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a  b  s  t  r  a  c  t

A  semi-quantitative  method  was developed  to  monitor  the  misuse  of  15 SARM  compounds  belonging
to  nine  different  families,  in urine matrices  from  a  range  of species  (equine,  canine,  human,  bovine  and
murine).  SARM  residues  were  extracted  from  urine  (200 �L) with  tert-butyl  methyl  ether  (TBME)  without
further clean-up  and  analysed  by  ultra-high  performance  liquid  chromatography  coupled  to  tandem  mass
spectrometry  (UHPLC-MS/MS).  A  12  min  gradient  separation  was  carried  out  on  a Luna  Omega  Polar  C18
column,  employing  water  and  methanol,  both  containing  0.1%  acetic  acid (v/v),  as mobile  phases.  The
mass  spectrometer  was  operated  both  in  positive  and  negative  electrospray  ionisation  modes  (ESI±),
with acquisition  in selected  reaction  monitoring  (SRM)  mode.  Validation  was  performed  according  to the
EU Commission  Decision  2002/657/EC  criteria  and  European  Union  Reference  Laboratories  for  Residues

−1 −1
oping control
esidue and food safety

(EU-RLs)  guidelines  with  CC�  values  determined  at 1  ng  mL , excluding  andarine  (2  ng  mL ) and  BMS-
564929  (5  ng  mL−1),  in all species.  This rapid,  simple  and  cost  effective  assay  was  employed  for  screening
of  bovine,  equine,  canine  and  human  urine  to determine  the  potential  level  of SARMs  abuse  in stock
farming,  competition  animals  as  well  as  amateur  and  elite  athletes,  ensuring  consumer  safety  and  fair
play  in  animal  and  human  performance  sports.

©  2019  The  Authors.  Published  by  Elsevier  B.V.  This  is  an  open  access  article  under  the  CC  BY-NC-ND
. Introduction

Investigation of alternative pharmacophores to anabolic-
ndrogenic steroids (AAS) which can separate anabolic effects on
uscle and bone from androgenic activity in other tissues such

s the prostate and seminal vesicles [1], has led to the emergence
f selective androgen receptor modulators (SARMs), a class of non-

teroidal agents with affinity for the androgen receptor (AR) similar
o that of dihydrotestosterone (DHT) [2]. As a heterogeneous group
f molecules incorporating a range of pharmacophores that lack the

∗ Corresponding authors.
E-mail addresses: eventura01@qub.ac.uk, emiliano.ventura@outlook.it

E. Ventura), a.gadaj@qub.ac.uk, agadaj@gmail.com (A. Gadaj).

ttps://doi.org/10.1016/j.chroma.2019.04.050
021-9673/© 2019 The Authors. Published by Elsevier B.V. This is an open access article 

/).
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

steroid nucleus of testosterone and dihydrotestosterone [2], SARMs
behave as partial AR agonists in androgenic tissues (prostate and
seminal vesicle) but act mainly as full AR agonist in anabolic tis-
sue (muscle and bone) [1,3]. The structural modification of known
AR antagonists, such as the nonsteroidal antiandrogens bicalu-
tamide, flutamide, hydroxyflutamide and nilutamide [2,4], resulted
in the initial generation of novel nonsteroidal AR agonists with an
arylpropionamide-nucleus, namely SARM S-1 and andarine (S-4),
for potential use as therapeutics in benign prostatic hyperplasia
(BPH) and androgen-deficiency related disorders [5–7]. Since then,
several classes of chemical scaffolds with SARM-like properties

have been developed exhibiting strong anabolic activity and high
tissue selectivity, elevated absorption rates via oral administration,
and reduced undesirable androgenic side-effects [8–11]. Potential
pharmacologic applications of SARMs have been focused towards
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onditions involving muscle and bone wasting disorders following
ancer and other chronic diseases, as well as in hypogonadism, hor-
one replacement therapy, male contraception, benign prostatic

yperplasia, breast and prostate cancer [8,9].
Ease of availability, simplicity of use, advantageous biological

ffects [12] and short detection windows [13,14, 23–25, 15–22]
re key features increasing the potential for SARM misuse, and
onsequently they are widely recognised as drugs of abuse in
oth human and animal (e.g. equine and canine) sports, and
s emerging candidates for illicit use in food-producing species
19]. Although many SARM compounds are currently undergoing
valuation in various studies, as yet none are approved for pharma-
eutical use [8], there is widespread SARM availability via black-
nd grey-market sources. Recently, various SARMs (e.g. S-4, S-22
nd LGD-4033) have been identified within black-market prod-
cts [26–29], online vendors [30–34], and confiscated goods [35].
ARMs have gained particular popularity in professional sports
nd are banned by the World Anti-Doping Agency (WADA) [36],
he International Agreement on Breeding, Racing and Wagering
IABRW) [37] and Fédération Equestre Internationale (International
questrian Federation, FEI) [38], with many reports of positive
ndings from routine testing [39–42]. More recently, 65 adverse
nalytical findings (AAFs) for a range of SARMs (e.g. andarine,
starine, LGD-4033 and RAD140) were reported in human sport in
017 alone [43]. The potential for SARMs to be further adopted for
se in food-producing animals (e.g. in cattle livestock) to increase
uscle growth and reduce fat mass also remains a distinct threat

44].
Advanced and reliable screening and confirmatory analytical

ssays are required to detect SARM use for doping practices in
port and monitor for potential misuse in stock farming. A number
f SARM compounds have been successfully included into human
nti-doping control [45–52] with some assays developed for equine
acing animals [14,17,18,53]. However, to date only a limited num-
er of analytical procedures covering solely arylpropionamides
ave been established for food safety analysis [15,16,54,55]. LC-
S and occasionally GC-MS-based approaches have been applied

o elucidate the metabolic pathways of some emerging SARMs in
arious species to support the development of detection assays for
hese compounds [14,19,22,56]. Moreover, the detection of SARMs
nd associated metabolites in canine [57,58], rodents [57–62], as
ell as human specimens [63–67] were conducted to support

ARM clinical studies. Whilst urine and blood are common matri-
es of choice, faeces have been proposed as an alternative matrix
or the analysis of arylpropionamide-derived compounds in bovine
15,16], canine [57] and rats [57,62]. However, the reported screen-
ng and/or confirmatory assays are typically capable of analysis of
ither a single SARM compound or a limited number of SARMs and
elated metabolites in a single specimen (Table 1).

