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Abstract

Oxysterols are oxygenated cholesterols that are important in many cell functions and they may also be
indicative of certain diseases. The purpose of this work was to study the feasibility of ultra-
performance liquid chromatography—ion mobility—time-of-flight mass spectrometry (UPLC-IM—
TOFMS) using traveling wave cell in analyzing oxysterols and especially their isomers in biological
samples. . Oxysterols were analyzed as their p-toluenesulfonyl isocyanate derivatives, which improved
the separation of isomeric oxysterols by ion mobility and ionization efficiency in the electrospray
ionization step. The UPLC-IM-TOFMS method was shown to be fast and to provide good quantitative
performance. The feasibility of the method was demonstrated in the analyses of oxysterols in fibroblast

cell samples.
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Introduction

Oxysterols are oxygenated cholesterols that are either formed by cholesterol hydroxylases that belong to
the cytochrome P450 family [1-3] or by auto-oxidation [4]. Oxysterols are involved in various biological
events such as cholesterol homeostasis, apoptosis, cell differentiation, and signaling [5-8]. The most
abundant oxysterols are 24(S)-, 27- and 70-hydroxycholesterols in human serum [9]. The formation of
24(S)-hydroxycholesterol is catalyzed by CYP46A1 in the brain whereas 27- and 7a-hydroxycholesterols
are catalyzed by CYP27A1 and CYP7AL1 in the liver [10, 11]. 24(S)- and 27-hydroxycholesterols have
been linked with several neurodegenerative diseases such as Alzheimer’s disease and Parkinson’s disease
[12, 13]. Elevated levels of 24(S)-hydroxychloesterol have been detected in samples of cerebrospinal
fluid taken from patients that suffer from Alzheimer’s disease [12]. Though oxysterols have been linked
with diseases, they are also part of normal cholesterol metabolism. Cholesterol in the brain is converted
into 24(S)-hydroxycholesterol, which can permeate across the blood brain barrier into the circulation
[14]. Recently, it has been shown that oxysterols have a role in dopaminergic neurogenesis [15]. The
addition of exogenous 22-hydroxycholesterol caused a 2-fold increase in dopaminergic neurogenesis in
mouse embryo cells compared to controls [15]. Oxysterols, such as 22(R)-hydroxycholesterol, 20(S)-
hydroxycholesterol, and 22(S)-hydroxycholesterol induced alkaline phosphatase activity, which is an

early marker of osteogenic differentiation [16, 17].

Highly sensitive and selective analytical methods are needed for the analysis oxysterols in complex
biological samples. The gold standard for the analysis of oxysterols is gas chromatography—mass
spectrometry (GC-MS) [18-21], which is performed after derivatization of the oxysterols. One such
derivatization is by trimethylsilylation, which makes them more volatile and thermally stable for the
analysis. Liquid chromatography—mass spectrometry (LC-MS) [22], with electrospray ionization (ESI)
[23, 24] or atmospheric pressure chemical ionization (APCI) [25] or atmospheric pressure
photoionization (APPI) [26] has been increasingly used for the analysis of oxysterols. Although APCI
[25] and APPI [26] provide high ionization efficiency for non-derivatized oxysterols, ESI is the preferred
method due to its superior sensitivity for derivatized oxysterols [27]. Several derivatization procedures
have been used for the LC-ESI-MS analysis of oxysterols such as derivatization to picolinyl esters,
nicotinyl esters, N,N-dimethylglycine esters, oximes, and Girard hydrazones [22]. In addition to its high
sensitivity, the high separation power of the chromatographic method is needed in order to separate

different isomeric oxysterols, which is not possible by mass spectrometry alone because the
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fragmentation behaviour of isomeric oxysterols are very similar. The separation of oxysterols is possible
with GC [21] and LC [23]. However, the separation of isomeric oxysterols require relatively long run
times, which significantly increase the total analyses times. Therefore, faster analytical methods are

needed for the determination and analysis of oxysterols in order to increase sample throughput.

