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ABSTRACT

In recent years, the commercialization of hybrid mobility-mass spectrometers and their integration
in traditional LC-MS workflows provides new oppantties to extend the current boundaries of
targeted and non-targeted analyses. When coupledCtMS, ion mobility spectrometry (IMS)
provides a novel characterization parameter, theatled averaged collision cross section (CQ},

as well as improves method selectivity and serisitioy the separation of isobaric and isomeric
molecules and the isolation of the analytes ofregefrom background noise. In this work, we have
explored the potential and advantages of this w@odgy for carrying out the determination of phake |
steroid metabolites (i.e. androgen and estrogenugates, including glucuronide and sulfate
compounds; n = 25) in urine samples. These moledwge been selected based on their relevance in
the fields of chemical food safety and doping colntas well as in metabolomics studies. The
influence of urine matrix on the CCS of steroid ametites was evaluated in order to give more
confidence to current CCS databases and supparsésas complementary information to retention
time (Rt) and mass spectra for compound identificatSamples were only diluted 10-fold with
aqueous formic acid (0.1%, v/v) prior analysis. Yoah almost insignificant effect of adult bovine
urine matrix on the CCS of certain steroid metabsliwas observed in comparison with calve urine
matrix, which is a less complex sample. In additidmgh accuracy was achieved for CCS
measurements carried out over four month€ ¢S < 1.3% for 99.8% of CCS measurements; n =
1806). Interestingly, it has been observed thataip-noise (S/N) ratio could be improved at least
or 7-fold when IMS is combined with LC-MS. In addit to the separation of isomeric steroid pairs
(i.e. etiocholanolone glucuronide and epiandrosierglucuronide, as well as 19-noretiocholanolone
glucuronide and 19-norandrosterone glucuronideypgt-based ions were also separated in the IMS
dimension from co-eluting matrix compounds thatspreed similar mass-to-charge ratio/z).
Finally, based on CCS measurements and as a preohoept, 1d-boldenone glucuronide has been

identified as one of the main metabolites resuiteth boldione administration to calves.



1. Introduction

Steroids are biomolecules derived from cholest¢hat play essential roles in several biological
processes such as growth and reproduction. Consiigube analysis of steroids is of high relevance
in numerous areas such as doping control and thicpealth field including chemical food safety.
The analysis of this type of compounds is releviantthe identification of metabolic disorders,
including those related to exposures to endocriseupting chemicals (EDCs), and ultimately for
disease diagnosis [1,2]. Moreover, the use of diakteroids for improving sport performance is
forbidden by the World Anti-Doping Agency (WADA) [;3so their analysis is crucial to detect any
misuse. In the same vein, the exogenous admingstraf steroids to food producing animals and,
more specifically, the application of substancethwiormonal actions as growth promoters (e.g.
anabolic steroids) has been banned within Europkéon (EU) countries since 1988 [4,5]. Under this
context, the analysis of steroids represents a gieglenge since they encompass a wide range of
compounds, including isobaric and isomeric molexulkkhese compounds are usually present at low
concentration levels in biological samples so higkélective and sensitive analytical methods are
required for their determination. Although GC-MShe technique typically employed for the analysis
of steroids and is used in most food, anti-doping @linical laboratories, LC-MS methods have also
been implemented for this purpose [6,7]. LC-ESI-NéSespecially recommended for the direct
detection of conjugated steroids, such as thosgecklto phase Il metabolism (i.e. glucuronides,

sulfates, cysteinyl, glycine and taurine conjugei@®].

Steroids are extensively metabolized and are martyeted in urine as phase Il metabolites, mostly
in the form of glucuronide and sulfate metabolaes which comprise more than 90% of the excreted
steroidal urinary pool [10]. Phase Il steroid meldbs have traditionally been determined as free
steroids by LC-MS and GC-MS after deconjugationjciwhcan be accomplished by enzymatic or
chemical reactions [11,12]. However, new approadbeesed on the analysis of intact conjugated
steroids are currently emerging because the mamitaf phase Il steroid metabolites gives a more
complete picture of urinary steroid profiles thae measurement of total free steroids [13,14,15,16]
These novel strategies not only provide a bettéerstanding of steroid metabolism (i.e. steroidome)
and the causes of its perturbations, but can aks® o the discovery of new biomarkers for detectin
the illegal administration of steroids [17,18].

Advances in analytical instrumentation, mainly tethto improvements in resolution and sensitivity
of MS (e.g. TOF-MS, Orbitrap-MS, etc.), have alsattibuted to better knowledge of the steroidome.
Due to these instrumental enhancements, classeraid profiling strategies based on the deteatibn

a predetermined number of steroid metabolites (aegeted metabolomics) are currently being
replaced by steroid fingerprinting approaches #flatv the determination of a non-predetermined set

of molecules giving a deeper insight of the met#&®l present in the sample (non-targeted



metabolomics) [2,9]. In this regard, steroid fingémting has already demonstrated to be a powerful
strategy for biomarkers discovery in the case gfimp control [19,20] and metabolic perturbations
due to xenobiotic exposures [21]. However, compoidehtification still remains as the major
bottleneck of non-targeted analysis, not only beeadtiis a time-consuming process, but also due to
the current low number of metabolites that are unegally identified [22,23,24]. Compound
identification mainly relies on the comparison begén the observed chromatographic retention time
(Rt) and mass spectra, as well as on the informatioluded in metabolite databases such as the
Human Metabolome Database (HMDB) or METLIN [25,2Blevertheless, a wide number of the
detected features are finally not identified [2,2Zpmpound identification based on mass spectra can
be difficult if only a monoisotopic peak is detatt®r if the formation of adducts prevents
fragmentation, as well as MS/MS data may be insigffit to distinguish between different structural
isomers and/or stereoisomers. Furthermore, Rtgklhidependent on experimental conditions (i.e.
column chemistry and dimensions, mobile phase ghutibn gradient) and is affected by matrix shifts,

column loading and LC configuration (i.e. dead wodufrom tubing lengths and valves).

In the recent years, IMS has re-emerged as anta@liechnique that can be easily coupled to LC-
MS systems and provides complementary informatioméss spectra and Rt for the characterization
and/or identification of metabolites [28,29]. IM§a gas-phase technique in which ionized molecules
are separated under an applied voltage accordindpeio size, shape and charge. Drift tube ion
mobility spectrometry (DTIMS) is considered thediteonal and simplest IMS form, but other IMS
technologies are already mature or are under dewedot [30,31,32]. In DTIMS, the time employed
by the ions for passing through the mobility cék.(drift time) can be related to their rotatidpal
average collision cross section (CQ@3,according to the Mason-Schamp equation [33]. TS is

an intrinsic characteristic of each compound tlegresents the effective area of interaction between
an individual ion and the molecules of buffer gaspiyed in the drift cell (e.g. )\ He or CQ).
Unlike in DTIMS, CCS measurements cannot be diyectdrried out by other IMS techniques.
However, this structural parameter can also be areddy travelling wave ion mobility spectrometry
(TWIMS), differential mobility analyzer (DMA) anddpped ion mobility spectrometry (TIMS) after

instrument calibration with compounds of known OQ@fsler defined conditions [29,34,35].

Within this framework, several CCS databases haes beported with the aim of integrating the CCS
as an identification parameter in non-targeted bwdtemics workflows [36,37,38,39,40,41].
Nevertheless, consensus about CCS values isegjilined in order to build reference CCS libraries
that can be used globally in metabolomics studi®$. [In this sense, it is also necessary to extead
existing databases to a wider number of parent ocomgs and metabolites. Threshold criteria for
CCS measurements must also be established befigep#iameter may be accepted as an
identification parameter to support metabolomicstber type of analysis. Paglia et al. have origjna

proposed an acceptable deviation of 2% between G&ssured in samples and reference CCS
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values in databases [34,42]. Although this criteribas been applied in current LC-IMS-MS
workflows intended for food or biological analy$#3,44,45,46], a recent inter-laboratory study has
shown that the tolerance for CCS measurements eapotentially reduced to +0.5% when using
DTIMS [47]. Thus, more studies are still needed, oxdy to ensure that complex sample matrices do
not influence the drift time and, as a consequeaffect CCS measurements [48,49], but also to

validate or reduce the threshold of £2% currentiyepted for CCS measurements.

In addition to CCS values, IMS also involves adiseparation dimension when analyses are carried
out in LC-IMS-MS systems [29]. IMS has shown tovieey effective for the separation of isobaric and
isomeric compounds based on their CCS as well asthfe isolation of analyte signals from
background noise [50]. Therefore, method selegtiaitd sensitivity are improved. In this sense, only
a few studies have reported the advantages of tvighé analysis of steroids. For example, Ahonen et
al. have demonstrated the feasibility of IMS-MS tbe separation of steroid isomers after their
derivatization with p-toluenesulfonyl isocyanate [51]. Although the gegian of native steroid
isomers was not achieved because they exhibiteilasi@CSs, the further study of a larger set of
steroids has highlighted that some pairs of stersdners can be separated based on their CCS
differences, such asgfndrostane-3,17-dione and:-8ndrostane-3,17-dione [39]. IMS was also
shown to enhance the sensitivity achieved by dabsiC-MS methods intended for the analysis of
testosterone and epitestosterone glucuronidesirie samples [52]. Cleaned-up chromatograms, and

consequently greater S/N, were obtained when applyC-IMS-MS instead of merely using LC-MS.

