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Abstract

The main purpose of this study was to detect and quantify modafinil in human urine by gas chromatography–mass spectrometry (GC–MS).
Urinary samples were collected from three healthy male volunteers following oral administration of a clinical dose (100 mg) of modafinil
(Provigil®). Urine specimens were extracted witht-butylmethyl ether (TBME) prior to GC–MS analysis. The results demonstrate that the
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hromatographic characteristics and the mass spectrum of the unchanged parent drug extracted from urine samples were ide
btained from the authentic standard. The times for the unchanged modafinil to reach peak concentration in the urine of the three
ere at 2 h (6.14�g/mL), 4 h (9.93�g/mL) and 8 h (3.58�g/mL), respectively. Total clearance occurred in approximately 48–72 h with
liminated through urine as unchanged modafinil. The present study demonstrates that modafinil is detectable in the absence o
nd derivatization steps.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Modafinil (d,l-2-[(diphenylmethyl)sulfinyl]acetamide,
15H15NO2S, MW 273) is a new drug developed by
ephalic Inc. (West Chester, PA, USA) and was approved by

he FDA in the US under the trade name Provigil® (Fig. 1)
1]. This relatively new drug possesses stimulating and
waking properties. It has been used for treating excessive
aytime sleepiness or narcolepsy without interfering with
octurnal sleep[2,3]. The exact mechanism of modafinil’s
ction in the brain is not yet fully understood. Studies have
roposed that modafinil indirectly modulates the release of
amma aminobutyric acid (GABA) in areas of the brain

hat regulate sleep and wake cycle in both humans and
nimals. Additionally, it does not appear to have central
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and peripheral side effects associated with convent
dopaminergic psychostimulants[4–7].

The first doping violation involving modafinil wa
reported in 2003 at the World Track and Field Champion
[8]. Later in 2004, modafinil was added to the stimulant-d
list prohibited by the World Anti-Doping Agency (WADA
[9]. Previous detection of this prohibited drug was perfor
analytically by HPLC[1,2,10–13]. HPLC is commonly use
in sport-related testing as an initial screen for certain d
(e.g. diuretics), because it requires less sample prepa
[14]. Unfortunately, data obtained from HPLC may not p
vide sufficient specificity to inarguably identify the drug
question. Therefore, utilizing the outstanding accurac
the GC–MS technique provides unequivocal identifica
of banned substances. To the best of our knowledge, GC
analysis of modafinil has not yet been reported in the li
ture. We describe a simple procedure for GC–MS dete
and quantification of modafinil and profiling of its excret
pattern in human urine.

731-7085/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Fig. 1. GC–MS analysis of modafinil reference standard spiked in urine. Total ion chromatogram (A) and EI mass spectrum of authentic modafinil following
liquid–liquid extraction from urine (B). Filled arrow and open arrow denotes modafinil and internal standard, respectively.

2. Materials and methods

2.1. Chemicals and standards

All reagents were of analytical grade. Ethyl acetate, potas-
sium carbonate, sodium hydrogen carbonate, and phenazine
(as an internal standard, IS) were purchased from Mallinck-
rodt (St. Louis, MO, USA).t-Butyl-methyl ether (TBME)
was purchased from Riedel-de Haën (Seelze, Germany). 3,3-
Diphenylpropylamine was obtained from Aldrich (Milwau-
kee, WI, USA). Modafinil was purchased from Sigma (St.
Louis, MO, USA). Provigil® tablets were manufactured by
Cephalon Inc. (West Chester, PA, USA).

2.2. Instrumentation and conditions

A Hewlett-Packard HP 5890 GC interfaced with a 5972
mass selective detector (MSD) was used in this study. A
capillary column (HP-5MS cross-linked 5% diphenyl and
95% dimethylpolysiloxane 25 m× 0.25 mm× 0.33�m film
thickness) was used for separation. Helium was used as a
carrier gas with split flow rate of 1.1 mL/min. The GC–MS
injection port and the interface temperatures were set at 250
and 300◦C, respectively. The initial temperature was 90◦C

followed by raising 15◦C/min to 240◦C and 10◦C/min to
300◦C (holding time 5 min). The analysis was carried out in
a full scan mode with electron impact ionization at 70 eV and
mass spectra were obtained by scanning fromm/z 50 to 550.
One microliter of sample was injected with the autosampler.