Ion mobility—mass spectrometry (IM—MS) is a powerful tool in bioanalysis and it has been increasingly
used along with the development of commercial instruments. For example, IM-MS is used in
metabolomics, in proteomics and in targeted analysis [28-30]. IM—MS provides high sensitivity, high
specificity and analysis times that can be measured on millisecond timescales. Analytes are separated by
IM—MS in the gas phase when traveling through a drift gas (normally N>) with a velocity that is dependent
on the charge, shape, size, polarity, and collision cross section (CCS) of the analyte [29, 31]. The CCS
provides an additional identification parameter in IM—MS in addition to the drift time, the m/z value and
fragmentation pattern and it can be estimated by calibrating the IMS using compounds with known CCSs.
The IM combined with LC-MS is also increasingly used in bioanalytics [32-34], because IM provides
an additional degree of separation and thus significantly improved peak capacity and specificity. This
can be particularly beneficial for example in the analysis of complex biological samples and in the

separation of isomeric compounds [35, 36].

The recently introduced traveling wave ion mobility (TWIM) provides a new mode of ion separation
prior MS analysis. In TWIM ions are accumulated in the trap cell and released into the mobility cell by
continuous voltage pulses providing high ion transmission and good separation efficiency [37]. The
TWIM-MS provides high sensitivity, specificity, and analysis times on a millisecond timescale and the

method has been increasingly used in bioanalytical applications [38-40].

In this study we have investigated for the first time the feasibility of UPLC-TWIM-TOFMS in the
analysis of oxysterols. The oxysterols were derivatized by p-toluenesulfonyl isocyanate (PTSI) in order
to increase the respective CCS, which thus increases the separation power of IM and enhances ionization
efficiency of oxysterols in electrospray ionization (ESI). PTSI derivatization was selected as the method,
which has been applied successfully earlier for the separation of steroid isomers by TWIM [33]. The aim
of the study was to improve sample throughput by using UPLC-TWIM-TOFMS that provides improved
separation efficiency and thus faster analysis of oxysterol isomers than commonly used LC-MS or GC-
MS methods. Furthermore, we have investigated the feasibility of the UPLC-TWIM-TOFMS method

in quantitative analysis of oxysterols in fibroblast cell samples.
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Materials and methods
Chemicals

Ultra LC-MS grade methanol (MeOH) and acetonitrile (ACN) were purchased from Actu-All Chemicals
(Oss, The Netherlands). Water was purified using a Millipore Milli-Q Gradient A10 purification system
(Molsheim,  France).  22-hydroxycholesterol ~ (22-OH-chl,  cholest-5-ene-33,22-diol,  7a0-
hydroxycholesterol (7a-OH-chl, 5-cholesten-3f3,7a-diol) and 7B-hydroxycholesterol (7B-OH-chl, 5-
cholesten-3p3,7B-diol) were purchased from Fountain Limited (Naxxar, Malta), 24(S)-hydroxycholesterol
(24(S)-OH-chl, cholest-5-ene-3p,240-diol) from AH diagnostics Oy (Helsinki, Finland), 27-
hydroxycholesterol (27-OH-chl, cholest-5-ene-3p3,26-diol) from Santa Cruz Biotechnology, Inc.
(Heidelberg, Germany) and 7-ketocholesterol (7-ketochl, 3B-hydroxy-5-cholesten-7-one) and 27-
hydroxycholesterol-d6 (d6-27-OH-Chl, 25,26,26,26,27,27-hexadeuterocholest-5-ene-3,27-diol) from
Avanti Polar Lipids (Alabaster, AL, USA). The p-toluenesulfonyl isocyanate (PTSI, 96%), poly-DL-
alanine and analytical grade ammonium acetate (99%) were purchased from Sigma-Aldrich (St. Louis,

MO, USA).
Sample preparation and derivatization

A stock solution (1 mg mL") of each standard compound used was prepared by dissolving it in methanol.
Further dilutions of working solutions were also prepared in methanol. A sample or working standard
solution in a vial was evaporated to dryness under nitrogen flow. The derivatization reaction was
performed according to the method described by Zuo et al. [41]. A 100 uL volume of ACN was added
to the vial followed by 20 uL of PTSI solution (100 uL mL-' in ACN). The solution in the vial was
agitated by a vortex mixer for 2 min and the reaction was stopped by adding 20 pL of H2O. The PTSI
derivatization reaction is shown in Fig. S1 and the PTSI derivatized oxysterols used in this study are

shown in Fig. S2.

