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Abstract: The aim of this study was to develop and to validate a toxicological untargeted screening
relying on LC-HRMS in meconium including the detection of the four main classes of drugs of
abuse (DoA; amphetamines, cannabinoids, opioids and cocaine). The method was then applied
to 29 real samples. Analyses were performed with a liquid chromatography system coupled to
a benchtop Orbitrap operating in a data-dependent analysis. The sample amount was 300 mg
of meconium extracted twice by solid phase extraction following two distinct procedures. Raw
data were processed using the Compound Discoverer 3.2 software (Thermo). The method was
evaluated and validated on 15 compounds (6-MAM, morphine, buprenorphine, norbuprenorphine,
methadone, EDDP, amphetamine, MDA, MDMA, methamphetamine, cocaine, benzoylecgonine,
THC, 11-OH-THC, THC-COOH). Limits of detection were between 0.5 and 5 pg/mg and limits of
identification between 5 and 50 pg/mg. Mean matrix effect was between −79 and −19% (n = 6) and
mean overall recovery between 18 and 73% (n = 6) at 100 pg/mg. The application allows the detection
of 88 substances, including 47 pharmaceuticals and 15 pharmaceutical metabolites, cocaine and its
metabolites, THC and its metabolites, and natural (morphine, codeine) and synthetic (methadone,
buprenorphine, tramadol, norfentanyl) opioids. This method is now used routinely for toxicological
screening in high-risk pregnancies

Keywords: meconium; mass spectrometry; toxicology; drug of abuse; orbitrap; newborn

1. Introduction

In 2019, according to the United Nation Office on Drug and Crime (UNODC), cannabis
remains the most widely used drug, with 200 million people having used cannabis, followed
by opioids (62 million people), amphetamines (27 million people) and cocaine (20 million
people) [1]. In France, 45% of adults (18–64 years old) have used cannabis, 5.6% cocaine,
5.0% 3,4-methylenedioxy-N-methylamphetamine (MDMA) and 1.3% heroin [2]. Drug of
abuse (DoA) exposure during pregnancy may have serious consequences on newborn
health: fetal development disorders, high neonatal mortality rates and various adverse
mental and physical effects [3]. These concerns justify a recognition of fetal exposure as
early as possible, in order to provide treatment to the exposed neonate. Maternal interview
remains the most common and economical method to detect drug exposure, however,
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many studies have highlighted an underreporting issue [4]. Consequently, sensitive and
specific bioanalytical methods are necessary to accurately measure biomarkers of in utero
exposure. Fetal drug exposure can be identified by analyzing maternal specimens during
pregnancy or neonatal specimens such as hair, urine and meconium, shortly after birth.

Meconium refers to the first stool of the newborn. Meconium consists mainly of
water, epithelial cells, lanugo, bile acids and salts, cholesterol and sterol precursors,
blood group of substances, mucopolysaccharides, sugars, lipids, proteins and other
compounds from swallowed amniotic fluid [5]. It accumulates during the last three
months of pregnancy, thus allowing exploration of the exposure of the newborn during
the last trimester of pregnancy.

Meconium is accepted as a gold standard matrix for in utero drug exposure. It
allows for a wide detection window and a non-invasive sample collection from a soiled
diaper. However, it is susceptible to contamination by urine, there is a possible detection
of drugs given to the newborn after birth and painkiller drugs used by the mother
during labor, the specimen volume is limited and extensive extraction procedures are
required for sample preparation [6]. Several studies dedicated to meconium analysis
have been published [7–20]. Most of the methods have focused on the analysis of specific
drug groups such as amphetamines, opioids, cannabinoids, cocaine, alcohol biomarkers,
benzodiazepines or antidepressants [7–16]. Typically, each drug group is extracted and
analyzed separately in meconium; this may cause problems due to the limited amount of
sample, and the time-consuming procedures required for multiple drugs analysis. Very
few methods devoted to large screening of meconium have been published. The first
broad-spectrum drug screening of meconium was developed by Ristimaa et al. in 2010 [17].
This method relies on liquid chromatography coupled to high resolution mass spectrometry
(LC-HRMS) and an in-house database containing 869 molecular drugs. More recently
(2021), López-Rabuñal et al. proposed another large screening devoted to new psychoactive
substances (NPS) [21]. This method allows the simultaneous determination of 137 NPS
in meconium by LC-HRMS. These two methods are efficient and innovative; however,
they are targeted. To our knowledge, there is no untargeted LC-HRMS method devoted
to toxicological screening in meconium, and none allowing the simultaneous detection of
the four main classes of DoA (amphetamines, cannabinoids, opioids and cocaine) in the
current literature.

The aim of this study was to develop and to validate a toxicological untargeted
screening relying on high resolution mass spectrometry (Orbitrap) in meconium, including
the detection of the four main classes of DoA. The method was then applied to real samples.