Based on the considerations above, this work ptesba potential of IMS for improving the analysis
of phase Il steroid metabolites by LC-MS in adulvine and calve urine samples. The reproducibility
of the measured CCS of 25 glucuronide and sulfad¢abolites of androgens and estrogens was
studied over four months in order to evaluate tifieceof the matrix on this molecular charactedsti
and establish threshold criteria for applying theéSCas identification parameter in metabolomics. The
clean-up effect achieved on chromatograms by ttegiation of TWIMS in the LC-MS workflow is
also discussed in terms of sensitivity and selggtiimprovement. As a proof of concept, the
advantages of using IMS in non-targeted metabolsraie also demonstrated by the use of the CCS
for the identification of one of the main metabeditresulted from the exogenous administration of
boldione to calves.

2. Experimental
2.1 Chemicals and reagents

All  reference steroids including testosterone gfooide, epitestosterone glucuronide,
dehydroepiandrosterone (DHEA) glucuronide, etiogholone glucuronide, epiandrosterone
glucuronide, boldenone glucuronide, 19-nortestoskerglucuronide, estradiol f-glucuronide, 1j-

estradiol 3-glucuronide, estradiol diglucuronid®;rbretiocholanole glucuronide, 19-norandrosterone
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glucuronide, testosterone sulfate, epitestostesaifate, epiandrosterone sulfate, androsteronatsullf
DHEA sulfate, Bb-androstan-8,17B-diol 17-sulfate, boldenone sulfate, 19-nortestraste sulfate,
estradiol 1p-sulfate, 1B-estradiol 3-sulfate, WFestradiol 3-sulfate, estrone 3-sulfate, and ds&io
sulfate were acquired from Steraloids (Newport, BBA). Each steroid stock solution was prepared
at 100 pg mt in ethanol. Working standard solutions (10 pghnwere prepared by the dilution of
stock standard solutions in methanol. Standardisokiwere stored in amber glass vials at -20°C.

Acetonitrile and propan-2-ol (LC-MS Chromasolv® dea were supplied by Sigma-Aldrich (St.
Louis, Mo, USA). Water (HiperSolv Chromanorm® foPHC) was provided by VWR International
(West Chester, PA, USA). Formic acid (eluent additfor LC-MS) was acquired from LGC
Standards GmbH (Wesel, Germany). A solution of wodiormate (0.5 mM in 90/10 (%, v/v) propan-
2-ol/water) was used for mass calibration. MS catibn solution was prepared from sodium
hydroxide (1 M, Fisher Chemic#l) and formic acid (Promochem®) supplied by Fisherestific
(Loughborough, UK) and LGC Standards (Wesel, Gegnarespectively. CCS calibration was
carried out using the Major Mix IMS/TOF Calibratidfit from Waters® (Manchester, UK). A
solution of leucine-enkephalin (2 pg MLin 50/50 (%, v/v) water/acetonitrile solution ¢aiming
0.2% (v/v) of formic acid) was used as a lock matmdard. Leucine-enkephalin standard was
acquired from Waters®.

2.2 Sample preparation

Bovine (i.e. adult animals) and calve urine samgles= 4 and 5, respectively) were analyzed
throughout this work. These urine samples wereadlrestored at the biobank of LABERCA, so this
research work did not imply any animal experim&amples were defrosted at room temperature and
subsequently prepared according to ‘dilute-and-shmocedures [53]. Briefly, urine samples were
submitted to centrifugal filtration for 10 min at0® rpm and 15°C using centrifugal filters
(polyethersulfone membrane, molecular weight citedéfl0 kDa), which were acquired from VWR
International. After filtration, samples were spikat 2 pg mL* with working standard solutions and
submitted to 10-fold dilution with 0.1 % (v/v) agques formic acid. Initially, thé"CCS\, of steroids
was measured in different calve urine samples % that were directly fortified prior to their dtion

and further analysis. After the first week of expents, urine samples from four calves and onetadul
bovine were filtered, spiked at 2 pg thivith the standard solution mixture, homogenized kept at
-20°C. Over the following four months, aliquots £n7) of these samples were brought to room
temperature, submitted to 10-fold dilution and dine injected into the LC-IMS-MS system. In
addition, other adult bovine urine samples (n w&je punctually processed as described above and
analyzed. In general, samples were spiked with amdsird solution containing six androgen
glucuronides (i.e. testosterone glucuronide, efustsrone glucuronide, DHEA glucuronide,

etiocholanolone glucuronide, epiandrosterone glumidie, boldenone glucuronide), six estrogen



glucuronides (i.e. 19-nortestosterone glucuroniéstradiol 1p-glucuronide, 1p-estradiol 3-
glucuronide, estradiol diglucuronide, 19-noretidelnole glucuronide, 19-norandrosterone
glucuronide), seven androgen sulfates (i.e. testoseé sulfate, epitestosterone sulfate, epiandorste
sulfate, androsterone sulfate, DHEA sulfatesabdrostan-3,17p-diol 17-sulfate, boldenone sulfate),
and six estrogen sulfates (i.e. 19-nortestostesaifate, estradiol J¥#sulfate, 1B-estradiol 3-sulfate,

170-estradiol 3-sulfate, estrone 3-sulfate, estrisliate) at a concentration of 2 pg fih urine.
2.3 Liquid chromatographic separation

A LC method previously developed in our laboratargs applied in this work [18]. An Acquity
UPLC® System from Waters® was used to perform metiphase liquid chromatography on a C18
column (Acquity UPLC® BEH C18, 2.1 x 100 mm, 1.7 uWaters®). Separations were carried out
at 50°C under gradient elution conditions. Mobilage was supplied at a flow rate of 0.6 mL tin
and consisted of 0.1% (v/v) aqueous formic acidvésd A) and acetonitrile containing 0.1 % (v/v) of
formic acid (solvent B). The following gradient gram was established for mobile phase
composition (A:B, v/v): 95:5 between 0 and 0.3 n&id;46 at 9.6 min, 0:100 from 10.5 to 12.5 min,
and 95:5 from 13 to 16.5 min.

2.4 lon mobility-mass spectrometry operation conditionsand calibration

IMS-MS analyses were performed on a hybrid quada4p®VIMS-TOF-MS instrument (Synapt G2-

S HDMS, Waters®) equipped with an ESI interfacemplas were analyzed under both ESI+ and
ESI- modes. Nitrogen was used as both cone andvdéisn gases at flow rates of 50 and 1000%,. h
respectively. Nebulizer pressure was fixed at 0. ISource and desolvation temperatures were
established at 150 and 350°C, respectively. Cottage and source offset were set at 31 and 40 V,
respectively. Capillary voltage was fixed at 2.9 &h0 kV for ESI- and ESI+ mode, respectively.
Regarding IMS conditions, nitrogen was used as arap IMS buffer gas at flow rates of 0.2 and 100
mL min™, respectively. The flow rate of the helium cellsaset at 180 mL mih In the trap cell, wave
velocity and height were established at 311 naisd 4.0 V, respectively. In the case of the transf
cell, these parameters were set at 219" rargl 4.0 V, respectively. IMS DC bias and trap O&sb
were set at 3.0 and 47.0 V, respectively. For asalycarried out under ESI+ mode, IMS wave
velocity and height were fixed at 1000 thand 40.0 V, respectively, whereas these parametenes

set at 550 msand 40.0 V when the system was operated in EStlem@uadrupole resolution was
established to 12.5 for MS/MS analyses.

MS data were acquired in the rang& 150-1200 at 2.5 Hz. The TOF analyzer was operatéxigh

resolution mode. Lock mass standard was suppli@0 at. miri* and MS data was acquired each 15 s
at 5 Hz (3 scans to average). LockSpray capillattage was fixed at 3 kV and 2.5 kV for ESI+ and
ESI- modes, respectively. A maximum tolerance ofpp@h was established for the identification of

ions based on mass accuracy. CCS calibration wésrped as previously described [34]. In positive
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ionization conditions, CCS calibration curves c@deanvz range between 195 and 1013, and a CCS
range from 138 to 306 ?AIn negative conditions, CCS calibration curvesered am/z range from
318 to 1082 and a CCS range from 130 to 322 A

2.5 Data analysis

Chromatograms as well as mass and mobility speetr@ analyzed using MassLynx (version 4.2,
Waters®) software that includes Drifscope (vers208) software and allows to obtain data related to
the CCS of ions.