In the present study, an innovative fast, simple and cost-
ffective semi-quantitative multi-residue UPLC-MS/MS screening
ssay was developed for a group of 15 key SARM compounds
ith different physicochemical properties, chosen based upon

heir reported use in human and animal sports and availability as
ertified analytical standards. Target SARM compounds included
C-262536, andarine (S-4), bicalutamide, BMS-564929, GLPG0492,
GD-2226, LGD-4033, Ly2452473, ostarine (S-22), PF-06260414,
AD140, S-1, S-6, S-9 and S-23 (Fig. 1). The developed method has
een validated in urine matrices from a range of species (equine,
anine, human, bovine and murine) in accordance with the EU Com-
ission Decision 2002/657/EC criteria [68] and European Union

eference Laboratories for Residues (EU-RLs) guidelines [69]. The

ssay was employed to screen for SARM residue presence in urine
ourced from racing animals (equine and canine), amateur and elite
thletes, as well as farm (bovine) and experimentally treated ani-
als. Ta
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Table 1 (Continued)

Compound group Analyte Method Species Sample
volume (mL)

Sample preparation Detection limits Method performance Reference

Ostarine (S-22) UHPLC-MS/MS Bovine 3.0 SPE (Oasis HLB), acetate
buffer (pH 5, 0.2 M) eLOQ 0.1 ng mL−1 N/A

[15]

3.0  Enzymatic hydrolysis
followed by SPE (as
above)

Andarine (S-4),
bicalutamide,
hydroxyflutamide,
ostarine (S-22)

UHPLC-MS/MS Bovine 3.0 Enzymatic hydrolysis
followed by SPE (Oasis
HLB)

LOD
0.015–0.142 ng mL−1

Linearity
0.25–25 ng mL−1

[55]

USFC-Q-IM-ToF
(mode: MSE)

LOD
0.0018–0.0406 ng mL−1

Andarine (S-4),
ostarine (S-22)

UHPLC-HRMS
(modes: MS, DDA)

Equine 3.0 Enzymatic hydrolysis
followed by on-line SPE
(Oasis HLB)

eLOD 1.25 ng mL−1

(S-22), 5 ng mL−1

(S-4)

Inter-day precision
9.4–11.7 % Recovery
11–15 %

[53]

Andarine (S-4),
ostarine (S-22),
ostarine
glucuronide, S-23,
S-24

HPLC-HRMS Human 0.09 “Dilute-and-shoot” LLOD <0.1 ng mL−1 Intra-day precision
3.2–7.7 % Inter-day
precision 4.4–14.5 %

[45]

Andarine (S-4),
bicalutamide,
ostarine (S-22)

UHPLC-MS/MS Bovine 2.0 Enzymatic hydrolysis
followed by LLE (TBME,
K2CO3/NaHCO3 buffer)

CC� 0.025 ng mL−1

CC�
0.025-0.05 ng mL-1

Linearity
0.0–2.0 ng mL−1

Accuracy 89-105 %
RSDr 2.6–10.4
RSDRL 2.9–12.2 %

[19]

Andarine (S-4),
ostarine (S-22)

UHPLC-HRMS Human Enzymatic hydrolysis
followed by SPE
(Bond-Elut Plexa PCX),
2% aq. HCOOH

LOD < 5 ng mL−1 [46]

Andarine (S-4), M5
metabolite of S-4,
ostarine (S-22)

HPLC-MS/MS Human N/A Enzymatic hydrolysis
followed by alkaline LLE
(pentane and diethyl
ether)

LOD 0.1 ng mL−1

(S-4, S-22)
N/A [41]

Andarine (S-4),
metabolite of S-4

HPLC-MS/MS Human 0.09 D̈ilute-and-shoot¨ LOD 1.0 ng mL−1 Intra-day precision
5.5–10.3 % Inter-day
precision 0.38-4.7 %

[47]

Andarine (S-4), S-1,
S-9, S-24

HPLC-MS/MS Human 2.0 SPE (PAD-1) LLOD 1.0 ng mL−1 Intra-day precision
7.6–11.6 % Inter-day
precision 9.9–14.4 %
Recovery 85-105 %

[48]

M1  metabolite of
S-1

HPLC-MS Rats N/A LLE (ethyl acetate) LOQ 10 ng mL−1 Linearity
10–10,000 ng mL−1

Relative recovery 89%

[62]

Arylpropionamide,
pyrrolidinyl-
benzonitrile

Andarine  (S-4),
ostarine (S-22),
S-1, LGD-4033,
metabolites:
O-dephenyl
andarine,
O-dephenyl
ostarine

GC-EI-Q-ToF
(modes: MS and
MS/MS  by
continuous
switching)

Human 0.5 Enzymatic hydrolysis
followed by LLE (TBME
NaHCO3/K2CO3 buffer
(pH 9.5)) and
derivatisation
(MSTFA/ethanethiol/NH4I)

LLOD
0.2–10 ng mL−1

N/A [75]

Bicyclic  hydantoin,
quinolinone

BMS-564929,
LGD-2226

GC-MS Human N/A Enzymatic hydrolysis
followed by LLE and
derivatisation

LLOD 0.2 ng mL−1

(LGD-2226) LLOD
10 ng mL−1

(BMS-564929)

Intra-day precision
6.8–16.6 % Inter-day
precision 12.7–17.7 %
Recovery 83–85 %

[80]
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Table 1 (Continued)

Compound group Analyte Method Species Sample
volume (mL)

Sample preparation Detection limits Method performance Reference

Bicyclic hydantoin,
benzimidazole

BMS-564929,
5,6-dichloro-
benzimidazole
derivatives (n = 4)

HPLC-MS/MS Human 2.0 SPE (PAD-1) LLOD 1.0 ng mL−1,
20 ng mL−1

(BMS-564929)

Intra-day precision
2.4–13.2 % Inter-day
precision 6.5–24.2 %
Recovery 89–106 %

[79]

Indole  GSK2881078 UHPLC-MS/MS Human N/A LLE LLOQ 0.05 ng ml−1

HLOQ 50 ng mL−1
N/A [64]

Ly2452473 UHPLC-HRMS
(modes: MS,
MS/MS)

Human N/A SPE (Bond Elute C18) N/A Recovery 98 % [67]

Isoquinoline PF-06260414 HPLC-MS/MS Human 0.15 N/A LLOQ 0.01 ng ml−1

HLOQ 10 ng mL−1
Precision ≤ 6.5 %
Accuracy ≤ 9.8 %

[65]

Quinolinone US 6,462,038,
LG-121071

GC-MS Human 3.0 Enzymatic hydrolysis
followed by LLE (TBME,
pH 9.6, carbonate buffer
(0.1 M))  and
derivatisation
(MSTFA/NH4I/dithiothreitol)

