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Introduction

In recent years, a new family of doping agents, named selective androgen receptor modulators (SARMs), has emerged. The class of SARMs includes a wide variety of chemical structures and can be classified into steroidal (example: MK-0773) and non-steroidal (example: ostarine, andarine) compounds [START_REF] Thevis | Detection of SARMs in doping control analysis[END_REF].

The first SARMs were developed in the 1990s based on a non-steroidal anti-androgen, named bicalutamide, to fight diseases manifested by muscle loss (e.g., cachexia, sarcopenia) or osteoporosis [START_REF] Dalton | Discovery of nonsteroidal androgens[END_REF]. They have similar properties to androgenic anabolic steroids (AAS) but have less marked androgenic properties. They activate the androgen receptors in muscles and bones selectively and avoid the appearance of side-effects (e.g., virilization). On the opposite of AAS, they also have good oral bioavailability. It should be noted that today, all SARMS are still in clinical trials without any therapeutic indication [START_REF] Christiansen | Selective androgen receptor modulators: the future of androgen therapy?[END_REF].

Since 2008, these products have been banned in-and-out of competition by the World Anti-Doping Agency (WADA) and classified as other anabolic agents (class S1.2). They are increasingly used by top athletes, as evidenced by the WADA statistics. In 2015, they accounted for only 32 from 3809 of adverse analytical findings (AAF), compared to 142 from 4180 in 2019 [START_REF]Anti-Doping testing figures report[END_REF].

Like AAS, the misuse of SARMs could extend to the general public as they are easily available on the Internet. Therefore, it seems important for a toxicology laboratory to develop a screening method to identify SARMs. Contrary to urine, in which it is necessary to test for metabolites that are not generally marketed, hair analysis seems to be the gold choice because the target analyte in hair is often the parent molecule. Furthermore, hair specimens allow increasing the window of detection, to document the consumption pattern when segmentation is possible and to trace back a possible source of contamination.

In this study, the authors focused on SARMs available on the Internet. Among these SARMs, two are classified as metabolic modulators (GW501416, SR9009) and categorized as SARMs by users and sellers. Therefore, the authors decided to include them in the screening. GW501516 or cardarine is a peroxisome proliferator-activated receptor delta (PPARδ) agonist. It acts on the receptor to increase fat-burning capacity and muscle production. SR9009, also known as stenabolic, is REV-ERB agonist. It increases fat-burning, muscle production and endurance. These two products have been prohibited by the WADA and are classified as S4. hormone and metabolic modulators. In 2019, GW501516 and SR9009 represented 32 cases and 2 cases on 362 of AAF, respectively [START_REF]Anti-Doping testing figures report[END_REF]. Moreover, Leaney et al. [START_REF] Leaney | Analysis of supplements available to UK consumers purporting to contain selective androgen receptor modulators[END_REF] have detected these two compounds in SARMs tablets purchased on the Internet. Indeed, some products are associated with GW501516 and/or SR9009; this is the case for capsules that include andarine, GW501516 and SR9009. In addition, in this previous study, GW501516 was found in one tablet for which it was not declared on the product label. This capsule was supposed to contain RAD-140, LGD-4033 and ostarine [START_REF] Leaney | Analysis of supplements available to UK consumers purporting to contain selective androgen receptor modulators[END_REF].

In this paper, the authors describe the development and the validation of a screening method for 9 SARMs and 2 metabolic modulators (categorized as SARMs on the Internet) in hair and apply it to a real doping case.