3 Results and discussion

In 2017, we developed the first lar§ECCSy, database for steroids because the lack of datlimse
view as the main drawback for the integration df tmolecular characteristic in metabolomics
workflows for peak annotation [39]. For the creatmf this database, steroid standards were analyzed
by ESI-TWIMS-TOF-MS and the CCS of detected molacubns was measured in triplicate. As a
proof of concept, the CCS of the protonated mokeafl nandrolone was also measured in urine
samples. In this sense, urine matrix did not showy effect on its CCSACCS = 0.2%). Deeper
insight is still needed to discard any effect ot tmatrix on CCS measurements taking into
consideration that first studies about this topi @ow beginning to be reported [43,48]. In additio
more studies are required before being confidetlhénuse of CCS databases for the identification of
compounds, especially for those molecules that maglve legal actions such as the analysis of
steroids in the fields of antidoping and chemicald safety. In order to reinforce the applicatidn o
our CCS database for steroids identification, tiES®f glucuronides and sulfate conjugates (n = 25)
was examined in presence of different urine sammpkes four months (n = 9-10). Under this context,
it is also shown the improvement on sensitivity aedectivity achieved by the implementation of
TWIMS in a LC-ESI-TOF-MS method intended for theabsis of phase Il steroid metabolites.
Finally, a practical approach is presented in otdenighlight the benefits of including IMS in non-

targeted workflows.
3.1 Robustness of CCS measurements in urine samples

In this work, different urine samples were seledtedrder to evaluate the influence of this matix
the CCS of steroid conjugates. Samples were tremtedfortified with a steroid mixture standard
solution at 2 pg mt in urine according to the procedure describeBention 2.2 This concentration
level ensured that all steroids were detected ubdén ESI+ and ESI- modes. Despite conjugated
steroids are usually analyzed in negative ionirathonditions because it provides higher signal
sensitivity [15,18], sample analysis was also genfed in positive mode with the aim of carrying aut
more comprehensive study of the CCS of steroidgrime matrices. Moreover, the published CCS

database for steroids does not include informatideted to the negative ionization of androgens. On



the other hand, urine samples were diluted 10¥elidre their analysis by LC-ESI-TWIMS-TOF-MS
in order to reduce and/or avoid the matrix effégfeaing the ionization of steroids. In addition to

fortified samples, blanks of each urine samplestaddard solutions were also analyzed.

Standard solutions were used as quality controlaend part of internal reproducibility studies ifior
house validation of the CCS database for stero8$y. [Selected steroid standards have been
characterized in terms of CCS over four months €dsurements for each steroid) and compared with
the ™WCCS\, values reported in the database. In total, 297 @€&surements were carried out taking
into account positive and negative ionization ctods. Differences between the mean measured
™cesy, values and théVCCS\, values in the database were lower than 0.9%. Tressets fully

fall within the threshold of 2% widely applied tdCS measurements [34,49], showing the robustness
of the database over the time. Consequently, therted CCS database was used with confidence for
the CCS characterization of steroids in presencéiatbgical matrices. Initially, thé"/CCS\, of
steroids was measured in different calve urine $snm = 5) that were directly fortified at 2 ug L
prior to their dilution and further analysis. Aftire first week of experiments, urine samples ffoor
calves and one adult bovine were filtered, spiketha same concentration level, homogenized and
kept at -20°C. Aliquots (n = 7) of these samplesenteeated and analyzed within the following four
months with the aim of obtaining a more detailesion of the interactions between the matrix and
these metabolites as a function of time. In thisseg some interactions between phase Il metabolites
and other urine components cannot be evident inpksmthat are spiked just before analysis.
Moreover, the performance of CCS measurements timer was also pursued in order to take into
account the influence of the system calibratiortt@nanalytical response when using TWIMS for the

analysis of real samples as well as any variatétated to instrument/laboratory conditions.

Table 1 shows the"CCSy, value of the most intense ion identified for eatéroid under positive
and negative ionization conditions. The CCS of phhsandrogen metabolites analyzed in negative
mode is reported for the first time, which involvegending the current information available about
the CCS characterization of steroids [38,39,54,B5].previously observed for estrogen compounds
[39], the ™CCSy, is similar for the protonated and deprotonatedetues of androgens presenting
both species under ESI+ and ESI- conditions, rdis@dg Surprisingly, the [M+H] ion of
epitestosterone glucuronide possessBYGCSy, much smaller than its related [M-Hpn (i.e. 206.0

A? and 218.5 A respectively). In comparison to its epimer (iestosterone glucuronid@able 1), it
seems that this molecule compacts when is protdn&ensequently, it provides evidence justifying
why the protonated species of epitestosterone gho@de is more compact than other steroids

presenting similam/z [39].

CCS differences within the range +0.50% were oleserior the averaged”CCSv, of steroid

metabolites in urine samples compared to tECS\, values reported in the databa3algle 1),



except for DHEA sulfateACCS = +0.51%), &androstan-3,17B-diol 17-sulfate ACCS = +0.64%)
and estriol 3-sulfateACCS = +0.84%) analyzed in positive mode. Therefarse matrix does not
seem to have any relevant influence on the CCSha$e Il steroid metabolites. Such conclusion was
also previously reported for other compounds anttioes [43,48]. Nevertheless, important results
can be obtained when the CCS measurements forceamghound in urine are examined in detail. In
total, 1806 CCS measurements were carried outgakto account the humber of analytes studied,
the number and type of urine samples that wereyaealwithin four months, and both negative and
positive ionization modes. High accuracy was gdlyeaghieved for the measurement of &€ CSy,

of the vast majority of steroid ions. As indicaiad=igure 1A, more than 77% of CCS measurements
matched the databaS&CCSv, values within +0.50% error, whereas only 1.4%haf tases presented
a CCS difference greater than £1.00%. Hence, thesliold of +2% currently accepted for CCS
measurements may be quite conservative as sugdmstegueiro et al. [48], and it could potentially
be decreased. In our case, only two determinatwas the total number of CCS measurements led to
CCsS differences greater than £1.30%, and one dgtation gave a false negative result even
applying the threshold of £2%-igure 1B). It was related to the analysis in negative mafdestradiol
3-glucuronide in one adult bovine urine sample egikat lower concentration level than the
fortification level applied to the other studiedrgdes (i.e. 0.2 pg mtvs. 2 ug mr). Since leucine-
enkephalin was used as lock mass and can potgribalused as lock CCS, its drift time/CCS was
monitored during the analysis and no variabilityswabserved ACCSax = -0.5%, RSD = 0.4%).
Consequently, the application of the lock CCS did avoid the false negative result related to
estradiol 3-glucuronide. The further analysis dfestadult bovine urine samples (n = 3) spiked with
estradiol 3-glucuronide at 0.2 pg thconfirmed that the observed CCS deviation (i.0%3 was the
result of a specific analysis rather than due tp iafluence of the matrix or the concentration leve
evaluated. Based on our results it can be statddfdlse negative results for CCS measurements are
almost negligible (< 1%) but they can occur evermhpplying a wide threshold such as 2%.

Based on our results, we propose that the thresholéntly accepted for CCS measurements can be
reduced from +2.0% to at least £1.5% as a firstnafit to implement the CCS as determination
parameter, although further decisions taken shbaldidely adopted by the scientific community. In
this regard, more studies are required, not ontyidentifying and avoiding any potential not yet
described matrix effects on the CCS of analytesatao for guaranteeing the reliability and premisi

of the CCS databases reported. Long-term and lisberatory assays are highly needed for achieving
this purpose. High precision has been observethtomajority of CCS measurements of steroid ions
as discussed above and shown Figure 1C for the deprotonated molecule of estradiol 17-
glucuronide. Thus, it provides confidence in Y€ CSv, values of the database for steroids. On the
contrary, the precision related to the CCS measainemf other molecular ions can still be improved

if the ™CCSy, values from the database are corrected by takimg account the additional
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measurements carried out through this work. Fomgie, Figure 1D shows that théCCSy, value
reported for the [M-H+2Na]species of estriol 3-sulfate was slightly undeénested in comparison to
these last measurements, although they matchedathbase value (i.8'CCSv, = 212.3 &) within

+2.0% error.

Table S1(in Supplementary Information, Sl) includes thevd&CCSy, values that should be applied
in further studies for the identification of phaldesteroid metabolites based on th&ffCCS\,. In
general, these new values differ by less than f.€rdkn published database values (i.e. in terms of
relative CCS differences, see equation in FigureDifferences equal or greater than 1.0 de
observed in some cases, such as for the deprotbmetkecule of estradiol diglucuronida@CS = -
1.0 A9), the sodium adduct of DHEA glucuronide and epiastirone glucuronideACCS = 1.0 and
1.2 A% respectively), the protonated molecule of boldensulfate §CCS = 1.0 A) and the [M-
H+2Na] species of DHEA sulfate g5androstan-&,178-diol 17-sulfate and estriol 3-sulfataGCS =
1.1, 1.4 and 1.8 A respectively). For compounds presenting a CC200fA, a difference of 1.0 A
involves a CCS deviation of £0.5%. As a consequef¢eES values reported by current and further
databases have to be as precise as possible in trdearrow the thresholds applied to CCS
measurements. It must be taken into account thall siifferences normally exist between the CCS of
two molecules presenting equal or simitalz, so a wide acceptance threshold could probabty tea

wrong peak assignments either in targeted or nayeted analysis.

