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ABSTRACT: Imaging mass spectrometry (IMS) has become a powerful tool to characterise the spatial distribution of bio-
molecules in thin tissue sections. In the case of matrix-assisted laser desorption ionisation (MALDI) IMS, homogeneous 
matrix deposition is critical to produce high quality ion images and sublimation in particular has shown to be an excellent 
matrix deposition method for the imaging of lipids. Matrix deposition by sublimation is, however, a completely solvent-
free system, which ought to prevent the mixing of matrix and analytes thought to be necessary for successful MALDI. Using 
3D time-of-flight secondary ion imaging mass spectrometry, we have studied the matrix-tissue interface in 3D with high 
resolution in order to understand the MALDI process of lipids after matrix deposition by sublimation. There is a strong 
indication that diffusion is the process by which lipids migrate from the tissue to the matrix layer. We show that triacyl-
glycerols and phospholipids have a delayed migratory trend compared to diacylglycerols and monoacylglycerols, which is 
dependent on time and matrix thickness. Additional experiments show that a pure lipid’s capacity to migrate into the matrix 
is dependent on its fluidity at room temperature. Furthermore, it is shown that cholesterol can only migrate in the presence 
of a (fluid) lipid and appears to fluidise lipids, which could explain its co-localisation with the diacylglycerols and mono-
acylglycerols in the matrix. 

Introduction 

Matrix-assisted laser desorption ionisation (MALDI) cou-
pled to time-of-flight (TOF) mass spectrometric detection 
has become a cornerstone of proteomics ever since it was 
shown that the presence of a low-molecular-weight crys-
talline matrix with a photoabsorption maximum matched 
to the wavelength of the laser pulse allows the desorption 
and ionisation of intact proteins [1]. MALDI-TOF MS is also 
widely used in other ‘omics’ such as metabolomics [2], 
lipodomics [3,4,5] and glycomics [6] as well as other re-
search fields involving macromolecules [7]. Despite the 
technique’s profound importance, the MALDI mechanisms 
are not yet well understood [3,8,9]. It is known that homo-
geneity of the matrix-analyte mixture increases the proba-
bility to bring analyte molecules into the gas phase and to 
generate ions [3,10]. However, it has been suggested that it 
is not so much the incorporation of the analyte into the 
matrix crystals that matters, but the surface contact be-
tween analyte and matrix, because MALDI performance is 
inversely proportional to crystal size [10,11]. 

When MALDI imaging mass spectrometry (IMS) emerged 
[12,13], it became a powerful tool for investigating the spa-
tial distribution of proteins and smaller molecules (< 1 kDa) 
such as lipids and metabolites within thin tissue sections. 

MALDI IMS has since found many applications in molecu-
lar pathology and drug delivery [14,15,16]. In the case of 
IMS, the tissue sections can be spray-coated or microspot-
ted with MALDI matrix [14,17]. More recently, the MALDI 
matrix is sublimated onto the sample [17,18]. Sublimation 
of matrix onto tissue is currently the best application tech-
nique for high resolution MALDI IMS, because of the en-
hanced purity, the very small crystal size and deposition 
uniformity of the matrix [17,18]. Sublimation is an excellent 
matrix deposition method for the imaging of phospholip-
ids in particular [18], but ineffective for peptide and protein 
imaging unless followed by a rehydration step [19]. Matrix 
deposition by sublimation is of course a completely sol-
vent-free system as opposed to more conventional spray 
methods [18]. The analytes within the tissue section are 
therefore never resolubilised, which should prevent the 
mixing of matrix and analyte deemed necessary for MALDI 
[18].  

To understand the MALDI process of lipids after matrix 
deposition by sublimation, it is necessary to study the ma-
trix-tissue interface in 3D with high depth resolution. 
Time-of-flight secondary ion mass spectrometry (ToF-
SIMS) is highly suited to investigate the matrix-tissue in-
terface, because the combination of label-free molecular 
2D imaging and the development of novel ion beams for 
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sputtering [20, 21] makes it possible to render label-free 3D 
chemical images with micrometric lateral resolution and 
nanometric depth resolution [22]. Using a Bismuth (Bi) liq-
uid metal ion gun (LMIG) in the so-called high current 
bunched mode as an analysis beam, a beam spot of 1-2 µm 
is attained with an information depth of < 3 monolayers (≈ 
1 nm) in the so-called static regime [23]. Using an argon 
(Ar) gas cluster ion beam (GCIB) as a sputter beam, a depth 
resolution of 7-10 nm can be attained [24].  

