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ABSTRACT: Lipids are a major class of molecules that play
key roles in different biological processes. Understanding their
biological roles and mechanisms remains analytically challeng-
ing due to their high isomeric content (e.g., varying acyl chain
positions and/or double bond locations/geometries) in
eukaryotic cells. In the present work, a combination of liquid
chromatography (LC) followed by high resolution trapped
ion mobility spectrometry−mass spectrometry (TIMS-MS)
was used to investigate common isomeric glycerophosphocho-
line (PC) and diacylglycerol (DG) lipid species from human
plasma. The LC dimension was effective for the separation of
isomeric lipid species presenting distinct double bond
locations or geometries but was not able to differentiate
lipid isomers with distinct acyl chain positions. High resolution TIMS-MS resulted in the identification of lipid isomers that
differ in the double bond locations/geometries as well as in the position of the acyl chain with resolving power (R) up to ∼410
(R ∼ 320 needed on average). Extremely small structural differences exhibiting collision cross sections (CCS) of less than 1%
(down to 0.2%) are sufficient for the discrimination of the isomeric lipid species using TIMS-MS. The same level of
performance was maintained in the complex biological mixture for the biologically relevant PC 16:0/18:1 lipid isomers. These
results suggest several advantages of using complementary LC-TIMS-MS separations for regular lipidomic analysis, with the
main emphasis in the elucidation of isomer-specific lipid biological activities.

Lipids are essential small-molecule metabolites that play
many important roles in a wide variety of physiological

processes.1,2 The lipid composition of different membranes
substantially varies throughout the cell,3,4 suggesting that
different lipids are required depending on the needed
function.5 Dysregulation of lipid metabolism has been
associated with various pathologies,6 including atherosclerosis,7

infections,8 cancers,9,10 diabetes,11 and neurodegenerative
diseases.12 Understanding the biological roles and mechanisms
of lipids is still full of challenges because of their variation in
headgroups and aliphatic chains that may exist in any
eukaryotic cell.13 In fact, the complexity and diversity of lipid
structures and functions approach those of proteins.14 Despite
their clear importance and essential functions, lipids have been
significantly less studied when compare to proteins. In
addition, the number, abundance, and biomedical importance
of lipids may be profoundly underestimated due to challenges
with current analytical separation techniques. Thus, the
development of new analytical tools able to discriminate

isomeric lipid species is essential for investigating their
physiological roles in health and disease.
The study of lipids in biological systems has fundamentally

advanced the understanding of the lipidomic area in recent
years.2,15−18 Although nuclear magnetic resonance (NMR)19,20

and X-ray diffraction21,22 can be used to identify and
characterize bulk lipid properties, advances in lipidomics are
substantially driven by mass spectrometry (MS), mainly using
shotgun lipidomics,23−25 and liquid chromatography (LC)
coupled to MS.26−30 Lipids are generally detected over a
relatively narrow mass-to-charge (m/z) range (m/z 500−
1200) leading to a large number of lipid species having the
same nominal mass (i.e., isomers and isobars) which makes
their identification and characterization challenging. LC-MS
approaches have shown potential for the identification and
separation of isomeric lipid species, but those separations
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require relatively long analysis times and are not universal for
all lipid classes.31 Tandem mass spectrometry (MS/MS) using
different modes of activation (e.g., collision induced dissoci-
ation (CID),32−34 Paterno−Buchi (P−B) reaction followed by
CID,35,36 ozone induced dissociation (OzID),37−39 electron
induced dissociation (EID),40,41 radical directed dissociation
(RDD),42 and photodissociation43,44) has demonstrated
significant advances in elucidating isomeric lipid species, such
as double bond position (P−B, OzID, and EID) and positional
isomers (sn-1 and sn-2) (MS3 with CID). However, these
techniques have struggled to quantify isomers due to
differences in dissociation efficiencies between isomers, and
separation techniques to complement ion activation are
needed to provide the unequivocal structural assignment.
Ion mobility spectrometry (IMS) coupled to MS has

promise in lipid isomer separation, especially when combined
with liquid chromatography. While LC separation is often on
the order of minutes, a second dimension of separation based
on mobility (or size/charge) can be performed in a millisecond
time scale, leading to higher selectivity, reduced chemical
noise, and increased peak capacity.45−47 Lipidomic studies can
be performed using the five major IMS separation techniques
available: drift tube IMS (DTIMS),48,49 traveling wave IMS
(TWIMS),49,50 field asymmetric IMS (FAIMS),51 structures
for lossless ion manipulations (SLIM),49,52,53 and trapped IMS
(TIMS).49,54,55 IMS techniques can be coupled with LC in
order to provide an additional dimension of separation that
further increases peak capacity and specificity for lipid
identification.56−58 The use of IMS−MS in shotgun lipidomics
has previously demonstrated utility using DTIMS,59−61

