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1 | INTRODUCTION

| Tiana L. Martin'?

| Eric D. Dodds®?

Abstract

Steroid analysis is essential to the fields of medicine and forensics, but such analyses
can present some complex analytical challenges. While chromatographic methods
require long acquisition times and often provide incomplete separation, ion mobility
spectrometry (IMS) as coupled to mass spectrometry (MS) has demonstrated signifi-
cant promise for the separation of steroids, particularly in concert with metal adduc-
tion and multimerization. In this study, traveling wave ion mobility spectrometry
(TWIMS) was employed to separate multimer steroid metal adducts of isomers in mix-
tures. The results show the ability to separate steroid isomers with a decrease in res-
olution compared with single component standards because of the formation of
heteromultimers. Additionally, ion-neutral collision cross sections (CCS) of the species
studied were measured in the mixtures and compared with CCSs obtained in single
component standards. Good agreement between these values suggests that the
CCS may aid in identification of unknowns. Furthermore, a complex mixture com-
posed of five sets of steroid isomers were analyzed, and distinct features for each ste-
roid component were identified. This study further demonstrated the potential of
TWIMS-MS methods for the rapid and isomer-specific study of steroids in biological

samples for use either in tandem with or without chromatographic separation.
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mixtures would be invaluable to medical diagnosis, forensic analysis,

and environmental analysis and protection.

Steroid analysis has become an important area of research because of
the use of steroids in biological applications.? Steroids are uniquely
characterized by four fused rings, three cyclohexane and one
cyclopentane, and are all biosynthesized from cholesterol. Biologically,
steroids are involved in signaling and can easily permeate the cell
membrane to access nuclear receptors.>>* They can serve as bio-
markers for metabolic disorders, drugs for growth and performance
enhancement, and contaminants in the environment.>** Therefore,

the ability to rapidly and accurately analyze steroids in complex

Steroid analysis presents a difficult challenge because of the high
number of isomers with very different biological functions.?? These
compounds have been traditionally characterized by gas chromatogra-
phy (GC) and mass spectrometry (MS).2*?1> However, because of lim-
ited resolution between some isomers and the requirement for
derivatization, the field has moved to other methods including liquid
chromatography (LC), nuclear magnetic resonance (NMR), and tandem
MS.12:1620 These methods require long acquisition times and still may
not provide enough resolution for accurate analysis.'? Therefore,
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additional techniques have been sought after for more expeditious
steroid analysis.

lon mobility spectrometry (IMS) encompasses a group of gas phase
ion separation methods that spatially or temporally disperse ions with
different mobilities in the presence of a drift gas and under the influ-
ence of an electric field.2*2¢ LC was first coupled to high field asym-
metric IMS (FAIMS), a spatial separator, for steroid mixture
analysis.®>**2° More recently, LC was coupled to traveling wave IMS
(TWIMS), a temporal separator, to analyze steroid glucuronides.’® In
both cases, IMS was used to improve signal to noise ratios and to
mobility select the steroids of interest, which increased confidence
and sensitivity of the techniques. IMS methods in general, including
TWIMS, are faster separations techniques (typically on the order of
milliseconds) as compared with LC (typically on the order of minutes).
While increased resolution can be realized in TWIMS through the opti-
mization of instrumental parameters (eg, the traveling DC wave height
and velocity), experimental considerations that bring about useful gas-
phase structural changes are also often advantageous. In this regard,
metal ion adduction has often proven useful.?”-?° By comparison,
increased LC resolution can be achieved through alterations to the
mobile phase gradient, mobile phase components, or stationary phase
chemistry.

Lately, IMS has been studied as a stand-alone separation method
in combination with MS, without the need for prior chromatographic
separation for analysis. Ahonen et al first attempted to separate ste-
roids with TWIMS.3® Unfortunately, they were unable to separate
native steroids from each other, but through derivatization with p-
toluenesulfonyl isocyanate, the separation of estradiols, testosterones,
and androsterones in a mixture was enhanced. However, further work
examining standards has been used for IMS separation of native
steroids.