2. Materials and Methods
2.1. Chemicals and Reagents

Water purity was 18.2 mΩ/cm (Millipore, Molsheim, France). Methanol was supplied
by Biosolve (Dieuze, France). Formic acid and orthophosphoric acid were ordered to Carlo
Erba (Val de Reuil, France). Acetonitrile and sodium dihydrogen phosphate (NaH2PO4) were
supplied by Fisher Scientific (Illkirch, France). Sodium hydrogen phosphate (Na2HPO4) was
ordered from Merck (Darmstadt, Germany). β-glucuronidase was purchased by MP Biomedi-
cals (Illkirch, France). LGC standards (Molsheim, France) supplied vials for 11-hydroxy-
∆9-tetrahydrocannabinol (11-OH-THC), 11-nor-9-carboxy-∆9-tetrahydrocannabinol-D3
(THC-COOH-D3), ∆9-tetrahydrocannabinol-D3 (THC-D3), methamphetamine, cocaine,
3,4-methylenedioxyamphetamine (MDA), 3,4-methylenedioxymetamphetamine (MDMA),
MDMA-D5, morphine-D3, buprenorphine, methadone, 6-monoacetylmorphine (6-MAM),
6-MAM-D3. Vials of 11-OH-THC, THC-COOH, THC, methampethamine-D5, amphetamine,
amphetamine-D5, cocaine, cocaine-D3, MDA-D5, benzoylecgonine, benzoylecgonine-D3,
morphine, buprenorphine-D4 and methadone-D3 were supplied by Euromedex (Souffel-
weyersheim, France).



Toxics 2022, 10, 55 3 of 11

2.2. Solutions Preparation

Phosphate buffer pH = 5 was made with 1.70 g Na2HPO4 and 12.14 g NaH2PO4
in 1000 mL of distilled water. The pH was adjusted with orthophosphoric acid. The
elution phase was prepared with 90 mL acetonitrile and 10 mL methanol. A stock solution
at 10 µg/mL was prepared in methanol by mixing all the standards with appropriates
volumes. The internal standard solution was a mixture of all the deuterated compounds at
5 µg/mL in methanol.

2.3. Sample Preparation

Meconium samples are stored at −80 ◦C before analysis. Two solid phase extractions
(SPE) are carried out from the sample: (1) a first extraction devoted to DoA non cannabi-
noids, and (2) a second one devoted to cannabinoids. The sample amount is 300 mg of
meconium (±10 mg) and 900 µL of phosphate buffer pH = 5 were added. The mixture is
vortexed for 20 s following by 10 min in an ultrasonic bath. The mixture is then hydrolyzed
with 100 µL of β-glucuronidase at 48 ◦C for 1 h. A first centrifugation is done, 10 min at
rpm. (1) The supernatant is transferred into an Oasis HLB Prime column (Waters, Milford,
CT, USA), which were not previously conditioned. The column is rinsed with 2 mL of
water and dried for 10 min under vacuum. The molecules are then eluted with 1 mL of
an acetonitrile/methanol mixture (90/10; v/v). (2) Residual meconium is reconstituted
with 600 µL of buffer pH = 5 and 300 µL of acetonitrile with 1% formic acid, the sample is
vortexed for 20 s and then centrifuged for 10 min at rpm. The supernatant is transferred
into a novel Oasis HLB Prime column without pretreatment. After introducing the sample,
the column is rinsed by adding 2 mL of methanol/water (25/75; v/v) and dried for 10 min
under vacuum. The molecules are then eluted with 1 mL of an acetonitrile/methanol
(90/10; v/v). The eluates are collected before being evaporated to dryness under nitrogen
flow at +48 ◦C. The dry residue is reconstituted with 100 µL of mobile phase A (2 mM
ammonium formate in water and 0.1% formic acid)/methanol (70/30; v/v). Five µL is
injected into the chromatographic system. A schematic description of the procedure is
presented in Figure 1.

2.4. Instruments
2.4.1. Liquid Chromatography

Liquid chromatography was performed on a Vanquish UHPLC system (Thermo,
Les Ulis, France). The compounds were separated on a Luna Omega Polar C18 column
(2.1 mm × 100 mm; 1.6 µm, Phenomenex, Le Pecq, France) with an oven temperature set
at 50 ◦C. The flow rate was fixed at 0.4 mL/min. The mobile phase A was a mixture of
2 mM ammonium formate in water and 0.1% formic acid; mobile phase B was methanol.
The chromatographic gradient was as follows: 100% A for 1 min, linear gradient to 55% A
in 5 min, linear gradient to 50% A in 1 min held for 1 min, follow by a linear gradient to 0%
A in 4 min held for 1 min. The column re-equilibration was performed by a linear gradient
to 100% A in 0.1 min held for 2 min.

