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Abstract

Correlations between the dimensions of a 2-D separation create trend lines that depend on
structural or chemical characteristics of the compound class and thus facilitate classification of
unknowns. This broadly applies to conventional ion mobility spectrometry (IMS)/mass
spectrometry (MS), where the major biomolecular classes (e.g., lipids, peptides, nucleotides)
occupy different trend line domains. However, strong correlation between the IMS and MS
separations for ions of same charge has impeded finer distinctions. Differential IMS (or FAIMS)
is generally less correlated to MS and thus could separate those domains better. We report the
first observation of chemical class separation by trend lines using FAIMS, here for lipids. For
lipids, FAIMS is indeed more independent of MS than conventional IMS, and subclasses (such
as phospho-, glycero-, or sphingolipids) form distinct, often non-overlapping domains. Even finer
categories with different functional groups or degrees of unsaturation are often separated. As
expected, resolution improves in He-rich gases: at 70% He, glycerolipid isomers with different
fatty acid positions can be resolved. These results open the door for application of FAIMS to
lipids, particularly in shotgun lipidomics and targeted analyses of bioactive lipids.
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Introduction

ass spectrometry (MS) has become the staple of

biological analyses [1]. However, the complexity of
most samples requires fractionation prior to MS, usually
performed by electrophoresis (i.e., in liquids) or chromatog-
raphy (i.e., on solid interfaces) [2]. Ion mobility spectrom-
etry (IMS), where ions in gases are separated based on the
properties of transport driven by electric field [3, 4], has
emerged as an alternative or complement to condensed-
phase methods. In conventional IMS, including the drift-
tube (DT) [3] and traveling-wave (TW) [5] modes, ions are
dispersed by the mobility (K) that controls motion at
moderate electric field intensity (E). Fundamentally, this
separation has limited orthogonality to MS because the
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mobility of an ion (with some charge state z) is related to its
size and thus mass (m). The correlation increases for species
of similar “density” (meaning close elemental composition)
and especially chemical homologues [6—15].

A correlation between two separation dimensions (e.g.,
IMS and MS) is manifested as a “trend line,” which
potentially permits separating different classes and classi-
fying unknowns [6-15]. The classification power is
proportional to the distance between the trend lines and
the inverse width of distributions around the mean trends.
Trend lines in the K versus m/z space were found for
atomic clusters [16—19], organic molecules (e.g., amines,
amino acids, and fatty acids) [15], and major biomolecular
classes: glycans, nucleotides, carbohydrates, peptides, and
lipids [6—14]. Lipids have little overlap with peptides and
none with nucleotides and carbohydrates [12]. While
subclasses form non-identical trend lines, the spacing
between them is often within the scatter around each,
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precluding complete separation. For example, the mobi-
lities in He for monophosphorylated 1+ peptides produced
by matrix-assisted laser desorption ionization (MALDI)
were 0%—10% (on average, 3%) above the trend for non-
modified ones [8, 20], but the standard (os) and
maximum (G,.x) deviations of the latter from the trend
were ~2.5%—7.3% (depending on the source of data) and
~13% [9, 11, 20]. Hence, all phosphopeptides lied within
the domain of non-modified peptides. The mass-mobility
correlation for 1+ lipids (og = 2.6%) is as tight as for
peptides or tighter [11]. The oy value is also lower for
lipids than for carbohydrates or nucleotides, perhaps
reflecting the smaller size and less diverse structures of
lipids [11]. Like for peptides, the trends for different
subclasses (phospholipids, cerebrosides, sphingolipids)
[12, 13, 21] and even finer categories (phospholipids
with the ethanolamine and other head groups) [22] differ
slightly, but the domains largely overlap, obstructing
classification. As MS measures m/z, a set of similar
species with unequal z exhibits multiple trend lines. In
particular, tryptic peptide ions derived from electrospray
ionization (ESI) have z = 1-5, and those with different z
lie largely apart in the IMS/MS space [6]. The multiplicity
of trends for a range of z substantially increases the
orthogonality of IMS to MS, rendering IMS more useful
for MS-based proteomics. However, most lipid ions
generated by ESI, MALDI, or other ionization sources
have z of 1 (in the negative mode, —1). This limits the
utility of conventional IMS for lipid classification.

