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Abstract

Matrix-Assisted Laser Desorption/Ionisation (MALDI) mass spectrometry imaging (MSI) uses the power of high mass
resolution time of flight (ToF) mass spectrometry coupled to the raster of lasers shots across the cut surface of
tissues to provide new insights into the spatial distribution of biomolecules within biological tissues. The history of
this technique in animals and plants is considered and the potential for analysis of proteins by this technique in
plants is discussed. Protein biomarker identification from MALDI-MSI is a challenge and a number of different
approaches to address this bottleneck are discussed. The technical considerations needed for MALDI-MSI are
reviewed and these are presented alongside examples from our own work and a protocol for MALDI-MSI of
proteins in plant samples.
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Introduction
Knowledge of plant development and function can be
obtained by determining the distribution of proteins and
metabolic processes within plant tissues. The differentia-
tion of leaf, stem, root and floral architecture from the
germinating seed provides an excellent example of the
changes in distribution of proteins and metabolic pro-
cesses. In addition protein abundance differences are
also apparent in cell types within a tissue section.
Matrix-Assisted Laser Desorption/Ionisation mass spec-
trometry imaging (MALDI-MSI) has the potential to
provide new insights into the molecular analysis of
plants by providing high spatial resolution information
about proteins and potentially quantitative changes dur-
ing plant development or those induced by environmen-
tal variation. In medical biology, MALDI-MSI of
proteins has already begun a revolution in diagnostic
immuno-histochemistry (IHC) by providing new disease
biomarkers [1-3]. To date the literature of MALDI-MS
imaging in plants is limited to mostly small molecules

such as metabolites and lipids. The development of
techniques for assessing the spatial localisation of plant
proteins will differ from mammalian research because
the diagnostics-driven focus on biomarkers in medical
biology is largely absent in plant research. Moreover,
once routine quantitation protocols are developed, these
will likely provide a new focus for biomarkers in plant
breeding and plant disease diagnosis. Here we review
the technical MALDI-MSI literature including animal
and human disease, the emerging literature in plants,
and provide examples and current protocols for
MALDI-imaging of proteins in plant tissue from our
own research. A protocol for MALDI-MS imaging using
plant tissue is available as additional file 1.

Development of MALDI-MS imaging
MALDI-MSI was first reported in 1994 [4] and has been
applied to visualise peptides and proteins since 1997 [5].
MALDI-MSI has since become a powerful technique
that enables the identification and localisation of biolo-
gical compounds directly on tissue surfaces. The predo-
minate method used for imaging has been MALDI-ToF
mass spectrometry (MS), however FT-ICR, ion-trap and
Q-ToF have also been used for MSI of small molecules.
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MALDI-MSI has been used to image the distribution
of a wide range of compounds, including proteins,
lipids, pharmaceuticals and metabolites. In recent
years, it has provided biomarkers in tissue samples
that can be used to identify cancerous regions [2,6-8],
as well as define tumour margins [9] and to monitor
drug metabolism in various organs [10]. The ability to
determine the distribution of peptides and proteins in
cells of animals is making MALDI-MSI a valuable tool
to understand underlying biological processes [11].
Increasingly MALDI-MSI has direct applications in
cancer diagnostics and treatment; new paradigms in
boundaries for tissue removal for future samples have
been set. The decision where to set the tumour mar-
gin; weighing up the chance of leaving some cancerous
cells behind or to remove too much tissue, and poten-
tially causing some unnecessary harm to the patient,
may be made easier [9,12]. The advantage of MSI over
IHC is that IHC is a targeted approach, whereas MSI
is not. Conversely the advantage of IHC over MSI is
sensitivity and no restriction in protein size. Both have
an important place in pathology laboratories. More
broadly and in a range of species, MALDI-MSI has
allowed the simultaneous analysis of the distribution of
hundreds of peptides and proteins directly from a tis-
sue section, which is particularly valuable when a lack
of antibodies precludes protein identifications by IHC
such as in the case of most plants.

Progress in plant MALDI MS imaging to date
In plants, a range of reports have used MALDI-MSI to
assess the spatial distribution of sugars, metabolites and
lipids. There are reports where surface molecules such
as epicuticular lipids, waxes and also secondary metabo-
lites, such as flavonoids or alkanes, were measured on
the surface of Arabidopsis thaliana flowers, leaves and
roots [13-16]. Cha et al. [14] used colloidal silver laser
desorption/ionization mass spectrometry to directly pro-
file and image epicuticular waxes on leaves and flowers
from Arabidopsis thaliana. One example of MSI in soy-
bean was reported for determining the presence of agro-
chemical compounds (herbicides or insecticides) on the
leaf surface [17]. Other reports have considered the
intracellular spatial distribution of metabolites from
plant tissue sections [18-20]. Goto-Inoue et al. [21]
recently showed the spatial distribution of gamma-ami-
nobutyric acid (GABA) in the seed of aubergines and
this metabolite was identified by comparison to a
synthesised standard. Ng et al. [22] demonstrated the
spatial profiling of the phytochemicals and secondary
metabolites by direct analysis of plant tissue using
MALDI-MSI. These results clearly differentiated the
relative abundance of metabolites in different tissue
regions including the cortex, phloem, xylem, rim and

pith. MALDI-MSI has also been used to reveal a spatial
distribution of lysophosphatidylcholine and phospatidyl-
choline in rice endosperm and bran respectively,
whereas a-tocopherol was only present in the rice germ
[23]. The localisation of primary metabolites such as
sucrose, glucose-6-phosphate and arginine in wheat seed
[19] and potatoes [23] has been mapped using MALDI-
MSI. The identity of these metabolites could not be
derived using MS/MS methods, however synthesised
standards of these molecules were available for compari-
son. In 1997, Stahl et al. [24] applied MALDI-MS and
high-performance anion-exchange chromatography to
analyse two high molecular weight fructans from Dahlia
variabilis L. and also carried out direct tissue analysis
on the epidermal and parenchymal tissue of onion bulbs
(Allium cepa L.). Allium cepa L. contains various iso-
meric fructans and more than 50 compounds were
detected from both techniques with masses ranging
from < 2000 to 10 000 Da. This was one of the first
recorded applications of direct tissue analysis using a
MALDI-ToF instrument. Other sugars have been
mapped on wheat stems using MALDI-MSI [25] and
the ions were identified using LC-MS/MS.
The use of atmospheric pressure infrared MALDI-MSI