LOD 1.0 ng mL−1 Linearity
5.0–500 ng mL−1

Intra-day precision
8.1–14.8 % Inter-day
precision 9.5-16.2 %
Recovery 97-101%

[76]

LGD-2226,
6-alkylamino-2-
quinolinones
(n  = 2)

GC-�APPI-MS/MS Human 1.0 Enzymatic hydrolysis
followed by SPE (Oasis
HLB) and derivatisation
(MSTFA)

LOD
0.01–1.0 ng mL−1

LOQ
0.03–3.0 ng mL−1

Linearity
LOQ-100 ng mL−1

Intra-day repeatability
5–9  % Recovery 92–111
%

[77]

LGD-2226,
6-alkylamino-2-
quinolinones
(n  = 3)

HPLC-MS/MS Human 2.0 Enzymatic hydrolysis
followed by LLE (TBME,
pH 9.6, K2CO3/NaHCO3

buffer)

LLOD
0.01-0.2 ng mL−1

Intra-day precision
3.2-8.5 % Inter-day
precision 6.3-16.6 %
Recovery 81-98 %

[51]

Pyrrolidinyl-
benzonitrile

LGD-4033 UHPLC-Q-ToF
(mode: MSE)

Equine 2.0 Enzymatic hydrolysis
followed by SPE (Oasis
HLB)

LOD 2.6 ng mL−1

[M-H]− ,
0.5 ng mL−1

[M+HCOOH-H]−

N/A [14]

Tetrahydroquinolinone LG121071 HPLC-MS/MS Human 1.0 Enzymatic hydrolysis
followed by LLE (TBME,
pH 9.6, carbonate buffer
(20%))

LLOD 0.5 ng mL−1 Linearity
0.5–5.0 ng mL−1,
1–200 ng mL−1

Intra-day precision
2.3–8.5 % Inter-day
precision 7.2–11.7 %
Recovery 40 %

[49]

Tricyclic  tetrahy-
droquinoline

Tricyclic tetrahy-
droquinoline
derivatives (n = 3)

HPLC-MS/MS Human 2.0 Enzymatic hydrolysis
followed by LLE (TBME,
pH 9.6, K2CO3/NaHCO3

buffer, Na2SO4)

LLOD
0.2–0.6 ng mL−1

Intra-day precision
6.4–15.1 % Inter-day
precision 11.3–21.8 %
Recovery 92–97 %

[50]

9  pharmacophores 15 analytes UHPLC-MS/MS Equine, bovine,
canine, human,
murine

0.2 LLE (TBME, NH4OH aq.
(50 mM,  pH 10.5))

CC� 1 ng mL−1,
2 ng mL−1 (S-4),
5 ng mL−1

(BMS-564929)
eLOD
0.01–0.75 ng mL−1

(equine)

Precision 9.8–33.6 %
(equine) Sensitivity
95–100 % Recovery
74–94 %

Actual method
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Fig. 1. Chemical structures of SARMs in

. Experimental

.1. Reagents and apparatus

Ultra-pure water (18.2 MOhm)  was generated in house using
 Millipore water purification system (Millipore, Cork, Ireland).
ethanol (MeOH) and acetonitrile (MeCN), both Chromasolv

TM

C–MS grade, as well as ammonium hydroxide solution, ≥25% in
2O and acetic acid, both eluent additives for LC–MS, were sourced

rom Honeywell (VWR International, Dublin, Ireland). LiChrosolv®

C grade tert-butyl methyl ether (TBME), ethanol (puriss. p.a.,
CS reagent, absolute alcohol, without additive, ≥99.8%), dimethyl
ulfoxide (ACS reagent, ≥99.9%) and acetonitrile-D, 99.5% (MeCN-
) were sourced from Sigma-Aldrich (Dublin, Ireland). SafeSeal
olypropylene micro tubes (2 mL)  were obtained from Sarstedt
Nümbrecht, Germany). A DVX-2500 multi-tube vortexer (VWR
nternational, Dublin, Ireland), a Hettich Micro 200R centrifuge
rom Davidson & Hardy (Belfast, UK) and a Turbovap LV evapo-
ator from Caliper Life Sciences (Mountain View, USA) were used
uring sample preparation. In this study, the density of urine was
easured through specific gravity (SG) of the urine samples using

 pocket refractometer PAL-USG (CAT) from Atago (Tokyo, Japan).
AC-262536 (P/N 96443-25MG), andarine (S-4, P/N 78986-

5MG), bicalutamide (P/N PHR-1678-1 G), LGD-2226 (P/N 07682-
5MG), Ly2452473 (P/N CDS025139-50MG), PF-06260414 (P/N
Z0343-5MG), S-1 (P/N 68114-25MG), S-6 (P/N 79260-25MG)
nd S-23 (P/N 55939-25MG) were purchased from Sigma-Aldrich
Dublin, Ireland). LGD-4033 (P/N CAY9002046-50 mg), ostarine
S-22, P/N MK-2866) and RAD140 (P/N CAY18773-1 mg)  were
urchased from Cambridge Bioscience Ltd. (Cambridge, UK). BMS-
64929 (10 mM solution in DMSO, P/N HV-12111) and GLPG0492
10 mM solution in DMSO, P/N HY-18102) were purchased from

edChem Express (Sollentuna, Sweden). S-9 (P/N D289535),

icalutamide-D4 (P/N B382002) and S-1-D4 (P/N D289532) were
urchased from Toronto Research Chemicals (TRC; Toronto,
anada). All standards and internal standards stock solutions were
repared at a concentration of 1 mg  mL−1 in MeCN, DMSO, EtOH
d in the actual UHPLC-MS/MS method.

and MeCN-D, respectively. Intermediate mixed standard solutions
were prepared at the following concentrations: 20/40/100, 1/2/5
and 0.1/0.2/0.5 �g mL−1 in MeCN by serial dilutions. Working qual-
ity control standard solution at a concentration of 10/20/50 ng mL−1

was prepared in MeCN. Intermediate internal standard mix  solu-
tions were prepared at 20 and 1 �g mL−1, respectively, using
MeCN-D as the diluent. A working internal standard mix solution
was prepared at 50 ng mL−1 in MeCN-D. All standards and inter-
nal standards stock solutions were found to be stable for at least
one year when stored at −20 ◦C during ‘in-house’ stability studies.
Working quality control standard and working internal standard
mix  solutions were found to be stable for at least 3 months when
stored at −20 ◦C.

