of detection
[18,23], identifying drug exposure only a few days before deliv-
ery.

Meconium, the first neonatal fecal matter, begins to form
between the 12th and 16th weeks of gestation, offering the pos-
sibility of detection of in utero drug exposure from as early as the
second trimester of pregnancy [24–26]. For this reason, meconium
is currently considered the specimen of choice for detecting drug
exposure in neonates. However, recent evidence from our labora-

tory monitoring pregnant opioid and cocaine dependent women
suggests that in utero drug exposure is identified much more read-
ily in the third as compared to second trimester of gestation [27,28].
Additional limitations associated with this matrix include delays
of up to 5 days in meconium expulsion, especially in premature

http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:mhuestis@intra.nida.nih.gov
dx.doi.org/10.1016/j.jchromb.2009.07.028
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eonates, and in cases of fetal distress, meconium may be passed
efore birth, making collection impossible.

Umbilical cord is abundant, considered a waste product after
elivery, and available at the time of birth. Umbilical cord also

s more suitable for anonymous epidemiological studies. Mont-
omery et al. suggested umbilical cord as an alternative to
econium for detecting fetal drug exposure after demonstrating

hat comparable results were obtained in these two alterna-
ive matrices [29]. This research was later extended to screening
nd GCMS confirmation of 500 umbilical cords from pregnant
omen suspected of illicit drug consumption. Negative and pos-

tive predictive values were all >98% and >70%, respectively, for
ethamphetamine, cocaine, opiates, cannabinoids and phencycli-

ine, supporting the efficacy of this alternative specimen for a
apid diagnosis of fetal drug exposure [30]. Despite these promising
esults, the window of drug detection in umbilical cord is unknown,
emonstrating the need for additional research.

From a quantitative point of view, only Winecker et al. described
validated GCMS method for the determination of cocaine and

ts main metabolites in umbilical cord tissue and amniotic fluid
31]. This method was applied to authentic specimens from sub-
ects admitting cocaine consumption during pregnancy; however,
t was not clearly indicated whether the specimens were matched
rom the same woman. Also, the time of last drug consumption was
nknown, making it impossible to establish the window of drug
etection in either matrix, although detection is likely to be shorter

n umbilical cord than amniotic fluid. Moore et al. also reported
he determination of benzoylecgonine (BE) and cocaine in umbil-
cal cord from an authentic premature delivery case, although no
alidation data for the method were described [32].

The aim of the present paper was development of a liquid chro-
atography mass spectrometry (LCMS) analytical method for the

uantification of methadone, cocaine, opiates, and metabolites in
mbilical cord tissue. The method is needed to support our research
n opioid and cocaine-dependent pregnant women enrolled in
ethadone maintenance treatment programs.

. Experimental

.1. Reagents and standards

Methadone, 2-ethylidene-1,5-dimethyl-3,3-
iphenylpyrrolidine (EDDP), BE, morphine, codeine (1 mg/mL

n methanol), cocaine and 6-acetylmorphine (6AM) (1 mg/mL in
cetonitrile) standards, and methadone-d9, EDDP-d3, cocaine-d3,
E-d8, morphine-d6, codeine-d6 and 6AM-d6 internal standards
IStd) (0.1 mg/mL, in the same solvent as non-deuterated ana-
ogues) were obtained from CerilliantTM (Round Rock, TX, USA).

ethadone, cocaine and BE for quality control samples (QC)
ere purchased from Lipomed (Cambridge, MA, USA); morphine,

odeine, and 6AM QC samples were different lot numbers from Cer-
lliant, and for EDDP, a different vial from the same CerilliantTM lot
umber was employed. Reagent grade formic and perchloric acids
ere from Sigma-Chemicals (St. Louis, MO, USA). Dichloromethane,

cetonitrile, ammonium hydroxide were obtained from J.T. Baker
Phillipsburg, NJ, USA). StrataTM XC cartridges 3 mL 60 mg were
urchased from Phenomenex (Torrance, CA, USA). Anonymous
lank umbilical cord specimens were kindly supplied by the
epartment of Pathology, Johns Hopkins Bayview Medical Center.
lank specimens were tested to confirm the absence of analytes
rior to preparation of calibrators and QC.
.2. Instrumentation

