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Occasionally, doping analysis has been recognized as a competitive challenge between cheating

sportsmen and the analytical capabilities of testing laboratories. Both have made immense progress

during the last decades, but obviously the athletes have the questionable benefit of frequently being

able to switch to new, unknown and untested compounds to enhance their performance. Thus, as

analytical counteraction and for effective drug testing, a complementary approach to classical targeted

methods is required in order to implement a comprehensive screening procedure for known and

unknown xenobiotics. The present study provides a new analytical strategy to circumvent the targeted

character of classical doping controls without losing the required sensitivity and specificity. Using

50mL of plasma only, the method potentially identifies illicit drugs in low ng/mL concentrations.

Plasma provides the biological fluid with the circulating, unmodified xenobiotics; thus the identifi-

cation of unknown compounds is facilitated. After a simple protein precipitation, liquid chromato-

graphic separation and subsequent detection bymeans of high resolution/high accuracy orbitrapmass

spectrometry, the procedure enables the determination of numerous compounds from different classes

prohibited by the World Anti-Doping Agency (WADA). A new hyphenated mass spectrometry

technology was employed without precursor ion selection for higher collision energy dissociation

(HCD) fragmentation experiments. Thus the mass spectra contained all the desired information to

identify unknown substances retrospectively. The method was validated for 32 selected model

compounds for qualitative purposes considering the parameters specificity, selectivity, limit of

detection (<0.1–10ng/mL), precision (9–28%), robustness, linearity, ion suppression and recovery

(80–112%). In addition to the identification of unknown compounds, the plasma samples were

simultaneously screened for known prohibited targets. Copyright # 2010 John Wiley & Sons, Ltd.
Emerging drugs with high potential and considerable

relevancy in sports drug testing provide a crucial future

challenge for doping control laboratories.1,2 Screeningmethods

for distinct target analytes by tandem mass spectrometry are

the most widely used and powerful techniques, enabling the

detection of prohibited substances on the list of banned

substances released annually by the World Anti-Doping

Agency (WADA).3 These methods are highly sensitive and

specific but, unfortunately, they suffer from a lack of data

acquisition for unknown, or at least presently unknown,

substances. Especially during the last decade, doping control

laboratories were frequently confronted with new target

analytes (e.g. designer steroids such as tetrahydrogestrinone

(THG), methyltrenbolone, and selective androgen receptor

modulators (SARMS)), that were not included in existing
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screeningmethods.4–16 The extent of the use of such analytes in

elite sports could be estimated only from rumour or from

confessions made by athletes, due to the lack of available

analytical data. Recently, one of these new compounds,

SARMS S4 (andarine), has become available to athletes despite

the fact that clinical trials are still in progress and the substance

has not been approved.5 Here, the possibility of retrospective

data analysis to uncover the misuse of new performance-

enhancing substances would provide an effective analytical

tool in preventative doping control and enable the search for

potential xenobiotic drugs without an additional analysis

being required.

The most promising technique for a universal screening

method is liquid chromatography (LC) coupled to tandem

mass spectrometry (MS/MS) after dual polarity electrospray

ionization (ESI), because it covers the widest range of analytes

with the needed sensitivity and specificity. High resolution/

high accuracy mass spectrometry in combination with a

robust chromatographic separation enables the unambiguous

identification on physiologically or pharmaceutically relevant

levels. Fast and less laborious sample preparation with
Copyright # 2010 John Wiley & Sons, Ltd.
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minimal loss and preferably no discrimination of a wide range

of compounds are desired.

Urine is the most common biological fluid in sports drug

testing due to the non-invasive sample collection procedure

and prolonged excretion by well-examined renal clearance of

various classes of target analytes. Recently, the development of

highly sensitive, fast and accurate mass analyzers enabled the

evaluation of comprehensive screening methods to combine

different procedures including over 200 targets from the

WADA list.17–21 These methods follow various sample

preparation strategies (liquid/liquid, solid-phase extraction

with mixed mode phases, etc.) after enzymatic hydrolysis of

the conjugates and subsequent liquid chromatographic

separation with mass spectrometric or tandem mass spectro-

metric detection. Strategies for the evaluation of unknown

substances have recently been published and they are mainly

based on precursor ion scanning experiments to uncover the

misuse of designer steroids or SARMS with a common core

structure yielding diagnostic product ions after collision

induced fragmentation.22,23 Time-of-flight (TOF) mass analy-

zers have also been used for non-targeted analyte MS/MS

identification.24 Appropriate sample preparation is the crucial

step for urine analysis due to the occurrence of interfering

signals in the chromatograms even if high resolution/high

accuracy mass analyzers are used. In addition, metabolic

processes such as phase-I/-II metabolism increase the

complexity of the target analytes and hinder their definite

identification because of the lack of available reference

compounds especially for the metabolites of new compounds.

