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New mass spectrometry imaging (MSI) techniques are gaining importance in the analysis of plant metabolite
distributions, and significant technological improvements have been introduced in the past decade.
This review provides an introduction to the different MSI techniques and their applications in plant
science. The most common methods for sample preparation are described, and the review also
features a comprehensive table of published studies in MSI of plant material. A number of significant
Received 19th September 2013 works are highlighted for their contributions to advance the understanding of plant biology through

applications of plant metabolite imaging. Particular attention is given to the possibility for imaging
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1 Introduction

Higher plants are versatile organisms, consisting of many
different and highly specialized tissue types with very diverse
metabolic profiles, of which many undergo dramatic changes
in metabolism during development. In addition, plants are
amongst Nature's most skilled chemists, biosynthesizing an
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estimated 200 000 different general and specialized metabo-
lites* to attract pollinators, to protect themselves against a
multitude of biotic and abiotic stresses and to communicate
with their surroundings. This overwhelming number of highly
diverse small molecules poses a great challenge for plant
metabolomics in general, and to the analysis of metabolite
spatial distributions in particular. Mass spectrometry imaging
(MSI) has been established as a valuable tool for imaging
metabolite distributions in mammalian tissues, and is at the
same time the only approach versatile enough to cover a broad
range of plant natural products. Consequently, the research
into plant MSI has expanded rapidly during the last decade as
the basic techniques have become well documented and
instruments have become commercially available. This review
describes the current state of MSI, covering the most abundant
methods and their particular advantages as well as the pitfalls
within plant tissue analysis; it is written with the aim of
helping the scientific community choose the right method for
a given application. Special attention will be given to the
challenge presented by the diverse nature of plant tissue
physical characteristics, as these may be key factors in deter-
mining the preferred method. Specifically, plant cuticles and
epicuticular waxes form a critical barrier for distribution
analyses of internal metabolites, which may be more efficiently
overcome by some methods than others. The different poten-
tials of the different methods rely in part on sample prepara-
tion which will be described in detail. Finally, as plant
metabolite MSI is still in its infancy, the number of actual
biological results obtained with these methods is still limited.

This journal is © The Royal Society of Chemistry 2014
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The most important ones will be described in relation to the
perspectives for future plant research.

The high specialization in plant tissue metabolism leads to
very diverse metabolite distributions, for example the pollinator
attracting flower pigmentation patterns® or the accumulation of
defense compounds in sensitive tissues.®* Traditionally, such
discoveries have been based on extraction of whole tissue for
chemical analyses, in some cases guided by specific molecular
characteristics of the analytes, for example the UV fluorescence of
hydroxycoumarins accumulated during deterioration of cassava
(Manihot esculenta) tubers* or stilbenes produced as a response to
downy mildew infection or UV light in grapevine (Vitis vinifera).”
However, in the chemical analysis of bulk tissue, the finer details
of the distributions are lost, whereas on the other hand, imaging
based on functional group histochemistry normally does not
distinguish between individual compounds. Some compounds
can be stained by reactions with exogenously applied chemicals

Nanna Bjarnholt received her
MSc (2003) in environmental
chemistry from University of
Copenhagen, Denmark, and her
PhD (2007) in plant biochem-
istry and environmental chem-
istry at the former Department
of Plant Biology at the same
university. Analytical chemistry
has always been a focus point,
and in her current post doc
position in the group of
Professor Birger Lindberg Moller
she is, among other thing,s in charge of LC-MS equipment. She
works on unraveling roles of cyanogenic glucosides in plants, and
in 2011 collaborations were initiated with Christian Janfelt to
further strengthen the analytical side of the efforts of the lab within
plant biochemistry.