Newborn human foreskin fibroblasts (ATCC, CRL-2429) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) with glutamine, 10% fetal bovine serum (Gibco, Carlsbad, CA, USA), and 1% mixture
of penicillin, streptomycin, fungizone (Gibco), and incubated in a CO; incubator (5% CO.) at 37°C.
Fibroblasts were cultured in T-165 flasks. The medium was removed and the cells were washed twice
with phosphate buffered saline. Subsequently, MeOH:H>O (50:50) was added to the cells, collected in a

tube, sonicated for 10 minutes and centrifuged at 10 000g for 10 minutes. The supernatant was removed

5
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and the pellet was then extracted in triplicate by adding 0.5 mL cyclohexane:ethyl acetate (3:1) containing
7 ng mL! of d6-27-OH-Chl as an internal standard to the Eppendorf tubes, then vortex mixing and
sonicating each replicate in an ultrasonic bath for 15 min. The Eppendorf tubes were centrifuged at 4°C
and 13 200 rpm (19500 rfc) for 10 min. The supernatant was transferred to a new Eppendorf tube. The
remaining cell pellet was re-extracted with 0.5 mL of cyclohexane:ethyl acetate (3:1) in the ultrasonic
bath and centrifuged as described above. After centrifugation the supernatants were combined and
extracted with 200 pL of H2O. The organic layer was saved and evaporated to dryness in a SpeedVac

evaporator. The derivatization was performed as described above.
UPLC-IM-TOFMS

A Waters Synapt G2-S Q-TOF HDMS (Waters, Wilmslow, UK) mass spectrometer equipped with a
traveling wave ion mobility cell was used in the IM—MS analysis. The mass spectrometer was operated
in negative ion ESI mode using the resolution of 20000 FWHM. Capillary voltage was 2.5 kV, source
temperature 120 °C, desolvation temperature 450 °C, desolvation gas flow 800 L h*! and nebulizer gas
pressure 6.0 bar. Sampling cone voltage was set to 40 V and source offset to 80 V. The acquisition mass

range was m/z 50-1200.

The optimization of the method and the acquisition of the mass spectra of the analytes were acquired by
direct infusion of standard sample solution (derivatized oxysterols in ACN) at the flow rate of 10 puL
min’!. The infusion flow was combined with the flow (400 pL min™") of 10 mM ammonium acetate in

MeOH from a Waters UPLC binary solvent manager before the ion source.

A Waters Acquity UPLC (Waters) was used in the analysis of oxysterols by UPLC-IM-TOFMS. The
column was Waters Acquity BEH C18, (2.1 x 100 mm, 1.7 pm) and the column temperature was 45 °C.
Milli-Q water (A) and 10 mM ammonium acetate in methanol (B) were used as the mobile phases for
the gradient elution. The gradient was 0-1 min 50% B = 100% B, 1-3 min 100% B, and equilibration
with 50% of B for 2 min. The flow rate was 0.4 mL min™! and the injection volume was 5 uL. The samples

were injected using a Waters UPLC sample manager.

The optimal settings for the TWIM cell were the following: helium cell gas flow rate: 180 mL min™!, IM
cell gas flow rate: 90 mL min! (3.0 mbar), IM wave height: 40.0 V, and IM wave velocity linear ramp
300-1000 m s*'. The IM buffer gas was nitrogen.
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The effect of the N> buffer gas pressure (2.5-3.5 mbar) was studied. The peak-to-peak (R;.p) resolutions
of the adjacent peaks were calculated according to equations presented in Supplementary material. The
CCS of the analytes were determined using 10 ug mL™!' poly-DL-alanine as a calibrant. The calibration
curves were plotted according to TWIM CCS values of poly-DL-alanine molecules in the literature [42].
The CCS values and the concentrations in the quantitative analytes were determined from driftograms

using Driftscope software.
Results and discussion

The oxysterol isomers were not separated in their native forms by IM because they had very similar CCSs
and also due to having similar strengths of their ion-molecule interactions with the drift gas. The
ionization efficiency of oxysterols with ESI was relatively poor as they lack an ionic group and their
proton affinities were relatively low due to their nonpolar character. The PTSI derivatization of the
oxysterols improved the separation efficiency due to their increased ion-molecule interactions and CCSs.
The derivatization also improved the ionization efficiency and all the derivatives produced very intense
deprotonated molecule with minimal fragmentation and provided good sensitivity in the IM-MS

analysis.

