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Abstract

Drug use by pregnant women has been extensively associated with adverse mental, physical, and
psychological outcomes in their exposed children. This manuscript reviews bioanalytical methods
for in utero drug exposure monitoring for common drugs of abuse in urine, hair, oral fluid, blood,
sweat, meconium, amniotic fluid, umbilical cord tissue, nails, and vernix caseosa; neonatal matrices
are particularly emphasized. Advantages and limitations of testing different maternal and neonatal
biological specimens including ease and invasiveness of collection, and detection time frames,
sensitivities, and specificities are described, and specific references for available analytical methods
included. Future research involves identifying metabolites unique to fetal drug metabolism to
improve detection rates of in utero drug exposure and determining relationships between the amount,
frequency, and timing of drug exposure and drug concentrations in infant biological fluids and tissues.

Accurate bioanalytical procedures are vital to defining the scope of and resolving this important
public health problem.
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Introduction

Drug use by pregnant women has been extensively associated with adverse mental, physical,
and psychological outcomes in their exposed children [1-5]. With mounting evidence of drug-
induced short- and long-term developmental effects, drug use during gestation is a significant
public health concern. The National Survey on Drug Use and Health reported in 2005 that 9.8,
18.0, and 4.3% of pregnant women questioned admitted to drinking alcohol and using tobacco
and illicit drugs within the last month, respectively [6]. Perhaps because of feelings of guilt,
embarrassment, or fear of prosecution, mothers frequently underreport drug ingestion.
Interviewing methods have been improved to better identify women at high risk for substance
abuse during gestation and to generate more accurate responses to interview questions [7-9].
In spite of these efforts, underreporting remains a problem. One study has shown maternal
interviews to be the least sensitive method of identifying drug use in pregnancy when compared
to maternal hair and meconium drug testing [10]. Another recent study showed that 17% of
women denying cocaine use had a positive maternal or newborn biological specimen [11].
Consequently, sensitive and specific bioanalytical methods are necessary to accurately measure
biomarkers of in utero drug exposure. This review discusses advantages and limitations of
monitoring various maternal and/or neonatal biological specimens for in utero drug detection,
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and briefly highlights the most commonly employed analytical techniques and instrumentation
to isolate compounds of interest (Table 1). Analytical procedures specific for in utero drug
detection in meconium, amniotic fluid, and umbilical cord blood and tissue will be described.
Other maternal and neonatal specimens, i.e., blood, hair, oral fluid, sweat, and urine, may be
analyzed by the same techniques and instrumentation as for clinical and workplace testing and
post-mortem analysis.

Specimens for in utero drug exposure detection

Maternal monitoring

In utero drug exposure can be identified by testing biological specimens from the mother during
gestation or the neonate shortly after birth. Identifying maternal drug use history has several
advantages. Healthcare providers can prepare resources before delivery to handle withdrawal
symptoms or effects that may manifest at birth and to extend hospitalization to detect neonatal
withdrawal. For example, the average time to onset of withdrawal symptoms in a study of
infants at a Dublin hospital was 2.8 days [12], while the average hospital stay for childbirth in
2003 was 2.6 days [13]; therefore, it is possible that babies are released prior to withdrawal
onset. Further, social service resources to aid the mother in caring for her newborn at home
can be established in advance. In addition, identifying women who are using drugs while
pregnant provides the opportunity for enrollment in drug treatment. Methadone and
buprenorphine pharmacotherapy and behavioral modification programs are associated with
positive outcomes for both the mother and child [14,15].

Currently, data correlating maternal drug use during pregnancy with concentrations of drug in
maternal and fetal specimens and outcome measures after birth have not been available. Thus,
we do not know if such correlations exist. Due to the highly complex nature of the maternal—
fetal interaction, maternal drug and/or metabolite concentrations may not reflect the degree of
fetal drug exposure. Notably, Boskovic et al. reported that a set of monozygotic twins had
nearly identical concentrations of cocaine in hair, while in dizygotic twins, each twin had
distinctly different hair concentrations [16]. Moreover, in three of six sets of dizygotic twins,
one twin had hair concentrations below the detection limit while its sibling’s hair concentration
was well above the limit of detection.