Bin Li received his BSc (2003)
and MSc (2009) in Chinese
herbal medicines from China
Pharmaceutical University,
Nanjing, China. He was focusing
on isolation and structural
elucidation of bioactive natural
products.  Currently, he is
pursuing his Ph.D. studies at
University of Copenhagen. He is
continuing in the area of natural
products with a major research
focus on LC/CE-MS based
quality control of traditional medicinal plants. Furthermore, he is
working on the methodology development of mass spectrometry
imaging for studying spatial distribution of plant metabolites,
including DESI and MALDI imaging, to unravel the physiological
role of small molecules in plant development.
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and visualized under the microscope, for example alkaloids,
terpenoids, tannins® and free sugars.” These methods also lack
specificity for individual compounds, and moreover they rely on
chemical treatment of tissues, which may in itself cause dislo-
cation or other distortions of localization. On the cellular level,
defense compounds, such as terpenoids, alkaloids and glucosi-
nolates, are known to accumulate in single or few-cell structures,
including, but not limited to, trichomes, laticifers or specialized
cells scattered between other cells in a given tissue.*** In barley
(Hordeum vulgare), the defense compounds hydroxynitrile
glucosides are exclusively found in the single cell layer of the
epidermis,” and from other plants it is known that a-hydroxy-
nitrile glucosides (commonly known as cyanogenic glucosides)
are stored in the vacuoles of cells, i.e. a subcellular compart-
mentalization of metabolites. These results have mainly been
obtained by relatively cumbersome and lengthy procedures to
isolate a given tissue, cell or compartment for chemical analysis

Janina D'Alvise graduated in
2008 in marine environmental
science from the University of
Oldenburg, Germany, focusing
on natural products from
marine bacteria. She is currently
completing her Ph.D. studies at
the Department of Pharmacy,
University of  Copenhagen,
working with Christian Janfelt
on DESI mass spectrometry. In
her Ph.D. studies she focused on
the application of DESI in
pharmaceutical science, covering projects on drug detection in
biological fluids, indirect imaging of plant secondary metabolites
and imaging the distribution and metabolism of drugs in skin.

Christian Janfelt received his
MSc (2005) from University of
Southern Denmark and his
Ph.D. (2008) from University of
Copenhagen,  Denmark. In
2006-2007 he was a visitor at
Graham Cooks' lab at Purdue
University, USA, where he
learned about DESI mass spec-
trometry, and in 2009-2010 he
was a visitor in Bernhard
Spengler's lab at Giessen
University, Germany, working
with Zoltan Takdts on development of instrumentation for DESI
MS-imaging. He is now associate professor at the Department of
Pharmacy, University of Copenhagen. His research focuses on the
development and application of mass spectrometry imaging tech-
niques in pharmacology, drug delivery and plant science.
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of contents. Moreover, in the case of, for example, glucosinolates,
the initial identification of relevant cells relied on molecular
characteristics, namely the high sulfur content of these special-
ized metabolites."* With MSI it is possible in one analysis to get a
snapshot of the metabolic status in the tissue investigated, and of
course to obtain information on the majority of all the above
mentioned compounds and more, without prior knowledge or
assumptions based on functional group characteristics.

Amongst biosynthetic pathways, several are known to be
compartmentalized on the cellular or subcellular level. For
example, in general metabolism the carbon assimilation
pathway of C4 plants is divided between mesophyll and bundle-
sheath (or similar) cells, and the amino acid biosynthesis is
specifically localized to the chloroplast. In production of
specialized metabolites, the terpenoid and glucosinolate
biosynthetic pathways are divided between cytosol and chloro-
plasts (or even more compartments),"** and the complex
biosynthetic pathway of monoterpenoid indole alkaloids in
Madagascar periwinkle (Catharanthus roseus) is separated
between at least three different cell types and five different
subcellular compartments.’® Such discoveries are almost
exclusively based on studies of localization and in vitro activities
of the involved enzymes. Proteins can be tagged by e.g. antibody
labeling or fluorescent markers, such as GFP (Green Fluores-
cent Protein), and studied with high resolution microscopy.
These and other methods for studying protein localization are
becoming common procedures, which in many cases allow
determination of the subcellular localization of enzymes. Thus,
one major bottleneck in further understanding of details in
plant metabolism has become the determination of subcellular
localization of metabolites, i.e. substrates and products of the
enzymes present in various cell compartments. This review will
therefore also deal with the issue of spatial resolution; as it will
be revealed, the spatial resolution that can be obtained by MS
imaging has improved considerably over the past few years, but
there are still several inherent limitations to be addressed
before the ultimate goal of MS imaging of plant metabolites
with subcellular resolution is reached.