Previously, Pour et al. [25] investigated 2,5-dihydroxyben-
zoic acid (DHB) sublimated onto rat brain cerebellum tis-
sue in the context of matrix-enhanced SIMS (ME-SIMS) 
and observed a significant enhancement in ion yield for 
several lipid species. Molecular depth profiling using a 
C60

2+ ion beam showed an accumulation of lipid species 
such as phosphatidylcholine (m/z 184.1), cholesterol (m/z 
369.3) and vitamin E (m/z 430.4) in the top analysis layers, 
suggesting that lipids are extracted to the sample surface 
by the sublimed matrix making them accessible for surface 
analysis using the primary ion beam [25]. The authors ar-
gue that the improvement of high mass signals is caused 
by the removal of excess cholesterol or by a selective lipid 
concentration on the surface. They also observed indica-
tions that lipid fragmentation is reduced in the presence of 
DHB. However, no research has been conducted so far into 
specifically understanding the MALDI process of lipids af-
ter matrix deposition by sublimation using ToF-SIMS im-
aging to study the matrix-tissue interface in 3D with high 
resolution. 

In this article, we investigate the MALDI process of lipids 
after matrix deposition by sublimation using MALDI MS 
experiments and 3D ToF-SIMS imaging. Our samples are 
mouse or calf liver tissue sections prepared for MALDI im-
aging, i.e. mounted on conductive indium tin oxide (ITO) 
coated microscope slides and coated with a DHB matrix 
layer by sublimation. We successfully imaged the full 
thickness of our samples using ToF-SIMS with high depth 
resolution and observe lipid migratory patterns that eluci-
date the results of our MALDI MS experiments, providing 
important insights into the MALDI mechanisms of lipids 
after matrix deposition by sublimation. 

Materials and Methods 

Sample Preparation for MALDI MS. Three frozen mouse 
liver tissues were sectioned (14 µm thick) using a Leica 
CM3050 cryostat (Leica Microsystems GmbH, Wetzlar, 
Germany) and thaw-mounted on ITO-coated glass micro-
scope slides. 2,5-DHB matrix (Sigma-Aldrich St. Louis MO, 
USA - 149357) was applied to the tissue by sublimation us-
ing a home-built sublimation system [17]. Either an opti-
mal (292 ± 97 µg/cm2) or an excessive thickness (575 ± 109 
µg/cm2) of matrix was sublimated (n = 5 for each thick-
ness). The optimal thickness was decided based on maxim-
izing the overall signal intensity in the m/z 500 – 900 range 
while keeping the laser fluency, laser spot size, shot num-
ber, etc. constant. Samples were kept in a -20°C refrigerator 

under a nitrogen atmosphere for prolonged storage of 1 to 
7 days. 

Sample Preparation for ToF-SIMS. The calf liver tissue, 
bought from a local butcher, was stored in a -80°C freezer. 
Prior to matrix deposition, the calf liver tissue was sec-
tioned (16 µm) at -20°C using a cryostat system (Leica 
CM3050 S), thaw-mounted on conductive ITO-coated 
glass microscope slides and subsequently dehydrated in a 
vacuum desiccator. 2,5-DHB matrix was applied to the tis-
sue sections by sublimation using a home-built sublima-
tion system [17]. In total, single 3D ToF-SIMS images were 
acquired from ten individual samples. On average (383 ± 
109) µg/cm² (n = 10) of matrix was deposited. Samples were 
kept in a vacuum desiccator between manipulations and, 
for prolonged storage, they were kept at 5°C under a nitro-
gen atmosphere. For the sputter rate determination of sub-
limated DHB, three 3D ToF-SIMS images were acquired 
from one sample of pure DHB on top of an ITO coated mi-
croscope slide. For the sputter rate determination of tissue, 
three 3D ToF-SIMS images were acquired from one sample 
of pure tissue on top of an ITO coated microscope slide. 

In the case of the spotting experiments, cholesterol-2,3,4-
13C3 (Sigma-Aldrich, St. Louis MO, USA - 749478), 1,2-dipal-
mitoyl-sn-glycero-3-phosphocholine and 1,2-dipal-
mitoleoyl-sn-glycero-3-phosphocholine (Avanti Polar Li-
pids, Alabaster AL, USA - 850355 and 850358, respectively) 
were first dissolved in chloroform (20 mg/mL) and subse-
quently a droplet of 0.5 µL was spotted on a conductive 
ITO-coated glass microscope slide and left to dry prior to 
the mounting of tissue sections and/or matrix deposition. 
In the cases where the cholesterol and phospholipid stand-
ards were combined, their solutions were mixed together 
in a 1:1 ratio and then a droplet of 0.5 µL was spotted. For 
all spotting experiments, single 3D ToF-SIMS images were 
acquired from two individual samples. 

Atomic Force Microscopy. In order to measure sputter 
crater depths and assess the samples’ surface, topograph-
ical and phase images were acquired using a Dimension 
3100 setup (Bruker) operated in tapping mode and 
equipped with a OTESPA silicon nitride tip. The data was 
analysed and processed using NanoScope Analysis (Ver-
sion 1.5, Bruker, USA).  