2.4.2. Mass Spectrometry

Ionization was performed with a heated electrospray ionization (HESI) source oper-
ating in positive mode. Nitrogen was employed as sheath gas (60 UA) and auxiliary gas
(10 UA). Vaporization temperature was set at 320 ◦C. Capillary voltage was set at 3.5 kV
and S-lens at 70 eV. The ions were then analyzed by high-resolution mass spectrometry
(Orbitrap Exploris 120, Thermo, Les Ulis, France) in data-dependent mode. The full scan
analysis was realized over a window ranging from 125 to 650 m/z with a resolution of
60,000 FWHM. The MS2 analysis was performed with a parent ion isolation window of
1 m/z, a dynamic exclusion of 6 s and a resolution of 16,000 FWHM. Mass spectrometer was
calibrated once a week with a MRFA solution (L-methionyl-arginyl-phenylalanyl-alanine
acetate) 1 µg mL−1, caffeine 2 µg mL−1 and Ultramark® 1621 0.001% over a mass range
of 50–2000 m/z.
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2.5. Data Reprocessing

Data were processed using the Compound Discoverer 3.2 (Thermo, Les Ulis, France)
software following a specific workflow. All ions presenting a signal over 3 times the
background noise and a peak intensity over 500,000 were taken into account to create the
extracted ion chromatogram (EIC). MS and MS2 spectra were then used to identify ions.
Three processes were used for compound identification:

(1) MassList: this process includes an in-house library containing 150 molecules. Identifi-
cation is carried out using exact mass, isotopic profile and retention time.

(2) MzCloud: mzCloud™ is an online library containing 19,521 molecules with MS and
MS2 spectra [22]. The mzCloud™ database contains 17 compound classes, screen-
ing was performed including all classes. Identification was performed using the
HighChem HighRes algorithm.

(3) NIST: the NIST is a downloaded library constituted by the National Institute of
Standards and Technology, recently a spectra database compatible with LC-HRMS
technology has been released. This library contained 26,000 molecules with MS and
MS2 spectra. The identification is performed using the NIST identification algorithm.

These three processes include monoisotopic mass and isotopic pattern for compound
identification with a tolerance of 5 ppm.
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2.6. Method Validation

The method was validated for 15 molecules: 6-MAM, morphine, buprenorphine,
norbuprenorphine, methadone, EDDP, methamphetamine, amphetamine, MDA, MDMA,
cocaine, benzoylecgonine, THC, 11-OH-THC and THC-COOH. SWGTOX guidelines were
followed for the validation procedure [23]. The following criteria were considered for a
qualitative method validation: specificity, limit of detection, limit of identification, matrix
effect, extraction yield and cross-contamination (carry over).

2.6.1. Specificity

Specificity was assessed by analyzing five drug-free meconium samples from
healthy newborns. Currently, no commercial proficiency test is available for meconium
toxicological screening.

2.6.2. Matrix Effect and Extraction Yield

Three procedures (A, B and C) were performed on six different blank meconium
samples at two concentrations (100 pg/mg and 500 pg/mg) in order to evaluate extraction
yield and matrix effect (ME): (A) Analytes and the IS were spiked in the mobile phase
and directly injected; (B) Analytes and the IS were spiked afterwards in extracted blank
matrix samples and injected; and (C) Analytes and IS were spiked in meconium samples,
the complete extraction procedure was carried through, and the samples were injected into
the system. The mean chromatographic peaks obtained using the three procedures were
compared. The ratios C/B, B/A and C/A determined the extraction yield, the matrix effect
and the process efficiency, respectively, and were calculated for each analyte.

2.6.3. Limit of Detection and Identification

Sensitivity was evaluated by injecting 3 different meconium matrices spiked with a
mixture of the 15 substances at different concentrations (0.05 pg/mg, 0.1 pg/mg, 0.5 pg/mg,
1 pg/mg, 5 pg/mg, 10 pg/mg, 50 pg/mg, and 100 pg/mg). Limit of identification (LOI)
was defined by the lowest concentration of analyte that could be correctly identified by
the processing software. Limit of detection (LOD) was defined as the lower concentration
exhibiting a signal at least three-fold the background noise.

2.6.4. Cross-Contamination

Cross-contamination was assessed by injecting a blank sample immediately after a
blank sample spiked at 500 pg/mg (50 pg/mg for 6-MAM, buprenorphine, norbuprenor-
phine, THC, THC-COOH and 11-OH-THC). For a quantitative method, the signal generated
must be lower than 20% of the limit of quantification for the analytes and 5% for the internal
standards. In the development of this qualitative method, we consider that no signal should
be generated on the blank sample.

2.6.5. Application

The method was applied to real samples addressed to the Pharmacokinetics and
Toxicology Laboratory of Marseille. Meconium samples were collected between 0 and
3 days after birth, and sent to the laboratory at ambient temperature. Samples were
then stored at −80 ◦C till analysis. Stability after 3 freeze/thaw cycles was evaluated in
previous studies. No relevant degradation was observed for 6-MAM, morphine, cocaine,
benzoylecgonine, buprenorphine, norbuprenorphine, THC, THC-COOH and 11-OH-THC
(<10%), for amphetamine, metamphetamine, MDA, MDMA (<15%) and for methadone
and EDDP (<20%) [7,24–30].

3. Results and Discussion
3.1. Method Development and Validation

The aim of this study was to develop a new analytical method devoted to meconium
toxicological screening relying on Orbitrap mass spectrometry. Meconium remains the
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gold standard matrix to evaluate in utero exposure to xenobiotics, however two major
limits reduce its use. The matrix is very pasty and sticky, requiring a complex analytical
pre-treatment and the sample amount is sometimes limited, allowing a single analysis.
In the method presented here, a small amount of sample was necessary, 300 mg, which is
acceptable in comparison to previous publications using between 200 and 2000 mg [7–18].
Several extraction procedures have been applied to meconium toxicological analysis in-
cluding liquid–liquid extraction [9], salting out assisted liquid–liquid extraction [14] and
solid-phase extraction (SPE) [11–13,15–18]. SPE is widely employed to prepare and clean
up complex matrices in the field of forensic analysis and is the most widely used method
for the preparation of meconium. SPE was therefore chosen in this method development.
The chromatographic run was completed in 12 min and initial conditions were restored
in 2 min. No interferences were observed for the 15 compounds included in the method
evaluation after the analysis of 5 blank meconium samples.