2 Mass spectrometry imaging

Mass spectrometry is one of the most widely used analytical
techniques and extensively used within fields such as pharma-
ceutical and environmental analysis, food analysis and
throughout the biological and medical sciences, e.g. in micro-
biology, plant science, clinical diagnostics, forensics and
protein research. The reason for the success of mass spec-
trometry in all these fields is the sensitivity provided by the
technique (extremely low amounts of e.g. pollutants or metab-
olites can be detected), the selectivity (even compounds with
highly similar structures can be distinguished, in contrast to
what many spectroscopic techniques are capable of) and the
identification capabilities (structural information for confirma-
tion of known compounds and identification of new
compounds) of the technique. The goal of mass spectrometry
imaging is to provide an imaging technique which, in contrast
to all optical imaging techniques, has exactly these qualities
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with regards to the chemical information that is an inherent
part of mass spectrometry images.

The vast majority of mass spectrometric analyses today are
performed in combination with separation techniques, such as
gas chromatography (GC) and liquid chromatography (LC) in
the well-known combinations GC-MS and LC-MS. For analyses
of plant or animal tissues, these traditional approaches to mass
spectrometry require preceding extractions, bringing the ana-
Iytes to a solution that can be injected into a GC-MS or LC-MS
system. Such an approach may very well be used to show that a
particular compound was present in the sample, but all the
information about its distribution in the sample is lost in the
extraction process.

The spatial information in the mass spectrometric analysis
can be retained if the extraction process is avoided or performed
very locally in the sample. This is possible with many of the new
ambient ionization techniques, such as Desorption Electro-
spray lonization (DESI)."” DESI and certain other ionization
techniques™ are particular in the way that they ionize and
desorb analytes directly from a surface, such that traditional
liquid extractions are avoided. One can thus move the sample
below the ionization spot while looking at the mass spectra
being recorded and thereby see exactly where in the sample a
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Fig. 1 The principle of MS imaging, illustrated with data from an
indirect DESI-imaging experiment on a Hypericum perforatum leaf. a)
The sample is scanned systematically, and a mass spectrum is recor-
ded from every point on the sample. b) From the collection of all the
recorded mass spectra, intensities are extracted for the peaks repre-
senting compounds of interest. c) The extracted intensities are plotted
in a heat map, resulting in images where each recorded mass spec-
trum contributes with one pixel. Several peaks may be extracted,
resulting in several individual images from the same experiment. d) The
distribution of several compounds can be compared by generating
overlaid images of e.g. three m/z values.
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given compound is detected. By automating the procedure,
images can be generated showing the spatial distributions of all
the detected compounds (Fig. 1). In MSI the mass spectrometer
is typically set to operate in full-scan mode, and in this way from
one experiment of a few hours duration, images of a large
number of different compounds can be generated.

What differs between the different MS imaging techniques is
the way ions are generated, e.g. by ion bombardment as in
Secondary Ion Mass Spectrometry (SIMS), by laser illumination
with or without the use of matrix molecules as in (Matrix
Assisted) Laser Desorption Ionization (LDI/MALDI), or as
secondary ions generated by an electrospray of charged solvent
droplets as in Desorption Electrospray Ionization (DESI). More
recently, a number of alternative techniques based on the
ablation™ or extraction®*** of compounds from a surface fol-
lowed by ionization have been introduced, increasing the
number of MS imaging techniques to choose from.