2.2. Preparation of extracted matrix screen positive and recovery
control checks

Negative quality control (QC) samples were obtained by pool-
ing aliquots (n = 5–10) of negative urine samples. Extracted matrix
screen positive controls were prepared by fortifying three negative
QC samples (200 �L) prior to extraction with 20 �L of quality con-
trol standard solution to give a screening target concentration of
1 ng mL−1 in urine for all analytes excluding andarine and BMS-
564929 giving a concentration of 2 and 5 ng mL−1, respectively.
Additionally, two  blank QC samples were spiked after extraction
with quality control standard solution (20 �L) to monitor for loss
of analytes during extraction.

2.3. Sample preparation

All sampling and analysis were performed under the guid-
ance and approval of local ethical regulations. Urine samples were
stored at −80 ◦C prior to analysis. Urine samples were centrifuged

at 4500 × g for 10 min  at 4 ◦C, and following checking of pH and
specific gravity (SG), aliquoted (200 �L) into 2 mL micro tubes. Sam-
ples were fortified with 20 �L of a 50 ng mL−1 internal standard
mix  solution and left to stand for 15 min, and a 200 �L volume of
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0 mM aqueous NH4OH pH 10.5 added to each sample. Tube con-
ents were vortexed for 60 s and 1.2 mL  of TBME was subsequently
dded. Following vortexing for 15 min, samples were centrifuged at
5,000 rpm (21,380 × g) for 10 min  at 4 ◦C, and supernatants trans-
erred into clean empty 2 mL  micro tubes and evaporated to dryness
nder flow of nitrogen (≤ 5 bar) at 40 ◦C on a Turbovap LV sys-
em. Samples were reconstituted in H2O:MeCN (4:1, v/v; 100 �L)
y vortexing (5 min) and 9 �L of extracts were injected onto the
HPLC-MS/MS system.

.4. UHPLC-MS/MS conditions

Separations were performed using a Waters (Milford, MA,  USA)
cquity I-Class UPLC® system comprising of a stainless steel Luna®

mega Polar C18 analytical column (100 × 2.1 mm,  100 Å, 1.6 �m)
Phenomenex, P/N 00D-4748-AN) equipped with KrudKatcherTM

ltra HPLC in-line filter (Phenomenex, P/N AF0-8497) maintained
t a temperature of 45 ◦C and the pump was operated at a flow
ate of 0.40 mL  min−1. A binary gradient system was  used to sep-
rate analytes comprising of mobile phase A, 0.1% (v/v) acetic acid
n water and mobile phase B, 0.1% (v/v) acetic acid in MeOH. The
radient profile was as follows: (1) 0.0 min  20% B, (2) 0.5 min  20%
, (3) 9.0 min  99% B, (4) 10.0 min  99% B, (5) 10.1 min  20% B, (6)
2.0 min  20% B. The injection volume was 9 �L. After each injec-
ion the needle was washed and purged with H2O:MeOH (1:1, v/v)
nd H2O:MeOH (4:1, v/v)  solutions, respectively. A divert valve was
sed to reduce source contamination (8.50–11.50 min  a flow was
iverted to waste).

SARM residues were detected using a Waters Xevo® TQ-MS
riple quadrupole mass analyser (Manchester, UK) operating both
n positive and negative electrospray ionisation modes (ESI±). The
HPLC-MS/MS system was controlled by MassLynxTM software
nd data was processed using TargetLynxTM software (both from
aters). The electrospray voltage was set at 2.5 kV (ESI+) and 1.0 kV

ESI−), respectively. The desolvation and source temperatures were
et at 550 and 120 ◦C, respectively. Nitrogen was employed as the
esolvation and cone gases, which were set at 900 L h−1 and 50 L
−1, respectively. Argon was employed as the collision gas, at a flow
ate of 0.15 mL  min−1, which typically gave pressures of 2.5 × 10-3

bar. The MS  conditions were optimised using IntelliStart by infu-
ion of 1 �g mL−1 standard solutions and 50% mobile phases A
nd B at flow rates of 5 �L min−1 and 0.2 mL  min−1, respectively.
he cone voltage was optimised for each precursor ion and two
o four most abundant product fragment ions were selected. The
elected reaction monitoring (SRM) windows were time-sectored,
nd dwell time and inter-channel delays were set to get maxi-
um  response for the instrument. These conditions are outlined

n Table 2. Inter scan delay was set to 5 ms  between successive
RM windows, inter-channel delay was set to 5 ms  and polarity
witching 20 ms.  Dwell times ranged from 0.005 to 0.300 s (Table 2).
vailable stable isotope-labelled analogues of bicalutamide and S-

 (bicalutamide-D4 and S-1-D4) were used as internal standards
or arylpropionamide residues (Table 2). The response factor was
btained for arylpropionamides as a ratio between analyte peak
rea and internal standard peak area, while in the case of the other
ARM residues, peak area was used as the response.

.5. Method validation

The method was validated according to the EU Commission
ecision 2002/657/EC criteria and European Union Reference Lab-
ratories for Residues (EU-RLs) 20/1/2010 guidelines for screening

ssays. The following performance studies were carried out to
rove the suitability of the method in achieving the goal for
hich it was developed: selectivity, specificity, detection capa-

ility (CC�), sensitivity, precision, limit of detection (LOD) and
. A 1600 (2019) 183–196

absolute recovery as well as applicability, ruggedness and matrix
effects. Validation was  carried out at the screening target concen-
tration (Cval) of 1 ng mL−1 excluding andarine and BMS-564929
validated at 2 and 5 ng mL−1, respectively. The detection capabil-
ity (CC�), defined in 2002/657/EC, was calculated in accordance
with the EU-RLs 20/1/2010 guidelines, by assessing threshold value
(T) and cut-off factor (Fm). To determine the T-value, 61 blank
equine urine samples of different origins were analysed using the
method described above on a number of occasions by two different
analysts to obtain total of 61 data points. The T-value was  esti-
mated for at least two  transitions for each analyte as a sum of
a mean response and 1.64 times the standard deviation of noise
levels acquired for 61 blank samples. To determine the cut-off fac-
tor (Fm), 61 blank equine urine samples of different origins were
fortified at the screening target concentration (Cval) on numerous
occasions and the samples were analysed by two different analysts.
This gave a total of 61 independent data points for each ana-
lyte at the targeted concentration of 1 ng mL−1 excluding andarine
(2 ng mL−1) and BMS-564929 (5 ng mL−1), respectively. The cut-
off factor (Fm) was  estimated for at least two  transitions for each
analyte as a mean response decreased by 1.64 times the standard
deviation of response acquired for 61 fortified samples. According
to the European Union Reference Laboratories for Residues (EU-
RLs) 20/1/2010 guidelines, the detection capability (CC�) of the
screening method is validated when the cut-off factor is greater
than the threshold value (Fm > T). It can then be deduced that CC�
is truly below the validation level. Since the very first requirement
expected from a screening method is to avoid false negative (also
called “false compliant”) results, the detection capability of the
method was estimated as the concentration level where ≤5% of
false-negative results remain.

