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bstract

Detection, identification, and quantitation of ethanol and other low molecular weight volatile compounds in liquid matrices by headspace gas
hromatography–flame ionization detection (HS–GC–FID) and headspace gas chromatography–mass spectrometry (HS–GC–MS) are becoming
ommonly used practices in forensic laboratories. Although it is one of the most frequently utilized procedures, sample preparation is usually
one manually. Implementing the use of a dual-rail, programmable autosampler can minimize many of the manual steps in sample preparation.
he autosampler is configured so that one rail is used for sample preparation and the other rail is used as a traditional autosampler for sample

ntroduction into the gas chromatograph inlet. The sample preparation rail draws up and sequentially adds a saturated sodium chloride solution
nd internal standard (0.08%, w/v acetonitrile) to a headspace vial containing a biological sample, a calibrator, or a control. Then, the analytical
ail moves the sample to the agitator for incubation, followed by sampling of the headspace for analysis. Using DB-624 capillary columns, the
ethod was validated on a GC–FID and confirmed with a GC–MS. The analytes (ethanol, acetonitrile) and possible interferences (acetaldehyde,

ethanol, pentane, diethyl ether, acetone, isopropanol, methylene chloride, n-propanol, and isovaleraldehyde) were baseline resolved for both the
C–FID and GC–MS methods. This method demonstrated acceptable linearity from 0 to 1500 mg/dL. The lower limit of quantitation (LOQ) was
etermined to be 17 mg/dL and the limit of detection was 5 mg/dL.

2007 Elsevier B.V. All rights reserved.
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. Introduction

By far, ethanol is the most widely abused drug in the world,
nd thus, the most frequently encountered positive finding in
orensic toxicology investigations [1–4]. This makes the need of
eliable and robust analytical methods for ethanol vitally impor-
ant to all laboratories conducting full-spectrum toxicological
nvestigations. However, ethanol has several unique properties
hat produce analytical and interpretive challenges very different
rom those found for many other commonly encountered drugs.

he high volatility of ethanol means that analysis must be con-
ucted directly upon the available biological specimens without
he extraction and isolation steps found in most drug analysis

� This is publication 06-14 of the Laboratory Division of the Federal Bureau
f Investigation. Names of commercial manufacturers are provided for identifi-
ation purposes only, and inclusion does not imply endorsement by the FBI.
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rocedures. Owing to the nature of various laws regarding alco-
ol intoxication, the quantitative tolerances for ethanol analysis
ust be significantly tighter than is typical for the analysis of
ost routine drugs of abuse. Ethanol is also nearly unique in its

bility to be generated in situ in poorly handled samples or as a
atural result of post-mortem processes [5–8].

Ideally, any method for ethanol analysis should run quickly,
equire as little sample preparation as possible, use minimal
ample volume, have high specificity, and show very good
recision and accuracy in quantitation. There are several colori-
etric and photometric methods available for ethanol analysis,
ost of which require minimal sample volume and can be

apidly conducted [9–15]. Further, the availability of commer-
ial instrumentation for these tests allows for the assay to be
erformed with little or no sample preparation by lab analysts.
nfortunately, such tests typically have fairly poor specificity

nd show strong matrix-dependant performance, with negative

onsequences for assay accuracy. In short, while such tests
ay be appropriate for clinical toxicology laboratories, they

all short of the standards to which a forensic laboratory is
eld.

mailto:Eshwar.Jagerdeo@ic.fbi.gov
dx.doi.org/10.1016/j.jchromb.2006.11.034
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2.4. Reagents addition parameter

A 1 mL aliquot of saturated salt solution (0.35 g/mL of
sodium chloride in de-ionized water) was added to the headspace
C.L. Morris-Kukoski et al. / J.

Far more appropriate to the forensic analysis of ethanol in
iological specimen are gas chromatographic methods. Since
he volatility of ethanol precludes the use of classical extraction
nd isolation prior to analysis, either direct-injection analysis
16–21] or headspace sampling is typically employed [3,22–26].
irect-injection is a paragon of minimized sample process-

ng time, and is required by statute in some jurisdictions.
ut the direct-injection technique tends to be extremely abu-

ive of equipment and often leads to excessive instrument
owntime for maintenance. This leaves headspace sampling
ethods as the preferred choice from analytical and cost stand-

oints. Unfortunately, headspace-GC analysis, as classically
erformed, requires more sample preparation than other meth-
ds discussed above.