Over the years, a number of review papers have been written
about MS imaging.***® While most of them are focusing on the
imaging of animal tissue - which is still the preferred type of
sample in the MS imaging community - the principles in MS
imaging of plant material are the same, and more recently a
number of review papers dedicated to MS imaging of plant
material®**** and natural products® have also been published,
some of them focusing mainly on MALDI imaging. The present
review is an attempt to give an overview of the possibilities with
several of these techniques and the knowledge which has been
obtained in such imaging studies of plant material. More
detailed information about the fundamentals of MS imaging
may be found in the above mentioned reviews.

3 Laser Desorption lonization (LDI)
and Matrix Assisted Laser Desorption
lonization (MALDI)

Laser Desorption Ionization (LDI) is a widely used group of
ionization techniques in mass spectrometry, which use laser
light (UV or IR) for the direct desorption and ionization of
compounds from a surface. In Matrix Assisted Laser Desorption
Ionization (MALDI) mass spectrometry, which is by far the most
commonly used form of LDI, the analyte is co-crystallized with a
chemical matrix, which absorbs the laser energy and releases
the analytes into the gas-phase in a process leading to ioniza-
tion. The exact mechanism of the desorption/ionization in
MALDI is far from fully understood and is still being
debated.***” The addition of the matrix has a number of
advantages, in particular that it allows ionization of compounds
which do not absorb light themselves. Moreover, since the
energy of the laser light is absorbed by the matrix and not
directly by the analytes, MALDI is a soft ionization technique,
showing little fragmentation in the mass spectra.

The focused ultraviolet (typical wavelengths 337 nm, 355 nm
or 266 nm) or infrared (2.94 um or 10.6 pum) laser beam is
irradiated directly onto a metal plate with the sample deposited
or mounted on the surface. In traditional non-imaging MALDI,
as introduced by Karas and Hillenkamp in 1987,*® the dissolved
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sample is mixed with a matrix compound and deposited on a
metal plate where the solution evaporates to dryness prior to the
analysis. The sample plate is placed in the ion source in the
vicinity of the ion entrance of a mass spectrometer where it is
illuminated by a pulsed laser beam with pulse widths of 2-100
nanoseconds; several laser shots may be used for one mass
spectrum. In MALDI imaging, as introduced by Spengler et al.**
and Caprioli et al.* in the mid 1990's, the sample is already
mounted on a plate and the matrix is subsequently deposited.
The choice and deposition of the MALDI matrix, which are
discussed in the sample preparation section below, are of
paramount importance in MALDI imaging.

Commercial instruments, mainly for UV-MALDI, are avail-
able from many vendors, offering spatial resolutions around 20
pum. Although in a few cases higher resolution (around 10 pm)
has been presented on commercial instruments,* spatial
resolution of a few microns has so far only been presented on
prototype instruments from the research groups of Spengler®®**
and Caprioli,® recently allowing for MALDI imaging of single
cells.**** The problem in attempting MALDI imaging at higher
resolution is not focusing the laser to a smaller diameter, but
the fact that the ion yield (and thus the sensitivity) drops
significantly with laser spot sizes smaller than 1 um. Moreover,
the application of the matrix becomes extremely critical when
high resolution imaging is attempted,** since the size of matrix
crystals incorporated with analytes should be smaller than the
required lateral resolution of the imaging experiment.

The majority of the commercially available MALDI instru-
ments are based on a TOF (Time-of-flight) mass analyzer and
has the sample enclosed in a vacuum chamber during the
analysis. An alternative approach, although not nearly as
commercially abundant, is atmospheric pressure MALDI (AP-
MALDI).* Among the advantages of AP-MALDI is the possibility
of using liquid matrixes, as well as interchangeability with other
atmospheric ionization sources (e.g. ESI and APCI) on the same
mass spectrometer.”” The possibility for AP-MALDI imaging can
thus be purchased as an add-on to an existing standard elec-
trospray ionization mass spectrometer. In addition, another
advantage with AP-MALDI imaging is a lower degree of frag-
mentation compared to vacuum MALDI due to the rapid colli-
sional cooling that occurs at atmospheric pressure.*® In return,
however, AP-MALDI mass spectra are also characterized by a
presence of analyte-matrix cluster ions,* which sometimes
hinder the detection of some targeted analytes more prone to
cluster with matrix ions. The signals from analyte-matrix
cluster ions can be recognized and identified in subsequent MS/
MS experiments. The concern about the lower sensitivity in AP-
MALDI in early times has been largely eliminated with the
advancement of the technique.

