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Abstract

Profiling and imaging MALDI mass spectrometry (MS) allows detection and localization of

biomolecules in tissue, of which lipids are a major component. However, due to the in situ nature

of this technique, complexity of tissue and need for a chemical matrix, the recorded signal is

complex and can be difficult to assign. Ion mobility adds a dimension that provides coarse shape

information, separating isobaric lipids, peptides, and oligonucleotides along distinct familial trend

lines before mass analysis. Previous work using MALDI-ion mobility mass spectrometry to

analyze and image lipids has been conducted mainly in positive ion mode, although several lipid

classes ionize preferentially in negative ion mode. This work highlights recent data acquired in

negative ion mode to detect glycerophosphoethanolamines (PEs), glycerophosphoserines (PSs),

glycerophosphoglycerols (PGs), glycerolphosphoinositols (PIs), glycerophosphates (PAs),

sulfatides (STs), and gangliosides from standard tissue extracts and directly from mouse brain

tissue. In particular, this study focused on changes in ion mobility based upon lipid head groups,

composition of radyl chain (# of carbons and double bonds), diacyl versus plasmalogen species,

and hydroxylation of species. Finally, a MALDI-ion mobility imaging run was conducted in

negative ion mode, resulting in the successful ion mapping of several lipid species.

Introduction

Tissue profiling and mass spectrometry imaging (MSI) by matrix-assisted laser desorption/

ionization mass spectrometry (MALDI-MS) has enabled the direct analysis and localization

of biomolecules (proteins and peptides) while maintaining the anatomical integrity of the

tissue.1–3 Recently, the use of tissue profiling and MSI has grown rapidly in the field of

lipidomics.4–7 Ion mobility (IM) mass spectrometry is a robust method that allows for the

rapid separation and detection of a wide range of biologically important compounds.8–10

The coupling of MALDI-MS with IM spectrometry (MALDI-IM MS) has allowed for a

variety of samples to be analyzed and offers the potential for real-time separation, which

operates within the several hundred microsecond time interval between the application of

each focused laser desorption pulse to the sample.10–13 In one study14, MALDI-IM MS was
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used to analyze and separate complex mixtures of phospholipids in positive mode. The

change in phospholipids’ ion drift time was shown to be dictated by the following factors: 1)

radyl chain length and its degree of unsaturation, 2) head group type, and 3) type of

cationization (salt adducts) of individual species. Additional work has successfully used ion

mobility mass spectrometry to analyze mixtures of most major classes of phospholipids and

sphingolipids.15–19

Due to the in situ nature of direct tissue analysis and the complex composition of tissue,

MALDI-IM MS offers a distinct advantage for lipids analysis in tissue by separating lipid

species by ion mobility prior to mass analysis. The first study to demonstrate this used

MALDI-IM MS to profile phospholipids in a rat brain tissue section.20 In this study, nine

different species of phospholipids were assigned in positive ion mode. Additional studies

profiled cocaine, phospholipids, and gangliosides from rat brain.17,21 MSI by MALDI-IM

MS was quick to follow tissue profile studies and has been successful in mapping lipids in

brain tissue, breast tumor models, and mouse spleen.22–25 To date most studies of lipids by

MALDI-IM MS have analyzed samples in positive ion mode. One drawback to this is that

studies have shown that in positive ion mode phosphatidylcholines and sphingomyelins

(both contain a positively charged quaternary ammonium group) suppress the detection of

other lipid classes.26,27 Additionally, several classes of lipids ionize more readily in negative

ion mode28 based on their structure (Figure 1) and in one recent study29 both a PI and ST

specie were imaged from brain tissue using MALDI-IM MS in negative ion mode. Herein,

MALDI-IM MS is used to simultaneously separate and analyze several classes of negatively

ionized lipids from spot profiles and images from standards and tissues. Mobility drift times

are tabulated and intercompared between the following lipids:

glycerophosphoethanolamines (PEs), glycerophosposerines (PSs), glycerophosphoglycerols

(PGs), glycerolphosphoinositols (PIs), glycerophosphates (PAs), sulfatides (STs), and

gangliosides in negative ion mode. Additionally, MSI with MALDI-IM MS was employed

to image several lipid species from mouse cerebrum in negative ion mode. The results from

these experiments and their implications for future tissue imaging are presented below.

