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a b s t r a c t

Consumption of nicotine in the form of smokeless tobacco (snus, snuff, chewing tobacco) or nicotine-
containing medication (gum, patch) may benefit sport practice. Indeed, use of snus seems to be a growing
trend and investigating nicotine consumption amongst professional athletes is of major interest to sport
authorities. Thus, a liquid chromatography–tandem mass spectrometry (LC–MS/MS) method for the
detection and quantification of nicotine and its principal metabolites cotinine, trans-3-hydroxycotinine,
nicotine-N′-oxide and cotinine-N-oxide in urine was developed. Sample preparation was performed
by liquid–liquid extraction followed by hydrophilic interaction chromatography–tandem mass spec-
trometry (HILIC–MS/MS) operated in electrospray positive ionization (ESI) mode with selective reaction
monitoring (SRM) data acquisition. The method was validated and calibration curves were linear over
the selected concentration ranges of 10–10,000 ng/mL for nicotine, cotinine, trans-3-hydroxycotinine
and 10–5000 ng/mL for nicotine-N′-oxide and cotinine-N-oxide, with calculated coefficients of determi-
nation (R2) greater than 0.95. The total extraction efficiency (%) was concentration dependent and ranged
between 70.4 and 100.4%. The lower limit of quantification (LLOQ) for all analytes was 10 ng/mL. Repeata-
bility and intermediate precision were ≤9.4 and ≤9.9%, respectively. In order to measure the prevalence
of nicotine exposure during the 2009 Ice Hockey World Championships, 72 samples were collected and
analyzed after the minimum of 3 months storage period and complete removal of identification means
as required by the 2009 International Standards for Laboratories (ISL). Nicotine and/or metabolites were
detected in every urine sample, while concentration measurements indicated an exposure within the
last 3 days for eight specimens out of ten. Concentrations of nicotine, cotinine, trans-3-hydroxycotinine,
nicotine-N′-oxide and cotinine-N-oxide were found to range between 11 and 19,750, 13 and 10,475, 10

and 8217, 11 and 3396, and 13 and 1640 ng/mL, respectively. When proposing conservative concen-
tration limits for nicotine consumption prior and/or during the games (50 ng/mL for nicotine, cotinine
and trans-3-hydroxycotinine and 25 ng/mL for nicotine-N′-oxide and cotinine-N-oxide), about half of the
hockey players were qualified as consumers. These findings significantly support the likelihood of exten-
sive smokeless nicotine consumption. However, since such conclusions can only be hypothesized, the

s tob
potential use of smokeles

. Introduction

Nicotine is the principal natural alkaloid present in tobacco
eaves. A wide variety of consumption patterns exist, from tobacco

moking, in the form of cigarettes, cigars or pipes, to smokeless
obacco products such as snus, snuff and chewing tobacco. Nicotine
eplacement therapies also contain this natural compound, as mar-
eted in transdermal patches, nasal sprays, inhalers and gums [1].

∗ Corresponding author. Tel.: +41 213147330; fax: +41 213147095.
E-mail address: Francois.Marclay@chuv.ch (F. Marclay).

021-9673/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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acco as a doping agent in ice hockey requires further investigation.
© 2010 Elsevier B.V. All rights reserved.

Depending on the type of product, concentrations differ to a rea-
sonable extent. On average, a similar content of nicotine is found in
cigarette and oral snuff, whereas cigar and chewing tobacco con-
tain only about half of this concentration [1]. Accordingly, levels
of nicotine intakes and metabolism pathways vary along these dif-
ferent trends of tobacco consumption. When smoked and inhaled,
nicotine is rapidly absorbed in the lungs, reaching the brain via the

bloodstream within 20 s [1]. Depending on the pH, there is little
to large buccal absorption, which is directly related to the type of
product [2,3]. Chewing tobacco and snus are buffered to facilitate
absorption of nicotine through oral mucosa. A portion of nicotine
is usually swallowed with saliva and well absorbed in the small

dx.doi.org/10.1016/j.chroma.2010.10.005
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:Francois.Marclay@chuv.ch
dx.doi.org/10.1016/j.chroma.2010.10.005


F. Marclay, M. Saugy / J. Chromatog

i
s
t
t

b
i
t
t
(
c
N
n

(
l
o
o
c

′

Fig. 1. Simplified metabolic pathway of nicotine [1].

ntestine. Concentration in the brain rises at a slower rate than with
moking and levels are declining over a longer period of time. Nico-
ine is also well absorbed through the skin which is the basis for
ransdermal delivery that occurs over a long period of time [4].

Nicotine is primarily and extensively metabolized in the liver
y C-oxidation to cotinine [2,5]. N-oxidation also converts nicotine

nto nicotine-N′-oxide and other minor metabolites. Cotinine is fur-
her hydroxylated to trans-3-hydroxycotinine and also converted
o cotinine-N-oxide and other minor metabolites by N-oxidation
Fig. 1). Simultaneous determination of free urinary nicotine,
otinine, trans-3-hydroxycotinine, nicotine-N′-oxide and cotinine-
-oxide account for 8–10, 10–15, 33–40, 4–7 and 2–5% of the total
icotine dose, respectively [5,6].

