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Abstract

Methods for the analysis of steroids have long been of interest due to the multiple uses for such
methods in medical applications, sports monitoring, and environmental science. The analysis of
steroids involves inherent analytical hurdles due to their low biological concentrations, poor
ionization efficiencies, and frequent occurrence of isomerism. One analytical technique that has
been recently applied to steroid analysis is ion mobility spectrometry (IMS). While previous work
has focused on the use of metal adduction and multimer formation to enhance separation through
IMS analysis coupled to mass spectrometry (MS), this work furthers this approach by coupling
IMS-MS with liquid chromatography (LC). Three different LC methods with varying tradeoffs
between chromatographic resolution and run time were developed, with one of these achieving a
resolution above 1.5 for all steroid isomers. These results also indicate that the coupling of LC to
IMS-MS can increase the overall resolution of steroid isomers relative to what can be achieved by
either LC or IMS alone. Furthermore, the use of LC and IMS in concert can allow for a more rapid
analysis of steroid isomers than can be achieved by LC-MS alone. Finally, the IMS dimension
provided for measurements of ion-neutral collision cross sections (CCSs), which were found to be
in good agreement with previously reported measurements. Thus, this approach provides three
complementary quantitative parameters (retention time, CCS, and mass-to-charge ratio) that can
contribute the identification of analytes. Overall, the work presented here demonstrates the
potential of coupling LC, IMS, and MS for the analysis of isomeric steroid hormones.
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Introduction

Steroids are a class of hormones that are synthesized from cholesterol and are involved in
cellular signaling, primarily by acting on nuclear receptors [1]. Steroids have become a
biomolecular class of increasing interest for rapid analysis due to their usage as performance
enhancing drugs, as biomarkers, and as emerging contaminants [2-11]. However, steroids
present unique challenges for analysis due to their low biological concentrations and, when
analyzed my mass spectrometry (MS), relatively low ionization efficiencies [12].
Additionally, steroids have a high number of isomers and isobars with drastically different
biological functions [1]. Therefore, rapid, sensitive, and isomer-resolving analytical methods
are of significant interest in multiple fields of chemistry.

A number of analytical techniques have been used to analyze steroids including
immunoassays, gas chromatography (GC), liquid chromatography (LC), and MS [12-14].
Immunoassays are expensive and indirectly measure the concentrations of specific steroids,
which can introduce confounding variables [12]. GC has limitations due to the need of
derivatization of steroid analytes, causing difficulties with reproducibility. LC-MS and LC-
MS/MS have also been applied to steroid hormone analysis with promising results. Boggs et
al. reported an LC-MS/MS method to analyze multiple classes of steroids, successfully
demonstrating the separation and quantification of four steroid hormones classes at
biologically-relevant concentrations [12]. Advantageously, LC-MS and LC-MS/MS allow
the simultaneous quantitative analysis of multiple analytes without derivatization [15, 16].

lon mobility spectrometry (IMS) coupled with MS has also been recently applied to steroid
analysis [17]. As a separation method that uses an electric field and a drift gas to separate
ions based on size, shape, and charge, IMS is essentially a gas-phase analogue of
electrophoresis [18-21]. While there are multiple types of IMS instruments, the all separate
ions either temporally or spatially. Drift tube ion mobility spectrometry (DTIMS) and
traveling wave ion mobility spectrometry (TWIMS) are temporal methods and have been
used to analyze steroids coupled to mass spectrometry [22—26]. Additionally, differential ion
mobility spectrometry methods (DMS, FAIMS) separate ions through space and can be used
to select ions with specific mobilities and only allow those to reach a coupled MS analyzer.
DMS has been shown to increase the signal to noise ratio and identification confidence of
targeted steroids [27, 28]. Because IMS separations are typically accomplished on a 1073 -
1072 s timescale, they are well-suited for incorporation between LC (102 — 103 s timescale)
and time-of-flight (TOF) MS (107 104 s timescale). This provides three orthogonal
dimensions of separation: polarity, size, and mass.