Plasma analysis in doping control is a growing field and

plasma provides a matrix in which the unmodified bioactive

target circulates (number of blood samples at Olympic

Summer Games: Sydney 2000: 625, Athens 2004: 691, Beijing

2008: 976; Winter Games: Salt Lake City 2002: 77, Turin 2006:

300).25 These samples were commonly analyzed for selected

prohibited substances (human growth hormone, continuous

erythropoiesis receptor activator (Cera), cross linked hemo-

globin-based oxygen carriers, etc.) or general blood parameters

only, although the sample collection procedure is more

invasive and expensive. In addition, the limited volume

(few mL only) that is available has to be considered when

developing a comprehensive screening method. Nevertheless,

the additional analysis carried out for known prohibited

substances in these samples increases the effectiveness of the

doping control workflow.

The present study describes a new plasma screening

method with a fast and simple sample preparation based on

protein depletion, U-HPLC-based liquid chromatographic

separation and detection by means of high resolution/high

accuracy mass spectrometry. In addition to the determi-

nation of known WADA prohibited substances, the pre-

sented method acquires all the data that is essential for the

identification of new xenobiotic drugs in low ng/mL

concentration that may be present in the plasma.
EXPERIMENTAL

Chemicals
Acetonitrile and formic acid were purchased from Merck

(Darmstadt, Germany) and Sigma (Deisendorf, Germany).
Copyright # 2010 John Wiley & Sons, Ltd.
Purified water used for all dilution steps was of MilliQ

quality. Reference compounds used for validation were from

various chemical or pharmaceutical sources: formoterol,

mesocarb, morphine, strychnine, salbutamol, terbutaline,

budesonide, dexamethasone, cocaine, triamcinolone, ana-

strazole, clenbuterol, clomifene, exemestane, metandienone,

stanozolol, tamoxifene, toremifene, trenbolone, amiloride,

furosemide, hydrochlorothiazide, bisoprolol, metoprolol,

propranolol, GW1516, SRT1720, hexarelin, growth hormone

releasing peptide-2 (GHRP-2). The labelled internal standard
2H3-S107 (ISTD), S24, S1, S9 and S4 were obtained by in-

house synthesis.2,4 The chemical structures of selected model

compounds are given in Fig. 1.

Plasma samples
Plasma sampleswere obtained fromhealthymale and female

volunteers without any known diseases or medications.

Written consent to use the specimens for research projects

was obtained. In addition, serum samples from elite athletes

that originated from regular doping controls were analyzed.

Reference solutions
A reference working solution mix was prepared in

acetonitrile with 10 ng/mL of all 32 model compounds.

Sample preparation
To 50mL of plasma 100mL of acetonitrile and 50 ng of ISTD

(corresponding to 5mL of a solution containing 10 ng/mL of

ISTD in acetonitrile) were added and gently mixed. The

precipitated proteins were removed by centrifugation for

3min at 17 000 g and the supernatant was transferred into a

polypropylene tube. After evaporation of the solvent in a

vacuum centrifuge, the residue was re-suspended in 50mL of

acetonitrile/water (10:90, v/v). An aliquot of 5mL was

injected into the LC/MS system.

Liquid chromatography
Chromatographic separation of target analytes was achieved

on an Accela ultra-performance liquid chromatography

(UPLC) system (Thermo, Bremen, Germany) equipped with

a Hypersil gold C18 analytical column (2.1� 50mm, 1.7mm

particle size; Thermo). Solvent A was 0.2% formic acid and

for solvent B acetonitrile was used. The solvent composition

started at 99%A (1min), was raised to 100% B in 11min, held

for 0.5min and re-equilibrated for 2.5min at the starting

conditions. The flow rate was 200mL/min and the overall

runtime was 15min.

