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Lipidomics is a particularly difficult analytical challenge due to the number and importance of isomeric species that are 

known or postulated in biological samples. Current separation and identification techniques are too often insufficiently 

powerful, slow or ambiguous. High resolution, low field ion mobility coupled to mass spectrometry is shown here to have 

sufficient performance to represent a new alternative for lipidomics. For the first time, drift-tube ion mobility separation 

of lipid isomers that differ only in position of the acyl chain, position of the double bond or double bond geometry is 

demonstrated. Differences in collision cross sections of less than 1% are sufficient for baseline separation. The same level 

of performance is maintained in complex biological mixtures. More than 130 high–precision reduced mobility and collision 

cross section values were also determined for a range of lipids. Such data can be the basis of a new lipidomics workflow, as 

the appropriate libraries are developed. 

Introduction 

Over the last decade, mass spectrometry based lipidomics has 

enabled the identification and quantification of lipids on a 

system wide level.1–3 Like other -omics disciplines, the field has 

profited tremendously from advances in instrumentation, data 

processing and bioinformatics. Due to the key role of lipids in 

many cellular processes, lipidomics has been widely applied in 

various fields ranging from molecular biology and lipid 

biochemistry to drug and biomarker discovery, as well has 

health and nutritional sciences.3–5 

It is estimated that the eukaryotic lipidome includes on the 

order of 100000 individual molecular species from a few 

hundred classes.1 In order to cope with this enormous 

diversity, different analytical approaches have been 

developed. Shotgun lipidomics relies on the direct infusion of 

the samples combined with high resolution FT-MS and MS/MS 

for rapid identification, yet usually fails to characterise 

isomeric species.6–8 Normal phase LC, reversed phase LC and 

silver-ion LC allow separation of lipid classes and, to some 

extent, also isomers, yet cannot be used for all lipid classes. 

Usually these methods also require long run times, or are not 

compatible with ESI-MS.9–11 

More recently, ion mobility coupled to mass spectrometry (IM-

MS) has been investigated as an alternative method for lipid 

analysis.12,13 The major advantage of IM-MS is its ability to 

separate isobaric and isomeric analytes by hydrodynamic 

“shape,” or more precisely ion-neutral collision cross sections 

Separation of lipid classes by IM-MS has been demonstrated 

on several occasions, including the determination of reduced 

mobilities and collision cross sections for database-aided 

identification of lipids.14–16 Yet, to the best of our knowledge, 

there are only two reports on separation of regioisomers 

(position of the fatty acid chain)17,18 whereas separation of 

positional isomers (differing in the position of the double 

bond) or geometrical isomers (cis/trans double bond 

geometry) by IM-MS have not been reported. This is due to 

the fact that these type of isomers usually differ by less than 

2% in their collision cross sections and therefore require ion 

mobility resolving power beyond 100 for separation, a range 

which is not accessible by travelling wave ion mobility and 

commercial low pressure drift tube instruments. From a 

biological point of view, molecular characterisation of lipid 

species is highly desirable since, as with most biomolecules, 

their function is strongly coupled to their structure.3 

For example, the effect of different double-bond positions in 

the fatty acid chains of phosphatidylcholines (PCs) on cellular 

membrane fluidity and function has been studied for several 

decades.19,20 Additionally, it has been suggested more recently 

that double-bond positional isomers in naturally occurring 

lipids can have significant impact on the development of 

diseases.21 Even though only cis (Z) isomers are formed during 

the biosynthesis of fatty acids in eukaryotic cells, trans (E) fatty 

acids can be introduced in food, synthesised by 

microorganisms, or converted from cis species through radical-

based isomerization.22 Trans geometry in lipids can lead to 

changes in membrane function and even inhibition of lipid 

enzymatic pathways and determination of trans lipids is 

therefore of great interest. Similarly, the position of the acyl 

chain (either sn-1 or sn-2) on phospholipids can have a strong 
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biological impact as it affects the properties of secondary 

messengers upon specific enzymatic cleavage of one of the 

fatty acids.23 

To date, the only mass spectrometric technique that allows 

determination of double-bond positions for lipidomics 

applications is called ozone-induced dissociation (OzID).21,24 

OzID involves selective ozonolysis of double bonds within the 

mass spectrometer followed by MS/MS. The drawback of this 

approach is that it requires handling of highly toxic ozone as 

well as modification of instrumentation, as no commercial 

product supports OzID. Also, the technique does not provide 

any information on the geometry of the double bond. 