White Light Interferometry. In order to measure sputter 
crater depths and assess the samples’ surface topography, 
3D topographical maps were acquired using a white light 
interferometer (GBS smartWLI-basic). The resulting image 
data was read using Kaitai Struct Compiler 0.6 and Python 
3.6.1 with hdf5storage 0.1.14 and kaitaistruct 0.7 packages 
and subsequently exported to Matlab (Release 2016b, The 
MathWorks, Inc., Natick, Massachusetts, United States) 
for image processing and analysis. 

MALDI MS. The MALDI MS measurements were per-
formed in positive reflectron mode over a window of m/z 
0-1500 on an ultrafleXtreme TOF/TOF mass spectrometer 
(Bruker Daltonics, Billerica MA, USA) with a laser energy 
of 60% and a global attenuator offset of 40%. Ion signals 
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from 25 laser shot series were acquired from single tissue 
coordinates. Measurements were performed immediately 
after matrix deposition and again after one day and seven 
days of storage. Data was imported into R (x 3.3.3) using 
readBrukerFlexData (x 1.8.5). Mass spectra were plotted us-
ing the built-in plot function in R. Yield results were plot-
ted as non-normalised, linear-scaled heatmaps using an in-
house R function based on MALDIquant and matrix 

heatmap plotting. Ion yield line plots were generated using 
an in-house R function based on MALDIquant for data ex-
port (no data treatment) into a data table. Each species was 
normalised to the maximum intensity for that species. 
Data is viewed using ggplot2 (x 2.2.1), with Loess smooth-
ing and a span of 0.5. 

 

 

FIGURE 1. Line plots showing the normalised MALDI-MS signal intensity of five representative ion species as a function of 
increasing numbers of 25-shot series from a mouse liver sections for two different sublimated DHB matrix thicknesses 
(column) and three different wait times before analysis (row). For the excessive thickness (600 µg/cm2), preferential move-
ment of DAG, TAG and PC to the matrix surface is clearly observed as a function of wait time. Insets show yield data for 
cycles 50 to 75. 

 

ToF-SIMS. The ToF-SIMS analyses were executed using a 
TOF-SIMS IV instrument (ION-TOF GmbH, Münster, Ger-
many) equipped with Bi LMIG and Ar GCIB. The primary 
ion beam is directed at the sample under an angle of 45° in 
relation to the normal and has a beam spot of 1-2 µm in the 
so-called high-current bunched mode. 25 keV Bi3

+ primary 
ions were used in all measurements. Charging of the sam-
ple is compensated with the low-energetic 20 eV electrons 
of the flood gun. 20 keV Ar2000

+ ion clusters were used for 
sputtering. Ion images were recorded in the high current 
bunched mode, which allows for higher mass resolution 
[26]. 

Unless stated otherwise, 200 µm × 200 µm raster scans with 
128 × 128 pixels and 50 frames per scan (1 shot per pixel) 
were analysed. With a target current of 0.2 pA in AC mode, 
this resulted in an ion dose of 5.11×1011 primary ions per cm2. 
20 keV Ar2000

+ clusters were used for sputtering a region of 

500 µm × 500 µm between scans at a current of 3.7 nA for 
ten frames (14.5 s) with a cycle time of 200 µs. 

For ToF-SIMS data processing, a peak search was per-
formed to locate relevant mass peaks with a minimum of 
5.0 signal-to-noise ratio (SNR) and a maximum of 0.7 back-
ground and secondary ion images were reconstructed from 
the raw data files with the commercial ION-TOF software 
(SurfaceLab 6.7). These values allowed all major peaks in 
the spectra to be selected and were determined empirically 
for these specific data sets. Images for the integrated peaks 
were then exported in an ASCII file format for further data 
processing in Matlab using in-house generated Matlab 
scripts [27]. The data is normalised to the total number of 
ion counts per pixel. Standardised (auto-scaled) PCA is 
performed using a training set comprising 6.1% of the total 
number of voxels. The information obtained using PCA al-
lows for z-offset corrections, which are necessary for z-cal-
ibration and substrate voxel removal. All calculations were 
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performed on a 64-bit Windows 7 platform with 24 GB of 
RAM, using an Intel Core i7, 3.2 GHz processor. 