TWIMS,62−64 and FAIMS,65,66 for the separation of isomeric
lipid species from distinct categories and subclasses improving
lipid fingerprinting and identification. However, in some cases,
the IMS resolving power has been limited resulting in
unresolved isomeric lipid species in complex biological
mixtures.67 Recent studies using high resolution FAIMS68

and the SLIM technology69 showed great promise for the
identification and separation of isomeric lipid species
presenting subtle structural differences. Although these
approaches are powerful by providing ultrahigh resolving
power, the use of the high resolution FAIMS and SLIM
technologies is not yet widely available. The recent
introduction of TIMS and its integration with MS analyzers
has shown its potential for separation and structural
elucidation of biomolecules by providing high resolving
power (R up to 400 in 50−500 ms).70−76 In a recent study,
the analytical power of LC-TIMS-MS has been demonstrated
for nontargeted analysis of human plasma, where a great
number of compounds have equal retention times but are
separated in the TIMS dimension and vice versa, showing the
good orthogonality and analytical potential of combining LC
and TIMS for the identification and separation of the major
lipid classes.77 Since the introduction of a commercial TIMS-
MS instrument in 2016, providing high mobility resolution in a
q-TOF MS/MS platform, the interest in potential integration
of high resolution linear IMS to traditional LC-MS/MS
workflows has increased significantly.
In the present work, a combination of LC followed by high

resolution TIMS-MS was used to investigate selected isomeric
glycerophosphocholine (PC) and diacylglycerol (DG) stand-
ard lipid species which differ from their lipid acyl chain
positions and/or double bond locations and geometries
(Figure 1). The present workflow was also evaluated for the

separation and identification of the biologically relevant PC
16:0/18:1 lipid isomers from human plasma. Different from
previous work, a special emphasis is placed on the capability of
high resolution linear IMS in LC compatible time scales (e.g.,
TIMS in 50−500 ms) for the separation of isomeric lipid
species with extremely small structural differences.

■ EXPERIMENTAL SECTION
Materials and Reagents. The present study involves 14

lipids including 6 glycerophosphocholine (PC) and 8
diacylglycerol (DG) illustrated in Figure 1. The isomeric
lipid standards were selected according to their lipid acyl chain
positions and double bond locations and geometries. All the
investigated PC and DG lipids were purchased from Avanti
Polar Lipids (Alabaster, AL) and Nu-Chek Prep (Elysian,
MN), respectively. Lipid solutions were prepared at a final
concentration of 5 μM in 5:95 water/methanol (H2O/
MeOH). Human plasma (SRM 1950) was purchased from
the National Institute of Standards and Technology (NIST;
Gaithersburg, MD). The lipid extraction from human plasma
was performed as described elsewhere.78 Calibration standard
(Tuning Mix, G1969-85000) was purchased from Agilent
Technologies (Santa Clara, CA) and used to calibrate the
instruments.

LC-TIMS-MS Experiments. Liquid chromatography was
performed by a Prominence LC-20AD HPLC system
(Shimadzu, Japan), equipped with an Acclaim 120 C18

Figure 1. Overview of the investigated glycerophosphocholine (PC)
and diacylglycerol (DG) standard lipid structures.
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column, 50 × 3.0 mm × 3 μm (Thermo Scientific, USA) which
was kept at 55 °C. Gradient separations were performed
between 60:40 H2O/ACN and 89:10:1 IPA/ACN/H2O, both
containing 10 mM ammonium formate and 0.1% formic acid.
Flow rate was varied (0.60−0.75 mL/min), and total run time
was 25 min (details in Table S1).
Briefly, the ion mobility separation in a TIMS device is

based on holding the ions stationary using an electric field (E)
against a moving buffer gas (Figure S1).54,55 In TIMS
operation, multiple isomers are trapped simultaneously at
different E values resulting from a voltage gradient applied
across the IMS tunnel region (Figure S1). After thermalization,
isomers are eluted by decreasing the electric field in stepwise
decrements (Figure S1). TIMS separation depends on the gas
flow velocity (vg), elution voltage (Velution), ramp time (tramp),
and base voltage (Vout).