Differential or field asymmetric waveform IMS (FAIMS)
[4, 23] exploits that K depends on E to separate species by
the difference of mobility (AK) at high and low E. In
practice, a strong periodic electric field E(¢), with the peak
intensity called “dispersion field” (Ep), is created in a gap
between two electrodes using an asymmetric waveform
(with the amplitude called “dispersion voltage,” DV) applied
to one. lons, carried through the gap by gas flow, oscillate
and drift toward one of the electrodes where they are
neutralized. A weak fixed “compensation field” (Ec) super-
posed on E(f) may offset the drift for a species with certain K
(E) function and permit it to pass the gap, while other ions
remain unstable and are eliminated. Scanning E¢ reveals the
spectrum of ions entering the gap.

The correlation to the ion mass or m/z is generally
weaker for AK than for K, thus FAIMS is more
orthogonal to MS than conventional IMS [4, 24, 25].
Hence, FAIMS/MS should produce more disparate trend
lines than conventional IMS/MS, yet their separation has
not yet been reported for any compound classes. Also, no
FAIMS studies of lipids have been undertaken. Here, we
show that major lipid subclasses occupy distinct, often
non-overlapping domains in the FAIMS/MS space that
may aid the lipid fractionation and classification. We also
demonstrate that high-resolution FAIMS can separate
similar lipids, such as regioisomers and species differing
by one degree of unsaturation.
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Experimental

We employed a planar FAIMS unit coupled to a modified ion
trap mass spectrometer (Thermo Fisher LTQ) [26, 27]. The
carrier gas at ambient pressure and temperature was delivered
to the unit at 2 L/min. We used DV =4 kV (for Ep =21 kV/cm)
or 5.4 kV (Ep =29 kV/cm), allowing He/N, mixtures with up
to 75% or 50% He (vol/vol), respectively [26, 27]. To enable
comparison with the results from a commercial system, a
cylindrical FAIMS device [23] (Ionalytics/Thermo Fisher) that
permits a maximum Ep = 21 kV/em and 50% He, most
analyses were performed in that regime [28]. To maximize the
resolution and accuracy of peak positions (E¢), the scan speed
was moderate at 1-5 V/(cm * min).

Lipid ions were generated by positive-mode ESI, with
emitter at ~2 kV above the FAIMS inlet and liquid flow of
0.3 - 0.5 uL/min. The samples were 1-20 uM solutions of
standards in 30:66.5:3.5 chloroform/methanol/water with
10 mM ammonium acetate. The standards, purchased from
Avanti (Alabaster, AL, USA), Nu-Chek Prep (Elysian, MN,
USA), or Larodan (Malmo, Sweden), included saturated and
unsaturated lipids representing the key subclasses analyzed
as cations: phospholipids and lysophospholipids with vari-
ous head groups; glycerolipids, including mono-, di-, and
triacylglycerols (MG, DG, and TG); galactolipids; and
sphingolipids (ceramides and sphingomyelin, SM). To elicit
the trends for each subclass, we sought several species
preferably spanning a significant mass range. To gauge the
capability for separations of isomers and near-isomers, we
procured DG regioisomers and otherwise identical phospho-
lipids with 0-3 double bonds. The galactolipid and some SM
samples were mixtures of nonisobaric species readily
distinguishable by MS. The lipids studied (62 total) are
listed in Table 1 with the structures summarized in Scheme 1.

These lipids produce protonated or ammoniated 1+ ions,
depending on the chemistry (Table 1). In N, and He/N,
mixtures, all species with m > ~300-400 Da examined by
FAIMS (including all peptides) behaved as “type C” [29],
where K decreased at higher £ and thus Ec > 0 for Ep > 0.
This has proven true for the lipids investigated here.