Mass spectrometric analyses were performed on a Thermo
innigan LCQ Deca XP ion trap mass spectrometer with an
. B 877 (2009) 3065–3071

electrospray ionization source (ESI) interfaced with a Surveyor
autosampler and liquid chromatographic (LC) pump (Thermo Elec-
tron, San Jose, CA). A Tissue TearorTM homogenizer (BioSpec
Products Inc., Bartlesville, OK) was employed for umbilical cord
homogenization. Solvent evaporation was carried out on a Turbo-
Vap LV evaporator (Zymark, Hopkinton, MA, USA).

2.3. Preparation of standard solutions

To generate a seven-point calibration curve, mixed working
solutions at 0.2, 0.4, 0.8, 4, 10 and 20 �g/mL for methadone and
0.05, 0.1, 0.2, 1, 2.5 and 5 �g/mL for the other analytes were pre-
pared by dilution of individual vials (1 mg/mL) in methanol. For
preparing the three QC concentrations, separate working solutions
were generated at 0.4, 4 and 20 �g/mL for methadone, and at 7.5, 75
and 375 �g/mL for the other analytes. Deuterated analogues of IStd
for each compound were combined and diluted with methanol to
a final concentration of 2 �g/mL for methadone-d9, and 0.5 �g/mL
for other analytes.

2.4. Procedures

2.4.1. Specimen preparation
1 ± 0.025 g umbilical cord was placed in a 15 mL polypropylene

centrifuge tube and homogenized with 5 mL 0.1% perchloric acid
for 1–2 min. Blank homogenate was fortified with appropriate vol-
umes of calibrator or QC solution and mixed. 50 �L IStd mixture was
added to each tube and vortexed. Specimens were centrifuged at
4000 rpm for 15 min and supernatant was subjected to solid phase
extraction.

2.4.2. Solid phase extraction
Mixed mode cartridges (reversed phase and cation exchange

mechanisms) were conditioned with 2 mL each methanol, water
and 0.1%, v/v perchloric acid. Samples were applied to car-
tridges, and two washing steps were performed with 2 mL
0.1% perchloric acid and 2 mL methanol. After drying cartridges
under vacuum for 15 min, samples were eluted with a mixture
of dichloromethane:acetonitrile:ammonium hydroxide (45:50:5,
v/v/v). Eluates were evaporated under nitrogen until dry, recon-
stituted in 100 �L 0.1% formic acid and 20 �L injected onto the
LCMS.

2.4.3. Liquid chromatography
Separation of analytes was achieved with a Synergi Polar-RP

column (75 mm × 2 mm, 4 �m, Phenomenex®, Torrance, CA, USA)
attached to a guard column of the same packing material. Column
and autosampler temperature were maintained at 30 and 10 ◦C,
respectively. Gradient elution with 0.1% formic acid (A) and acetoni-
trile (B) at a flow rate of 0.2 mL/min was as follows: 0% B for 0.5 min;
increased to 85% over 9.5 min; decreased to 0% B over 1 min and re-
equilibrated for 3.5 min. A divert valve directed the LC flow initially
to waste for 0.2 min, subsequently to the mass spectrometer for
11.8 min, and then back to waste for the remaining chromatographic
run.

