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Imaging mass spectrometry (IMS) allows the direct investigation of both the identity and the spatial distribution of the molecular

content directly in tissue sections, single cells and many other biological surfaces. In this protocol, we present the steps required to

retrieve the molecular information from tissue sections using matrix-enhanced (ME) and metal-assisted (MetA) secondary ion mass

spectrometry (SIMS) as well as matrix-assisted laser desorption/ionization (MALDI) IMS. These techniques require specific sample

preparation steps directed at optimal signal intensity with minimal redistribution or modification of the sample analytes. After

careful sample preparation, different IMS methods offer a unique discovery tool in, for example, the investigation of (i) drug

transport and uptake, (ii) biological processing steps and (iii) biomarker distributions. To extract the relevant information from

the huge datasets produced by IMS, new bioinformatics approaches have been developed. The duration of the protocol is highly

dependent on sample size and technique used, but on average takes approximately 5 h.

INTRODUCTION
It was believed that sequencing the human genome1,2 would lead to
a better understanding of biological processes in diseased and
healthy organisms. However, it has become apparent that under-
standing of biological mechanisms cannot be achieved merely
by having complete sequences of genomes. The cellular proteome
is highly dynamic, and genetic information alone cannot predict
the function of a given protein3–5. Furthermore, the number of
protein-coding genes is far fewer than the number of actual
proteins as a result of alternative splicing and post-translational
modifications6–9. Several diseases are associated with altered (or
mis)functioning of proteins caused by altered localization10–12,
post-translational modifications13–16, or differing expression
levels11,17. Numerous proteomic approaches are being used to
elucidate elements of this missing information in many different
biological processes. Ultimately, methods to study changes in the
cellular proteome should interfere as little as possible with the
natural behavior of the molecules of interest. Imaging mass spectro-
metry (IMS) has recently been recognized as a proteomic tool for
in situ spatial analysis of molecules in (diseased) tissue5,18. IMS
enables the direct investigation of, for example, the effect of a
disease or drug treatment on the tissue microenvironment.

IMS
Matrix-assisted laser desorption/ionization-mass spectrometry
(MALDI-MS) depicts the localization of biomolecular components
such as proteins and peptides directly from tissue19–24. The
spatial resolution in conventional microprobe IMS has been limited
by the laser spot size and sample preparation issues. In micro-
probe experiments the tissue surface is scanned at an array of
predefined points, and at every point a mass spectrum is acquired.
The corresponding molecular image is reconstructed after the
analysis. The predefined points correspond to the pixels in the
resulting image and their size, assumed square, is dependent
on the size of the laser spot. The spatial resolution of MALDI
imaging has been increased by developing optical lenses able to
focus the laser to submicron dimensions25. However, decreasing the
laser spot size decreases the efficiency of MALDI for macromole-
cules. This is caused by the increased laser fluence needed to reach

the MALDI threshold when using smaller laser spots26,27,
resulting in increased fragmentation of the macromolecules. This
implies there will always be a trade-off between signal intensity
and spatial resolution in microprobe IMS. Another novel
approach to increasing spatial resolution in MALDI-IMS is over-
sampling with complete sample ablation, developed by Jurchen
et al.28 Here the MALDI matrix is ablated completely, after
which the sample stage is moved in increments smaller than
the size of the laser beam. Although the resulting images show
features smaller than 40 mm in size without the need to focus
the laser beam, the study of large areas will be extremely time
consuming.

Despite the limitation on obtainable spatial resolution, micro-
probe MALDI-IMS has proven to be a powerful extension of
existing proteomic techniques. Sweedler and co-workers showed
in 2000 the ability of MALDI-MS to profile peptides in single cells
and organelles29,30. In tissue, the localization of amyloid b peptides
in relation to Alzheimer’s disease31,32, the decrease of a neuronal
calmodulin-binding protein (PEP-19) in relation to Parkinson’s
disease33 and the accumulation of transthyretin Ser28–Gln146 in
the cortex of affected kidneys after drug administration34 have been
shown using MALDI-IMS. Distinct protein profiles have been
obtained when comparing tumor and non-tumor tissue within a
single tissue section35. Another very interesting application of IMS
is the tracking of administered drugs. Using IMS it is possible to
follow not only the parent molecule but also possible metabolites
formed after administration32.

Mass microscope
A new approach to IMS decouples the obtainable spatial resolution
from the dimensions of the footprint of the ionization beam using a
stigmatic mass spectrometric microscope (Fig. 1)36. Here, the
desorbed ions retain their original spatial distribution from the
tissue surface during their time-of-flight (ToF) separation and are
imaged using a 2D position-sensitive detector. This approach
allows for high versatility in choosing the ionization method
without influencing the obtainable spatial resolution. When the
mass microscope is used in combination with MALDI, the spatial
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resolution depends solely on the quality of the ion optics and the
detector resolution; spatial detail can be obtained from within the
laser spot. In this method, the spatial resolution obtained in
MALDI-IMS is comparable to that obtained in secondary ion
mass spectrometry (SIMS) imaging experiments of tissue sections.
Using relatively large laser spots (150 � 200 mm2), which is
favorable for MALDI efficiency, delivers an image quality of
500-nm pixel size and 4-mm resolving power in both IR and
UV MALDI-IMS36,37.

In our mass microscopy approach, the 150 � 200–mm2 homo-
geneous laser pulse irradiates the sample surface. The desorbed
ions pass an immersion lens/transfer lens combination followed by
a high-speed blanker and are detected at a micro-channel-plate
(MCP)/position-sensitive detector (Fig. 2a). In this manner, a
mass-to-charge (m/z) separated series of molecular images is
generated, allowing simultaneous recording of a microscope and a
microprobe dataset in a single experiment. The position-sensitive
detector consists of a charge-coupled device (CCD) camera phosphor
screen assembly, where snapshots of the ions reaching the detector
are taken. These snapshots are used to construct larger area stigmatic
ion images. To construct a whole tissue image, several linescans
are taken over the entire tissue section by moving the sample stage
at a constant speed (typically 100 mm s–1) using a continuously
firing laser. At the end of a single linescan, the sample stage is moved
upward by 60–80% of the laser spot size and another linescan is taken,
until the entire tissue section has been measured. Using software
developed in house, all the single stigmatic ion images are stitched
together to form a linescan image. These individual linescan images
are then combined to form the total image of the entire tissue section.
The overlap of the consecutive laser shots is calculated, and the
intensity data of the overlapping areas are averaged in the images. The
resulting image reveals a high-resolution picture of the sampled
surface.