Previous studies of steroids by IMS have accomplished isomer separation through
derivatization and metal ion adduction. Ahonen et al. successfully separated steroid isomers
through derivatization using TWIMS in both standard solutions and a mixture [22]. Using
DTIMS, Chouinard et a/. used sodium adducted multimers to improve the separation of six
multimeric steroid isomers as individual standards [23]. This work was furthered by Rister et
al., who analyzed steroid isomer separation by TWIMS using group | metal adduction to
monomers and multimers in individual standard solutions [29] and in mixtures [30]. In the
latter case, it was found that the use of multimeric adducts to separate certain isomers was
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complicated by the formation of heterodimers, where two steroid isomers adduct to the same
metal ion. Overall, while IMS can successfully separate isomers under certain
circumstances, some limitations remain for steroid isomer separation in complex mixtures.

In the current study, we evaluated four sets of isomeric steroid species through LC-IMS-MS
with metal ion adduction. The results presented here demonstrate that with the coupling of
these analytical dimensions, steroid isomers can be separated more rapidly than with LC-MS
alone and more completely than with IMS-MS alone. Finally, CCSs obtained from the IMS
measurements were found to be comparable to previously reported literature values and can
be used as an additional and complementary parameter, along with retention time and mass-
to-charge ratio (/m/2), to aid in analyte identification.

2. Experimental

2.1. Solution Preparation

Testosterone, androsterone, epiandrosterone, cortisone, corticosterone, hydrocortisone, 11-
deoxycortisol, corticosterone-d4, lithium acetate, sodium acetate, potassium acetate, and
water were purchased from Sigma-Aldrich (St. Louis, MO, USA). Aldosterone,
dehydroepiandrosterone (DHEA), and methanol were purchased from Fisher Scientific
(Pittsburg, PA, USA). The steroid mixture was made containing all steroids at a
concentration of 500 nM in 50% HPLC grade water/methanol (the names, molecular
weights, and structures of the steroids studied here are provided in Table S1 of the
Supplementary Material). For analysis, 2.5 uL were injected into the LC (approximating 375
pg of each component on column). Water and methanol with lithium acetate added at a
concentration of 150 pM (to form lithium ion adducts) were used as the mobile phase.

2.2. LC,IMS, and MS Conditions

LC was performed on a nanoAcquity system (Waters; Milford, MA, USA). The column was
an Acquity UPLC M-Class BEH C18 column, 300 pm x 150 mm (Waters). A gradient
elution was performed using methanol and water with the conditions shown in Table S2-S4
in the Supplementary Material. The LC was coupled to a Waters Synapt G2-S HDMS Q-
TWIMS-TOF-MS through an electrospray ionization (ESI) source with the capillary voltage
maintained at 3.1 kV. The TWIMS parameters for wave height, wave velocity, and nitrogen
drift gas flow were set at 40 V, 600 m/s, and 60 mL/min, respectively, as optimized in
previous studies [29-31]. Data was analyzed using DriftScope 2.4 (Waters), MassLynx 4.1
(Waters), and ORIGAMI [32]. Further visualization was conducted Using Igor Pro 7.0
(WaveMetrics; Lake Oswego, OR, USA) and SigmaPlot 13.1 (Systat, Chicago, IL, USA).

2.3. Resolution and Collision Cross Section Determination

For the resolution calculations, LC and IMS peaks were fit with a Gaussian curve in Igor Pro
7.0. This fitting of the curve produced the centroid LC retention time or IMS drift time (%)
and the width of the peak at the half maximum (WewnHnm)- With this data, the peak-to-peak
resolution (Rg) was calculated in a manner often used in separation science according to
Equation 1, where WewHm,avg represents the average of the half-height widths of the two
peaks.
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2.354,

R Equation 1

s = -
WEWHM, avg

Additionally, the centroid time of the IMS peaks () were converted to CCSs using
polyalanine ions with known DTIMS CCS values published by Bush et al. [33]. Procedures
for calibrating TWIMS drift times to CCS have been well-documented elsewhere [34-37].
The CCS values reported here resulted from the average of four measurements acquired on
different days.

