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Abstract

A novel method for lipid analysis called CTS (collisional activation and traveling wave mass
spectrometry) involving tandem mass spectrometry of all precursor ions with ion mobility
determinations of all product ions was applied to a sample of human serum. The resulting four
dimensional data set (precursor ion, product ion, ion mobility values, and intensity) was found to
be useful for characterization of lipids as classes as well as identification of specific species.
Utilization of ion mobility measurements of the product ions is a novel approach for lipid analysis.
The trends and patterns of product mobility values when visually displayed yield information on
lipid classes and specific species independent of mass determination. The collection of a
comprehensive set of data that incorporates all precursor-product relationships combined with ion
mobility measurements of all products enables data analysis where different molecular properties
can be juxtaposed and analyzed to assist with class and species identification. Overall, CTS is
powerful, specific, and comprehensive method for lipid analysis.

Introduction

Lipids constitute an important class of biomolecules present in all kingdoms of life. Unlike
proteins and nucleic acids which are derived from common molecular building blocks and
have diversity in structure based upon sequence of these building blocks, lipids are a diverse
family of molecules that can be divided into eight different classes of amphipathic and
hydrophobic molecules.! For most of these lipid classes, biosynthesis results in the
production of a large number of closely related structures that differ in the occurrence of
fatty acyl moieties of alternative chain length, degree of unsaturation, and double bond
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positions, but differ in polar structures. Electrospray ionization has provided the means by
which all of the known lipid molecules can be analyzed by mass spectrometry? and hence,
the emergence of a strategy to measure numerous lipids present within a cell or tissue
system. Such studies of lipids found in biological systems can be both qualitative and
quantitative in nature and have been termed “lipidomic” investigations. The challenge in
such studies is that the enormous number of lipid species that are found in cells and tissues
can number to multiple thousands in aggregate. To address these analytical challenges two
major techniques have emerged which are of enormous value. One is LC-MS where
chromatographic separation of lipid species takes place prior to mass spectrometric analysis.
A second approach, which has been generally termed shotgun analysis,3# directly ionizes a
lipid extract and uses characteristics of each individual lipid class to generate abundant ions
to identify and quantify specific lipids. Such alterations of the direct electrospray analysis
could include the polarity of ions detected or modification of the mobile phase to enhance
protonation, deprotonation, and adduct ion formation.* As these different techniques have
emerged and been applied, an understanding of the value of general lipidomic analysis is
becoming recognized and interest in improving sample throughput for such studies has now
become an important consideration.

One recent development in mass spectrometry, namely ion mobility measurements during
mass spectrometric analysis, has matured into a powerful technique for separation of ions
prior to mass analysis. lon mobility measurements have been applied to studies of lipids,
including detailed analysis of specific lipid classes such as phosphatidylcholine,® separation
of lipids prior to mass spectrometric analysis,® and the use of ion mobility strategies to
separate lipids in a process termed FAIMS.” A useful advantage of ion mobility is that it
offers an additional separation step that can be implemented prior to mass analysis, but ion
mobility could offer a way to improve sample throughput in shotgun studies. One of the
advances of ion mobility has been in the development of traveling wave ion separations to
improve the resolution of ion separation.8-°

An additional strategy, first suggested by Philip Sanders (Eli Lilly Company)? and
implemented commercially by mass spectrometer manufacturers, is the analysis of all
electrospray generated ions by tandem mass spectrometry.11.12 In such studies ions are
sequentially separated by an initial mass analyzer followed by collisional activation with
measurement of all product ions for that mass. This process is repeated for the entire mass
range of interest. This is a powerful technique, but does require some time, even with
modern fast scanning quadrupole mass spectrometers. Nonetheless, the data obtained is a
complete collection of all the collision spectra from every ion generated by the electrospray
ionization process. From this collection of data important information such as precursor-
product relationships, product ions, as well as neutral losses common to a specific class of
lipids, can be discerned with database manipulations.

