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ABSTRACT

Background

Ethyl glucuronide (EtG) is arising as a promising biomarker of heavy prenatal alcohol exposure, however
its transfer across the human placentais still unclear and is currently being investigated using the ex vivo
placental perfusion model. This model allows for sampling from placental tissue and placental perfusate,
which isasurrogate to plasma.

Objective
To develop a method for detecting and quantifying EtG in placental perfusate and tissue using headspace
solid-phase microextraction (HS-SPME) coupled with gas chromatography-mass spectrometry (GC-MS).

Methods

A method was optimized by manipulation of the following components to attain the highest peak counts
for the quantifying ions of EtG and its deuterated internal standard on the mass spectrum: cartridges used
for solid phase extraction, injection method, derivatizing agent, pre-injection parameters, SPME fiber, GC
ramp speed, and GC column flow.

Results

The final method utilized involved solid phase extraction of standards via UCT CleanScreen Cartridges,
derivatization with heptafluorobutyric acid, and introduction into the GC via HS-SPME with adsorption
to a polydimethylsiloxane fiber. The method has improved sensitivity over other methods that quantify
EtG in blood using GC-MS, with detection limits of 1.6 ng/mL and 13.7 ng/g for placental perfusate and
tissue, respectively. The method was applied to samples collected from the fetal reservoir during the ex
vivo placental perfusion model and EtG was detected in the fetal circulation after 20 minutes of perfusion,
indicating transfer of EtG.

Conclusions
The present method is sensitive and can be used to quantify EtG transfer during ex vivo placental
perfusion experiments.

Key Words: Ethyl glucuronide; gas chromatography; headspace solid-phase microextraction;
biomarker; placenta; ex vivo placental perfusion model

thyl glucuronide (EtG) is a minor, non- EtG have been determined in healthy adults who
oxidative metabolite of ethanol formed by the consumed a controlled dose of acohol®® and in
glucuronidation of ethanol via UGT1A1l and chronic acoholics.* Importantly, compared to
UGT2B7 isozymes.! The pharmacokinetics of ethanol, EtG has longer detection times in blood

e473
J Popul Ther Clin Pharmacol Vol 19(3):e473-e482; October 31, 2012
© 2012 Canadian Society of Pharmacology and Therapeutics. All rights reserved



The detection and quantification of ethyl glucuronide in placental tissue and placental perfusate by headspace solid-
phase microextraction coupled with gas chromatography-mass spectrometry

(24 hours)* and urine (5 days)®, indicating its use
as amarker of acohol consumption over extended
time periods.

The use of long-term biomarkers of acohol
consumption is of particular importance when
screening newborns for Fetal Alcohol Spectrum
Disorder (FASD), an umbrella term that covers
the physiological, developmental, and behavioural
outcomes in children associated with maternal
consumption of alcohol in utero. Since maternal
self-report  of acohol consumption during
pregnancy is often unreliable®, objective alcohol
biomarkers have proven useful in screening for
prenatal acohol exposure.

Reports of elevated EtG in meconium, the
infant’s first stool™°, have implicated EtG as a
potentially sensitive and specific biomarker of
prenatal alcohol exposure, with a positive cut-off
of 2 nmol/g meconium. However, EtG has also
been detected in placentd tissue and fetd
remains”, suggesting that EtG's presence in
meconium may be due to both fetal metabolism of
ethanol and transfer of maternal EtG across the
placenta. These contributions need to be
determined as they may influence the validity of
the present EtG cut-off in meconium.

In this respect, the ex vivo placental perfusion
model is an effective method for determining the
placental transfer of xenobiotics.”” Samples of
placental tissue and placental perfusate - which is
considered a plasma surrogate and avoids the need
for excessive blood collection - are frequently
taken during perfusions to determine the extent of
placental transfer of and fetal exposure to various
xenobiotics. In the current study, we explain the
development of a method for EtG detection and
guantification in placental tissue and perfusate by
coupling headspace solid phase microextraction
(HS-SPME) with gas chromatography-mass
spectrometry (GC-MS) after cleanup by solid
phase extraction. Previous studies have used GC-
MS to quantify EtG in blood samples™™,
however the additional HS-SPME step presented
in this study provides the added advantage over
direct injection of increased senstivity due to
additional cleanup and accumulation of EtG on
the SPME fiber.”® This method can be used to
measure EtG in placental perfusate and tissue
samples collected from subsequent placenta
perfusions in an attempt to eucidate EtG
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disposition across the maternal-placenta-fetal
unit.