The sensitivity of the method was expressed as the percentage
based on the ratio of samples detected as positive in true positive
samples i.e. following the fortification [70]. A sensitivity ≥ 95% at
the screening target concentration (Cval) means that the number of
false-negative samples is truly ≤ 5%. Despite being a required per-
formance characteristic to be determined solely for quantitative
methods [68], precision was calculated as the coefficient of vari-
ation (CV) of the response following fortification at the screening
target concentration (Cval). Limit of detection (LOD) was estimated
at a signal-to-noise ratio (S/N) at least three measured peak to peak.

Following initial determination of the detection capability (CC�)
for equine urine, the developed method was applied to the same
matrix type from four different species - bovine, canine, human
and murine urine, respectively. Murine urine was included as a
matrix within the validation process in recognition that many
SARM metabolism in vivo studies utilise experimental rodent mod-
els and as such the developed method may  find application in such
studies. The applicability of the screening method was  evaluated by
analysing 20 blank urine samples (n = 5 per species) and the same
20 blank urine samples (n = 5 per species) fortified at the screening
target concentration (Cval) used previously for equine urine. Ani-
mal  species were included in the ruggedness study as factors that
could influence the results. Moreover, to investigate the rugged-
ness of the developed assay, 15 different blank urine samples (n = 5
per species) and the same 15 blank urine samples (n = 5 per species)
fortified at the screening target concentration were analysed at a
different day and by a different operator that executed the appli-
cability study [69]. To evaluate matrix effects in equine, bovine,
canine, human and murine urine, 25 blank samples from differ-
ent sources of each matrix (n = 5) were post-extraction spiked at
the concentration equal to two  times the screening target concen-

tration (2×Cval), namely 2 ng mL−1 excluding andarine (4 ng mL−1)
and BMS-564929 (10 ng mL−1), respectively. Matrix effects for each
analyte were calculated as percentage differences between the sig-
nals obtained when matrix extracts were injected and when a
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Table 2
UHPLC-MS/MS conditions for urine samples.

Analyte Pharmacophore Others names Formula TR
a (min) Transition (m/z) Dwell time (s) Cone (V)  CEb (eV) SRM windowc ESI polarity IS

Bicalutamide-D4 Arylpropionamide C18H10D4F4N2O4S 5.88 433.2 > 255.1 0.007 26 14 13 – N/A
S-1-D4 Arylpropionamide C17H10D4F4N2O5 6.87 405.2 > 261.1 0.005 34 20 10 – N/A
AC-262536 Tropanol C18H18N2O 6.73 279.2 > 195.0d 0.005 36 22 1 + N/A

279.2 > 169.1 24
279.2 > 93.0 22

Andarine Arylpropionamide S-4, GTX-007 C19H18F3N3O6 5.83 440.2 > 150.0d 0.005 30 30 15 – Bicalutamide-D4

440.2 > 261.1 20
440.2 > 205.0 34
440.2 > 107.0 46

Bicalutamide Arylpropionamide C18H14F4N2O4S 5.90 429.2 > 255.0d 0.007 24 16 13 – Bicalutamide-D4

429.2 > 185.0 46
429.2 > 173.0 24

BMS-564929 Hydantoin C14H12ClN3O3 4.06 306.1 > 86.1d 0.300 30 24 3 + N/A
306.1 > 96.0 16
306.1 > 278.1 14

GLPG0492 Diarylhydantoin DT-200 C19H14F3N3O3 6.18 390.2 > 360.2d 0.009 34 20 5 + N/A
390.2 > 118.0 44
390.2 > 91.0 38

LGD-2226 Quinolinone C14H9F9N2O 6.82 393.1 > 241.1d 0.005 60 38 6 + N/A
393.1 > 223.0 52
393.1 > 375.1 32
393.9 > 203.1 56

LGD-4033 Pyrrolidinyl-benzonitrile VK5211 C14H12F6N2O 6.70 337.1 > 267.2d 0.005 28 10 8 – N/A
337.1 > 170.0 24
337.1 > 239.1 24

Ly2452473 Indole
CDS025139, TT-701

C22H22N4O2 6.51 375.2 > 272.1d 0.025 30 20 4 + N/A
375.2 > 289.2 18
375.2 > 92.8 38
375.2 > 180.0 38

Ostarine Arylpropionamide
S-22, EnoboSarm,
GTx-024, MK-2866

C19H14F3N3O3 6.20 388.1 > 118.0d 0.009 30 20 9 – Bicalutamide-D4

388.1 > 269.1 18
388.1 > 90.0 54

PF-06260414 Isoquinoline C14H14N4O2S 4.82 303.1 > 210.1d 0.076 36 26 2 + N/A
303.1 > 232.1 24
303.1 > 168.2 36

RAD140 Phenyl-oxadiazole C20H16ClN5O2 6.06 394.1 > 223.1d 0.005 20 10 7 + N/A
394.1 > 170.1 30
394.1 > 205.1 20

S-1  Arylpropionamide C17H14F4N2O5 6.88 401.1 > 261.1d 0.005 35 20 10 – S-1-D4

401.1 > 205.0 26
401.1 > 111.0 24
401.1 > 289.1 20

S-6  Arylpropionamide C17H13ClF4N2O5 7.36 435.1 > 145.0d 0.009 30 25 14 – Bicalutamide-D4

435.1 > 289.1 20
435.1 > 205.0 30
435.1 > 261.1 20

S-9  Arylpropionamide 4-Desacetamido-4-
chloro
andarine

C17H14ClF3N2O5 7.26 417.2 > 127.0d 0.009 30 28 12 – Bicalutamide-D4

417.2 > 261.2 20
417.2 > 205.0 30

S-23  Arylpropionamide C18H13ClF4N2O3 7.16 415.2 > 145.0d 0.007 30 24 11 – Bicalutamide-D4

415.2 > 185.0 34
415.2 > 269.1 18

a TR, retention time.
b CE, collision energy.
c SRM 1 (6.45–7.05 min); SRM 2 (4.50–5.10 min); SRM 3 (3.60–4.50 min); SRM 4 (6.20–6.80 min); SRM 5 (5.90–6.50 min); SRM 6 (6.55–7.15 min); SRM 7 (5.75–6.35 min); SRM 8 (6.40–7.00 min); SRM 9 (5.90–6.50 min); SRM

10  (6.60–7.20 min); SRM 11 (6.90–7.50 min); SRM 12 (7.00–7.60 min); SRM 13 (5.60–6.20 min); SRM 14 (7.10–7.70 min); SRM 15 (5.55–6.15 min).
d Diagnostic ion.
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Fig. 2. Overlay of UHPLC-MS/MS traces of equ

tandard solution of equivalent concentration was injected, divided
y the signal of the latter [71].