We have combined tandem mass spectrometry of all ESI-generated ions in conjunction with
shotgun analysis of lipids, but have added the additional parameter of ion mobility of all
product ions in a collisional activation and traveling wave mass spectrometry (CTS)
experiment. We have applied this strategy to the analysis of the neutral lipids present in
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human serum for which considerable data exist as to the numbers and quantity of molecular
species that normally occur.13

Experimental Methods

Materials

Human serum (SRM 909c) was purchased from the National Institute of Standards and
Technology (Gaithersburg, MD), divided into 50 pL aliquots and stored at —70°C until used.
Solvents and chemicals used for extraction and mass spectrometry were HPLC grade,
purchased from Fisher Scientific Company (Pittsburgh, PA), and were used without further
purification. Polyalanine was obtained from Sigma Chemical (St. Louis, MO).

Serum extraction protocol

An aliquot of serum was thawed, and extracted for neutral lipids using previously published
protocols.13 Briefly, 50 uL of serum was diluted with 1.0 mL Hanks’ balanced salt solution
to which was added 0.5 mL hexanes and 0.5 mL methyl t-butyl ether (MTBE). The mixture
was vortexed and centrifuged after which the top layer was removed to a separate test tube.
This extraction was repeated a second time, and the combined organic layers were dried
under a low flow of nitrogen gas and subsequently resuspended in one mL of infusion
solvent comprised of a 30:40:7 mixture of hexane: isopropyl alcohol: 10 mM aqueous
ammonium formate.

Mass spectrometry

Mass spectrometry and ion mobility measurements involving the CTS analysis were carried
out using a Synapt G2-S mass spectrometer (Waters, Manchester, UK) in positive ion mode.
Samples were infused directly into the electrospray source of the mass spectrometer using a
syringe pump, and a 0.5 mL syringe at a flow rate of 2.0 uL/min. Mass spectrometer
parameters for the CTS experiments included: Synapt G2-S set to Resolution Mode, ESI
voltage 2500 V, sampling cone 40 V, source offset 80 V, source temperature 120°C,
desolvation temperature 150°C, cone gas 40 L/h, desolvation gas 300 L/h, nebulizer 6.0 bar,
ion mobility wave height 40 V, ion mobility wave velocity 480 m/s, helium gas in the ion
mobility chamber set to 2 mL/min, and N> collision gas to 180 mL/min. Collisional
activation was carried out in the first (trap) of the three traveling wave sections of the Synapt
G2-S with collision energy 20 V or as noted. lon mobility separation was optimized using a
mixture of CE(18:2) and TG (52:3) infused as above.

CTS/WRENS

Waters Research Enabled Software (WRENS; Waters Corp) operates alongside MassLynx
via a script, written in computer language C#. It allows the user to set voltages and
parameters that can be applied over time or on a scan by scan basis for flexible control of the
instrument. For the CTS analysis, the script was used to control the precursor mass selection
and the rate in a step-wise progression of precursor masses (1.001 amu per step to account
for the mass defect accumulation for lipid-like molecules) in an assemblage of CID
experiments. The mass range applied to precursor mass selection was m/z 200 — 1200 with
acquisition of product ion spectra in the range 77/z50-1200. Quadrupole settings were held
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for 0.985 s with an interscan delay of 0.015 s before stepping up quadrupole voltage to select
the next nominal mass-to-charge-ratio. The resulting run time was 16.67 min/CTS
experiment to execute the entire step function of precursor mass selection in the first
quadrupole.

Data analysis

The data were analyzed using MassLynx and Driftscope software packages provided by
Waters Corporation. Separate software written in MATLAB (Mathworks, Natick, MA) was
used to generate extracted ion mobilogram graphs, and selected precursor and product
spectra at specific ion mobilities. The full set of data acquired in the CTS analysis (precursor
mass, product mass, ion mobility, and intensity) were accessed using Driftscope, and
transformed to a tabulated spreadsheet of all recorded values that could be inspected and
analyzed in Excel. Precursor m/z value was not recorded in the data output but was
calculated using a linear regression line relating elapsed time after initiating the WRENS
experiment for several prominent precursor ions (m/z 369.3, 577.5, 671.6. and 879.7) in the
serum mixture. In a more general case for other samples, any known ion, that appears both
as a precursor and product ion can be used to establish the exact time of the starting mass
selected (WRERS time scale) from the exact mass obtained in the time-of-flight
measurement. All precursor masses are reported here at nominal mass values since these
were actually set by the quadrupole mass settings that increment at a constant 1.00 s for each
subsequent mass-to-charge-ratio. This precursor mass assignment based on elapsed time
after initiating the WRENS experiment was examined for the four calibration masses listed
above on a routine basis to assure reproducibility as a check of reproducibility. Recalibration
of precursor mass assignment was carried out for each group of experiments or if instrument
ion mobility parameters were altered. lon mobility values for a specific ion could be found
in the collected ion mobility database, or from extracted ion mobilograms of the data after
exporting the Driftscope data into MassLynx. Product ion masses from the CTS experiments
are reported accurate to 10 mmu and separate accurate mass determinations using the
lockspray function with leucine enkephalin as the exact mass calibrant, are reported to 1
mmu.