Mean matrix effects and extraction recoveries results are presented in Table 1. An ion
suppression was observed for all compounds between −79 and −19% at 100 pg/mg and
−89% and −16% at 500 pg/mg. These modifications of ionization were well corrected
with internal standards, providing ME between −15 and +15% with the exception of
6-MAM at 100 pg/mg (+28%). Coefficients of variation were under 15%, highlighting a
good precision, although this method is not devoted to quantitation. Cannabinoids (THC,
11-OH-THC and THC-COOH) presented the most important ion suppression (between
−89 and −49%). Prego-Meleiro et al. noticed a similar matrix effect in meconium (between
−71 and −26%) [16]. However, this does not affect the sensitivity with a limit of detection
for cannabinoids at 5 pg/mg and a limit of identification at 10 pg/mg (with the exception
of THC-COOH, not identified). Extraction recoveries were over 50% for most compounds
except norbuprenorphine at 500 pg/mg (47%) and cannabinoids (between 18 and 45%).
Ristimaa et al. obtained a lower extraction recovery (16%) for THC-COOH after liquid–
liquid extraction [17]. Prego-Meleiro et al. observed a higher extraction yield, between 50
and 68%, however their sample pretreatment relying on a SPE was specifically devoted to
the detection and quantification of cannabinoids and their metabolites in meconium [16].

Limits of detection and identification are presented in Table 2. The LOD are in good
agreement with previously published methods. LOD obtained for 6-MAM, EDDP, metam-
phetamine, amphetamine, MDMA, cocaine and THC are slightly higher than those reported
in the literature. This could be attributed to the mass spectrometer acquisition mode. The
detection is carried out from the spectrum acquired in fullscan mode, which is more affected
by the background noise than data acquired following a LC-MS/MS acquisition (MRM)
used in the majority of the methods indicated in Table 2. A comparison of LOD and meco-
nium concentrations measured in real samples is also provided in Table 2. The developed
method is sensitive enough to detect all compounds. The only compound exhibiting a
LOD overlapping meconium concentrations is THC: LOD = 5 pg/mg and concentrations
measured in real samples = 4.2–7.7 pg/mg. However, THC is always detected in associ-
ation with at least one metabolite, and exhibits concentration lower than THC-COOH in
meconium samples [16]. Therefore, this limit is easily compensated for by the detection
of THC-COOH. To our knowledge, limits of identification have never been evaluated
before in meconium for these compounds with high resolution mass spectrometry and an
untargeted approach (no inclusion list). All molecules have been successfully identified at
low concentrations (<50 pg/mg) with the exception of THC-COOH. Interestingly, LOI were
lower enough to identify most compounds at the concentrations found in real samples.
The only class requiring a targeted approach remains cannabinoids. Regarding carry-over,
blank samples injected after meconium samples spiked at 500 pg/mg did not present any
traces for the 15 validated molecules.
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Table 1. Matrix effect and coefficient of variation observed for the 15 compounds at 100 pg/mg and
500 pg/mg (compounds marked with an asterisk (*) were evaluated at 10 pg/mg and 50 pg/mg).

100 pg/mg (n = 6) 500 pg/mg (n = 6)

Compounds

Matrix Effect

Extraction
Yield (%)

Process
Efficiency (%)

Matrix Effect

Extraction
Yield (%)

Process
Efficiency (%)

Raw
(%)

Normalized
with Internal
Standard (%)

CV
(%)

Raw
(%)

Normalized
with Internal
Standard (%)

CV
(%)

6-MAM * −29 +28 10.8 52 37 −29 +15 14.9 53 38
Morphine −42 +4 9.6 61 35 −31 +11 10.7 55 38

Buprenorphine * −25 −3 5.3 66 50 −27 +11 10.5 61 45
Norbuprenorphine * −31 −4 9.1 62 43 −39 +4 11.7 47 29

Methadone −19 0 10.2 70 57 −18 +13 11.6 61 50
EDDP −22 −3 5.8 71 55 −19 +11 11.2 72 58

Amphetamine −35 −1 12 73 47 −22 +23 12.2 61 48
MDA −29 −1 9.6 61 43 −16 +15 12.2 68 57

MDMA −31 −3 6.7 60 41 −25 +16 9.3 62 47
Methamphetamine −31 −5 7.4 69 48 −23 +13 9.7 65 50

Cocaine −25 −5 6.1 61 46 −21 +11 12.7 64 51
Benzoylecgonine −25 −2 7.6 62 47 −26 +10 10.9 63 47

THC * −79 −2 8.2 24 5 −89 −12 14.9 19 2
11-OH-THC * −49 +5 10.1 45 23 −65 +6 8.3 31 11
THC-COOH * −69 +14 11.6 18 6 −72 +10 14.4 18 5

Table 2. Limit of detection (LOD) and limit of identification (LOI) observed for the 15 compounds,
LOD retrieved in previous studies and concentrations.