METHODS

Materials

Stock ethyl glucuronide and penta-deuterated ethyl
glucuronide (EtG-ds) internal standard solutions
were purchased from Cerilliant (Round Rock, TX).
Columns used for solid phase extraction were UCT
Clean Screen Extraction Columns
(200mg/3mL/50pkg; Chromatographic Specialties
Inc., Brockville, ON), Aminopropyl NH, Columns
(Sopachem, Eke, Belgium), and OASIS MAX
columns (Waters Corporation, Milford, MA). An
Optima L-80 XP Ultracentrifuge (Beckman
Coulter) was used for blended tissue centrifugation.
Splitless liners (2mm x 5 x 95) were purchased
from Chromatographic Specialties Inc and SPME
100 pum polydimethylsiloxane red and black fibers
were purchased from Supelco Anaytica
(Bellefonte, PA). Stock grade methanol, formic
acid, and heptafluorobutyric and
pentafluoropropionic acid derivatizing agents were
purchased from Sigma-Aldrich (St. Louis, MO).

Perfusate

Maternal and fetal perfusate used in the Motherisk
laboratory for the ex vivo placental perfusion
experiment consists of 109 ¢g/L M199 tissue
culture medium (Sigma Aldrich, St. Louis, MO),
dextran (maternal, 7.5 g/L; fetal, 30.0 g/L),
glucose (materna, 2.77 mM), antipyrine
(maternal, 1 mM), heparin (2000 U/l), and
kanamycin (100 mg/L). Perfusate solutions were
made monthly and stored at 4°C.

Preparation of Stock Solutionsand Standards
Working stock solutions of EtG were prepared by
making 1:10 serial dilutions from 100 ug/mL
stock EtG in methanal (stock solutions were 10
ug/mL, 1 pg/mL, 100 ng/mL, and 10 ng/mL).
These stock solutions covered the range of
concentrations used for standards, validation, and
calculation of limit of detection (LOD) and limit
of quantification (LOQ). Working stock solution
of 1 ng/mL EtG-ds was prepared by diluting 100
ug/mL  stock EtG-ds in methanol. All stock
solutions were stored at -20°C as per the
manufacturer's  recommendations  (Cerilliant,
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Round Rock, TX). For calibration standards, 1
mL standards were prepared with blank perfusate,
50 ng/mL EtG-ds, varying concentrations of EtG
ranging from 0-500 ng/mL, and 50 uL formic
acid. For tissue standards, blank 1.00 + 0.01 g
tissue samples were suspended in 3 mL deionized
water with 50 ng/g EtG-ds, varying concentrations
of EtG ranging from 0-500 ng/g, and 150 uL
formic acid. Blank standards, containing neither
EtG nor EtG-ds, were also prepared for each batch
as acontrol for equipment functionality.

Sample Collection

Perfusate and tissue samples were collected
during the perfusion of a human term placenta
with EtG by means of the ex vivo placentd
perfusion model that has been described in detall
previoudy’ and adapted in our Motherisk
laboratory.”®'®  Briefly, term placentae were
obtained from scheduled elective Caesarian
sections at the obstetrics ward at St. Michae’s
Hospital in Toronto, Ontario. Research ethics
board approval was obtained from the hospital
and mothers gave written consent prior to
delivery. Dual circulation was established by
means of maternal and fetal perfusate in place of
blood (see Perfusate section for ingredients),
roller pumps to establish blood flow, and flasks
that act as maternal and fetal “reservoirs’ (i.e.
systemic circulations).

After assessing placental integrity and
viability, 1 png/mL EtG was added to the materna
perfusate, and fetal samples were collected at 0,
10, 20, 30, and 60 minutes to quantify maternal-
fetal transfer. After 60 minutes of perfusion, the
experiment was terminated and both the perfused
cotyledon and an adjacent unperfused cotyledon
were isolated for determination of EtG
concentration in tissue. Perfusate samples and the
2 cotyledons were stored at -20°C until analysis.