Herein, we demonstrate the advantages of using a high 

resolution IM-MS instrument for lipid analysis. Resolving 

power exceeding 250 enabled separation of isomeric lipids, 

including double-bond positional and geometrical isomers, 

even in complex biological samples. Also, true low-field 

conditions enable high precision determination of reduced 

mobilities (K0) and collision cross sections (CCS), molecular 

descriptors which can complement accurate mass, 

fragmentation spectra and LC retention times for improved 

identification of analytes.15,25 K0 and CCS are physical 

molecular properties and should therefore be more robust and 

reproducible than LC retention times. Theory is also available 

to derive them from first principles, though it is not yet 

sufficiently refined for routine use. However, to be useful for 

unambiguous compound identification, it is crucial that K0 and 

CCS are determined with high accuracy and precision.  

Experimental 

Materials 

Polar lipid extracts of yeast (S. cerevisiae), bovine heart, 

porcine brain, egg yolk and E. coli as well as synthetic lipid 

standards were obtained from Avanti Polar Lipids (Alabaster, 

USA). Extracts were diluted to a total lipid concentration of 25 

µg/ml in isopropanol:methanol:chloroform 4:2:1 (v/v) with 1 

mM sodium acetate prior to lipidomics profiling. For 

determination of regioisomers, silver nitrate (0.1 mM) was 

added instead of sodium acetate. Measurements of synthetic 

lipid standards were performed using 1 µM solutions. All 

chemicals (analytical grade or higher) were obtained from 

Sigma-Aldrich (Switzerland) and used without further 

purification. 

Instrumentation 

All measurements were carried out on a Tofwerk IMS-TOF 

(Thun, Switzerland). The system comprises an ESI source, a 10 

cm desolvation tube, a 20 cm drift tube (both made from 

resistive glass) and a Tofwerk HTOF (TOF-MS) with two-stage 

interface to the IMS. Desolvation and drift tubes were 

thermostated at 105°C with nitrogen as the buffer gas. Ion 

mobility separation was carried out at a field strength of ca. 

400 V/cm (reduced electric field strength ca. 2 Td). Drift-tube 

pressure was set between atmospheric and 1400 mbar 

(nitrogen). Samples were introduced directly into the ESI 

source at 1 µl/min. The instrument was operated from m/z 

100 to 1800 in both positive and negative ion mode with a 

total measurement time of 10 min for profiling of lipid 

extracts. The mass spectrometer was calibrated externally 

using a mixture of tetraalkylammonium salts and Ultramark 

1621. Raw IMS-TOF data was post-processed using IMS Viewer 

and Tofware (Tofwerk, Switzerland). 

The instrument uses a Hadamard-type multiplexing method.26 

In addition to increasing sensitivity, properties of the time 

domain data can be exploited to increase both signal to noise 

ratio and effective resolution. The latter can significantly 

exceed the diffusion limit which applies to conventional 

pulsed-mode drift tube IMS.27 

 

Reduced mobility and collision cross section measurements 

Measured ion mobility drift times have to be corrected for 

time spent outside the drift tube (i.e., the interface region of 

the mass spectrometer) for precise determination of reduced 

mobilities (K0) and collision cross sections (CCS). Corrected 

drift times are determined from a plot of the measured drift 

time versus the inverse drift voltage. Drift time measurements 

were carried out at five different drift potentials (from 8 to 12 

kV) and the y-intercept of the plot vs. 1/field strength (the 

“nonmobility” component of the drift time) subtracted from 

the measured drift time to obtain the corrected drift time (see 

supplementary information). Reduced mobilities and collision 

cross sections can then be directly calculated from the 

corrected drift times, and no external calibration is needed. A 

modified zero-field equation, called the momentum transfer 

scan law, was used to correct for field-dependent momentum 

transfer and collision frequency (supplementary 

information).28,29 Corrected drift times, K0 and CCS are 

determined automatically by the post processing software. 

 

Lipid identification 

LipidXplorer (Shevchenko Lab, MPI-CBG) was used for lipid 

identification.30 Both MS and mobility selected fragmentation 

spectra (IMS-CID-MS) were imported as mzml files and 

searched against selected glycerophospholipid classes, 

allowing a maximum error in mass accuracy of 20 ppm. 