3. Results and Discussion

3.1. LC-MS Analysis

The extracted ion chromatograms for the lithium adducted monomeric steroid isomer
species are shown in Figure 1. Three different gradients were established that achieved
varying levels of resolution for the different steroid isomers, as depicted in Figure 1(d). As
expected, the three gradients improve the resolution of isomers as the time to elute all
analytes increases. While most steroids are resolved in all the gradients, the most difficult
isomers to resolve were corticosterone and 11-deoxycortisol. For these isomers, the shortest
gradient (11 min; Figure 1a) could not discriminate between these two isomers. The
intermediate length gradient (12 min; Figure 1b) could resolve these isomers with a
resolution between 1.0 and 1.5. Finally, the longest gradient (14 min; Figure 1c) could
resolve these isomers at a resolution just above 1.5. Importantly, depending on the steroids
of interest, gradients could be made shorter than those presented here.

An interesting trend was noted in the order of the elution of the steroids. Isomers in general
tend to elute within similar retention time windows for both constitutional isomers and
stereoisomers. Furthermore, the elution of the steroids is inversely related to the mass of the
steroids, where the highest mass steroids elute first, and the lower mass steroids elute later.
This trend is likely due to the increase in mass being corresponding to the addition of polar
groups to the non-polar steroid core. This trend is in contrast to the majority of lipid classes,
where increases in mass increase retention due to the elongation and saturation of the
hydrophaobic tails, often seen between lysophospholipids and phospholipids [38].

3.2. IMS-MS Analysis

Avrrival time distributions for the lithium adducted dimeric species from the 14 min gradient
are presented in Figure 2, where all isomers were resolved at a value above 1.5 in the LC
dimension. Additionally, CCSs are tabulated in Table S5 in the Supplementary Material and
show good agreement with previously published measurements [29, 30]. Compared to
previous analyses of single-component standards and mixtures of these same steroid isomers
through direct infusion nanoflow ESI (nESI) analysis, the results presented here are very
similar. This suggests that the ESI process (used in the present work) as compared to the
nanoflow ESI ionization process (used in previous work) does not substantially impact the
formation of the lithiated dimer [29, 30]. Furthermore, the resolution within the IMS
dimension varies greatly between the different isomers. Due to the multiple features of
aldosterone (likely arising from the presence of multiple gas-phase conformers), major
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features of aldosterone and cortisone are completely overlapped and unable to be analyzed
by IMS alone. The major features of corticosterone and 11-deoxycortisol are separated at
half height; however, the presence of a minor feature of corticosterone overlapped with 11-
deoxycortisol would make quantitative analysis through IMS alone very difficult.
Furthermore, testosterone is separated from epitestosterone, while DHEA and testosterone
are highly overlapped. Finally, epiandrosterone and androsterone are near baseline resolved
in the IMS dimension. From these results, the utility of metal adduction and IMS analysis
can be shown primarily in androgen analysis; however, its limitations are also clear in the
case of aldosterone and cortisone.

3.3. LC-IMS-MS Analysis

While both LC and IMS have limitations, they can complement each other well, which was
demonstrated in the analysis of metal adducted dimeric steroids. Heatmaps of the LC and
IMS dimensions that are color coded by mass-to-charge ratios for the three different
gradients are shown in Figure 3. These heatmaps show the separation of the two major
features of corticosterone and 11-deoxycortisol, allowing for qualitative analysis in the 11
min gradient, and full resolution at both the 12 min and 14 min gradients. Furthermore, other
steroid isomers are shown to be separated from each other in the drift time vs. retention time
space, even if they do not have a resolution above 1.5 in any one dimension. An intriguing
finding emerged for those isomers with non-overlapping major features in the IMS
dimension: the isomer with the lowest mobility (or longest drift time) elutes prior to any
other isomers in LC. While this trend is interesting, the molecular features responsible for
this trend are noteworthy and would seem to merit further study through molecular
modeling. Overall, the use of LC and IMS dimensions in tandem was found to allow
sufficient resolution for qualitative and quantitative analysis of steroid isomers with a shorter
analysis time than could be achieved by either separation dimension alone.