Sample Preparation

Thawed fetal samples collected from the placental
perfusion were prepared in a similar way to
calibration standards. Solutions were prepared in
labeled Eppendorf tubes by combining 950 uL
sample and 50 pL (1 pg/mL) EtG-ds. After
vortexing, 50 uL formic acid was added to each
tube in preparation for solid phase extraction.

One sample from the thawed adjacent unperfused
lobule and 3 samples from the thawed perfused
lobule were prepared by weighing 1.00 +0.01 g
tissue, transferring samples to labeled plastic
tubes, suspending samples in 3 mL deionized
water, and adding 50 uL (1 pg/mL) EtG-ds to
each sample. Formic acid (150 pL) was added to
each tube and samples were vortexed thoroughly.
Samples were blended on ice for three 30 second
intervals each using a POLYTRON PT 10-35
laboratory  homogenizer (Kinematica Inc.,
Littauw/Lucerne, Switzerland) on level 7. Samples
were transferred to centrifuge tubes and spun
using an Optima L-80 XP Ultracentrifuge
(Beckman Coulter, Brea, CA) with aTi 50.2 rotor
for 30 minutes at 28,700g and 4°C. The
supernatant was collected for subsequent solid
phase extraction.

Perfusate and tissue samples were extracted
through UCT Clean Screen Extraction Columns
(200 mg/3 mL, United Chem, Bristol, PA) via a
vacuum manifold. The protocol for extraction
was as follows: (1) Condition cartridges with 1
mL 1 % formic acid solution; (2) Add 1 mL
sample and pull through slowly, leaving vacuum
on 5 kPa for 5 minutes; (3) Add 1 mL water and
pull through dowly, leaving vacuum on 10 kPa
for 15 minutes; (4) Change collection vias and
elute with 2 mL 2% formic acid in methanol
solution, pulling though slowly.

Eluted standards and samples were
transferred to SPME vials and dried with N, gas
on a 35°C hot plate. Each vial was then
derivatized with 40 ulL heptafluorobutyric
anhydride (HFBA) and heated a 80°C for 15
minutes. Finally, samples were dried briefly with
N> gas and loaded onto the GC tray for injection.

GC-M S Instrumentation and Conditions
All samples were analyzed using a Shimadzu
QP2010 Plus GC-MS coupled to an AOC-5000
Autosampler (Shimadzu, Columbia, MD, USA).
The GC-MS was operating in negative
chemical ionization mode and samples were
analyzed using Shimadzu GCM Ssolution version
251 software. After drying off excess HFBA,
samples were further derivatized using a CTC-
agitator with the following parameters. pre-
incubation at 2 minutes with 1 minute of agitation
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and 15 second stop intervals, fiber extraction for
10 minutes with 1 minute of agitation and 15
second stop intervals, 5 minutes desorption,
agitator speed 250 rpm and agitator temperature
90°C.

Samples were passed through a splitless liner
and separated using a DB-1HT column (10 um
thickness, 15 m length, 0.25 mm diameter;
Agilent, Mississauga, ON) with helium as the
carrier gas. The GC oven temperature ramp was:
70°C, hold for 2 minutes, increase to 280°C at a
rate of 12°C/minute. The injection temperature
was 260°C and the column flow was 1.2
mL/minute. lon source and interface temperatures
were both 250°C. Detector voltage was 0.7 kV
above the cdibrated baseline. The MS was
operating in SCAN acquisition mode and was
programmed to analyze an ion window of 200-
425 (m/z).

RESULTS

Method Optimization

Several conditions were optimized to maximize
peak chromatographic areas counts. Solid phase
extraction was carried out using protocols for
OASIS MAX,® Aminopropyl NH,* and UCT
Clean Screen cartridges.?? Derivatization with
both heptafluorobutyric anhydride (HFBA) and
pentafluoropropionic anhydride (PFPA) was
evaluated. Additionadly, 3 methods for
introducing sample into the GCMS were
compared: direct injection, headspace injection,
and injection after HS-SPME. For the latter,
injection using 100 um polydimethylsiloxane red
and black fibers were compared. Different GC
temperature ramp speeds and GC column flow
speeds were compared as well. The results of the
optimization experiments are summarized in
Table 1. The final protocol presented for each
parameter yielded the best results and this was
used for analysis of perfusate and tissue samples
from the perfusion experiment.