As the speed of the CCD camera is insufficient to record the high
spatial resolution images for each analyte distribution reaching the
detector within one cycle of the experiment, the stigmatic imaging
experiment can be conducted in two modes. First, all the ions are
allowed to pass through to the detector, to record stigmatic total-ion-
count (TIC) images (Fig. 2b), and, second, the TRIFT high-speed
blankers are used to record stigmatic selected-ion-count (SIC)
images (Fig. 2c). In the second case, the high-speed blankers are
used to remove all ions except the ones passing through an
approximately 3-ms time window, which is set manually. In the
mass spectrum, a single isolated peak can be seen at the selected m/z
position. As only this single species reaches the position-sensitive
detector, high spatial resolution mass resolved images can be created.

The spatial resolution obtained using the mass microscope is
unprecedented and extends IMS capabilities, complementary to
existing fluorescence-based techniques. Nevertheless, fluorescence-
based techniques achieve superior resolution and allow experi-
ments to be carried out in vivo. The great benefit of IMS is that the
biomolecular content of the sample is measured on the basis of an
intrinsic property, molecular mass, thus avoiding the need for a
fluorescence label. Avoiding the need for labeling in principle allows
the technique to resolve all surface molecules that ionize and omit
possible interference of the label with the natural behavior/function
of the analyte molecule. Simultaneous determination of protein
localization, possible post-translational modifications and expres-
sion levels can be achieved in a single experiment. The possibility to

search for ‘unknowns’ qualifies IMS as a discovery tool and
comparisons can be made between healthy and diseased tissue
without prior assumptions.

SIMS
In SIMS38, the sample surface is bombarded with a high-energy
primary ion beam between 5 and 25 keV. Typical primary ions used
in SIMS are Ga+, Cs+ and In+, with Ga+ able to provide the smallest
probe size (less than 10 nm). Although SIMS does not routinely
yield intact protein and peptide signals directly from tissue sections,
it does have several advantages compared with MALDI. The most
important advantage of SIMS over MALDI is the chemical imaging
capabilities, routinely delivering submicron spatial resolution39.
Furthermore, the SIMS technique is very sensitive and remarkably
versatile as it can analyze almost any kind of solid surface40. The
bombardment of these solid surfaces with high-energy primary
ions will induce damage over a certain depth in the sample,
resulting in changes in the molecular structure of the constituents
in this area. To prevent imaging of the induced damage, SIMS
imaging experiments are conducted using either a dynamic or a
static regime. In the dynamic regime, the entire sample surface is
eroded in time and the complete top monolayer is removed.
Dynamic SIMS is primarily used in quantitative elemental ima-
ging41–43 (not the topic of this protocol). In the static SIMS regime,
a much lower primary ion dose is used than in dynamic SIMS,
resulting in less than 1% of the top surface atoms and mole-
cules interacting with the primary ion beam, and every primary
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Figure 1 | BioTrift mass microscope. (a) The triple ion focusing (TRIFT) time-

of-flight, (b) the matrix-assisted laser desorption/ionization (MALDI) laser

source, (c) the CCD camera and (d) instrument control and data acquisition.
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ion strikes a fresh surface region. Consequently, in static SIMS,
significantly less fragmentation of the molecular content occurs,
which allows the technique to be used in imaging of small organic
components44–46. To enhance the ionization yield for large intact
molecular ions by SIMS, different kinds of surface modifications
(MALDI matrices47–51, silver52 and gold53–57) as well as the use of
polyatomic primary ion beams58–63 have been suggested. Although
these methods have been shown to desorb and ionize peptide and
proteins from model samples, in direct tissue analysis they are
highly biased toward lipids and steroids. One explanation for this
phenomenon is the surface sensitivity of the technique. As with
SIMS, only the top few monolayers are sampled, and the technique
favors the ionization of compounds with surface propensity such as
cholesterol and lipids, which are highly abundant in tissue sections.

In this protocol, surface modifications such as metal-assisted
(MetA) and matrix-enhanced (ME) SIMS are described for the
ionization of intact biomolecular ions, increasing the applicability
of SIMS to genuine biological problems. In MetA-SIMS, a very thin
layer (approximately 1 nm) of a metal (e.g., gold) is deposited on
the sample surface to assist in the desorption/ionization pro-
cess40,54,55. One crucial factor in this method seems to be the
migration of the analytes on the gold surface. In a recent study, we
have shown that SIMS signals for both cholesterol and the lipid
phosphatidylcholine (PC) increased when these species were
deposited on a thin layer of gold. Increased signals for cholesterol
were exclusively obtained when the layer of gold was deposited on
top of the cholesterol and PC sample22. The same effect was
observed in direct MetA-SIMS tissue analysis22 as well as in a
MetA-SIMS study of dyes by Adriaensen et al.56

Using ME-SIMS we have demonstrated the possibility of
obtaining peptide signals, from a nervous tissue extract from the
pond snail Lymnaea stagnalis, identical to those obtained with
MALDI-MS, up to m/z 2,590 (ref. 50). The analysis readily
identified five known peptides with ME-SIMS using 2,5-dihydroxy-
benzoic acid as matrix. In ME-SIMS one is not dependent
on the migration of the analyte molecules onto the matrix-covered
surface as in MetA-SIMS. The matrix is deposited in a wet
environment, and the analyte molecules are extracted from the
tissue surface. Nevertheless, the bias for species with surface
propensity remains, as during drying these species are pushed to
the outside of the forming matrix crystals. Furthermore, sample
preparation (described in the protocol) is more stringent because
the size of the matrix crystals determines the spatial resolution
obtainable.

