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Abstract

Mixtures such asN-methyl-N-trimethylsilyl-trifluoroacetamide (MSTFA), ammonium iodide and dithioerythreitol (DTE) or MSTFA,
trimethyliodosilane and DTE were used for derivatisation of anabolic steroids extracted from 2 g kidney fat and present'aenglkg
They are leading to unexpected products. Their identity and mechanism of formation have been discussed. A new silylation mixture was
developed to overcome these pitfallO-bis-trimethylsilyl-acetamide was used in combination of 2.5% of MSTFA/000:10 (v/iw)). A
single product consisting in ether-TMS and/or enol-TMS derivative was observed for all tested steroids with a stability demonstrated for at
least 48 h. Quantitative application was proved even at the low niglkgel in a complex biological matrices, i.e. kidney fat.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction trifluoroacetamide (MSTFA), are amongst the most popular.
The derivatisation of hindered alcohol function is only possi-
Residue analyses in relation with public health, inter- ble when catalyst such as trimethylsilylimidazole (TMSIm)
national trade or environment must be based on an inte-is added13]. For keto-steroids, several approaches are clas-
grated analytical chemistry approach. In this field, specific sically used. Oxime derivatives is one possibility with forma-
and sensitive methods have been developed and validatedion of methoxime (MOX) derivativEl4—16] The other pos-
to detect and identify these analytes at trace levels in var- sibility is based on the enolisation of the keto group either by
ious biological matrices. Combination of gas chromatogra- acylation with acid anhydride with ad hoc solvent or silylation
phy and mass spectrometry (GC-MS) is preferred approachcombining classical silylating reagent and a catalyst such as
for steroid analysis because of its superior separation capa{potassium acetaf@7] or trimethyliodosilane (TMIS])18]. In
bilities [1]. However, the protection of steroids is required both case, the molecular weight of the derivative is increased,
before GC-MS analysis, and many reagents are available forits stability generally improved and its fragmentation conse-
this purpose. Trimethylsilyl (TMS) derivatives are probably quently reduced; the sensitivity of the corresponding deriva-
the most widely employefP—10]. A variety of trimethylsi- tive is commonly enhanced. Alternative approaches to the
lylating reagents with different properties are available in- classical TMIS catalyst have already been proposed; ammo-
cluding TMS-halogen, TMS-amines, TMS-esters and TMS- nium iodide (NH) is often cited and us€d 9—25] Addition
amides[11,12] The TMS amidesN,O-bis-trimethylsilyl- of reduction agents such as dithioerythreitol, ethanethiol or
trifluoroacetamide (BSTFA) and-methyl-N-trimethylsilyl- 2-mercaptoethanol minimises the formation of iodine, and
postpones the degradation of the derivatisation mixture.
* Corresponding author. Tel.: +33 2 40 68 78 80; fax: +33 2406878 78. 1 he first objective of this work was to evaluate testos-
E-mail addresslaberca@vet-nantes.fr (V. Meunier-8o). terone and estradiol metabolite residues in bovine edible

1570-0232/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.jchromb.2004.11.047



282

V. Meunier-Sadte et al. / J. Chromatogr. B 816 (2005) 281-288

tissues. Because of the very low residue concentrations in-2.3. Gas chromatographic and mass spectrometric

volved (ngkg1) (ppt) [26], a quantitative method based on

conditions

gas chromatography coupled to double focusing mass spec-

trometry (=6000) was developed for free forms in kidney
fat. Quantification was performed using gtéstradiol-d,
13¢5, 178-testosterone antfCs, androstenedione as inter-

A JEOL (Tokyo, Japan) SX-102A double focusing mass
spectrometer coupled to a Hewlett-Packard Model 5890
(Palo alto, CA, USA) gas chromatograph equipped with a

nal standards. Our first approach used derivatisation mix- A200SE autosampler (CTC Analytics, Zwingen, Switzer-

tures such as MSTFA/TMIS/DTE (1000:5:0.25 (v/iviw)) or
MSTFA/NH4l/DTE/CH3CN (1000:5:0.25:100 (v/iw/w/v)).

land) was used. The capillary column was a MDN 5S,
30mx 0.25mm i.d., 0.25um film thickness from Supelco.