The main challenge of MALDI analysis is the interference
between the high matrix ion background in the low mass range
(m/z < 1000) and the signals from small metabolites. This
problem can be reduced with the use of high resolution mass
spectrometry or MS/MS, but completely eliminated with the use
of matrix-free LDI. Direct UV or IR laser desorption/ionization for
detection and imaging of plant metabolites is in some cases
advantageous due to simplified sample pretreatment, minimized
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Table1 An overview of research involving mass spectrometry imaging of various types of plant material. The table also includes a few examples
of analysis of seaweed, although seaweed is not classified as a plant. The studies are grouped according to which ionization technique was
applied and presented in chronological order

Imaging technique

Year and image
published Species Sample type  resolution Imaged analytes Sample preparation Reference
2005 Soya Leaf, stem MALDI Mesotrione and Freeze-drying, mounting 133
azoxystrobin with conductive tape or
(pesticides) blotting onto and acetone
wetted cellulose
membrane. CHCA matrix
2007 Wheat (Triticum Seed MALDI 100 pm Metabolites, amino Cryosectioning CHCA or 9- 134
aestivum) acids, carbohydrates aminoacridine matrix
2007 Wheat Stem MALDI 200 pm Oligosaccharides Cryosectioning (50 um) 135
CHCA matrix
2007 Strawberry Fruit skin AP IR-MALDI 200 Saccharides, citric acid  Sectioned (0.2-0.5 mm) at 136
pm room temperatures with
knife. Fresh samples
mounted to steel surface
without use of adhesive
2008 White lily (Lilium Petal AP IR-MALDI 200 GABA, 1-glutamine, Mounting of sample on 129
candidum) pm saccharides stage. No matrix applied
2008 Thale cress/Arabidopsis  Leaf MALDI 200 pm Glucosinolates Mounting of samples using 93
(Arabidopsis thaliana) double-sided tape. 9-AA
matrix
2009 Peach Fruit MALDI 400 pm Lipid transfer protein Cryosectioning (250 pm). 57
Thaw mounting on
conductive microscope
slides. Sinapinic acid
matrix
2009 Sunflower Stem MALDI 200 pm Nicosulfuron Cryosectioning CHCA 137
(pesticide) matrix
2010 Egg plant (Solanum Fruit MALDI 200 and 25  GABA, amino acids, Cryosectioning (14 pm) 138
melongena) pm carbohydrates DHB matrix
2010 Juveline poplar (Populus Stem MALDI = 20 pm Cellulose compounds Cryosectioning (50 pm) 139
deltoids) DHB matrix
2010 Rice (Oryza sativa) Seed MALDI100 pm Lipids and other Cryosectioning (8 um) DHB 140
metabolites matrix
2010 Thale cress/Arabidopsis, Leaf MALDI 200 pm Cuticular lipids Mounting of samples using 117
date palm (Phoenix sp.) double-sided tape. DHB
matrix
2011 Eastern cottonwood Stem MALDI 50 pm Cellulose Sectioning on vibratome 141
(Populus deltoides) (50 pm). DHB matrix
2012 Barley, tobacco Grain, root MALDI 15-35 pm Lipids Cryosectioning (20-55 um). 56
(Nicotiana tabacum) Drying. DHB and HCCA
matrix
2012 Apple (Malus domestica)  Fruit MALDI 75-150 pm  Glycosylated flavonols ~ Manual slicing with razor 142
and dihydrochalcones blade CHCA matrix
2012 Rabbiteye blueberry Fruit MALDI 100 pm Anthocyanins Cryosectioning (50 um) 91
(Vaccinium ashei) DHB matrix
2012 Potato (Solanum Tuber MALDI200 pm Glycoalkaloids Cryosectioning (6 um) DHB 143
tuberosum) matrix
2012 Black rice (Oryza sativa  Seed MALDI 50 pm Anthocyanins, lipids Embedding in 2% CMC 108