Results and Discussion 

MALDI MS Experiments. Positive reflectron mode 
MALDI-TOF MS data resulting from cycles of 25-shot se-
ries were acquired on the same tissue coordinate from 
mouse liver tissue sections after DHB matrix sublimation 
at the optimal or excessive thickness (≈ 300 or 600 µg/cm2) 
and measured immediately after sample preparation (t = 
0d) or after storage at -20°C under nitrogen for 1 or 7 days. 
Mass spectra were recorded after every 25-shot series, to-
talling 50 cycles for the optimal thickness and 75 cycles for 
the excessive thickness. The spectra resulting from the first 
25-shot series for all experimental conditions are shown in 
Supplementary Figure S1 and display large differences. All 
spectra, irrespective of matrix thickness and time point, 
show the presence of diacylglycerol ion signals in the m/z 
500-650 range. The presence of triacylglycerol and phos-
pholipid ion signals in the m/z 700-900 range varies, how-
ever. At optimal imaging matrix thickness (≈ 300 µg/cm2) 
ion signals for triacylglycerols and phospholipids are pre-
sent in the first 25-shot series regardless of wait time. At 
twice the optimal matrix thickness (≈ 600 µg/cm2), at 0d, 
essentially only diacylglycerols are readily detected. Tri-
acylglycerols start to be detected at 1d whereas phospho-
lipids are clearly detected at 7d indicating preferential mi-
gration of diacylglycerols, followed by triacylglycerols and 
phospholipids in this order as a function of time. Supple-
mentary Figure S2 summarises the first 50 cycles of each 
matrix coating condition over the m/z 0-1200 range as heat 
maps. Overall signal decay associated with increasing 
number of 25-shot series cycles is clearly visible. The ion 
intensity of five representative species (DHB [M+H]+, 
DAG(32:0) [M+H-OH]+, PC(34:1) [M+Na]+, PC(38:6) 
[M+H]+ and TAG(52:3) [M+K]+) per cycle is summarised as 
line plots in Figure 1. All species have been confirmed by 
exact mass and MS/MS (data not shown). At the optimal 
thickness, all species exhibited the same decay pattern, 
with total ablation achieved after 40 cycles. Even at this 
thickness, there is indication of species migration towards 
the matrix surface, particularly noticeable for the PC whose 
signals at 7d is mostly depleted after 20 cycles. The migra-
tory behaviour is clearly demonstrated at the excessive 
thickness, where at 0d all but the DAG present a delayed 
migratory pattern, peaking around the 15th cycle and show-
ing a broad signal distribution until the 60th cycle. After 
one day (1d), the TAG had preferentially migrated to the 
surface, as its intensity peaked within the first 5 cycles and 
dropped dramatically after 20 cycles, whereas the PC spe-
cies both peaked soon after the 10th cycle. Another consid-
eration is the narrowing of the TAG and PC distributions, 
suggesting movement towards the surface. In fact, after 
one week (7d), all species at the excessive thickness dis-
played the same decay pattern as observed at 7d for the op-
timal thickness, indicating their presence towards or at the 
matrix surface.  

Given these observations suggesting preferential lipid mi-
gration to the matrix layer, the next step was to use ToF-
SIMS 3D imaging of liver tissue sections prepared for 
MALDI IMS by sublimation to investigate the lipid distri-
bution in the matrix layer. As a first step, it was necessary 
to determine the Ar2000

+ sputter yield for the individual or-
ganic layers, i.e. liver tissue and sublimated DHB. 

20 keV Ar2000
+ Sputter Yield Calculation. The Ar2000

+ 
sputter yield for the individual organic layers, i.e. liver tis-
sue and sublimated DHB, was determined by preparing 
ITO coated slides with a tissue section or a DHB layer de-
posited by sublimation and sputtering 500 µm × 500 µm 
craters into these single layers until the inorganic substrate 
was reached. Because of the much lower sputter yield of 
inorganic material compared to organic material [28], the 
crater depth is a good estimate for the organic layer thick-
nesses. Atomic force microscopy (AFM) and white light in-
terferometry (WLI) were used to determine the crater 
depth in the case of liver tissue, but only AFM was used in 
the case of sublimated DHB due to reflectivity issues. How-
ever, no significant difference was observed between the 
average tissue thickness measured by AFM and that meas-
ured by WLI (P = 0.81, two-sample t-test). The crater depth 
measurements also show that the thaw-mounting and de-
hydration step reduces the thickness of the tissue to (4.06 
± 0.34) µm (n = 3), approximately a quarter of the initial 16 
μm cryostat section. Bich et al. [22] previously reported a 
reduction to 10% of the initial thickness for dried rat brain 
sections. AFM phase contrast images (see Supplementary 
Figure S3) further show that the sublimated DHB is en-
tirely crystallised with crystal sizes around 0.5-1 µm.  
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FIGURE 2. The sixth principal component (PC6) of the 3D 
ToF-SIMS image data of a matrix coated liver tissue section on 
an ITO coated microscope slide. A) The loadings plot of PC6 
shows that its positive loadings contain high coefficients for 
the cholesterol [M-H]+ ion at m/z 385.3 as well as its [M+H-
H2O]+ fragment at m/z 369.3, which are positively correlated 
with the diacylglycerol [M+H-OH]+ fragments corresponding 
to DAG(36:2) at m/z 603.5, DAG(34:1) at m/z 577.5, DAG(32:0) 
at m/z 551.5 and DAG(32:1) at m/z 549.5 and with the mono-
acylglycerols [M+H-OH]+ fragments corresponding to 
MAG(18:1) at m/z 339.3, MAG(16:0) at m/z 313.3 and MAG(14:0) 
at m/z 285.2. This principal component thus pertains to the 
distribution of cholesterol and glycerolipids in the sample, 
which are co-localised. B) The 3D scores image for PC6 has 
had its substrate voxels removed from the data set, then un-
dergone a z-offset correction levelling the matrix-tissue inter-
face at z = 0 µm, and finally the z-scales of the matrix (z > 0 
µm) and tissue layer (z < 0 µm) were calibrated using their 
respective sputter yields. Based on the 3D scores image of PC6, 
it is clear that the cholesterol and glycerolipid signals strongly 
accumulate at the surface as well as right above the matrix-
tissue interface. 