Positive ion mode data was searched for phosphatidylcholines 

(PC), 1-O-alkyl–2-acyl-glycerophosphatidylcholines (PC-O), 

lysophosphatidylcholines (LPC), phosphatidylethanolamines 

(PE) and 1-O-alkyl-2-acylglycerophosphatidylethanolamines 

(PE-O). Negative ion mode data was searched for 

phosphatidylethanolamines (PE), 

lysophosphatidylethanolamines (LPE), phosphatidic acids (PA), 

lysophosphatidic acids (LPA), phosphatidylserines (PS), 

phosphatidylglycerols (PG), lsyophosphatidylglycerols (LPG) 

phosphatidylinositols (PI), lysophosphatidylinositols (LPI) 

cardiolipins (CL) and monolysocardiolipins (mLCL). Molecular 

lipid were annotated with the number of carbon atoms and 

double bonds of the fatty acid in sn-1 position followed by the 

number of carbon atoms and double bonds of the fatty acid in 

sn-2 position. When the position and geometry of the double 

bond is known, it is given in parentheses after the number of 

double bonds according to recommendation of the Lipid MAPS 
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consortium and Liebisch et al.31,32 In cases where the exact 

composition of fatty acid moiety was unknown, lipid species 

were annotated with the total number of fatty acid carbon 

atoms and double bonds. 

 

Results and Discussion 

Separation of double bond positional and geometrical isomers 

PCs were used to test whether high resolution IM-MS can 

differentiate double bond positional and geometrical isomers. 

Since cationization with alkali metals such as sodium and 

potassium can have a positive effect on the separation of 

isomeric species33, K0 and CCS values of PC 18:1(6Z)/18:1(6Z), 

PC 18:1(9Z)/18:1(9Z) and PC 18:1(9E)/18:1(9E) were 

determined for various adducts. 

As can be seen in Table 1, the differences in K0 and CCS (which 

reflect the degree of separation) are dependent on the type of 

adduct. RSD values were ≤ 0.2% in all cases, meaning that 

differences by more than 0.001 cm2/Vs in K0 or 0.6 Å2 in CCS 

can be considered significant for these compounds. Assuming 

a resolving power of 250 and identical peak widths, 

compounds that differ by less than 1% in CCS (i.e. 3.0 Å2 for PC 

18:1/18:1 species) can be baseline separated, as shown in 

Figure 1. Whereas the difference between the 6Z and 9Z 

configuration is 1.0% for the protonated form, it rises to 1.2% 

for both sodiated and potassiated forms. On the contrary, the 

protonated forms of the 9Z and 9E configuration differ by 0.4% 

whereas the difference is less than 0.1% and therefore not 

significant for the potassiated forms. This shows clearly that 

adduct formation with alkali metals has an impact on the 

conformation of double bond isomers and indicates 

interaction with the fatty acid moieties of these lipids. It can 

be assumed that protonation takes place on PC head group, 

therefore not altering the conformation of the fatty acid tails 

and conserving the conformational differences between E and 

Z configuration. 

In contrast, cationization slightly improves separation of 6Z 

and 9Z as well as of 6Z and 9E, indicating the position of the 

double influences the coordination of the alkali metal ion and 

consequently leads to a more pronounced change in lipid ion 

structure. The fact that the 6Z configuration exhibits the 

largest CCS of the group reflects the higher flexibility of the 

fatty acid chain due to higher number of carbon atoms 

between the double bond and the methyl end. Overall, these 

results indicate that sodiated species are preferential for 

efficient ion mobility separation of PC isomers. 

Next, we wanted to confirm that the IM resolving power of the 

instrument is actually sufficient to distinguish mixtures of 

these isomers in complex samples. To this end, commercially 

available polar lipid extracts of bovine heart, porcine brain and 

yeast were analysed and K0 and CCS values of naturally present 

PC 18:1/18:1 determined (Table 1). The results clearly point to 

the presence of PC 18:1(9Z)/18:1(9Z). To confirm this finding, 

the extracts were spiked with synthetic standards of the three 

isomers. Extracted ion mobilograms for PC 18:1/18:1 of the 

spiked bovine heart extract are shown in Figure 1.  

For the sample spiked with PC 18:1(6Z)/18:1(6Z), analyte peaks 

are baseline separated while for 18:1(9E)/18:1(9E) no 

separation was obtained under standard conditions (ambient 

pressure), independent of the monitored adduct. The IMS-TOF 

instrument has a pressure-tight drift cell which offers the 

possibility to increase the pressure above atmospheric, thus 

further increasing the resolving power (above 250 in this case) 

due to increased number of ion-molecule collisions. As 

depicted in Figure 1, lower trace, raising the pressure to 

1400 mbar led to partial separation of 9Z and 9E isomers. The 

increase in ion mobility resolution is accompanied by a loss in 

sensitivity of about 25% (1.5 ions per ToF extraction at 1400 

mbar compared to 2 ions per ToF extraction at 1000 mbar). 