2.4.4. Mass spectrometry
Mass spectral data were obtained in positive electrospray mode

(ESI+), with the following parameters: spray voltage, 4 kV; sheath
gas flow rate setting, 50; auxiliary gas flow rate setting, 10; and
transfer capillary temperature, 300 ◦C. Ion transitions for each

analyte were optimized by direct infusion of individual solutions
(0.1 �g/mL in methanol) into the mass spectrometer. Detection was
performed by selected reaction monitoring (SRM) of three MS2 or
MS3 transitions for each analyte, except for EDDP, for which only
two transitions were available.
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.5. Validation

Selectivity, sensitivity, linearity, intra- and inter-assay impre-
ision and analytical recovery, extraction efficiency, matrix effect,
rocess efficiency, drug carry over, hydrolysis, dilution integrity and
nalyte stability were evaluated.

Selectivity was assessed by measuring endogenous and exoge-
ous interferences. Potential endogenous interferences were
etermined by the analysis of blank umbilical cord specimens

rom 10 different sources. For assessment of exogenous interfer-
nces, licit and illicit compounds were added at a concentration
f 1 �g/mL to blank specimens fortified at the low QC. The
ollowing drugs and metabolites were tested: buprenorphine, nor-
uprenorphine, THC, hydrocodone, hydromorphone, oxycodone,
oroxycodone, oxymorphone, noroxymorphone, clonidine, ibupro-

en, pentazocine, caffeine, diphenhydramine, chlorpheniramine,
rompheniramine, salicylic acid, acetaminophen, PCP, nicotine,
iazepam, lorazepam, oxazepam, alprazolam, bromazepam, clon-
zepam, flurazepam, nitrazepam, flunitrazepam, temazepam,
ordiazepam, imipramine, clomipramine, fluoxetine, norfluoxe-
ine, paroxetine, 7-aminoclonazepam, 7-aminoflunitrazepam, and
-aminonitrazepam. Umbilical cord specimens from five opioid-
ependent pregnant women on buprenorphine treatment also
ere analyzed.

Sensitivity of the method was examined by establishing lim-
ts of detection (LOD) and limits of quantification (LOQ). LOD was
efined as the lowest concentration with retention times within
0.2 min from the average of all calibrator concentrations, appro-
riate chromatography, and a signal-to-noise ratio of at least three

or all selected transitions. LOQ was the lowest concentration that

ould be quantified with acceptable imprecision (%CV ≤20%) and
nalytical recovery (%target concentration ±20%). LOD and LOQ
ere determined empirically by analyzing umbilical cord samples

ortified at decreasing concentrations.

able 1
elected mass spectrometric quantifier and qualifier transitions, retention times and imp
enzoylecgonine (BE), cocaine, 2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine (EDDP

ompound Quantifier transition (CE)a Qualifier

orphine 286.2 > 201.1 (37)
286.2 > 2
286.2 > 2

orphine-d6 292.3 > 201.1 (37) 292.3 > 2

odeine 300.2 > 215.1 (37)
300.2 > 2
300.2 > 2

odeine-d6 306.2 > 218.2 (37) 306.2 > 2

AM 328.2 > 211.1 (38)
328.2 > 2
328.2 > 1

AM-d6 334.1 > 211.1 (38) 334.1 > 2

E 290.1 > 168.1 (29)
290.1 > 1
290.1 > 1

E-d8 298.2 > 171.1 (29) 298.2 > 1

ocaine 304.1 > 182.1 (30)
304.1 > 1
304.1 > 1

ocaine-d3 307.1 > 185.1 (30) 307.1 > 18

DDP 278.2 > 249.1 (40) 278.2 > 2

DDP-d3 281.3 > 249.1 (40) 281.3 > 2

ethadone 310.1 > 265.0 (27) 310.1 > 2
310.1 > 2

ethadone-d9 319.2 > 268.1 (27) 319.2 > 2

a CE: collision energy (V).
b Rt: retention time.
. B 877 (2009) 3065–3071 3067

Linearity was determined using least-squared regression with
1/× weighting to compensate for heteroscedasticity. Calibration
curves were generated with calibrators at 10, 20, 40, 200, 500, 1000
and 2000 ng/g for methadone, and at 2.5, 5, 10, 50, 125, 250 and
500 ng/g for the other analytes. Low, medium and high QC concen-
trations were prepared at 30, 300 and 1500 ng/g for methadone,
and 7.5, 75 and 375 ng/g for other analytes.