Finally, in order to get an accurate value for the number of 
sputter cycles it takes to reach the substrate, a principal 
component analysis (PCA) based z-offset correction was 
performed on the 3D ToF-SIMS images [27]. Based on three 

sputter craters,  the ablation equals (70.6 ± 6.2) nm/cycle 
(n = 3) for tissue and (150.2 ± 8.9) nm/cycle (n = 3) for 
sublimated DHB corresponding to a 20 keV Ar2000

+ sput-
ter yield of (54.5 ± 6.1) nm3/ion (n = 3) for tissue and (115 ± 
10) nm3/ion (n = 3) for sublimated DHB (see Supplemen-

tary Table S1).  

 

FIGURE 3. Depth profiles of the [M+H]+ ion at m/z 155.0 as 
a marker ion for DHB, the C5H15NPO4

+ ion at m/z 184.1 as a 
marker ion for the phosphatidylcholine head group, the 
[M+H-OH]+ fragment of MAG(18:1) at m/z 339.3 as a 
marker ion for monoacylglycerols, the [M+H-H2O]+ frag-
ment at m/z 369.3 as a marker ion for cholesterol and the 
[M+H-OH]+ fragment of DAG(34:1) at m/z 577.5 as a 
marker ion for diacylglycerols from the ToF-SIMS image 
data shown in Figure 2. The matrix-tissue interface is lo-
cated at z = 0 µm and the z-scales of the matrix (z > 0 µm) 
and tissue layer (z < 0 µm) are calibrated using their re-
spective sputter yields. 

 

TABLE 1. Overview of the 10 repeats of liver tissue coated with sublimated DHB matrix, indicating the wait time before being 
measured with ToF-SIMS, the amount of DHB deposited, the calculated matrix thickness for each 3D ToF-SIMS image and the 
ratio of the average normalised ion intensity in the matrix and tissue voxels for m/z 184.1 in each 3D ToF-SIMS image. Two-Way 
ANOVA shows that the main effects of both wait time (P = 0.0046) and matrix thickness (P = 0.0109) are significant. For the time 
factor, three levels were used namely t = 0, 1 or 7 days. For the matrix thickness factor two levels were used, defining a matrix 
thickness < 4 µm as ‘low’ and a matrix thickness > 4 µm as ‘high’. 

Measure-
ment 

Time in fridge (days) DHB deposited (µg/cm2) DHB matrix thickness 
(µm) 

Matrix-tissue ratio of m/z 
184.1 

1 0 441 4.58 ± 0.13 0.09 

2 1 308 2.57 ± 0.11 0.77 

3 1 308 2.40 ± 0.10 0.70 

4 0 447 5.99 ± 0.19 0.16 
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5 1 628 7.43 ± 0.23 0.14 

6 1 326 3.29 ± 0.12 0.31 

7 0 243 2.83 ± 0.14 0.28 

8 7 434 4.84 ± 0.17 0.73 

9 7 357 3.46 ± 0.54 1.81 

10 7 338 3.11 ± 0.53 1.76 

 

In Supplementary Figure S4, 3D scores images are shown 
for the principal component used for the PCA based z-off-
set correction. The z-axes of the scores images are cali-
brated using the respective sputter yields of tissue and sub-
limated DHB. It is also possible to calculate the 3D images 
surface roughness parameters, which show that DHB ma-
trix layers generated by sublimation are very even with a 
total roughness Rt of 2.40 µm and a root mean square 
roughness Rq of 0.30 µm. 

More importantly, thanks to the sputter yield calculation 
it is now possible to investigate the matrix-tissue interface 
of MALDI samples prepared by sublimation deposition 
with nanometric depth resolution (≈ 100 nm/scan). 