Chouinard et al previously reported the formation of metal
adducted
epiandrosterone.®! They furthered this work by extending it to a multi-

steroid dimer species of androsterone and
tude of steroid isomer pairs and studying the resolution and ion-neutral
collision cross sections (CCS) of protonated monomer, sodiated mono-
mer, and sodiated dimer species of these steroid isomers.3? Differences
were reported in androsterone and epiandrosterone as the metal
adduct was changed from group | metals to transition metals. The
results showed that eight pairs of steroid isomers as standards had a
resolution greater than 1.5 in the optimal conditions by varying
multimer, adduct, and drift gas in a drift tube IMS (DTIMS).

Previously, we have reported a continuation of this work by
reporting resolutions and CCSs for five steroid isomer pairs with dif-
ferent group | metal adducts.®® The five steroid isomer pairs could all
be separated with a resolution value above 1 by TWIMS with their
optimal adducts, namely, lithium and potassium dimers. These steroid
DHEA,

epitestosterone, estriol, epiandrosterone, androsterone, corticoste-

isomers include a-estradiol, [-estradiol, testosterone,
rone, 11-deoxycortisol, aldosterone, and cortisone, shown in
Figure 1. This work reported the first native separation of the estradiol
stereoisomers and the mobility separation between estriol and testos-

terone isomers.

HO
Epiandrosterone

Androsterone

Aldosterone

Cortisone

FIGURE 1 Structures for the steroids measured: a-estradiol, (-
estradiol, estriol, dehydroepiandrosterone (DHEA), testosterone,
epitestosterone, epiandrosterone, androsterone, 11-deoxycortisol,
corticosterone, aldosterone, and cortisone

The current study examines the use of metal adducted multimer
formation to resolve steroid isomers through TWIMS in a mixture.
Here, we present the separation of monomer, dimer, and trimer metal
adducted species in a mixture. Additionally, the presence of heterodi-
mer formation is discussed. The resolution values were also calculated
for the isomer features in a mixture. From this work, TWIMS showed
potential in the separation of steroid isomers in mixtures, without

prior chromatographic separation.
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2 | EXPERIMENTAL METHODS 2.3 | Resolution and collision cross section

2.1 | Solution preparation

Testosterone, androsterone, B-estradiol, a-estradiol, epiandrosterone,
cortisone, corticosterone, 11-deoxycortisol, lithium acetate, sodium
acetate, potassium acetate, and water were purchased from Sigma-
Aldrich (St. Louis, Missouri). Aldosterone, dehydroepiandrosterone
(DHEA), and methanol were purchased from Fisher Scientific (Pitts-
burg, Pennsylvania). Steroid solutions contained 25 uM of each steroid
for the specified mixtures with 100 to 150 uM of lithium acetate,
sodium acetate, or potassium acetate. The complex mixture contained
10 uM of all steroids and 100 uM of lithium acetate and 100 uM of
potassium acetate.

2.2 | IMS and MS

TWIMS-MS experiments were carried out on a Waters Synapt G2-S
HDMS instrument (Milford, Massachusetts). All samples were intro-
duced via nano-electrospray ionization (nESI) using a custom-built
ion source interface operated in positive ion mode. The interface
was designed to accommodate nESI emitters made from Pyrex melting
point capillaries (Corning, New York) using a vertical micropipette
puller. The capillary voltage was maintained between 0.9 and 1.5 kV.
Sample cone voltage and source temperature were maintained at
10 V and 80°C, respectively. TWIMS parameters were held constant
for all experiments: 60 mL/min nitrogen gas flow, 40-V wave height,
and 600-m/s wave velocity. The mass spectra and TWIMS arrival time
distributions (ATDs) were extracted and analyzed using DriftScope 2.7
and MassLynx 4.1 (Waters), with further analysis and graphing being
performed in Igor Pro 7.0 (WaveMetrics; Lake Oswego, Oregon) and
SigmaPlot 13.0 (Systat; Chicago, lllinois).
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calculations

Adjacent peaks of TWIMS ATDs were fit with a Gaussian curve in Igor
Pro 7.0. This yielded the centroid arrival time (t) and the width of the
ATD peak at half maximum (wWrwim). The resolution (R,) was then cal-
culated through Equation 1, where Wgwpmavg COrresponds to the

average of both adjacent peak widths.