Compounds LOD (pg/mg) LOI (pg/mg) LOD Found in the
Literature (pg/mg)

Concentrations Found in
the Literature (pg/mg) References

6-MAM 5 5 0.3–1.5 5–142 (n = 3) [7,17,28]
Morphine 0.5 10 1.2–6 397 (n = 1) [7,17,28]

Buprenorphine 0.5 5 5–10 23.9–240.5 (n = 9) [17,31,32]
Norbuprenorphine 5 10 5–10 323.9–1880.2 (n = 10) [17,31,32]

Methadone 0.1 5 0.25–10 85–21,980 (n = 48) [17,28,33]
EDDP 0.5 5 0.25–25 4431–101,021 (n = 48) [28,33]

Methamphetamine 1 50 0.2–10 18–13,325 (n = 16) [14,17,27]
Amphetamine 5 5 0.5–10 41–2220 (n = 15) [14,17,27]

MDA 5 5 2–4 No data [14,17]
MDMA 5 10 0.3–4 No data [14,17]
Cocaine 1 50 0.5–0.9 72–903 (n = 3) [7,28]

Benzoylecgonine 0.5 5 1–1.2 134–847 (n = 3) [7,28]
THC 5 10 1 4.2–7.7 (n = 4) [16]

11-OH-THC 5 10 1 11.9 (n = 1) [16]
THC-COOH 5 NI 1–20 24.1–288.8 (n = 4) [16,17]

3.2. Application

The results of meconium analyses (n = 29 samples) are presented in Table S1. The
application allowed the identification of different biomarkers in meconium samples. All
molecules included in the validation were detected with the exception of amphetamines (am-
phetamine, metamphetamine, MDMA and MDA) and 6-MAM. However, these molecules
were included in the method validation, and presented LOD lower than the concentra-
tions observed in the literature. These molecules were therefore probably absent from the
samples analyzed. THC-COOH (not identified during LOI evaluation) was successfully
identified in 3 samples; the THC-COOH LOI probably corresponds to a high concentration,
higher than those evaluated in the method validation. EIC of the molecules identified in
samples 4 and 14 are presented in Figure 2.

The untargeted screening allowed the detection of 88 different substances, each sub-
stance being detected in 1 to 22 samples. They include 47 pharmaceuticals and 15 phar-
maceutical metabolites (antalgic, antibiotics, anticonvulsants, antidepressants, antiemetic,
anti-histaminics, antihypertensives, antipyretic, antiretrovirals, benzodiazepines, beta-2-
agonist, beta-blocker, H2 blocker, local anesthetics, antifungal, neuroleptics, opiates, proton
pump inhibitor, and stimulant). Most of these molecules are classically prescribed to
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pregnant woman for nausea, gastroesophageal reflux, peripartum anesthesia, infection
prevention during cesarean section and eclampsia treatment.
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Cocaine and its metabolites were successfully identified (benzoylecgonine (n = 5),
cocaethylene (n = 1), cocaine (n = 4), ecgonine methyl ester (n = 2), hydroxybenzoylecgonine
(n = 1), norbenzoylecgonine (n = 2), norcocaine (n = 1)). These substances are commonly
identified in meconium [7,28,34]. The identification of cocaethylene in one sample is of
particular importance since this metabolite allows the identification of fetal alcohol exposure
in addition to cocaine. Levamisole, a cocaine adulterant, was detected in one sample. To
our knowledge, levamisole is identified for the first time in meconium. Cannabinoids were
identified in 10 samples (11-OH-THC (n = 5), cannabicitran (n = 1), cannabidiol (n = 1),
cannabinol (n = 8), THC (n = 4), THC-COOH (n = 7), THC-COOH-glucuronide (n = 7)).
This class is of particular importance since this is the main DoA used in France and
especially in the Marseille region [2,35]. Natural opioids (codeine (n = 2), norcodeine
(n = 1), morphine (n = 5), morphine-3-glucuronide (n = 1), normorphine (n = 1)), synthetic
opioids (tramadol (n = 3), N-desmethyltramadol (n = 2), O-desmethyltramadol (n = 1),
norfentanyl (n = 16)) and opioid substitution treatments (methadone (n = 2), EDDP (n = 2),
buprenorphine (n = 1), norbuprenorphine (n = 1)) were well detected. Interestingly, solely
norfentanyl (n = 16) was identified and fentanyl was not detected even following a manual
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identification. Conversely, López-Rabuñal et al. identified fentanyl in four meconium
samples without norfentanyl (included in the screening) [21]. Ristimaa et al. detected
fentanyl in 2 out of 209 meconium samples, however they do not indicate if norfentanyl
was screened for [17]. Fentanyl is known to cross the placenta barrier and has been detected
in umbilical cord plasma [36]. Therefore, this compound should be detected in meconium
samples. This discrepancy could be explained by a lack of sensitivity, as fentanyl LOD and
LOI were not evaluated here. Additionally, several biomarkers of tobacco exposure were
identified (anabasine (n = 22), nicotine (n = 3), cotinine (n = 20), cotinine-N-oxide (n = 3),
trans-3-hydroxycotinine (n = 4)).