Furthermore, despite the influence of the matrixtoe CCS of analytes seems to be negligible, their
characterization in terms of CCS in a broad vargdtynatrices is required for improving the accuracy
and confidence of the CCS values reported by datsbaAs shown by the protonated molecule of
boldenone sulfate, slight differences are obsemedts "VCCSv, depending on the type of urine
(Figure 1E). Smaller™'CCSy, is obtained in presence of adult bovine urine tinacalve urines. The
same effect is also observed for other sulfate ugaips Figure S1, Sl). In these cases, peak
saturation was not shown and neither peak intem&ity lower in one matrix than in the other. Adult
bovine urine is a more complex matrix than calvieeibased on their total ion chromatogram (TIC).
We hypothesize that the presence of an increasegdpulation in the drift cell for adult bovine nei
could lead to Coulombic repulsion, affecting ionbitity measurements [56].

3.2 Sensitivity enhancement by ion mobility spectromety

One of the main advantages of the integration o6 IM LC-MS workflows is that applying drift
time/CCS filter to the acquired data enables aralyb be isolated from the chemical background
noise, thus improving method sensitivity [32]. Diégsplifferential ion mobility (DMS) and high-field
asymmetric waveform ion mobility spectrometry (FA®Mact as real signal filters, TWIMS has also
demonstrated to reduce the background noise whabiced with LC-MS [52]. As a result, cleaned-
up ion chromatograms are obtained, peak integraticiacilitated and S/N is generally improved.
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Figure 2 andFigure S2(Sl) include several examples in which a clean-figce is achieved in the
extracted ion chromatograms (EICs) when the mghbikigion of the analyte is applied as a signal
filter. In general, signals close to the LOD (S/N3¥ were obtained for the analysis of estradiol
diglucuronide Figure 2A), boldenone glucuronide-igure 2C), estriol 3-sulfate Rigure 2E), and
boldenone sulfateF{gure S2A, Sl) in urine samples when the entire drift tinaemge or mobility
region was selected for the EICs. However, S/N wagsroved from 2 to 7-fold by selecting the

mobility region of targeted analytes.

In addition, calve urine samples were spiked wiliccgronide and sulfate conjugates at different
concentration levels (n = 7). The following concatibn levels were selected depending on the
analyte: 25, 50, 100, 250, 375, 500 and 750 fidok androgen glucuronides and 50, 100, 200, 500,
750, 1000 and 1500 pg'lfor the other phase Il steroid metabolites. Samplere analyzed by LC-
ESI-TWIMS-TOF-MS and LC-ESI-TOF-MS in negative modéhe same LC and ESI conditions
were established for both analytical methods. @nctintrary, some parameters related to the IMS-MS
system were modified. When the system was opemt®b instead of IMS-MS, the flow rate of the
trap buffer gas was increased from 0.2 to 2.0 mih'rfor achieving ion transmission. Moreover, trap
DC bias was decreased from 47.0 to 3.0 V in ordeetiuce ion fragmentation. Lower sensitivity is
normally attributed to IMS-MS methods in comparidgonMS methods due to low ion transmission
[52], although in the last years several instrukemprovements has been done for overcoming this
inconvenience [57]. In our case, sensitivity was decreased when steroids were analyzed by LC-
IMS-MS in comparison to the results obtained by MS- In some cases, lower sensitivity was
unexpectedly achieved by LC-MS than by LC-IMS-MSg(re S3, S). The further optimization of
other instrumental parameters would probably imerdke sensitivity provided by the LC-MS

method, but this was beyond the scope of this work.

All analytes were characterized applying the foilogvcriteria: Rt 0.1 min, accuratevz + 10 ppm,
and CCS # 1.5%. When comparing to tHR€CS\, values included ifable S1(Sl), a CCS deviation
within a range of +1.1% was obtained for all molecions characterized. It highlights the robustnes
of the CCS as identification parameter regardlessipound concentration. In general, a linear
response between signal intensity and concentrégia was observed in LC-ESI-TWIMS-TOF-MS
for all analytes, showing wide dynamic rang€éable S2(Sl) includes the regression curve obtained
for each steroid metabolite. Smaller dynamic rawgs obtained for 19-nortestosterone glucuronide,
estradiol diglucuronide, estradiol 17-sulfate, dnfd-estradiol 3-sulfate. In these cases, the highest
concentration level (1500 pg')was out of the linear range. In the case af-&3tradiol 3-sulfate, the
lowest concentration level (50 pghLresulted in an analytical signal below the LOQN(S 10), but
above the LOD when the mobility region of this campd was selected as signal filter. Thus, a clean-
up effect on the chromatogram was achieved andtséyswas improved by the integration of IMS

in the LC-MS workflow Figure 3). Due to the same clean-up effect, the signalsioétl for 19-
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nortestosterone glucuronide, estradiol diglucurenahd estrone 3-sulfate at 50 ng ‘mlere
improved and, as a consequence, S/N greater thérelQOQ) was reached in these caségure 3
andFigure S2, Sl). Signals above the LOQ were generally aclidiee the other metabolites at the
lowest concentration level assayed even withowgctiely the mobility region. However, S/N was
always increased at least 2-fold when the selectfdhe mobility region of the analyte was appled

signal filter as shown for boldenone sulfatd-igure 3.

Despite a more exhaustive validation is still regdifor the implementation of the LC-ESI-TWIMS-
TOF method proposed for the determination of phiasteroid metabolites in urine (i.e. repeatability
and reproducibility studies, etc.Jable S2 also includes the LODs that were calculated as the
minimum analyte concentration yielding a S/N egtmlthree. S/N was estimated based on peak
height. LODs ranged between 1.7 and 12.5 figelxcept for 1d@-estradiol 3-sulfate (LOD = 60.0 ug
L"), which shows the potential of this method for tlet¢ection of these substances at biological levels
[52]. In this work, samples were only submittedhtailute-and-shoot’ protocol. Nevertheless, sample
treatment methods such as SPE, which are usugllijedpin steroid analysis and usually involve
sample concentration [15,18], can be applied faraasing method sensitivity and reaching lower
LODs. In addition, for improving signal sensitivitfOF system can also be operated in sensitivity
mode instead of high resolution mode as it wasaipdr

3.3 Selectivity enhancement by ion mobility spectromeir

In addition to the sensitivity improvement achieveg TWIMS, its integration in the LC-MS
workflow also provides a third separation dimendiowhich compounds are separated based on their
CCS. The main drawback of current TWIMS technoltgyyelated to its low resolving power (max.
CCSACCS~= 40; max.ACCS = 2.5% for CCS = 20tF). However, advances are continuously taking
place in the field, and other IMS instrumentatiamrently allows to accomplish separations of
analytes differing by 0.5% in CCS [58]. Under tb@ntext, the deprotonated molecules of testosterone
sulfate ("CCS\, = 189.5 K) and epitestosterone sulfaf®’CCSv, = 191.1 &) could be potentially
separated since both ions present a CCS differgmeeger than 0.5%. In our case, as showhRiyre
S4(Sl), only those isomeric steroids in urine samgeesenting a large CCS differena€CS > 4%)
were separated by TWIMS such as etiocholanoloneughmide {CCSv, = 206.9 &) and
epiandrosterone glucuronide’CCSy, = 221.4 K) as well as 19-noretiocholanolone glucuronide
("ceCsy, = 204.2 K) and 19-norandrosterone glucuroniddGCSy, = 213.5 K). Despite both
steroid pairs were also separated by L@;noretiocholanolone glucuronide and 19-norandrosie
glucuronide presented a difference in Rt lower tBdh min. It must take into account that the LC
method implemented in this work was specificallyeleped for the separation and detection of phase
Il steroid metabolites [18]. Therefore, it may bepected that both metabolites could not be
chromatographically separated whenever a more igeh€r method as those used in metabolomics
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would be applied, thus hindering their identificaiti This fact justifies the need to explore orthwajo
and complementary tools to LC for improving analggaration and method selectivity.

The improvement on selectivity provided by TWIMSalallows to separate targeted analytes from
co-eluting matrix compounds that present similafz, thus improving peak integration and
guantification process. As shown kigure 4, testosterone glucuronide co-elutes with an isitin
urine component which also presentsna within the nvz 463.2 - 463.3 range. Nevertheless, this
matrix peak is avoided when the mobility range bé tdeprotonated molecule of testosterone
glucuronide is selected. Furthermore, a high irdepsak related to urine matrixnwg 413.2299)
presents a similar Rt than testosterone sulfatas@juently, the [M-H+2N&]species of this analyte
(m/z 413.1369) can barely be detected due to its laensity Figure 5S Sl). In this case, the
selection of its mobility region allows to isoldtes ion from other molecular species and, as alties
achieving a cleaned-up chromatogram where its e@lathromatographic peak can be perfectly
identified. Figure 5 and Figure 6S (SI) represent the two-dimensional IMS-MS spectnasulted
from the analysis of androgen glucuronides in atholine urine in negative and positive mode,
respectively. As can be observed, analytes areaeplafrom matrix compounds in the ion mobility
dimension as well as some isomeric pairs (e.gosestone and epitestosterone glucuronides in
positive ionization conditiongiigure 6S Sl).