using a Q-ToF instrument has allowed imaging of a
large number of lipids and metabolites in a number of
plant organs and species [18]. Here more than 50 meta-
bolites and various lipids were detected in different
plant tissues including flowers of white lily, (Lilium can-
didum), fruits (banana, Musa paradisiacal; strawberry,
Fragaria ananassa; tomato, Solanum lycopersicum),
leaves (coriander, Coriandrum sativum; peace lily,
Spathiphyllium), tubers (potato, Solanum tuberosum),
bulbs (onion, Allium cepa; garlic, Allium sativum), and
seeds (almond, Prunus amygdalus). In a more recent
publication Hamm et al. [26] used grapevine leaves and
revealed specific locations of Plasmopara viticola patho-
gen infection. Using matrix-free MSI, matrix-related
problems could be eliminated and with single cell reso-
lution the spatial distribution of secondary metabolites,
such as flavonoids, were detected in fresh and cryo-sec-
tioned plant tissue of Arabidopsis thaliana and Hyperi-
cum leaves and flowers [27]. More recently matrix-free
MSI utilizing an infrared laser for orthogonal time-of
flight MS was used to identify metabolites and other
low molecular weight ions in tobacco (Nicotiana taba-
cum) leaves infected with Phytophtora nicotianae [28].
There have been very few reports of MALDI-MSI for

proteins in plants. A single protein, the lipid transfer
protein Pru p3, has been detected by MALDI-MSI in
the peel of the peach fruit [29]. This protein identifica-
tion was determined using high resolution MS at the
protein level and tandem MS measurements of proteoly-
tic digests. In a recent review by Kaspar et al. [30],
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discussing the progress in the field of MALDI-MSI on
small molecules, discriminative peptides in barley grain
sections were highlighted as examples.

Mass Spectrometers
A number of different ionization techniques such as
desorption electrospray ionization (DESI) [31], second-
ary ion mass spectrometry (SIMS) [32], and matrix-free
and matrix-assisted laser desorption/ionization
(MALDI), have been investigated. Recent and past
instrumentation for MSI are described by the MALDI-
MSI Interest Group http://www.maldi-msi.org. Using
the DESI ionization technique, molecules are ionized
without addition of organic matrix by electrospray. DESI
allows for direct analysis [33] and imaging [34] of biolo-
gical tissues and other surfaces [35]. However, DESI has
a limited spatial resolution of 0.3-0.5 mm, which allows
profiling but is not sufficient for high resolution ima-
ging. Both MALDI-ToF and ToF-SIMS instruments can
provide submicrometer spatial resolution and each have
advantages in imaging mass spectrometry. There are
several published articles discussing and comparing
MALDI and SIMS imaging [36,37]. For protein imaging
MALDI is the most used form of ionisation, coupled to
a wide range of different mass analysers, including ToF,
ToF-ToF, QqToF, ion-trap (both linear and spherical)
and Fourier transform ICR (FT-ICR). Each of these has
their own merits and this has been discussed and
reviewed previously [38]. This review focuses on
MALDI-ToF MS imaging as the majority of data have
been obtained with this platform and it is currently the
most widely distributed instrument for user access.

Tissue handling and sample preparation
Spatial resolution in MALDI-MSI depends on sample
preparation protocols, the crystal structure of applied
matrices and the mass resolution of the laser ablation
[5]. The latest commercial MALDI-ToF mass spectro-
meters can obtain < 20 μm pixel resolution. However in
most cases this is not achievable as the sensitivity suffers
in very small sample areas. Furthermore, at high spatial
resolution the crystal size of the matrix may be larger
than the expected resolution and thus become the limit-
ing factor.
Spatial ion distribution analysis with MALDI-MSI

requires a sample preparation protocol that avoids the
removal and relocation of molecules to ensure that the
measured distributions reflect the distribution of the liv-
ing biological system. While imaging of metabolite and
lipids have been analysed successfully in both animals
and plants (250-1,000 Da), MALDI-MSI of higher mass
proteins (2,000-25,000 Da) has only been widely imple-
mented in animal tissue. Ionization of intact proteins
from plant cross-sections has presented special

challenges. Tissue sections from mouse liver and soy-
bean cotyledons were analysed using sinapinic acid (SA)
as a matrix by MALDI-MSI. Comparison of the average
spectra show that plant samples have relatively little
ionisation in the > 15,000 range while more ions are
apparent in protein rich animal tissues (Figure 1).
Sample handling and preparation are crucial to obtain

good quality images in a reproducible manner [39]. The
type of freezing and preservation of tissue is critical for
preparing optimal sections for MALDI-MSI. For IHC
the use of propane as a coolant is optimal, however only
tissue samples of a few millimetres can be frozen as lar-
ger samples break and show cracks in the tissue section
[40]. The same breaking and cracking using liquid nitro-
gen also occurs in plant sections, hence a more gentle
freezing method was required. Using a steel stage frozen
in dry-ice, the tissue can be placed on the frozen metal
until completely frozen (Figure 2A). Moreover embed-
ding plant tissue in gelatine could not prevent freeze-
induced cracking damage when using liquid nitrogen.
During cryo-sectioning the interior of frozen tissue

samples are exposed. Embedding in optimal-cutting
temperature (OCT) or another polymer-based embed-
ding material can contaminate the section as the blade
smears over the tissue and should be avoided as this
interferes with the ionisation process [36,39]. Embed-
ding in gelatine [41] and agarose [42] has been used for
fragile samples, but mostly sections are cut directly on
the frozen tissue. In contrasts to the compact, liquid
filled structure of most animal tissues, plant cells have
rigid cell walls and abundant air-spaces. In order to
avoid tearing of the sections, the use of embedding
materials is very common in plant microscopy [43,44].
In our hands frozen sections of plant tissue sections
without the aid of an embedding material showed the
greatest spectral quality. However embedding in gelatine
showed an improvement in localisation, lateral resolu-
tion and reproducibility, with some loss in signal-to-
noise. A recent paper has shown the use of carboxy-
methyl cellulose sodium (CMC) as an embedding
method for rice grains [45]. Here rice grains were sec-
tioned to differentiate metabolites in regions such as the
endosperm, germ and bran. The use of CMC and the
use of adhesive tape has enabled sectioning of hard tis-
sue from plants, whole animals, as well as teeth and
bone [40]. Interestingly we have observed that soaking
tissues in sucrose improves the lateral resolution during
imaging. The displacement of water with sucrose and
filling of air spaces between cells dramatically improves
cryosectioning and minimised de-localisation and the
loss of signal [46]. The optimal cutting temperature of
the cryostat is important and dependent on the tissue
type, higher (-15°C) temperatures makes cutting easier
however it can produce ice crystals, lower temperatures
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(-20°C) provide better sections (for a review refer to
Kawamoto [40]).
Washing sections after cutting can also improve ima-