Intra-assay imprecision and analytical recoveries were assessed
with five replicates at low, medium and high QC concentrations
in the same batch. Inter-assay imprecision and analytical recov-
eries were examined with 20 replicates at three concentrations
on 4 different days. Imprecision was determined by calculating
the coefficient of variation (CV) using one-way analysis of vari-
ance following Krouwer and Rabinowitz recommendations [33,34].
Analytical recovery was expressed as a percentage of target concen-
tration.

Extraction efficiency, matrix effect and process efficiency were
calculated at three QC concentrations. Five blank samples were
fortified with IStd and the appropriate QC solution before and
another five blank samples fortified after extraction. Extraction
efficiency was calculated by dividing mean analyte peak area of
blank samples fortified before extraction by mean analyte peak
area of samples fortified after extraction, and expressed as a per-
centage. Absolute matrix effect compared analyte peak areas of
samples fortified after SPE with peak areas of analytes in neat
mobile phase. Ten unique blank umbilical cords were fortified at
each QC concentration after SPE. Mean peak analyte areas after
SPE were compared to mean peak areas of the analyte in 0.1%
formic acid (n = 10). Relative matrix effect is the different matrix
effects observed in multiple specimens, and was determined by

calculating %CV of the analyte peak areas in 10 different umbilical
cords tested. Process efficiency examines overall effect of extrac-
tion recovery and matrix effect, and was calculated by dividing
mean analyte peak areas of samples fortified prior to extraction

recision (%CV) after 40 injections for morphine, codeine, 6-acetylmorphine (6AM),
), and methadone.

transitions (CE)a Rtb (min) CV Rtb (%, n = 40)

29.0 (37)
4.54 0.5168.1 (37)

29.0 (37) 4.52 0.47

43.0 (37)
5.40 0.3082.2 (37)

46.0 (37) 5.38 0.28

68.1 (38)
5.68 0.3093.1 (38)

71.2 (38) 5.67 0.34

68.1 > 150.0 (32)
6.11 0.2468.1 > 82.1 (32)

71.1 > 153.1 (33) 6.09 0.22

82.1 > 150.1 (32)
6.91 0.3082.1 > 82.1 (32)

5.1 > 153.1 (35) 6.90 0.32

49.1 > 234.2 (34) 8.55 0.78

49.1 > 234.2 (35) 8.54 0.78

65.0 > 247.1 (31)
8.67 0.6965.0 > 219.1 (31)

68.1 > 250.1 (31) 8.63 0.74
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Fig. 1. Selected reaction monitoring chromatograms of the quantifier transitions for morphine, codeine, 6-acetylmorphine (6AM), benzoylecgonine (BE), cocaine, methadone
and 2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine (EDDP) of (a) extracted blank umbilical cord, (b) umbilical cord sample fortified with all analytes at the limits
of quantification (10 ng/g for methadone and 2.5 ng/g for other analytes), and (c) an authentic umbilical cord specimen containing in ng/g morphine 40.3, codeine 3.6, BE 442.4,
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Table 2
Imprecision, analytical recovery and calibration curve parameters for morphine, codeine, 6-acetylmorphine (6AM), benzoylecgonine (BE), cocaine, 2-ethylidene-1,5-dimethyl-
3,3-diphenylpyrrolidine (EDDP), and methadone.