Separation was also confirmed by mixing the synthetic 

standards of the different isomers in pure solvents (not 

shown). 

 

 

Table 1. Reduced low field mobilities and field-corrected collision cross sections of adducts of double bond positional and 

geometrical isomers of PC 18:1/18:1. The RSD was less than0.2% in all cases (n = 4). Bovine, porcine and yeast PC 18:1/18:1 refer 

to the naturally occurring species found in polar lipid extracts. 

 
H

+
 Na

+
 K

+
 

 
K0 (cm2/Vs) CCS (Å2) K0 (cm2/Vs) CCS (Å2) K0 (cm2/Vs) CCS (Å2) 

PC 18:1(6Z)/18:1(6Z) 0.601 304.4 0.596 306.5 0.591 309.1 

PC 18:1(9Z)/18:1(9Z) 0.607 301.3 0.603 302.9 0.598 305.4 

PC 18:1(9E)/18:1(9E) 0.605 302.5 0.602 303.7 0.598 305.7 

Bovine PC 18:1/18:1   0.603 302.8   

Porcine PC 18:1/18:1   0.603 302.9   

Yeast PC 18:1/18:1   0.604 302.7   
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Figure 1. Extracted ion mobilograms for PC 18:1/18:1 for bovine heart polar lipid 

extract spiked with different isomers. The drift time axis for 9E spike was 

rescaled to compensate for the pressure, which was 1400 mbar rather than 

ambient as for the other traces. 

 

Separation of acyl-chain regioisomers 

As already discussed for isomers based on differences in 

double-bond geometry and position, the position of the acyl 

chain can also have a strong impact on the biological function 

of phospholipids. For example, PCs can be processed by 

specific enzymes such as phospholipase A2 to produce the lipid 

second messengers LPCs upon cleavage of the fatty acid in sn-

2 position.23 Consequently, regioisomers with different fatty 

acids in sn-1 and sn-2 position will have different biological 

effects. 

Initially, protonated, sodiated and potassiated species were 

investigated for optimal separation of PC 16:0/18:1 and PC 

18:1/16:0 regioisomers. As can be seen in Table 2, the 

difference in K0 and CCS values is larger for sodiated (0.3%) 

than potassiated species. Even though these values differ 

significantly (RSD ≤ 0.2%), meaning that each species can be 

confidently identified based on K0 and CCS as single species, 

the difference is not large enough for separation of mixtures 

that contain both isomers. 

Separation of the regioisomeric lipids has been reported in the 

past using silver-ion chromatography, which exploits selective 

binding of transition metals, in this case that of Ag+ to olefinic 

double bonds. Analogously, Campbell et al. recently reported 

the use of silver adducts to separate PC 16:0/18:1 from PC 

18:1/16:0 by differential mobility spectrometry (DMS) coupled 

to an ion trap MS.18 Silver adduction is also a useful strategy in 

drift-tube IMS, as can be seen in Table 2. The K0 and CCS of Ag+ 

adducts differ much more (0.7%) than do those of the other 

investigated cations. This is sufficient to enable separation of 

mixtures. 

Additionally, for identification and quantitation of 

regioisomeric phospholipids, MS/MS and MS3 methods have 

been proposed.18,34 Such fragmentation-based methods rely 

on the assumption that isomer-specific fragments are formed 

which can be used for quantification. Precursor ions are 

isolated using a quadrupole or ion trap, allowing 

fragmentation of ions that fall within a defined m/z window. In 

contrast, in the IMS-TOF all ions are fragmented 

simultaneously. Since dissociation occurs after the mobility 

separation (IMS-CID-MS), fragment ions can be assigned to 

their precursor based on drift times (see supplementary 

information). Note that different instrumental geometries can 

potentially lead to different fragmentation pathways.  

As can be seen in Figure 2, no isomer-specific fragments are 

found in the IMS-CID-MS spectra of an equimolar mixture of 

PC 16:0/18:1 and PC 18:1/16:0. IMS peaks corresponding to 

both isomers can be seen in the IMS traces for m/z 551.173 

and m/z 525.152 (corresponding to neutral loss of the 16:0 

and 18:1 fatty acids from [M+Ag-N(CH3)3]+), demonstrating 

that the neutral loss of the fatty acid moiety is favoured for the 

sn-1 position, but is not exclusive to this isomer. Interestingly, 

even the ion mobilogram for the main fragment at m/z 

683.417 (neutral loss of the PC head group from [M+Ag]+) 

shows unequal distribution between the two isomers. The 

data indicate that multiple dissociation pathways take place 

which are not exclusive to a single isomer. In this example, the 

1:1 ratio of the isomers is only correctly reflected in the ion 

mobilogram of the intact lipids. Note that the intensity of the 

ion at m/z 525.152 is only ca. 0.5% of the base peak at m/z 

683.417, yet extraction of high-quality IMS spectra is still 

feasible. 
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Table 2. Low field reduced mobilities and field-corrected collision cross sections for PC 16:0/18:1 and PC 18:1/16:0. RSD ≤ 0.2% in 

all cases (n = 4). 