The E¢ scale drifts because of small variations of DV and
gas composition, pressure, or temperature [30]. To offset
these effects and obtain transferable absolute Ec, the scale
was anchored by internal calibration. The primary standard
was TG 18:1/18:1/16:0, which generates a single ion (the
NH," adduct) that has no mass overlap with other lipids
studied and produces intense well-shaped FAIMS peaks.
The accepted Ec for this species was set by averaging
numerous measurements made over time. Most lipids lie at
higher E values and, to avoid scanning excessive E ranges
and to improve the calibration accuracy, other lipids with
greater Ec were adopted as secondary standards in some
runs. We linearly scaled the Ec axis in all spectra to match
the calibration, but re-measured any displaying a deviation
over 2%. This procedure has greatly reduced the scatter of
replicate E- measurements for any lipid.
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Table 1. Presently Investigated Lipids and Ec Values for their lons (Ammoniated when Marked by an Asterisk and Protonated Otherwise) at DV = 4 kV in
1:1 He/N,. Lipids are Represented as X:a/Y:b, where “X” and “Y” are the Numbers of Carbons in the FA Chain(s) and “a” and “b” are the Number(s) of
Double Bonds Therein. The Error Margin of Ec Values is ~0.5 V/em

Subclass Identity Mass,” Da Ec/peak width®
Phosphatidylcholines (PC) 14:0/14:0 677.50 62.9/1.6
15:0/15:0 705.53 60.4/2.1
14:0/16:0 705.53 60.3/2.1
16:0/16:0 733.56 58.3/2.0
14:0/18:0 733.56 58.7/1.9
17:0/17:0 761.59 55.8/2.1
18:0/18:0 789.62 53.3/1.8
23:0/23:0 929.78 45.0/1.8
16:1/16:1 (9) 729.53 54.7/2.1
18:3/18:3 (9, 12, 15Z) 777.53 49.9/2.4
18:1/18:1 (9) 785.59 52.6/2.0
20:4/20:4 (5, 8, 11, 14Z) 829.56 46.5/2.1
20:1/20:1 (11Z) 841.66 48.4/1.9
Phosphatidylethanolamines (PE) 16:0/16:0 691.52 60.5/1.6
18:0/18:0 747.58 56.3/1.6
Phosphatidylserines (PS) 17:0/17:0 763.54 56.9/2.3
18:0/18:0 791.57 55.7/2.2
Lysophosphatidylcholines (LPC) 14:0 467.30 70.3/1.7
15:0 481.32 67.5/1.9
16:0 495.33 64.0/1.7
17:0 509.35 61.6/1.9
18:0 523.36 58.3/1.9
18:1 (92) 521.35 62.1/1.8
Lysophosphatidylethanolamines (LPE) 14:0 425.25 74.4
16:0 453.29 69.9
18:0 481.32 65.4
Lysophosphatidylglycerols (LPG) 14:0 456.25 68.2/1.7
16:0 484.28 65.5/1.6
18:0 512.31 61.4/1.7
Monoacylglycerols (MG)® 17:0 344.29 70.5/1.4
19:0 372.32 66.3/1.6
11:1 (10Z) 258.18 77.2/1.2
24:1 (152) 440.39 56.5/1.5
Diacylglycerols (DG)* 12:0/12:0 (snl/sn2) 456.38 75.4/1.5
14:0/14:0 (sn1/sn2) 512.44 70.7/1.7
16:0 (snl)/12:0 (sn2) 512.44 67.3/1.9
16:0 (sn1)/12:0 (sn3) 512.44 70.0/1.9
16:0/16:0 (snl/sn2) 568.51 63.0/2.1
19:0/19:0° 652.60 57.2/1.9
18:1/18:1 (snl/sn2, 9Z) 620.54 50.0/2.1
20:3/20:3 (snl/sn3, 11, 14, 172) 668.54 49.0/1.8
24:1/24:1 (snl/sn3, 15Z) 788.73 41.6/2.3
Triacylglycerols (TG)* 19:0/19:0/19:0 932.88 42.012.7
11:1/11:1/11:1 (10Z) 590.45 62.3/1.4
14:1/14:1/14:1 (92) 716.60 50.8/1.4
18:1/18:1/14:0 (92) 830.74 44.2/2.3
18:1/18:1/16:0 (9Z) 858.77 43.0/
21:1/21:1/21:1 (12Z) 1010.92 37.2/2.2
24:1/24:1/24:1 (15Z) 1137.06 34.1/2.2
Monogalactosyl diacylglycerols (MGDG)* 16:0/18:0 758.59 56.4/2.0
18:0/18:0 786.62 54.6/1.9
Digalactosyl diacylglycerols (DGDG)* 16:0/18:0 920.64 46.4/2.0
18:0/18:0 948.67 45.4/2.0
Ceramides d18:1/18:0 565.54 62.4/1.7
d18:1/24:0 649.64 55.5/1.9
Sphingomyelins d18:1/12:0 646.50 60.6/1.8
d18:1/14:0° 674.54 59.1/1.8
d18:1/16:0° 702.57 56.6/2.0
d18:1/18:0° 730.60 53.8/1.8
d18:1/20:0° 758.63 51.5/1.8
d18:1/22:0° 786.66 49.5/2.2
d18:1/24:1° 812.68 47.72.3