L. Japonica) and cryosectioning (10 pm)
DHB matrix
2012 Cotton (Gossypium Seed MALDI 50 pm Lipids Cryosectioning (30 um) 106
hirsutum) DHB matrix
2012 Thale cress/Arabidopsis ~ Flower bud, MALDI 50 pm Glucosinolates Mounting with conductive 144
sepal, silique tape. 9-AA matrix
2012 Petunia (Petunia x Leaf MALDI 100 pm Cyclotides Cryosectioning (15 um) 105
hybrid) CHCA matrix
2012 Capsicum annuum Fruit MALDI 250 pm Capsaicin Cryosectioning (70 pm) 145
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Table 1 (Contd.)
Imaging technique
Year and image
published  Species Sample type  resolution Imaged analytes Sample preparation Reference
2013 Populus nigra, Ambrosia  Pollen grains MALDI 50-150 pm Unidentified, Embedding in resin layer 58
trifida, Artemisia characteristic high- on ITO-coated glass slide.
absinthium, Hibiscus mass compounds CHCA matrix
syriacus
2013 Medicago (Medicago Root, root MALDI 50 pm Amino acids, Embedding in gelatin and 122
truncatula) nodule saccharides, lipids, cryosectioning (12 pm).
flavonoids, organic DMAN and DHB matrix
acids
2013 Avocado (Persea Mesocarp MALDI 300 pm Lipids: triacylglycerols Imprinting onto 110
americana) nitrocellulose membrane.
DHB matrix
2013 Camelina sativa Seed MALDI 25 pm Lipids: triacylglycerols =~ Embedding in gelatin and 55
and cryosectioning (30-50 pm).
phosphatidylcholines DHB Matrix
2007 Apple, strawberry Fruit GALDI 100 pm Organic acids, Cryosectioning (15 um), 146
flavonoids and mounting on stainless steel
oligosaccharides plate
2008 Thale cress/Arabidopsis  Leaf, flower, GALDI 50-150 pm Lipids, cerebrosides, Leaves and petals: eitherno 130
stem saccharides, flavonoids  sample pretreatment or
and other secondary dipping in chloroform.
metabolites Stem: cryosectioning (50-
80 um). Coated with
colloidal graphite solution
2009 Thale cress/Arabidopsis ~ Flower, leaf LDI 50-100 pm Epicuticular wax Fixing to stainless steel 102
metabolites plate with conductive
doublesided tape, drying.
Coated with colloidal silver
solution
2009 Thale cress/Arabidopsis, Stamen, LDI 10 pm Secondary metabolites ~ Laser microdissection 88
St. John's wort (H. petal, leaves, (stigma), cryosectioning
reflexum and H. placenta, (placenta, 60 um).
perforatum) pollen Mounting with carbon
conductive adhesive tape
2009 Ginger Rhizome AP-LDI 10-20 pm Gingerol, terpenoids, Slicing using razor blade, 147
saccharides mounting on ITO-coated
glass slides using double-
sided conductive tape
2010 Grape vine (Vitis Leaf LDI 25 pm Stilbenoids Fixing to MALDI plate with 5
vinifera) aluminized tape
2010 Thale cress/Arabidopsis ~ Flower, stem, LDI 12-50 um Epicuticular lipids Mounting of samples using 73
root conductive double-sided
tape. Coating with colloidal
silver
2011 Chamberbitter Leaf LDI 90 pm Antifungal and Washing with water, drying 148
(Phyllanthus urinaria) antibacterial with nitrogen
metabolites
2012 Thale cress/Arabidopsis ~ Flower, petal ~ LDI 50 pm Flavonoid metabolites =~ Mounting on stainless steel 128
sample plates using
conductive double-sided
tape. Coated with colloidal
graphite
2013 Wild tomato (Solanum  Leaf, LDI 25 pm Acyl sugars, alka-loids,  Imprinting onto graphite- 149
habrochaites) trichome flavonoids, terpenoid coated glass slide. Carbon
acids coating
2010 Switchgrass (Miscanthus Stem LDI/MALDI, 100 pm  Saccharides Cryosectioning (50 um) 68,69