ging. Seeley et al. [47] and Lemaire et al. [48] tested and
discussed a range of organic solvents for removal of salts
and contaminants to improve spectra quality. For pro-
tein imaging, the use of 2-propanol has been shown to
be superior [47]. For lipids on the other hand the use of
xylene or other organic treatments could be beneficial
[48]. We observed better results with ice-cold 2-propa-
nol. Washing with water had negative effects due to the
large number of soluble proteins in plant tissues. Seeley
et al. [47] further observed that immediate washing of
the section allows longer storage of the slides before
matrix deposition and analysis.
In summary, plant tissues used for analysis should be

prepared and frozen using dry ice immediately after col-
lection to preserve morphology and minimize protein
degradation through proteolysis. The use of liquid nitro-
gen should be avoided for plant tissue as the high water
content results in large crystal formation when the tis-
sue is frozen too rapidly to such low temperature. The
tissue can then be sectioned in a cryostat to give 10- to
15-μm-thick sections which are thaw-mounted onto
microscope slides, pre-coated with an electrically

conductive material (Figure 2A). Other sample plates
such as gold-coated or stainless steel metal plates can
also be used. In order to increase peak intensity the tis-
sue can be washed with an organic solvent such as etha-
nol or 2-propanol acting as a fixative and to wash off
lipids and salts and the use of xylene has been shown
beneficial for lipid samples [48]. Complete drying of the
tissue sections is important in order to preserve protein
localisation.

Matrix choice for MALDi-MS imaging of proteins
In 1987, Hillenkamp and co-workers [49] discovered
that molecular ion species can be produced from large
proteins by laser desorption, without much fragmenta-
tion, if these molecules are mixed with small organic
compounds that serve as matrices. The requirements of
a matrix are that it has a strong absorbance at the laser
wavelength and is capable of sublimation [50]. The typi-
cal preparation protocol for protein analysis by MALDI-
ToF MS is to mix or cover the sample with a matrix
solution that contains small organic compounds such as
a-cyano-4-hydroxycinnamic acid (CHCA) or sinapinic
acid (SA). After the matrix crystallises, the sample plate
is analysed inside the MALDI-ToF mass analyser. Dur-
ing the analysis process, the matrix material strongly
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Figure 1 Average mass spectra across a tissue cross-section of a mouse liver (A) and a soybean cotyledon (B).
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absorbs the laser energy and quickly becomes vaporised.
The analyte is embedded in the matrix and carried
along in the fast vaporisation process. The molecules
pick up a charge and travel down the time-of-flight
tube, where they are analysed on basis of their m/z ratio
(Figure 2A).
Sinapinic acid is the matrix of choice for MALDI-MSI

of proteins in tissue sections [42,51,52]. For peptides
and lipids 2,5-dihydroxybenzoic acid (DHB) or CHCA
are better suited [51]. The choice of matrices for analy-
sis of metabolites is more complex, primarily because
using standard matrices, matrix ions often crowd the
low-mass range, limiting confident detection of analyte
ions of < 750 Da. Some excellent reviews covering the
development of small-molecule imaging by using
MALDI are available [53,54]. CHCA forms smaller

crystals and hence produces a more homogeneous layer,
allowing higher lateral resolution. DHB on the other
hand, produces data with better signal-to-noise ratio,
however, the large crystals produce a ring-like layer and
cause non-homogeneous ionisation across the spot or
section [55]. Using SA as a matrix, good reproducibility
in ion intensity as well as spatial resolution was
observed when comparing sequential sections of plant
tissues.
More recently the application of CHCA mixed with

aniline (ANI), which is basic, has been described to pro-
duce an ionic matrix [55]. In some cases this appears to
produce optimal signal-to-noise intensities with the
highest lateral resolution. More ionic matrixes have
been tested by Lemaire et al. [55] and more recently
ANI has been applied in lipid analysis [56] and whole

Figure 2 Representative diagram of the MALDI-MSI strategy. (A) The epidermis of whole leaves can be sprayed with a matrix directly or the
tissue is cut into 10-15 μm sections and the sections are coated with a matrix on glass slides. The data are acquired across the section in the
form of a raster of predefined resolution, and a mass spectrum of each raster-point is recorded. For each m/z value the ion intensity and
distribution is collected. (B) Two options for identification of potential biomarkers are proposed. In some case, the slide may be coated with
trypsin for on-slide protein digestion and peptides are analysed as above using reflectron mode and MS/MS. More commonly, the tissue region
of interest needs to be excised and separated, isolating the m/z ion of interest. The ion of interest can then be digested with trypsin and
analysed using LC-MS/MS.
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tissue sample analysis [57]. In our hands, for MALDI-
MSI of proteins in plant tissue sections, SA was the
optimal matrix. DHB and CHCA both produced good
signal to noise spectra for peptides in plant tissues, how-
ever, the protein localisations were not as specific for
DHB. Furthermore, CHCA has been reported to pro-
duce more multiply charged ions than SA [52], which
may be unfavourable for MALDI-MSI.

Matrix deposition
For high-resolution imaging a homogeneous layer of
the matrix solution should be applied to avoid forma-
tion of large crystals. Furthermore to avoid significant
lateral re-localisation of analytes, the matrix should not
be applied too wet. This can be achieved by using
either a spotted array or a homogenous spray coating
[39]. A continuous and homogenous matrix sprayed as
layered coats allows the highest spatial resolution,
however tightly spotted arrays yield higher reproduci-
bility and often better spectral quality. Heterogeneous
matrix application gives rise to random crystal forma-
tion, producing poor, mottled images with areas of
high and low signal-to-noise ratios. A variety of matrix
spotting devices are commercially available including
acoustic [58], piezoelectric [11] or ink-jet printers [59].
A homogeneous layer of matrix can also be applied by
coating the section with dry matrix using a paintbrush
or similar [60]. For spray coating, a manual atomiser
can be used [61] and numerous devices are also com-
mercially available utilising oscillating capillary nebuli-
sers [62] or vibrational volatilisation [62]. Spray
coating and spotting has been shown to be most suita-
ble for protein profiling on tissue sections [63],
although a number of studies studying epicuticular
small molecules in plants have used dry coating, espe-
cially using metal-based powder matrices [13-15,26].
We have used mist nebulising, using an ImagePrep
(Bruker Daltonics), which applies several homogenous
thin layers of matrix with optimal drying time
(Figure 2). The experimental protocol used is available
as a “Beginner’s Guide” in the additional file 1.