.6. Application of the method

The method developed in this study has been applied to routine
creening for the presence of SARM residues in bovine urine sam-
les (n = 51) from abattoirs across Ireland, equine urine samples
n = 61) donated by the Irish Equine Centre (IEC), canine urine sam-
les (n = 109) provided by the Irish Greyhound Board and human
rine samples donated by non-professional volunteer athletes (n =
2) as well as urine samples from athletes (n = 20) supplied by the
ADA accredited Anti-Doping Laboratory of Rome (Italy), selected

mong those already reported as negative, and after anonymiza-
ion.

. Results and discussion

.1. Method development

.1.1. UHPLC-MS/MS conditions
In this study, SARM residues were analysed by electrospray

onisation mass spectrometry (ESI-MS) using both positive and neg-
tive ionisation modes. Data acquired in SRM mode by monitoring
rotonated [M+H]+ and deprotonated [M−H]− molecules, respec-
ively. Diagnostic ions obtained were in agreement with those
eported in the literature. At least two most abundant product frag-
ent ions were monitored for each SARM compound yielding at

east four identification points [68]. The electrospray voltage, des-
lvation and source temperatures, desolvation, cone and collision
as flow rates were optimised to get maximum response for the
nstrument. SRM windows were time sectored and adequate con-
itions were established through effective set-up of dwell times,

nter-scan and inter-channel delay as well as polarity switching. A
otal of 12–15 data points were typically obtained across a peak to
ttain reproducible integration and thus achieve highly repeatable
nalysis.

A number of different mobile phases and additives includ-

ng volatile buffer (ammonium formate) and acid (formic, acetic)

ere assessed with a range of UHPLC column chemistries, namely
cquity UPLC®: HSS T3 and CSH C18, Cortecs®: C18 and T3 (all from
aters), Kinetex: F5, EVO C18, and Luna Omega Polar C18 (all from
ine fortified with 15 SARMs at 1/2/5 ng mL−1.

Phenomenex). Comparison of column type and mobile phase per-
formance were made based on peak shape (Supplementary data
- Fig. 1) and relative abundance of analytes (Supplementary data -
Fig. 2 and 3). Optimal LC conditions were identified as that based on
mobile phases comprised of water and methanol both containing
0.1% (v/v) acetic acid employing a Luna Omega Polar C18 column.
Gradient conditions and flow rate were adjusted in order to achieve
most favourable chromatographic separation, and as presented in
Fig. 2, all analytes were separated within the first 7.70 min of the
chromatographic run.

3.1.2. Sample preparation
One of the main goals of this study was to develop a rapid, sim-

ple and cost-effective sample preparation procedure that would be
suitable for all the 15 SARMs of interest in urine matrix from five dif-
ferent animal species: equine, bovine, canine, human and murine,
respectively. Liquid-liquid extraction (LLE) procedures have been
successfully employed in both human and equine sport drug test-
ing, as well as in food control applying a range of organic solvents
e.g. tert-butyl-methyl ether (TBME), ethyl acetate (EA) and diethyl
ether [25,42,51]. Nevertheless, to the best of the authors’ knowl-
edge, no multi-residue analytical method based on a LLE has been
proposed that covers all the 15 SARM compounds included in the
current study. This research investigated the impact of a range
of extraction parameters, such as volume of equine urine sample
(0.2–2.0 mL)  and organic solvent (ratio 1:3, 1:6, v/v), pH (3.0, 5.0,
9.0 and 11.0), salt addition (sodium and ammonium sulphates),
and concentration factor (2, 4, 13.3) in order to achieve satisfac-
tory recovery of all the 15 analytes. The pH had a significant impact
both on the extraction of all the analytes and matrix coextractive
interferences. Overall, a pH of 5.0 worked adequately for all the
analytes providing with higher absolute recovery values (78–108
%) in equine urine, but on the other hand it led to the unaccept-
able signal suppression for some of the SARMs (e.g. BMS-564929,
GLPG0492 and RAD140) in comparison to a LLE at pH 9.0. Con-
sequently, the optimum results were achieved by the addition of
200 �L of a buffer solution (50 mM aqueous NH4OH, pH 10.5) to
200 �L of equine urine, setting the pH value around 9.0 prior to a

liquid-liquid extraction with 1.2 mL  of TBME.

Moreover, supported liquid extraction (SLE) in equine urine
was tested employing the Isolute SLE + cartridges (1 and 2 mL)
and 96-well plate (400 �L). A range of parameters were evaluated,
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Fig. 3. Average absolute recoveries (and standard deviations, shown by erro

ncluding urine sample volume (0.2–1 mL), pH value, as well as
rganic eluent (TBME, EA and DCM as recommended by the man-
facturer). Among the SLE protocols, recovery and precision were
he best working with 200 �L urine and 400 �L 96-well plate under
lkaline conditions (200 �L 50 mM NH4OH pH 10.5) with TBME.
evertheless, SLE was not determined to be a procedure of choice
ue to absolute recoveries lower (42–95 %) than those obtained for
he above-mentioned LLE with TBME (69–91 %) as outlined in Fig. 3.

Following extraction (LLE and SLE), the organic solvent (TBME)
as evaporated at 40 ◦C to dryness under a stream of nitrogen. It
as found that evaporation of solvent to dryness did not lead to any

ignificant loses of analytes and consequently the use of dimethyl
ulfoxide (DMSO) as a “keeper” was avoided. Moreover, a range of
ifferent reconstitution solvents was investigated, and H2O:MeCN
4:1, v/v), was found to provide satisfactory sensitivity with accept-
ble peak shapes of all the analytes. Finally, the optimum conditions
escribed in Section 2.3 provided with average absolute recover-

es, calculated at the screening target concentration, in the range
f 74–94 % for all SARMs of interest in all tested urine matrices
Table 4).

.2. Method validation

.2.1. Selectivity, specificity, and matrix effect studies
The specificity of the method was investigated through monitor-

ng for interferences in the UHPLC-MS/MS traces for the analytes
nd internal standards. The absence of cross talk was verified by
njecting analytes and internal standards singly. The selectivity
f the method was established through testing 263 urine sam-
les from different sources coming from five different species
bovine, canine, equine and murine animals as well as humans)
ithout observed interferences. Carry-over was assessed during

he validation study by injecting blank solvent (MeOH) follow-
ng the sample fortified at the concentration equal to five times
he screening target concentration (5 × Cval) and it was  also moni-
ored during a routine analysis by injecting blank solvent (MeOH)
ollowing the sample fortified at the screening target concentra-
ion (screen positive control). No analyte signal appeared in blank
olvent (MeOH). Matrix effects evaluation (Table 4) highlighted

oth suppression and enhancement effects in five matrices, namely
quine, bovine, canine, human and murine species, respectively.
he greatest amount of suppression was observed for BMS-564929
n equine (72%) and human (47%) urine, both BMS-564929 and
 obtained applying SLE and LLE in equine urine fortified at 1 ng mL−1 (n = 2).