X giganteus)

This journal is © The Royal Society of Chemistry 2014

SIMS, = 2 pm, 22
keV Aul + beam

LDI: Thaw mounting on
glass slides. No matrix,
CHB or CHCA matrix.
Coating with gold. SIMS:
Thaw mounting on Si
wafer, drying, coating with
gold
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Table 1 (Contd.)
Imaging technique
Year and image
published  Species Sample type  resolution Imaged analytes Sample preparation Reference
2005 Sugi (Cryptomeria Wood tissue  SIMS 15 keV Ga* Ferruginol (a diterpene  Microtome slicing (30 pm) 150
Japonica) beam phenol)
2008 Hinoki cypress Wood tissue  SIMS 2 pm spot Hinokiresinol, Microtome slicing (100 151
(Chamaecyparis obtuse) diameter, 22 keV hinokione, hinokiol, pum). Drying at room
Au;" beam hinokinin temperature
2011 Poplar (Populus Wood tissue  SIMS 300 nm spot Guaiacyl and syringyl Dehydration, incubation in 152
trichocarpa) diameter 25 keV Bi;"  lignin units wax, microtome slicing,
beam incubation in wax,
dewaxing and drying
2012 Maple (A. micranthum)  Wood tissue ~ SIMS 1-2 um spot Guaiacyl and syringyl Microtome slicing (100 pm) 70
diameter, 22 keV lignin units
Au;* beam
2008 Zebra plant (Aphelandra  Leaf LAESI 350 pm Primary and secondary =~ Mounting of sample on 153
squarrose) metabolites glass slides
2009 Peace lily Leaf 3D LEASI 300 um Secondary metabolites ~ Mounting of sample on 63
(Spathiphyllum lynise) lateral 30-40 pm glass slides
and zebra plant depth
(Aphelandra squarrose)
2009 Red macroalga (C. Blade DESI 200 pm Bromophycolides Mounting on PTFE 131
serratus) substrate
2011 St. John's wort (H. Leaf, petal, DESI 100-125 pm Phloroglucinols, Imprinting onto porous 89
perforatum), thorn capsule flavonoids, PTFE
apple (Datura naphthodianthrones,
stramonium), opium saccharides, alkaloids
poppy (Papaver
somniferum)
2011 Barley Leaf DESI 100-200 pm Hydroxynitrile Stripping of epidermis or 132
glucosides imprinting onto porous
PTFE
2011 Katsura tree (C. Leaf DESI 130-310 pm Chlorophyll catabolites Imprinting onto porous 127
Japonicum) and PTFE
American sweetgum
(Liquidambar
styraciflua)
2011 Myristica malabarica Seed DESI 250 pm Alkaloid Cross-sectioning and 154
imprinting onto printer
paper
2012 Red alga (Phacelocarpus Blade DESI 180 pm Antibacterial Mounting to glass slides 101
neurymeniodides) metabolite with glue, followed by
neurymenolide A direct DESI imaging
2013 Japanese birdsfoot Leaf, tuber, DESI 150-200 pm Hydroxynitrile Imprinting onto porous 94
trefoil (L. japonicus), seedling glucosides, saccharides PTFE. Cryosectioning (50
cassava (Manihot pm)
esculenta), sorghum
(Sorghum bicolor)
2013 St. John's wort (H. Leaf, petal DESI 100-150 pm Phloroglucinols, Washing with chloroform. 90
perforatum) flavonoids, Mounting on double sided
naphthodianthrones tape
2013 Potato, ginko (Gingko Sprout, leaf, =~ DESI 150-200 pm Glycoalkaloids, Imprinting onto TLC plates 155
biloba), strawberry fruit flavonoids, glucosides,
(Fragaria x ananassa) saccharides
2013 Madagascar periwinkle, Leaves and DESI Secondary metabolites ~ Imprinting onto TLC plates 126
thale cress/Arabidopsis,  petals
potato, tomato.
2012 St. John's wort (H. Leaf EASI 100 pm Phloroglucinols, Imprinting onto porous 61
perforatum) flavonoids, PTFE
naphthodianthrones
2009 Sage (Salvia sp.) Leaf DAPPI 500 pm Tocopherol, methyl Mounting of sample (dry 62
carnosic acid plant material) on stage
2013 Sunflower (Helianthus Leaf LA-ICP-MS 22 pm (x-  Selenium and sulfur Drying, mounting with 156
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interferences with matrix ions and reduced risk of metabolite
relocation. It does, however, rely on strong UV light absorption of
the analytes, and the absence of matrix causes a higher degree of
molecular fragmentations due to the direct exposure to laser
pulse. In principle, any metabolites with condensed aromatic
rings could absorb UV light and be desorbed/ionized with UV-
LDI, such as plant pigments (flavonoids, flavanes, anthocyanins)
or indolic alkaloids and related structures.** However, the results
of such metabolite imaging tend to be biased, as many analytes
do not absorb enough UV light to be ionized.