Material and Methods

Mass Spectrometer

Data were acquired with a periodic focusing MALDI-IM-TOFMS instrument in negative ion

mode (IM-oTOF™ Ionwerks, Inc., Houston, TX). A mobility resolution of 25 (FWHM of

drift time) and a mass resolution of 3000 for m/z 1000 are routinely achieved on calibration

standards. The length of the mobility cell is ~17 cm with 56 electrodes, operating at ~2000v

and filled with 1.4 mbar helium gas. The cell electrodes are configured as a large gap

(3.1mm) and small gap (1.55m) pair, producing an electric field gradient of 115 v/cm across

each large gap and 230 v/cm across each small gap. The clearance time from the IM drift

cell of singly charged ions smaller than 2 kDa is less than 500 microseconds which in

principle allows laser pulse rates of 2kHz to be achieved; however, for convenience a 200

Hz pulse rate from a Nd:YLF UV laser (λ = 349 nm) was used in these experiments. An X-

Y sample stage (National Aperture Inc., Salemn, NH, folded micro-stage, model MM-3M-

F-2) provides 1 μm accuracy in beam positioning and sample scanning. The integral ion
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mobility spot profile separation of lipids occurred in hundreds of microseconds, while the

total signal acquisition time lasted from 0.5 to 2 minutes depending on analyte

concentration. For MALDI-IM imaging experiments in this paper, a 100 micron spatial

resolution and a 3 sec acquisition time per step was used. At present technical issues such as

large file sizes preclude the use of integral mobility to capture the IM separated mass

spectrometry of all ions present from each pixel location. Thus for the imaging experiments

presented in this paper the drift cell is operated in a differential mode by establishing offsets

in both mass and mobility data acquisition parameters. These choices of parameter limit the

incoming data to a usable mass range of approximately 100 Da and a mobility drift time

range spanning approximately 16μs (at m/z=800). The region of interest mass bins and

corresponding intensities are saved to a file along with the positional coordinates.

Data are presented as 2D contour plots of ion intensity as a function of drift time (y-axis)

and m/z (x-axis). In addition, the derived 1D ion mobility spectrum and 1D mass spectrum

for each MALDI-IM spectrum are also included. In the 2D contour plots of drift time versus

m/z, compounds that have the same molecular weight but different structures are observed

along ion groupings which have different slopes. The values reported for the m/z and drift

time for individual lipid species are based upon a centroid calculation of the (boxcar-

averaged) smoothed 2D signal, giving the center-of-mass for a particular 2D ion intensity

distribution. All contour plots were produced using IDL software (Exelis Visual Information

Solutions, Boulder, CO).

Lipid Extracts

The following lipid extracts: PAs from chicken egg, PEs from porcine brain, PGs from

chicken egg, PIs from bovine liver, PSs from porcine brain, and STs from porcine brain

were purchased from Avanti Polar Lipids (Alabaster, AL). Stock solutions of the lipids were

prepared in chloroform:methanol (2:1 v/v) at a concentration of 10 nmol/μL.

Matrix

2,6-dihydroxyacetophenone (DHA) was used as the MALDI matrix. For lipid extracts,

saturated DHA was mixed with 3 mM ammonium sulfate and 0.05% heptafluorobutyric acid

in 50% ethanol, while for direct tissue analysis and imaging saturated DHA was mixed with

125 mM ammonium sulfate and 0.05% heptafluorobutyric acid in 50% ethanol. The addition

of HFBA has been shown to improve DHA’s lifetime under vacuum and the ammonium

sulfate aids in displacing salt adducts.30

Tissue Sectioning and Handling

All the animal use and handling in this work abides by the Guide for the Care and Use of

Laboratory Animals (NIH). Mice were euthanized with isoflurane and were decapitated

upon cessation of respiration. The brains were quickly removed from the skull and frozen in

dry ice-chilled isopentane for no more than 10 seconds, prior to storage at −80°C. The

frozen mice brains were transferred from −80°C to the cryostat chamber (CM 3050 S; Leica

Microsystems Nussloch GmbH, Nussloch, Germany) at −20°C. The tissue samples were

attached to the cryostat sample stages using ice slush made from distilled water. This
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procedure has been described in detail previously.20 The brains were cut into 16 μm sections

and placed onto the MALDI sample targets. The plates were stored at −80°C until analysis.