# Mass of the lightest isotopomer

® For low-intensity peaks of poor shape, no widths are stated and Ec values are less accurate
¢ Mostly snl isomers, sn2 impurity possible (private communication from the vendor)

4 Mixture of snl/sn2 and snl/sn3 in unknown ratio

¢ Composition assigned based on measured m/z
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Results

We first report the global mapping of lipids in the FAIMS/MS
space, which was performed at {DV = 4 kV; 50% He} with Ec
values cataloged in Table 1. Then we move to targeted separations,
optimizing the DV and He fraction for maximum resolution.

Phospholipids (P)

These include (Scheme la) a glycerol core attaching
straight-chain fatty acids (FA) with typically 14-24 carbons
and differing number of double bonds in the first (snl) and
second (sn2) positions and a phosphate “head group” that
controls the chemistry in the third position (sn3). Various
head groups in combination with a large pool of FA, varying
in both chain length and degree of saturation, create rich
structural and biological diversity. Phosphatidylcholines

N

Choline

Ethanolamine

(d)

g
T\ \/\NH2
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(PC), with the choline (N,N,N-Trimethylethanolammonium)
head group, are major constituents of mammalian cell
membranes [31-33]. The Ec values for “symmetric” PC
featuring identical saturated FA with 14-23 carbons
decrease with increasing mass linearly (©* = 0.990),
Figure la. A negative mass-to-Ec correlation for a com-
pound class is common (for example, as seen for tryptic
peptides of a given z), [26, 34, 35] but the linearity here is
impressive. The two FA can differ, resulting in asymmetric
PC such as 16:0/14:0 (with the 16- and 14-carbon FA), an
isomer of the symmetric PC 15:0/15:0. The Ec difference is
negligible for these isomers, but appears larger for PC 16:0/
16:0 and 14:0/18:0 with more unequal FA (Table 1). As the
difference is still well within the peak width (~2 V/cm),
these isomers are not presently resolved. To compare, the
symmetric and asymmetric PC track the same trend line in
conventional IMS [36].