Most of the analytical methods described in the literature for the determination of
DoA in meconium are based on LC-MS/MS [10–16,18]. All these methods are targeted,
therefore limiting the number of compounds analyzed. LC-HRMS allows the inclusion of
hundreds of compounds in the database without compromising on sensitivity. In addition,
retrieval of new compounds in the acquisition data is easy because the formula database
is updatable with literature data for current substances, such as designer drugs. These
results highlight the interest of this untargeted analytical method in the context of high-risk
pregnancies. The application to samples collected in the framework of the care of newborns
has made it possible to highlight most of the molecules of interest. This made it possible to
document in a precise and almost exhaustive manner the exposure of newborns in utero,
to adapt medical monitoring and care at birth and in particular to adjust treatment in the
event of a withdrawal syndrome. The main limitation of this method is the absence of
biomarker of exposure to alcohol. The qualitative aspect of the developed method may
be a second limitation; however, interpretation of quantitative results is difficult due to
contamination of meconium with urine [37–39]. A further limitation of this procedure is
the cumbersome analytical preparation prior the analysis (two SPE). However, meconium
is a tricky matrix which requires an extensive analytical pre-treatment.

4. Conclusions

This study enabled the development of a sensitive untargeted method devoted to
meconium analysis, using low amount of meconium. To our knowledge, this is the first
untargeted method allowing the simultaneous detection of the four categories of DoA
(opioids, amphetamines, cannabinoids, cocaine). The application to real samples demon-
strates the efficacy of this protocol in identifying DoA and pharmaceuticals. This method is
now used routinely for toxicological screening in high-risk pregnancies. This procedure,
by revealing the presence of drugs and metabolites beyond the ordinary scope of abused
drugs, will significantly help pediatricians and will make it possible to quickly adapt the
care of newborns.
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14. Nemeškalová, A.; Bursová, M.; Sýkora, D.; Kuchař, M.; Čabala, R.; Hložek, T. Salting out assisted liquid-liquid extraction
for liquid chromatography tandem-mass spectrometry determination of amphetamine-like stimulants in meconium. J. Pharm.
Biomed. Anal. 2019, 172, 42–49. [CrossRef] [PubMed]

15. Abernethy, C.; McCall, K.E.; Cooper, G.; Favretto, D.; Vaiano, F.; Bertol, E.; Mactier, H. Determining the pattern and prevalence of
alcohol consumption in pregnancy by measuring biomarkers in meconium. Arch. Dis. Child. Fetal Neonatal 2018, 103, F216–F220.
[CrossRef] [PubMed]

16. Prego-Meleiro, P.; Lendoiro, E.; Concheiro, M.; Cruz, A.; López-Rivadulla, M.; de Castro, A. Development and validation of a
liquid chromatography tandem mass spectrometry method for the determination of cannabinoids and phase I and II metabolites
in meconium. J. Chromatogr. A 2017, 1497, 118–126. [CrossRef]

17. Ristimaa, J.; Gergov, M.; Pelander, A.; Halmesmäki, E.; Ojanperä, I. Broad-Spectrum drug screening of meconium by liquid
chromatography with tandem mass spectrometry and time-of-flight mass spectrometry. Anal. Bioanal. Chem. 2010, 398, 925–935.
[CrossRef] [PubMed]

18. Malaca, S.; Marchei, E.; Barceló Martín, B.; Minutillo, A.; Pichini, S. Novel fast ultra-performance liquid chromatography-tandem
mass spectrometry (UHPLC-MS/MS) and extraction of Ethylglucuronide in meconium samples. Drug Test. Anal. 2019, 11,
1471–1475. [CrossRef] [PubMed]

19. Coles, R.; Kushnir, M.M.; Nelson, G.J.; McMillin, G.A.; Urry, F.M. Simultaneous determination of codeine, morphine, hydrocodone,
hydromorphone, oxycodone, and 6-Acetylmorphine in Urine, Serum, Plasma, whole blood, and meconium by LC-MS-MS.
J. Anal. Toxicol. 2007, 31, 1–14. [CrossRef]

20. De Carvalho Mantovani, C.; Silva, J.P.E.; Forster, G.; de Almeida, R.M.; de Albuquerque Diniz, E.M.; Yonamine, M. Simultaneous
Accelerated Solvent Extraction and Hydrolysis of 11-nor-∆9-Tetrahydrocannabinol-9-Carboxylic Acid Glucuronide in Meconium
Samples for Gas Chromatography-Mass Spectrometry Analysis. J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 2018, 1074–1075,
1–7. [CrossRef]

21. López-Rabuñal, Á.; Di Corcia, D.; Amante, E.; Massano, M.; Cruz-Landeira, A.; de-Castro-Ríos, A.; Salomone, A. Simultaneous
determination of 137 drugs of abuse, new psychoactive substances, and novel synthetic opioids in meconium by UHPLC-QTOF.
Anal. Bioanal. Chem. 2021, 413, 5493–5507. [CrossRef]