As internal standards of testosterone or 4-androstenedioneHelium was used as GC carrier gas at a flow rate of 1 mL/min.
were not detected and multiple unexpected peaks were ob-Sample injection of 2.L was performed using the splitless
served at the sub-nanogramme leading to confusion in themode (purge tira =1 min). The injector temperature was set
identification and quantification processes, we try to under- at 270°C. The oven temperature was programmed as fol-
stand the mechanisms involved in the by-products making, lowing: 100°C (2 min), 20°C/min up to 230°C (2 min),
and then, on this basis, to develop an improved derivatisa-5°C/min up to 270C (0min), 25°C/min up to 300C
tion reagent to get a single and stable derivative product (8 min). Transfer line were set at 280. The mass spec-
for each target steroid. Four groups of steroids were se-trometer was operated at middle resolution (6000 at 10%
lected and studied; their structures covered the behaviourvalley) in the selected ion monitoring (SIM) acquisition
of most estrogens and androgens: steroids with alcoholmode after El ionisation (70eV). Source temperature was
functions (1PB-estradiol, 1&-estradiol), steroids with hy-  setat280C. Perfluorokerosene (PFK) was used to provide a
droxyl and ketone functions (androsterone), steroids with “lock” mass. Quantification of analytes was made focusing on
hydroxyl and a-enone functions (13F-testosterone, h# m/'z 416.256 (1B-estradiol-3,17-diTMS and h‘estradiol-
testosterone) and steroids with ketone arehone functions  3,17-diTMS),m/z419.275 (1B-estradiol-16,16,17-d3,17-
(androstenedione). diTMS), m/z 430.272 (androstenedione-3,17-diTM®)/z
432.288 (1B-testosterone-3,17-diTMS, a&#estosterone-
3,17-diTMS), m/z 433.282 {3Cs,androstenedione-3,17-
diTMS), mVz 435.298 {3C3,17B-testosterone-3,17-diTMS),
m/z 434.303 (androsterone-3,17-diTMS)yVz 360.248
(17B-testosterone-17-TMS, k#testosterone-17-TMShyvz
358.232 (androstenedione-3-TMS)yz 362.268 (andro-

Reagents and solvents were analytical grade. Methanol,sterone-3-TMS).
dioxide ethyl ether, acetonitrile, acetone, dichloromethane,
cyclohexane, hexane and propanolol-2 were provided 2-4. Sample preparation
by Solvants Documentation Synthesis (SDS, Peypin,
France). (2,3,4fCs,androstenedione was synthesised in
LABERCA (Nantes, France). JPBfEstradiol-16,16,174
(17BE2-d3) was supplied by RIVM (Bilthoven, The Nether-
lands). 1B-Estradiol, 1 B-testosterone were purchased from
Sigma-Aldrich (Llsle d’Abeau Chesnes, France). Ster- ultra pure water/methanol (20:80 (v/v)). After agitation
aloids (Wilton, NY, USA) provided 1d-testosterone, L and centrifugation 30min at 60009, upper phase was
estradiol, androstenedione and androsterone. Dr. Kock-collected and reduced to 500 under a gentle stream
ert from Institut fir Organische Chemie (Wien, Austria) ©f N2(4.5). 1.5mL buffer acetate (0.2M, pH=5.2) were
provided (2,3,4)3C3,17B-testosterone. MSTFA, BSTFA, added. Liquid/liquid extraction was performed three times
TMIS, trimethylbromosilane (TMBrS) and Niwere pur- ~ With 4mL diethyl ether. The organic phase was evapo-
chased from Fluka (Buchs, Switzerland). Dithioerythre- rated to dryness and completed with 200 acetonitrile
itol was from Aldrich (Milwaukee, WI, USA).N,0O-Bis- and 1.8 mL ultrapure water. Steroid purification was per-
trimethylsilyl-acetamide (BSA) was from Pierce (Rockford, formedon SPE C18 (Ref505471 (6 mL, 1g), Supelco, L'isle
USA). lodine (b) was obtained from Merck (Darmstadt, Ger- d’Abeau Chesnes, France) activated with 10 mL methanol

2. Experimental

2.1. Chemicals and reagents

Two gram fat of fat sample were introduced in a 50 mL
centrifuge tube. After addition of 500 pg R+estradiol-
ds13C3,17(-testosterone an#3Cz,androstenedione as in-
ternal standards, steroid extraction was done using 5mL

many). and 10mL ultrapure water. The column was rinsed with
5mL ultrapure water. Analytes were eluted with 10 mL wa-
ter/acetonitrile/acetic acid (35:65:0.5 (v/v/v)) and reduced to
2.2. Animals