Material and method

Chemicals and reagents

Andarine (S-4), ACP-105, GW501516 (GW1516), Ostarine (S-22 or enobosarm), S23, RAD 140 (testolone), MK 677 (ibutamoren), SR 9009 and bicalutamide-D4 were obtained from Toronto Research Chemicals (Toronto, Canada). Ligandrol (LGD-4033) and AC262536 were obtained from Cayman Chemical (Ann Arbour, USA) and Sigma-Aldrich (Saint-Louis, USA) respectively. MK-0773 (Dynamic Performance) was obtained on the Internet. Ammonium formate 99 % was provided by Alfa Aesar (Schiltigheim, France). Dichloromethane was purchased from Merck (Darmstadt, Germany). Methanol for HPLC LC-MS Grade (MeOH), acetonitrile for HPLC LC-MS Grade (ACN) and formic acid were purchased from VWR Chemicals Prolabo (Fontenay-sous-Bois, France). Diethyl ether was purchased from Honeywell Riedel-de Haën (Seelze, Germany). HPLC-grade acetonitrile (ACN), methanol (MeOH), dichloromethane, hexane and ethyl acetate were obtained from Merck (Darmstadt, Germany). Water for the formate buffer (eluent A for chromatographic separation) was purified using a Milli-Q system (Millipore) (Molsheim, France).

The standard solutions, prepared in MeOH at 100 µg/L, 10 µg/L, 1 µg/L and 100 ng/mL, were stored at -20 °C or at + 4°C according to the supplier recommendations.

Instrumentation

UHPLC-MS/MS analysis

Chromatographic separation was performed with a liquid chromatography Waters Acquity UPLC TM system (Waters corporation, Milford, MA, USA) using an Acquity UPLC HSS C18 column (150 mm x 2.1 mm, i.d. 1.8 µm particle size). The column temperature was set to 50°C, and the flow rate at 0.4 mL/min. A gradient elution was performed using formate buffer adjusted to pH 3 (eluent A) and 0.1% formic acid in acetonitrile LC-MS (eluent B). Analysis time was 6.0 min and the following gradient pattern (eluent A) was used for the separation of SARMs and bicalutamide-D4, used as internal standard (IS): 0 min, 60%; 0.5 min, 60%; 1.50 min, 5 %; 3.0 min, 5%; 4.00 min, 60%; 6.00 min, 60%.

Retention times are presented in table 1.

Detection was performed using a triple quadrupole (XEVO TM TQS micro, Waters Corporation, Milford, MA, USA) mass spectrometer equipped with a Z-spray TM -electrospray ionization source (ESI) and used in the positive and negative mode (ES+/ES-). Nitrogen was used as drying gas as well as nebulizing gas. Parameters were optimized during the development period. The desolvation gas flow was set to 800 L/h and the desolvation temperature was 550°C. The source temperature was 150°C.

The capillary voltage was tested and set at 1.50 kV (ES-) and 3.0 kV (ES+). Cone voltage and collision energy were automatically adjusted to optimize the signal of the 2 most abundant product ions of SARMs and bicalutamide-D4 using Intellistart software. Transitions, cone voltage and collision energy are resumed in table 1. MassLynx 4.1 software was used for identification and quantification.

HRMS analysis

HRMS system enables to confirm the presence of SARMs in samples targeting the exact mass. HRMS is used for this analysis to have a second and independent method as it is achieved in anti-doping laboratories. Additionally, it is in accordance with the Society of Hair Testing consensus for doping agents [START_REF] Sachs | Consensus of the society of hair testing on hair testing for doping agents[END_REF]. Chromatographic separations were performed with identical equipment than UHPLC-MS/MS. The applied parameters (column temperature, mobile phase, gradient pattern) were the same compared to UHPLC-MS/MS system.

For the analysis of the doping case described in 5.2 section, the gradient pattern was different as follow: 0 min, 50%; 0.5 min, 50%; 1.50 min, 5 %; 2.5 min, 5%; 3.00 min, 50%; 4.00 min, 50% to analyse only ostarine (tR=1.91 min), andarine (tR=1.67 min) and S23 (tR=2.24 min). Another gradient was used for HRMS as the aim of this later procedure was to confirm and not to screen for what has been detected by MS/MS. Detection was performed using a high-resolution (XEVO TM G2XS Q-TOF, Waters Corporation, Milford, MA, USA) mass spectrometer operating in positive-and negative-ion mode and in sensitivity mode.