The effect of drift gas (N2) pressure (2.5, 3.0, and 3.5 bar) on ion mobility separation efficiency was
studied by using selected positional isomers of PTSI-derviatized oxysterols, namely: the PTSI-
derivatives of 22-OH-, 24(S)-OH- and 27-OH-cholesterols (Fig. S3). At every chosen pressure setting
22-OH-cholesterol was fully separated from 24(S5)-OH- and 27-OH-cholesterols, but 24(S)-OH- and 27-
OH-cholesterols were only partly separated from each other (Figure 3). At pressures of 2.5, 3.0, and 3.5
bar the respective Rpp between 22-OH- and 24(S)-OH-cholesterols were 0.54, 0.93, and 1.25, whereas
between 24(S5)-OH- and 27-OH-cholesterols the corresponding Ry.p were 0.54, 0,54 and 0.46. The results
show that the resolution between 22-OH- and 24(S)-OH-cholesterols increased when the pressure of N»
was raised, although the resolution between 24(S)-OH- and 27-OH-cholesterols did not change
significantly. On the other hand, the sensitivity was decreased by about 4-fold when the pressure was
increased from 2.5 bar to 3.5 bar but decreased only by about 1.5-fold when the pressure was increased
from 2.5 bar to 3.0 bar. The decreased sensitivity at higher drift gas pressures is due to the decreased ion
transmission through the TWIM cell. The drift gas pressure of 3.0 bar provided the best compromise

between resolution and sensitivity based on these results.
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The drift times and collision cross sections of the PTSI derivatives of the six studied oxysterols are
presented in Table 1. The CCS was 274.26 A2 for 7-ketocholesterol and between 284.14 and 309.34 A2
for the other oxysterols. The CCS of 7-ketocholesterol was smaller because it produced a mono-PTSI
derivate whereas the other oxysterols have two hydroxyl groups to produce di-PTSI-derivatives. Thus,
7-ketocholesterol was well separated from the other oxysterols. A more branched structure causes a larger
collision cross section in 7a-OH-, 78-OH- and 22-OH-cholesterols than in 24(S)-OH- and 27-OH-
cholesterols where the site of the derivatization is at the end of the side-chain (Fig. S2). The PTSI-
derivatized oxysterols 22-OH-, 24(S)-OH-, 27-OH-cholesterols were at least partly separated from each
other (Fig. 1A). Both 70-OH- and 73-OH-cholesterol standards, when analyzed separately, showed two
peaks in their selected mobility traces (Fig. S4 B and C) that is obviously due to formation of two
protomers. The same was not observed with other oxysterols. It seems that the derivatized oxysterols
having both PTSI groups at the ring structure (carbon 3 and 7) favors separation of protomers compared
to the oxysterols having other PTSI group at carbon 3 and other at the side chain. When 7a-OH- and 7f3-
OH-cholesterol standards were analyzed as a mixture, the protomer 1 of 7a-OH-cholesterol was
separated but the protomer 2 of 7a-OH-cholesterol and the protomers 1 and 2 of 73-OH-cholesterol
overlapped and were not separated from each other (Fig. 1 and Fig. S 4A). Furthermore, the protomers
of 7a-OH- and 7B-OH-cholesterol anomers overlapped with the 24(S)-OH- and 22-OH-cholesterols (Fig.
1). These results show that the separation power of IM alone is insufficient for full separation of all the

oxysterols and more specific methods are needed.

UPLC-IM-TOFMS of fibroblast cell samples

The UPLC was interfaced with the IM—=TOFMS in order to improve the specificity in the analysis of the
oxysterols. The 2-D separation map of [M-H] ions (m/z 796.3791 +/- 10 ppm) (Fig. 2) shows that the
PTSI derivatives of 22-OH-, 24(S)-OH-, 27-OH-cholesterols were separated from 7a-OH-, 73-OH-
cholesterols by UPLC-IM-TOFMS that was not possible by IM-TOFMS alone. Similar to that found
for the IM-TOFMS analysis, the the protomer 1 of 7a-OH-cholesterol was separated, but the protomer
2 of 7a-OH-cholesteroloverlapped with 73-OH-cholesterol protomers (Fig. 2). Therefore, the peak areas
of 7a-OH- and 7B-OH cholesterols were summarized in quantitative analysis. However, it is possible to

estimate the concentrations of 7a-OH- and 73-OH-cholesterol separately based on the separated peak of
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the protomer 1 of 7a-OH-cholesterol. The peak area of the protomer 1 of 7a-OH cholesterol is 25% of
the peak area of the protomer 2 of 7a-OH cholesterol (Fig. 4S) that provides estimation of the total
concentration of 7a-OH-cholesterol in quantitative analysis. When the estimated peak area of protomer
2 of 7a-OH-cholesterol is subtracted from the overlapping peak of the protomer 2 of 7a-OH-cholesterol
and the protomers 1 and 2 of 73-OH-cholesterol the total concentration of 73-OH-cholesterol can be
estimated. However, the repeatability of the formation of the protomers must be studied in more detail
before this estimation can be utilized in quantitative analysis of 7a-OH- and 7B3-OH-cholesterols. The
analysis of 7-ketocholesterol was not a problem, since it separated well from other oxysterols by UPLC—
IM and it appeared at a different m/z ratio than other oxysterols. The improved specificity owing to IM
allowed to use fast gradients in UPLC separation that significantly shortened the separation times (about

2 min) compared to the LC-MS methods (7-15 min) presented in the literature [20-25].