Lipids in DHB Matrix. ToF-SIMS dual-beam depth pro-
filing was performed on the full thickness of MALDI tissue 
samples, i.e. matrix layer and tissue section. PCA was first 
performed on the data sets. Because the first two principal 
components (21.53% and 11.86% variance explained, re-
spectively) distinguish the organic material from the inor-
ganic substrate and the DHB layer from the tissue layer re-
spectively, it is possible to determine the tissue-substrate 
interface and the matrix-tissue interface and perform a 
PCA based z-offset correction [27] for both interfaces in the 
3D scores images (see Supplementary Figure S5). Moreo-
ver, because our interest lies with the matrix and the tissue 
layers, we use the information from the first two principal 
components to first remove substrate voxels from the data 
set, then set the matrix-tissue interface at z = 0 µm and fi-
nally calibrate the z-scale of the matrix (z > 0 µm) and tis-
sue layer (z < 0 µm) using their respective sputter yields, 
when discussing other principal components such as the 
particularly informative sixth principal component (0.53% 
variance explained) of this sample (see Figure 2). The load-
ings of the third and fourth principal components of this 
sample (3.23% and 1.55% variance explained, respectively) 
are very similar and differentiate the two components 

found in the inorganic substrate, namely ITO and glass. 
PC5 (0.69% variance explained) differentiates ITO from 
isobaric salts, e.g. In+ (m/z 114.9) and K2

37Cl+ (m/z 114.9). 
PC3, PC4 and PC5 therefore do not yield information per-
taining to our matrix and/or tissue layer. PC6, however, 
shows that cholesterol and glycerolipids are accumulated 
in the matrix layer and are co-localised. The loadings plot 
of PC6 (see Figure 2A) shows that the cholesterol [M-H]+ 
ion at m/z 385.3 as well as its [M+H-H2O]+ fragment at m/z 
369.3 are positively correlated with the diacylglycerol 
[M+H-OH]+ fragments corresponding to DAG(36:2) at m/z 
603.5, DAG(34:1) at m/z 577.5, DAG(32:0) at m/z 551.5 and 
DAG(32:1) at m/z 549.5 and with the monoacylglycerols 
[M+H-OH]+ fragments corresponding to MAG(18:1) at m/z 
339.3, MAG(16:0) at m/z 313.3 and MAG(14:0) at m/z 285.2 
[29,30]. Based on the 3D scores image of PC6 (see Figure 
2B), these signals are observed in the matrix layer. Other 
lipid signals that are detected in the matrix, but were not 
selected for PCA due to low SNR and high background, in-
clude other diacylglycerol [M+H-OH]+ fragments such as 
DAG(36:0) at m/z 607.6, DAG(36:1) at m/z 605.5, 
DAG(36:3) at m/z 601.5, DAG(36:4) at m/z 599.5, 
DAG(34:0) at m/z 579.5, DAG(34:2) at m/z 575.5, 
DAG(34:3) at m/z 573.5, DAG(32:2) at m/z 547.5, DAG(30:0) 
at m/z 523.5 and DAG(30:1) at m/z 521.5, another mono-
acylglycerol [M+H-OH]+ fragment at m/z 311.3 correspond-
ing to MAG(16:1) and also the [M]+• ion of vitamin E at m/z 
430.4. The observation of these lipid ion signals is con-
sistent with the existing literature [30] and not surprising 
given that the liver is a site of cholesterol synthesis and li-
pogenesis (fatty acid synthesis and triglyceride synthesis). 
No signals for triacylglycerol or glycerophosphocholine 
ions were detected, but that may be due to poor SNR in the 
m/z > 700 mass range. 
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FIGURE 4. 3D ToF-SIMS image data showing the distribution of cholesterol and 13C-cholesterol in a liver tissue sample 
coated with DHB. A) 3D Ion image for m/z 369.3, the [M+H-H2O]+ fragment of cholesterol. B) Depth profile of the m/z 
369.3 ion. C) 3D Ion image for m/z 372.3, the [M+H-H2O]+ fragment of cholesterol-2,3,4-13C3. D) Depth profile of the m/z 
372.3 ion. 

 

Thanks to z-offset correction and z-axes calibrations, it is 
possible to look at the spatial distribution of individual 
marker ions around the matrix-tissue interface with nano-
metric depth resolution. From the depth profiles of m/z 
369.3 as a marker ion for cholesterol, m/z 577.5 as a marker 
ion for diacylglycerols and m/z 339.3 as a marker ion for 
monoacylglycerols, it is clear that the cholesterol and glyc-
erolipid ion signals are co-localised and have almost com-
pletely accumulated in the matrix with higher signals at 
the matrix surface and right before the matrix-tissue inter-
face (see Figure 3). This pattern is consistent in all 10 re-
peats of liver tissue coated with sublimated DHB matrix.  

N.B. Very similar loadings for PC1, PC2 and PC3 were ob-
tained for all the repeats, allowing for z-offset correction 
and removal of the substrate voxels. Subsequent PCs differ 
from repeat to repeat, depending on the lipid distributions 
in the matrix (vide infra). 