Mass spectrometry imaging
There are two main experimental approaches to the use
of MALDI-ToF MSI. For the first approach, pre-defined
areas of the tissue sections are spotted with matrix and
analysed; the protein profiles are compared using align-
ment software. This analysis may be performed at
lower-resolution (> 500 μm) in order to make compari-
sons between representative areas on pieces of tissue,
such as between two different morphological regions or
between regions that respond to treatment or develop-
mental changes. Thus, in this mode, fine spatial resolu-
tion is not required and the technique is commonly

referred to as ‘profiling’. On the other hand, for higher-
spatial-resolution, the entire tissue section is analyzed
through an ordered raster. Matrix is applied evenly
across the section and spectra are acquired at intervals
that define the image resolution, typically 30-100 μm in
both the x and the y directions (Figure 2A). The result-
ing images allow rapid evaluation of protein localization
differences across samples. As examples, localisation of
molecular ions in a vascular tissue and in the abaxial
parenchyma of soybean cotyledon tissue is shown in
Figure 3.

Data processing and evaluation
Once the data acquisition is complete, individual spectra
across the tissue section are aligned and compiled into
an imaging map. Using some software packages, spectra
processing such as baseline subtraction and smoothing
is performed during the data acquisition process. For
data acquisition, a range of imaging software packages
are available. Some are open-source such as BioMap
available from Novartis http://www.maldi-msi.org and
ImageJ developed for the NIH http://rsbweb.nih.gov/ij;
whereas others are vendor specific and tailored to the
instrument and data format produced. In general the
software packages are designed to overlay the optical
image with the mass spectra acquired. Furthermore soft-
ware available enables post processing for data analysis.
More information on the wide range of software solu-
tions is available from http://www.maldi-msi.org.
MALDI-MSI produces very large data sets when
obtained at high spatial resolution data. Powerful com-
puter processors and large rapid access memory capacity
are therefore required to process these data. Using hier-
archical clustering (HC) and principal component analy-
sis (PCA) images can be reconstructed, highlighting
peaks as well as regions in the tissue that distinguish
sample groups [51,64]. For review of the statistical
methods used in MALDI-MSI a comprehensive tutorial
is available [65]. The use of serial sections and 3D
volume constructions can allow the in silico reconstruc-
tion of the organ analysed [65]. The layering of data
showing the distribution of specific molecules of ions
can be used to reconstruct images highlighting spatial
features of tissue samples, as shown for soybean cotyle-
dons from our own work in Figure 4.

Biomarker identification by mass spectrometry
MALDI-MSI leads to the discovery of biomarkers and
molecular weight ions of interest; however identification
remains a secondary step in the analysis process. Identi-
fication can be carried out following protein extraction
from the remaining tissue sample; however the most
direct approach is to identify proteins directly on the
section used for the imaging (Figure 2B). Both strategies
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Figure 3 MALDI-imaging in soybean cotyledons. (A) A cross section of the cotyledon, cut across the cotyledon exposing the centre midway
between the tip and the base. (B) MALDI-MSI cross section showing the peak intensity and localisation for m/z 3918. (C) Cross section of the
cotyledon cut axially from tip to base. (D) MALDI-MSI cross section showing the peak intensity and localisation for m/z 5372.
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Figure 4 MALDI-imaging in soybean cotyledons. (A) MALDI-MSI cross section of a soybean cotyledon. The localisation of 4 distinct m/z
values is shown. (B) The individual peaks are overlayed in the same MALDI-MSI section. (C) The average mass spectrum of the cross section is
shown highlighting the m/z values of interest.
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have drawbacks: “off-slide” extraction and fragmentation
is complicated by the difficulties of matching ions
between the extract and the tissue section, whereas “on-
tissue” analysis of intact ions is complicated by low ion
intensity and the charge state of the ions in the
MALDI-ToF. On-tissue digestions with trypsin can be
performed while maintaining localisation, however this
technique requires optimisation [66]. Furthermore,
MALDI-ToF/ToF instruments produce lower fragmenta-
tion yields, due to lower energy of the parent ion and
the multitude of fragment ions generated during MS/
MS. Immonium ions, internal fragments, N-terminal
ions or C-terminal ions are commonly observed [66].
Using collision-induced dissociation (CID) or electron-
transfer dissociation (ETD) in an ion-trap for fragmenta-
tion allows selection of specific precursor ions and
furthermore allows acquisition of high resolution and
information-rich spectra with significantly reduced che-
mical noise compared to conventional MALDI-ToF
instrumentation [67,68].
Efforts into the development and optimisation of iden-

tification strategies of the molecular ions in the profiles
imaged are still required and the identification of ions of
interest is a bottleneck in MSI. Some of the strategies
available are reviewed however to date none have been
successful using plant tissue. Trypsin digestion of the
tissue and subsequent MALDI-MS/MS analysis of the
peptides on-slide has been used successfully for some
animal and human tissue samples, particular efforts
have been made for formalin-fixed paraffin-embedded
(FFPE) tissues [11,64,69,70]. Using in-source decay (ISD)
MS during MALDI-MSI has allowed multiple peptides
to be sequenced for identification directly on tissue
[64,71]. Fewer fragment types are produced in ISD com-
pared to MS/MS, thus the less complex product ions
spectra allow easier interpretation and make ISD a good
approach for identification of purified intact proteins or
peptides without enzymatic digestion [72]. Although this
method is not optimal in complex mixtures, Debois et
al. [71] optimised MALDI-ISD for tissue imaging of
porcine eye lens and mouse brain sections. MALDI-MSI
using a MALDI-ToF/ToF instrument produced good
signal-to-noise MS spectra in the 1000-6000 Da range.
Imaging maps could also be produced showing distinct
localisation of some ions. Although the fragment spectra
are complicated, this research group sequenced a num-
ber of sequence tags to use for identification of molecu-
lar ions directly on the tissue section. Using HC and
PCA analysis for ion selection Bonnel et al. [64] were
able to identify a number of N-terminus derivatised
sequence tags by ISD from FFPE embedded prostate
cancer tissue.
Atmospheric pressure ionization (API)-MALDI