Modern instrumental technology can eliminate many of the
anual sample processing steps that traditionally are required

or headspace-GC ethanol analysis methods. New systems
re available that combine liquid-handling sample preparation
obotics with multi-function autosamplers, all of which can
e directly mounted on an unmodified commercial gas chro-
atograph. We present the validation of an ethanol quantitation
ethod on one of these systems in our laboratory. The only
anual sample preparation steps consists of accessioning two

50 �L portions of biological sample into 10 mL headspace
ials, immediately sealing the vials, and then loading them on
he instrument. All further sample preparation and quantitative
teps are fully automated on the GC–FID system. The vials
or presumptive positive samples are transferred to a similarly
quipped GC–MS (EI) system for qualitative confirmation of
nalyte identity. The method demonstrates excellent accuracy
nd precision, a wide linear range, a good lower limit of detec-
ion, and the unmatched specificity that comes from inclusion of

ass spectral analysis. This method should prove most useful
or any laboratory conducting large numbers of forensic blood
lcohol determinations.

. Experimental

.1. Materials

The certified aqueous ethanol calibrators (25, 50, 80, 100,
00, 300, and 400 mg/dL) were purchased from Cerilliant
orporation (Round Rock, Texas). Other aqueous ethanol cal-

brators (10, 15, 20, 500, 750, 1000, 1250, and 1500 mg/dL)
sed in the study were made from 200 proof ethanol purchased
rom Aldrich (Milwaukee, Wisconsin). Negative control blood
nd positive control blood (77 mg/dL and 174 mg/dL) samples
ere purchased from Clinical Control International (Los Osas,
alifornia). Negative control urine was pooled from volunteers
t the FBI Laboratory. Acetonitrile, methylene chloride, iso-
ropanol, acetaldehyde and sodium chloride were purchased
rom Fisher Scientific (Pittsburgh, Pennsylvania). Pentane, n-
ropanol, and isovaleraldehyde were purchased from Aldrich

Milwaukee, Wisconsin), while diethyl ether was purchased
rom Burdick and Jackson (Muskegon, Michigan). De-ionized
ater (18 + M� grade) was obtained from an in-house Millipore
urification system. Both the GC–FID and GC–MS instruments
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ere equipped with DB-624 (30 m × 0.25 mm i.d., 0.25 �m film
hickness) capillary columns purchased from Agilent Technolo-
ies (Wilmington, Delaware).

.2. Procedure

Two-hundred and fifty microliters of calibrators, samples and
ontrol were placed in separate 10 mL headspace vials, immedi-
tely sealed with a silicone-septum cap, and then placed on the
utosampler.

.3. Instrumentation: HS–GC–FID

An Agilent (6890) GC equipped with a flame ionization
etector (FID) was used for the quantitation of alcohol in bio-
ogical samples. A dual rail autosampler purchased from Gerstel
nc. (Baltimore, Maryland), was interfaced with the GC–FID
or sample preparation and sample introduction into the GC
Fig. 1). The analysis was performed isothermally at 40 ◦C with
constant pressure of 10.23 psi of nitrogen carrier gas. The inlet

emperature was kept at 150 ◦C, while the detector was held at
50 ◦C. For the analysis, the inlet was set in a split mode with
split ratio of 10:1. The detector hydrogen, air, makeup gas

combined nitrogen and column flow) were 40, 430, 50 mL/min,
espectively. The offset on the electrometer was set at 2.0. The
ample acquisition time was 10 min.
ig. 1. Gas chromatography/mass spectrometer coupled to a dual rail multipur-
ose autosampler with (A) analytical rail; (B) preparation rail; (C) agitator; (D)
ample holders with/without peltier cooler; (E) prep station reservoir; and (F)
ast wash station.



232 C.L. Morris-Kukoski et al. / J. Chrom

Fig. 2. Showing (A) aqueous blank; (B) 25 mg/dL calibrator; and (C) whole
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sure of 6.54 psi of helium carrier gas. The inlet, transfer line,
quadrupole, and source were heated to 150, 260, 150, and
230 ◦C, respectively. For the analysis, the inlet was set in a
split mode with a split ratio of 10:1. The mass spectrometer
lood volatile control (ethanol 77 mg/dL) analyzed by GC/FID. The listed
ompounds are (1) acetaldehyde, (2) methanol, (3) ethanol, (4) acetone, (5)
sopropanol, and (6) acetonitrile.

ials from a reservoir on the autosampler using a 1000 �L
yringe. To ensure a good transfer of the solution, three fill
trokes with a fill speed of 100 �L/s were used. A 250 �L aliquot
f internal standard (0.08%, w/v) aqueous solution was made
rom acetonitrile) was transferred to the vial with a fill stroke
ount of 4 �L/s, and fill speed of 100 �L/s. Both the salt and
nternal standard was deposited in the vial at a depth of 13 mm
rom the top, well above the level of the sample in the vial. A
ast wash station was installed as an accessory on the autosam-
ler for washing the syringe before and after the transfer of each
olution. At the time of washing, the needle is moved over to the
ast wash station, which allows for washing both the outside of
he needle and the inside of the syringe.