54 The reduced mobility, K0, is defined
by

K
v

E
A

V V( )
g

elution out
0 = ≅

− (1)

The constant A is determined using calibration standards
(Tuning Mix) of known reduced mobilities,79 as previously
reported for the case of lipids.77 The measured mobilities are
converted into collision cross sections (CCS, Ω in Å2) using
the Mason−Schamp equation:

q
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where q is the ion charge, kB is the Boltzmann constant, N is
the gas number density, m is the ion mass, and M is the gas
molecule mass.80

LC-TIMS-MS detection was performed using a Bruker
timsTOF instrument, equipped with an ESI source operated in
positive mode at capillary and end plate voltages fixed at 4500
and 500 V, respectively, under nitrogen flow at 8.0 L/min and
200 °C. In the case of LC-TIMS-MS, internal mass and ion
mobility calibrations were performed by postcolumn intro-
duction of calibration standards at the beginning and at the
end of each run. LC-TIMS-MS mobility calibration was
performed using a linear fit between the scan number and the
1/K0 of known reduced mobilities. Complementary nESI-
TIMS-MS experiments were performed on binary mixtures
using a custom built TIMS device coupled to a Bruker Maxis
Impact II q-TOF MS, and mobility calibration was performed
as described previously.79 The buffer gas was nitrogen (N2) at
room temperature (T), and the velocity of the bath gas was
defined by the pressure difference between the entrance (P1 =
2.6 mbar) and exit (P2 = 1.1 mbar) of the TIMS analyzer. An
rf voltage of 250 Vpp at 880 kHz was applied to all electrodes.
The scan rate (Sr = ΔVramp/tramp) was optimized for the binary
mixtures, due to the different degree of complexity (Table S2).
In practice, Sr is reduced by decreasing Vramp and/or increasing
tramp. Note that as tramp increases, lower ion signal intensity may
be observed due to distribution of the ion mobility band over a
larger number of channels (almost same area). For TIMS, the
resolving power R and resolution r of the IMS bands are
defined as R = Ω/w and r = 1.18*(Ω2 − Ω1)/(w1 + w2), where
w is the full peak width at half-maximum (fwhm). The same
metrics for the LC peaks were computed with Ω replaced by tR.

■ RESULTS AND DISCUSSION

A large component within the isomeric lipid diversity comes
from positional isomers based on the acyl chain locations along
the lipid backbone (sn-1, sn-2, or sn-3) and/or the different
locations of double bonds and geometries (cis or trans). LC-
TIMS experiments were acquired as individual lipid isomers
and as mixtures. The measured collision cross sections (CCS)
and resolving power (R), resolution (r), and scan rate (Sr)
metrics are listed in Tables S2 and S3. The calculated CCS
values were found consistent with previous reported CCS
(within ∼1%) using different IMS technologies as well as
calibration standards.61,64

LC-TIMS Separation of Lipid Isomers with Varying
Double Bond Locations and Geometries. The present
workflow was initially assessed by exploring structurally similar
PC lipid isomers comprising different double bond locations
with the same geometry (Figure 2a) and different double bond
orientations at the same position (Figure 2b). The LC
dimension was very effective by providing a baseline separation
for the PC 18:1/18:1 Δ6-Δ9-cis (r ∼ 1.5, Figure 2a) and PC
16:1/16:1 Δ9-cis/trans (r ∼ 1.9, Figure 2b) lipid isomers. The
apparent R of ∼85−135 in the mobility dimension only