Sample Preparation

Lipid extract stock solutions were diluted to 500 pmols/μL in DHA matrix solution and 0.5

μL was deposited onto the MALDI sample target. For MALDI imaging, tissue sections were

sprayed with matrix using an artistic air brush.31 To improve the matrix coating and limit

evaporation, the spraying was done in a cold room (+ 4°C).

Lipid Assignment

Assignment of lipid species was as follows: PA, PG, PI, and PS species numbering equal the

total length and number of double bonds of both radyl chains, while ST species numbering

corresponds to the length and number of double bonds of the acyl chain attached to the

sphingosine base. PE species equal the total length and number of both radyl chains with a
representing diacyl species and p representing plasmalogen species.

Results and Discussions

Initial studies were conducted on standard tissue extracts for different classes of

glycerolphospholids and sphingolipids in negative ion mode to record their mobility time

and molecular weight. Figure 2a illustrates a MALDI-IM MS spectrum of brain ST extracts

in negative ion mode with DHA matrix. Five species of sulfatides (ST C22:0(OH)/d18:1, ST

C24:1/d18:1, ST C24:0/d18:1, ST C24:1(OH)/d18:1, ST C24:0(OH)/d18:1) were detected as

[M-H]− ions in the m/z range shown. As observed previously for other lipid classes by IM-

MS in positive ion mode, an increase in mobility time parallels the increase in saturation of

the acyl chain (i.e. decrease in the number of double bonds).14–16,18 In one study it was

suggested that the variation in collision cross section (and thus in drift time) for lipids with

acyl chains containing different degrees of unsaturation can be explained by the fact that the

presence of an unsaturated double bond causes the chain to bend.14 As a result, the molecule

is less elongated, thus the collision cross section is smaller. Additionally, sulfatides can be

hydroxylated on their acyl chain, which causes the mobility time to shift horizontally when

compared to change in the length of the acyl chain. This is observed in Figure 2a when

comparing ST C24:1/d18:1 and ST C24:0/d18:1 to ST C24:1(OH)/d18:1 and ST

CC24:0(OH)/d18:1, in which there is very little change in mobility time between non-

hydroxylated and hydroxylated species. In order to further compare different lipid classes by

MALDI IM-MS, assigned M-H peaks for egg PAs, egg PGs, liver PIs, brain PSs, and brain

STs were plotted as drift time versus m/z (Figure 2b). Additionally for PS species, [PS –

87Da] mass peaks that corresponds to the loss of the serine head group (C3H5NO2) were

also plotted in Figure 2b. PAs exhibit the fastest drift time while PIs and STs had the slowest

drift time. When similar fatty acyl chains are considered, the drift time for each group is as

follows: PA ≅ PS – 87 Da < PG < PS < ST ≅ PI. These results track the size of the lipid

head group fairly well as seen in Figure 1 i.e. the smaller the head groups the faster the

mobility (smaller drift time) and the larger the head groups the slower the mobility. Thus,

PAs have the fastest mobility due to the fact that only a proton is attached to its phosphate at

the sn-3 position while PIs have one of the slowest mobility due to the large inositol group
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attached to its phosphate at the sn-3 position. Analyzing the lipid classes in negative ion

mode allowed for easier comparison between classes when compared to previous MALDI-

IM studies, due to the fact that the majority of lipid signals were recorded as [M-H]− ions in

contrast to positive ion mode data where multiple salt adducts are observed for acidic lipid

classes such as PSs and PIs.14 A table containing the lipid assignments with their drift time

and m/z values used for Figure 2b is provided in the supplemental data section for this

paper. The data provided from these tissue extract standards was used to identify lipid

species present in mouse brain tissue sections.