Due to the relatively short half-life of nicotine in urine

about 2 h), investigating nicotine metabolites which exhibit a
onger half-life is a prerequisite to provide relevant information
n tobacco consumption [1]. Therefore, an abundant literature
n gas chromatography–mass spectrometry (GC–MS) and liquid
hromatography–tandem mass spectrometry (LC–MS/MS) meth-
r. A 1217 (2010) 7528–7538 7529

ods has been published for the determination and quantification
of nicotine and selected metabolites in biological fluids, including
blood or plasma, urine and saliva [6–14].

LC–MS/MS provides a sensitive and selective approach for com-
prehensive measurement of free nicotine and its metabolites.
However, only very few of these publications bring up a simultane-
ous, yet steps limited, sample preparation method for the analysis
of nicotine and metabolites, in particular nicotine-N′-oxide and
cotinine-N-oxide [6,9,10,12].

Nicotine can act both as a stimulant and a relaxant drug, with
predominant effects being an increase in pulse rate and blood pres-
sure, as well as an increase of blood sugar release and the release
of epinephrine [4,15]. Positive reinforcing effects also include
relaxation, reduced stress, enhanced vigilance, improved cognitive
function, mood modulation and lower body weight [3,16].

Thus, when considering nicotine from a doping perspective,
consumption in the form of smokeless nicotine products may
clearly enhance the performances of sport athletes in various ways
as it provides all the effects described above, without the direct
health issues usually associated to smoke [17]. Indeed, use of snus,
snuff or chewing tobacco has been reported as a growing trend,
in particular amongst winter sports such as ice hockey and ski-
ing, but also in other popular sports such as soccer, baseball or
basketball and even in fencing or shooting [18–20]. Nevertheless,
only old and vague estimates of these consumption patterns have
been reported, leading to an extensive underestimate of this poten-
tial issue. Nicotine did not appear in the 2009 World Anti-Doping
Agency (WADA) Prohibited List or in the 2009 Monitoring Pro-
gram, a situation which remains unchanged at the present time
[21,22]. Thus, investigating nicotine consumption trends amongst
professional athletes and developing means to distinguish between
consumption of smoke or smokeless nicotine products is of major
concern to sport authorities.

Therefore, the project presented in this paper describes
an analytical method for the simultaneous determination and
quantification of nicotine and its four main metabolites in
urine, using liquid–liquid extraction (LLE) followed by liquid
chromatography–electrospray ionization-tandem mass spectrom-
etry (LC–ESI–MS/MS) in Hydrophilic Interaction Chromatography
(HILIC) mode. Apart from a recent publication on nicotine, cotinine
and trans-3-hydroxycotinine analysis [23], HILIC columns have
never been used for such purpose in real biological samples, in
particular when including nicotine-N′-oxide and cotinine-N-oxide.
However, this methodology is primarily dedicated to the analy-
sis of polar compounds, such as molecules and related metabolites
excreted in urine [24,25]. Owing to the nature of screening proce-
dures for doping agents, a rapid and simple extraction procedure is
favoured for comprehensive nicotine consumption study.

This analytical approach has been further applied to the urine
samples collected during the 2009 Ice Hockey World Champi-
onships held in Switzerland in order to measure the prevalence of
nicotine exposure amongst athletes and help to assess the concern
associated with nicotine consumption in sport.

2. Experimental

2.1. Reagents and chemicals

(S)-Nicotine (≥99%) and (S)-cotinine (98%) were purchased
from Sigma-Aldrich (Buchs, Switzerland), trans-3-hydroxycotinine

(99.9%), (R/S)-nicotine-N -oxide (98%) and (S)-cotinine-N-oxide
(98%) were obtained from Toronto Research Chemicals (Toronto,
Canada), while (S)-d4-nicotine (98.8%), (R/S)-d3-cotinine (99%)
and d3-trans-3-hydroxycotinine (98%) were supplied by LGC Pro-
mochem (Molsheim, France). Acetonitrile (ACN, ≥99.7%) was
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urchased from Biosolve B.V. (Chemie Brunschwig, Basel, Switzer-
and), propan-2-ol (≥99%) was obtained from BDH Laboratory
upplies (Poole, England), chloroform (≥99.0%) from Acros Organ-
cs (Geel, Belgium) and formic acid (∼98%) from Fluka (Buchs,
witzerland). Ammonium formate and disodium hydrogen phos-
hate were supplied by Sigma-Aldrich (Buchs, Switzerland)
nd potassium dihydrogen phosphate by VWR International AG
Dietikon, Switzerland). Ultra-pure water was produced by a Milli-

Gradient A10 water purification system with a Q-Gard® 2 and
QuantumTM EX Ultrapure organex cartridge purchased by Milli-
ore Corp. (Billerica, MA, USA).