2.35At

= P
AWFWHM,avg

(1)

The centroid arrival times (t) were calibrated to analyte CCSs using
polyalanine ions as standards by following well-established procedures
as previously described elsewhere.3® CCSs were measured four times
on different days, and the average and standard deviations of the
measurements were calculated. For measurement of the error of the
CCS, the average CCS were compared with those for previously mea-

sured single-component standards.®®

3 | RESULTS AND DISCUSSION

3.1 | ATDs for isomer mixtures

Extracted ATDs for several metal adducted dimer species are pre-
sented in Figure 2. Corticosterone and 11-deoxycortisol were sepa-
rated in a mixture as their lithiated (Rs = 0.91), sodiated (Rs = 3.08),
and potassiated dimer (Rs = 2.4) species but were optimally separated
as their sodiated dimers (Figure 2A,B). Additionally, it was noted that
corticosterone had lower ionization efficiency than 11-deoxycortisol
in all dimer adducts, resulting in lower signal at the same concentra-
tion. Different features of a-estradiol and [-estradiol were also

detected as their potassiated dimer adducts, although these features
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FIGURE 2 Extracted traveling wave ion mobility spectrometry (TWIMS-MS) arrival time distributions (ATDs) at the indicated m/z values for a
mixture of corticosterone and 11-deoxycortisol as sodiated dimers (A) and as lithiated dimers (B); a-estradiol and B-estradiol as potassiated

dimers (C); and androsterone and epiandrosterone as lithiated dimers (D)
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were not well resolved (Rs = 0.71) (Figure 2C). Androsterone and
epiandrosterone were baseline separated as lithiated dimer adducts
as standards in Rister et al®; however, the two species form a hetero-
dimer in a mixture, where one androsterone species and one
epiandrosterone species adduct to the same metal (Figure 2D). We
note here that the feature assigned as the heterodimer did not appear
in pure standards for androsterone and epiandrosterone illustrated in
ATDs in Rister et al.*®* While androsterone was baseline resolved from
epiandrosterone and the heterodimer, the heterodimer did have an
effect on the resolution and analysis of epiandrosterone. The appear-
ance of isomeric heterodimers can decrease the applicability of IMS
separation of steroid multimers for quantification but should be fur-
ther studied by theoretical modeling.

The extracted ATDs for testosterone and its isomers/isobars are
illustrated in Figure 3. DHEA and epitestosterone are constitutional
and stereoisomers, respectively, of testosterone. As lithiated dimers,
DHEA and testosterone (Rs = 2.13) were baseline separated from each
other, where sodiated dimers of the same species (Rs = 2.37) were also
baseline separated but with much lower signal observed for DHEA. In
addition, epitestosterone and DHEA (Rs = 1.32) were partially sepa-
rated as lithiated dimers but form a single ATD feature because of
the inability for the resolution of the TWIMS analysis to distinguish
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FIGURE 3 Extracted traveling wave ion mobility spectrometry
(TWIMS-MS) arrival time distributions (ATDs) for lithiated (A) and
sodiated (B) dimers from mixtures of dehydroepiandrosterone (DHEA)
and epitestosterone; DHEA and testosterone; testosterone and
epitestosterone; and testosterone, epitestosterone, and DHEA, where
two species labelled at the same peak represents an overlapping of the
two ATDs

their features as the sodiated dimers. Epitestosterone and testoster-
one were partially resolved as sodiated dimers (Rs = 1.30), but only
barely distinguishable as lithiated dimers (Rs = 0.42). Compared with
LC methods, Pitarch-Motellon et al achieved baseline separation of
epitestosterone and testosterone in approximately 7 minutes with
ultra-high performance LC coupled to tandem MS.3* As fully com-
bined solutions, the same trends were observed in the ATDs, whereby
lithiated dimers were best suited for separation between
epitestosterone/testosterone from DHEA, while sodiated dimers were
preferred for distinguishing between epitestosterone and
testosterone.