22. MzCloud Database. Available online: https://www.mzcloud.org/home (accessed on 13 October 2021).
23. Scientific Working Group for Forensic Toxicology. Scientific working Group for Forensic Toxicology (SWGTOX) standard practices

for method validation in forensic toxicology. J. Anal. Toxicol. 2013, 37, 452–474. [CrossRef]

https://www.unodc.org/unodc/en/data-and-analysis/wdr2021.html
https://www.unodc.org/unodc/en/data-and-analysis/wdr2021.html
https://www.ofdt.fr/publications/collections/periodiques/drogues-chiffres-cles/drogues-chiffres-cles-8eme-edition-2019
https://www.ofdt.fr/publications/collections/periodiques/drogues-chiffres-cles/drogues-chiffres-cles-8eme-edition-2019
http://doi.org/10.1542/peds.89.1.107
http://www.ncbi.nlm.nih.gov/pubmed/1727992
http://doi.org/10.1111/j.1360-0443.2010.03097.x
http://www.ncbi.nlm.nih.gov/pubmed/20854338
http://doi.org/10.1016/S0378-4347(97)00479-9
http://doi.org/10.1016/j.cca.2020.12.010
http://www.ncbi.nlm.nih.gov/pubmed/33333045
http://doi.org/10.1016/S1570-0232(03)00478-1
http://doi.org/10.1016/j.jpeds.2005.01.048
http://www.ncbi.nlm.nih.gov/pubmed/15973326
http://doi.org/10.1016/0929-693x(96)86401-3
http://doi.org/10.1016/j.jpeds.2018.09.046
http://doi.org/10.1002/dta.1921
http://doi.org/10.1007/s00216-014-8243-4
http://doi.org/10.1093/jat/bkaa012
http://www.ncbi.nlm.nih.gov/pubmed/32064503
http://doi.org/10.1016/j.jpba.2019.04.036
http://www.ncbi.nlm.nih.gov/pubmed/31022615
http://doi.org/10.1136/archdischild-2016-311686
http://www.ncbi.nlm.nih.gov/pubmed/28676561
http://doi.org/10.1016/j.chroma.2017.03.066
http://doi.org/10.1007/s00216-010-3942-y
http://www.ncbi.nlm.nih.gov/pubmed/20617307
http://doi.org/10.1002/dta.2658
http://www.ncbi.nlm.nih.gov/pubmed/31177632
http://doi.org/10.1093/jat/31.1.1
http://doi.org/10.1016/j.jchromb.2018.01.009
http://doi.org/10.1007/s00216-021-03533-y
https://www.mzcloud.org/home
http://doi.org/10.1093/jat/bkt054


Toxics 2022, 10, 55 11 of 11

24. Kacinko, S.L.; Shakleya, D.M.; Huestis, M.A. Validation and application of a method for the determination of buprenorphine,
norbuprenorphine, and their glucuronide conjugates in human meconium. Anal. Chem. 2008, 80, 246–252. [CrossRef] [PubMed]

25. Marchei, E.; Pellegrini, M.; Pacifici, R.; Palmi, I.; Lozano, J.; García-Algar, O.; Pichini, S. Quantification of Delta9-
Tetrahydrocannabinol and its major metabolites in meconium by gas chromatographic-mass spectrometric assay: Assay
validation and preliminary results of the “meconium project”. Ther. Drug Monit. 2006, 28, 700–706. [CrossRef] [PubMed]

26. Pichini, S.; Pacifici, R.; Pellegrini, M.; Marchei, E.; Lozano, J.; Murillo, J.; Vall, O.; García-Algar, Ó. Development and validation of
a high-performance liquid chromatography−mass spectrometry assay for determination of amphetamine, methamphetamine,
and methylenedioxy derivatives in meconium. Anal. Chem. 2004, 76, 2124–2132. [CrossRef] [PubMed]

27. Gunn, J.A.; Sweeney, B.; Dahn, T.; Bell, S.; Newhouse, R.; Terrell, A.R. Simultaneous Quantification of amphetamine and
methamphetamine in meconium using ISOLUTE HM-N-Supported liquid extraction columns and GC-MS. J. Anal. Toxicol. 2008,
32, 485–490. [CrossRef]

28. De Castro, A.; Concheiro, M.; Shakleya, D.M.; Huestis, M.A. Simultaneous quantification of methadone, cocaine, opiates, and
metabolites in human placenta by liquid Chromatography–Mass spectrometry. J. Anal. Toxicol. 2009, 33, 243–252. [CrossRef]

29. Concheiro, M.; Gutierrez, F.M.; Ocampo, A.; Lendoiro, E.; González-Colmenero, E.; Concheiro-Guisán, A.; Peñas-Silva, P.;
Macías-Cortiña, M.; Cruz-Landeira, A.; López-Rivadulla, M.; et al. Assessment of biological matrices for the detection of in utero
cannabis exposure. Drug Test. Anal. 2021, 13, 1371–1382. [CrossRef]

30. Kelly, T.; Gray, T.R.; Huestis, M.A. Development and validation of a liquid chromatography-atmospheric pressure chemical
ionization-tandem mass spectrometry method for simultaneous analysis of ten amphetamine-, methamphetamine- and 3,4-
methylenedioxymethamphetamine-related (MDMA) analytes in human meconium. J. Chromatogr. B Anal. Technol. Biomed. Life Sci.
2008, 867, 194–204.