[a]

g
,-r"‘?"“xor-—]
HO ~

SX

-X ¢an be these head groups: 6

HO H

OH

Glycerol

Scheme 1. Structures of lipid classes studied in this work: (a) phospholipids with head groups as listed, called
lysophospholipids when a hydrogen replaces the highlighted R chain; (b) TG, called DG or MG when H atom(s) replace(s)
one or two of the R chains, respectively; (c) DGDG, called MGDG when an H atom replaces the terminal galactose; (d)
ceramide, called sphingomyelin when the highlighted hydroxyl is replaced by phosphocholine. The R4, R,, and Rz are same or

different fatty acids
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Phosphatidylethanolamines (PE) and phosphatidylserines
(PS) are parallel to PC, with the choline replaced by
ethanolamine or serine. While PE are the second most
abundant phospholipids in animals and the main lipids in
microbial membranes, PS are found mainly in bacteria and
mammalian nervous tissue [31, 37]. The Ec values for
saturated lipids of these categories decrease for heavier ions
as for PC, but the offsets (and possibly, slopes) may differ
slightly (Figure 1a). Analyses over broader mass ranges are
needed to establish the trends for PE and PS more
accurately.

Many lipids include unsaturated FA, with the number of
double bonds (in nature, almost always cis-) influencing the
membrane fluidity. PC with monounsaturated FA (such as
18:1) appear to form a trend line at £c values below those
for saturated analogs (Figure la). The trend nears that for
saturated PC for larger lipids, where a double bond should
make a lesser difference. The examined PC with 3 or 4
double bonds in each FA have even lower Ec, but no trend
lines could be drawn as each type was represented by one
species (Figure 1a).

Lysophospholipids (LP) have the same head groups as
phospholipids, but include only one FA (normally in the snl
position) [31] and thus tend to be smaller. The E- versus
mass correlation for saturated lyso-PC (LPC) is as or even
more linear (#* = 0.998) than that for PC (Figure 1b).
Saturated lyso-PE (LPE) also align well and the difference
between their and LPC trends is significant, exceeding that
between PE and PC: the head group may contribute more to
the mobility properties of smaller lipids. The trend for
saturated lysophosphatidylglycerols (LPG) with the glycerol
head group is also apart from that for LPC, though close to
that for LPE. The E value for the unsaturated LPC 18:1 is
above that for the saturated analog (Figure 1b). This
contrasts with the findings for PC, including those with the
same FA. Whether this is a general distinction between PC
and LPC remains to be seen. The P and LP domains are
spaced apart much more than those for categories of either
(Figure 2a).

Glycerolipids

In this major subclass, the glycerol is esterified to one (MG),
two (DG), or three (TG) same or different FA. Typical lipids
naturally get heavier from MG to DG to TG, though the
mass ranges overlap as the FA lengths vary. The trend lines
for saturated MG and saturated symmetric DG have
decreasing slopes similar to those for LP and P, while the
offsets increase in the order: MG, LP, DG, P (Figure 2a).
Unsaturated MG may have slightly lower E¢ than saturated
ones, though more data are needed to conclude. Unsaturated
DG lie at Ec much below those for saturated ones, but the
shift is not governed simply by the degree of unsaturation:
DG 20:3/20:3 lies slightly above the line set by DG 18:1/
18:1 and 24:1/24:1. This behavior follows that for phospho-
lipids above. In the result, the domains of MG (saturated or
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Figure 1. Measurements for phospholipids (a) and lyso-
phospholipids (b): data (symbols) and linear regressions for
categories with at least two points (lines). Filled symbols are
for saturated lipids, empty symbols are for unsaturated ones,
and the number after lipid classification indicates the degree
of unsaturation

not), LP, and saturated DG are fully separated in the mass
overlap regions. The trend for unsaturated DG is close to
that for LP extended, and those domains may mix at similar
masses.

The trend for unsaturated TG (with each FA having 0 or 1
double bonds) continues that for saturated DG, and those
categories coincide over at least some of the overlap region.
The resulting domain appears fully separate from that for
saturated phospholipids, but not from unsaturated ones. For
the largest TG (m > 1 kDa), the trend line starts curving up
(Figure 2a). This should happen for all lipids with increasing
mass, as Ec must stay positive (except for macro-ions with
m > ~30 kDa where strong permanent ion dipoles may be
aligned, causing Ec < 0) [29, 38]. Perhaps this curving is
observed here only for TG because they are among the
heaviest lipids, and all others analyzed were under 1 kDa.
The only saturated TG that we studied (with FA 19:0) has
E¢ slightly above the trend for unsaturated TG, in line with
the results for MG and DG. The results for asymmetric DG
are described below.