.2. Sample preparation

Urine samples clean-up is based on a method previously pub-
ished and adapted to our particular needs and matrix [9]. An
liquot of urine (1 mL) was spiked with 10 �l of 10 �g/ml deuter-
ted internal standard (I.S.) solution (d4-nicotine, d3-cotinine
nd d3-trans-3-hydroxycotinine) and diluted with 1 mL phosphate
uffer (0.2 M, pH 7.0) prior to vortex mixing. LLE was performed
ith 2.5 mL chloroform:propan-2-ol (95:5, v/v) for 10 min using a

otator unit. After centrifugation for 5 min at 2500 rpm, the organic
ayer was evaporated to dryness under a gentle air stream at 50 ◦C
nd reconstituted in 1 mL ACN:ammonium formate (10 mM, pH
.0) (98:2, v/v) prior to LC–MS/MS injection.

.3. LC conditions

Separation was carried out on a LC–MS/MS system using a
heos 2000 CPS-LC system pump (Flux Instrument, Basel, Switzer-

and) and an HTS Pal autosampler (CTC analytics AG, Zwingen,
witzerland). Hydrophilic Interaction Chromatography was per-
ormed on a Phenomenex Luna® HILIC column (150 mm × 3.0 mm,
�m) (Brechbühler AG, Schlieren, Switzerland) with a guard
olumn SecurityGuardTM HILIC (4 mm × 2.0 mm) (Brechbühler)
dded to the analytical column. The column temperature and the
utosampler tray were set at 30 and 4 ◦C, respectively. Mobile
hase consisted of ACN (A) and 10 mM ammonium formate (pH
.0) buffer (B) with a flow rate set at 0.3 mL/min, while partial

oop injection volume was 10 �l with a 20 �l loop. The ini-
ial mobile phase condition was 98% A for 3 min, which was
ecreased linearly to 35% and held from 10 to 13 min, then

ncreased back to 98% to re-equilibrate the column from 13.1 to
6 min.

.4. Linear trap quadrupole-MS parameters

Analyses were performed using a linear ion trap mass spectrom-
ter LTQ-MS (ThermoFinnigan, San Jose, CA, USA) equipped with an
tmospheric pressure ionization (API) interface, Ion MAXTM, oper-
ted in positive ESI mode. MS operating conditions were set as
ollows: spray voltage = 5.0 kV; heated capillary voltage and tem-
erature of 10 V and 320 ◦C, respectively; isolation width of 1.5 Da;
ctivation time = 30 ms; activation q of 0.250 and scan time was
xed at 30 ms. Sheath gas, auxiliary gas and sweep gas (nitrogen)
ere set at 20, 5 and 1.5, respectively.

.5. Identification criterias

Identification criteria were defined according to the WADA

echnical Document addressing this particular topic [26]. The
etention time (tR) tolerance window must be within the range
f ±2% between the analyte and the QC of the same batch. Also,
oncerning MS/MS experiments, three diagnostic ions are required,
hich may include the precursor ion and with an intensity ≥5% of
r. A 1217 (2010) 7528–7538

the most intense diagnostic ion of the MS/MS spectrum. A Signal-
to-Noise ratio >3 must be considered and the relative intensity of
any of the ions shall not differ by more than 10% (absolute) or 25%
(relative) from that of the quality control urine.

2.6. Method validation

2.6.1. Calibration curves
Experiments were conducted following the guidelines on

bioanalytical method validation from the US Food and Drug Admin-
istration (FDA) and the recommendation of the 3rd American
Association of Pharmaceutical Scientists (AAPS)/FDA Bioanalytical
Workshop in 2006 [27,28].

A pool of six urine samples from nicotine-abstinent individu-
als who had not been exposed to environmental smoke within the
last 5 days was prepared to obtain a negative urine (Uneg) for the
validation process.

Also, according to the pharmacological effects of nicotine and
keeping in mind a doping perspective, only recent consumption of
nicotine was of relevant interest. Indeed, trace levels in the 1 ng/mL
scale would not provide meaningful quantitative information on
the consumption behavior. Thus, in order to ensure statistical
significance for further discrimination between recreational, envi-
ronmental or doping use, selecting a LLOQ of 10 ng/mL through
the validation procedure ensured quality quantitative results while
maintaining minor bias.

Therefore, the calibration was established over the
10–10,000 ng/mL range for nicotine, cotinine and trans-3-
hydroxycotinine and 10–5000 ng/mL range for nicotine-N′-oxide
and cotinine-N-oxide. A set of three validation series was achieved,
with calibration standards at six concentration levels (k = 6)
and validator standards (QC) at four concentration levels (k = 4)
prepared in triplicate (n = 3) each time. Calibration curves were
built from the peak area ratio of nicotine and metabolites to
d4-nicotine for nicotine, d3-cotinine for cotinine and d3-trans-3-
hydroxycotinine for trans-3-hydroxycotinine, nicotine-N′-oxide
and cotinine-N-oxide. Accuracy was expressed as the ratio between
the theoretical and the average measured concentration. Repeata-
bility was expressed as the relative standard deviation (RSD) of
the ratio of the intra-day standard deviation and the theoretical
value at each concentration level [29]. Intermediate precision
was expressed as the RSD of the ratio of the inter-day standard
deviation on the theoretical value at each concentration level. An
accuracy profile was built for each analyte, combining accuracy
and intermediate fidelity variance in the dosing range [30,31].
Data were processed and reported with Xcalibur LCQuan package
software from ThermoFinnigan and calculation were performed
on Excel 2007 from Microsoft.