1.5mL. Alkaline liquid/liquid clean-up was applied: 1 mL
sodium carbonate (10%) and 4 mL diethyl ether were added;
Hereford steers (200 kg mean body weight) were moni- ypper phase was collected. This step was repeated twice
tored in this Study. Kldney fat Samples were collected and and Organic phase was evaporated before performing a fur-
stored frozen at-18°C until assay. ther purification on a SPE Diol (Ref 57016 (3mL), Su-



V. Meunier-Sadte et al. / J. Chromatogr. B 816 (2005) 281-288

pelco). The cartridge was activated with 30 mL cyclohex-

ane; after sample application, the stationary phase was

rinsed with 4 mL cyclohexane and 4 mL cyclohexane/toluene
(40:60 (v/v)). Steroids were eluted with 7mL cyclohex-
ane/dichloromethane/acetone (50:30:20 (v/v/v)). Final pu-
rification was performed on an HPLC column based on an
Nucleosif aminopropyle stationary phase (125 nn8 mm

i.d., 5um particle, Macherey Nagel, Hoerdt, France). The
mobile phase (hexane:isopropanol (v/v)) was delivered by
an HP-1050 system at 2mL/min. The composition was
95:5 from 0 to 15min, 40:60 at 22.5min, 40:60 from 22.5
to 25min, 95:5 at 30min and 95:5 from 30 to 35min.
The volume injected was 44L. Fractions 2—-19 were col-
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heated for 30 min at 60C. Each vial was injected ag,
to +2h 30min, tg + 20 htg+ 48 h.

For each protocol, septa were sealed by crimping an
aluminium top (Ref 8AC3, Cluzeau Info Labo CIL, Sainte
Foy La Grande, France).

3. Results and discussion

3.1. Formation of by-products following extracted
steroids derivatisation with MSTFA/TMIS/DTE (Protocol
A) and MSTFA/NRI/DTE/CH3CN (Protocol B)

lected and evaporated to dryness under a gentle stream of

N..
2.5. Derivatisation

The final extract was transferred into an amber-coloured
Chromacol glass vial with crimp top (0.7 mL) (Cluzeau Info
Labo CIL, Sainte Foy La Grande, France) and evaporated to

dryness under a gentle stream of Bifferent derivatisation
mixtures were tested:

e Protocol A: 20uL of MSTFA/TMIS/DTE (1000:5:0.25
(viviw), 60°C, 30 min).

e Protocol B: 20uL of MSTFA/NH4I/DTE/CHsCN
(1000:5:0.25:100 (v/w/w/v), 68C, 30 min).

e Protocol C: 2QuL BSA, then immediately completed with
0.5uL MSTFA/I; (100:1 (v/w)) and finally heated for
30min at 60°C.

In order to evaluate a new derivatisation approach, many
assays were achieved:

e Four vials containing each 1500 pg androsteron@-17
testosterone and &7estradiol were evaporated to dry-
ness and derivatised respectively in @0 BSA (Pro-
tocol D), MSTFA (Protocol E). BSTFA (Protocol
F). BSA/TMBrS/DTE (1000:5:0.25 (v/viw)) (Protocol
G). MSTFA/Ib(100:1 (v/iw)) (Protocol H). Each vial
was heated for 30min at 6€C and injected each
30 min.

Protocol I: One vial containing 1500 pg of androsterone,
17«-estradiol, 1B-testosterone and androstenedione were
derivatised in 6L BSA and then immediately com-
pleted with 1.5.L MSTFA/l; (100:1 (v/w)). This vial
was kept at room temperature, and injected each 30 min.
After 18h, the vial was heated 30min at 8D and
injected.