To test the utility of MALDI IM-MS in negative ion mode to analyze complex mixtures of

lipids, direct tissue analysis was conducted on mouse brain sections. Figure 3 displays a

MALDI-IM 2D plot of mouse brain tissue in negative ion mode with DHA matrix. In order

to better view the data, the plot was divided into three m/z ranges (a) 698–800, (b) 800–910,

(c) 1500–2150. A total of 51 lipid species were assigned from the spectrum in Figure 3,

consisting of 19 PEs (10 diacyls and 9 plasmalogen species), 9 PSs, 4 PIs, 14 STs (8 non-

hydroxylated and 6 hydroxylated species), and 5 gangliosides (2 GM1, 2 GD1, and 1 GT1).

Five additional mass peaks were assigned but due to the in-source fragmentation and lose of

the serine head group from PS species, PA species were unable to be conclusively identify

and thus these peaks were labeled as PA/PS-87 Da. A complete list of lipid assignments

with drift time and m/z values for Figure 3 is provided in the supplemental data.

Figure 3a shows the m/z range (698–800) and contains mass peaks mainly associated with

PEs and PSs. PEs are one of the most abundant glycerophospholipid classes in brain tissue.

In addition to the basic diacyl (a) species of glycerophospholipids, in which two acyl groups

are attached to the sn-1 and sn-2 position of the glycerol backbone, PE also contain

plasmalogen (p) species, in which a vinyl ether group instead of an acyl group is attached to

the sn-1 position. Similar to hydroxylated STs, the mobility drift time is shifted horizontally

between plasmalogen and diacyl species with the same fatty acid chain length and carbon

double bonds when compared to the shift in drift time for a change in fatty acid composition.

The lipid specie at m/z 774 could either be PE 38a:0 or PE 40p:6. However, if the specie was

PE 38a:0, the drift time should increase but instead the drift time actually decreased and the

specie corresponds well to the expected mobility shift associated with the series of

plasmalogen species (PE 40p:6-PE 40p:5) recorded in the figure. Based upon these data, the

ion at m/z 774 was labeled as PE 40p:6. This response for PEs has also been observed by

MALDI-IM MS in positive ion mode.14 Figure 3b displays the m/z range (800–910) with

several mass peaks associated with PSs, PIs, and STs being detected.

Gangliosides are complex glycosphingolipids that contain one or more negatively charged

sialic acids, N-acetylneuraminic acid, (GM1 = 1 sialic acid, GD1 = 2 sialic acids, GT1 = 3

sialic acids). Figure 3c shows the m/z range for ganglioside species detected in mouse brain

tissue and five species were detected (GM1 d18:1/18:0, GM1 d20:1/18:0, GD1 d18:1/18:0,

GD1 d20:1/18:0, GT1 d18:1/18:0) as [M-H]− peaks. GM1, GD1, and GT1 are the main

gangliosides in the central nervous systems of mammals and represent 80–90% of total

gangliosides.32 As can be seen in Figure 3c, ganglioside species were able to be separated

by the number of sialic acid residues by the increase in mobility time corresponding to the

increase in the number of sialic acids. GD1 gangliosides are actually composed of two
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structural isomers, GD1a, containing two silaic acids one attached to the terminal galactose

residue and one to the first galactose residue in its oligosaccharide head, and GD1b where

the two silaic acids are attached to the first galactose residue in the oligosaccharide head.

Standards of both GD1a and GD1b were analyzed (Data not shown). However, the two

isomers (GD1a and GD1b) were not able to be separated based upon the mobility time of

their [M-H]− peaks and thus their corresponding peaks in tissue were labeled as GD1.

Figure 4 shows the results of a MALDI-IM imaging run obtained with DHA matrix from a

mouse cerebrum in negative ion mode. A mass range of 685–955 and a mobility drift time of

320 μs were used to acquire the data in Figure 4. The total 1D mass spectrum for the

imaging run is shown in Figure 4a. Major lipid peaks in the mass spectrum correspond to PE

36p:2, PS 40:6–87Da/PA 40:6, PE 38a:6, PE 38a:4, PS 36:1, PE 40a:6, and ST d18:1/18:0.