The lower limit of quantification (LLOQ) was determined as the
lowest QC sample with an acceptable trueness, repeatability and
intermediate precision fitting for purpose. Quantitative analysis of
nicotine and metabolites in real urine samples was performed using
a three-points calibration curve determined and fitted by a linear
least-squares regression of the peak area ratios between the analyte
and the IS versus concentrations. The limit of detection (LOD) was
defined as the concentration that produced a signal three times
above the noise level of a blank urine preparation.

2.6.2. Selectivity
Influence of endogenous matrix compounds was determined by

analyzing urine samples from six individuals certified as negative

(<LOD) for nicotine and metabolites. Each sample was extracted in
triplicate to highlight the presence of potential interfering matrix
compounds within selected tolerance windows.

Accordingly, influence of exogenous xenobiotics was deter-
mined by analyzing urine samples from over 250 individuals with
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ifferent nicotine consumption habits who reported the use of very
arious substances appearing on the 2009 Prohibited List and Mon-
toring Program.

.6.3. Carry-over
Carry-over was evaluated correspondingly by injecting a blank

rine sample subsequently to the analysis of the highest calibrator.
his experiment was conducted in triplicate.

.6.4. Matrix effects
Matrix effects on the ionization response and extraction

fficiency were further evaluated along the recommendations pub-

ished elsewhere [32]. A neat solution was fortified at low, medium
nd high concentration in the initial mobile phase ACN:ammonium
ormate 10 mM (pH 3.0) buffer (98:2) (a), while a set of 6 negative
rines was also fortified in duplicate prior to extraction (b) and
nother set of blank urine specimens was extracted and fortified

1 2 3 4 5 6
0

10

20

30

40

50

60

70

80

90

100

1 2 3 4
0

10

20

30

40

50

60

70

80

90

100

3 4 5 6 7 8 9 1 2 3 4
0

10

20

30

40

50

60

70

80

90

100

2 3 4 5 6

30

40

50

60

70

80

90

100

1 2 3 4
0

10

20

30

40

50

60

70

80

90

100

cotininnicotine
nim[ emiT]nim[ emiT

R
el

at
iv

e 
A

bu
nd

an
ce

R
el

at
iv

e 
A

bu
nd

an
ce

d3-cotind4-nicotine
nim[ emiT]nim[ emiT

R
el

at
iv

e 
A

bu
nd

an
ce

R
el

at
iv

e 
A

bu
nd

an
ce

cotinine-N-onicotine-N’-oxide
]nim[ emiT]nim[ emiT

R
el

at
iv

e 
A

bu
nd

an
ce

R
el

at
iv

e 
A

bu
nd

an
ce

0

10

20

30

40

50

60

70

80

90

100

NL: 3.64
m/z= 131.50-132.50

F: ITMS + c ESI Full 
ms2 163.10@25.00 [ 
50.00 200.00]  MS 

NL: 2.32E4
m/z= 135.50-136.50

F: ITMS + c ESI Full 
ms2 167.00@26.00 [ 
50.00 200.00]  MS 

NL: 1.46
m/z= 131.50-132.50

F: ITMS + c ESI Full 
ms2 179.00.10@22.00 [ 
50.00 200.00]  MS 

39.142.3

1
0

10

20

ig. 2. LC–MS/MS chromatograms of a blank urine as opposed to a urine specimen contai
xide at a concentration of 10 ng/mL, both with IS spiked at 100 ng/mL. A chromatogram o
t 1074, 1415, 3739, 2586 and 459 ng/mL, respectively, is also depicted. Quantification io
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only after (c). By comparing the absolute peak areas of two sets of
solutions, matrix effect and extraction efficiency can be evaluated,
as reported below (Eqs. (1) and (2)).

Matrix effect (ME) = c

a
(1)

Extraction efficiency (RE) = b

c
(2)

2.6.5. Stability
The effect of storage conditions was studied by performing

a longitudinal stability assay. Analyte stability was evaluated by
monitoring the influence of successive freeze and thaw cycles of

QC urine samples at low, medium and high concentrations over a
period of 6 months. As real urine samples were stored at −20 ◦C in
a sealed box since their collection, the QCs were handled likewise
and defrosted at ambient temperature twice a month for LC–MS/MS
analysis. The initial integrated peak area was defined as 100%.
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ning nicotine, cotinine, trans-3-hydroxycotinine, nicotine-N′-oxide and cotinine-N-
f a urine sample from a hockey player containing the above mentioned metabolites
n transitions are in bold.
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. Results and discussion

.1. Method development

.1.1. LC–MS/MS analyses
A complete separation of nicotine and metabolites in urine spec-

mens was achieved by hydrophilic interaction chromatography
sing a gradient of ACN (A) and 10 mM ammonium formate (pH 3.0)
uffer (B) with a flow rate set at 0.3 mL/min (Fig. 2). Indeed, HILIC
ode allowed to successfully isolate each analyte by providing

dequate retention of polar compounds and excellent peak shape.
ensitivity was also optimized since using a mobile phase highly
nriched in polar organic solvent ensures an efficient ionization
owards the molecules of interest [24]. Likewise, reduced endoge-
ous matrix interferences resulted in very clean chromatograms

nd a high throughput was obtained due to the feasibility of using
higher flow rate.