sources allow MSI analysis, coupled to a Q-ToF or ion-

trap MS instrument. API-MALDI-MSI has also been
used for imaging of small proteins and peptides and
subsequent MS/MS of small molecules and peptides
directly on the tissue [18,20,45]. Glucosinolates were
identified by CID experiment in the tissue using tandem
MS. Similarly, laser spray ionisation (LSI) MS imaging
uses laser ablation for high mass compounds on high
performance API-MS [68]. The authors compared dif-
ferent imaging MS methods using mouse brain tissue
sections. LSI-MS using an Orbitrap Exactive or LTQ
Velos (Thermo Scientific) enabled analysis of multiple
charged ions directly from the tissue, which could be
fragmented and identified using ETD. This approach
appears to be an important progress in biomarker iden-
tification from tissue sections. Finally, using the data
obtained from the imaging experiment, regions of inter-
est can be dissected and digested with trypsin for LC-
MS/MS identification.
Off-slide extraction and separation of proteins by elec-

trophoresis for subsequent digestion and peptide identi-
fication has also been trialled (Figure 2B). In 2008,
Burnum et al. [73] studied the changing protein profiles
during embryo implantation in mice using MALDI-MSI.
Studying the spatio-temporal differences, 50 peaks were
found to change due to the presence and location of the
embryo. Four proteins were identified using HPLC-
separation of intact proteins in a crude extract. The col-
lected fractions were analysed by MALDI-ToF MS and
further separated by SDS-PAGE. Bands of approximate
Mr were excised and in-gel digests were identified using
LC-MS/MS. More recently, Rauser et al. [2] identified a
peak at m/z 8404 that distinguished between HER2-
positive and HER2-negative breast cancer tumours. A
subsequent section was extracted and proteins separated
by high-performance reverse-phase chromatography.
Mass-directed fractionation was achieved using the
same MALDI-ToF mass analyser and the protein of
interest was analysed further using an ETD-ion-trap
mass spectrometer. Gustafsson et al. [74] analysed tryp-
tic peptides using MALDI-MSI from FFPE brain sec-
tions and then extracted the peptide for LC-MS/MS
separation and identification. In total 67 potential identi-
fications were reported, which can be followed up by
IHC and/or selected reaction monitoring (SRM).

Conclusions
MALDI-imaging has the potential to provide new
insights into the molecular analysis of plants by provid-
ing high resolution information on the spatial arrange-
ment of peptides and proteins. It will provide a means
of localising differences between plant samples asso-
ciated with tissue types, development, disease, genetic
differences or following genetic manipulation. This
review highlights some of the advances made and
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techniques available, with a special focus on plant tis-
sues. We provide an experimental protocol as a “Begin-
ner’s guide” in the additional file 1 However, major
challenges lie ahead for the further development of
these tools in plants, namely; the need for advances in
cryo-sectioning of plant tissues; for further work on
matrix types; and the optimisation of matrix concentra-
tion and deposition strategies. Better matrix applications
are required to allow tissue to tissue comparisons and
quantitation. More robust and transferable protocols
will allow more reproducibility and therefore quantita-
tive power. This is especially important in plants where
limited specific stains or IHC antibodies are currently
available to study the spatial distribution of proteins
within tissues.

Additional material

Additional file 1: Supplementary Protocol: A Beginner’s Guide to
MALDI-MS Imaging of Proteins in Plant Tissue. A step-by-step
experimental protocol for MALDI-MS imaging of plant tissue. The
protocol starts with tissue collection, preparation and storage; covers
section preparation for MALDI-imaging and analysis and concludes with
data processing. The protocol further includes tips for various steps and
optional steps.

Acknowledgements
This work was supported by the Australian Research Council (ARC) through
an Australian Professorial Fellowship (AHM, DP0771156), an Australian Post-
doctoral Research Fellowship (NLT, DP0772155) and an ARC Discovery Grant
(DP0985873), using equipment purchased under ARC Linkage Grant
(LE0775603).

Authors’ contributions
JG carried out the plant imaging in this manuscript and wrote the first draft
of the manuscript. NLT was involved in the imaging studies and participated
in the design of the review and the imaging protocols and in the figure
production. AHM was involved in the design of the review and the imaging
studies, and helped to draft the manuscript. All authors read and approved
the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Received: 12 April 2011 Accepted: 5 July 2011 Published: 5 July 2011

References
1. Patel SA, Barnes A, Loftus N, Martin R, Sloan P, Thakker N, Goodacre R:

Imaging mass spectrometry using chemical inkjet printing reveals
differential protein expression in human oral squamous cell carcinoma.
Analyst 2009, 134:301-307.

2. Rauser S, Marquardt C, Balluff B, Deininger SO, Albers C, Belau E, Hartmer R,
Suckau D, Specht K, Ebert MP, et al: Classification of HER2 receptor status
in breast cancer tissues by MALDI imaging mass spectrometry. J
Proteome Res 2010, 9:1854-1863.

3. Schwamborn K, Krieg R, Jirak P, Ott G, Knüchel R, Rosenwald A,
Wellmann A: Application of MALDI imaging for the diagnosis of classical
Hodgkin lymphoma. J Cancer Res Clin 2010, 136:1651-1655.

4. Spengler B, Hubert M, Kaufmann R: MALDI ion imaging and biological ion
imaging with a new scanning UV-laser microprobe. Proceedings of the
42nd Annual Conference on Mass Spectrometry and Allied Topics Chicago,
Illinois; 1994, 1041, pp. p 1041.

5. Caprioli RM, Farmer TB, Gile J: Molecular imaging of biological samples:
localization of peptides and proteins using MALDI-TOF MS. Anal Chem
1997, 69:4751-4760.

6. Reyzer ML, Caprioli RM: MALDI mass spectrometry for direct tissue
analysis: a new tool for biomarker discovery. J Proteome Res 2005,
4:1138-1142.

7. Schwamborn K, Krieg RC, Reska M, Jakse G, Knuechel R, Wellmann A:
Identifying prostate carcinoma by MALDI-Imaging. Int J Mol Med 2007,
20:155-159.

8. Lemaire R, Menguellet SA, Stauber J, Marchaudon V, Lucot JP, Collinet P,
Farine MO, Vinatier D, Day R, Ducoroy P, et al: Specific MALDI imaging and
profiling for biomarker hunting and validation: fragment of the 11S
proteasome activator complex, Reg alpha fragment, is a new potential
ovary cancer biomarker. J Proteome Res 2007, 6:4127-4134.

9. Oppenheimer SR, Mi D, Sanders ME, Caprioli RM: Molecular analysis of
tumor margins by MALDI mass spectrometry in renal carcinoma. J
Proteome Res 2010, 9:2182-2190.