Compound QC (ng/g) Imprecisiona Analytical recoveryb

Intra-assay (n = 5) Inter-assay (n = 20) Total Intra-assay (n = 5) Inter-assay (n = 20)

Morphine
7.5 10.7 0.0 10.7 92.2 97.2
75 7.0 0.0 7.0 94.7 95.9
375 6.2 5.1 8.0 91.2 95.1

Calibration curve (n = 4): slope = 0.0525 ± 0.0016; intercept = 0.0878 ± 0.0859; r2 = 0.9971 ± 0.0021

Codeine
7.5 11.4 5.4 12.7 109.6 99.1
75 10.1 0.0 7.0 94.6 97.9
375 11.1 0.0 11.1 94.9 100.2

Calibration curve (n = 4): slope = 0.0222 ± 0.0005; intercept = −0.0112 ± 0.0080; r2 = 0.9933 ± 0.0015

6AM
7.5 10.8 5.8 12.3 110.5 99.5
75 9.9 0.0 9.9 91.6 94.8
375 8.7 4.8 9.9 87.7 94.7

Calibration curve (n = 4): slope = 0.0223 ± 0.0003; intercept = 0.0013 ± 0.0023; r2 = 0.9973 ± 0.0004

BE
7.5 9.7 0.0 9.7 89.3 92.4
75 6.8 7.8 10.4 85.9 94.2
375 6.1 9.0 10.9 86.4 94.2

Calibration curve (n = 4): slope = 0.0225 ± 0.0016; intercept = 0.0019 ± 0.0107; r2 = 0.9959 ± 0.0027

Cocaine
7.5 4.2 0.0 4.2 109.3 107.0
75 6.4 3.1 7.1 108.9 104.7
375 4.0 8.6 9.5 109.5 104.6

Calibration curve (n = 4): slope = 0.0201 ± 0.0008; intercept = −0.0001 ± 0.0054; r2 = 0.9966 ± 0.0025

EDDP
7.5 9.1 0.0 9.1 94.5 98.4
75 5.2 2.3 5.6 112.7 109.4
375 9.2 4.8 10.3 108.1 103.2

Calibration curve (n = 4): slope = 0.0198 ± 0.0007; intercept = 0.0392 ± 0.0125; r2 = 0.9962 ± 0.0023

Methadone
30 6.8 2.6 7.3 109.7 106.9
750 9.7 7.5 12.3 89.2 100.5

C 0.996
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1500 6.9 9.1
alibration curve (n = 4): slope = 0.0204 ± 0.0011; intercept = −0.0005 ± 0.0078; r2 =

a Imprecision is expressed as %CV.
b Analytical recovery is expressed as % of target concentration.

n = 5) by mean peak areas of analytes prepared in 0.1% formic acid
n = 5).

The presence of carry over was assessed by analysis of a blank
mbilical cord sample fortified only with the IStd after the injection
f a sample at a concentration two times the upper LOQ.

Hydrolysis of cocaine and 6AM during sample preparation was
xamined by analysis of blank umbilical cord samples fortified with
nly these two analytes at the high QC (n = 3), and calculating the
ercentage of BE and morphine formed.

For evaluation of dilution integrity, umbilical cord samples were
ortified at a concentration two times the upper LOQ (n = 3), and
ubsequently diluted with blank matrix using a 1:4 dilution factor.
he concentrations of diluted analytes ×4 should be within ±20%
f target to demonstrate dilution integrity.

Analyte stability was investigated at the three QC levels under
variety of conditions. Prepared specimen stability was evaluated
y re-injecting QC samples (n = 5) after 24 and 72 h of autosampler
torage at 10 ◦C, and comparing calculated concentrations to origi-
al values. For stability after 24 h room temperature storage, 72 h at
◦C, and after three freeze/thaw cycles, IStd was added to fortified
mbilical cord samples (n = 5) after being subjected to the described
onditions. Stability samples were analyzed with freshly prepared
alibrators and QC samples.
.6. Method application

The method was applied to the analysis of an umbilical cord
pecimen from an opioid-dependent pregnant woman enrolled in

DDP 45.9, and methadone 185.9. The umbilical cord was obtained from a methadone-ma
n (a) indicate the actual retention time of analytes of interest to distinguish from potenti
11.4 88.7 97.9
5 ± 0.0019

methadone maintenance treatment. The specimen was collected
as part of an Institutional Review Board approved protocol, and the
participant provided written informed consent.