Repeatability of the retention times (tR) was evaluated by cal-
ulating mean values variability over the set of three validation
eries which consisted in 45 extracted samples (Table 1). The RSD
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obtained were found satisfactory for all the compounds of interest,
ranging from 1.8 to 4.1%.

Direct infusion of individual standard solutions, with a flow rate
and mobile phase composition corresponding to the elution time
from the LC column, allowed optimization of tandem mass spec-
trometry parameters. Gas streams, spray voltage, heated capillary
voltage and temperature, isolation width and compound specific
normalized collision energies were manually tuned, resulting in
a high sensitivity fragment spectra with a precursor ion response
<10% in abundance. SRM transitions, collision energies and reten-
tion times for each analyte are provided in Table 1.

3.1.2. LLE
Sample preparation in dope testing favors time and cost efficient

procedures which provide satisfactory matrix clean-up and recov-

ery. Thus, the selective extraction protocol for urine samples used
in this work was performed with a single LLE. Nicotine and metabo-
lites were neutralized with phosphate buffer at pH 7.0, triggering
the extraction with chloroform:propan-2-ol (95:5, v/v). Extraction
was followed by evaporation of the organic phase and reconsti-

R
el

at
iv

e 
A

bu
nd

an
ce

nine
min]

NL: 9.07E3
z= 145.50-146.50
F: ITMS + c ESI Full 
ms2 180.10@28.00 [ 
50.00 200.00]  MS 

4 5 6

trans-3-hydroxycotinine
Time [min]

R
el

at
iv

e 
A

bu
nd

an
ce

NL: 1.16E3
m/z= 133.50-134.50

F: ITMS + c ESI Full 
ms2 193.10@26.00 [ 
50.00 200.00]  MS 

1 2 3 4 5 6
0

10

20

30

40

50

60

70

80

90

100

d3-trans-3-hydroxycotinine
Time [min]

NL: 1.53E4
m/z= 133.50-134.50

F: ITMS + c ESI Full 
ms2 196.10@26.00 [ 
50.00 200.00]  MS 

1 2 3 4 5 6
0

10

20

30

40

50

60

70

80

90

100

-oxide
in]

NL: 1.42E2
z= 95.50-96.50
F: ITMS + c ESI Full 
ms2 193.10@26.00 [ 
50.00 200.00]  MS 

4 5 6

41.2

ine
min]

NL: 7.21E2
/z= 145.50-146.50

F: ITMS + c ESI Full 
ms2 177.10@28.00 [ 
50.00 200.00]  MS 

4 5 6

31.2

inued )



F. Marclay, M. Saugy / J. Chromatogr. A 1217 (2010) 7528–7538 7533

R
el

at
iv

e 
A

bu
nd

an
ce

d3-cotinine
Time [min]

R
el

at
iv

e 
A

bu
nd

an
ce

NL: 3.39E3
m/z= 145.50-146.50

F: ITMS + c ESI Full 
ms2 180.10@28.00 [ 
50.00 200.00]  MS 

1 2 3 4 5 6
0

10

20

30

40

50

60

70

80

90

100

trans-3-hydroxycotinine
Time [min]

R
el

at
iv

e 
A

bu
nd

an
ce

NL: 1.04E5
m/z= 133.50-134.50

F: ITMS + c ESI Full 
ms2 193.10@26.00 [ 
50.00 200.00]  MS 

1 2 3 4 5 6
0

10

20

30

40

50

60

70

80

90

100

d3-trans-3-hydroxycotinine
Time [min]

NL: 1.88E4
m/z= 133.50-134.50

F: ITMS + c ESI Full 
ms2 196.10@26.00 [ 
50.00 200.00]  MS 

1 2 3 4 5 6
0

10

20

30

40

50

60

70

80

90

100

cotinine-N-oxide
Time [min]

NL: 4.62E3
m/z= 95.50-96.50

F: ITMS + c ESI Full 
ms2 193.10@26.00 [ 
50.00 200.00]  MS 

1 2 3 4 5 6
0

10

20

30

40

50

60

70

80

90

100

R
el

at
iv

e 
A

bu
nd

an
ce

1.93 2.13

cotinine
Time [min]

R
el

at
iv

e 
A

bu
nd

an
ce

NL: 5.61E4
m/z= 145.50-146.50

F: ITMS + c ESI Full 
ms2 177.10@28.00 [ 
50.00 200.00]  MS 

1 2 3 4 5 6
0

10

20

30

40

50

60

70

80

90

100 21.249.1

2.56

3.23

d4-nicotine
Time [min]