Similar to androsterone and epiandrosterone, testosterone and
epitestosterone exhibit alterations in their extracted dimer ATDs
when in a mixture compared with when alone. In the lithiated dimer-
extracted ATDs (Figure 3A), the center of the peak for testosterone
shifts to a shorter drift time when epitestosterone is present com-
pared with the peak in the testosterone/DHEA mixture, which more
closely matches the standard extracted ATDs presented in Rister
et al.®® Likewise, in the sodiated dimer extracted ATDs (Figure 3B),
testosterone exhibits a shift to lower drift times when mixed with
epitestosterone than compared with DHEA and testosterone mixture.
However, from these results, it is unclear if these are potentially het-
erodimer formations or alterations in the gas-phase structure forma-
tion of testosterone.

ATDs for aldosterone and cortisone as potassiated monomers,
dimers, and trimers, as well as sodiated monomers and dimers are
shown in Figure 4. Interestingly, aldosterone and cortisone were the
only steroid isomers that could be partially separated as monomeric
adducts through their potassiated adduct with Rs = 1.04 (Figure 4B).
This is likely due to their more complex structures among the steroids
studied, perhaps allowing more distinct adduction motifs between the
two isomers. Additionally, the potassiated and sodiated aldosterone
dimer had two distinct conformations, where cortisone apparently
had a single conformation with a mobility falling in between the two
aldosterone conformers, which is consistent with the standard ATDs
shown in Rister et al.23 This could be observed in the three different
features of the dimer. Aldosterone and cortisone were also the only
isomer pairs exhibiting the formation of potassiated trimers, which
proved to provide for the greatest separation between the isomers
(Rs = 2.46). Overall, the ATDs show that the separation of steroid iso-
mers as multimeric metal adducts varies from only partially separated
features (eg, as for estradiols or testosterone and epitestosterone) to
baseline separation (eg, as for corticosterone and deoxycortisol dimers

or cortisone and aldosterone trimers).

3.2 | Resolution of isomer mixtures

Resolution values calculated for the separation of various isomeric ste-
roids in mixtures according to Equation 1 are shown as a function of
m/z in Figure S1 of the Supporting Information. The corresponding
Rs values for the various pair of isomers studied are also provided in

Table S1 of the Supporting Information. Most isomeric pairs had a
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resolution above 1.0 for at least one adduct; the only exception was
The
epiandrosterone was the highest of the steroid isomer pairs reported

the estradiol isomers. resolution of androsterone and
by Rister et al®3; however, in a mixture, the resolution is hindered by
the formation of the heterodimer, where the resolution of androster-
one to the heterodimer is still greater than 2.0, but the resolution
between the heterodimer and epiandrosterone falls below 1.0. Addi-
tionally, Figure S1 highlights another complication in that the best sep-
arated features of three different steroid isomer pairs have similar
mass-to-charge values, each with a nominal m/z of 583. Specifically,
the potassiated dimer of estradiol, the lithiated dimer of estriol, and
the lithiated dimer of testosterone and its isomers have monoisotopic
masses of 583.319, 583.361, and 583.434, respectively. The isobaric
nature of the optimum separation of six different steroids makes
distinguishing them much more challenging, if accomplished as a single

mixture.