3. Results and discussion

We present the first validated LCMS method for the simultane-
ous quantification of methadone, EDDP, cocaine, BE, 6AM, morphine
and codeine in human umbilical cord.

Umbilical cord analysis required a homogenization step to dis-
rupt the tissue, followed by an efficient extraction methodology. A
rapid homogenization of 1 g umbilical cord for 1–2 min was per-
formed in 5 mL 0.1% perchloric acid. Following centrifugation, a
clear supernatant was achieved that did not obstruct the solid phase
extraction cartridge. Analytes eluted from the chromatographic col-
umn within 10 min, with a total run time of 15 min. CV in retention
times after 40 consecutive injections was <0.78%.

Quantification was based on SRM of the most prominent MS2

fragment for all analytes. Two additional MS2 or MS3 fragments
were monitored for identification of each analyte, except for EDDP,
for which only one MS3 fragment was available. However, in all
cases the number of identification points was >5, fulfilling the
acceptance criteria of at least three identification points [35].

Table 1 shows selected MS transitions for identifying and quan-
tifying analytes, retention times and CV of retention times for each
analyte and deuterated analogs.

No quantifiable peaks were found in umbilical cord specimens
from 10 different women, documenting specificity from endoge-

intained pregnant woman at delivery who received 75 mg daily methadone. Arrows
al interferences in the blank specimen.
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Table 3
Extraction efficiency (n = 5), matrix effect (n = 10) and process efficiency (n = 5) in umbilical cord for morphine, codeine, 6-acetylmorphine (6AM), benzoylecgonine (BE),
cocaine, 2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine (EDDP), and methadone. %CV in matrix effect in 10 different umbilical cords is also shown.

Compound QC (ng/g) Matrix effect (n = 10) Extraction
efficiency

Process
efficiency

Compound Matrix effect (n = 10) Extraction
efficiency

Process
efficiency

Absolute Relative Absolute Relative

Morphine
7.5 −14.4 8.3 111.0 88.6

Morphine-d6
−13.5 9.3 78.7 68.3

75 −14.3 6.0 78.0 64.5 −4.6 9.7 75.3 69.9
375 −5.2 6.2 76.2 73.1 −4.2 7.5 72.9 70.4

Codeine
7.5 −22.8 17.6 84.5 64.4

Codeine-d6
−16.7 10.0 80.9 68.4

75 −9.1 9.6 71.3 60.7 −13.5 12.3 74.3 63.8
375 −9.6 11.9 80.3 63.5 −16.7 9.3 75.2 62.4

6AM
7.5 −28.5 15.8 75.5 52.6

6AM-d6
−26.7 11.8 74.8 55.8

75 −18.2 16.1 62.4 48.6 −18.4 11.7 65.0 51.9
375 −24.9 22.6 76.4 55.6 −23.3 11.3 80.5 57.1

BE
7.5 −24.7 9.4 82.0 60.9

BE-d8
−22.6 8.6 79.2 55.7

75 −17.5 11.1 93.0 71.2 −19.4 9.0 81.8 62.9
375 −13.9 10.7 85.3 72.7 −5.2 7.9 77.9 74.8

Cocaine
7.5 −18.6 6.9 79.7 61.5

Cocaine-d3
−17.4 5.2 76.6 60.0

75 −11.1 5.6 80.1 70.9 −9.3 9.8 82.5 70.1
375 −11.8 4.5 87.8 76.1 −10.2 6.0 87.7 80.1