R
el

at
iv

e 
A

bu
nd

an
ce

NL: 3.15E4
m/z= 135.50-136.50

F: ITMS + c ESI Full 
ms2 167.00@26.00 [ 
50.00 200.00]  MS 

1 2 3 4 5 6
0

10

20

30

40

50

60

70

80

90

100

nicotine-N’-oxide
Time [min]

R
el

at
iv

e 
A

bu
nd

an
ce

NL: 1.03E5
m/z= 131.50-132.50

F: ITMS + c ESI Full 
ms2 179.00.10@22.00 [ 
50.00 200.00]  MS 

4 5 6 7 8 9

20

30

40

50

60

70

80

90

100
7.33

3
0

10

nicotine
Time [min]

NL: 6.05E5
m/z= 131.50-132.50

F: ITMS + c ESI Full 
ms2 163.10@25.00 [ 
50.00 200.00]  MS 

3.19
R

el
at

iv
e 

A
bu

nd
an

ce

1 2 3 4 5 6
0

10

20

30

40

50

60

70

80

90

100

Fig. 2. (Continued ).

Table 1
SRM parameters and retention times of the analytes.

Analyte SRM transition (m/z)a Collision energy (eV) tR (min)

Nicotine 163 → 132, 120, 106 25 3.18
d4-Nicotine 167 → 136, 124, 110 26 3.24
Cotinine 177 → 146, 98, 80 28 1.93
d3-Cotinine 180 → 146, 101, 81 28 1.93
trans-3-Hydroxycotinine 193 → 134, 118, 80 26 2.13
d3-trans-3-Hydroxycotinine 196 → 134, 89, 80 26 2.14
Nicotine-N′-oxide 179 → 132, 130, 117 22 7.34
Cotinine-N-oxide 193 → 134, 96, 98 26 2.56

a Quantification ion transitions are in bold.

Table 2
Recoveries of nicotine and metabolites at low and high concentrations (n = 5).

Analyte Concentration (ng/mL) Recovery (%) RSD (%)

Low Medium High Low Medium High Low Medium High

Nicotine 10 5000 10,000 95.2 93.4 89.9 3 2 3
Cotinine 10 5000 10,000 99.8 97.6 95.7 9 5 1
trans-3-Hydroxycotinine 10 5000 10,000 70.4 71.6 73.1 5 3 2
Nicotine-N′-oxide 10 2500 5000 82.3 83.1 83.2 3 1 0
Cotinine-N-oxide 10 2500 5000 76.6 80.5 82.7 0 0 1
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Table 3
Assay validation parameters for nicotine and metabolites (n = 3).

Analyte Concentration (ng/mL) Trueness (%) Precision

Repeatability (%) Intermediate precision (%)

Nicotine 10 98.4 7.6 8.1
5000 92.5 6.5 6.6

10,000 91.8 6.8 6.9
Cotinine 10 105.0 6.4 9.2

5000 85.5 6.9 7.2
10,000 109.1 2.7 6.6

trans-3-Hydroxycotinine 10 96.6 7.6 7.8
5000 89.6 6.0 7.3

10,000 96.1 5.6 6.2
Nicotine-N′-oxide 10 102.4 5.5 5.3

2500 96.8 9.4 9.9
5000 94.3 7.7 8.8

Cotinine-N-oxide 10 103.9 5.3 5.7
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significant ion enhancement at both low, medium and high con-
centrations, while cotinine, d3-cotinine, trans-3-hydroxycotinine
2500
5000

ution in the initial mobile phase mixture. This simple, cost and
teps-limited methodology provided very clean extracts of urine
amples containing nicotine and metabolites. Noteworthy, a batch
f 50 items could be prepared within 1 h, allowing a significant
orkflow of analysis.

RE ranged from 70.4 to 100.4% depending on the analyte,
ith evidence of good repeatability (RSD < 15%), and showed only

light dependency on the concentration level (Table 2). Indeed,
E for trans-3-hydroxycotinine was below what was obtained for
he other metabolites. This may result from the pKa of trans-3-
ydroxycotinine being much lower compared to the pH of the
hosphate buffer.

.2. Assay validation

.2.1. Calibration curves
Concentration ranges were initially determined according to

xpected levels in urine for nicotine and metabolites, while con-
idering both the pharmacological effects of nicotine and a doping
erspective which focuses on recent consumption only [33,34].
hus, in order to ascertain statistical significance for further dis-
rimination between recreational, environmental or doping use, a
LOQ of 10 ng/mL proved to ensure very accurate quantification.