Collision Cross Section Calculations

Collision cross section (CCS) values for the lipids described were determined using the
protocols of Michaelevski et a/1% and Paglia et a/1°> After optimizing ion mobility
parameters for a mixture of lipid standards to achieve optimal mobility separation for the
range of mass values and lipid structures considered in our samples, a calibration curve was
established using a solution of polyalanine (0.1 ng/pL) under these optimized conditions. lon
mobility values for the polyalanine oligomers were recorded and transformed as previously
described. These values were used in a calibration curve relating the polyalanine oligomer
ion mobility and CCS values measured on a non-travelling wave ion mobility instrument.
This calibration curve was then used to determine all other collision cross section values for
the lipids described in this work.
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Results and Discussion

The CTS experiment was carried out by initial selection of electrospray generated ions
followed by collisional activation, then analysis of all resulting product ions by traveling
wave ion mobility followed by a final time-of-flight high resolution analysis before ion
detection. The resultant 4-dimensional dataset (precursor ion, product ion mobility, mass
product ion determination, and ion abundance) was obtained for a mass range from /2200
—1,200 in 16.67 min using the first quadrupole set to increment 1 Da/s. This mass range
encompassed many of the important lipid substances, including glycerolipids,
phospholipids, and steroid esters.

CTS analysis of human serum neutral lipid extract generated a wealth of precursor/product
information, including ion mobility measurements of product ions that could be investigated
based on the behavior of the cholesteryl esters (CE) and triacylglycerols (TG) standards. A
complex precursor ion/product ion data map (Figure 1A) revealed an abundant population of
lines corresponding to common product ions, precursor ions as well as neutral loss behavior
for many of the components. Precursor ions (Figure 1B) generated in this human serum
sample revealed, as expected, abundant neutral lipids corresponding to a family of TGs, the
most abundant of which corresponds to TG(52:2) as the ammoniated ion at /7/z876 and
cholesterol esters with the most abundant precursor ion corresponding to CE(18:2), [M
+NH,4]* at m/z666 and corresponding sodiated adduct at /7/z671. Since this study was not
set up for quantitation, a rather high concentration of lipid extract was electrosprayed which
is known to lead to inaccuracies in ion abundances largely due to cluster ion formation?.
Nevertheless, analysis of the ten-fold diluted NIST serum extract (Supplemental Figure S1)
was qualitatively identical to the data presented here.

The common product ions (Figure 1C) generated in this neutral lipid extract from human
serum revealed a population of high mass ions corresponding to the sodiated adduct of the
TGs, abundant diglyceride-like product ions at /7/2551.51, 577.52, and 603.53. A very
abundant cholestadiene cation at /7/2369.35 in both Figure 1B and 1C are a result of the
instability of the ammonium adduct of cholesteryl esters which undergo partial in-source
decomposition during electrospray ionization and whose [M+NH,4]* readily decompose at
20V collision energy. There were also abundant ions at /7/z 393 and 413 that gave product
ions at m/z393.30 and m/z413.27, respectively, due to the presence of contaminants in the
serum sample (see below). The absence of a signal at /772666 as a product ion was due to
the instability of the ammonium adduct ions from CEs to CID to yield /7/2 369.351. The
observed collision induced decomposition of CEs as well as TGs was identical to that
observed for reference lipids obtained commercially (data not shown).