2.3. Drug administration and urine collection

The human subject research review committee approved
this study. Three healthy adult male volunteers took part in
the excretion study. Each volunteer was orally administered
a clinical dose (100 mg) of Provigil® (modafinil) tablet urine
specimens were collected at 0, 2, 4, 6, 8, 12, 24, 48, 72, 96
and 120 h post administration. All the urinary samples were
stored at−20◦C before analysis.

2.4. Sample preparation

To serve as an authentic standard, modafinil was dissolved
in methanol (1 mg/mL) and kept at−20◦C until used. For the
urinary samples, 1 mL aliquot, 50�L phenazine (IS), 0.6 g
NaHCO3:K2CO3 (3:2 w/w, pH 9–9.5) and 1 mL TBME:2-
propanol (9:1 v/v) were added to a 15 mL glass tube, followed
by shaking and centrifugation at 2200 rpm for 9 min. The



1044 Y.L. Tseng et al. / Journal of Pharmaceutical and Biomedical Analysis 39 (2005) 1042–1045

organic layer was transferred and evaporated to dryness under
a slow flow of nitrogen gas. The sample extract was recon-
stituted with 100�L ethyl acetate before GC–MS analysis.

2.5. Quantification of modafinil in urine

The modafinil calibration solutions were spiked in tripli-
cates with appropriate amounts of authentic reference stan-
dards to the drug-free urine. One set of standards, including
1.25, 2.5, 5, 10, 20, 40�g/mL, was prepared for constructing
a modafinil calibration curve. The calibration curve for linear
regression analysis of analyte was constructed by plotting the
peak area ratio of the modafinil reference standard and the
internal standard versus the concentrations of the analyte.

3. Results

3.1. Analysis of modafinil reference standard

Modafinil standard solution was prepared by dissolving
1 mg of modafinil reference standard in 1 mL methanol. To
characterize the nature of modafinil in GC–MS analysis,
drug-free urine spiked with modafinil standard (50�g/mL)
was pretreated according to the procedure described in Sec-
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Table 1
Recovery of modafinil in human urine

Concentration (�g/mL) Recovery (%± S.D.) CV (%)

2.5 65.5± 5.0 7.64
5 74.8± 2.8 3.81

20 72.0± 6.3 8.70

Table 2
Accuracy and precision for the analysis of modafinil

Concentration
(�g/mL)

Intra-assay Inter-assay

Target (%) CV (%) Target (%) CV (%)

2.5 96 10.7 97.3 6.8
5 86 5.1 93.3 3.7

20 82 2.3 88.0 3.7

preparation procedure using TBME liquid–liquid extraction,
three target concentrations of modafinil with three replicates
for each concentration were analyzed. The recovery at each
analyte concentration was determined by comparing the peak
area of the extracted analyte to that of unextracted analyte.
The recovery of the modafinil target concentrations at 2.5,
5 and 20�g/mL were 65.5% (7.6% CV), 74.8% (3.8% CV)
and 72.0% (8.70% CV), respectively (Table 1).

3.3. Linearity, accuracy and precision

Three batches of 1 mL aliquots were used for linearity
assay as described in Section2. The assays were linear over
the range of 1.25–40�g/mL with the correlation coefficient
(R2) of 0.9995, 0.9983 and 0.9993, respectively. The accu-
racy was determined by the deviation between detected and
added analyte concentration; the precision was determined by
the coefficient of variation (CV) of six replicates at the same
concentrations of the analyte. The measurements of accu-
racy and precision of modafinil are shown inTable 2. The
intra-assay accuracy and precision of modafinil at target con-
centrations of 2.5, 5 and 20�g/mL within a single analytical
batch were 96, 86 and 82% with precision (CV%) of 10.7,
5.1 and 2.3%, respectively. The interassay accuracy and pre-
cision were determined from three separate analytical runs,
u -assay
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w
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ion 2. The results revealed that one chromatographic
ppeared at retention time (RT) of 16.50 min with a rela
etention time (RRT) of 1.79. The mass spectrum of moda
as characterized by ions ofm/z 167 (base ion), 165 and 1

Fig. 2).