Determination of the best calibration was performed with the
valuation of different curves fitting. Combining accuracy and
ntermediate fidelity variance allowed building a profile of con-
dence interval in the dosage range for each target compound
30,31]. According to these accuracy profiles, unweighted linear
east-squares regression was found to provide the highest qual-
ty results and was chosen for quantification purpose. Due to the
inear response, calibration standards were subsequently reduced
o LLOQ, medium and ULOQ concentration levels (k = 3) and QCs to
ow, medium and high concentration levels (k = 3) with accuracy
rofiles of comparable quality (Fig. 3). Indeed, accuracy, repeata-
ility and intermediate precision assessments met the guidelines
or bioanalytical method validation over the assay range (Table 3).
oteworthy, R2 corresponding to the initial calibration curve for
ach compound (k = 6) were greater than 0.95, while R2 with a
educed number of calibrators (k = 3) were greater than 0.99. This
reatly improved the applicability of this method, allowing a better
orkflow and simplified calibration.
Therefore, suitability of direct quantification of nicotine and
etabolites in urine with this LC–MS/MS method was proven,

n particular for nicotine, cotinine and trans-3-hydroxycotinine
long with nicotine-N′-oxide and cotinine-N-oxide at concentra-
ion ranges of 10–10,000 ng/mL and 10–5000 ng/mL, respectively.
101.1 5.4 5.9
89.9 4.6 6.7

Also, the LOD was found to stand around 500 pg/mL for all com-
pounds.

3.2.2. Selectivity
Selectivity tests towards endogenous matrix compounds were

conducted on 6 different urine samples obtained from nicotine-
abstinent individuals who had not been exposed to environmental
smoke within the last 5 days. After extraction in triplicate followed
by LC–MS/MS analysis, no interfering endogenous molecules were
observed within selected scan windows since ion identification cri-
teria, including retention times, ion transitions and ion ratios, were
not met [26].

Likewise, assessment of potential influence of exogenous xeno-
biotics was performed on a set of over 250 urine samples collected
from individuals of the general population who reported joint
exposure of nicotine and different substances present in the 2009
Prohibited List and Monitoring Program. Noteworthy, influence
of stimulants most commonly found in urine of hockey players
was evaluated, among which caffeine and pseudoephedrine. Again,
after extraction and LC–MS/MS analysis, no interfering exogenous
xenobiotics were observed within selected scan windows accord-
ing to the criteria mentioned earlier.

3.2.3. Carry-over
Carry-over was evaluated accordingly, after injection of the

highest calibrator (10,000 ng/mL for nicotine, cotinine and trans-
3-hydroxycotinine and 5000 ng/mL for nicotine-N′-oxide and
cotinine-N-oxide), followed by the analysis of a blank urine sam-
ple. This procedure was repeated three times successively. None of
the target compounds were detected, demonstrating the absence
of any carry-over effect.

3.2.4. Matrix effect
ME evaluation by comparison of the signals observed in urine

and in the neat solution indicated ion enhancement or suppression
depending on the target analyte and concentration. Indeed, nico-
tine, d4-nicotine, nicotine-N′-oxide and cotinine-N-oxide showed
and d3-trans-3-hydroxycotinine showed substantial ion suppres-
sion at low concentration (data not shown). According to the good
repeatability of these assessments (RSD < 15%), along with the sat-
isfactory sensitivity and selectivity of the method, ME influence on
the results quality was not significant.
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ig. 3. Absolute accuracy profiles for nicotine and metabolites. The solid line indic
nterval [31]. The dotted lines depict the acceptance limits of ±30%.

.2.5. Stability
The influence of storage conditions was evaluated by performing

longitudinal stability assay of QC samples every 2 weeks over a
eriod of 6 months. Indeed, these samples experienced freeze and
haw cycles involving successive storage at −20 ◦C in a complete
ark environment and defrost at room temperature, corresponding
o storage and analysis conditions during this study.

Referring to the limited variation observed in the peak areas
RSD < 15%), the storage conditions described previously ensured a
igh stability of all analytes over this particular period of time.

.3. Application to the IIHF samples
As part of regular doping control protocols during the 2009 IIHF
orld Championships held in Switzerland, urine samples were

ollected shortly after every game on two players of each team
n = 72). After approval of the IIHF and Antidoping Switzerland
he trueness and the dashed lines represent the accuracy calculated as confidence

(ADS) and as required by the 2009 International Standards for
Laboratories (ISL), article 19 of the World Anti-Doping Code and
articles 24–27 of the UNESCO Convention against doping in sport,
a minimum storage period of 3 months and complete removal of
identification means were ensured prior to use of these samples for
research purpose [35–37]. Noteworthy, storage time did not exceed
6 months.

Compounds of interest were quantified in duplicate using a
three-point calibration curve together with three urine-based QCs,
as described previously. Also, a qualitative value was assigned to
metabolites detected in the sub-LLOQ concentration range, namely
traces. Concentrations distribution for nicotine and metabolites as

quantified in urine specimens are illustrated in Fig. 4. Nicotine,
cotinine, trans-3-hydroxycotinine, nicotine-N′-oxide and cotinine-
N-oxide concentrations ranged between 11 and 19,750, 13 and
10,475, 10 and 8217, 11 and 3396, and 13 and 1640 ng/mL, respec-
tively.
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Fig. 4. Concentrations distribution for nicotine and me

Traces of nicotine, cotinine, trans-3-hydroxycotinine, nicotine-
′-oxide and cotinine-N-oxide were detected in 87, 91, 94, 97 and
7% of samples, respectively (Table 4). Noteworthy, at least one of
he five different metabolites was present in every sample. These
ndings suggest that every athlete was exposed to nicotine, either

nvironmentally or from active consumption, during the competi-
ion period. Such results should be carefully interpreted regarding
revalence studies on smoking in society and on environmen-
al tobacco exposure (ETS) among non-smokers. Indeed, smoking
revalence has been reported by the World Health Organization
Concentration [ng/mL]

tes. The solid line indicates the cumulative percentage.