EDDP
7.5 39.5 8.5 60.9 85.2

EDDP-d3
29.5 14.4 58.4 82.0

75 15.3 9.5 59.2 70.8 10.0 8.9 57.6 60.8

M

n
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375 13.1 8.9 66.9 78.7

ethadone
30 4.5 10.2 85.0 82.7
750 −4.9 8.8 83.1 79.0
1500 3.8 6.2 90.8 92.6

ous matrix components. In addition, specimens fortified with
nalytes of interest at low QC concentrations and common licit
nd illicit drugs at 1000 ng/g, quantified within 85–115% of tar-
et with a CV <15% for all analytes. Furthermore, there was no
nterference from buprenorphine or metabolites, as specimens
rom opioid-dependent women receiving buprenorphine pharma-

ological treatment were negative for analytes of interest. Fig. 1a
epresents the extracted ion chromatograms obtained after the
njection of a blank specimen.

Linear calibration curves were obtained with mean coeffi-
ients of determination r2 > 0.99 (n = 4). Calibrators residuals were

able 4
tability of morphine, codeine, 6-acetylmorphine (6AM), benzoylecgonine (BE), cocaine, 2-
cal cord after storage on the autosampler (10 ◦C) for 24 and 72 h, at room temperature fo
resh controls.

ompound QC (ng/g) Autosampler (10 ◦C) Room

24 h 72 h

orphine
7.5 5.4 0.5 −2.7

75 4.4 7.1 −6.5
375 −7.3 −2.6 −2.7

odeine
7.5 0.6 −1.8 10.4

75 10.9 1.2 −1.5
375 −3.7 −11.4 2.9

AM
7.5 11.9 11.3 −11.2

75 −1.3 5.7 −5.1
375 −6.4 1.6 2.4

E
7.5 6.3 5.4 −7.5

75 −1.9 2.0 3.0
375 −6.1 5.9 −9.3

ocaine
7.5 −1.2 −1.1 10.7

75 −3.3 8.3 −1.0
375 0.1 6.2 −6.9

DDP
7.5 5.9 −1.2 4.3

75 −3.5 −4.7 0.6
375 −4.0 −10.3 4.4

ethadone
30 3.8 −2.2 8.2

750 −5.1 −8.8 1.8
1500 −2.4 −1.6 −4.2
10.8 13.9 69.7 71.8

Methadone-d9
8.2 9.6 79.9 86.7
7.7 10.9 78.7 85.5
9.4 8.2 94.8 97.5

<15%, except for LOQ, for which residuals <20% were acceptable.
Table 2 includes calibration parameters for all analytes. LOD’s were
0.25 ng/g for EDDP, 0.5 ng/g for cocaine and BE, 1 ng/g for 6AM,
2 ng/g for methadone and 2.5 ng/g for morphine and codeine. LOD
and LOQ were the same concentration for morphine and codeine,
based on stated acceptance criteria. Acceptable peak shape was

obtained for all analytes at the LOQ, as shown in Fig. 1b.

Imprecision was calculated following Krouwer and Rabinowitz
recommendations [33,34]. These authors differentiate three kinds
of imprecision: intra-day, inter-day and total. It is necessary to sub-
tract intra-assay imprecision from the standard deviation of the

ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine (EDDP) and methadone in umbil-
r 24 h, 4 ◦C for 72 h and three freeze/thaw cycles, expressed as % loss compared to

temperature 24 h Fridge 72 h (4 ◦C) Three freeze/thaw cycles

7.7 5.6
−3.1 5.9
−3.8 10.4

−1.2 −3.0
11.4 0.0
−0.9 −1.9

−5.2 −6.2
−0.9 6.8

−11.2 14.0

0.2 1.9
13.1 5.2

3.0 −2.7

−6.8 −4.9
−1.8 −5.4
−3.1 −9.7

−4.8 0.7
−12.6 −8.1
−15.4 −0.7

−5.4 −6.8
5.3 1.9
0.1 12.7
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un averages to obtain a pure inter-assay component of impreci-
ion. Using the proposed equations, it is possible to obtain inter-day
mprecision values equal to zero when the mean square inter-assay
mprecision is lower than the mean square intra-assay imprecision
34]. Table 2 summarizes results for the imprecision and analytical
ecoveries at low, medium and high QC concentrations. Intra- and
nter-assay and total imprecision ranged from 4.0% to 11.4%, 0.0% to
.1% and 4.2% to 12.7%, respectively. Intra- and inter-assay analyt-

cal recoveries ranged from 85.9% to 112.7% of target and 92.4% to
09.4% of target, respectively.