.2. Limit of detection, limit of quantification and
ecovery

The limit of detection (LOD) was defined as a signal
oise ratio of approximately 3–1. The LOD of modafinil w
etermined to be 0.109�g/mL when analyzed with a sing
iagnostic ion (m/z 167) by GC–MS. The limit of quantifi
ation (LOQ) of the assay was 0.363�g/mL as determine
athematically by the concentration of modafinil produ
S/N ratio of 10 using a single diagnostic ion (m/z 167). To
etermine extraction efficiency (or recovery) of the sam

ig. 2. Urinary excretion profiles of modafinil after oral administratio
hree volunteers.
sing the same concentrations as were used in the intra
tudies. The interassay accuracy measured for modafini
entrations at 2.5, 5 and 20�g/mL were 97.3, 93.3 and 88.0
ith precision (CV) of 6.8, 3.7 and 3.7%, respectively.

.4. Analysis of urinary samples from excretion study

In the excretion study, three adult male volunteers w
rally administered a clinical dose (100 mg) of modafinil

heir urine samples were collected at different time po
rior to GC–MS analysis urine samples were prepared a
escribed in Section2. The results indicated that one pea

he total ion chromatograms (TIC) appeared at RT 16.46
RRT, 1.79) in both modafinil standard control and moda
dministered urine samples. The EI mass spectra from
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Fig. 3. Cumulative excretion profile of modafinil in urine from the three
volunteers.

two samples showed identical characteristic ions,m/z 167
(base ion), 165 and 152 (data not shown).

3.5. Excretion profile and cumulative amount of
modafinil in urine following oral dosing

The times to reach peak concentration in the urine sam-
ples of the three volunteers varied at 2 h (6.14�g/mL), 4 h
(9.93�g/mL) and 8 h (3.58�g/mL) (Fig. 2). To obtain cumu-
lative amount of unchanged modafinil in urine from each
volunteer, amount of the analyte at each time point was first
obtained by multiplying the analyte concentration (in�g/mL)
in urine by total volume of urine (in mL) voided during that
time period. The cumulative amount of unchanged modafinil
in urine was then determined by the sum of the amount
of modafinil derived from each time point. The cumulative
amounts of modafinil in urine obtained from the three volun-
teers were 4.9, 4.6 and 2.3 mg, respectively (Fig. 3).

4. Discussion

The extraction of modafinil from drug-spiked urine sam-
ples and urine samples collected from the excretion study
were carried out in the absence of hydrolysis and deriva-
tization steps. Under these conditions one single peak,
i GC
c teris-
t n in
t y out
a to the
p
E . In
t l and
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( GC
c aks).
T d
a )/

trimethyliodosilane (TMIS) derivatized urine samples. Con-
sequently, the multiple chromatographic peaks caused a great
difficulty in data interpretation.

Our GC–MS results differed from previous studies using
HPLC in that we identified only one chromatographic peak
rather than two (modafinil acid and modafinil sulfone)
[2,13,15]. The reasons for this discrepancy may be attributed
a number reasons and merits further investigation.

The results of excretion studies from the three volunteers
showed inter-individual differences in excretion profiles with
the modafinil concentration peaking at 2 h (6.14�g/mL), 4 h
(9.93�g/mL) and 8 h (3.58�g/mL). The cumulative amounts
of modafinil in urine from the three volunteers were 4.9,
4.6 and 2.3 mg. These results suggested that approximately
2–5% of unchanged parent drug out of a 100 mg dose of
modafinil (one Provigil® tablet) administered to the volun-
teers was excreted into urine as early as 2 h. The drug was
cleared within approximately 48–72 h for all the volunteers
tested. These results were in agreement with one report that
less than 10% unchanged drug was present in urine following
a single oral dose of modafinil[15].
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