(WHO) as ranging from 15 to 44% depending on the country par-
ticipating to the 2009 IIHF World Championships [38]. Also, ETS for
a period of at least 1 h per day reached 21% in Switzerland, which
hosted the competition [39]. However, both facts may explain only
parts of such extensive nicotine exposure, especially when con-

sidering that athletes are significantly less likely to smoke or be
exposed to smoke than the general population.

Furthermore, above LLOQ levels of the previously mentioned
compounds were measured in 51, 43, 68, 58 and 51% of samples,
respectively. One of the five different metabolites was detected at
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Table 4
Prevalence of IIHF urine samples exposed to nicotine or/and metabolites depending on the concentration range (n = 72).

Analyte Concentration range

LOD ≤ x ≤ ULOQ LLOQ ≤ x ≤ ULOQ Active exposure

Nicotine 87.5% 51.4% 36.1%
Cotinine 91.7% 43.1% 36.1%
trans-3-Hydroxycotinine 94.4% 68.1% 40.2%
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Nicotine-N′-oxide 97.2%
Cotinine-N-oxide 97.2%

Summarized exposure 100.0%

uch concentrations in 82% of samples. These results also indicate
hat exposure was within the last 3 days previous to the games for
pproximately 8 ice hockey players out of 10 [40].

Prevalence of nicotine consumption, in the form of smoke
r smokeless nicotine, close to or/and during the games was
valuated by hypothesizing conservative concentration limits
or active consumption (50 ng/mL for nicotine, cotinine and
rans-3-hydroxycotinine and 25 ng/mL for nicotine-N′-oxide and
otinine-N-oxide) [40]. Also, chances of exposure to serious envi-
onmental smoke within the few hours prior to games of such
mportance were excluded. Thus, according to these concentration
imits, active nicotine use was highlighted in 36–44% of samples,
epending on the target compound (Table 3). Noteworthy, at least
ne of the five different metabolites was present at such levels in
3% of the urine samples, emphasizing a significant prevalence of
icotine consumption amongst ice hockey players.

Interestingly, two samples presented highly elevated nicotine
oncentrations exceeding the upper limit of quantification (ULOQ).
uch acute exposure to nicotine is hardly achievable for a regu-
ar consumer [34,41] thus significantly supporting the likelihood
f use for doping purpose. Also, since nicotine half-life is rela-
ively short, consumption close to or/and during the game is the

ost likely hypothesis. Thus, according to the quantitative mea-
urements performed and the detrimental respiratory effects due
o extensive smoking prior to sport practice [42–45], sound evi-
ence on smokeless nicotine use may be hypothesized for these
wo samples. However, due to the lack of clinical studies addressing

etabolic-based distinction between different forms of nicotine
onsumption, such conclusions could not be extended to other sam-
les. Likewise, specific studies addressing the relationship between
icotine levels and doping are missing, hence the careful assump-
ions made here.

. Conclusion

A sensitive and selective HILIC–ESI-MS/MS method for the
imultaneous detection and quantification of nicotine and its four
rincipal metabolites in urine was developed and fully validated.
he simple and fast sample preparation protocol based on LLE
rovided a satisfactory matrix clean-up and recovery, while the
ubsequent use of hydrophilic interaction chromatography allowed
o obtain very good separation and peak shape, enhanced sensitiv-
ty and high samples throughput.

This analytical procedure was successfully applied to the urine
amples collected during the 2009 Ice Hockey World Cham-
ionships, in order to investigate the prevalence of nicotine
onsumption amongst athletes. The findings gathered during this
ork provided strong evidence that nicotine is a very serious trend

n ice hockey. Indeed, traces of nicotine or metabolites were found

n every urine sample, with concentration levels corresponding to
xposure within the last 3 days for approximately eight specimens
ut of ten. Prevalence of nicotine consumption, in the form of smoke
r smokeless nicotine products, before or/and during the games
uggested that about half of the ice hockey players were active

[

[

58.3% 44.4%
51.4% 38.8%

83.3% 52.7%

users. Noteworthy, highly elevated nicotine concentrations were
measured in two samples, significantly supporting the likelihood
of use of smokeless tobacco for doping purpose.

Assuming that smoking and sport practice at top level are not
compatible, these results give a strong indication on the use of
smokeless nicotine in ice hockey. Thus, nicotine consumption in
ice hockey is a very serious phenomenon which requires further
investigation on its use as a potential doping agent.
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