3.4. Corticosterone and 11-Deoxycortisol Analysis

To further investigate the lithiated dimer formation of corticosterone and 11-deoxycortisol,
which were the steroid isomers most difficult to separate in the LC dimension, an
isotopically labeled corticosterone and 11-deoxycortisol were analyzed together in a
mixture. The extracted ion chromatograms for the lithiated dimeric species of
corticosterone-d4, 11-deoxycortisol, and the heterodimer for all three gradients are presented
in Figure 4. In the 11 min gradient, there is a clear formation of a heterodimer that appears
only during the overlapping elution of the two species. This heterodimer would significantly
complicate any attempt at quantitative analysis of these analytes. On the other hand, using
the 12 min gradient, a species at the m/z of a heterodimer was also observed; however, the
retention time of this feature coincided only with the elution of 11-deoxycortisol. This
suggests that the primary component leading to this feature was the naturally occurring M+4
isotopic species. Finally, the isomers were baseline resolved by the 14 min gradient, and
there was no detectable species at the /7/z of a heterodimer. The analysis of isotopically
labeled isomers allow for further understanding of the complexities introduced by the
formation of heterodimers, which seems to be dependent upon the LC gradient used.
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4. Conclusions

Steroids are of increasing analytical importance due to their use as biomarkers, their abuse
as performance enhancing drugs, and their status as emerging environmental contaminants.
However, steroids are difficult to analyze due to the low biological concentrations and the
presence of multiple steroid isomers. While previous research has discussed the use of IMS-
MS and metal ion adduction for the analysis of steroid isomers, the current study combines
the analytical approaches of LC, IMS, and MS to the analysis of metal adducted steroid
isomers. Here, the benefits of LC-IMS-MS are demonstrated through the rapid analysis of
steroids that achieves resolution value above 1.5 for all groups of isomers analyzed. We also
observed that LC allows for the separation to reduce the formation of heterodimers
discussed here and elsewhere in the literature. Furthermore, the IMS dimension can further
separate ions that are difficult to separate through LC alone. We note that this untargeted
LC-IMS-MS approach is highly complementary to targeted approaches such as LC-MS/MS
using selected reaction monitoring (SRM). Moreover, because steroid isomers tend to yield
fragments with the same mass-to-charge values, SRM scans may fail to discriminate
between isomers or to detect a mixture thereof. Thus, the parallel analysis of complex
mixtures incorporating the LC, IMS, and MS dimensions can provide orthogonal
information on isomeric composition and analyte identity when applied in tandem with
existing quantitative measurements by SRM. Overall, the work presented here is the first
combined LC-IMS-MS analysis of metalated steroid isomers and suggests that this mode of
analysis has the potential to bring significant analytical advantages to the determination of
these compounds.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS
. Steroid isomers were analyzed by LC-IMS-MS for enhanced separation.
. Three gradients were established with varying levels of LC separation.
. Lithium adduction allowed for enhanced IMS separation of steroid isomers.
. The IMS dimension allows for separation in faster gradients than LC-MS
alone.
. CCS were measured for steroids with good agreement to past measurements.
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IMS-MS extracted ion arrival time distributions for the lithiated dimeric species of cortisone
and aldosterone (a), epiandrosterone and androsterone (6), corticosterone and 11-

deoxycortisol (¢), and DHEA, testosterone, and epitestosterone (d).
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Figure 3.
LC-MS chromatograms and LC-IMS-MS heatmaps for a mixture of steroid isomers

separated by three different LC gradients: 11 min (@), 12 min (5), and 14 min (c). Note that

as the chromatographic peak widths become narrower from (g@)to (c), the heat map features
may appear to become less intense; however, the peak intensities in terms of height and area
are comparable throughout the series.
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Figure 4.
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LC-MS extracted ion chromatograms for 11-deoxycortisol, isotopically labelled

corticosterone, and the mass for the heterodimer of the above species for at three LC

gradients of 11 min (@), 12 min (), and 14 min (c).
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