Several biological specimens of maternal origin are available for testing; however, each has
advantages and disadvantages. Table 2 describes characteristics of each matrix including ease
and invasiveness of collection, window of drug detection, and specimen preparation
requirements.

While not indicative of in utero drug exposure, neonates may be exposed to drugs in infancy
through breastfeeding, if the mother uses drugs while lactating. Recently, the United States’
National Library of Medicine released LactMed, a free online peer-reviewed database of drugs
and other chemicals to which breastfeeding mothers may be exposed
(http://toxnet.nlm.nih.gov). Fully referenced information derived from the scientific literature
includes drug concentrations in breast milk and exposed infants’ blood, if data are available.
Potential adverse effects in the nursing infant also are included. Analyzing drug concentrations
in breast milk after controlled drug administration provides data for the development of
pharmacokinetic models to estimate the amount of drug exposure for the child from
breastfeeding [17].

Neonatal monitoring

Many neonatal specimens can be non-invasively collected shortly after birth to reveal in utero
drug exposure. This is particularly important if the mother did not receive prenatal care.
Analysis of neonatal specimens can identify type and perhaps the amount of drug exposure.
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Fetal metabolism is poorly understood, may be different than in adults, and unique fetal
metabolites may not yet have been identified.

Urine—Urine was traditionally the specimen of choice for neonatal drug testing, although
collection is difficult. The adhesive for the collection bag causes skin irritation and frequently
fails to adhere. Another disadvantage is the short detection window; urine provides maternal
drug use data only for a few days prior to delivery.

Meconium—Recently, meconium became the specimen of choice for detecting drug
exposure in neonates. Meconium is primarily composed of mucopolysaccharides, water, bile
salts, bile acids, epithelial cells, and other lipids. It begins to form around the twelfth week of
gestation and accumulates until birth. Meconium acts as a drug reservoir and provides a long
window of detection. Meconium usually is passed within the first one to three days of life, but
defecation may be delayed in premature infants. Collection from diapers is easy and non-
invasive. Ostrea et al. suggested using serial analyses to determine timing of exposure of
xenobiotics [66]; however, this may be practical only in special circumstances (i.e., post-
mortem examination). Drugs also may diffuse through the meconium in utero making
interpretation difficult. Drug concentrations in meconium generally are higher than in urine
because of accumulation over several months of gestation. Meconium is one of the most
sensitive matrices to detect in utero drug exposure [10,11,67].

Frequently, meconium is contaminated with neonatal urine from the diaper, potentially
complicating interpretation. As meconium is not homogenous, specimens should be mixed
thoroughly before analysis. Meconium is complex and recovery of drugs is highly dependent
on extraction technique. For the analysis of fatty acid ethyl esters (FAEES) to identify ethanol
consumption, freezing of meconium immediately after collection and shipping to the analytical
laboratory on ice is recommended to slow degradation of FAEES [68]. Improper storage or
handling of specimens may produce false-negative results, particularly for the more susceptible
long chain FAEEs. Generally, drug concentrations in meconium remain stable when stored at
—20 °C; amphetamine and methamphetamine levels were stable when stored over one year
[69] and cannabis-derived compounds for at least six months [70].