The desolvation gas flow was set to 600 L/h at a temperature of 400 °C with the cone gas set to 20 L/h and the source temperature set to 150 °C. The capillary voltage and the cone voltage were set to 2000 (ESI +) / 800 (ESI -) and 20 V, respectively. Leucine-enkephalin was used as the lock mass (m/z 556.2766 -m/z 554.2620) for accurate mass calibration and introduced using the lockspray interface at 10 µL/min and a concentration of 200 pg/µL in 50% aqueous ACN, 0.1 % formic acid. In MS scanning, data were acquired from 50 to 1000 m/z. As for MS/MS fragmentation of target ions, collision energy ranging from 10 to 40 V was applied. Unifi software was used for data, chromatograms and spectra acquisition.

Sample treatment

The hair strands were decontaminated twice with 5 mL of dichloromethane for 1 min at room temperature and dried. For the validation, hair was obtained from the staff of laboratory and verified to be negative. into the laboratory routine, four extraction methods, commonly used in our laboratory, were tested at the concentration of 100 pg/mg in triplicate.

(1) The first consisted of incubation of hair in 1 mL borate buffer pH 9.5 for 15 h at 40 °C, in the presence of 250 pg of bicalutamide-D4. After cooling, 5 mL of the mix solution (ether/dichloromethane/hexane/isoamylic alcohol (50/30/20/0.5)) were added. After agitation for 15 min and centrifugation (15 min, 3000 rpm), the organic phase was collected and evaporated to dryness under a nitrogen flow. The dry residue was dissolved in 30 µL of initial mobile phase.

(2) The second method tested was described by Kintz et al. for anabolic steroid analysis in hair [START_REF] Kintz | Simultaneous testing for anabolic steroids in human hair specimens collected from various anatomic locations has several advantages when compared with the standard head hair analysis[END_REF]. 250 pg of bicalutamide-D4 were used and no derivatization step was applied.

(3) The third method was described by Gheddar et al. for stanozolol analysis [START_REF] Gheddar | Testing for stanozolol, using UPLC-MS/MS and confirmation by UPLCq-TOF-MS, in hair specimens collected from five different anatomical regions[END_REF]. Instead of stanozolol-D3, bicalutamide-D4 was used as IS.

(4) Finally, a fourth method was tested. It consisted of incubation of hair in 1 mL of MeOH, in the presence of 250 pg of bicalutamide-D4, in an ultra sound bath for 2 hours. After cooling, MeOH was evaporated and the dry residue was dissolved in 30 µL in MeOH.

Detection and signal to noise ratios at 100 pg/mg from methods 2, 3 and 4 were compared for each compound to method 1.

Method validation

The validation process was applied to the extraction method chosen by the authors (section 5.1).

Determination and evaluation of linearity, LOD and LOQ

A nine-point calibration curve (n = 3) was obtained by spiking blank hair at 0.1, 1, 5, 10, 50, 100, 200, 500 and 2000 pg/mg. The limit of quantification (LOQ) was defined as the first point of calibration.

The limit of detection (LOD) was the lowest concentration of analyte that could be detected with signal to noise ratio superior to 3.

Intra and inter -day precision

For the intra-day precision, three quality controls (QC) at 10, 100 and 500 pg/mg were evaluated 5 times. And for the inter-day precision, QCs at 3 levels of concentration are evaluated on three days spread over two weeks. The laboratory will accept coefficients of variation (CV) of less than 30% for the 10 pg/mg controls and less than 20% for the 100 and 500 pg/mg controls.

Matrix effect

added at the end of extraction. These specimens were compared to 10 µL of standard solution of mixture of SARMs in MeOH (1 mg/L).

Recovery

It was not possible to establish suitable extraction efficiency in authentic hair due to the lack of reference material available for validation. Nonetheless, authors wanted to approach and control the extraction efficiency. To do that, 5 spiked hair samples at 500 pg/mg of SARMs were extracted and compared to a standard solution of SARMs in MeOH at the same concentration (n=4).