3.4 Towards the implementation of IMS for the non-targe¢ed analysis of steroid

As discussed above, the integration of IMS in LC-B\&tems increases detection sensitivity and
selectivity as well as provides a novel parameter dompound identification (i.e. CCS). These
advantages may enhance the performance characweradt analytical methods intended for the
targeted analysis of steroids but, undoubtedlyl, imibrove non-targeted approaches outcome. In non-
targeted methods, compound identification is uguedirried out based omvz spectra from public
databases. However, compound identification carglgton Rt if standards are not available because
LC methods can suffer slight variations within ledtories. Within this framework, CCS has huge
potential for supporting compound identificationisl an intrinsic characteristic of each molecuid,a

in general, does not depend on experimental camditiexcept from the drift buffer gas. As an
example, a non-spiked adult bovine urine sample aradyzed according to our LC-TWIMS-MS
workflow for steroid analysis. Under the context sitroid analysis, three peak signals, which
presented a S/N greater than 3 (i.e. LOD), coultally be assigned to etiocholanolone and/or
epiandrosterone glucuronides since these signalsheth their exact monoisotopic massVZ
465.2483) within + 5 ppm erroFigure S6 Sl). Applying CCS criteria (i.6YCCS\, + 1.5), only one
signal could be attributed to etiocholanolone giocide whereas any of the other two peaks could be
assigned to epiandrosterone glucuronide. In oug, q@sak assignment was finally supported by Rt (+

0.1 min) since these steroid standards were almilalour laboratoryFigure S7(Sl) shows the EIC
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(m/z 465.2) obtained from the analysis of the urine @anfortified with both glucuronide conjugates
(0.2 ug LY. The presence of epiandrosterone glucuronidéénsample was finally discarded based
on its Rt, whereas the presence of etiocholanotpuneuronide was confirmed. At this point, other
information such as fragmentation and isotopicquatt could also be applied for a more confident

peak assignment.

As a real application, urine samples collected ficatves exposeger os to boldione were analyzed
by LC-TWIMS-MS. Boldione is an active precursor ladldenone, which is a popular steroid for
misuse [59]. Concluding on boldenone misuse inslivek requires metabolism investigations to
highlight relevant markers such as phase Il metiaso]60]. In urine sample collected one day after
boldione administration, at Rt of 7.2 min, a peanal presentingn/z 461.2181 andn/z 463.2328
was detected when samples were analyzed in negatidepositive mode, respectivellfigure 6).
Both signals were attributed to the deprotonatedi@otonated molecules of boldenone glucuronide,
respectively, with a mass accuracy tolerance op®.pMS/MS experiments in positive mode were
carried out for confirming the presence of this @cale in urine samples. For these analysig,463

was selected in the quadrupole and 20 V was estadias transfer cell voltage. In addition to the
precursor ion (i.e. [M+H), two fragments were also identified, [Mi€Os+H]" (m/z 287.2006) and
[M-H,0-CsHgOs+H]" (m/z 269.1900), which were also previously detectedi® experiments. The
loss of the glucuronide group confirmed the presenita boldenone conjugate but this information
was not enough to confirm if this compound was1f& or 17-boldenone glucuronide form. Based
on CCS measurements, the presence pfabldenone glucuronide was discarded because it$]{

and [M-HJ species present similar CCS (217.0 and 218, 3dspectively). On the contrary, a CCS
difference of 4.9% was observed between the CC&hefions detected under both positive and
negative mode. Consequently, the chromatograprak pas tentatively assigned tootGoldenone
glucuronide, mainly based on mass spectra, butsalgported by CCS measurements. This metabolite
has previously been pointed as a suspicious bicgnaok the illegal use of boldenone [9,61].
Furthermore, it is not surprising that the protedatolecule of la-boldenone glucuronide could be
more compact than its deprotonated molecule. Adioreed above, the same effect has been observed
for epitestosterone glucuronide, in which the gtocide group is also in position d.7Finally,
samples were spiked with -boldenone glucuronide (2 pg M) for reinforcing our results. As
shown byFigure 6, the peak related to fg-boldenone glucuronide and the tentatively atteduto
17a-boldenone glucuronide present different Rt. Inifpesmode, both peaks are also separated in the
mobility dimension based on their CCS differerig(re S8 SI).

4 Concluding remarks

The recent commercialization of IMS-MS instrumeistgroviding new opportunities to extend the

current boundaries of targeted and non-targetedysina Nevertheless, more studies about the
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robustness and advantages provided by this teamaoe still required before it can be fully
implemented in analytical laboratories, especidlly those applications that can involve legal

consequences.

In this context, this work shows that CCS can bedusith confidence for the identification of phdke
steroid metabolites in addition ta’zand Rt. In general, this molecular characteriséis not shown to

be influenced by urine matrix. If any effect wassetved, it did not lead to CCS deviations above the
threshold currently accepted for CCS measuremémtsGCS + 2%). Considerinf’CCSy, values
from a published database, high accuracy was agdor CCS measurements over time (i.e. within
four months), sincACCS < 1.3% was observed in the majority of the £aBased on our results, the
feasibility of reducing the threshold from 2% to laaist 1.5% for CCS measurements increases.
Obviously, this issue requires a deep discussiahinvithe ion mobility community, and several
aspects such as the related increase of falseivegasults should be considered before considering
such parameter as additional new identificatiotedd, in the current context of Dec 2002/657/EU
revision. On the contrary, keeping a wide threshsldh as 2% can involve high number of false
positive results since molecules with the samie normally present similar CCS. Normalized CCS
databases are required for a deeper evaluatidreaddcuracy of CCS measurements that should lead
to a consensus decision about reducing this thigesiile CCS characterization of compounds in
different matrices by different IMS technologiesdanvolving inter-laboratory studies, is view agt
first step to create normalized CCS databases. eqoestly, it brings new opportunities of
collaboration within the ion mobility community arits related application areas. In our case, the
validation of our CCS database for steroids by DS$lEind TIMS is within the framework of our
current perspectives.

In addition, the implementation of TWIMS in LC-MSovkflows is a potential strategy to improve
method sensitivity. The selection of the mobiliggion of targeted analytes reduces background ,noise
providing cleaned-up chromatograms and, consegyegriater S/N. In the case of phase Il steroid
metabolites in urine samples, sensitivity was imptbbetween 2 and 7-fold. TWIMS also provided
higher selectivity, not only by improving the segtéozn of isomeric steroids but also by allowing the
separation of analytes and co-eluting matrix compsu Therefore, TWIMS has shown that its
integration in LC-MS methods can improve analytiggrformance characteristics such as peak
capacity or LODs, without being extremely limited the dynamic range provided. This approach is
very useful in the case of steroid analysis sifmsé compounds are present at low physiological
concentration levels and are constituted by a wadge of isobaric and isomeric compounds.

From our point of view, we are still in the earbages of the implementation of IMS-MS in routine
analysis either in targeted or non-targeted methddsertheless, it offers great opportunities sasia

novel identification parameter as well as sensitiend selectivity improvements. Evidently, non-
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targeted approaches such as metabolomics will rolliggher benefit from this technology. The
number of detected peaks can be increased and gssagnment can be carried out with more
confidence as shown by the tentative identificatibd 7a-boldenone glucuronide in urine samples as

one of the metabolites resulted from the admirtistnaof boldione.

Acknowledgments:M.H.-M. wishes to express his appreciation to Fei@aRamon Areces (Spain)

for a postdoctoral fellowship.

References

[1] M.J. Gouveia, P.J. Brindley, L.L. Santos, J.®brreia Da Costa, P. Gomes, N. Vale, Mass spectrgme
techniques in the survey of steroid metabolitepaiential disease biomarkers: A review, MetabolB2r(2013)
1206-1217.

[2] F. Jeanneret, D. Tonoli, M.F. Rossier, M. SauyBoccard, S. Rudaz, Evaluation of steroidorhicéiquid
chromatography hyphenated to mass spectrometry @svarful analytotal al strategy for measuring homa
steroid perturbations, J. Chromatogr. A 1430 (2@I6)112.

[3] World Anti-Doping Agency (WADA), The 2018 prdbited list. Montreal: World Anti-Doping Agency,
2018.

[4] Council Directive 88/146/EEC of 7 March 198®hibiting the use in livestock farming of certaubstances
having a hormonal action, Off. J. Eur. Communiti&® (1988) 16-18

[5] Council Directive 96/22/EC of 29 April 1996 coerning the prohibition on the use in stockfarmifigertain
substances having a hormonal or thyrostatic actiwh of beta-agonists, and repealing Directives BUBEC,
88/146/EEC and 88/299/EEC, Off. J. Eur. Communiti®5 (1996) 3-9.

[6] C. Shackleton, Clinical steroid mass spectropnefA 45-year history culminating in HPLC-MS/MS
becoming an essential tool for patient diagnosiStdroid Biochem. Mol. Biol. 121 (2010) 481-490.

[7] J. Marcos, O.J. Pozo, Current LC-MS methods pratedures applied to the identification of neersid
metabolites, J. Steroid Biochem. Mol. Biol. 16218p41-56.

[8] J. Rodriguez-Morato, ©.J. Pozo, J. Marcos, &ng human urinary metabolome by LC-MS/MS: a revie
Bioanalysis 10 (2018) 489-516.