Another disadvantage of meconium analysis is the high false-positive rate of screening
techniques, particularly immunoassay methods. Immunoassay techniques designed for urine
have been modified for use with meconium, many times without extensive validation or
confirmation. Of specimens screening positive for A%-tetrahydrocannabinol (THC)
metabolites, cocaine metabolites, or opiates by immunoassay screening, 56-59% were
confirmed by gas chromatography/mass spectrometry (GC/MS) [71]. Only 26% of samples
screening positive for amphetamines were confirmed. Possibly there was cross-reactivity with
other sympathomimetic amines in meconium or there may be as yet undetermined fetal
amphetamine metabolites. Steele et al. demonstrated that m-hydroxybenzoylecgonine
(mOHBE) is a major cocaine metabolite in meconium that is detected by immunoassay screens
[72]. Later, it was shown that p-hydroxybenzoylecognine (pPOHBE) also contributes to cocaine
metabolite immunoassay reactivity [73]. A common nicotine metabolite detected in smokers’
plasma, urine, and oral fluid and in nicotine-exposed neonatal urine, trans-3'-hydroxycotinine,
was not detected in meconium, illustrating that metabolic profiles in different neonatal matrices
are not necessarily the same [74,75]. Immunoassay results should be carefully interpreted and
confirmed by a more specific method like GC/MS, liquid chromatography/mass spectrometry
(LC/MS), or MS/MS.

Enzyme multiplied immunoassay test (EMIT) is the most commonly employed screening
assay, but fluorescence polarization immunoassay (FPIA), radioimmunoassay (RIA), and
enzyme-linked immunosorbent assay (ELISA) have also been utilized. Prior to immunoassay
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meconium screening, extraction of drugs must be performed to reduce endogenous specimen
interferences. Moore et al. compared several extraction techniques including methanol,
acidified water, phosphate buffer with methanol, and glacial acetic acid and diphenylamine in
acetone [71]. The more complex glacial acetic acid and diphenylamine in acetone extraction
yielded the best sensitivity; the other methods varied in ability to extract opiates, cocaine, and
cannabis metabolites. Another procedure described using chloroform/isopropanol (3:1) to
extract benzoylecgonine (BE), methamphetamine, morphine, and phencyclidine (PCP) for
detection with EMIT [76]. Hydrolyzing meconium to cleave reversible Schiff base bonds that
may form between cotinine and amino acids significantly increased cotinine detection by
enzyme immunoassay from 33.3% without hydrolysis to 79.4% with hydrolysis [77].

Table 3 lists GC/MS, high-performance liquid chromatography (HPLC), LC/MS, and LC/MS/
MS procedures for detection of cocaine and metabolites, cannabinoids, nicotine and
metabolites, FAEESs, amphetamines, methadone, and PCP in meconium.

BE, ecgonine methyl ester (EME), mOHBE, and cocaine are the major cocaine analytes
detected in meconium by GC/MS [73]. An LC/MS/MS method detected cocaine,
anhydroecgonine methyl ester, BE, EME, cocaethylene, ecgonine, norcocaine, pPOHBE, and
p-hydroxycocaine in nearly all meconium specimens of cocaine-exposed neonates; ecgonine,
though difficult to isolate, was present in higher concentrations than most other metabolites
and may be an important analyte for monitoring in utero cocaine exposure.

Analysis of the THC metabolite 11-hydroxy-A®-tetrahydrocannabinol (11-OH-THC) requires
enzymatic hydrolysis to cleave the 11-OH-THC-glucuronide bond. Incorporating hydrolysis
and 11-OH-THC and 8p,11-dihydroxy-A%-tetrahydrocannabinol analytes increased
confirmation rates of positive-screening meconium specimens from 26 to 100% [78]. Recently,
a method for THC, 11-OH-THC, and THCCOOH noted that enzymatic hydrolysis and three
liquid-liquid extractions at different pHs were required to maximize recovery of analytes
[70].

In utero tobacco exposure can be documented by identification of nicotine and metabolites in
meconium. Ostrea et al. found statistically significant differences in mean cotinine
concentrations between children of nonsmokers and active or passive smokers [74].