The ion mobility map of the precursor ions (Figure 1D) revealed a cluster of ions with
common ion mobility for cholesterol esters, their associated cholestadiene cation, and ion
mobilities of both sodiated and ammoniated TGs with their associated diglyceride-like
fragments. An expansion of the precursor ion region, which encompassed the cholesterol
esters (Figure 2), revealed a family of cholesterol species that were present as both
ammoniated and sodiated adducts, but clearly identified by the abundance of the
cholestadiene product ion at 210 A2 (2.98 ms). The cholesterol esters identified in this CTS
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experiment corresponded to the known abundant cholesterol esters described in human
blood such as 16:0, 18:1, 20:4, and 22:6 fatty acyl components.1”:18 |n addition to this, there
was clearly present a series of oxidized CE species, which were derived from oxidation of a
polyunsaturated fatty acyl moiety of the cholesterol esters with addition of 1-4 oxygen
atoms. Their identity was confirmed by accurate mass measurements as well as from CID
behavior of both the sodiated and ammoniated ions, where the ammoniated ions yielded
abundant cholestadiene cations. Since it was unexpected that these oxidized CEs were
present, normal phase LC-MS/MS was carried, out as previously described!8, to confirm
these oxidized neutral lipids (Supplemental Figure S2). The details of preparation and
storage of this NIST standard serum sample were not readily available, but it is well known
that oxidation of polyunsaturated fatty acyl groups takes place even when serum is store at
very low temperatures and a long period of time1®.

In a similar manner, detailed investigation of the high mass region of the CTS experiment of
human serum between /2840 and 920 (Figure 3) revealed a family of TG molecular
species as both the sodiated and ammoniated adducts that yielded common diglyceride-like
fragment ions with ion mobilities of 248-275 A2 (4.3-5.4 ms) and the fairly low abundance
of fatty acyl related product ions20 between 174-202 A2 (2.0-2.3 ms).

A set of four species at precursor mass /m/z 848, 850, 853, and 855 represent mixtures of
ammoniated (TG(50:2), TG(50:1)) and sodiated (TG(50:2), TG(50:1)), respectively, that
were identified by the pattern of ion mobility clusters following CTS analysis and confirmed
by accurate mass measurements and CID analysis (Supplemental Figure S3). The most
abundant TG species (TG(52:2)) in Figure 3 was a prominent [M+NH,]* ion at 7/2876
with a sodiated analog 5 Da higher at /m/z881. Like the cholesterol esters, the sodiated
species of TGs did not fragment as easily as the ammoniated adduct and present a pattern of
mapped entries that supports species confirmation using ion mobility data. This behavior of
ammoniated, sodiated, and lithiated adducts following CID has been reviewed?.

Two interesting species at /m/z 888 and 890 appeared in Figure 3 corresponding to
ammonium adducts of oxidized TGs. These oxidized TG species readily lost ammonia and
water from the precursor ions, resulting in large product ion signals 35 Da less than the
precursor mass. All product ions could be readily extracted from the CTS data of /2890
and 888 shown and reported in Supplemental Figures S4 and S5, respectively. The
component reported as TG(16:0_18:1 KODE) refers to an oxidized fatty acid having a keto-
group incorporated into 18:2 fatty acyl species (keto-octadecadienoate). Most likely this
structural feature arises from an initial hydroperoxy octadecadienoate,?! which rapidly
dehydrates to the keto functionality as has previously been reported.?2 Thus, the oxidized
TGs appear to be identifiable not only from the unique fragmentation in the CID spectra, but
also from the subtle patterns of ion mobility, as mapped out relative to precursor ion mass.
Approximately 100 TG molecular species and 10 CE molecular species could be identified
using the criteria above for this human serum sample (Supplemental Table S1 and S2).

lon mobilograms

Acquisition of all MS/MS spectra and the corresponding ion mobility values for product
ions permitted reconstruction of a novel set of histograms that related the ion mobility
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behavior to abundance of product ions. The total ion mobilogram of the neutral lipids from
human serum extract had surprising abundance features when plotted as the observed ion
mobility time. Since mobility time can be converted to collisional cross-section, Figure 4
displays the array of product ions from low to high collisional cross-section.

The identity of the product ions that distribute as to each ion mobility can be ascertained by
extraction of the product ions and corresponding precursor ions that have the unique
mobility. The abundant ions with the fastest mobility (210-212 A2, 2.87 to 2.93 ms) were
extracted from the CTS database as both the product ions with this mobility (Figure 5A) and
the precursor ions that yielded the corresponding product ions (Figure 5B). The product ions
observed were essentially of one ion type, namely /2 369.35, which is the cholestadiene
cation discussed above for cholesteryl esters. The most abundant precursor ion was the [M
+NH,4]* derived from CE(18:2) at m/z666. Other cholesterol esters, CE(18:1) and CE(20:4)
were present at this same ion mobility since they all yield the identical /m/z369.35 as the
major product ion.