Application to an authentic hair specimen

The method developed at the laboratory was applied to the case of a woman top athlete, a practitioner of a combat sport (MMA), following an adverse analytical finding of ostarine in her urine (around 1 ng/mL). The athlete did not admit the anti-doping rules violation and her lawyer requested our laboratory for additional hair analysis in order to find an explanation. A lock of hair was collected by the lawyer one month after the adverse analytical finding and sent to the laboratory. The hair was received in an envelope and stored at room temperature and protected from UV light until the analysis. Hair was brown in colour and 20 cm in longer. The lock of hair was oriented from root to the tip. Hair was segmented (6 x 1 cm to cover the period of the urine control) and analysed according to the protocol of SARMs screening.

Results and discussion

Method validation

Validation of the screening of SARMs was achieved only with UHPLC-MS/MS because this is the gold method for quantification. The choice of the UHPLC-MS/MS system was obvious because it is necessary to use reverse phase to identify all analytes with different chemical structures. Accurate mass spectrometry was used for qualitative confirmation.

Blank hair specimens from laboratory staff, used for validation method, were chosen after checking the absence of response at the retention times of the various SARMs and the IS. It appears that bicalutamide-D4 is a good internal standard for the analysis of SARMs in hair thanks to its close chemical structure with other SARMs as previously published in urine [START_REF] Gadaj | Enhanced UHPLC-MS/MS screening of selective androgen receptor modulators following urine hydrolysis[END_REF].

The optimization of the mass parameters was not a problem. MK-0773 was purchased on the Internet at the dosage at 10 mg. This tablet was checked using HRMS to verify its composition. HRMS proved the presence of MK-0773 with the mass exact of m/z [M+H] + of 480.2775 with a low mass error (1.1 ppm). No other drug or SARM was detected in MK-0773 tablet. Therefore, theses tablet was used as material reference. Chromatographic separation was tested to obtain the best of resolution and peak separation (resolution superior than 1.5) and the time run faster. All analytes are separated in 6 min.

For each analyte, the area after extraction 2, 3 and 4 were compared with the area from extraction 1.

The results are expressed as a gain or loss (in percentage) relative to the results of method 1 and are summarized in table 2. Methods 1, 2, 3 and 4 produced approximatively the same response (table 2).

However, methods 2 and 3 failed to detect MK-0773 and MK 677, and SR9009 and RAD140 respectively. Method 4 is able to detect all analytes but did not provide to obtain good chromatograms with signal to noise ratios superior than 10 even for concentration at 100 pg/mg. Therefore, method 1 was chosen for the simultaneous screening SARMs. Only the first method was validated.

The linearity ranges, LOD and LOQ were resumed in table 3 for each compound. The method showed a good linearity in the ranges defined in table 3 with correlation coefficients superior to 0.988. The analysis showed good inter-and intra-day precisions for all analytes with CVs < 20% (table 3). Matrix effect (ME) was established for all analytes and was evaluated between 75 and 130 %. However, the ME was similar in the five different tested matrices with a CV < 20% with a IS-normalised ME at 115 % and a CV at 14 %. Finally, recovery extraction was established between 53 and 84% (table 3). It should be noted that the evaluation of the extraction coefficient remains an approximate approach since there is no reference material with certified concentrations.

For all but ACP-105, the limits of quantification were found satisfactory, given the method allows identifying and quantifying simultaneously 11 analytes in hair samples within 6 minutes. The ion chromatograms of 11 analytes and IS in a spiked hair at 100 pg/mg (for ACP-105) and 10 pg/mg (for the other SARMs) are presented in figure 1.