The incidence of women ingesting alcohol during pregnancy is high, despite the fact that
exposure can cause a host of deleterious effects on the child commonly termed fetal alcohol
spectrum disorder (FASD). Because alcohol is metabolized quickly, fetal urine only reflects
maternal ingestion on the day or two before delivery. A more stable and longer detectable
biomarker of ethanol exposure was needed to identify neonates at risk for FASD. The FAEEs
ethyl linoate, ethyl palmitate, ethyl linoleate, ethyl stearate, and ethyl arachidonate have been
suggested as biomarkers in meconium [79-81]. The sum of FAEEs above a cutoff of 2 nmol/
g or 50 ng/g meconium was recommended as evidence of maternal alcohol use [68,82]. FAEE
is detected by organic solvent homogenization of meconium, SPE, and GC/MS or GC/flame
ionization detection (FID) analysis [81,83].

To date, there is no consensus on which FAEEs should be included in testing for ethanol
exposure in meconium and no definitive cutoff concentrations to indicate positivity. It appears
that there is fetal endogenous FAEE production, but the factors involved and quantities
produced are unknown [82]. Klein et al. reported finding three FAEEs (ethyl laurate, ethyl
myristate, and ethyl palmitoleate) in meconium of neonates whose mothers abstained from
alcohol during pregnancy and in a neonate whose mother admitted to drinking beer throughout
pregnancy. They also observed production of ethyl linoleate after spiking blank meconium
with ethanol [80].
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Choo et al. used LC/MS/MS to quantify methadone and its major metabolites in meconium;
this method achieved a fivefold increase in sensitivity of methadone, 2-ethylidene-1,5-
dimethyl-3,3-diphenylpyrrolidine, and 2-ethyl-5-methyl-3,3-diphenylpyraline compared to
GC/MS [84]. Additional procedures, described in Table 3, exist for the measurement of the
opiates, oxycodone and hydrocodone in meconium [85,86]. Hydrolyzing specimens
significantly increases detected concentrations of codeine, hydrocodone, and hydromorphone,
suggesting these analytes are significantly glucuronide-bound in meconium [86]. Morphine
glucuronides, on the other hand, are present in low concentrations, prompting investigators to
forego difficult and time-consuming secondary extractions or hydrolysis steps for morphine
analysis [87,88]. Hydrolysis of meconium for opiate analysis potentially interferes with
identification of the heroin metabolite, 6-acetylmorphine (6-AM), by converting 6-AM to
morphine. Meconium analysis has been used for other neurotoxicants including pesticides,
metals, and xenobiotics [89].

Hair—Neonatal hair testing also can identify prenatal drug exposure. Hair begins to form at
approximately six months gestational age; a positive result indicates use during the last
trimester. Hair testing is advantageous because the specimen can be collected at any point
during the first three months of life, after which time infant hair replaces neonatal hair.
Specimens are easily and non-invasively collected and can be stored at room temperature.
Drugs in hair could originate from deposition from fetal blood into the growing hair shaft or
from contamination of hair by amniotic fluid. In either case, external contamination is not an
issue for monitoring drug exposure in neonatal hair because the only source of drug is from
maternal ingestion.

One major disadvantage of hair testing is the unwillingness of mothers to consent to hair
collection from the babies for cosmetic or cultural reasons. Additionally, the neonate may not
have sufficient hair for testing. As with maternal hair analysis, there is potential for color bias
with basic drugs, and specimen preparation is complex.

Hair testing has identified alcohol, tobacco, cocaine, opioid, cannabinoid, benzodiazepine,
barbiturate, and methamphetamine exposure [10,16,67,97-101]. Hair cotinine concentrations
have distinguished babies born to active and passive smokers, and nonsmokers [99,102].
Methamphetamine, nicotine, and cotinine hair concentrations in paired maternal and neonatal
specimens were well correlated [100,102].

Recently, measurement of FAEE concentrations in hair has been suggested to identify in utero
alcohol exposure. Caprara et al. found no statistically significant difference in the sum of ethyl
laurate, ethyl myristate, ethyl palmitoleate, ethyl palmitate, ethyl oleate, and ethyl stearate
concentrations in hair of newborns of alcohol-abstaining mothers and light social drinkers
[103]. Unfortunately, babies of chronic and heavy drinkers were not included to compare FAEE
concentrations in these groups. To date, there has been no large-scale study of hair FAEE
concentrations from neonates of heavy drinkers.