RAD140 in bovine (50%) and canine (57%) urine, and RAD140 in
murine (81%) urine matrix, respectively. On the other hand, the
greatest amount of enhancement was  observed for bicalutamide in
equine (29%) and murine (29%) urine matrix, respectively. Alterna-
tively, in the event that other isotope-labelled analogues related to
SARM compounds of interest are developed and/or become more
affordable, they can be implemented as internal standards into the
method to compensate for signal loss resulting from matrix effects
so as to improve accuracy and precision.

3.2.2. Detection capability (CCˇ)
Since a recommended concentration for SARMs in urine has not

been established [38,72], the screening target concentration was
based on their anabolic properties and set at levels of exogenous
anabolic androgenic steroids and other anabolic agents [72,73]. Val-
idation was performed at the screening target concentration (Cval)
set at 1 ng mL−1 excluding andarine (2 ng mL−1) and BMS-564929
(5 ng mL−1), respectively, and a single MS/MS transition was  suffi-
cient to ensure the screening of the analyte according to the current
legislation [69]. However, the cut-off factors (Fm) were above T-
values for at least two  transitions for all SARMs of interest. The
determined CC� values were below or equal the validation levels
for at least two  transitions for all analytes (Table 3, Table 4 and Sup-
plementary data Table 1). The sensitivity as highlighted in Table 3
(and Supplementary data - Table 1) was  ≥ 95% for at least two tran-
sitions for all SARMs. Moreover, the determined ion ratios were
within ± 30% tolerance range for all transitions of interest [74]. To
conclude, all SARMs of interest can be detected in equine urine by
applying this screening assay with a risk of a false-negative rate ≤5%
as required by the current legislation [68,69]. In accordance with
the EU Commission Decision 2002/657/EC, precision expressed as
CV, in the case of a quantitative method, should be as low as pos-
sible (analyte concentration below 100 ng mL−1). The precision of
the current screening assay was  observed to be in the range of
9.8–30.9% in equine urine (Table 3), whereas in the case of all other
species was found to range from 6.4 to 48.2% (Supplementary data
– Table 2).

Relative cut-off factor (RFm) was  calculated for each analyte

(Table 3) (and Supplementary data – Table 1) as the percentage
based on the ratio of the cut-off factor and the mean response of
fortified samples, and was  applied to screen positive controls (QC
samples) during routine application of this screening test.
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Table  3
Validation results for fortified equine urine samples (n = 61).

Analyte eLODb (ng mL−1) Cval
c (ng mL−1) CC� Relative cut-off factor (RFm)d (%) Precisione (%) Sensitivityf (%)

AC-262536 0.06 1 <Cval 63 22.6 97
Andarinea 0.18 2 <Cval 52 29.0 100
Bicalutamidea 0.10 1 <Cval 80 12.2 98
BMS-564929 0.44 5 ≤Cval 61 23.8 95
GLPG0492 0.14 1 <Cval 71 17.8 97
LGD-2226 0.08 1 <Cval 69 18.9 97
LGD-4033 0.04 1 <Cval 49 30.9 97
Ly2452473 0.01 1 <Cval 68 19.7 97
Ostarinea 0.09 1 <Cval 76 14.8 97
PF-06260414 0.05 1 ≤Cval 51 29.6 95
RAD140 0.50 1 ≤Cval 45 33.6 95
S-1a 0.11 1 ≤Cval 84 9.8 95
S-6a 0.04 1 ≤Cval 60 24.6 95
S-9a 0.75 1 <Cval 76 14.5 98
S-23a 0.06 1 <Cval 67 20.0 98

a Values calculated response-based.
b Estimated LOD (S/N≥3).
c Screening target concentration.
d Calculated as the percentage based on the ratio of the cut-off factor and the mean response of fortified samples.
e Calculated as coefficient of variation (CV) of the response following fortification.
f Expressed as percentage based on the ratio of samples detected as positive in true positive samples, following fortification.

Table 4
Recovery and matrix effect data.

Analyte Recovery (%)a RSD (%)a Ion supression/enhancement (%) ± SD (%) in matrixb

Equine Bovine Canine Human Murine

AC-262536 74 18.9 17.4 ± 7.3 2.5 ± 4.2 3.7 ± 7.4 3.6 ± 3.1 13.8 ± 2.6
Andarine 88 13.4 −8.8 ± 4.8 −2.7 ± 8.2 −2.8 ± 5.6 −2.6 ± 6.1 −8.9 ± 7.1
Bicalutamide 94 11.5 −28.9 ± 27.8 −9.5 ± 12.5 −1.4 ± 8.1 −2.0 ± 11.0 −28.9 ± 18.7
BMS-564929 81 13.7 72 ± 10.9 49.7 ± 12.4 57 ± 6.0 46.6 ± 14.1 72 ± 6.3
GLPG0492 87 10.4 55 ± 12.1 27.9 ± 11.4 40.4 ± 4.7 33.2 ± 9.3 48.8 ± 5.5
LGD-2226 81 15.1 35.9 ± 9.7 21.8 ± 2.7 27.2 ± 8.5 17.8 ± 3.8 29.8 ± 3.8
LGD-4033 80 15.3 13.5 ± 11.4 10.1 ± 7.4 11.9 ± 9.4 5.5 ± 6.4 18.3 ± 6.2
Ly2452473 88 8.4 11.0 ± 3.6 0.9 ± 1.4 4.4 ± 3.5 0.9 ± 5.1 8.0 ± 3.7
Ostarine 93 9.9 −12.6 ± 12.5 −3.1 ± 10.5 1.5 ± 4.9 −3.5 ± 7.4 −11.9 ± 15.4
PF-06260414 87 10.1 52 ± 13.6 27.4 ± 9.4 30.4 ± 10.1 30.0 ± 4.8 51 ± 12.0
RAD140 87 12.7 66 ± 7.7 50 ± 11.7 57 ± 10.7 36.9 ± 11.6 81 ± 5.5
S-1  81 12.6 7.3 ± 12.0 3.5 ± 4.0 7.9 ± 6.9 7.5 ± 7.4 4.8 ± 7.4
S-6  75 21.4 37.8 ± 24.3 19.7 ± 2.9 23.3 ± 2.1 17.4 ± 4.1 17.2 ± 3.4
S-9  77 18.8 19.1 ± 22.1 11.1 ± 2.2 15.2 ± 2.3 7.5 ± 5.6 11.1 ± 7.2
S-23  81 17.0 9.3 ± 4.6 10.7 ± 2.8 10.5 ± 1.4 7.4 ± 5.8 11.3 ± 5.5

a Recovery was  determined by comparing results from fortified samples to those of negative samples spiked post-extraction at the screening target concentration (Cval,
n n five 
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 = 2). Recovery is based on data collected from routine application of the method i
b Ion suppression results for urine matrices are based on the analysis of 25 sampl
egative  values indicate matrix enhancement.