A very recent innovation in MS, not discussed in the protocol, is
desorption electrospray ionization (DESI), first described in 2004
by Takats et al.64 Here, charged droplets and ions of solvent are
electrosprayed onto the surface to be analyzed. The impact of the
charged particles on the surface produces gaseous ions of surface

components. The resulting mass spectra are similar to normal ESI
mass spectra in that they show mainly singly or multiply charged
molecular ions of the analytes. The unique property of this
technique is that the mass spectra can be obtained under ambient
conditions, which allows the analysis of samples in their native
environment65. The range of samples analyzed using this technique
is already extensive, even though it is only two years old, and
includes pharmaceuticals66,67, explosives68, dyes69,70 and many
other analytes, as well as biological samples such as urine, serum
and blood64,65,71. The DESI technique has also been used in tissue
imaging72 and could possibly move the field of IMS from in vitro to
in vivo systems, imaging live systems (such as cell cultures or animal
skin) with mass spectrometry. A possible obstacle in conventional
microprobe imaging analysis is the spatial resolution, as the DESI
beam is in the order of 0.5–1 mm.

Data analysis
In typical IMS analysis, processing the acquired data is more
time consuming than the actual measurement itself. Data analysis
can become very complex because of the large amount of
data produced. As a result, powerful processing and display tools
as well as automated data mining techniques are required73.
Among the tools available for microprobe IMS datasets is
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Figure 2 | Instrumentation of the stigmatic mass microscope and a

comparison with microprobe IMS. (a) Schematic representation of the Physical

Electronics TRIFT-II mass spectrometer. (b) Single laser shot in a matrix-

assisted laser desorption/ionization (MALDI) stigmatic imaging experiment

without the high-speed blankers on, showing all ions in the MS spectrum and

on the phosphor screen [total-ion-count (TIC) image]. (c) Single laser shot in
a MALDI stigmatic imaging experiment with the high-speed blankers on,

showing only one selected ion in the MS spectrum and on the phosphor screen

[selected-ion-count (SIC) image].
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BioMap31,32 (Rausch, M. & Stoeckli, M. (http://www.maldi-msi.
org/)), which supports many more imaging modalities, such as
optical and positron-emission tomography. It provides a common
visualization and storage platform, which allows functionalities
such as overlaying of two individual datasets or displaying of
regions of interest.

Multivariate statistical methods, and especially principal compo-
nent analysis (PCA), are established ways to extract information
efficiently from large multidimensional datasets74. Combined
with different pre-processing and visualization methods, they
form a powerful analytical tool for the analysis of hyperspectral
datasets such as the ones obtained in IMS. Using these techniques,
chemically relevant spectral features can be extracted from large
datasets.

Interpretation of MALDI-IMS data should be done very carefully
because mixtures of multiple components (e.g., peptides) can show
preferential desorption and/or ionization75–78. Factors influencing
the likelihood of ionization of specific peptides are charged side
chains, presence of aromatic amino acids, peptide hydrophobicity,
size and the ability to form a stable secondary structure75. Further-
more, there is the so-called ion suppression effect, where dominant
peptides in the desorption/ionization process suppress ionization
of other peptides present at the surface75–77.

Sample preparation
Sample preparation in IMS is directed by observing the analytes of
interest within the very complex environment of the tissue section.
Choosing the appropriate matrix can enhance the sensitivity
toward specific molecular moieties79. In general, in MALDI-TOF
experiments, a-cyano-4-hydroxycinnamic acid (HCCA) provides
the highest sensitivity in peptide analysis and sinapinic acid in
protein analysis, and DHB gives good signal intensity in both mass
ranges in a single experiment. Typically, the matrices are dissolved
in 50:50 water:acetonitrile or water:ethanol solutions with 0.1%
trifluoracetic acid (TFA; v/v). The percentage of organic solvent can
be varied according to the hydrophobicity of the analytes of
interest. An increase of protein signals from cell lysate or tissue
sections by the addition of amphiphilic detergents to the matrix
solution or by the use of ionic matrices has been reported80,81 (not
the topic of this protocol).

Matrix deposition is probably the most difficult part in the
sample preparation procedure. Homogeneous matrix crystals have
to be formed on the tissue surface with, depending on the
technique used, a confined size and without redistribution of the
analyte molecules. In microprobe MALDI-IMS, the restraints on
the matrix crystal size are less stringent as the laser spot sizes used
are in the range of 100–200 mm. For these experiments, techniques
such as the acoustic matrix deposition method developed by Aerni
et al.82 can suffice. Here the sample is held face down toward the
matrix solution and droplets are ejected toward the sample by
focused acoustic waves. On seeded tissue sections, the matrix spots
formed are 200–300 mm in size. Successful protein imaging at low
resolution could be achieved using this technique33,82.

For high-resolution IMS, however, the size of the matrix
crystals is a key factor. To make optimal use of the spatial detail
observed using the mass microscope, the crystal sizes should be
equal to or smaller than the size of a single pixel. In practice,
however, the goal is to achieve sufficient protein or peptide signals
from matrix crystals smaller than the size of the tissue features of

interest. Furthermore, the matrix application method should
be robust and reproducible. These requirements can be met
if the matrix arrives at the tissue surface in very small droplets
before all solvent has evaporated. Matrix solutions can be sprayed
into small droplets using pneumatic nebulization (airbrush)22,79

or electrospray nebulization50,83 (Fig. 3), with the electrospray
nebulization method giving smaller and more mono-disperse
droplets. Automation of pneumatic nebulization is being deve-
loped for reproducibility and high-throughput analysis in our
laboratory.