The ions with abundant, but unique mobilities corresponding to the sodiated adducts of these
cholesterol esters were observed between 287 to 304 A2 (5.97 and 6.67 ms). As discussed
above, the sodiated adduct of cholesterol esters are more stable than the ammoniated
adducts. These intact CE adducts did not yield abundant product ions and thus the ion
mobilities were in fact the precursor ion mobility (data not shown). Each sodiated CE adduct
had a rather unique ion mobility seen for CE(16:0)+Na* at 287 A2 (5.97 ms), CE(18:2)+Na*
at 291 A2 (6.18 ms), and CE(20:4)+Na* at mobility 294 A2 (6.35 ms) (Table S2). The exact
ion mobility measured for product ions was found to be quite reproducible. For example the
same sample was analyzed, using the same instrument parameters for ion mobility, and the
ion mobility values did not change for four target product ions after a 5-month interval
between measurements (Table S3).

Abundant ion mobility was observed at 293 A2 (6.29 ms) (Figures 2 and 4) and the ion
generating this mobility was observed to be m/z687.56 (C45H7603Na) as a product ion, but
an ammoniated ion (as a product ion) at /7/z682.61 was not observed, likely due to facile
collision induced dissociation. These data were consistent with a cholesteryl ester that
contained one additional oxygen compared to the expected CEs and suggested the presence
of a hydroxyl group in the fatty acyl portion of the molecule. The corresponding precursor
ammoniated ion (7/z682) readily yielded /2 369.35 as the cholesterol cation after
collisional activation, revealing no additional oxygen atom on the cholesteryl ring structure.
This feature added to the likelihood of oxidation of the fatty acyl linoleate, suggesting this
component in the human serum was CE(HODE) [M+Na]*. It was not possible to determine
the position of hydroxyl group, but most likely oxidation of linoleate preceded by
autooxidation at both carbons-9 and -13.21 which was confirmed by LC-MS/MS analysis of
this serum sample (Supplemental Figure S2).

The abundant ions of longer ion mobility 323-327 AZ (7.65-7.81 ms) (Figure 6) were due to
a complex mixture of sodiated and ammoniated adducts of triacylglycerol species that
included TG(52:3) m/z 879 and TG(52:2) m/z 881. Ammonium adduct precursor ions from
the TG molecular species were observed because they are somewhat more stable to
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collisional activation than ammoniated adducts of CEs. There was also evidence for oxidized
triacylglycerols TG(52:3-0) and TG(52:2-0) at 7/z895 and 897 as the sodiated adducts and
ammoniated adducts at m/z 890 (discussed previously) and at m/z 892. There was an
additional ion observed at m/z 893 likely as the sodium adduct of a further oxidized species
that had a predicted precursor mass for the ammoniated ion at m/z 888 (discussed
previously), respectively.

The product ions with ion mobilities of 265, 268 and 271 A2 (4.99, 5.10 and 5.21 ms) were
due to the diglyceride-like product ions derived from collisional activation of the
ammoniated TG adducts. Collecting the ion mobilities of such diglyceride ions along with
the high resolution mass measurements to determine elemental composition, the fatty acyl
make up in terms of the total fatty acyl carbon atoms and double bonds could be determined
(Supplemental Table S1). For example, the diglyceride-like product ions appearing with ion
mobility of 268 A2 (5.10 ms) are m/z577.63 and m/z601.53 (Figure 6C). The precursor
ions for these diglyceride-like ions are from TG(50:1) [M+NHg4]*, TG(52:2) [M+NH,4]*, and
TG(54:4) [M+NH,]* (Figure 6D). When the ion mobility of all the diglyceride-like ions
collided in the CTS experiment was plotted but grouped as to number of double bonds, a
linear relationship was found for each group (Figure 7). Thus, at one ion mobility value, one
could observe several diglyceride-like ions where the higher masses would contain a larger
total number of double bonds than those of lower masses.