.5. Headspace parameters
The samples were incubated for 30 min at 60 ◦C with an agi-
ator speed of 250 rpm. The headspace analysis was performed
ith a 2.5 mL gas tight syringe that was heated at 70 ◦C. A
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mL headspace aliquot was sampled for the analysis with a fill
peed of 500 �L/s. To obtain homogenous sampling, a fill stroke
ount of 10 was used. The sample was injected into the GC at
000 �L/s at an injector penetration depth of 25 mm. After each
nalysis, the syringe was flushed with helium for 2 min. The
un cycle time was set at 14.8 min. Typical GC–FID data are
isplayed in Fig. 2.

.6. Instrumentation: HS–GC–MS

An Agilent (6890) GC equipped with a mass spectrometer
HP 5973) in the electron ionization mode was used for con-
rmation of the alcohol in biological samples. The analysis
as performed isothermally at 50 ◦C with a constant pres-
ig. 3. Showing (A) aqueous blank; (B) 25 mg/dL calibrator, and (C) whole
lood volatile control (ethanol 77 mg/dL) analyzed by GC/MS (EI). The listed
ompounds are (1) acetaldehyde, (2) methanol, (3) ethanol, (4) acetone, (5)
sopropanol, and (6) acetonitrile.
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Fig. 4. Spectrum and extracted diagnostic ion traces (

as operated in the full scan mode over a mass range of m/z
9–100 with a threshold of 10 and sample rate of 4.96 s−1.
he sample acquisition time was 9.5 min. Headspace parame-

ers were as described for the GC–FID experiments, except that
he agitator speed was 250 rpm, the fill stroke count was 5, and
he cycle time was 13 min. Typical GC–MS data are shown in
igs. 3–5.

. Results and discussion

For this study, fourteen sample sets were analyzed using a
even-point linear calibration curve and the data were compared
o historical data of twenty-three sample sets. The averaged line
quation was determined to be y = 0.00819 (±0.001)x – 0.0285
± 0.038), at three standard deviations. A typical calibration
urve is shown in Fig. 6. All studies were performed with de-
onized water serving as negative control and bi-level whole
lood positive volatile controls analyzed in quadruplicate. Anal-
sis of multiple negative blood and urine controls showed
egligible contribution to the signals for analytes of interest.
ll calibrators and controls were within ±10% of target values.

lanks were placed between samples to evaluate the possibil-

ty of sample carryover. No carryover was demonstrated within
he experimental range of 0–1500 mg/dL in all three matrices
de-ionized water, urine, whole blood).

t
a
b
d

and 29, respectively) for 25 mg/dL ethanol in blood.

The sensitivity of the method (average slope of several cali-
ration curves) was 0.00819 and the selectivity demonstrated no
atrix interference for all three matrices. The within-run accu-

acy was determined to be −3.8% (relative) at 77 mg/dL and
6.51% (relative) at 174 mg/dL. The between-day precision of

i-level positive controls was 4.16% RSD at 77 mg/dL and 2.9%
SD at 174 mg/dL.

Three methods were utilized to determine the most conser-
ative limit of detection (LOD) and limit of quantitation (LOQ):
erial back dilution, 3.3 times (for the LOD) or 10 times (for
he LOQ) the standard deviation (SD) of the y-intercept divided
y the slope, and 3 SD (�x) of the uncertainty boundary (for
he LOD) or 10 SD (�x) of the uncertainty boundary (for the
OQ) of the calibration curve (Table 1). The LOD and LOQ
ere determined to be 5 mg/dL and 17 mg/dL, respectively. The
pper limit of linearity (ULOL) was determined by serial escala-
ion method. The ULOL was determined to be 1500 mg/dL in all
hree matrices. Method performance parameters are summarized
n Table 2.

An interference study was performed to evaluate the potential
nterference of several known volatiles with similar retention

imes when analyzed via HS–GC–FID (Table 3). Volatiles were
dded to various negative matrices (de-ionized water, urine, and
lood) with and without the addition of ethanol. All volatiles
emonstrated good baseline separation from each other and did
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with both relative at 160 mg/dL. The historical method’s LOD
and LOQ were 3 mg/dL and 11 mg/dL, respectively. The
Fig. 5. Spectrum and extracted diagnostic ion traces (41, 40, and

ot interfere with the proper identification and quantitation of
thanol.