To optimize matrix crystallization, a washing step has to be
performed. The solvent composition can be optimized for the
experiment at hand. In most cases, the main concern is to wash
away as much salt as possible to optimize matrix crystallization.
Recent studies have shown that matrix crystallization and analyte
incorporation are hampered by the presence of high concentrations
of salt. Furthermore, segregation of the salt molecules from the
matrix crystals results in an inhomogeneous sample surface where
local variations influence the ionization process.49,84,85 Washing the
tissue sections can overcome these problems, but great care has to
be taken to prevent diffusion of the analyte molecules and/or
washing away of the species of interest. The removal of salt from
the tissue sections is typically realized by washing in 70–80%
ethanol.22,79 Recently, Lemaire et al.86 showed the usefulness of
more rigorous washing for the increase of peptide and protein
signals, especially from older or even archived tissue sections. They
showed that the treatment of tissue sections with organic solvents
such as chloroform, acetone, hexane, toluene or xylene resulted in
signal enhancement in MALDI direct tissue profiling. In this
approach, the tissue sections are not immersed in washing solvent;
rather, the solvent is dispensed on top of the sections using a glass
syringe. The organic solvents remove interfering lipids and open up
different lipid bilayers, resulting in increased signal intensity but
possibly also increased molecular diffusion by removal of the lipid
structure. Therefore, when using lipid-extracting solvents as wash-
ing agent, one has to be particularly careful to prevent diffusion of
the molecules of interest, especially using high spatial resolution
techniques.
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Figure 3 | Schematic representation of the electrospray setup.
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Protocol
As described above, the sample preparation steps are crucial for
the success of IMS experiments. From the dissection and section-
ing of the tissue to the actual matrix application, the major concern
is preparing MS-compatible tissue samples (i.e., tissue samples
giving the required information in a direct MALDI-IMS experi-
ment) while preventing analyte diffusion as much as possible.
MS compatibility is a key issue in dissection and cryomicrotome
cutting of the tissue sections. Blood sticking to the dissected

organ should be limited as much as possible, no polymer-
based embedding materials can be used and thickness of the
tissue sections is limited. Further handling of the tissue samples
aims to attain as high as possible signal intensities with
as little as possible redistribution of the analyte molecules.
The techniques described here are guidelines to the different
approaches to IMS. As an example we show the direct MALDI
analysis of a rat brain tissue section in both microscope and
microprobe mode.

MATERIALS
REAGENTS
.Male Wistar rats (Crl:WU) weighing 350 g (Charles River, Germany)
! CAUTION Experimental procedures should be in accordance with current
animal welfare regulations such as the European directives (86/609/EEC).

.HCCA (Fluka, cat. no. 70990) ! CAUTION Irritating to the eyes, the
respiratory system and the skin.

.DHB (Fluka, cat. no. 85707) ! CAUTION Harmful if swallowed and irritating
to the eyes, the respiratory system and the skin.

.Tissues (see REAGENT SETUP)

.Trifluoracetic acid (Aldrich, cat. no. T6220) ! CAUTION Harmful by
inhalation and causes severe burns; harmful to aquatic organisms; may cause
long-term adverse effects in the aquatic environment.

.HPLC grade water (Riedel-de Haën, cat. no. 34877)

.Ethanol (Biosolve, cat. no. 05250501) ! CAUTION Highly flammable.

.Matrix solution: 15 mg ml–1 DHB or 10 mg ml–1 HCCA in 50% EtOH/0.1%
TFA (electrospray deposition, or ESD); 40 mg ml–1 DHB or 10 mg ml–1

HCCA in 50 % EtOH/0.1% TFA (pressure-driven deposition)
.Gelatine (De Twee Torens, Delft, The Netherlands)
.Liquid isopentane ! CAUTION Isopentane can affect you when inhaled and

can irritate the skin, causing a rash or burning feeling on contact; exposure
to isopentane can irritate the eyes, nose and throat and can cause headache,
nausea, weakness, dizziness, sleepiness, loss of coordination and even loss of
consciousness; repeated or prolonged contact with isopentane can cause
drying and cracking of the skin; isopentane is a highly flammable liquid and
a dangerous fire hazard.

.Washing solution (1 and 2): ice-cold 70% ethanol
EQUIPMENT
.Dissection microscope allowing low magnification (�10/�40) (CETI,

Antwerp, Belgium)
.Cryomicrotome (Leica CM 3000 cryostat; Leica Microsystems, Nussloch,

Germany)
.Conductive glass slides (25 � 50 � 1.1 mm3 unpolished float glass, SiO2

passivated/indium–tin-oxide (ITO) coated, Rs ¼ 6 ± 2 O; Delta
Technologies, cat. no. CG-40IN-1115)

.Sample plate (SS, 100 well, numbers only; Applied Biosystems, cat. no.
V503841)

.Freezer (–80 1C)

.Optical microscope (Leica DMRX; Leica) equipped with a digital camera
(Nikon DXM1200; Nikon)

.Chromatography sprayer (10 ml; Sigma-Aldrich, cat. no. Z529710)

.9-mm screw-top vials, 12 � 32 mm2 (Waters, P/N, cat. no.186000272)

.Digitizer card (Acqiris, Switzerland)

.Gastight syringe (Hamilton)

.Translation stage (Thorlabs)

.Digital micrometer (Mitutoyo)

.XY movable table (Thorlabs)

.Syringe pump (KD Scientific)

.SC7640 sputter coater (Quorum Technologies; Newhaven, East Sussex, UK)
equipped with a gold target (SC510-314A), an FT7607 quartz crystal
microbalance stage and an FT7690 film thickness monitor

.TRIFT-II (triple focusing time-of-flight) SIMS (ToF-SIMS) equipped with a
115In+ liquid metal ion gun (Physical Electronics, Eden Prairie, MN)

.CCD camera (LaVision, Germany)

.4700 proteomics MALDI TOF/TOF analyzer equipped with a 200-Hz
Nd:YAG laser (Applied Biosystems)