Simultaneous analysis of SARM has been already described in urine and plasma [START_REF] Gadaj | Enhanced UHPLC-MS/MS screening of selective androgen receptor modulators following urine hydrolysis[END_REF][START_REF] Ventura | Development and validation of a semi-quantitative ultra-high performance liquid chromatography-tandem mass spectrometry method for screening of selective androgen receptor modulators in urine[END_REF][START_REF] Polet | Development and validation of an open screening method for doping substances in urine by gas chromatography quadrupole time-of-flight mass spectrometry[END_REF][START_REF] Hansson | Investigation of the selective androgen receptor modulators S1, S4 and S22 and their metabolites in equine plasma using high-resolution mass spectrometry[END_REF]. Contrary to urine and plasma, there are few data in literature on the analysis of SARMs in hair. Some authors have reported data in equine hair. For example, Cutler et al. have identified AC262536 in equine hair with a LOQ at 1 pg/mg [START_REF] Cutler | Equine metabolism of the selective androgen receptor modulator AC-262536 in vitro and in urine, plasma and hair following oral administration[END_REF]. Another method of quantification in equine hair for several AAS and other products namely andarine, GW501516 and ostarine was published in literature with LOD at 0.2 pg/mg, 0.1 pg/mg and 0.1 pg/mg respectively [START_REF] Gray | Detection of prohibited substances in equine hair by ultra-high performance liquid chromatography-triple quadrupole mass spectrometry -application to doping control samples[END_REF]. Only two groups have reported data in human hair. One was the group of Kintz et al. with the identification of ostarine between 3 and 168 pg/mg, andarine between 0.1 and 0.7 pg/mg and LGD-4033 between 14 and 42 pg/mg [START_REF] Kintz | Identification of S22 (ostarine) in human nails and hair using LC-HRMS. Application to two authentic cases[END_REF][START_REF] Kintz | Perspective in evaluating selective androgen receptor modulators in human hair: a short communication[END_REF]. In another paper, Kintz et al. reported GW501516 hair concentrations at 22 and 32 pg/mg after incubation in MeOH [START_REF] Kintz | Testing for GW501516 (cardarine) in human hair using LC/MS-MS and confirmation by LC/HRMS[END_REF]. Finally, Rading et al. identified GSK2881078 in human hair at 1.7 pg/mg [START_REF] Rading | Detection of the selective androgen receptor modulator GSK2881078 and metabolites in urine and hair after single oral administration[END_REF].

Application to an authentic hair specimen

The hair test results of athlete are described in figure 2. Ostarine was detected in all 6 segments, with concentrations increasing from 0-1 cm to 1-2 cm then decreasing from 1-2 cm to the tip, ranging from 1 to 9 pg/mg. Ostarine was the identified agent during the urine control.

The screening revealed the presence of two other SARMs in hair, namely andarine and S23. They were also detected in 6 segments, at concentrations between 120 and 1644 pg/mg for andarine, and 0.6 and 16 pg/mg for S23. The concentration patterns, presented in figure 2, are similar to those observed for ostarine, with increasing concentrations from 0-1 cm to 1-2cm segment then decreasing from 1-2 cm to the tip. The presence of 3 SARMs was confirmed using UPLC-q-TOF-MS system (figure 3) with mass error from -2.5 to -0.4 ppm. The laboratory accepted mass error < 5.0 ppm and a time retention ± 0.2 min compared to the reference material. Ostarine concentrations are in favour of repeated exposure, but in view of the concentrations described in the literature (12 -168 pg/mg) [START_REF] Kintz | Identification of S22 (ostarine) in human nails and hair using LC-HRMS. Application to two authentic cases[END_REF][START_REF] Kintz | Perspective in evaluating selective androgen receptor modulators in human hair: a short communication[END_REF], the concentrations could also be characteristic of environmental or dietary supplement contamination. High concentrations of andarine can be interpreted as a doping practice. For S23, there is no data available in the literature about its identification in hair.

In view of the high concentrations of andarine measured and the information available in the literature, the presence of ostarine and S23 in the hair can be interpreted as a consequence of contamination of andarine by these two products, in an andarine tablet. According to Leaney et al., a single tablet or capsule can contain up to 5 different SARMs in the same item [START_REF] Leaney | Analysis of supplements available to UK consumers purporting to contain selective androgen receptor modulators[END_REF]. Switching a SARM to another SARM has also been described for ostarine [START_REF] Kintz | LGD-4033, S-4 and MK-2866 -Testing for SARMs in hair: about 2 doping cases[END_REF]. It is probably due to the same production line that has also been demonstrated many times for contamination occurring with AAS [START_REF] Geyer | Nutritional supplements cross-contaminated and faked with doping sustances[END_REF].