However, the depth profile of m/z 184.1 a marker ion for 
the phosphatidylcholine head group found in phosphati-
dylcholines (PC) and sphingomyelins (SM), two classes of 
phospholipids that are abundant in cell membranes, is dif-
ferent from that of the cholesterol and glycerolipid ion sig-
nals (see Figure 3) and differs between different measure-
ments (see Supplementary Figure S6). The larger part of 
the intensity of the phosphatidylcholine head group ion 
(m/z 184.1) usually seems to be retained in the tissue and 
the intensity in the matrix appears to depend on the thick-
ness of the DHB matrix layer as well as the waiting time 

before the ToF-SIMS measurement. The thinner the ma-
trix, the higher the ratio between the average normalised 
m/z 184.1 intensity per matrix voxel and the average nor-
malised m/z 184.1 intensity per tissue voxel (see Table 1). 
There is also a time effect as the ratio between the average 
normalised m/z 184.1 intensity per matrix voxel and the av-
erage normalised m/z 184.1 intensity per tissue voxel 
reaches a much high value after 7 days of storage. The ef-
fects of matrix thickness and time are confirmed by a two-
way analysis of variance (ANOVA) and are in complete 
agreement with the observations made using MALDI MS. 
These findings indicate that for DHB, in order to success-
fully analyse phospholipids using MALDI IMS, samples 
need to be coated with a thin matrix layer of 2-4 µm corre-
sponding to roughly 300 µg/cm2. Under these conditions, 
nearly complete phospholipid migration to the matrix 
layer occurs with a fairly short turnaround time between 
sample sublimation and IMS analysis (typically about 15 
min). A short turnaround time is preferential to minimise 
lipid degradation [31]. However, it has been observed that 
ganglioside lipid signals improve after matrix deposition by 
sublimation and overnight sample storage at -20°C prior to 
IMS analysis [32, 33]. So in some cases, applying a wait time 
prior to IMS analysis may be beneficial.  

3D ToF-SIMS measurements of liver tissue without a DHB 
matrix (three replicates) similarly show that the choles-
terol and glycerolipid ion signals are co-localised and con-
centrated in the first ten analysis layers (= 0.71 µm) of the 
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liver tissue sample while the intensity of the phosphatidyl-
choline head group ion (m/z 184.1) is more or less constant 
over the entire thickness of the sample (see Supplementary 
Figure S7). This is also in agreement with a number of stud-
ies that previously observed that certain ion species such 
as cholesterol appear to be concentrated at or just beneath 
the surface of tissue samples [22,34,35,36]. Sjövall et al. [34] 
showed that the cholesterol migration toward the sample 
surface occurs in high vacuum at temperatures higher than 
0°C. In other words, the migration occurs during the 
freeze-drying step of the tissue section and/or in situ 
shortly after. 

Correlation with the Lipid Melting Temperature. In 
order to get a better sense of cholesterol’s capability to mi-
grate through tissue and matrix layers, 13C-labelled choles-
terol (cholesterol-2,3,4-13C3) was spotted on an ITO coated 
glass slide, mounted with a liver tissue section, dehydrated 
and coated with sublimated DHB. The use of 13C-labelled 
cholesterol will allow us to compare its spatial distribution 
with that of native cholesterol. In three-replicate 3D ToF-
SIMS measurements, 13C-labelled cholesterol is shown to 
have a very similar spatial distribution as native cholesterol 
(see Figure 4) and thus travelled from the bottom of the 
tissue into the sublimated matrix. Laterally, the 13C-la-
belled cholesterol remained relatively localised as 13C-la-
belled cholesterol could not be detected on the DHB sur-
face outside of the region of the spot. In any case, this 
clearly demonstrates the capacity of cholesterol to migrate 
through about 6 µm of tissue and another 4 µm of DHB 
matrix, a seemingly large distance in the timespan of the 
sample preparation. 

The liver tissue is dehydrated prior to the matrix deposi-
tion and matrix deposition by sublimation is a completely 
solvent-free system. The capacity of cholesterol to rapidly 
migrate through tissue and DHB matrix in the absence of 
a solvent suggests diffusion is the process by which lipids 
migrate from the tissue to the matrix layer. The lateral dif-
fusion coefficient of lipids in a variety of membranes is 
about 1 µm²/s corresponding to an average distance trav-
elled of about 2 µm in 1 s [37]. This fluidity is, of course, 
only the case when the bilayer is in the liquid crystalline 
phase, i.e. at a temperature above the lipid’s melting tem-
perature (Tm). It is therefore not unreasonable to assume 
that the lipids in the matrix layer have a Tm lower than 
room temperature to be able to diffuse to the matrix layer. 
The detected diacylglycerol and monoacylglycerols ion sig-
nals indicate that the glycerolipids are esters of linoleic, 
oleic, stearic, palmitoleic, palmitic, and myristic acid com-
binations. This is not particularly surprising as these are 
some of the most abundant fatty acids in mammalian tis-
sue. A likely candidate for DAG(36:2) is therefore 1-stea-
royl-2-linoleoyl-sn-glycerol with a Tm of 11.6°C and the 
likely candidate for DAG(36:1) is 1-stearoyl-2-oleoyl-sn-
glycerol with a Tm of 16.4°C [38]. These Tm values support 
the assertion that the observed lipids in the matrix layer 
should have a Tm lower than room temperature. However, 