10. Reyzer ML, Caprioli RM: MALDI-MS-based imaging of small molecules and
proteins in tissues. Curr Opin Chem Biol 2007, 11:29-35.

11. Groseclose MR, Andersson M, Hardesty WM, Caprioli RM: Identification of
proteins directly from tissue: in situ tryptic digestions coupled with
imaging mass spectrometry. J Mass Spectrom 2007, 42:254-262.

12. Schwamborn K, Caprioli RM: Molecular imaging by mass spectrometry–
looking beyond classical histology. Nat Rev Cancer 2010, 10:639-646.

13. Jun JH, Song Z, Liu Z, Nikolau BJ, Yeung ES, Lee YJ: High-spatial and high-
mass resolution imaging of surface metabolites of Arabidopsis thaliana
by laser desorption-ionization mass spectrometry using colloidal silver.
Anal Chem 2010, 82:3255-3265.

14. Cha S, Song Z, Nikolau BJ, Yeung ES: Direct profiling and imaging of
epicuticular waxes on Arabidopsis thaliana by laser desorption/
ionization mass spectrometry using silver colloid as a matrix. Anal Chem
2009, 81:2991-3000.

15. Cha S, Zhang H, Ilarslan HI, Wurtele ES, Brachova L, Nikolau BJ, Yeung ES:
Direct profiling and imaging of plant metabolites in intact tissues by
using colloidal graphite-assisted laser desorption ionization mass
spectrometry. Plant J 2008, 55:348-360.

16. Vrkoslav V, Muck A, Cvacka J, Svatos A: MALDI imaging of neutral cuticular
lipids in insects and plants. J Am Soc Mass Spectrom 2009, 21:220-231.

17. Mullen AK, Clench MR, Crosland S, Sharples KR: Determination of
agrochemical compounds in soya plants by imaging matrix-assisted
laser desorption/ionisation mass spectrometry. Rapid Commun Mass
Spectrom 2005, 19:2507-2516.

18. Li Y, Shrestha B, Vertes A: Atmospheric Pressure Infrared MALDI Imaging
Mass Spectrometry for Plant Metabolomics. Anal Chem 2008, 80:407-420.

19. Burrell M, Earnshaw C, Clench M: Imaging Matrix Assisted Laser
Desorption Ionization Mass Spectrometry: a technique to map plant
metabolites within tissues at high spatial resolution. J Exp Bot 2007,
58:757-763.

20. Shroff R, Vergara F, Muck A, Svatos A, Gershenzon J: Nonuniform
distribution of glucosinolates in Arabidopsis thaliana leaves has
important consequences for plant defense. Proc Natl Acad Sci USA 2008,
105:6196-6201.

21. Goto-Inoue N, Setou M, Zaima N: Visualization of spatial distribution of
gamma-aminobutyric acid in eggplant (Solanum melongena) by matrix-
assisted laser desorption/ionization imaging mass spectrometry. Anal Sci
2010, 26:821-825.

22. Ng KM, Liang Z, Lu W, Tang HW, Zhao Z, Che CM, Cheng YC: In vivo
analysis and spatial profiling of phytochemicals in herbal tissue by
matrix-assisted laser desorption/ionization mass spectrometry. Anal
Chem 2007, 79:2745-2755.

23. Bunch J, Clench MR, Richards DS: Determination of pharmaceutical
compounds in skin by imaging matrix-assisted laser desorption/
ionisation mass spectrometry. Rapid Commun Mass Spectrom 2004,
18:3051-3060.

24. Stahl B, Linos A, Karas M, Hillenkamp F, Steup M: Analysis of Fructans from
Higher Plants by Matrix-Assisted Laser Desorption/Ionization Mass
Spectrometry. Anal Biochem 1997, 246:195-204.

25. Robinson S, Warburton K, Seymour M, Clench M, Thomas-Oates J:
Localization of water-soluble carbohydrates in wheat stems using
imaging matrix-assisted laser desorption ionization mass spectrometry.
New Phytol 2007, 173:438-444.

Grassl et al. Plant Methods 2011, 7:21
http://www.plantmethods.com/content/7/1/21

Page 9 of 11

http://www.biomedcentral.com/content/supplementary/1746-4811-7-21-S1.DOC
http://www.ncbi.nlm.nih.gov/pubmed/19173053?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19173053?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20170166?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20170166?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9406525?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9406525?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16083264?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16083264?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17611632?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17939699?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17939699?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17939699?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17939699?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20141219?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20141219?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17185024?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17185024?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17230433?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17230433?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17230433?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20720571?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20720571?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20235569?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20235569?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20235569?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19290666?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19290666?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19290666?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18397372?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18397372?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18397372?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19910210?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19910210?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16106343?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16106343?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16106343?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18088102?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18088102?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17005924?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17005924?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17005924?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18408160?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18408160?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18408160?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20631446?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20631446?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20631446?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17313187?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17313187?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17313187?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15543527?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15543527?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15543527?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9073356?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9073356?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9073356?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17204089?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17204089?dopt=Abstract


26. Hamm G, Carre V, Poutaraud A, Maunit B, Frache G, Merdinoglu D,
Muller JF: Determination and imaging of metabolites from Vitis vinifera
leaves by laser desorption/ionisation time-of-flight mass spectrometry.
Rapid Commun Mass Spectrom 2010, 24:335-342.

27. Holscher D, Shroff R, Knop K, Gottschaldt M, Crecelius A, Schneider B,
Heckel DG, Schubert US, Svatos A: Matrix-free UV-laser desorption/
ionization (LDI) mass spectrometric imaging at the single-cell level:
distribution of secondary metabolites of Arabidopsis thaliana and
Hypericum species. Plant J 2009, 60:907-918.

28. Ibanez AJ, Scharte J, Bones P, Pirkl A, Meldau S, Baldwin IT, Hillenkamp F,
Weis E, Dreisewerd K: Rapid metabolic profiling of Nicotiana tabacum
defence responses against Phytophthora nicotianae using direct infrared
laser desorption ionization mass spectrometry and principal component
analysis. Plant Methods 2010, 6:14.

29. Cavatorta V, Sforza S, Mastrobuoni G, Pieraccini G, Francese S, Moneti G,
Dossena A, Pastorello EA, Marchelli R: Unambiguous characterization and
tissue localization of Pru P 3 peach allergen by electrospray mass
spectrometry and MALDI imaging. J Mass Spectrom 2009, 44:891-897.

30. Kaspar S, Peukert M, Svatos A, Matros A, Mock H-P: MALDI-Imaging mass
spectrometry-an emerging technique in plant biology. Proteomics 2011,
n/a-n/a.