Protocol J: Three vials containing respectively 50, 100
and 250pg 1B-testosterone, androsterone, androstene-
dione and 1j-estradiol as well as 500 pg of each in-
ternal standard (Jestradiol-d,13C3-17B-testosterone
and 13Cz-androstenedione) were evaporated to dryness
and derivatised in 2QL BSA, then immediately com-
pleted with 0.5.L MSTFA/I,> (100:1 (v/w)) and finally

GC-MSion chromatograms of kidney fat samples showed
a weak repeatability of abundances of 3,17-diTMS deriva-
tives of 13C3,17B-testosterone and3Cs,androstenedione,
whereas 1@-estradiol-d remained constant (internal stan-
dards were added at the same concentration in all
samples). In some sample$3Cs,androstenedione and
13C,,17B-testosterone  were not detected. Even when
13¢,,androstenedione antfCs,17B-testosterone were de-
tected immediately after derivatisation, the injection of the
same vial 24 h after showed the absence of the expected sig-
nals. The observation of the liner after few injections revealed
a spot onto the wall, always at the same location. It was easily
explainable by the needle structure which was bevelled so that
the droplets were always sprayed with a perfect repeatability
atthe same position in the liner. Some authar§ underlined
in previous studies that the combination of MSTFA/TMXS
(X=halogen) generated the corresponding highly reactive
halogenide X . These nuclophilic halogenides present in the
liner wall spot would be responsible of the weak repeatability
ofthe signal especially observed at low residue levéls. ().
The keto function is in fact highly polarisable and the enol
tautomer is electrophilic. For steroids withB-unsaturated
ketone (i.e.a-enone function), the enolisation generate the
delocalisation of electron doublets: many electrophilic sites
are available. Nucleophilic reagents in the reaction medium
(and/or in the liner) can lead to attacks of there electrophilic
sites. The nucleophilic attacks have been pointed out by nu-
merous authors, and have been called either artefacts or sily-
lation by-produc{28]. Such phenomenon are also noted in
cases of derivatisation of standards with reaction mixtures
comparing to pure reagent The phenomenon is more obvious
in crude sample comparing to pure standard. Co-extracted
components probably play a crucial and unexpected role
in the reaction[28-31] Thus, the attack of a trimethylsi-
lyl radical on the double bond of enol-trimethylsilyl ether
for «,B-ketones such as testosterofi@?] that subse-
quently eliminates a trimethylsilyl group was observed
(Fig. 2.

We oriented our investigation toward the finding of a
derivatisation mixture allowing enolisation a@dalkylation
by Si(CHs)s* and avoiding these numerous secondary occur-
ring nucleophilic attacks.
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Fig. 1. Weak repeatability of androgen di-TMS derivatives (Protocol A). GC-MS chromatogramg-ekiradiol-g-diTMS, 13C3, 178-testosterone-diTMS
and androsterone-diTMS after injection of a extract fat (droplet was sprayed at the spot in the liner) (1). The same vial was immediately imjeatihafte
needle in the liner (droplet was sprayed at a clean position in the liner) (Il). The same vial was then immediately injected after rotating neédés in the

(droplet was sprayed at the spot in the liner) (ll1).

3.2. Evaluation of a new derivatisation approach on For testosteronextenone), the 3,17-diTMS derivative was
standards observed for BSA and MSTFA, as well as for BSTFA but
with a lower yield in the last case. BSA was the only one
MSTFA, BSTFA and BSA permitted the introduction of |eading to a second mesomer produty( 3C). For andros-
a TMS group both in position 3 and 17 for estradieig. 3). terone (17-keto), BSA was the only reagent able to produce

0Si(CH,), OSi(CH,),

(CH,)Si0 w
TMCS

(CHy)si0 /Ogj
Bsp OSi(CH,),
- (D)
oy @
TMCS TMCS

(CHy)sio OSi(CH,),

Fig. 2. Attack of a trimethylsilyl radical on the double bond of enol-trimethylsilyl ethenf@rketones such as testosterd82]. The TMS positions (2) and
(6) proposed by the authors are well explained by the high electrophilic char@jtef the G and G sites, due to the delocalisation of the electron doublets

during enolisation an@®-alkylation by Si(CH)s*.
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Fig. 3. Derivatisation kinetics of androsterone, androstenedione gdxe$tosterone with MSTFA (Protocol E), BSTFA (Protocol F) and BSA (Protocol D).
Evolution of abundance ratio between molecular ion of each androgen (as underivateised, monoTMS and diTMS forms) and molecularéstradib
diTMS. Androstenedione was not detected with MSTFA and BSTFA.