the likely candidate for DAG(36:0), 1,2-distearoyl-sn-glyc-
erol, has a Tm of 61.6°C [38]. Although it cannot be excluded 
that the sample undergoes some in situ thermal heating 
due to the electron flood gun [39], it is important to note 
that the Tm of individual lipids not only depend on the 
length of the fatty acyl chains and their degree of unsatu-
ration, but is also affected by the cholesterol content. Cho-
lesterol is intercalated among phospholipids in the mem-
brane and produces an intermediate state of fluidity in the 
lipid bilayer by decreasing the fluidity in the liquid crystal-
line phase and increasing the hydrocarbon chain fluidity in 
the gel phase, resulting in a broader phase transition [40]. 
Cholesterol itself, however, has a melting temperature of 
148°C. This begs the question how cholesterol is able to mi-
grate to the matrix layer. 

A next set of experiments was conducted to elucidate 
whether cholesterol is able to migrate on its own and what 
effect its presence has on a lipid with low Tm and one with 
high Tm. To this end, spots of 13C-labelled cholesterol (Tm = 
148°C), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (16:0 
PC, Tm = 41°C), 1,2-dipalmitoleoyl-sn-glycero-3-phospho-
choline (16:1 PC, Tm = -36°C), a 16:0 PC / 13C-labelled cho-
lesterol mixture and a 16:1 PC / 13C-labelled cholesterol mix-
ture were placed on an ITO coated glass slide and coated 
with sublimated DHB. Cholesterol alone was not able to 
migrate at all, 16:0 PC also did not migrate, but 16:1 PC mi-
grated into the DHB layer as expected (see Supplementary 
Figures S8 A, B and C). In the case of the mixtures, both 
cholesterol and the PC migrated into the matrix (see Sup-
plementary Figures S8 D and E). These results show that 
cholesterol can only migrate in the presence of a (fluid) li-
pid and fluidises lipids with high Tm. This also explains the 
co-localisation of cholesterol with the detected glycer-
olipid signals in the matrix.  

Conclusions 

MALDI MS measurements indicate that triacylglycerols 
and phospholipids have a delayed migratory trend com-
pared to diacylglycerols. This behaviour is amplified when 
twice the optimal DHB matrix thickness (≈ 600 µg/cm2) is 
applied. 3D ToF-SIMS imaging of liver tissue samples pre-
pared for MALDI IMS confirmed the fast migration trend 
of diacylglycerols (and monoacylglycerols) to the matrix 
layer as well as the effects of matrix thickness and time on 
the migration of phospholipids to the matrix layer.  These 
findings underpin the importance of applying the optimal 
amount of DHB matrix in order to successfully analyse 
phospholipids with a short turnaround time. It is conceiv-
able that similar lipid migration behaviours also occur us-
ing other matrices than DHB. 3D ToF-SIMS imaging of 
liver tissue samples prepared for MALDI IMS further 
showed that cholesterol completely migrates to the matrix 
layer and is co-localised with the diacylglycerols and mon-
oacylglycerol ion signals. Spotting 13C-labelled cholesterol 
on the ITO coated glass slide before mounting the liver tis-
sue section showed that cholesterol has the capacity to rap-
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idly migrate through the entire tissue and DHB matrix lay-
ers. Because the liver tissue was dehydrated prior to the 
matrix deposition and since matrix deposition by sublima-
tion is a completely solvent-free system, the distance and 
timespan in which this cholesterol migration occurs indi-
cates lipids migrate via diffusion from the section to the 
matrix. Additional experiments using lipid standards 
showed that individual lipids need a Tm lower than room 
temperature to migrate into a DHB matrix layer, adding 
further credence to diffusion being the process by which 
the lipids migrate. It is also shown that cholesterol (high 
Tm) can only migrate in the presence of a (fluid) lipid and 
also appears to fluidise lipids, which explains the colocali-
sation of cholesterol with glycerolipids in the matrix. Based 
on these results, the presence of cholesterol could be con-
sidered beneficial for the MALDI imaging of lipids as cho-
lesterol fluidises lipids with high Tm and may therefore aid 
their diffusion to the DHB matrix.  

Although this study was focused on the migration of lipids, 
and more generally hydrophobic compounds, it would be 
very interesting in future studies, to gain insights into the 
possible migration of hydrophilic compounds to the matrix 
layer, more specifically peptides and proteins, although 
these classes of compounds remain barely detected with 
the current state-of-the-art SIMS technology. 
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