Mass spectrometry
Mass spectrometry was performed on an Exactive high

resolution/high accuracy Orbitrap mass spectrometer

(Thermo) interfaced with an heated electrospray ionization

(HESI-I-probe) source. The instrument was calibrated for

both polarities using the manufacturer’s calibration solution

(consisting of caffeine, the tetrapeptide MRFA and Ultra-

mark) to reach mass accuracies in the sub-ppm range.

Nitrogen (N2-generator, CMC, Eschborn, Germany) was

utilized as the collision gas and as the auxiliary gas in the ion

source. The Orbitrap mass analyzer operated in fast polarity

switching mode with three positive and three negative scan
Rapid Commun. Mass Spectrom. 2010; 24: 1124–1132
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Figure 1. Chemical structure images of selected model compounds: 1S-4 (andarine), 2S-24, 3S-9, 4S-4, 5 anastrazol, 6

budesonide, 7 clenbuterol, 8 clomiphene, 9 cocaine, 10 dexamethasone, 11 exemestane, 12 formoterol, 13 mesocarb, 14

GW1516, 15 metandienone, 16 salbutamol, 17 stanozolol, 18 strychnine, 19 tamoxifene, 20 terbutalin, 21 trenbolone, 22

triamcinolone, 23 propranolol, 24 bisoprolol, 25 metoprolol, 26 hydrochlorothiazide, 27 furosemide, 28 amiloride, 29

morphine, 30 SRT1720, 31 GHRP2, 32 hexarelin, 33 ISTD (2H3-S107).
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events. In detail, one full scan event with disabled collision-

induced dissociation (CID) and two subsequent events with

CID at collision energies of 20 eV and 50 eVwere acquired for

both polarities (positive/negative). The scan ranges were

from m/z 100 to 1000 with a resolving power of 50 000 full

width at half maximum (FWHM, disabled CID) andm/z 70 to

600 with a resolving power of 25 000 FWHM (enabled CID).

The resulting scan rate per cycle is less than 2 s.

Validation
The validation for qualitative identification of target analytes

was performed for selectedmodel compounds fromdifferent

classes of analytes listed in the WADA documents.26

In determining the specificity, selectivity, linearity,

recovery, limit of detection (LOD), precision and robustness,

the validation follows the main recommendations of the ICH

guidelines.27

Specificity
Ten different plasma samples with known origin were

prepared and analyzed as described above.
Copyright # 2010 John Wiley & Sons, Ltd.
Selectivity
Thirty-two plasma samples were fortified with every model

compound that was included in the validation at a

concentration of 100 ng/mL and evaluated for interference

and peak shape.

Linearity
The linearity was tested with fortified plasma samples at six

concentration levels including 10, 20, 40, 60, 80 and 100 ng/

mL.

Recovery
The loss of target analytes during sample preparation was

determined by calculating the recovery. Therefore, a set of six

samples was fortified (at 100 ng/mL) before and another set

of six samples was fortified after sample preparation prior to

evaporation in the vacuum centrifuge.

Limit of detection (LOD)
The LODwas calculated via the signal-to-noise (S/N) ratio of

the respective extracted ion traces (window 0.01m/z units) in

chromatograms of fortified plasma samples (10 ng/mL). In
Rapid Commun. Mass Spectrom. 2010; 24: 1124–1132
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Table 1. Stability of retention times (RT) and relative reten-

tion times (RRT) over 30 injections within 2 weeks

Morphine

ISTD RT [min]

GW1516

RT [min] RRT RT [min] RRT

1.14 0.21 5.47 11.06 2.02
1.55% 1.59% 0.28% 0.10% 0.27%

Screening for known and unknown substances in doping controls 1127
addition, 10 samples (10 ng/mL of each analyte) were

prepared and relative standard deviations of the respective

peak area ratios to the ISTD were determined.

Precision (intraday)
A pool of plasma was fortified with a 50 ng/mL solution of

the reference substances and a set of 10 aliquots was

analyzed (intraday precision).

Robustness
In order to demonstrate the robustness of the method when

analyzing different plasma volumes, a set of three samples

was prepared with aliquots of 20, 50 and 100mL each. The

samples were fortified with 50 ng/mL of reference solution

mix.