286 V. Meunier-Sadte et al. / J. Chromatogr. B 816 (2005) 281-288

s 14 | the yield was found good with similar abundance than those
5% 1.2 testosterone-3,17-diTMS detected for estradiol. However, the di-TMS derivative of
s ® ) testosterone was concluded unstable because of by-products
S5 10/ androsterone-3,17-diTMS : ; ;
e production after 10 h. In conclusion, whatever the combi-
Eg 0,8 nation of MSTFA or BSA with TMIS or TMBrS, the ideal
83 ol derivative was not observed for all tested estrogens and andro-
82 ' \ gens. Asthe main problem was mainly linked to the instability
g5 o of the derivative ofy,3-unsaturated carbonyl, we decided to
§ “8’, 0,2 . ‘ evaluate the behaviour of a mixture based on MSTFA and
25 50! androstenedione-3,17-diTMS iodine (k) already used for a group of steroids particularly
<& 05 15 25 35 45 55 65 7,5 85 95 +80+30 sensitive to this phenomenon, i.e. the estra-4,9,11-trien-3-
Hme (hours) 2o one compounds, in other word trenbolone-like ster{fca).

Some preliminary assay with MSTFA/(100:1 (v/w)) (Pro-
Fig. 4. Derivatisation kinetics of J®testosterone, androstenedione and an-  tocol H)[9] on 173-testosterone led to the non-observation of
drosterone in BSA and MSTFA/I(Protocol ). Evolution of abundance  the expected derivativar(z 432.2880), and rather oxidised
;?$;’A:emze” tmo"Z‘?“'a' diF’T”Mgf/&l';e?t‘iStz,StT;‘?gagiT'V'g/ﬁ‘zs"idi°" products. The substitution of MSTFA by BSA was made im-
e e e e o Sommten® - possible because ofth natural nsolubiitySfIBSA. The
and injected. pre-solubilisation of4 with solvent such as dichloromethane

or DMF did notlead to acceptable results. Our decision was to
the 17-TMS-enol derivative whereas MSTFA and BSTFA led solubilise b in MSTFA (1:100 (w/v)), and then to add a trace
to the 3-ether-TMS produciFg. 3C). These observations  of this so-called catalyst into BSA (0.5:20 (v/v)) (Protocol I).
are undoubtedly linked to the basicity of BSA which is the A unique 3,17-diTMS derivative for testosterone was
strongest one amongst the three reagerKg §5.82 versus  synthesised and the derivatisation reaction was charac-
1.34 (MSTFA) and 1.82 (BSTFA)). The TMS-enolisation of terised by an excellent yield but only after the final heat-
aketo function involved an effectin its first stage the transfor- ing (Figs. 4 and h The derivative was found stable at least
mation of the ketone into the corresponding enolate: alkaline 20 h. The derivatisation of the-.enone is quasi instantaneous
conditions enhanced this reaction. The 17-keto group (ketonewhatever the concentration of testosteroneHig. 6). The
function) is more difficult to enolise than the correspond- derivatisation of the alcohol function is total, immediate and
ing 3-enone groupo(-enone function). At this level, BSAis  stable whatever the concentration of steroid in the medium, as
promising even if the first one led to two different derivati- shown for estradiolKig. 6). The full derivatisation of ketone
sation products. Nevertheless, the abundances of derivatisedunction is only achievable after 48 ri§. 6). The corre-
keto-steroids (measured on the total ionic current) was found sponding 3,17-diTMS derivative was found stable in time.
far below those of diolsteroids such as estradiol. The next These kinetics showed how difficult it is to determine op-
step was consequently to improve the production yield of timal conditions (time, temperature,.) for a wide range
3,17-diTMS-ketosteroids with different catalysts and avoid- of steroids. For instance, the increasing of the temperature
ing these numerous secondary occurring nucleophilic attacks would be favourable to the formation of the 17-enol-TMS for
With a mixture BSA and TMBrS (a weaker halogenide as androsterone, but would be probably responsible for by prod-
TMIS) (Protocol G), a single 3,17-di-TMS derivative was ucts formation irx-enone steroids such as testosterone or an-
observed for testosterone, as already describied 8C) and drostenedione. As a general rule, the quantification of these

Chromat View *1.00

17a-estradiol- 3,17-diTMS

416 -1.0

17B-testosterone- 3,17-diTMS

432

T T T T T — 7T T T " T T T " T T 1T
15.0 15.5 16.0

Fig. 5. GC-MS chromatograms of festosterone-3,17-diTMS andd-&stradiol-3,17-diTMS derivatised in BSA and MSTFA(Protocol C). An unique
3,17diTMS derivative was synthetised for each steroid with an excellent yield: abundance ratio of molecular ipriestdsterone-diTMS/bzestradiol-
diTMS=1.2.
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