The ions of highest ion mobility abundance occurred at 218 A2 (3.31 ms) (Figure 4). Two
product ions had this ion mobility and they were m/z393.30 and m/z413.27, which differed
by 20 Da (Supplemental Figure S6A). From their exact masses, the difference could be
assigned to a gain of two carbon atoms, but loss of four hydrogen atoms from the high mass
product ion relative to low mass product ion. This high mass species had been previously
reported in neutral lipid extracts as due to a dioctyl phthalate (DOP) ester,23 most likely
ethyl hexyl phthalate, a very common vinyl plasticizer found in clinical apparatus such as
blood bags. The lower mass product ion was consistent with another closely related
plasticizer, dioctyl adipate (DOA) as a sodium adduct.

Of more interest were the precursor ions observed (Supplemental Figure S6B) that in
addition to the lower mass ions observed as product ions, had a triplet set of ions at 7/2763,
783, and 803 that all differed by the 20 Da seen for the lower mass product ions. These ions
were consistent with the sodium adduct of a dimer of DOA, a heterodimer of the sodium
adduct of DOA and DOP, and a sodium ion adduct of the dimer of DOP, respectively. At
even higher mass was a complex multiplet with major ions at /7/z1042 and 1062 that was
consistent with the sodium adducts of the heterodimers of DOP and DOA with a major
cholesterol ester, CE(18:2). Thus, these very abundant neutral lipids were forming dimer
sodiated adducts with each other during the electrospray process. Of interest was that the
extracted ion mobility plot (Figure 4) readily revealed these unique product ions derived
from the plasticizer from that of CEs and TAGs, present in the serum sample.
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Conclusion

The CTS experiment is readily interfaced with shotgun-type lipid analysis. Acquisition of
MS/MS data for all ions generated by electrospray ionization adds considerable more detail
to lipid studies than just data-dependent MS/MS data approaches. While the 16.67 min
acquisition of this dataset may seem long, the advances made in nanoelectrospray
engineering makes this relatively easy to implement in the shotgun strategy for multiple
samples. The ion mobility portion of this CTS dataset also adds additional information that
is quite useful for lipid analysis. In large part this was due to the strategy of obtaining ion
mobility measurements on product ions rather than the precursor ions. While this has not
been the usual application of ion mobility for lipid analysis,® it should be recognized that
many facile protocols that have been developed over the past 40 years for selecting the
specific lipid classes for analysis. This includes normal phase chromatographic techniques
such as TLC, specific solvent extractions (as used in this study), as well as stability of
specific lipids to saponification followed by extraction. Thus, to a large extent, the use of
product ion mobility provides unique information somewhat unique in that product ions
would not have the identical mobility compared to the starting lipid, but ion mobilities of
product ions may be common to a lipid class. For example, the compact nature of the
cholestadiene cation generated from all cholesteryl ester molecular species can be compared
to a lipid fragment ion containing the same number of carbon atoms, but having an open and
rather flexible structure.

Furthermore, the ion mobility of specific fragments such as diglycerides-like ions derived
from the TAGs, were found to be highly reproducible under specific and standard conditions
applied in the traveling wave experiment. Such ion mobility information for diglyceride-like
ions could be very powerful in assisting structural assignment of unknown lipid components
present in a particular molecular species. It is quite easy to identify common as well as very
different molecular species of lipids in mixtures such as this neutral lipid mixture of human
serum. There was clearly no problem in assigning the ion at /7/2393 and 413 to contaminant
ions, since these ions did not behave as any other constituents of serum by either MS/MS or
ion mobility.

In summary, the CTS experiment provides a complete 4-dimensional dataset of tandem mass
spectrometry and ion mobility for all product ions obtained from electrospray generated
precursor ions in a relatively rapid time frame. This dataset enables identification of not only
expected molecules, but also unexpected molecules such as oxidized CEs, oxidized TGs and
contaminants present in this serum sample.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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color scale shown. B) two-dimensional plot showing all precursor ions in sample vs.
intensity. C) two-dimensional plot showing all product ions in sample vs. intensity. D) three-
dimensional map showing all ion mobility values acquired from CID analysis of quadrupole

selected precursor ions.
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Enlarged region of Figure 1D, the ion mobility map generated from ions produced upon
precursor ion selection, showing region corresponding to CEs in greater detail. Data are
from analysis of human serum standard.
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Enlarged region of Figure 1D showing region corresponding to TGs in greater detail. Data

are from analysis of human serum standard.
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B) Product ions related to ion mobility values 2.87 — 2.93 ms.
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