The independence from matrix (serum or plasma) was

tested by the analysis of five fortified serum samples (50 ng/

mL) according to the described sample preparation.

Ion suppression
The effect of the matrix on ionization efficiency was tested by

the injection of three (prepared as described above) blank

plasma samples with a post-column split of a 5mg/mL

solution of stanozolol (as model compound for positive

ionization) and furosemide (negative ionization) via syringe

infusion.28
Table 2. Main mass spectrometric and analyte-specific paramete

Analyte polarity m/z (MþH/M-H) retentio

Amiloride positive 230.0552
Anastrazol positive 294.1713
Bisoprolol positive 326.2326
Budesonide positive 431.2428
Clenbuterol positive 277.0869
Clomiphene positive 406.1932
Cocaine positive 304.1543
Dexamethasone positive 393.2072
Exemestane positive 297.1849
Formoterol positive 345.1809
Furosemide negative 329.0004
GHRP2 positive 409.7206�

GW1516 positive 454.0745
Hexarelin positive 444.2367�

Hydrochlorothiazide negative 295.9572
Mesocarb positive 323.1503
Metandienone positive 301.2157
Metoprolol positive 268.1907
Morphine positive 286.1438
Propranolol positive 260.1645
S-1 negative 401.0749
S-24 negative 381.0857
S-4 negative 440.122
S-9 negative 417.0857
Salbutamol positive 240.1594
SRT1720 positive 470.1749
Stanozolol positive 329.2582
Strychnine positive 335.1754
Tamoxifene positive 372.2322
Terbutalin positive 226.1292
Trenbolone positive 271.1691
Triamcinolone positive 395.1864
ISTD(2H3-S107) positive 213.1136

� [Mþ2H]2þ

Copyright # 2010 John Wiley & Sons, Ltd.
RESULTS AND DISCUSSION

The actual WADA list of prohibited substances provides no

requirements for blood analysis similar to the minimum

required performance limits (MRPLs) for urine analysis.

Therefore, sufficient performance was estimated by the use

of pharmacokinetic data from scientific literature. The

concentrations of circulating xenobiotics in humans at

physiologically or pharmaceutically relevant levels depend

strongly on the class of compounds, the application route, the

plasma half-life, the hepatic metabolism, renal clearance,

the albumin binding capacity, and other parameters. The

following concentrations of xenobiotics in plasma have been

reported: beta-blockers (e.g. propranolol, metoprolol, etc.)

400 nmol/L (corresponding to 100 ng/mL), corticosteroids

(e.g. budesonid, dexamethasone, etc.) up to 15 ng/mL after

oral application, clenbuterol up to 30 ng/mL, toremifene
rs

n time [min] rel. retention time RRT class of compound

1.8 0.33 diuretic
7.7 1.40 anti-estrogen
6.4 1.16 beta-blocker
8.6 1.56 corticosteroid
5.8 1.05 anabolic agent
9.0 1.64 anti-estrogen
6.2 1.13 stimulant
7.5 1.36 corticosteroid
8.9 1.62 anti-estrogen
5.9 1.07 ß2-agonist
7.4 1.35 diuretic
6.7 1.22 releasing peptide
11.1 2.02 gene doping agent
5.9 1.07 releasing peptide
4.0 0.73 diuretics
8.4 1.53 stimulant
8.4 1.53 anabolic agent
5.8 1.05 beta-blocker
1.1 0.20 narcotic
6.8 1.24 beta-blocker
9.9 1.80 SARMS
9.7 1.76 SARMS
8.5 1.55 SARMS
10.4 1.89 SARMS
1.5 0.27 ß2-agonist
7.6 1.38 unclassified
8.6 1.56 anabolic agent
5.2 0.95 stimulant
9.2 1.67 anti-estrogen
1.5 0.27 ß2-agonist
8.0 1.45 anabolic agent
6.4 1.16 corticosteroid
5.5 1.00 —