3.3 | CCS measured for isomers in mixtures

The nitrogen CCS and the relative error of the CCS over mass-to-
charge range are shown in Figure 5. The values are available in tables

inTable S2 of the Supporting Information, and Gaussian fits overlaying

FIGURE 5 Scatter plot of nitrogen collision cross sections (CCS) (A)
and relative error in the CCSs (B) vs mass-to-charge ratio, where
error bars represent standard deviation (n = 4). The CCSs were
compared with previously reported TWIMS CCS measurements>>

the extracted ATDs are available in Figure S2 to S5 of the Supporting
Information. The CCS values were measured using Igor Pro 7.0 to fit a
Gaussian curve to each ATD feature and determine the centroid of the
peak. The ATD centroid drift time was then calibrated using standard
polyalanine ions to yield nitrogen CCS values. These CCSs were com-
pared with previously reported CCS values.®® The relative error of the
CCSs for all steroids in the mixtures were below 2%. Therefore,
knowledge of a previously reported CCS value obtained by analyzing
a pure standard can likely be used to aid in identifying steroids in an

unknown mixture.

3.4 | Analysis of a complex mixture

To determine if all the above steroids could indeed be analyzed as a sin-
gle mixture, all the individual steroid standards were combined. The
mass spectrum and ATDs for various isomer adducts are illustrated in
Figure 6. In a complex mixture, estriol could be distinguished from the
testosterone isomers as the lithiated monomer at m/z 295. At m/z

399, the aldosterone and cortisone potassium adducted isomers were
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[Colour figure can be viewed at wileyonlinelibrary.com]

partially resolved. The testosterone and estradiol isomers were best
resolved as their lithium and potassium dimers, respectively, at m/z
583, where DHEA is partially resolved from the features arising from
epitestosterone and testosterone. Different features are also
observed for the estradiol isomers but at much lower intensity than
the testosterone isomers. Then, at m/z 587, androsterone is partially
resolved from the heterodimer and epiandrosterone features. Finally,
although not the optimal adduct, 11-deoxycortisol and corticoste-
rone are separated from each other as their lithium adducted dimers
at m/z 699.

Unfortunately, it becomes clear from the mass spectrum in
Figure 6A that the abundance of the dimers of steroid isomers (shown
in the m/z between 550-750) is lower than the monomers of steroid
isomers (shown in the m/z range between 250-400), because of the
production of dimers by the electrospray process. Furthermore, there
are additional non-isomeric heterodimer species (ie, testosterone
isomer/corticosterone isomer lithiated heterodimer at m/z 641)
throughout the mass range, which could also affect quantitation
through this method. As a result, the ability to perform quantitation
through this TWIMS-MS method would need further investigation.
Overall, this work suggests the ability to separate mixtures containing
multiple groups of isomeric steroids in the millisecond time scale
through TWIMS-MS without prior chromatographic analysis.

4 | CONCLUSIONS

Compared with foregoing literature, previous works by Chouinard et al
and Rister et al illustrated the enhanced separation of steroid metal
adducted multimers using DTIMS-MS and TWIMS-MS, respectively,
in single-component standards.3¥3® The current study further this
work by exploring the use of steroid multimers with a wider range of
alkali metal adducts to enhance separation of isomers in mixtures
and without prior chromatographic separation. While TWIMS-MS
has shown promise in steroid analysis, this work is the first exploring
the ability of TWIMS-MS as a standalone technique to separate
underivatized steroid mixtures. These findings have practical implica-
tions because the multimers studied here do indeed form in ESI-
IMS-MS analysis of steroids at physiologically relevant concentrations
(ie, approximately nM range). Of course, this depends on the specific
analyte and sample workup but nonetheless presents a potentially
useful analytical avenue.

In the present study, five sets of steroid isomers exhibited various
degrees of separation, from the formation of distinct mobility features
to baseline resolution. However, there are isomer pairs that illustrate
alterations to their extracted ATDs, when in a mixture compared with
as standards. This can hinder the resolution and ability to quantitate
these species by TWIMS-MS alone. CCSs show promise for a
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potential role in aiding identification of steroid isomers in unknown
mixtures. Furthermore, the analysis of a mixture of multiple standards
would suggest that this technique may be applicable to the separation
of steroids in more complex samples. Future work can be directed in
examination of the altered features/heterodimers by using isotopically
labelled standards, theoretical modeling of these steroid multimer spe-
cies, quantitation of steroids using TWIMS-MS, and the benefits of
using multimer metal adduction with TWIMS in tandem with
chromatography.
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