[9] Z. Kaabia, J. Laparre, N. Cesbron, B. Le Biz8cDervilly-Pinel, Comprehensive steroid profilibg liquid
chromatography coupled to high resolution masstepeetry, J. Steroid Biochem. Mol. Biol. 183 (2018)6-
115.

[10] J. Robles, J. Marcos, N. Renau, L. Garroslassegura, R. Ventura, B. Barceld, A. Barceld, ®gzo,
Quantifying endogenous androgens, estrogens, pmefpree and progesterone metabolites in human umyne
gas chromatography tandem mass spectrometry, aal&8t(2017) 20-29.

[11] C. Ayotte, Detecting the administration of egenous anabolic androgenic steroids, in: D. Thjefe
Hemmersbach (Eds), Doping in Sports: Biochemicelgiples, effects and analysis, Springer, Berlidl@, pp.
77-98.

[12] C. Gomez, A. Fabregat, 0.J. Pozo, J. MarcoSedura, R. Ventura, Analytical strategies basednass
spectrometric techniques for the study of steroédaimolism, TrAC Trends Anal. Chem. 53 (2014) 106-11

[13] S. Anizan, D. Di Nardo, E. Bichon, F. Montedl, Cesbron, J.-P. Antignac, B. Le Bizec, Targgibdse Il
metabolites profiling as new screening strategynt@stigate natural steroid abuse in animal bregdinal.
Chim. Acta 700 (2011) 105-103.

[14] E. Tudela, K. Deventer, L. Geldof, P. Van EendJrinary detection of conjugated and unconjugated
anabolic steroids by dilute-and-shoot liquid chrémgaaphy-high resolution mass spectrometry, Drugt.Te
Analysis 7 (2015) 95-108.

17



[15] G. Balcells, O.J. Pozo, A. Esquivel, A. Kataulas, J. Joglar, J. Segura, R. Ventura, Scredoiranabolic
steroids in sports: Analytical strategy based @ndétection of phase | and phase Il intact urimagyabolites by
liquid chromatography tandem mass spectrometi@hdomatogr. A 1389 (2015) 65-75.

[16] M. Doué, G. Dervilly-Pinel, K. Pouponneau, Monteau, B. Le Bizec, Analysis of glucuronide amntfate
steroids in urine by ultra-high-performance supéced-fluid chromatography hyphenated tandem mass
spectrometry, Anal. Bioanal. Chem. 407 (2015) 44484.

[17] A.G. Fragklaki, Y.S. Angelis, P. Kiousi, C.Georgakopoulos, Comparison of sulfo-conjugatedgindo-
conjugated urinary metabolites for detection of mea@blone misuse in doping control by LC-HRMS, GC-MS
and GC-HRMS, J. Mass Spectrom. 50 (2015) 740-748.

[18] S. Anizan, D. Di Nardo, E. Bichon, F. Monte&l, Cesbron, J.-P. Antignac, B. Le Bizec, Targgihdse Il
metabolites profiling as new screening strategyntestigate natural steroid abuse in animal bregdinal.
Chim. Acta 700 (2011) 105-113.

[19] J. Boccard, F. Badoud, E. Grata, S. OuertihiHanafi, G. Mazerolles, P. Lantéri, J.-L. Veuthay.
Saugy, S. Rudaz, A steroidomic approach for bioerarkliscovery in doping control, Forensic Sci. Rit3
(2011) 85-94.

[20] M. Raro, M. Ibafez, R. Gil, A. Fabregat, E.dEla, K. Deventer, R. Ventura, J. Segura, J. Mardos
Kotronoulas, J. Joglar, M. Farré, S. Yang, Y. XiRg,Van Eenoo, E. Pitarch, F. Hernandez, J.V. SanohJ.
Pozo, Untargeted metabolomics in doping contrdiectéon of new markers of testosterone misuse trghigh
performance liquid chromatography coupled to higbsiution mass spectrometry, Anal. Chem. 87 (283%8-
8380.

[21] F. Jeanneret, J. Boccard, F. Badoud, O. Sbrglonoli, D. Pelclova, S. Vickova, D.N. Rutledge,F.
Samer, D. Hochstrasser, J.-H. Saurat, S. Rudaz,aHwminary biomarkers of dioxin exposure: analysys
metabolomics and biologically driven data dimenaliy reduction, Toxicol. Lett. 230 (2014) 234-243

[22] R. Tautenhahn, K. Cho, W. Uritboonthai, Z. Zl®&.J. Patti, G. Siuzdak, An accelerated workflaw f
untargeted metabolomics using the METLIN databiis¢, Biotechnol. 30 (2012) 826-828.

[23] W.B. Dunn, A. Erban, R.J.M. Weber, D.J. Crekk,Brown, R. Breitling, T. Hankemeier, R. Goodacge
Neumann, J. Kopka, M.R. Viant, Mass appeal: metsbddentification in mass spectrometry-focused
untargeted metabolomics, Metabolomics 9 (2013) S@8-

[24] L. Cui, H. Lu, Y.H. Lee, Challenges and emantgeolutions for LC-MS/MS based untargeted metainits
in diseases, Mass Spectrom. Rev. (2018) doi: 1Q/bis.21562.

[25] D.S. Wishart, Y.D. Feunang, A. Marcu, A.C. Gl Liang, R. Vazquez-Fresno, T. Sajed, D. Johngbhn
Li, N. Karu, Z. Sayeeda, E. Lo, N. Assempour, MrjBeskii, S. Singhal, D. Arndt, Y. Liang, H. Badrah
Grant, A. Serra-Cayuela, Y. Liu, R. Mandal, V. Ney&. Pon, C. Knox, M. Wilson, C. Manach, A. Scatbe
HMDB 4.0: the human metabolome database for 2018Jé\c Acids Res. 46 (2018) D608-D617.

[26] C. Guijas, J.R. Montenegro-Burke, X. Domingbw&nara, A. Palermo, B. Warth, G. Hermann, G.
Koellensperger, T. Huan, W. Uritboonthai, A.E. Asspa, D.W. Wolan, M.E. Spilker, H.P. Benton, G. Z&lak,
METLIN: A technology platform for identifying knovenand unknowns, Anal. Chem. 90 (2018) 3156-3164.

[27] A.C. Schrimpe-Rutledge, S.G. Codreanu, S.Cer8id, J.A. McLean, Untargeted metabolomics stiateg
Challenges and emerging directions, J. Am. SocshN&gectrom. 27 (2016) 1897-1905.

[28] T.O. Metz, E.S. Baker, E.L. Schymanski, R.&nBlow, D.G. Thomas, T.J. Causon, |.K. Webb, S.ran
R.D. Smith, J.G. Teeguarden, Integrating ion mpbisipectrometry into mass spectrometry-based expeso
measurements: what can it add and how far carit Bimanalysis 9 (2017) 81-98.

[29] V. D’Atri, T. Causon, O. Hernandez-Alba, A. Kabazi, J.-L. Veuthey, S. Cianferani, D. Guillarmelding
a new separation dimension to MS and LC-MS: Wh#tesutility of ion mobility spectrometry?, J. S&ri. 41
(2018) 20-67.

[30] J.C. May, J.A. McLean, lon mobility-mass speatetry: time-dispersive instrumentation, Anal. @he&7
(2015) 1422-1436.

[31] M.A. Ewing, M.S. Glover, D.E. Clemmer, Hybridn mobility and mass spectrometry as a separatioh
J. Chromatogr. A 1439 (2016) 3-25.

18



[32] M. Hernandez-Mesa, A. Escourrou, F. Monteaul 8 Bizec, G. Dervilly-Pinel, Current applicatioasd
perspectives of ion mobility spectrometry to ansaleemical food safety issues, TrAC Trends Anal. i@h84
(2017) 39-53.

[33] A.B. Kanu, P. Dwivedi, M. Tam, L. Matz, H.H.ilHJr., lon mobility-mass spectrometry, J. Mase&pom.
43 (2008) 1-22.

[34] G. Paglia, G. Astarita, Metabolomics and ligigics using traveling-wave ion mobility mass spectetry,
Nat. Protoc. 12 (2017) 797-813.

[35] J.C. May, C.B. Morris, J.A. McLean, lon mobjlicollision cross section compendium, Anal. Ché&9.
(2017) 1032-1044.

[36] G. Paglia, J.P. Williams, L.C. MenikarachchiWwv. Thompson, R. Tyldesley-Worster, S. Halldérs<on
Rolfsson, M.A. Moseley, D.F. Grant, J. Langridge@BPalsson, G. Astarita, lon mobility derived =idn
Cross sections to support metabolomics applicatidnal. Chem. 86 (2014) 3985-3993.

[37] X. Zheng, N.A. Aly, Y. Zhou, K.T. Dupuis, A.ibao, V.L. Paurus, D.J. Orton, R. Wilson, S.H. Ray
R.D. Smith, E.S. Baker, A structural examinatiom @ollision cross section database for over 500abwites
and xenobiotics using drift tube ion mobility speatetry, Chem. Sci. 8 (2017) 7724-7736.