Calibration Curve, Limits of Detection and
Quantification

Perfusate calibration curves were prepared by
spiking blank perfusate (1 mL total volume) with
1, 10, 50, 100, 250, and 500 ng/mL EtG and 50
ng/mL EtG-ds. Tissue cadibration curves were
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prepared by spiking 1.00 + 0.01 g tissue
suspended in 3 mL deionized water with 5, 10, 50,
100, 250, and 500 ng/g EtG and 50 ng/g EtG-ds.
These concentrations were expected to cover the
range seen in perfusate and tissue samples
collected after perfusion with 1 ug/mL EtG, a
concentration that was chosen based on blood EtG
levels detected in healthy adults who consumed a
moderate dose (1 mg/kg) ethanol.®  Standard
curves were generated by calculating the
EtG:EtG-ds ratio of peak area count for each
sample and plotting it as a function of EtG
concentration. Regression lines were generated
and regression anaysis was performed.
Calibration curves were linear within these ranges
from perfusate and tissue, with a R? > 0.99. Three
calibration curves were generated for each matrix,
and average slope, y-intercept, and R? values for
perfusate and tissue are presented in Table 2.

TABLE 2 Method Sensitivity
Matrix Perfusate Tissue
Slope 0.0204 0.0134
Intercept 0.0596 0.0451
Mean R 0.9991 0.9948
LOD 1.6 ng/mL 13.7 ng/g
LoQ 4.8 ng/mL 41.6 ng/g

The limit of detection (LOD) and limit of
quantification (LOQ) were determined by spiking
perfusate and tissue with low concentrations of
EtG (1-25 ng/mL for perfusate, 5-50 ng/g for
tissue), generating regression lines and performing
regresson anadysiss LOD and LOQ were
calculated using the equations LOD = 30/S and
LOQ = 100/S, where o represents the standard
deviation of the linear regression line and S
represents the slope of the line. Three low
concentration calibration curves were generated
for each matrix, and average LOD and LOQ
values for perfusate and tissue are presented in
Table 2.

J Popul Ther Clin Pharmacol Vol 19(3):e473-e482; October 31, 2012
© 2012 Canadian Society of Pharmacology and Therapeutics. All rights reserved.



The detection and quantification of ethyl glucuronide in placental tissue and placental perfusate by headspace solid-

phase microextraction coupled with gas chromatography-mass spectrometry

TABLE 1 Summary of protocols used to optimize method of EtG extraction and quantification in
placental perfusate and tissue

Category Materials used Method Results Ref
Aminopropyl e Condition with 3 mL methanol, 3 mL water, 3 mL No signal 21
NH, Columns acetonitrile
o Add sample
e Wash with 1 mL n-hexane
e Elute with 2 mL 2% NH;
. OASIS MAX e Condition with 2 mL methanol, then 2 mL water Poor signal, unable to integrate 20
Solid Phase . .
Extraction Cartridges e Add sarr'lple individual peaks
e Wash with 1 mL NH4OH, 2 mL methanol
o Elute with 2 mL 2% formic acid in methanol
UcT e Condition with 1 mL 1% formic acid Clear individual peaks for EtG and 22
CleanScreen o Add sample internal standard
Cartridges e Wash with 1 mL water
o Elute with 2 mL 2% formic acid in methanol
Direct injection Dry samples, derivatize for 30 minutes, reconstitute | Background noise masked signal 20
in 50 pL ethyl acetate, inject 2 pL
Injection Headspace Agitation for 20 minutes, inject 2.5 mL at 36 uL/sec | Poor signal, unable to integrate 25
Method injection at 90°C individual peaks
Headspace Dry samples, derivatize for 15 minutes, analyte Highest area counts, effective peak 22
SPME adsorbs to SPME fiber before fiber injection separation
PFPA Used 10 pL for comparison to HFBA Poor signal for internal standard 27
Derivatizing quantifying ion
Agent HFBA Used 10 pL for comparison to PFPA Strong EtG and internal standard 22
peaks
- Derivatized samples pre-incubated in agitator for 5 | Good area counts, SPME fiber 25
L minutes followed by fiber extraction for 20 minutes | swelled after each batch
Pre-injection — - - -
Parameters - Derivatized samples dried with N, briefly, pre- Same area counts as other method, 22
incubated in agitator for 2 minutes followed by SPME fiber lasted longer
fiber extraction for 10 minutes
Carboxen/ - Higher counts than red fiber, 22
PDMS fiber however fiber stripped at higher
SPME Fiber (75um, black) EtG concentrations
PDMS fiber (100 | - Counts not as high as black fiber, 22
pum, red) however, fiber lasted for more runs
- GC oven temperature increased from 70°C to Peaks did not drop to baseline, -
280°C at 15°C/minute difficult to integrate
Ramp Speed