Rapid Commun. Mass Spectrom. 2010; 24: 1124–1132
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>1000 ng/mL, trenbolone 50 ng/mL (in horse plasma),

exemestane up to 50 ng/mL, salbutamol 10 ng/mL after

oral application, formoterol up to 20 ng/mL after inhalative

administration (i.v.), resveratrol 40 ng/mL and GW1516 in a

range of 40 to 700 ng/mL.29–44 Plasma concentrations of over

5mg/mL for the selected peptides were reported for growth

hormone release peptide-2 (GHRP-2) after intravenous

administration of 3mg/kg (in rats).45 Hexarelin applied to

rabbits (1mg/kg) reached a Cmax of 5mg/mL (i.v.) and

800 ng/mL (intranasal).46 These examples demonstrate that

limits of detection in the low ng/mL range are sufficient in

sports drug testing to uncover the illicit use of performance-

enhancing agents. A prediction for unknown compounds of

their ionization efficiency, chromatographic behaviour,

possible interferences in the chromatogram, concentration

or further intricacies is impossible, but the presented study

permits optimism with respect to the obtained results.

Liquid chromatography
Despite the utilization of a fast UPLC system the overall run

time was set to 15min with a gradient enabling the

chromatographic separation of a wide variety of different

analytes with stable retention times. Table 1 presents the

relative standard deviations of the retention times and the

relative retention times of morphine (earliest eluting

compound), the ISTD and GW1516 (latest eluting) calculated

from over 30 injections on three different days within 2

weeks, in order to illustrate the stability of the chromato-

graphic system. According to the identification criteria from

the WADA relative retention times (RRT) should not deviate

by more than 2%.26 This is of utmost importance especially
Figure 2. Extracted ion chromatograms at (a) m

fragmentation and at (b) m/z 205.02, (c) 289.04

sponding HCD-MS (with 20 or 50 eV) ion traces o

a SARMS mixture (containing S-4, S-9 and S-1).

and HCD-MS-signals at 10.0 and 10.4 min belong

1 and S-9.

Copyright # 2010 John Wiley & Sons, Ltd.
for retrospective compound identification. Although the

enhancement of chromatographic performance for selected

compounds by the addition of ion-pairing agents (e.g.

ammonium acetate) to the aqueous solvent is well known,

here only formic acid was used to avoid the formation of

adducts (e.g. ammonium adducts) during the ionization

process. This increases the uniformity of the generated ions

and enables their identification by their respective accurate

masses as protonated/deprotonated species, only.

Mass spectrometry
Measuring target analytes by means of state of the art mass

analyzers with option for high resolution/high accuracy

analysis of the protonated/deprotonated molecules, as well

as all collisionally induced product ions, allows the

interpretation of the results in a highly specific manner.

Based on a stable chromatographic system and the resulting

retention time, the acquired data provided all the infor-

mation needed to unambiguously identify the target analytes

in the plasma specimen. Simultaneous polarity switching

enabled the search for the respective [MþH]þ or [M–H]�

ions, if the analyte has the potential to ionize in both

polarities (e.g. dexamethasone). Table 2 summarized the

main mass spectrometric parameters.

The mass analyzer was used to acquire spectra in MS and

HCD-MS experiments (with two HCD energies) without

selection of defined product ions. Thus, the assignment of the

precursor ion to the corresponding product ion is enabled by

the known accurate mass and matching the retention time

only. Due to this special kind of acquisition mode the data

did suffer from a decrease in specificity compared with that
/z 440.12 of the full scan ion trace without

, (d) 261.05, and (e) 150.05 of the corre-

f a plasma sample fortified with 10 ng/mL of

Signals at 8.5 min belong to S-4 (andarine)

to common core fragments deriving from S-
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provided by classical mass analyzers with precursor ion

selection (e.g. triple quadrupoles, ion traps, QTOF, etc.). On

the other hand, the obtained mass spectra were completely

discrete; without precursor ion pre-selection, all the ions

generated were detected and this enabled the sample to be

evaluated for the presence of unknown substances. Figure 2

illustrates the extracted chromatograms at m/z 440.12 of the

full scan ion trace without fragmentation and at m/z 205.03,

289.05, 261.05 and 150.05 the corresponding HCD-MS (with

collision energy of 20 or 50 eV) ion traces of a plasma sample

fortified with 10 ng/mL of a SARMS Std mixture (containing

S-4, S-9 and S1). An intense signal at 8.5min in all four ion

traces supports the identification capacity of the method for

S-4 (andarine). Interestingly, in the HCD-MS chromatograms

atm/z 205.02, 289.04 and 261.05 two additional signals at 10.0

and 10.4min were present. These signals belong to S-1 and S-

9 with well-established CID fragmentation deriving from

common product ions.5,10 This indicates the immense

potential of the method for identifying related or metabo-

lically derived compounds occurring in the samples. The

identification of analytes with combined MS and HCD-MS

information is also valid for the selectedmodel peptides. This

is illustrated in Fig. 3 where the extracted MS or HCD-MS

chromatograms and the high resolution mass spectra of a
Figure 3. (a) Extracted MS and HCD-MS ion chromato