31. Marin, S.J.; McMillin, G.A. Quantitation of total buprenorphine and norbuprenorphine in meconium by LC-MS/MS. Methods Mol.
Biol. Clifton NJ 2016, 1383, 59–68. [CrossRef]

32. Kacinko, S.L.; Jones, H.E.; Johnson, R.E.; Choo, R.E.; Huestis, M.A. Correlations of Maternal buprenorphine dose, buprenorphine,
and metabolite concentrations in meconium with neonatal outcomes. Clin. Pharmacol. Ther. 2008, 84, 604–612. [CrossRef]

33. Di Trana, A.; La Maida, N.; Tittarelli, R.; Huestis, M.A.; Pichini, S.; Busardò, F.P.; Carlier, J. Monitoring prenatal exposure to
buprenorphine and methadone. Ther. Drug Monit. 2020, 42, 181–193. [CrossRef]

34. D’Avila, F.B.; Limberger, R.P.; Fröehlich, P.E. Cocaine and crack cocaine abuse by pregnant or lactating mothers and analysis of its
biomarkers in meconium and breast milk by LC–MS—A review. Clin. Biochem. 2016, 49, 1096–1103. [CrossRef] [PubMed]

35. Observatoire Français des Drogues et des Toxicomanies. Available online: https://www.ofdt.fr/publications/collections/
rapports/portraits-de-territoire/addictions-en-provence-alpes-cote-dazur-consommations-de-substances-psychoactives-et-
offre-medicosociale/ (accessed on 13 October 2021).

36. Fleet, J.-A.; Belan, I.; Gordon, A.L.; Cyna, A.M. Fentanyl concentration in maternal and umbilical cord plasma following intranasal
or subcutaneous administration in labour. Int. J. Obstet. Anesth. 2020, 42, 34–38. [CrossRef] [PubMed]

37. Gareri, J.; Klein, J.; Koren, G. Drugs of abuse testing in meconium. Clin. Chim. Acta Int. J. Clin. Chem. 2006, 366, 101–111.
[CrossRef] [PubMed]

38. Gray, T.; Huestis, M. Bioanalytical procedures for monitoring in utero drug exposure. Anal. Bioanal. Chem. 2007, 388, 1455–1465.
[CrossRef] [PubMed]

39. Lombardero, N.; Casanova, O.; Behnke, M.; Eyler, F.D.; Bertholf, R.L. Measurement of Cocaine and metabolites in urine,
meconium, and diapers by gas chromatography/mass spectrometry. Ann. Clin. Lab. Sci. 1993, 23, 385–394. [PubMed]

http://doi.org/10.1021/ac701627q
http://www.ncbi.nlm.nih.gov/pubmed/18044957
http://doi.org/10.1097/01.ftd.0000245380.95186.13
http://www.ncbi.nlm.nih.gov/pubmed/17038890
http://doi.org/10.1021/ac035419x
http://www.ncbi.nlm.nih.gov/pubmed/15053679
http://doi.org/10.1093/jat/32.7.485
http://doi.org/10.1093/jat/33.5.243
http://doi.org/10.1002/dta.3034
http://doi.org/10.1007/978-1-4939-3252-8_7
http://doi.org/10.1038/clpt.2008.156
http://doi.org/10.1097/FTD.0000000000000693
http://doi.org/10.1016/j.clinbiochem.2016.01.019
http://www.ncbi.nlm.nih.gov/pubmed/26827634
https://www.ofdt.fr/publications/collections/rapports/portraits-de-territoire/addictions-en-provence-alpes-cote-dazur-consommations-de-substances-psychoactives-et-offre-medicosociale/
https://www.ofdt.fr/publications/collections/rapports/portraits-de-territoire/addictions-en-provence-alpes-cote-dazur-consommations-de-substances-psychoactives-et-offre-medicosociale/
https://www.ofdt.fr/publications/collections/rapports/portraits-de-territoire/addictions-en-provence-alpes-cote-dazur-consommations-de-substances-psychoactives-et-offre-medicosociale/
http://doi.org/10.1016/j.ijoa.2020.01.001
http://www.ncbi.nlm.nih.gov/pubmed/32044215
http://doi.org/10.1016/j.cca.2005.10.028
http://www.ncbi.nlm.nih.gov/pubmed/16413011
http://doi.org/10.1007/s00216-007-1228-9
http://www.ncbi.nlm.nih.gov/pubmed/17370066
http://www.ncbi.nlm.nih.gov/pubmed/8239486

	Introduction 
	Materials and Methods 
	Chemicals and Reagents 
	Solutions Preparation 
	Sample Preparation 
	Instruments 
	Liquid Chromatography 
	Mass Spectrometry 

	Data Reprocessing 
	Method Validation 
	Specificity 
	Matrix Effect and Extraction Yield 
	Limit of Detection and Identification 
	Cross-Contamination 
	Application 


	Results and Discussion 
	Method Development and Validation 
	Application 

	Conclusions 
	References