Why do the trend lines for unsaturated and saturated
lipids differ? The mobilities of unsaturated PC exceed those
of saturated analogs by ~0.5% per double bond in DTIMS
[22] and by more (~5% for the first double bond and further
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Figure 2. Data for all lipids studied in this work, grouped by subclass (a) and in total (b). In (b), solid symbols are for E¢ values
(regression in dash) and blank symbols are for peak widths (regression in dash-dot). The categories for saturated and
unsaturated phospho- and lysophospholipids are aggregated; the nomenclature is per Figure 1

~1% for each beyond that) in TWIMS [36]. This was
attributed to a double bond bending and rigidizing a FA,
which reduces the collision cross section [36]. A larger
effect in TWIMS was rationalized [36] as a consequence of
unequal unfolding upon the field heating of ions by the
traveling wave [5], where floppy saturated lipids expand
more than rigid unsaturated ones. Though the molecular
modeling was performed for PC [36], this effect related to
the shape and flexibility of FA should transfer to other
lipids. However, the effect of such structural compression on
FAIMS analyses is unclear. For peptides or proteins,
unfolding (including that induced by the field heating)
decreases Ec. Had this applied to lipids, the introduction of
double bonds would increase the Ec values for PC and,
presumably, other classes. We have observed this for one
LPC species only and the opposite in other cases, as
discussed above. Hence the shifts between saturated and
unsaturated lipids in FAIMS remain to be explained. This

exemplifies the orthogonality between conventional IMS
and FAIMS dimensions, which has previously been shown
for amino acids and peptides [24, 25, 39]. Analytically, these
shifts may allow identifying saturated or unsaturated lipids,
and clarifying the degree of unsaturation. They also enable
detecting small amounts of lipids in the presence of analogs
with one more double bond, which is often difficult in MS
because of isotopic distribution (see below). The Ec values
and thus trends for unsaturated lipids might depend on the
double bond position: how sensitive is FAIMS to that
remains to be researched.

Other Lipids

To sample the separation properties of lipids more compre-
hensively, we have measured species of three other classes.
Glycolipids contain sugar(s) on the sn3 position, and FA on
the snl and sn2 positions, of the glycerol. The simplest
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glycolipids are galactolipids where the sugar is galactose.
Monogalactosyl diacylglycerols (MGDGQG) involve a single
galactose and digalactosyl diacylglycerols (DGDG) have a
chain of two; both are key components of plant membranes
and photosynthetic tissues [40]. The saturated MGDG and
DGDG fall on the same trend line lying close to and perhaps
slightly above that for saturated phospholipids, but much
above that for TG with the two domains apparently
separated (Figure 2a).

Sphingolipids are built on a sphingoid base, typically
sphingosine (an 18-carbon amino alcohol with monounsatu-
rated straight chain) connected to FA via an amide linkage.
Among other categories, ceramides are the simplest sphin-
golipids with no head group, and sphingomyelins (SM) have
the phosphocholine group bound to sphingosine. SM are
major components of animal tissues [31, 41]. Ceramides are
rare in tissues (except skin), but are important intermediates
in the biosynthesis of complex sphingolipids [31, 41]. The
trend for ceramides with saturated FA emerges above those
for saturated LP and unsaturated DG but below that for
saturated DG or unsaturated TG (Figure 2a). The trend line
for SM lies on the other side of that for saturated DG or
unsaturated TG, below those for saturated phospho- or
galactolipids, and passes through the domain for unsaturated
phospholipids (Figure 2a). Thus FAIMS apparently can
distinguish categories within the sphingolipid subclass.