of GHRP2 reference compound. With diagnostic signa

molecule at m/z 409.72, the protonated molecule at m

to y3 at m/z 479.27, y4 at m/z 550.31 and y5 at m/z 747.4

resolution mass spectra of the doubly protonated m

calculated mass error.

Copyright # 2010 John Wiley & Sons, Ltd.
plasma sample fortified with 50 ng/mL of a GHRP-2

reference compound are shown. Diagnostic signals at

6.7min deriving from the doubly protonated molecule at

m/z 409.72, the protonated molecule at m/z 818.43 and the

HCDproduct ions corresponding to y3 atm/z 479.27, y4 atm/z

550.31 and y5 at m/z 747.40 clearly demonstrate the presence

of GHRP-2.

Validation
The validation of the method was performed for 32 selected

compounds, with potentially performance enhancing prop-

erties and reasonable relevancy in doping controls. All

parameters were calculated by consideration of the peak

areas from the extracted ion chromatograms of the proto-

nated/deprotonated molecules (window 0.01m/z units). As

well as classical drugs (e.g. anabolic agents, diuretics,

stimulants, etc.), a set of new compounds (e.g. GW1516,

SARMS, SRT1720, etc.) and also small peptides with the

potential to be misused (hexarelin, GHRP-2) were included.

The chemical variability of these targets ensures the

evaluation of the method for a comprehensive set of

compounds with similar or related chemical properties.

The main results are summarized in Table 3.
grams of a plasma sample fortified with 50 ng/mL

ls at 6.7 min deriving from the doubly protonated

/z 818.43, the HCD product ions corresponding

0. Signals in (b) illustrate the corresponding high-

olecule indicating the charge state (z) and the
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Table 3. Validation results

Analyte

Precision
(n¼ 10) at
50 ng/mL

Recovery
(n¼ 6þ6) at
100 ng/mL

Precision
LOD (n¼ 10) at

100ng/mL
S/N at

100ng/mL

Robustness
(n¼ 3þ3þ3) 20,

50, 100mL

Linearity 0–100ng/mL
(n¼ 6)