REAGENT SETUP
Tissue samples Freeze tissue directly in liquid isopentane after dissection, cool
on dry ice and store at –80 1C until use. When needed, embed the tissue in
compatible embedding material. For very small organs such as the pituitary
gland or a mollusk CNS, problems can arise during the cryomicrotome cutting
process. Because of the small size of the organs, placement on the sample holder
without contact with the support material is unlikely. Furthermore, the cutting
of these small organs without embedding material increases the likelihood of
damage in the resulting tissue sections, by rumpling or tearing. Embedding in
non-polymer-containing solutions such as 10% gelatin or agarose helps to
prevent damaging the tissue and assist in cutting. Tissue is embedded in 10%
gelatin at 30 1C directly after dissection and frozen at –80 1C. Gelatin embedding
allows sectioning down to 5-mm thickness, results in no tissue damage during
freezing and is compatible with MS. m CRITICAL Recent observations by
Svensson et al.87 point toward postmortem changes in the proteome of
susceptible peptides and proteins within minutes. To prevent these alterations of
a sample, Svensson et al.87 use focused microwave irradiation to kill the animals.
Since focused microwave irradiation is not available in every laboratory, an
alternative way to minimize alterations is snap-freezing of the dissected tissue
and defrosting just before sample preparation starts. m CRITICAL Never embed
the tissue in polymer containing cryopreservative solution such as Tissue-Tek
O.C.T. Compound (Sakura Finetek USA, Inc., cat. no. 4583). Cryopreservative
solutions will smear over the tissue surface during cutting, and in the MS
analysis the polymer signals will dominate.

EQUIPMENT SETUP
Home-built ESD setup In this setup, a syringe pump (KD Scientific) pumps
matrix solution (10–50 ml min–1) from a gastight syringe (Hamilton) through
a stainless steel electrospray capillary (OD 220 mm, ID 100 mm) maintained at
3–5 kV (0–6 kV power supply, Heinzinger). The capillary is mounted on an
electrically isolated manual translation stage (Thorlabs) in a vertical orientation.
The stage is fitted with a digital micrometer (Mitutoyo) for accurate positioning
of the needle tip with respect to the grounded sample plate. The sample plate is
mounted on an XY movable table (Thorlabs).
Mass spectrometer Physical Electronics TRIFT-II mass spectrometer
equipped with an MCP/phosphor screen/CCD camera (LaVision) optical
detection combination and a MALDI ionization source (described in
detail in ref. 36). The instrument is equipped with a DP214 digitizer card
with 1-GHz bandwidth and 2 GS s–1 sampling rate (Acqiris) for readout
of the MCP signals.
Software (i) Both TRIFT systems are operated by WinCadence software
(version 3.7.1.5) and controlled by the vacuum watcher (Physical Electronics,
Watcher 2.1.2.140). AcqirisLive 2.11 controls the Acqiris settings and data
acquisition. LaVision DaVis 6.2.3 controls the CCD camera settings and data
acquisition. Mass spectral data analysis is performed with WinCadence 3.7.1.5,
MatLab 7.0.4 (PCA), AWE3D 1.5.2.0 and tofToCsv (a tool to convert the
entire m/z data file to a comma-separated .csv file). Image data analysis is
performed with WinCadence 3.7.1.5, MatLab 7.0.4 (PCA), DataCubeViewer,
spatial image composer and tof.bat. All software developed in our laboratory is
available to other researchers on request. (ii) The Applied Biosystems
4700 proteomics MALDI TOF/TOF analyzer is operated using the
4000 Series Explorer software. For imaging experiments an extra software
package (4000 Series Imaging) is required, which is freely available
at http://www.maldi-msi.org. Both mass spectral analysis and image data
analysis are performed using the BioMap software, which is freely available
at http://www.maldi-msi.org.
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PROCEDURE
Preparation of the tissue sections
1| Place the dissected tissue on the sample holder in the cryostat. The tissue section can be attached to the sample holder by
a very small amount of Tissue-Tek. Great care has to be taken that the Tissue-Tek does not come into contact with the tissue
area of interest.

2| Cut the tissue section into approximately 10-mm thicknesses using a cryomicrotome at –20 1C. For IMS, 10-mm thickness is
optimal; there are enough analyte molecules available for extraction and no problems with isolation.

3| Pick up the tissue sections with either microscope glass slides or manufacturer sample plates by thaw mounting (i.e., the
tissue sticks to the glass or steel because it thaws slightly upon touching); place them in a closed container (e.g., plastic Petri
dishes sealed with parafilm) on dry ice and store at –80 1C until use.
m CRITICAL STEP ITO glass slides show best performance in both microprobe and microscope mode imaging because of the
preserved conductivity of the sample.

4| Take a tissue section in its closed container from the –80 1C storage and allow it to come to room temperature (B 20 1C)
in a dry box with silica gel canisters before analysis.
m CRITICAL STEP When the samples are taken out of the –80 1C freezer, water condenses on them. For this reason samples are
packed in Petri dishes closed by parafilm to prevent wetting of the tissue surface. The whole dish is placed in a desiccator until
the condensed water has been removed, after which the tissue is taken out of the Petri dish for washing.

5| Wash the tissue sections. The washing step is optional depending on the type of analysis.
m CRITICAL STEP For SIMS analysis of small molecules such as lipid messengers, steroids or even elemental distributions, the
washing step is omitted to prevent diffusion. Also, in the analysis of drug delivery systems, no washing step is used for this same
reason. For macromolecular analysis the washing is dependent on the type of analysis, and the washing solution can be altered
accordingly. For medium-size peptide analysis (i.e., approximately 1,000–5,000 Da) best results are obtained by washing twice in
ice-cold 70% ethanol. Washing is achieved by following these steps: (i) place the glass slide containing the tissue section in the first
washing solution by immersing very gently and do not stir or shake. (ii) Leave the slide for 1 min in the first washing solution and
than take it out very gently and remove any big drops from the slide. (iii) Place the sample, again as gently as possible, in the second,
fresh, washing solution for 1 min. (iv) After the second washing step take out the slide, keep it in horizontal and gently blow a
stream of nitrogen over the surface to assist in drying. (v) Place the tissue in the desiccator to let the tissue dry completely;
otherwise the tissue may detach from the glass slide and start to ripple.
m CRITICAL STEP Careful washing is critical in high spatial resolution imaging. To prevent diffusion of the analyte molecules,
place the sample in the washing solution as gently as possible and leave it untouched.