Andarine and ostarine drugs are regularly identified as AAF in contrast to S23 that was found in urine for the first time in 2019 by anti-doping laboratories [START_REF]Anti-Doping testing figures report[END_REF]. Nonetheless, the presence of these three molecules in the hair of this top athlete is in favour of doping attitude.

Conclusion

In view of the major emergence of SARMs in the field of sport and the interest that this class of drugs has on the general public, the development of an analytical method dedicated to their identification has become necessary. The authors presented a specific and rapid analytic method to 11 "true" and categorized SARMs. This validated method allows in some cases to document the simultaneous presence of several SARMs in the hair of a subject and to trace a possible source of contamination. This is the first time that S23 was reported in human hair. 
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 13 Figure 1: Ion quantification chromatogram of SARMs in spiked hair at a concentration of 100 pg/mg for ACP-105 and 10 pg/mg for all other SARMs

Table 1 : UPLC-MS/MS conditions for SARMs testing in hair samples

 1 

	Analyte	Type of compound	TR (min) Transition (m/z) Cone (V)	CE (eV)	ESI polarity
	AC262536	SARM		2.75	279.1 > 195.0*	14	22	+
					279.1 > 235.0		22	
	Andarine	SARM		2.43	440.2 > 149.9*	2	36	-
					440.2 > 261.0	36	20	
	ACP-105	SARM		2.92	291.2 > 233.0*	30	21	+
					279.1 > 79.9	44	28	
	LGD-4033	SARM		2.80	337.1 > 170.0*	40	30	-
					337.1 > 239.0		20	
	MK-0773	SARM		1.62	480.3 > 132.0*	88	40	+
					480.3 > 149.1		30	
	MK677	SARM		1.80	529.4 > 91.0*	4	52	+
					529.4 > 267.2		18	
	Ostarine	SARM		2.63	388.1 > 117.9*	8	18	-
					388.1 > 269.1		14	
	RAD-140	SARM		2.54	394.2 > 223.1*	36	10	+
					394.2 > 169.9		30	
	S23	SARM		2.91	415.1 > 144.9*	8	18	-
					415.1 > 185.0	10	36	
	GW501516	Metabolic	modulator	3.16	454.0 > 257.0*	58	30	+
		(PPARδ receptor agonist)		452.1 > 137.9	18	26	-
	SR9009	Metabolic	modulator	3.32	438.2 > 124.9*	50	24	+
		(Rev-ErbA agonist)		438.2 > 89.2		78	
	Bicalutamide-D4	SARM		2.55	433.1 > 255.1	14	14	-

Table 3 : Linearity range, LOD, LOQ, intra-inter day precision (%), mean matrix effect (%) and mean extraction coefficient (%)

 3 

	Analyte	Linearity range (pg/mg) LOD (pg/mg) LOQ (pg/mg)	QC concentration (pg/mg)	Intra-inter CV (%) Matrix effect (%) Recovery (%)
	AC262536	10-1000	5	10	10 100	14.2 -17.2 14.7 -17.3	85	56
	Andarine	1-1000	0.1	1	10 100	7.4 -5.2 13.1 -9.3	130	57
	ACP-105	50-1000	20	50	100 500	8.5 -16 12.3 -14.6	94	59
	LGD-4033	5-1000	3	5	10 100	19 -18 6.5 -2.2	125	54
	MK-0773	1-1000	0.5	1	10 100	17.5 -14.9 10.8 -19.2	112	75
	MK677	10-1000	5	10	10 100	19.8 -11.7 8.2 -14.6	96	53
	Ostarine	0.5-1000	0.1	0.5	10 100	5.9 -13.5 14.8 -10.5	117	83
	RAD-140	5-1000	3	5	10 100	7.3 -6.9 5.8 -4.3	107	68
	S23	1-1000	0.5	1	10 100	9.4 -12.1 15 -14.9	115	84
	GW501516	5-1000	3	5	10 100	5.6 -3.6 14.8 -13.0	72	67
	SR9009	20-1000	10	20	10 100	18.2 -17.8 14.6 -14.1	123	79
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