Figure 2. Typical LC and TIMS spectra for the protonated and
sodiated species of (a) PC 18:1/18:1 Δ6-Δ9-cis and (b) PC 16:1/
16:1 Δ9-cis/trans. The isomeric species are colored in blue (cis) and
red (trans). The TIMS spectra for mixtures (black) employed
different scan rates (Sr) as marked. The R and r values are given.
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allowed partial (if any) PC lipid separation using fast scan rates
[Sr = 0.3 V/ms] for the protonated and sodiated species
(Figure 2). In fact, similar features in the mobility spectra are
observed for the protonated (r ∼ 0.25) and sodiated (r ∼ 0.05)
species of PC 16:1/16:1 Δ9-cis/trans, and slightly different
features for the protonated (r ∼ 0.5) and sodiated (r ∼ 0.6)
species of PC 18:1/18:1 Δ6-Δ9-cis. Slower scan rate [Sr =
0.012−0.02 V/ms] experiments were performed on these PC
lipid isomers leading to a significant increase of the mobility
resolving power (R ∼ 230−385). The slower scan rates deliver
a baseline separation for the protonated (r ∼ 1.4) and sodiated
(r ∼ 1.5) species of PC 18:1/18:1 Δ6-Δ9-cis (Figure 2a) while
the protonated species of PC 16:1/16:1 Δ9-cis/trans are
separated in their mixture (r ∼ 0.8, Figure 2b). Concerning the
sodiated species of PC 16:1/16:1 Δ9-cis/trans, the two lipid
isomers coincided (r ∼ 0.2) even at R ∼ 230 and reached at
slow scan rates (Figure 2b). This suggests that the interaction
of the sodium metal ion with the fatty acyl chain of PC 16:1/
16:1 Δ9-trans leads to a folding of the trans-fatty acyl chain
adopting a closed structure as compared to the sodiated
species of PC 16:1/16:1 Δ9-cis. In addition to the high
resolving power provided by the TIMS analyzer, accurate
measurement of their relative (ΔΩr) and absolute (ΔΩ)
mobility differences with 0.35% (1.0 Å2) for the protonated
species of PC 16:1/16:1 Δ9-cis/trans and 0.89% (2.7 Å2) and
0.91% (2.8 Å2) for the protonated and sodiated species of PC
18:1/18:1 Δ6-Δ9-cis are reported, respectively (Table S3).
Comparison of the TIMS performance on PC 18:1/18:1

Δ6-Δ9-cis with other IMS technologies shows similar
separation trends as obtained in SLIM69 and AP-DTIMS61

but better than reported with high resolution FAIMS,68 for
which the lipid isomers are not separated. For PC 16:1/16:1
Δ9-cis/trans, the TIMS separation exhibits better performance
than the separation obtained in AP-DTIMS61 and similar to
that of the SLIM 15.9 m path length.69 Moreover, high
resolution FAIMS baseline resolves these two lipid isomers in a
mixture.68 These two examples evidence the orthogonality
between FAIMS and linear IMS technologies (e.g., DTIMS81

and TIMS82) for the case of lipids. Hence, the TIMS
technology appears to be sufficiently powerful when compared
to the other IMS technologies and has the advantage of being
commercially available.
Moreover, the protonated species of PC 16:1/16:1 Δ9-cis

showed more compact structures than PC 16:1/16:1 Δ9-trans
(Figure 2b). Concerning PC 18:1/18:1 Δ6-Δ9-cis, the
protonated and sodiated species of PC 18:1/18:1 Δ6-cis
exhibited more extended structures than PC 18:1/18:1 Δ9-cis
(Figure 2a). These TIMS results are consistent with the
elution order reported for other IMS technologies.47 While the
LC and TIMS (when using slow scan rates) separations were
comparable (r ∼ 1.5 and r ∼ 1.9 vs r ∼ 1.5 and r ∼ 0.8,
respectively) during the separation of lipid isomers comprising
distinct double bond locations and geometries, the shorter
time scale of the TIMS separation allows for easy integration in
a LC-TIMS-MS workflow.
LC-TIMS Separation of Lipid Isomers with Varying

Acyl Chain Positions and Double Bond Geometries. The
present workflow was assessed with DG lipid isomers
comprising different acyl chain positions and double bond
geometries (Figures 3 and S2). The LC dimension was very
effective by providing nearly baseline separation for the DG sn-
1,2 22:1-cis/trans (r ∼ 0.9) and DG sn-1,3 22:1-cis/trans (r ∼
1.1, Figure 3a) and a baseline separation for the DG sn-1,2