Results from on-going QC samples (negative controls (pooled
lank urine) and screen positive controls fortified at the screening
arget concentration) are being recorded continuously and the
ata utilised to verify that the screening assay performs reliably
nd robust.

.2.3. Extension of validation: application to bovine, canine,
uman and rat urine

Following initial validation of the developed assay in equine
rine, an extension of validation was performed on the same matrix
ype from four different species - bovine, canine, human and murine
rine, respectively. The validation study was carried out on two
onsecutive days on a series of 20 blank urine samples (n = 5 per
pecies) and the same 20 blank urine samples (n = 5 per species)
ortified at the screening target concentration (Cval), the same as for
quine urine, 1 ng mL−1 excluding andarine (2 ng mL−1) and BMS-
64929 (5 ng mL−1), respectively. The sensitivity as highlighted in

upplementary data (Tables 2–3), was ≥95% for at least two  tran-
itions for all SARMs in all matrices of interest and there was
aximum one result below the cut-off factor established initially

or equine urine. In such a case it can be concluded that the devel-
species of interest over 15 month period (n = 25 analytical runs).
 5 per species) from different sources. Values calculated as described in Section 2.5.

oped screening assay is applicable to the new species, namely
bovine, canine, human and murine urine, with the same detection
capability (CC�) values for all target analytes as the original matrix.

The ruggedness study of the developed assay resulted in cor-
rect classification of all tested samples. In detail, respective 15
blank samples (n = 5 per species) were all “screen negative” whereas
the corresponding fortified ones were all “screen positive” (i.e.
exceeded the cut-off factor).

3.2.4. Application of method to analysis of urine from SARM
exposed animals

Due to the unavailability of a suitable proficiency test, an
inter-laboratory study was  performed in conjunction with RIK-
ILT (Wageningen, the Netherlands). Three bovine urine samples
provided by RIKILT, collected within the frame of an ostarine (S-
22) administration study in a steer calf [19], were tested blindly.

All samples were identified correctly as follows: one sample was
screened negative (collected before the treatment) and another
two were screened positive (collected 2 h and 3 days, respectively,
following an oral administration of ostarine) - Fig. 4.
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ig. 4. UHPLC-MS/MS traces of (a) blank bovine urine sample, (b) fortified at 1 ng
ollowing an oral administration of ostarine).

.2.5. Sample survey

The assay developed in this study has been used to monitor for

he presence of trace levels of SARM residues in urine samples. A
otal of 263 urine samples were analysed and none of the samples
ested contained detectable quantities of SARM residues.
with ostarine (S-22), (c) bovine urine sample screened positive (collected 3 days

4. Comparison with other existing methods
A range of LC- and occasionally GC–MS-based [75–77] screen-
ing and/or confirmatory analytical assays have been published
for the detection and/or quantification of SARMs in urine sam-
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les, with application in both anti-doping drug analysis and food
esting (Table 1). Among these, most of them were only single-
nalyte or multi-residues analytical methods with up to four SARM
ompounds belonging to the same class. Only three multi-residue
nalytical methods were developed to cover more than one SARM
roup, but they were restricted only to human doping control.
obolevsky et al. [78] included four arylpropionamides (S-1, S-4,
-9, S-22), one phenyl-oxadiazole (RAD140) and one pirrolydinil-
enzonitrile (LGD-4033) within the same method. Thevis et al.
roposed two analytical assays covering one bicyclic hydantoin and
ne benzimidazole in a first method [79], namely BMS-564929 and

 5,6-dichloro-benzimidazole-derivate, and one bicyclic hydan-
oin (BMS-564929) and one quinolinone (LGD-2226) in a second

ethod [80], respectively. All the above-mentioned assays required
 considerable amount of urine sample (1–7.5 mL), and conse-
uently high volume of organic solvents to undertake a standard
urification via LLE or SPE. In contrast, the analytical method pre-
ented in this study is advantageous in comparison with existing
nalytical assays allowing for screening of a wider range of SARM
esidues in urine relative to other published methods. To the best
f our knowledge, this is the first screening method able to analyse
5 different emerging SARM compounds belonging to nine dif-
erent SARM classes, such as arylpropionamide, diarylhydantoin,
ydantoin, indole, isoquinoline, phenyl-oxadiazole, quinolinone,
yrrolidinyl-benzonitrile and tropanol, in five different species
ith a reasonably short chromatographic run of 12 min. Low

mount of sample volume (0.2 mL)  and organic solvent (1.6 mL)
equired by the current assay make it fast, simple, cost effective,
nvironmentally friendly as well as providing for a rapid sample
urnaround.

. Conclusions

The present study describes a fit-for-purpose, semi-quantitative
creening method for the determination of 15 emerging SARM
ompounds by UHPLC-MS/MS, in five different urine matrices:
quine, canine, human, bovine and murine. The extraction proce-
ure of the target analytes is based on a simple LLE with TBME,
nd the analytical assay was fully validated according to the EU
ommission Decision 2002/657/EC criteria and European Union
eference Laboratories Residues (EU-RLs) guidelines. Detection
apability (CC�) for all analytes was determined at 1 ng mL−1,
xcept for andarine (S-4) and BMS-564929 at 2 and 5 ng mL-1,
espectively. This high-throughput method allows the analysis of
0 test samples in one day. The applicability of the assay was
emonstrated by analysis of a range of routine samples (>260)
rom different species as well as by the analysis of bovine urine
amples collected within the frame of ostarine (S-22) administra-
ion study. In summary, the method presented in this study can be
dopted and implemented by laboratories as a fast, simple and cost-
ffective tool to detect the abuse of SARM compounds in animal
nd human sport competitions and to monitor the safety of food
ommodities from cattle livestock, in compliance with respective
egulations, and also offers the opportunity in the future to incor-
orate additional SARM compounds as and when their use becomes
vident.
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