For all lipids probed (Figure 2b), Ec and m/z are
substantially correlated (* = 0.82 with 6 = 7.4% and G pax
=22%), but the distribution about the mean trend is ~3 times
wider than that for K and m/z. The peak widths vary within a
limited range with a bias to increase for larger lipids
(Figure 2b), reflecting the peak broadening for less mobile
ions in planar FAIMS devices [4]. We have omitted many
lipid subclasses such as cholesterol esters, glycosphingoli-
pids (cerebro-, globo-, and gangliosides), sterol and prenol
lipids, saccharolipids, and polyketides, some of which are
structurally distant from the included subclasses. For the
subclasses investigated, the ranges of molecular sizes and
degrees of unsaturation were limited. Incorporation of
missing classes and extension to larger/smaller and more
unsaturated species would likely reduce the correlation
between FAIMS and MS dimensions.

Targeted Separations of Isomers
and Near-Isomers

Dispersion of data around the mean trend for a compound
type in FAIMS/MS (or IMS/MS) space is detrimental to
classification, but enables separation of isomers or isobars
within a class. All lipid classes permit numerous isomers,
and many are encountered in biology and differ in activity
[42]. The isomeric diversity of lipids was underestimated,
and ostensibly pure compounds now appear to be
mixtures [42]. In particular, glycerolipids (except TG
with identical FA) have regioisomers resulting from the
FA permutation between the glycerol sites. The snl and
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sn3 positions are equivalent, but a DG with different FA
can have FA1, FA2, or none in the sn2 slot, creating three
isomers, such as 16:0 (snl1)/12:0 (sn2), 16:0 (snl)/12:0
(sn3), and 12:0 (snl1)/16:0 (sn2). We have analyzed the
first two (Figure 3), and their separation at 50% He and
DV = 4 kV is incomplete. As with amino acids and
peptides [26], raising the He fraction increases Ec values
while narrowing the peaks. By ~75% He, the resolution
doubles and these DG are baseline-separated. The spec-
trum for each isomer features a peak at Ec of the other
with ~10% abundance (Figure 3). This is likely due to
migration of acyl chains with time and, thus, isomeric
mixing [43]: the isomeric abundances of 1,2- and 1,3-DGs
in solution can often shift by ~10% upon 2 mo of room-
temperature storage [44]. Hence FAIMS can be useful to
separate lipid regioisomers and control their isomeric
purity. The inability to distinguish isomeric lipids is
viewed as the major “limitation of existing lipidomics
weaponry that seriously impedes the understanding of
lipid biochemistry” [42].

All FA can be unsaturated to various degrees, creating
lipids that differ by one double bond, such as LPC 18:0 and
18:1. Such species differ by 2 Da, but the isotopic
distributions obstruct the MS detection of the more saturated
one in the presence of the other. For example, the protonated
LPC 18:1 has isotopologues with cumulative ~6% abun-
dance at m/z = 524.360-524.366, which differ from the base
peak of 18:0 (m/z = 524.372) by ~10-20 ppm and thus
require MS resolving power >10° to be separated. As the
ionization yields of saturated lipids tend to be below those of
unsaturated analogs, saturated lipids are more challenging to
detect and quantify by MS in a mixture with unsaturated

1.8 1.4 1.4

| sn2

37 66 69

Signal

80 90 100
E., V/cm

Figure 3. FAIMS spectra for a mixture of DG 16:0 (sn1)/12:0
(sn2) and 16:0 (sn1)/12:0 (sn3) at DV = 4 kV and He fractions
as marked (solid lines). On top are the widths (V/cm) for major
peaks with the resolving powers underneath. Values below
are the distances between two peaks with the resolution (1)
given. Features for isomers with FA 12:0 in the sn2 and sn3
slots at 50% He are shown as dashed lines
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Figure 4. Data for LPC: (a) mass spectrum for 18:1 with
relative peak heights and (b) FAIMS spectra for 18:1 and 18:0
at {DV = 4 kV; 50% He}

lipids than the isotopic distributions suggest. This problem
may be addressed by FAIMS, which provides baseline
separation of LPC 18:0 and 18:1 already at {DV = 4 kV;
50% He} (Figure 4). The difficulty caused by isotopic
overlaps in MS escalates for larger lipids, as the relative
mass differences between isotopologues decrease and heav-
ier ones grow in abundance. For example, protonated PC
23:1/23:0 has isotopologues with cumulative ~20% abun-
dance at only ~6—12 ppm from the base peak for PC 23:0/
23:0 (m/z = 930.8). The FAIMS resolution of species with
different degrees of unsaturation may well diminish for
larger lipids, but perhaps increasing the DV and/or He
content could offset that.