 

 

 
Figure 2. Extracted ion mobilograms for precursor and fragment ions obtained from 

IMS-CID-MS of an equimolar mixture of PC 16:0/18:1 and PC 18:1/16:0 (silver-ion 

adductsNone of the fragments is exclusive to a single isomer, making fragment-based 

identification unreliable. The ion at m/z 683.417 corresponds to neutral loss of the PC 

head group from [M+Ag]
+
, while m/z 551.173 and m/z 525.152 correspond to neutral 

loss of the 16:0 and 18:1 fatty acids from [M+Ag-N(CH3)3]
+
, respectively. 

To verify that this approach also enables identification of these 

regioisomers in biological samples, polar lipid extracts of 

bovine heart, porcine brain and yeast were investigated. As 

shown in Figure 3, both regioisomers were unambiguously 

detected in the porcine brain extract, with PC 18:1/16:0 

accounting for 12% of the peak area of the corresponding IMS 

trace. For yeast, 4% correspond to PC 18:1/16:0, whereas only 

traces of PC 18:1/16:0 are present in the bovine heart extract 

(Table 3 and supplementary information). Furthermore, to 

determine the concentration of each isomer in porcine brain 

and yeast extracts, standard addition experiments were 

carried out (Table 3). Correlation coefficients R2 of ≥0.99 

demonstrate the linear response of the instrument 

(supplementary information). At the concentrations found in 

the sample, a ratio of 1:50 between the two regioisomers can 

still be quantified accurately. The linear range for 

phospholipids is > 3 orders of magnitude, with a limit of 

detection of approximately 4 fmol/min (supplementary 

information). 

Isotope correction for overlaps of IMS traces with isobaric 

lipids, i.e. [PC 34:2+109Ag]+, was performed analogously to 

isotope correction implemented in shotgun lipidomics 

software for mass spectra and as suggested in the literature 

(see supplementary information).18,30  

The results show that separations of the regioisomers on a 

high-resolution drift-tube based IMS-MS are comparable to 

DMS-MS spectra reported in the literature. The drift-tube 

instrument offers the advantage of direct calculation of K0 and 

CCS values from the drift times as well as the higher mass 

resolving power and accuracy of the mass analyser, which is 

crucial for lipid identification in lipidomic screens. Also, the 

drift-tube instrument does not require any special tuning to 

optimise the separation of a specific isomeric pair but is 

operated with the same settings for all analytes.  

A 20-fold drop in ion current has been reported for the DMS-

MS instrument when activating the DMS cell while the 

difference in ion current between MS and IMS-MS mode on 

the IMS-TOF is only a factor of 2-3 thanks to multiplexing.26 In 

contrast, the reported DMS-MS instrument allows MS3 

fragmentation experiments, whereas the IMS-TOF is limited to 

drift-time selective IMS-CID-MS. 

 

 
H

+
 Na

+
 K

+
 Ag

+ 

 
K0 (cm2/Vs) CCS (Å2) K0 (cm2/Vs) CCS (Å2) K0 (cm2/Vs) CCS (Å2) K0 (cm2/Vs) CCS (Å2) 

PC 16:0/18:1 0.617 296.6 0.611 299.2 0.609 299.9 0.624 292.5 

PC 18:1/16:0 0.617 296.2 0.613 298.2 0.610 299.4 0.619 294.7 
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Conclusions 

High resolution (>250), low-field (2 Td) multiplexed drift-tube 

IM-MS has been used to rapidly and efficiently separate lipid 

isomers that differ only in position of the acyl chain, position of 

the double bond or double bond geometry. This was 

demonstrated both in test samples and in complex biological 

mixtures. Since differences in CCS of 1% or less were found 

between isomeric phospholipids, such performance is 

necessary for K0 and CCS determinations to be become 

standard analytical techniques in lipidomics.  

In addition to raw resolution, high precision and accuracy are 

needed. Evidence presented suggest that the technology used 

here has advantages compared to current alternatives. This is 

critical for generation of reliable reference data and libraries. 

As these become available lipidomics will finally have the tools 

for rapid system-wide identification and quantification of 

lipids. 
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