31. Takats Z, Wiseman JM, Gologan B, Cooks RG: Mass spectrometry sampling
under ambient conditions with desorption electrospray ionization.
Science 2004, 306:471-473.

32. Jones EA, Lockyer NP, Vickerman JC: Mass spectral analysis and imaging
of tissue by ToF-SIMS–The role of buckminsterfullerene, C60+, primary
ions. Int J Mass Spectrom 2007, 260:146-157.

33. Wiseman JM, Puolitaival SM, Takáts Z, Cooks RG, Caprioli RM: Mass
Spectrometric Profiling of Intact Biological Tissue by Using Desorption
Electrospray Ionization. Angew Chem Int Edit 2005, 44:7094-7097.

34. Wiseman JM, Ifa DR, Song Q, Cooks RG: Tissue Imaging at Atmospheric
Pressure Using Desorption Electrospray Ionization (DESI) Mass
Spectrometry. Angew Chem Int Edit 2006, 45:7188-7192.

35. Ifa DR, Gumaelius LM, Eberlin LS, Manicke NE, Cooks RG: Forensic analysis
of inks by imaging desorption electrospray ionization (DESI) mass
spectrometry. Analyst 2007, 132:461-467.

36. McDonnell LA, Heeren RM: Imaging mass spectrometry. Mass Spectrom
Rev 2007, 26:606-643.

37. Heeren RM: Proteome imaging: a closer look at life’s organization.
Proteomics 2005, 5:4316-4326.

38. Goodwin RJA, Pennington SR, Pitt AR: Protein and peptides in pictures:
Imaging with MALDI mass spectrometry. Proteomics 2008, 8:3785-3800.

39. Schwartz SA, Reyzer ML, Caprioli RM: Direct tissue analysis using matrix-
assisted laser desorption/ionization mass spectrometry: practical aspects
of sample preparation. J Mass Spectrom 2003, 38:699-708.

40. Kawamoto T: Use of a new adhesive film for the preparation of multi-
purpose fresh-frozen sections from hard tissues, whole-animals, insects
and plants. Arch Histol Cytol 2003, 66:123-143.

41. Altelaar AF, van Minnen J, Jimenez CR, Heeren RM, Piersma SR: Direct
molecular imaging of Lymnaea stagnalis nervous tissue at subcellular
spatial resolution by mass spectrometry. Anal Chem 2005, 77:735-741.

42. Kruse R, Sweedler JV: Spatial profiling invertebrate ganglia using MALDI
MS. J Am Soc Mass Spectrom 2003, 14:752-759.

43. Kang BH: Electron microscopy and high-pressure freezing of Arabidopsis.
Methods Cell Biol 2010, 96:259-283.

44. Hulskamp M, Schwab B, Grini P, Schwarz H: Transmission electron
microscopy (TEM) of plant tissues. Cold Spring Harb Protoc 2010, 2010,
pdb prot4958.

45. Zaima N, Goto-Inoue N, Hayasaka T, Setou M: Application of imaging mass
spectrometry for the analysis of Oryza sativa rice. Rapid Commun Mass
Spectrom 2010, 24:2723-2729.

46. Tirichine L, Andrey P, Biot E, Maurin Y, Gaudin V: 3D fluorescent in situ
hybridization using Arabidopsis leaf cryosections and isolated nuclei.
Plant Methods 2009, 5:11.

47. Seeley EH, Oppenheimer SR, Mi D, Chaurand P, Caprioli RM: Enhancement
of protein sensitivity for MALDI imaging mass spectrometry after
chemical treatment of tissue sections. J Am Soc Mass Spectrom 2008,
19:1069-1077.

48. Lemaire R, Wisztorski M, Desmons A, Tabet JC, Day R, Salzet M, Fournier I:
MALDI-MS direct tissue analysis of proteins: Improving signal sensitivity
using organic treatments. Anal Chem 2006, 78:7145-7153.

49. Hillenkamp F, Karas M: Mass spectrometry of peptides and proteins by
matrix-assisted ultraviolet laser desorption/ionization. Methods Enzymol
1990, 193:280-295.

50. Wu KJ, Steding A, Becker CH: Matrix-assisted laser desorption time-of-
flight mass spectrometry of oligonucleotides using 3-hydroxypicolinic
acid as an ultraviolet-sensitive matrix. Rapid Commun Mass Spectrom
1993, 7:142-146.

51. Deininger SO, Becker M, Suckau D: Tutorial: multivariate statistical
treatment of imaging data for clinical biomarker discovery. Methods Mol
Biol 2010, 656:385-403.

52. Chaurand P, Latham JC, Lane KB, Mobley JA, Polosukhin VV, Wirth PS,
Nanney LB, Caprioli RM: Imaging mass spectrometry of intact proteins
from alcohol-preserved tissue specimens: bypassing formalin fixation. J
Proteome Res 2008, 7:3543-3555.

53. Svatos A: Mass spectrometric imaging of small molecules. Trends
Biotechnol 2010, 28:425-434.

54. Greer T, Sturm R, Li L: Mass spectrometry imaging for drugs and
metabolites. Proteomics 2011.

55. Lemaire R, Tabet JC, Ducoroy P, Hendra JB, Salzet M, Fournier I: Solid ionic
matrixes for direct tissue analysis and MALDI imaging. Anal Chem 2006,
78:809-819.

56. Meriaux C, Franck J, Wisztorski M, Salzet M, Fournier I: Liquid ionic matrixes
for MALDI mass spectrometry imaging of lipids. J Proteomics 2010,
73:1204-1218.

57. Liu Q, He L: Ionic matrix for matrix-enhanced surface-assisted laser
desorption ionization mass spectrometry imaging (ME-SALDI-MSI). J Am
Soc Mass Spectrom 2009, 20:2229-2237.

58. Aerni HR, Cornett DS, Caprioli RM: Automated acoustic matrix deposition
for MALDI sample preparation. Anal Chem 2006, 78:827-834.

59. Baluya DL, Garrett TJ, Yost RA: Automated MALDI matrix deposition
method with inkjet printing for imaging mass spectrometry. Anal Chem
2007, 79:6862-6867.

60. Puolitaival SM, Burnum KE, Cornett DS, Caprioli RM: Solvent-Free Matrix
Dry-Coating for MALDI Imaging of Phospholipids. J Am Soc Mass
Spectrom 2008, 19:882-886.