[38] K.M. Hines, D.H. Ross, K.L. Davidson, M.F. Byd.. Xu, Large-scale structural characterizatiérdiug
and drug-like compounds by high-throughput ion rigbmass spectrometry, Anal. Chem. 89 (2017) 9023-
9030.

[39] M. Hernandez-Mesa, B. Le Bizec, F. MonteauylAGarcia-Campafia, Gaud Dervilly-Pinel, Collisiongs
section (CCS) database: an additional measureat@cterize steroids, Anal. Chem. 90 (2018) 46165462

[40] X. Zheng, K.T. Dupuis, N.A. Aly, Y. Zhou, F.BSmith, K. Tang, R.D. Smith, E.S. Baker, Utiliziiagn
mobility spectrometry and mass spectrometry for thealysis of polycyclic aromatic hydrocarbons,
polychlorinated biphenyls, polybrominated dipheetfiers and their metabolites, Anal. Chim. Acta 1(BYL8)
265-273.

[41] C. Tejada-Casado, M. Hernandez-Mesa, F. MantEal. Lara, M. del Olmo-Iruela, A.M. Garcia-Cariipa
B. Le Bizec, G. Dervilly-Pinel, Collision cross $eem (CCS) as a complementary parameter to chaiaete
human and veterinary drugs, Anal. Chim. Acta 104RBL8) 52-63.

[42] G. Paglia, P. Angel, J.P. Williams, K. Richsoth, H.J. Olivos, J.W. Thompson, L. Menikarach&hil ali,
C. Walsh, A. Moseley, R.S. Plumb, D.F. Grant, BRalsson, J. Langridge, S. Geromanos, G. Astamia, |
mobility-derived collision cross section as an #iddial measure for lipid fingerprinting and ideigétion, Anal.
Chem. 87 (2015) 1137-1144.

[43] L. Beucher, G. Dervilly-Pinel, S. Prévost, Monteau, B. Le Bizec, Determination of a large sEf-
adrenergic agonist in animal matrices based omriohility and mass separations, Anal. Chem. 87 (RO234-
9242.

[44] L. Righetti, A. Bergmann, G. Galaverna, O. Bebn, G. Paglia, C. Dall’Asta, lon mobility-deritve
collision cross section database: Application tacatgxin analysis, Anal. Chim. Acta 1014 (2018) 50-5

[45] R. Lian, F. Zhang, Y. Zhang, Z. Wu, H. Ye, Bi, X. Lv, Y. Guo, lon mobility derived collisionross
section as an additional measure to support thigl rapalysis of abused drugs and toxic compoundsgusi
electrospray ion mobility time-of-flight mass spechetry, Anal. Methods 10 (2018) 749-756.

[46] A. Bauer, J. Kuballa, S. Rohn, E. Jantzenl uktjohann, Evaluation and validation of an ion ilibb
guadrupole time-of-flight mass spectrometry pedécreening approach, J. Sep. Sci. 41 (2018) 2183-

[47] S.M. Stow, T.J. Causon, X. Zheng, R.T. Kurdow, T. Mairinger, J.C. May, E.E. Rennie, E.S. Bake
R.D. Smith, J.A. McLean, S. Hann, J.C. Fjeldsted,iterlaboratory evaluation of drift tube ion miitlgimass
spectrometry collision cross measurements, AnadnCi89 (2017) 9048-9055.

[48] J. Regueiro, N. Negreira, M.H.G. Berntssem-toobility-derived collision cross section as ariidnal
identification point for multiresidue screeningp#sticides in fish feed, Anal. Chem. 88 (2016) ©t16177.

[49] A. Bauer, J. Luetjohann, F.S. Hanschen, M.eBeimer, J. Kuballa, E. Jantzen, S. Rohn, Ideatifiey and
characterization of pesticide metabolitesBrassica species by liquid chromatography travelling wave io

19



mobility quadrupole time-of-flight mass spectronye{(t) PLC-TWIMS-QTOF-MS), Food Chem. 244 (2018)
292-303.

[50] P.D. Rainville, I.D. Wilson, J.K. Nicholson,.@saac, L. Mullin, J.I. Langridge, R.S. Plumb, lorobility
spectrometry combined with ultra performance liguiiromatography/mass spectrometry for metabolic
phenotyping of urine: Effects of column length, djemt duration and ion mobility spectrometry on afetlite
detection, Anal. Chim. Acta 982 (2017) 1-8.

[51] L. Ahonen, M. Fasciotti, G.B. af Genndis, Toti&ho, R.J. Daroda, M. Eberlin, R. Kostiainen, &afion of
steroid isomers by ion mobility mass spectrometryzhromatogr. A 1310 (2013) 133-137.

[52] G. Kaur-Atwal, J.C. Reynolds, C. Mussell, Eha@nparnaud, T.W. Knapman, A.E. Ashcroft, G. O'Canno
S.D.R. Christie, C.S. Creaser, Determination ofogerone and epitestosterone glucuronides in umjnaltra
performance liquid chromatography-ion mobility-mapgctrometry, Analyst 136 (2011) 3911-3916.

[53] K. Deventer, O.J. Pozo, A.G. Verstraete, Pn\Eenoo, Dilute-and-shoot-liquid chromatography-snas
spectrometry for urine analysis in doping contradl @nalytical toxicology, TrAC Trends Anal. Chend. 2014)
1-13.

[54] M. Thevis, J. Dib, A. Thomas, S. Hoppner, Aadojda, D. Kuehne, M. Sander, G. Opfermann, W.
Schéanzer, Complementing the characterizatiomaivo generatedN-glucuronic acid conjugates of stanozolol
by collision cross section computation and ana)yBisig Test. Analysis 7 (2015) 1050-1056.

[55] C.D. Chouinard, C.R. Beekman, R.H.J. Kemperm&hM. King, R.A. Yost, lon mobility-mass
spectrometry separation of steroid structural issnaad epimers, Int. J. lon Mobility Spectrom. 2017) 31-
39.

[56] A.V. Tolmachev, B.H. Clowers, M.E. Belov, R.Bmith, Coulombic effects in ion mobility spectramye
Anal. Chem. 81 (2009) 4778-4787.

[57] C. Lapthorn, F. Pullen, B.Z. Chowdhry, lon nilip spectrometry-mass spectrometry (IMS-MS) ofadim
molecules: Separating and assigning structurem® Mass Spectrom. Rev. 32 (2013) 43-71.

[58] J.N. Dodds, J.C. May, J.A. McLean, Correlatiegolving power, resolution, and collision crosst®n:
Unifying cross-platform assessment of separatiditieficy in ion mobility spectrometry, Anal. Cher9
(2017) 12176-12184.

[59] P. Van Eenoo, F.T. Delbeke, Metabolism andretien of anabolic steroids in doping control — New
steroids and new insights, J. Steroid Biochem. Bal. 101 (2006) 161-178.

[60] B. Destrez, E. Bichon, L. Rambaud, F. Cour&ntMonteau, G. Pinel, J.-P. Antignac, B. Le BizEdteria
to distinguish between natural situations and dlagse of boldenone, boldenone esters and boldipeattie: 2.
Direct measurement of f#boldenone sulpho-conjugate in calf urine by ligogildomatography—high resolution
and tandem mass spectrometry, Steroids 74 (20(368.

[61] H.F. De Brabander, S. Poelmans, R. Schilt, RSf¢phany, B. Le Bizec, R. Draisci, S.S. Sterld.lvan
Ginkel, D. Courtheyn, N. Van Hoof, A. Macri, K. Difash, Presence and metabolism of the anabolicidtero
boldenone in various animal species: a review, Faddit. Contam. 21 (2004) 515-525.

20



Figure captions

Figure 1. A) Accuracy of CCS measurements of phase |l slenoétabolites in urine samples (n =
1806). Evaluation of the CCS accuracy within fowmths for: B) estradiol 3-glucuronide (i.e. [M-H]
), C) estradiol 17-glucuronide (i.e. [M-Bi] D) estriol 3-sulfate (i.e. [M-H+2N&), and E) boldenone
sulfate (i.e. [M+H]).

Figure 2. EICs resulted from the analysis of: 1) estradidgluturonide (B-DiG; 2 pg mlL*;
[M+Na]"), and 1l) boldenone glucuronide (Bold-G; 0.2 pg MlM-H]) in adult bovine urine
samples, and Il) estriol 3-sulfates(BS; 2 pg mt*; [M-H+2Na]") in calve urine samples by LC-ESI-
TWIMS-TOF-MS. The following filters were appliedrfthe signal processing of the related total ion
chromatograms: Az 647, B)m/z 647.0, and drift time range between 11.3 and tris,7C)m/z 461,
and D)m/z 461, and drift time range between 4.9 and 5.2Ensvz 413, F)m/z 413, and drift time

range between 7.3 and 7.7 ms.

Figure 3. EICs resulted from the analysis of: I)ot@stradiol 3-sulfate (gE3S; 50 ug [}; [M-H]), 1)
19-nortestosterone glucuronide (19NT-G; 50 pig [M-H]") and 1Il) boldenone sulfate (Bold-S; 50
pg L [M-H]) in calve urine samples by LC-ESI-TWIMS-TOF-MS. eTfollowing filters were
applied for the signal processing of the relatedl|tion chromatograms: Ajvz 351, B)nvz 351, and
drift time range between 3.8 and 4.2 msn®) 449, D)z 449, and drift time range between 4.7 and
5.1 ms, E)YWz 365, and Fjn/z 365, and drift time range between 3.8 and 4.3 ms.