Clear anatomical regions were visualized in the ion images of individual lipid species

(Figures 4b–h) mainly tracking white versus grey matter regions. Lipids concentrated in the

corpus callosum, a white matter region, were PE 36p:2 (Fig. 4b), PS 36:1 (Fig. 4f), and ST

d18:1/18:0 (Fig. 4h). Grey matter regions such as the cerebral cortex and hippocampus

contained higher amounts of the following lipid species: PS 40:6–87Da or PA 40:6 (Fig. 4c),

PE 38a:6 (Fig. 4d), PE 40a:6 (Fig. 4g). One lipid specie, PE 38a:4 (Fig. 4f) was found in

high abundance in the 3 ventricle regions of the cerebrum. Figure 4i shows an ion image for

a matrix cluster peak at m/z = 901, which is concentrated on the stainless steel sample plate

off of the tissue section. Additionally, this peak is easy to distinguish from the lipid peaks

because of the low mobility time for a peak in that mass range, which causes it to be off of

the lipid trend line.

Conclusions

This study is the first time MALDI-IM MS was used in negative ion mode for the analysis

of several major classes of lipids. Similar to positive ion mode, MALDI-IM MS allowed for

the fast 2D separation of lipid species based upon drift time and m/z in negative ion mode.

The change in drift time (i.e. collision cross section of the ion) of lipids was due to the radyl

chain length and degree of unsaturation, the head group, and the type of radyl chain

(plasmalogen versus diacyl) of individual species. A brief summary of these results are

listed in Table 1. Based upon these factors, the identification of lipids species using

MALDI-IM MS was able to be simplified and improved. Additionally, the analysis of lipids

in negative ion mode further simplified the assignment of acidic lipids by reducing the salt

adducts that dominates spectra in positive ion mode. Moreover, direct tissue analysis of

lipids in negative ion mode allowed for more acidic (negative) lipid species to be detected

and thus imaged when compared to positive ion mode. Future studies will include

modification to both the instrument and software to be able to image the whole ion mobility

time range instead of the current setup that only allows for an approximately 16μs window.

This will greatly increase the number of lipid species imaged and will enable a more

complete pre-separation of lipids by mobility prior to mass analysis at the expense of

managing ever-enlarging massive file sizes.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Lipid Structures
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Figure 2.
(a) MALDI-IM 2D plot of brain STs. (b) Plot of drift time versus m/z of egg PA, egg PG,

brain PS, liver PI, and brain ST extracts with DHA matrix.
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Figure 3.
MALDI-IM 2D plot of mouse cerebrum (a) m/z range: 698–800, (b) m/z range: 800–910, (c)

m/z range: 1500–2150.
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Figure 4.
MALDI-IM images using DHA matrix in negative ion mode. (a) 1D mass spectrum

obtained from section. Images of (b) PE 36p:2-H at m/z 726, (c) PS 40:6–87Da/PA 40:6-H

at m/z 747, (d) PE 38a:6-H at m/z 762, (e) PE 38a:4-H at m/z 766, (f) PS 36:1-H at m/z 788,

(g) PE 40a:6-H at m/z 790, (h) ST d18:1/18:0-H at m/z 806, and (i) matrix background ion at

m/z 901.
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Jackson et al. Page 16

Table 1

Effect of Lipid Structure on Mobility Time.

Lipid Structure Effect on Mobility (Drift) Time

Head group of lipid PA ≅ PS – 87 Da < PG < PS < ST ≅ PI for similar radyl chains

Increase in radyl chain length Increase in mobility time

Increase in degree of saturation (Decrease in double bonds) Increase in mobility time

Diacyl versus plasmalogen Little to no change in mobility time for similar radyl chains (Shift horizontally)

Hydroxylated versus nonhydroxylated Little to no change in mobility time for similar radyl chains (Shift horizontally)

Increase in # of sialic acids in gangliosides Increase in mobility time

Anal Methods. Author manuscript; available in PMC 2015 July 21.