61. Bouschen W, Schulz O, Eikel D, Spengler B: Matrix vapor deposition/
recrystallization and dedicated spray preparation for high-resolution
scanning microprobe matrix-assisted laser desorption/ionization imaging
mass spectrometry (SMALDI-MS) of tissue and single cells. Rapid
Commun Mass Spectrom 2010, 24:355-364.

62. Chen Y, Allegood J, Liu Y, Wang E, Cachon-Gonzalez B, Cox TM, Merrill AH
Jr, Sullards MC: Imaging MALDI mass spectrometry using an oscillating
capillary nebulizer matrix coating system and its application to analysis
of lipids in brain from a mouse model of Tay-Sachs/Sandhoff disease.
Anal Chem 2008, 80:2780-2788.

63. Schwamborn K, Krieg RC, Jirak P, Ott G, Knuchel R, Rosenwald A,
Wellmann A: Application of MALDI imaging for the diagnosis of classical
Hodgkin lymphoma. J Cancer Res Clin Oncol 2010, 136:1651-1655.

64. Bonnel D, Longuespee R, Franck J, Roudbaraki M, Gosset P, Day R, Salzet M,
Fournier I: Multivariate analyses for biomarkers hunting and validation
through on-tissue bottom-up or in-source decay in MALDI-MSI:
application to prostate cancer. Anal and Bioanal Chem 2011, 1-17.

65. Andersson M, Groseclose MR, Deutch AY, Caprioli RM: Imaging mass
spectrometry of proteins and peptides: 3D volume reconstruction. Nat
Methods 2008, 5:101-108.

66. Franck J, Ayed ME, Wisztorski M, Salzet M, Fournier I: On tissue protein
identification improvement by N-terminal peptide derivatization.
Methods Mol Biol 2010, 656:323-338.

67. Verhaert PD, Pinkse MW, Strupat K, Conaway MC: Imaging of similar mass
neuropeptides in neuronal tissue by enhanced resolution MALDI MS
with an ion trap - Orbitrap hybrid instrument. Methods Mol Biol 2010,
656:433-449.

68. Inutan ED, Richards AL, Wager-Miller J, Mackie K, McEwen CN, Trimpin S:
Laserspray ionization, a new method for protein analysis directly
from tissue at atmospheric pressure with ultrahigh mass resolution
and electron transfer dissociation. Mol Cell Proteomics 2011, 10:M110
000760.

69. Marie-Claude D, Simona F, Paul ML, Chris WS, Peter S, Emmanuelle C,
Marten FS, Julien F, Michel S, Malcolm RC: Detergent addition to tryptic
digests and ion mobility separation prior to MS/MS improves peptide
yield and protein identification for in situ proteomic investigation of

Grassl et al. Plant Methods 2011, 7:21
http://www.plantmethods.com/content/7/1/21

Page 10 of 11

http://www.ncbi.nlm.nih.gov/pubmed/20049886?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20049886?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19732382?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19732382?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19732382?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19732382?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20534155?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20534155?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20534155?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20534155?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19206139?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19206139?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19206139?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15486296?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15486296?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17471393?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17471393?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17471393?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17471576?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16252308?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18712772?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18712772?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12898649?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12898649?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12898649?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12846553?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12846553?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12846553?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15679338?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15679338?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15679338?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12837597?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12837597?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20869527?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20814978?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20814978?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19650905?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19650905?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18472274?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18472274?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18472274?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17037914?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17037914?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1963669?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1963669?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8457722?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8457722?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8457722?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20680603?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20680603?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18613713?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18613713?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20580110?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16448055?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16448055?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20188221?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20188221?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19783157?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19783157?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16448057?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16448057?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17658766?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17658766?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18378160?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18378160?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20049881?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20049881?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20049881?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20049881?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18314967?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18314967?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18314967?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20865362?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20865362?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18165806?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18165806?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20680600?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20680600?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20680606?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20680606?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20680606?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20855542?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20855542?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20855542?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19405023?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19405023?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19405023?dopt=Abstract


frozen and formalin-fixed paraffin-embedded adenocarcinoma tissue
sections. Proteomics 2009, 9:2750-2763.

70. Cazares LH, Troyer D, Mendrinos S, Lance RA, Nyalwidhe JO, Beydoun HA,
Clements MA, Drake RR, Semmes OJ: Imaging mass spectrometry of a
specific fragment of mitogen-activated protein kinase/extracellular
signal-regulated kinase kinase kinase 2 discriminates cancer from
uninvolved prostate tissue. Clin Cancer Res 2009, 15:5541-5551.

71. Debois D, Bertrand V, Quinton Lc, De Pauw-Gillet MC, De Pauw E: MALDI-In
Source Decay Applied to Mass Spectrometry Imaging: A New Tool for
Protein Identification. Anal Chem 2010, 82:4036-4045.

72. Hardouin J: Protein sequence information by matrix-assisted laser
desorption/ionization in-source decay mass spectrometry. Mass Spectrom
Rev 2007, 26:672-682.

73. Burnum KE, Tranguch S, Mi D, Daikoku T, Dey SK, Caprioli RM: Imaging
mass spectrometry reveals unique protein profiles during embryo
implantation. Endocrinology 2008, 149:3274-3278.

74. Gustafsson JO, Oehler MK, McColl SR, Hoffmann P: Citric acid antigen
retrieval (CAAR) for tryptic peptide imaging directly on archived
formalin-fixed paraffin-embedded tissue. J Proteome Res 2010,
9:4315-4328.

doi:10.1186/1746-4811-7-21
Cite this article as: Grassl et al.: Matrix-assisted laser desorption/
ionisation mass spectrometry imaging and its development for plant
protein imaging. Plant Methods 2011 7:21.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

Grassl et al. Plant Methods 2011, 7:21
http://www.plantmethods.com/content/7/1/21

Page 11 of 11

http://www.ncbi.nlm.nih.gov/pubmed/19405023?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19405023?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19690195?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19690195?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19690195?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19690195?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20397712?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20397712?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20397712?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17492750?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17492750?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18403475?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18403475?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18403475?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20597554?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20597554?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20597554?dopt=Abstract

	Abstract
	Introduction
	Development of MALDI-MS imaging
	Progress in plant MALDI MS imaging to date
	Mass Spectrometers
	Tissue handling and sample preparation
	Matrix choice for MALDi-MS imaging of proteins
	Matrix deposition
	Mass spectrometry imaging
	Data processing and evaluation
	Biomarker identification by mass spectrometry
	Conclusions
	Acknowledgements
	Authors' contributions
	Competing interests
	References