Umbilical cord tissue and umbilical cord blood—A new alternative matrix for
monitoring in utero drug exposure is umbilical cord tissue [104,105]. Testing umbilical cord
enables analysis to occur immediately after birth, in contrast to meconium testing that is delayed
up to three days prior to specimen availability. Umbilical cord is easily and non-invasively
collected and may reflect a long window of drug detection; however, because there have been
few studies of cord tissue to date, it is difficult to interpret results.

A recent study monitored the presence of amphetamines, opiates, cocaine, and cannabinoids
in umbilical cord and meconium [105]. Receiver-operating characteristic plots were
constructed to determine cutoff values for the umbilical cord screening assay; cutoff levels for
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each analyte and specimen were not reported. Cord tissue appeared to be more sensitive for
detecting amphetamines than meconium. Meconium analytical methods were adapted for
umbilical cord. The method included homogenization in methanol, centrifugation, evaporation
of supernatant, reconstitution in 0.1 M hydrochloric acid with 10% methoxyamine
hydrochloride, addition of phosphate buffer, SPE with a mixed mode column, derivatization
with BSTFA + 1% TMCS, and analysis by GC/MS [42]. Analysis of umbilical cord tissue for
cocaine and its major metabolite benzoylecgonine was performed by homogenizing cord tissue,
isolating analytes by SPE and detection by a HPLC/UV system [104]. Table 4 summarizes
umbilical cord analytical methods.

Umbilical cord blood has identified in utero cotinine, cocaine, antidepressant, and cannabinoid
exposure [11,104,106-108]. When compared to maternal serum, prescribed antidepressant
parent compound and metabolite concentrations in cord serum were lower [106,107]. To date,
there are few data comparing umbilical cord blood to other matrices to guide interpretation of
results. It is expected that the window of drug detection in cord blood will be short, as with
maternal blood specimens.

Amniotic fluid—At the early stages of pregnancy, amniotic fluid consists of a filtrate of
maternal blood. Drugs can enter amniotic fluid by diffusion across the placenta and from
excretion of fetal urine in the latter stages of gestation. Jauniaux et al. reports detectable cotinine
concentrations in amniotic fluid collected as early as seven weeks gestation in passive and
active smokers [109]. Amniotic fluid acts as a fetal excretion reservoir, accumulating drugs
throughout gestation. The fetus is potentially re-exposed to drugs excreted in urine due to
continuous swallowing of amniotic fluid. Another possible route of exposure viaamniotic fluid
is transdermal diffusion, early in pregnancy when the skin is poorly developed and late in
pregnancy when the production of vernix caseosa decreases. In a study comparing the presence
of cocaine in amniotic fluid and meconium, comparable sensitivity was achieved for the two
matrices at a cutoff of 2.5-50 ng/g, depending on the analyte, although the number of amniotic
fluid specimens collected was too small to provide statistically significant results [11]. Another
study reported detectable drug concentrations, but at lower levels than seen in maternal and
umbilical cord blood [107]. Table 4 outlines analytical procedures for drugs of abuse in
amniotic fluid.

The major disadvantage of amniotic fluid testing is collection. Amniotic fluid can only be non-
invasively collected at birth or as excess specimen from another necessary medical procedure
(i.e., amniocentesis). In general, amniotic fluid would not be collected for monitoring in utero
drug exposure alone.

Fingernails and toenails—There is only one published report of analyzing fingernails and
toenails specifically for prenatal drug exposure [110], although adult nail clippings are used
for drugs of abuse testing [111]. Nails could reflect drug ingestion during the last trimester of
pregnancy. Analysis of nails is complex because of the need to pulverize the specimen prior
to extraction.