Conclusions

We have explored lipids by FAIMS, focusing on major
subclasses analyzed as cations: phospho-, lysophospho-,
glycero-, galacto-, and sphingolipids. The protonated and
ammoniated ions generated by ESI exhibit (in 1:1 He/N,)
the expected C-type behavior with an inverse correlation
between ion mass and compensation field within each
subclass. However, the subclasses follow distinct trend
lines and are completely or partly separated in the
FAIMS/MS space, and the classification power substan-
tially exceeds that of conventional IMS. The trend lines
also differ for finer categories, such as lipids with
different head groups or degree of unsaturation, and the
sign and magnitude of difference vary between sub-
classes. The dispersion of data points within a category
allows FAIMS to separate isomers with different fatty
acid attachments, such as 1,2- and 1,3-diacylglycerols.
Lipids differing by one double bond and, thus, mixed in
MS because of isotopic distributions such as saturated and
monounsaturated LPC, can also be separated. As for
peptides [26-28, 45], the resolution improves at higher He
content, and species not fully separated at 50% He often
can be at 75% He. The highest possible dispersion field
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(Ep) and maximum He content permitted at that field
normally provide the best resolution, making optimization
of those variables rarely needed in practice.

At this point, the utility of FAIMS in lipid analyses can
be contemplated in provisional terms only. First, FAIMS
could increase the specificity of shotgun lipidomics, where
unseparated crude lipid extracts are subjected to MS/MS,
and product, precursor, or neutral loss scans specific to lipid
classes are performed [46]. For example, a precursor scan for
m/z = 184 shows all lipids containing phosphocholine: PC,
LPC, and SM [46]. These could be pre-separated using
FAIMS, with linked FAIMS and MS scans to track the
desired trend line. One can also classify lipids exploiting the
Kendrick mass defect defined by the elemental composition,
however, (1) a resolving power of ~200,000 and sub-ppm
mass accuracy exclusive to FTICR MS are required, and (2)
isomers and classes with identical compositions, such as PC
and PE, are fundamentally indistinguishable [47, 48]. In
targeted analyses, FAIMS could filter specific bioactive
lipids such as ceramides or other sphingolipids that are often
not abundant and lost in the “chemical noise.” As imple-
mented for proteomics [34, 35, 49], FAIMS can be inserted
between liquid chromatography (LC) and MS stages to raise
the overall peak capacity. Recent introduction of lipidomic
analyses by 2-D LC, comprising normal-phase NPLC for
subclass fractionation and reverse-phase RPLC for separa-
tions based on other factors such as the degree of
unsaturation [50], speaks to the insufficiency of single-stage
LC for modern lipid research [48]. The 2-D chromatography
approach is powerful and well-established in proteomics
[51], but inherently suffers from very low throughput (~1-5
samples/d) [50]. A 1-D LC/FAIMS hybrid would compete
with 2-D LC in separation power, but offer much higher
speed. Similar considerations apply to isomer separations,
the traditional focus of IMS application. Structural isomers
of lipids, including positional isomers of DG or TG, can
often be resolved by LC, but the needed analysis times are
commonly ~2—-10 h [52-54] compared with seconds with
FAIMS. We continue exploring the utility of FAIMS for
other lipids and lipid classes and evaluate it in new
challenging tasks, such as separation of isomers differing
in the position of double bond [42] or branching point on the
fatty acid [54].
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