The quantitative performance of analysis of UHPLC-IMS—MS in the analysis of oxysterols was studied
with respect to the limits of detection (LOD), the limits of quantification (LOQ), linearity, and intra- and
inter-day repeatability. The LODs (at S/N >3) were 0.5-1.0 ng mL! and LOQs 1.0-5.0 ng mL!, which
indicates good sensitivity for the method. Linearity of the calibration curves and intra- and inter-day
repeatabilities were determined using analyte to d6-27-OH-Chl internal standard (ISTD) peak area ratios.
Calibration curves were determined using the linear regression with 1/X weighting within a concentration
range of 0.5 — 250 ng mL"!. The coefficients of determination (R?) for the calibration curves were better
than 0.995 for all the compounds and thus acceptable. Five replicate injections of 10 ng mL™! of standard
sample were made for intra- and inter-day repeatability tests. The relative standard deviations (%RSD)
for intra-day and inter-day repeatabilities for the analyte/ISTD peak area ratios were below 8% and 19%,
respectively, which indicate acceptable levels of repeatability. These results show good quantitative

performance of the method for the analysis oxysterols.

The feasibility of the UPLC-IM-TOFMS method for the analysis of biological samples was studied by
quantifying oxysterols in fibroblast cell samples that contained four million cells (Fig. 2B). The use of
high resolution mass spectrometry with a mass window of 10 ppm ensured the specific analysis of the
selected oxysterols without significant background disturbances from the sample matrix. All six
compounds, 22-OH-, 24(S)-OH-, 27-OH-, 7-OH-cholesterols and 7-ketocholesterol, were detected in the
fibroblast cell samples (Table 3, Fig 2B). The concentrations of 7a-OH- + 7B-OH-cholesterols and 7-
ketocholesterol were 47.8 ng mL! and 5.9 ng mL"! (1.67 and 0.21 ng/million cells, respectively). These

9
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compounds were clearly detected with good repeatability in three replicate analysis. The 22-OH-, 24(9)-
OH-, 27-OH-cholesterols were also detected but their concentrations were below the LOQ but above
LOD. It can be estimated, however, that the concentrations of 22-OH-oxysterols in the cell samples were
between 0,5 — 1 ng mL! (0.018 — 0.035 ng/million cells) and the concentrations of 24(S)-OH- and 27-
OH-oxysterols between 1-5 ng mL! (0.035 — 0.18 ng/million cells).

Conclusions

The separation of isomeric oxysterols is of high importance as it facilitates getting more detailed and
therefore useful information on the role of oxysterols in biological systems. We showed that UPLC-IM—
TOFMS provides a potentially useful and reliable method for the analysis of oxysterols in biological
samples. The PTSI-derivatization of oxysterols improves separation of isomeric oxysterols in addition to
improving their ionization efficiencies in electrospray ionization. However, the full separation of
isomeric oxysterols was not possible solely by IM and the combination of UPLC—IM was needed in order
to enhance separation efficiency. However, the partial separation of isomeric oxysterols by IM made
possible to use rapid gradients in UPLC in order to achieve fast analysis with acceptable separation. The
method was shown to provide acceptable quantitative performance and its feasibility was successfully

demonstrated in the analyses of six oxysterols in fibroblast cell samples.
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Figures

Figure 1. Selected ion mobility responses of the [M-H] ions (m/z 795.3718 +/- 10 ppm) of the PTSI-
derivatized A) 22-, 24(S)- and 27-OH-cholesterol and B) 7a-OH- and 73-OH-cholesterol.

Figure 2. 2-D separation map of the [M-H] ions (m/z 796.3791 +/- 10 ppm) of 22-OH-, 24(S)-OH-, 27-
OH-, and 7a-OH-/7B-OH-cholesterols of A) standard sample (2 ng mL') and B) fibroblast sample (4
million cells) by UPLC-IM-TOFMS. P1 = protomer 1 and P2 = protomer 2.
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