Vernix caseosa—Vernix caseosa is a thick, white lipid and cell mixture that covers the fetus
starting at about 24 weeks gestational age. This coating prevents direct contact of the forming
fetal skin with amniotic fluid. Vernix can easily be removed from a newborn’s skin with gauze
prior to its first bath. Moore et al. described a procedure for analyzing cocaine and metabolites
from vernix obtained from five neonates with positive cord serum concentrations; a summary
of this procedure is reviewed in Table 4. Of the five babies, three vernix caseosa specimens

were positive for cocaine and/or metabolites [112]. Mechanisms of drug deposition into vernix
are unknown, but it is possible that the drug is deposited from drug present in amniotic fluid.
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A limited amount of vernix caseosa is available to collect, particularly in post-term babies,
making weighing of specimens, and therefore, quantitative measurements difficult.

Future research

Itis essential that the relationships between the amount, frequency, and timing of drug exposure
and drug concentrations in infant biological fluids and tissues be defined. This will resolve
whether quantification of drug analytes in neonatal tissues reliably predict degree of prior drug
exposure or neonatal outcomes. If not, qualitative analysis may be sufficient. Controlled dosing
with methadone and/or buprenorphine in opioid maintenance treatment provides a unique
opportunity to investigate the disposition of drugs and metabolites in the drug-exposed infant
and the relationship of in utero drug exposure and maternal and neonatal outcome measures.

To date, it is unknown if magnitude or chronicity of drug exposure during gestation correlates
with maternal or neonatal outcome measures including obstetrical complications, withdrawal
symptoms, low birth weight, and physical defects. It may be necessary to monitor illicit drug
exposure and/or licit pharmacotherapies throughout pregnancy to determine if there is a
correlation between total drug exposure or exposure during the third trimester and drug
concentrations in neonatal fluids and tissues and developmental abnormalities. Our laboratory
is currently investigating the efficacy of urine and oral fluid collected thrice weekly, weekly
sweat patches, and monthly hair specimens to best predict the extent of maternal drug use
during gestation and maternal and neonatal outcome measures.

Additional research into windows of drug detection, mechanisms of drug deposition, and
optimal analytical procedures for analysis of umbilical cord, cord blood, and vernix caseosa
must be completed before these alternative matrices can be considered for widespread
monitoring. In addition, metabolites unique to fetal drug metabolism should be identified to
improve detection rates of in utero drug exposure. More research is needed to determine if a
single FAEE or the sum of specific FAEEs will produce a sensitive and selective biomarker
of ethanol exposure in meconium testing. Additional research areas include whether individual
or total FAEE concentrations correlate with maternal ethanol consumption in the last trimester,
frequency of alcohol drinking, and chronic vs. binge drinking.

LC/MS and LC/MS/MS techniques are increasing in popularity as confirmation techniques
because of high sensitivity and specificity, and the ability to handle complex matrices. Also,
LC/MS techniques do not require derivatization common in GC/MS; however, ion suppression
due to complex neonatal matrices is a frequent analytical complication [115].

Conclusion

Ultimately, the determination of the appropriate specimen to analyze for detecting in utero
drug exposure will depend on the specific needs of the monitoring program and specimen
availability. Each specimen has advantages and limitations, including ease and invasiveness
of collection, and different detection time frames, sensitivities, and specificities. Regardless of
specimen analyzed, confirmation of positive screening results is essential. It is hoped that there
will be bioanalytical advancements in sensitivity and specificity and in identifying unique
biomarkers of in utero drug exposure in order to connect drug exposure to toxicological
outcomes. Accurate bioanalytical procedures are vital to defining the scope of and resolving
this important public health problem.
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Table 1

Biological fluid and tissue specimens for in utero drug exposure detection

Mother Neonate

Urine Urine

Hair Meconium

Oral fluid Hair

Plasma Umbilical cord tissue
Sweat Umbilical cord blood

Amniotic fluid

Fingernails/toenails

Vernix caseosa
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