Slope intercept corr

Amiloride 17.0% 94.8% 24.9% 42 0.9346 0.017 �0.032 0.995
Anastrazol 14.0% 106.8% 16.5% 533 0.9829 0.161 �0.988 0.987
Bisoprolol 17.7% 111.1% 19.3% 882 0.9588 0.165 �0.155 0.991
Budesonide 15.3% 103.8% 17.6% 79 0.9904 0.024 �0.161 0.982
Clenbuterol 28.6% 79.1% n.a. 150 0.9842 0.056 �0.195 0.993
Clomiphene 11.2% 105.0% 12.8% 386 0.9789 3.871 0.541 0.993
Cocaine 11.2% 105.3% 11.2% 870 0.9932 0.158 �0.265 0.994
Dexametasone 17.5% 105.4% 14.8% 49 0.9973 0.009 �0.030 0.991
Exemestane 17.5% 106.9% 19.6% 257 0.9776 0.052 0.038 0.999
Formoterol 19.8% 102.1% 22.1% 113 0.9043 0.016 �0.133 0.982
Furosemide 16.8% 112.4% 22.0% 13 0.9463 0.003 �0.020 0.974
GHRP2 18.3% 88.6% 24.1% 6 n.a. 0.005 �0.029 0.990
GW1516 15.9% 97.6% 21.7% 207 0.9805 0.066 �0.318 0.989
Hexarelin 18.4% 87.6% 24.8% 14 n.a. 0.012 �0.025 0.997
Hydrochlorothiazide 21.9% 96.3% 22.5% 7 0.9703 1.009 �0.011 1.000
Mesocarb 14.9% 109.3% 17.5% 133 0.9520 0.040 �0.127 0.989
Metandienone 15.2% 109.5% 16.1% 328 0.9661 0.034 �0.171 0.988
Metoprolol 9.3% 109.6% 22.1% 1159 0.9900 0.211 �0.714 0.988
Morphine 12.9% 102.5% 13.8% 72 0.9833 0.029 �0.074 0.994
Propranolol 15.1% 101.2% 19.0% 1156 0.9749 0.196 �0.558 0.994
S-1 15.9% 109.6% 18.6% 497 0.9653 0.029 0.085 0.990
S-24 18.2% 105.8% 20.2% 314 0.9583 0.020 0.035 0.995
S-4 13.3% 103.6% 17.2% 483 0.9836 0.054 0.037 0.996
S-9 13.4% 101.7% 13.4% 290 0.9652 0.027 0.331 0.983
Salbutamol 15.7% 95.7% 14.8% 89 0.9824 0.028 �0.051 0.995
SRT1720 22.6% 103.4% 27.6% 5 n.a. 0.001 �0.010 0.985
Stanozolol 15.8% 103.0% 12.9% 485 0.9704 0.189 �1.231 0.983
Strychnine 17.4% 104.7% 16.8% 567 0.9783 0.084 �0.114 0.994
Tamoxifene 13.8% 100.2% 15.8% 1145 0.9875 0.283 �0.854 0.989
Terbutalin 20.4% 94.7% 25.7% 40 0.9211 0.016 �0.010 0.997
Trenbolone 12.1% 110.4% 12.4% 357 0.9888 0.082 �0.254 0.992
Triamcinolone 18.2% 109.2% 23.8% 50 0.9808 0.008 �0.018 0.991
Min 9.3% 79.1% 11.2% 5 0.904 — — 0.9736
Max 28.6% 112.4% 27.6% 1159 0.997 — — 0.9998
Mean 16.4% 102.4% 18.8% 337 0.971 — — 0.9905
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Specificity
No interfering signals at the respective retention time in the

extracted ion traces (window 0.01m/z units) were detected in

the chromatograms of the ten blank plasma samples.

Selectivity
Fortification of the samples with single target analytes

yielded stable retention times for the selected model

compounds. Visual inspection of the peak shape and

separation was performed in order to evaluate the perform-

ance of the chromatographic system for the respective

compound.

Linearity
For all target analytes a linear approximation yielded

coefficients of correlation better than r¼ 0.97.

Precision
At a concentration of 50 ng/mL the relative standard

deviation for the tenfold determination was better than

29% with a mean over all the analytes of 16%, demonstrating

that the procedure was sufficiently precise. It is noteworthy

that the presented method was developed for screening
Copyright # 2010 John Wiley & Sons, Ltd.
purposes and thus relative standard deviations of >20% are

acceptable.

Recovery
Despite the simplicity of the sample preparation procedure,

testing for recovery was necessary to characterize the

possible effects of protein precipitation on the target analytes.

The mean recovery for all included targets was 103%. The

sample preparation procedure has no significant impact and

there was no loss of targets for the selected model

compounds. This was also valid for the small GH-releasing

peptides hexarelin and GHRP-2, that may be affected by

protein depletion, where recoveries of better than 75% were

obtained.

Robustness
The use of 50mL of plasma provides a reasonable volume for

doping control procedures due to the limited volume

required for any additional or confirmatory analysis.

Changing the sample volume, either to decrease the

consumption of plasma (e.g. 20mL) or to improve the

LOD (by using 100mL and increasing the target concen-

tration in the injection volume), may represent further
Rapid Commun. Mass Spectrom. 2010; 24: 1124–1132

DOI: 10.1002/rcm



Screening for known and unknown substances in doping controls 1131
alternatives. For all selected compounds linear behaviour of

the detected peak areas, when 20, 50 and 100mL of plasma

were used, was obtained with coefficients of correlation of

better than r¼ 0.9.

In addition, the use of fortified serum instead of plasma

yielded similar results and demonstrated that serum could

be used instead of plasma.