6| Use different matrix deposition methods depending on the spatial resolution required. For high spatial resolution IMS,
matrix deposition is achieved either by ESD (option A), in SIMS, or pressure-driven spray (option B) in MALDI. The choice of
matrix again determines the spatial resolution that can be obtained.
(A) ESD

(i) Pump matrix solution, 15 mg ml–1 DHB or 10 mg ml–1 HCCA in 50% EtOH/0.1% TFA, from a gas-tight syringe through
a stainless steel electrospray capillary maintained at 3.7 kV for 10 min at a flow rate of 12 ml h–1. The needle-to-sample
plate distance is 5.0 mm. No drying or nebulization gas is used.
m CRITICAL STEP Key issues in development of a matrix deposition method are optimal incorporation of analyte into the
matrix crystals and minimal lateral diffusion. These two requirements can be met if the matrix arrives at the tissue surface
in very small droplets before all solvent has evaporated.

(ii) Check matrix coverage using an optical microscope.
(iii) Let the tissue sections dry for 30 min.

(B) Pressure�driven deposition
(i) Use a TLC sprayer to spray matrix solution, 10 mg ml–1 HCCA or 40 mg ml–1 DHB in 50% EtOH/0.1% TFA, at a nitrogen

pressure of 0.3–0.4 bar. Use several spray cycles to achieve homogeneous matrix coverage and allow the tissue to dry
between spray cycles in a horizontal position.
? TROUBLESHOOTING

(ii) Check matrix coverage using an optical microscope.
(iii) Let the tissue sections dry before gold coating (30 min).

Gold coating for MetA-SIMS and stigmatic MALDI-IMS experiments
7| For MetA-SIMS coat the tissue sections with 1 nm of gold directly on the tissue, and for MALDI coat the matrix-covered
tissue sections with 4 nm of gold. This is done as follows: (i) place the ITO slide with the sample in the Quorum Technologies
SC7640 sputter coater. Make sure a gold target is installed. (ii) Press the start sequence button to pump down, flush with argon,
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further pump down the vacuum chamber and leak in argon until the pressure reaches 0.1 mbar (all done automatically).
(iii) Enter the density of the metal used (19.30 g cm–3 for gold) and the desired thickness of the sputtered metal layer.
(iv) Put the discharge voltage on 1 kV and press start. (v) Adjust the plasma current to 25 mA for homogeneous coverage.
m CRITICAL STEP If the layers are too thick, only gold clusters will be observed.

Imaging mass spectrometry experiments
8| Now perform the IMS experiment. IMS experiments described here are ME-SIMS, MetA-SIMS and MALDI experiments. The
SIMS experiments are conducted on a Physical Electronics TRIFT-II equipped with a 115In+ liquid metal ion gun. Stigmatic MALDI
experiments are performed on a Physical Electronics TRIFT-II equipped with a phosphor screen/CCD camera optical detection
combination and a MALDI ionization source. The microprobe MALDI experiments are performed on an Applied Biosystems 4700
proteomics analyzer. The experimental procedures for the ME-SIMS and MetA-SIMS experiments are the same (option A), but
different from that for stigmatic MALDI (option B) and microprobe MALDI (option C).
(A) ME�SIMS and MetA�SIMS

(i) Optimize setup for image quality. Before conducting SIMS imaging experiments, optimize the setup for image quality,
using a copper grid with a 25-mm repeat. In the vacuum watcher, close spectro gate valve (V5). In WinCadance software
go to hardware, start the DC beam and raise the gain of the electron multiplier until the copper grid becomes visible on
the secondary electron detector (SED).

(ii) Select lens 1 and wobble. Use the multiple variable aperture, on the side of the instrument, to improve the image quality.
When the best result is achieved, stop wobble, select lens 2 and start wobble again. Adjust beam steering (x and y) to
improve the image quality when needed. At the optimal image quality, stop wobble, select blanker and start wobble again.
This time adjust lens 2 to fix the image and lens 1 to refocus. After the refocusing, the procedure is repeated until a clear
fixed and focused image of the copper grid can be seen on the SED.

(iii) In hardware make sure there is no voltage on the bunching parameter (perform the imaging measurements in unbunched
mode for optimal image quality). Before the start of the experiment select, under ‘‘acquisition/setup/advanced settings,’’
‘‘save as raw file’’ to post-process the raw data after the measurement is completed.

(iv) The experiment. Perform the ME- or MetA-SIMS experiment in such a way that the analysis is conducted in the static
SIMS regime. This can be achieved with a primary ion beam current of approximately 450 pA, a primary pulse length of
30 ns, a spot diameter of 500 nm and a primary ion energy of 15 kV. At 3 min per experiment this results in a primary ion
dose of 4.9 � 1011 ions cm–2.

(v) For each chemical image, raster the primary beam over a 150 � 150 mm2 sample area, divided into 256 � 256 square pixels
(larger or smaller areas can also be chosen). To image a significantly larger surface, such as a whole tissue section, analyze
multiple 150 � 150 mm2 areas by stepping the sample stage in a mosaic pattern. To compensate for small deviations on the
sample stage positioning take a 10-mm overlap with the previous acquired sample (the sample stage is moved by 140 mm).

(vi) Analyze the data as described in Step 9.
(B) Stigmatic MALDI�IMS

(i) Optimize setup for image quality. Before conducting stigmatic MALDI imaging experiments, optimize the setup
for image quality using a fine-mesh TEM grid (19-mm squares, 25-mm pitch) overlaid on analyte-doped matrix crystals.
Optimize sample potential, immersion lens and transfer lens voltages to obtain a focused image of the grid structure on
the phosphor screen.