Extraction efficiency was >75% for most analytes, except for
AM and EDDP, with values >59.2%, at the three different QC con-
entrations. Matrix effect experiments showed ion suppression of
ignal ranging from 4.2% to 28.9% for most analytes, except for
DDP, for which a 39.5% signal enhancement was observed at the

ow QC concentration. These values were similar to those obtained
or their respective deuterated IStd, with differences <20% in all
ases. Employing deuterated IStd compensated for the variability in
xtraction efficiency and matrix effect for all analytes at the differ-
nt concentrations tested (Table 3). Process efficiency ranged from
8.6% to 97.5%, similar to extraction efficiency, due to the low matrix
ffect found for most analytes.

No drug carryover above the LOD was found in an IStd-fortified
lank specimen injected after the analysis of an umbilical cord sam-
le fortified at double the upper LOQ.

Minimal hydrolysis of cocaine and 6AM was observed during
pecimen treatment when analyzing specimens containing only
hese two analytes at the high QC concentration. Cocaine and 6AM
ere quantified with imprecision <5.2% and analytical recovery

85.8%, and the percentage formation of BE and morphine were
.19% and 1.87%, respectively.

Stability in the autosampler for 24 and 72 h was demonstrated by
e-injected concentrations of 0.1–11.4% of original values. Stability
f the analytes in umbilical cord tissue after 24 h at room tempera-
ure, 72 h at 4 ◦C and three freeze/thaw cycles also was verified with

analyte loss <15.4% in all cases (Table 4).
The validated method was employed to analyze an umbilical

ord specimen from an opioid-dependent pregnant woman receiv-
ng daily 75 mg methadone at the time of delivery. Methadone
nd EDDP concentrations were 190.2 and 43.6 ng/g, respectively.
his method also permitted simultaneous analysis of exposure to
ther common drugs of abuse. This specimen also contained BE
449.8 ng/g), morphine (40.1 ng/g) and codeine (3.0 ng/g). Extracted
on chromatograms for analytes are displayed in Fig. 1c. These pre-
iminary results corroborate the utility of this alternative matrix for
dentifying fetal drug exposure.

. Conclusion

The first method for the simultaneous determination of
ethadone, EDDP, cocaine, BE, 6AM, morphine and codeine in

mbilical cord was developed and fully validated. Homogeniza-
ion of the specimen in acidic conditions and subsequent extraction
ith mixed mode cation exchange cartridges provided adequate

ensitivity and selectivity for quantification of analytes of interest.
imultaneous analysis of methadone, cocaine and opiate analytes
rovided considerable time and cost savings over three separate
nalyses for each drug class. In general, umbilical cord tissue is not
imited, thus, specimen volume is not an issue, and simultaneous

nalysis does not provide an advantage in this respect.

This method will be applied to the analysis of umbilical cord
pecimens from opioid-dependent women under pharmacologi-
al treatment with methadone, or women suspected of cocaine or
piate abuse. Quantification of methadone and EDDP in umbilical

[

[
[
[

. B 877 (2009) 3065–3071 3071

cord specimens from women receiving known methadone doses
permits determination of potential correlations between drug con-
centrations in umbilical cord and administered doses, and whether
umbilical cord drug concentrations predict maternal and neona-
tal outcomes. Determination of other common drugs of abuse will
help us to understand the usefulness of umbilical cord analysis for
identifying in utero drug exposure.
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