18:2-cis/trans (r ∼ 2.0) and DG sn-1,3 18:2-cis/trans (r ∼ 2.2,
Figure S2a) lipid isomers. However, the LC dimension was not
able to separate DG lipid isomers with different acyl chain
positions but with the same double bond geometries. The
sodiated species of DG sn-1,2/sn-1,3 22:1-cis/cis, DG sn-1,2/
sn-1,3 22:1-trans/trans, DG sn-1,2/sn-1,3 18:2-cis/cis, and DG
sn-1,2/sn-1,3 18:2-trans/trans were investigated in the mobility
dimension. No separation (r < 0.2) was obtained in the TIMS
dimension using fast scan rates [Sr = 0.3 V/ms, R ∼ 55−100]
for any of the sodiated species of DG lipid isomers (Figures
3bc and S2bc). Slower scan rate [Sr = 0.016−0.02 V/ms]
experiments were performed on these DG lipid isomers
resulting in an increase of the separation due to significant
increase of their resolving power values (R ∼ 230−405).
Although the DG lipid isomers were not baseline resolved, the
sodiated species of DG sn-1,2/sn-1,3 22:1-cis/cis (r ∼ 0.65),
DG sn-1,2/sn-1,3 22:1-trans/trans (r ∼ 0.65), and DG sn-1,2/
sn-1,3 18:2-trans/trans (r ∼ 0.75) can be separated in a mixture
(Figures 3bc and S2bc). These partial separations, with R ∼
350 on average, are related to the extremely small structural

Figure 3. Typical LC (a) and TIMS (b−e) spectra for the sodiated
species of DG sn-1,2/sn-1,3 22:1-cis/trans. The isomeric species are
colored in blue (cis) and red (trans). The TIMS spectra for mixtures
(black) employed different scan rates (Sr) as marked. The R and r
values are given.
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differences of the sodiated species of DG sn-1,2/sn-1,3 22:1-
cis/cis (0.23%, 0.7 Å2), DG sn-1,2/sn-1,3 22:1-trans/trans
(0.30%, 0.9 Å2), and DG sn-1,2/sn-1,3 18:2-trans/trans (0.32%,
0.8 Å2, Table S3).
In addition, the structural differences between the isomeric

DG lipid species comprising the same acyl chain positions but
different double bond geometries were larger when comparing
their CCS profiles and even more pronounced when multiple
double bonds are present and therefore better separated
(Figures 3d,e and S2d,e). For example, mobility differences of
0.42% (1.2 Å2), 0.56% (1.5 Å2), and 0.79% (2.1 Å2) were
observed for DG sn-1,3 22:1-cis/trans, DG sn-1,2 18:2-cis/trans
and DG sn-1,3 18:2-cis/trans, respectively (Table S3). This
delivers nearly baseline separations for DG sn-1,2 18:2-cis/trans
(r ∼ 1.15) and DG sn-1,3 18:2-cis/trans (r ∼ 1.25) and
separate DG sn-1,3 22:1-cis/trans (r ∼ 0.75). The analysis of
sn-1/sn-2 or sn-3 separations with similar acyl chains and
double bond geometries suggests that more compact structures
are observed when the acyl chains are in position sn-1,2 as
compared to positions sn-1,3. The DG lipid isomers with
similar acyl chain positions and cis double bonds have more
compact structures than those with trans double bonds. In
addition, this trend is more pronounced when multiple double
bonds are present in the DG lipid isomers. These examples
clearly evidence the orthogonality between the LC and TIMS
dimensions, where separation of lipid isomers comprising
distinct acyl chain positions (sn-1,2/sn-1,3) and double bond
geometries (cis/trans) is more powerful in the LC dimension
while separation of lipid isomers with distinct acyl chain
positions but the same double bond geometries is more
effective in the TIMS dimension.
LC-TIMS Separation of Lipid Isomers in Human