(ii) The experiment. Set sample stage velocity to 0.1 mm s–1 and the laser repetition rate at 10 Hz.
(iii) Calculate the number of laser shots needed to complete one linescan over the tissue section and use this number as

value for the number of images saved from the phosphor screen and mass spectra acquired.
(iv) After one linescan move the sample stage up by 60–80% of the laser spot size and acquire another linescan. Repeat this

step until the entire tissue section has been measured.
(v) Analyze the data as described in Step 10.

(C) Microprobe MALDI�IMS
(i) Load the ABI sample plate into the 4700 proteomics analyzer and determine the tissue section boundaries.
(ii) Take a test spectrum outside the tissue section to determine the acquisition method.

m CRITICAL STEP The maximum number of data points per spectrum must always be lower than 32,767. Increase the bin
size or reduce the mass range to meet this criterion.

(iii) Select ‘‘Manual Acquisition’’ with one spectrum, define up to 255 laser shots (100 laser shots in our case) and load the
4700 imaging tool (freely available at http://www.maldi-msi.org).

(iv) Set the coordinates of the tissue section boundaries and give the raster size; the number of pixels on the XY scale is
calculated using the dimensions button.
m CRITICAL STEP Increasing the number of pixels increases the level of detail in the imaged section. However, the size
of the laser beam has to be taken into account to avoid multiple sampling of the same position.
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(v) Give a file name and start the acquisition.
(vi) Analyze the data as described in Steps 11 and 12.

Data analysis
9| ME-SIMS and MetA-SIMS (right after Step 8A(iv)). In the WinCadence software, save each individual experiment as a
raw file to allow post-processing of the data. In ‘‘spectra’’ choose specific m/z ranges and select ‘‘image’’ for each range. Now in
‘‘acquisition/set-up/advanced settings’’ select ‘‘acquire from raw file’’; under the tab ‘‘image’’ the selected distributions can be
seen. For large tissue sections multiple imaging experiments are performed to cover the entire area. Viewing the tissue section
in one image, made up out of the multiple experiments, can be accomplished by combining (stitching) the individual images.
Two approaches to image stitching are available. First, 150-mm2 images can be stitched together manually in image handling
software such as Adobe Photoshop. Second, PCA-based methods are used to generate feature-based registration of the imaging
data cubes for the visualization of the imaging data88.

10| Stigmatic MALDI-IMS (right after Step 8B(iv)). As two datasets are being recorded simultaneously, process the data sepa-
rately and combine them afterwards. The mass spectra can be analyzed as single-shot spectra, as combined spectra per linescan or as
combined spectra of the whole measurement. Microprobe images can be created with high detail per single mass or at low detail
for every mass, and PCA routines89 can be used to find correlations between distributions of m/z species. The stigmatic ion images
can be stitched together showing either the TIC image of the entire tissue section or a high-resolution selected ion distribution.
(A) Mass spectral analysis

(i) Acquire the MALDI mass spectral data using an Acqiris digitizer, which results in a single .data file for every laser shot.
(ii) Visualize the mass spectral data as single-shot spectra per linescan in the 3D tool of AWE software90. A contour plot shows

the m/z data on the x-axis and the selected ion current on the y-axis. The intensity data are presented in the z-direction
as a heat plot, allowing 3D visualization of the data. Using awe3D, specific m/z species can be visualized per linescan
without losing low abundant signals in averaging logarithms.

(iii) Use Matlab routines to add mass spectral data of a single linescan. These routines help in fast evaluation of the m/z
species observed.

(iv) Use a Java routine (tofToCsv) to convert the entire mass spectral dataset into a comma-separated file, which can be
visualized (e.g., in Origin).

(B) Stigmatic image stitching
(i) Stitch the stigmatic ion images together to form a linescan. Then combine these individual linescans to form the image of

the entire tissue section (Fig. 4a). The in-house-developed software calculates the overlap of the consecutive laser shots
and adds the intensity data for the overlapping areas in the images.

(C) Microprobe images
(i) Create detailed images using the Java-based software, which calculates intensity data for manually selected masses per

laser shot position. This low-resolution microprobe dataset is visualized, taking into account the sample stage velocity,
laser repetition rate and distance between linescans and can be overlaid with the stigmatic ion images (Fig. 4b). Image
processing is done in imaging software such as Adobe Photoshop.
Note: Software programs such as Photoshop use automatic smoothing tools when rescaling or resampling images.

(ii) Visualize the low-resolution images of the entire microprobe dataset using DataCubeViewer. Here, one can scroll through
the entire mass spectral dataset showing the 2D localization at every m/z value with the intensity data in the z-direction
(comparable to the BioMap software).

(D) PCA
(i) For the PCA, read the Acqiris ADC signals using MatLab (version 7.0.4, R14, SP2). The maximum size of the dataset depends

on the available memory. As the IMS datasets consist of relatively large areas with zero counts, the data are stored in a
Harwell–Boeing format, which omits the storage of zero counts. To further reduce the data size, binning is performed in
the spectral domain. PCA is used to describe the original data using a preselected number of principal components. These
components are calculated to describe a percentage in variation (the variance) of the original spectral data. The compo-
nents are calculated in descending order of variance. In this manner different correlated molecular components can be
imaged together, rather than generating images of each individual peak in the dataset. As shown in Figure 4c, a single
principal component contains both a positive and negative spatial correlation (on the positive and negative scale in the
graph and in red and green in the image). Many different types of spectral correlations can be found; for example, the
negative correlation in principal component 2, in Figure 4c, consists mainly of different pseudomolecular ions of the neuro-
peptide vasopressin. This technique can assist in finding biological processing steps in specialized regions in the tissue.

11| Microprobe MALDI-IMS (right after Step 8C(iv)). For the data analysis of the microprobe MALDI-IMS experiment we use
the BioMap 3.7.4 software, which is freely available at http://www.maldi-msi.org. In our example we obtained the IMS dataset
on an Applied Biosystems 4700 proteomics analyzer, which creates a BioMap-compatible .img file. However, datasets obtained
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with the Bruker Reflex IV or the Ultraflex II are also compatible with the BioMap software after an additional conversion routine
(available free of charge; details are described by Clerens et al.91). Load the IMS dataset into BioMap by choosing the .img file
in ‘‘file/import/MSI.’’
m CRITICAL STEP BioMap loads the entire dataset into the computer’s virtual memory, and thus sufficient memory is needed
(for medium-sized datasets, 2 GB).