Figure 4. EICs fwWz 463.2) resulted from the analysis of: A) and B)laBovine urine samples spiked
with testosterone glucuronide (0.2 pg MiLand C) and D) non-spiked adult bovine urine dasp
Analyses were performed by LC-ESI-TWIMS-TOF-MS iegative mode. In B) and D), the mobility
range of the deprotonated molecule of testostegineuronide (i.e. between 4.7 and 5.2 ms) was

selected.

Figure 5. Two-dimensional IMS-MS spectrum showing the sejiamaof androgen glucuronides (0.2
png mLY in adult bovine urine under ESI- conditions. Pea#tentification: A, etiocholanolone
glucuronide; B, boldenone glucuronide; C, epitdstmse glucuronide; D, testosterone glucuronide;
E, DHEA glucuronide; and F, epiandrosterone glunigie. Other red points indicate matrix
compounds presenting a signal intensity similathie intensity of the targeted compounds. Peak
selection was limited to a Rt range between 0 @nihih, and awz range between 460 and 466.

Figure 6. EICs resulted from the analysis of urine samptemfcalves exposed to boldione by LC-
ESI-TWIMS-TOF-MS in: A) negative moden(z 461) and B) positive moden(z 463). Mass spectra

and analytical information of the chromatographéalp detected at 7.2 min are also shown. C) EIC
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(m/z 463) of urine samples spiked with gtBoldenone glucuronide (2 ug mLand analyzed in

positive mode.
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Table 1."VCCS\,, accuraten/z and Rt of phase Il steroid metabolites analyze ®ESI-TWIMS-TOF-MS in urine samples.

ESI- ESI+
c 4 Chemical | Molecwiar | gy N ™eesy, (A) N ™eesw, (A)
ompoun formula weig (min) lon iz CCS\, in urine lon Mz CCSN,| inurine
(g/mol) (A3 sample$ (A3t sampled
(n=239) (n = 40)
ANDROGENS

(4-an drtg;tgstleéogesgé%‘;”g‘lﬂﬂfonI dey | CshaOs | 464.555 | 67| [M-H]™ | 4632326 218.5° 218.4 [M+H]* | 4652483 219.8 220.4
( 4_angfﬂ;ﬁ:ﬁ?ﬁgﬁg‘?ﬂgCguch(’::'rdoii ge) | CosHaa | 464555 | 78| [W-H]" | 4632326 2185 218.3 [M+H]* | 465.2483 206.0 206.3
DHEA glucuronide CoH 464555 | 7.1 - | 463.2326) 221.2¢ 221.2 + | 487.2302] 2316 232.6

(5-androste-3p-ol-17-one glucuronide 2513608 ' A1 IM-H] ' ' ' [M+Na] ' ' '
(5;3anﬁiﬂi?friagﬂf??gfﬁgﬁ?ﬁin. dey | CosHasOs | 466571 | 85| [M-H]™ | 465.2483 207.2" 206.9 [M+Na]* | 489.2459 208.8 209.5
(Sa_an‘iﬁfsnt‘;ﬁfgﬁ[_"lr‘?‘fc?r']gcglfc'uggni dey | CasHuOs | 466571 | 75| [M-H]™ | 465.2483 2217 221.4 [M+Na]* | 489.2459 232.0 233.1

boldenone glucuronic . . +

(La-androstadien 7ol-3.one glucuronide)| CHaOn | 462539 | 6.2| [M-H] | 4612170 217.1 217.0 [M+H] 463.2326] 217.6 218.3
@an drtg;tgs_tlel;oéfsfgr'f:t:uIfate) CidHoOsS | 368488 | 6.1| [M-H]™ |367.1574 189.5* 189.3 [M+H]* | 369.1730] 190.5 190.7
( 4_anggg‘f::}‘figfgﬂ‘f;‘gfiﬁfate) CigHosOsS | 368.488 | 6.3 [M-H]~ | 367.1574| 191.1* 190.9 [M+H]* | 369.1730 191.6 192.0
(5a-a: dﬁf;‘;;‘fgilr_ol"?‘fosﬁgiﬁfate) CiHsOsS | 370504 | 7.0| [M-H]~ | 369.1730, 195.2* 1949 | [M-H+2Na]® | 415.1526 2255 225.9
(50-an di‘gg{gf}_‘g&'_‘ff_ggitguIfate) CiHao0sS | 370504 | 7.3| [M-H] ™ | 369.1730] 194.1* 193.8 | [M-H+2Na]* | 415.1521 221.0 220.7
(5-andr os?e'ig"of_ﬂ"f;en e sulfate) CigHagOsS | 368.488 | 6.7| [M-H]" | 367.1574] 193.9* 1937 | [M-H+2Na]* | 413.1369 223.4 2245
5¢-androstan-8,17-diol 17-sulfate GHx0:S | 37252 | 7.2| [M-H]- |371.1887] 193.6* 1934 | [M-H+2Na]* | 417.1682 219.3 220.7
(L4-andr OZ?;dd?Qr?f‘;?s;fg?o ne sulfate) | CisHxOsS | 366.472 | 57| [M-H]™ | 3651417 188.5° 188.2 [M+H]* | 367.1574 188.2 189.1
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ESTROGENS
( 4legst?g;tif;%sltgrggg 8:323:32:32) CoH3iOs | 450528 | 6.2| [M-H] ™ |449.2170  214.0 214.9 [M+H]* | 451.2326] 217.5 217.8
estradiol 17-glucuronide
(1,3,5(10)-estratriene-3, g7iol-17- CoHyOg | 448512 | 6.2| [M-H]™ |447.2013 214.9 215.1 [M+Na]* | 471.1989 222.4 223.0
glucuronide)
(1'315(10)_‘22112%5:113';5‘%‘?;?@3'ucuroni doy| CoOs | 448512 | 57| [M-H]™ |447.2013 2185 219.2 [M+Na]* | 471.1989 217.0 216.9
(1’3’5(10)_?;{%%2'1ﬂ%‘;gi“.floé‘igﬁcuroni dey| CoHlacOus | 624636 | 40| [M-H]" |623.2334 2550 254.0 [M+Na]* | 647.2310 264.4 263.7
(51[?g‘sﬁ::ﬁ";ho‘:'igoc')?]’;eg%‘ii‘#g%?é%‘; CoHsOs | 452544 | 7.8| [M-H]" |451.2326] 205.1 204.2 [M+Na]* | 475.2302| 205.4 206.2
5 ;zs':roa’ﬁ”;rgfﬁr%rr‘lz gg'l‘lj‘f:‘ﬂ:r‘(’)?]igz) CoHsOs | 452544 | 80| [M-H]- |451.2326 214.1 2135 | [M-2H,0+H]" | 417.2272 194.6 195.5
( 4%;?:'”1‘375[;%??325 :Sl'gf CiHeOsS | 354461 | 55| [M-H]™ | 353.1417| 185.9 185.6 [M+H]* | 355.1574] 187.4 187.8
(l'3,5(10)_23{2‘33']g;‘é’f;ti?_sulfate) CisHpiOsS | 352445 | 5.4| [M-H]- | 3511261 1855 185.4 n.d.
(1,3,5(10%—75;32{2;2(-)'3,31;;clijilcf)it§-suIfate) CiHsO:S | 352.445 | 5.6| [M-H]™ | 3511261 189.4 189.4 n.d.
w3, 5(10;7;‘5'32{;?:;‘_’;i%‘i'cfif_suIf ate) | CisHadOsS | 352445 | 60| [M-H] | 3511261 189.4 189.4 n.d.
(l’315(lo)_ezfrt;‘t’igﬁ_%'_solf_"f‘?t?one a.suffate] CioH1z20sS | 350.429 | 6.1| [M-H]™ |349.1104) 1878 187.4 n.d.
(1,3,5(10)-esetrsgtiigﬁ?ilefﬁ;-trio|-3-su|fate CigH2iOsS | 368.444 | 3.3| [M-H]~ |367.1210, 193.2 192.3 | [M-H+2Na]* | 413.1005 212.3 214.1

Notes:

* T™WCCSy, values of steroid standards that have been expetathemeasured and reported for the first timeeyrare averaged values resulted from CCS
measurements that were done within four monthsqp =

1 ™We sy, values previously reported by the CCS databasstéooids [39].

2 AveragedVCCSy, values of phase Il steroid metabolites in urineem(i.e. adult bovine and calve urines) withiarfmonths.
Abbreviations:

n.d., not detectable
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Figure 1
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Figure caption:

@ Steroidsin adult bovine urine samples
O Steroidsin calve urine samples
O steroid standards

=um: WCCSN, values reported in the CCSdatabase for steroids (in

for steroids.

Hernandez-Mesa et al., Anal. Chem. 2018, 90,4616-4625.
= = Thresholdof +2% from the "CCSN, reported in the CCS database
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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