HS–GC–FID acceptance criteria: in using this HS–GC–FID
ethod, a specimen or control result is valid when the reten-

ion time of the suspected peak is within ±2% of positive
ontrol. Further, the chromatography of all peaks must have
ood fidelity, reasonable peak shape, width, and resolution. All

amples qualitatively screened and quantitated via HS–GC–FID
ere qualitatively confirmed via HS–GC–MS.

able 1
ethods used in determining the limit of detection and limit of quantitation

Water
(mg/dL)

Urine
(mg/dL)

Blood
(mg/dL)

imit of detection
Serial back dilution 2.5 2.5 2.5
3.3 x SD y-intercept/slope 5.1
�x 3SD (calibration data)a 4.7

imit of quantitation (LOQ)
Serial back dilution 10 17 15
10 x SD y-intercept/slope 15
�x 10SD (calibration data)a 17

a Using �x = x
√

(�m/m)2 + (�b/y − b)2 and solve for when; �x 3SD = x
s the LOD; �x 10SD = x as the LOQ.

m
c

spectively) for 80 mg/dL acetonitrile (internal standard) in blood.

The data generated with the new automated method were
ompared to the historical manual method. The averaged
ine equation (3 SD) for the historical manual method was
= 6.5(±0.9)x − 0.005 (±0.018). The historical manual meth-
ds accuracy was −5.7% and the precision was 2.5% RSD,
anual headspace method’s linearity was established as the
alibration curve of 25–300 mg/dl. Comparison of the perfor-

Fig. 6. A typical standard curve of ethanol.
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Table 2
Critical method performance parameters

Accuracy
−3.8% at 80 mg/dL n = 52
−6.5% at 170 mg/dL n = 51

Intraday
%RSD

4.1% at 80 mg/dL n = 52
2.9% at 170 mg/dL n = 51

Interday
%RSD

2.9% at 80 mg/dL n = 12
2.3% at 170 mg/dL n = 11

Linearity 25–1500 mg/dL

Sensitivity 0.00819 (mg/dL)−1

LLOQ 17 mg/dLa

Limit of detection
5 mg/dLb (FID)
8 mg/dL (MS)

a Using �x 10SD method.
b
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Using �x 3SD method.

ance characteristics between the new automated method and
he old manual method demonstrated good agreement. Both
emonstrated LOQ’s lower than the lowest non-zero calibra-
or (25 mg/dL), and both statistically equivalent, forensically
nsignificant LOD’s.

HS–GC–MS acceptance criteria: in using this HS–GC–MS
ethod, a specimen is valid if the retention time of the suspected

eak is within ±2% of the positive control. The chromatography
f all peaks must have good fidelity, reasonable peak shape,
idth, and resolution. Ethanol is identified by ions m/z 31, 45,
9, while acetonitrile (internal standard) is represented by ions
/z 41, 40, 39. Ratio matching tolerances were determined as

ollows: ion ratio (relative to base peak) in the known spectrum
50% are within 10% absolute, ion ratios in the known spectrum
etween 25% and 50% of the base peak are within 20% relative,
nd ion ratios in the known spectrum <25% of the base peak are
ithin 5% absolute. Based upon ion matching criteria, the LOD

or this analysis was determined to be 8 mg/dL. Below 8 mg/dL,
he relative abundance of the diagnostic m/z 29 ions diverges
ignificantly from the value observed at higher concentrations,
hich precludes proper identification.
able 3
etention times of volatiles using HS–GC–FID

ist of volatiles Retention time (min)

cetaldehyde 3.259
ethanol 3.457

entane 4.413
thanol 4.619
iethylether 4.801
cetone 5.369

sopropanol 5.704
cetonitrile 5.996
ethylene chloride 6.368

-Propanol 8.789
sovaleraldehyde 9.622
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. Conclusion

The fully automated instrumental method used for this study
liminates many of the time consuming, manual, sample pro-
essing steps used by other headspace GC ethanol methods,
hereby minimizing the chance of error. Interfacing a fast wash
tation to the autosampler provide versatility for the method
hen processing larger sample batches because the system is
o longer restricted to fixed wash and waste reservoirs. Further-
ore, a large wash station facilitates thorough washing of the

utside of the needle and inside of the syringe and thus, elim-
nates any possibility of carry-over. This method demonstrates
xcellent accuracy and precision, a wide linear range, a good
ower limit of detection, and unmatched specificity that comes
rom inclusion of mass spectral analysis. The analytical results
emonstrate the feasibility of this technique for high throughput
nd fully automated analysis, without sacrificing accuracy and
recision.
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