12| Once the dataset has been loaded into BioMap, use the multiple visualization and data handling routines available. As the
possibilities are too extensive to discuss in this protocol, only some of the basic steps to visualizing the data are discussed.
Example images obtained from a microprobe IMS experiment and processed with the BioMap software are shown in Figure 5.
(i) The summed spectra of the imaging experiment can be visualized in the plot tool (‘‘analysis/plot/global/scan’’). (ii) Contrast
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Figure 4 | Example of images obtained with microscope matrix-assisted laser desorption/ionization imaging mass spectrometry. (a) High-resolution microscope

mode total-ion-count (TIC) image of a rat brain tissue section. (b) The same microscope mode TIC image with overlaid microprobe m/z data (m/z 1,085

(vasopressin) in green, m/z 2,030 in red and m/z 1,431 in blue). (c) Correlation between different m/z species found in the microprobe dataset of the rat

brain tissue section by PCA. Scale bar ¼ 1 mm.
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of the selected m/z images can be
adjusted by adjusting the minimum
and maximum intensity values on the
slide-bars in left-side toolbar. The data
are automatically shown as interpolated
(smoothed) images. For the real
(pixelated) image, one has to choose
‘‘voxel’’ instead of ‘‘interpolate’’ in the
‘‘display methods’’ of the image
properties window (right mouse click
on image), as shown in Figure 5c.
(iii) Different m/z images can be
selected either by scrolling through the
mass spectrum in the plot tool or by
adjusting the value of the data points in
the left-side toolbar. (iv) The color of the images shown can be changed in the left-side toolbar by choosing the ‘‘Set color
table’’ button.

� TIMING
Step 4, defrosting and drying of tissue sections: 30 min
Step 5, washing and drying of the tissue sections: 10 min
Step 6, electrospray matrix deposition: 10 min (highly dependent on the size of the tissue section); pressure driven deposition:
30 min
Step 7, gold deposition: 6 min (approximately 1.5 min per nm)
Step 8, highly dependent on the size of the tissue section: ME-SIMS analysis: 3 min per 150 mm2 area of the tissue section.
Stigmatic MALDI-IMS: for a rat brain tissue section (approximately 1.5 � 0.9 mm2) take a linescan of 1,550 shots, which
corresponds to 155 s. With a 120-mm stepsize between linescans, 70 linescans are needed to complete the tissue section.
This results in 3 h pure measuring time. Together with resetting all the parameters at the beginning of the measurement
of each linescan, a whole tissue section takes approximately 4 h to measure. Microprobe MALDI-IMS of a single rat brain tissue:
approximately 4 h to measure, depending on number of pixels and number of laser shots per pixel.
Step 9, the construction of a single image: approximately 0.5 min; stitching of multiple images: 1 h (using PCA software). The
stitching of multiple images by hand is more time consuming and can take several hours, depending on the sample size. Using
PCA software this can be done much more quickly, depending on data size, processor speed and available memory, typically
within 1 h.
Step 10, data analysis for MALDI-IMS using DataCubeViewer or PCA-based software, where both images and spectral information
are processed at once, is relatively rapid. The limiting factor is the size of the dataset in combination with available processing
power and memory. Loading and processing of the dataset typically takes 1 h, after which all information is readily available.
Information extracted using DataCubeViewer and PCA can be analyzed in detail with the software tools described above.
Step 11, data analysis for microprobe MALDI-IMS using the BioMap software, is relatively fast. The loading of the dataset takes
typically not more than 10 min, after which the data are readily available for investigation.
Note: The timing of a single IMS experiment is difficult to indicate as this is very much dependent on the size of the sample to
be analyzed. Furthermore, the time needed for data analysis depends to a great extent on the questions asked. For example,
if IMS is used to find information on a known species in the sample, the answer can be found relatively quickly after data
processing. If, on the other hand, one is using the IMS technique as a discovery tool and, for example, wants to discriminate
between (drug-)treated and untreated or diseased and healthy tissue, the data mining and comparison will take considerably
longer.

? TROUBLESHOOTING
Step 6B(i)
The pressure on the sprayer is adjusted according to matrix solution used. For higher concentration solutions, a higher pressure
is needed. In addition, after several spray cycles sometimes a little higher pressure is needed owing to small deposits of the
matrix in the sprayer’s tubes. The average pressure used is 0.3–0.4 bar.
As the TLC sprayer’s solution reservoir is relatively large compared with the amount of matrix solution needed to cover a single
tissue section, use a smaller container (9-mm screw-top vials, 12 � 32 mm2 from Waters) filled with the matrix solution and
placed inside the TLC container.
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Figure 5 | Example of images obtained with microprobe matrix-assisted laser desorption/ionization

imaging mass spectrometry on an Applied Biosystems 4700 proteomics analyzer and processed with

BioMap software. (a) Distribution of a selected mass (m/z 2,030) in gray scale and (b) of a selected mass

(m/z 826.6) in color scale (split blue–red). (c) Same image as in panel b but now without interpolation.
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ANTICIPATED RESULTS
These protocols for IMS allow the mapping of molecular distributions directly in tissue sections. The different approaches to
SIMS are able to deliver images of distributions of small organic compounds such as lipids, steroids and drugs within single
cells. Figure 4 shows a typical set of images obtained using MALDI-IMS. In Figure 4a, a TIC image of the rat brain tissue
section shows the high spatial resolution imaging capabilities of the mass microscope. Figure 4b shows that, in the same
experiment, recorded m/z data can be used to show the distribution of both known and unknown species observed in the mass
spectrum. In Figure 4c, PCA and varimax analysis are used to show the localization of correlated molecular species within the
features of the tissue section. The correlation found between the different molecular species can assist in the search for
biological processing steps in specific areas of the tissue at cellular-length-scale spatial resolution.
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