GC oven temperature increased from 70°C to
280°C at 12°C/minute

Peaks dropped to baseline

Column Flow

- 1.0 mL/min Internal standard peak -
incorporated into nearby M199
peak

- 1.2 mL/min Effective separation of internal -

standard and M199 peaks

EtG, ethyl glucuronide; GC, gas chromatography; HFBA, heptafluorobutyric acid; M199, medium 199; PDMS, polydimethylsiloxane;
PFPA, pentafluoropropionic acid; SPME, solid phase microextraction
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FIG. 1 Sample chromatographs of the quantifying ion for EtG (399) and EtG-ds (404) after extraction of
(A) 100 ng/mL EtG from perfusate; (B) 100 ng/mL EtG-ds from perfusate; (C) 100 ng/g EtG from tissue;
(D) 100 ng/g EtG-ds from tissue.
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FIG. 2 Extraction yields during HS-SPME. Extraction yields were calculated by comparing the peak
area of the EtG quantifying ion after HS-SPME to direct injection of the same concentration. Low = 10;
medium = 100; high = 500; units = ng/mL for placental perfusate and ng/g for placental tissue.
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Reproducibility and Extraction Yield

Intra- and inter-day CVs for perfusate and tissue
are reported in Table 3. Extraction yields ranged
from 8.6-11.7% for perfusate and 3.0-7.6% for
placental tissue (Figure 2).

TABLE 3 Summary of inter- and intra-day
variability for fina protocol (n=3 for each).

not detected in a sample taken from an adjacent
unperfused lobule.

TABLE 4 EtG concentration in fetal reservoir
during a 1-hour perfusion experiment of 1 ug/mL
EtG initially added to the maternal reservoir using
the ex vivo placental perfusion model.

Matrix Inter-day CV (%) | Intra-day CV (%)
Perfusate 13.5 14.6
Tissue 28 14.1

Time (minutes) Concentration (ng/mL)
0 ND
10 <LOQ
20 19.6
30 36.5
60 92.8

Analysis of Perfusion Samples

This method was used to determine the presence
of EtG in feta perfusate during placental
perfusion of 1 ug/mL maternal EtG and in the
perfused placental tissue after the experiment. EtG
concentrations in the feta perfusate over the 60-
minute perfusion are shown in Table 4. Using this
method, EtG was first detectable after 10 minutes
of perfusion and first quantifiable after 20
minutes. After 60 minutes, EtG levels did not
appear to have reached a plateau. Perfused
placental tissue contained 222.1-398.5 ng/g EtG
after 60 minutes of perfusion (Table 5). EtG was

TABLE 5 EtG concentration in placental tissue
after 1-hour perfusion experiment of 1 ug/mL EtG
initially added to the maternal reservoir using the
ex vivo placental perfusion model.

Sample Concentration (ng/g)
1 398.5
2 222.1
3 287.8
Average 302.8
SD 89.2
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DISCUSSION

This study is the first to use HS-SPME coupled
with GC-MS to measure EtG in both placental
tissue and fetal perfusate. Detecting EtG in these
matrices has a variety of uses. Tissue can be used
in forensic cases when access to blood or urine is
limited. Additionally, since EtG does not appear
to bind to erythrocytes and since there are no
reports of EtG binding to plasma proteins,
analysis of EtG in perfusate is likely similar to
analysis in plasma or even whole blood. Most
importantly, these matrices are wused for
measurement of EtG transfer across the human
placenta using the ex vivo placental perfusion
model. Based on preliminary data reported in this
study from a perfused lobule and fetal samples
collected during 1 hour of perfusion, EtG appears
to cross the placenta and bind to placental tissue.
This finding would indicate that EtG previously
detected in meconium is likely of both maternal
and fetal origin. Further analysis of EtG transfer
using a greater sample size, longer perfusion time,
and more controlled perfusion conditions is
needed to support the data from this study.