Plasma. The present workflow was finally evaluated in a
human plasma complex mixture. As shown in Figure 4a, the
LC-TIMS-MS heat map identified different classes of lipids
including lysophosphatidylcholine (LPC), diacylglycerol
(DG), phosphatidylethanolamine (PE), phosphatidylcholine
(PC), sphingomyelin (SM), triacylglycerol (TG), and

cholesteryl ester (CE). The tentative assignment of individual
lipid classes was based on a previous study using LC-TIMS-
MS.77 This clearly demonstrates a highly informative structural
identification of the biological complex mixture with a great
number of compounds with equal retention times but
separated in the TIMS dimension. This statement was verified
for the case of the biologically relevant PC 16:0/18:1 lipid
isomers comprising different acyl chain positions (sn-1/sn-2)
with the same double bond geometries (cis, Figure 4b). The
LC dimension was not able to separate the PC 16:0/18:1 lipid
isomers. The protonated species of the PC 16:0/18:1 (purple
traces) and PC 18:1/16:0 (green traces) standard lipid isomers
were investigated in the TIMS dimension. No separation (r ∼
0.2) was obtained using fast scan rates [Sr = 0.3 V/ms, R ∼
120] for the two isomeric lipid species in the biological sample
(Figure 4b, black traces). Slower scan rate [Sr = 0.016 V/ms, R
∼ 400] experiments permitted identification of (r ∼ 0.6) the
two lipid isomers in the human plasma complex mixture, with
PC 16:0/18:1 and PC 18:1/16:0 accounting for 86% and 14%,
respectively (Figure 4b, color traces). This ratio was consistent
with previous work performed with CID (MS3)83 and AP-
DTIMS.61 The partial separation is related to the extremely
small structural differences of the protonated species of PC
16:0/18:1 and PC 18:1/16:0 (0.22%, 0.7 Å2, Table S3).
Comparison between the present TIMS data and reported

AP-DTIMS data61 shows better performance for the TIMS on
the biologically relevant PC 16:0/18:1 lipid isomers, as AP-
DTIMS uses silver adduction to separate these lipid isomers.
However, high resolution FAIMS experiments68 exhibited
better separation than TIMS also giving promise for the
FAIMS/TIMS-MS integration for lipidomic studies. As
previously shown,67 the smaller acyl chains in the sn-1 position
give the more compact lipid structures, as reflected by the
slightly lower CCS value for the protonated species of PC
16:0/18:1 when compared to PC 18:1/16:0 (Figure 4b and
Table S3). This example provides clear evidence of the
orthogonality between the LC and TIMS dimensions as well as
the advantages of the LC-TIMS integration for a biological

Figure 4. (a) LC-TIMS-MS heat map of human plasma complex mixture. Tentative regions (orange dashed) are assigned to different classes of
lipids. (b) Typical LC and TIMS spectra for the protonated species of PC 16:0/18:1−18:1/16:0. The isomeric species are colored in purple (16:0/
18:1) and green (18:1/16:0). The TIMS spectra for mixtures (black) employed different scan rates (Sr) as marked. The R and r values are given.
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mixture, since the lipid species are not separated in the LC
dimension using common LC separations.

■ CONCLUSIONS
The potential of LC-TIMS-MS with high mobility resolving
power (R up to ∼410) is described for the case of PC and DG
standard lipids isomers as well from human plasma, with
extremely small structural differences (ΔΩ down to ∼0.2%, 0.6
Å2). On the one hand, the LC dimension was effective for the
separation of lipid isomers comprising distinct double bond
locations and/or geometries, but it was limited during the
separation of lipid isomers with distinct acyl chain positions.
On the other hand, the TIMS dimension resulted in the
identification of almost all the investigated lipid isomers and
was consistent with reported IMS data using other IMS
variants. The same level of performance was maintained in the
complex biological mixture for the biologically relevant PC
16:0/18:1 lipid isomers. Comparison of the TIMS perform-
ance with DTIMS technologies shows better separation with
TIMS as compared to low pressure DTIMS and atmospheric
pressure DTIMS (AP-DTIMS). Moreover, the TIMS technol-
ogy exhibited comparable performance to the SLIM 15.9 m
path length technology. The orthogonality between the LC
and TIMS dimension combined with the performance metrics
of the LC-TIMS-MS integration for biological mixture suggest
great promise for lipidomic studies. Many of the investigated
lipid isomers showcase the analytical challenge for mobility
technologies during lipidomic studies (e.g., extremely small
structural differences). The high resolution FAIMS was shown
to be orthogonal to linear IMS (e.g., TIMS) during the
separation of lipid species, suggesting great potential for
complementary nonlinear and linear IMS (i.e., FAIMS-TIMS-
MS) to advance global lipid analysis in complex biological
systems.
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