Limit of detection
The LOD was presented by the mean S/N ratio of a tenfold

determination at a concentration of 10 ng/mL of each

analyte. The S/N ratio values were manually corrected

due to the absence of any interference inmost of the extracted

(0.01m/z units) ion traces. The dynamic range of the detector

was the limiting factor in determining the LOD, rather than

interfering signals in the chromatograms. Concentrations of

10 ng/mL were valid with an S/N ratio >6 for each target

analyte, although the S/N ratio was much better in most

cases and the precision (n¼ 10) at this concentration level

had a mean of 18% (min: 9%; max: 27%).

Ion suppression
The sample preparation procedure was developed without

any specific purification step (desalting, filtration, etc.)

except for protein precipitation with acetonitrile. Thus,

possible ionization suppression effects were evaluated by

post-column split infusion experiments with the extracted

ion traces for stanozolol (m/z 329.25, positive ionization) and

furosemide (m/z 329.00, negative ionization). Obviously,

considerable suppression was observed in the retention time
Figure 4. Ion suppression experiment by post-co

(a) furosemide and (b) stanozolol (0.1mg/mL).

Copyright # 2010 John Wiley & Sons, Ltd.
(RT) window between 0.5 and 0.9min corresponding to the

dead volume of the system (see Fig. 4). The earliest eluting

analytes included in the validation were morphine (RT:

1.14min), salbutamol (RT: 1.47min) and terbutaline (RT:

1.50min) and thus they were not affected by the coeluting

matrix. For evaluation and screening for unknown com-

pounds the dead volume of the system has to be considered.

Doping control aspects
Blood represents a biological fluid with a reasonably well-

defined composition. Thus, in comparison with urine that

possesses a more variable composition, matrix effects in

plasma even with a simple and unspecific sample prep-

aration procedure are usually significantly lower. Screening

plasma samples for prohibited substances in the way

discussed herein will not replace traditional urine analysis

due to the significantly shorter detection window after use of

the drug, but it provides an interesting way of utilizing the

available plasma specimens for extended analysis and

enables a retrospective view to be taken of the acquired

data. Including the retention time and the accurate mass of

target analyte as well as the product ions derived from CID,

all the information required to unambiguously identify

target analytes is obtained. Further confirmation of adverse

analytical findings in this screening can be carried out on

triple quadrupole or ion trap tandem mass analyzers with

established criteria for identification according to theWADA

rules.

After important sport events (e.g. Olympic Games, World

Championships, etc.) doping control samples are frequently
lumn split infusion of a reference solution of
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stored for potential reanalysis in case of the availability of

new methods or knowledge of presumably misused drugs.

Targeted data review of samples with the presented method

potentially supports and facilitates pre-selection of samples

for reanalyse and also identifies ‘negative’ samples the need

for reanalysis. The acquired data may also serve to support

the innocence of non-cheating sportsmen by proving the

absence of xenobiotics in the plasma.
CONCLUSIONS

The use of new, highly sensitive mass spectrometers enables

a detailed and comprehensive analytical overview to be

taken of biological samples. Because of the ongoing

development of new types of drugs, a more preventative

way of sample screening will become the focus of anti-

doping laboratories. During the last five years several new

compounds have been included in theWADA prohibited list

of substances (e.g. SARMS, GW1516, SERMS, THG, etc.), but

unfortunately no analytical data that will enable laboratories

to evaluate their relevance and the extent of their use was

available. We have developed a method whereby retro-

spective reanalysis of stored samples can be carried out.

Within this study, analysis, involving sample preparation

and mass spectrometric detection, was performed in a non-

targeted approach potentially covering entire classes of

different compounds. In addition, the presented method will

increase the effectiveness of testing by allowing the screening

of plasma samples for known illicit drugs. Reliable results

were obtained for a various number of doping agents from

several classes from the WADA list. The sample preparation

is simple and fast, requiring only a small volume of plasma,

and sufficient sensitivity for therapeutically relevant con-

centrations of the target analytes was shown.
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9. Thevis M, Kohler M, Schlörer N, Kamber M, Kuhn A, Linsc-
heid MW, Schänzer W. J Mass Spectrom. 2008; 43: 639.

10. Thevis M, Schänzer W. J. Mass Spectrom. 2008; 43: 865.
11. Thevis M, Kohler M, Maurer J, Schlörer N, Kamber M,
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