The high sengtivity of this analytica method
allowed for accurate determination of EtG transfer
from maternal to fetal circulation in the ex vivo
perfusion model. Other studies that have analyzed
EtG in blood via GCMS achieved higher LODs,
ranging from 37-100 ng/mL.**** Comparatively,
the LOD and LOQ for perfusate in this study were
approximately 2 ng/mL and 5 ng/mL. Several
factors might contribute to the comparatively
lower limits seen in this study compared to others.
Firstly, placental perfusate is a “cleaner” matrix
than whole blood and does not require initia
protein denaturing and centrifugation to remove
cellular fractions. Secondly, these previous
methods introduced sample into the GC via direct
injection, whereas in this study samples were
introduced via SPME. This latter method of
sample injection alows for introduction of a
concentrated amount of analyte into the GC®
compared to only 1-2 pl. of a reconstituted
solution of analyte, as seen with direct injection.”
Lastly, the higher sensitivity in this study may be
due to the derivatizing agent and protocol utilized.
Samples in this study were derivatized with both
PFPA and HFBA to determine that HFBA
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produced higher area counts at anticipated peaks,
and samples were derivatized a an optimal
temperature for 30 minutes. The low LOQ
established for this method was essentia for
accurately measuring the initial appearance of EtG
in the fetal perfusate over the first hour, where
concentrations ranged from 0-100 ng/mL.
Anaytical  sendtivity alowed for the
guantification of EtG in the fetal circulation
within 20 minutes, which gives some insight on
potential tissue binding and saturation during the
initial 20 minutes.

As demonstrated in Table 1, the validation of
this method was lengthy, as many changes were
required to obtain a final method that was
specific, accurate, and sensitive enough to detect
EtG in placentad perfusate and tissue. The two
major limitations to the validation of this method
were the higher degree of inter- and intra-day
variability, and the low extraction yield. Inter- and
intracday variability was 8-17% and 5-15% for
perfusate and 17-38% and 14-35% for tissue.
Variability in tissue samples was greater than in
perfusate samples likely due to the inherent
compositional complexity and heterogeneity of
tissue. SPME itself is a source of variability and
several sources of imprecison have been
proposed.”® Heterogeneity among tissue samples
will lead to different degrees of adsorption to the
SPME fiber and competition with EtG for
adsorption sites. Fiber use can aso lead to
variability, as there can be carryover of
background substances to subsequent samples. A
more  detailed  optimization  of fiber
adsorption/desorption times and temperatures
could reduce this carryover.

Extraction yield was calculated for this
experiment as the ratio of detector count for
analyte extracted from either perfusate or tissue to
detector count for pure un-extracted analyte. For
the latter, EtG was added directly from the stock
solution to the vial, evaporated, derivatized, and
injected. The experimental recoveries for
perfusate and tissue at varying EtG concentrations
were 9-12% and 3-8%, respectively, indicating
that overall recovery was rather poor. For tissue,
one source of low EtG yield was likely analyte
loss during homogenation and centrifugation. For
perfusate, where samples were immediately
extracted after preparation, sources of EtG loss
could be due to the use of only 1 mL sample prior
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to solid phase extraction and to interference of one
or more of the ingredients in the M 199 media with
the SPE cartridges. While recovery was low for
this study, the detection method was still sensitive
enough to accurately measure al maternal and
fetal samples.

In summary, the present method for
analyzing placental perfusate and placenta tissue
offers added sensitivity over previous methods
analyzing EtG in blood via GC-MS. This
increased sensitivity is necessary for determining
the specific timing and extent of placental transfer
of EtG by means of the ex vivo placental perfusion
model, which is an objective currently under
investigation at our laboratory. The transplacental
disposition of EtG will help elucidate the origin of
EtG detected in neonatal meconium and may
guide future EtG cut-off values when screening
for prenatal alcohol exposure.
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