Compared to UV-LDI, infrared LDI enables the direct detec-
tion and imaging of a wide range of primary and secondary plant
metabolites without the addition of matrix, since the IR laser
beam simply uses the endogenous water as matrix. The O-H
band stretch vibrations of tissue water or other cell constituents
match the 3 um wavelength of an IR laser well. A few reports have
described the utilization of IR lasers for the analysis or imaging of
metabolites directly from plant tissues.***> The disadvantage of
IR-LDI compared to the traditional UV-LDI is that infrared laser
radiation is much more difficult to focus than UV. While UV laser
radiation can easily be focused to a 1 pm spot size, what has been
obtained with IR lasers is a spot size around 30 pum.*® Thus,
IR-LDI imaging of mouse brain with a spatial resolution of 30 um
has recently been presented,* but no such results have yet been
reported for plants. The use of physiological water as the matrix is
indeed the real advantage of IR-LDI imaging, making LDI
imaging of samples in their natural state much more direct, but
also a point of concern, since the water tends to evaporate during
the hour-long acquisition on an image, causing a severe reduc-
tion in the ion yield. Therefore, the sample must be kept cold
during the entire imaging experiment to avoid premature evap-
oration of the physiological water. Furthermore, the use of
physiological water as matrix requires a fairly homogenous
distribution of water in the sample, a requirement which is not
necessarily met in all samples.

MALDI imaging is today by far the most widely applied MS
imaging technique for animal tissue as well as for plant tissue.
The reason for this is that MALDI routinely provides resolutions
down to 20 um and a wide selection of instruments is
commercially available at prices comparable to other mass
spectrometers. In fact, most MALDI instruments sold today, e.g.
for protein research, are capable of imaging with regards to the
hardware and the accompanying software.

As seen in Table 1, MALDI has been used for imaging of a
wide range of analytes in many different types of plant material.
The advantage of MALDI is seen for example when MALDI is
applied for imaging of lipids in Camelina sativa® and barley®®
seeds with a spatial resolution of 15-25 pm. This resolution is
not readily obtained with DESI, and the relatively large analytes
are only poorly detected with SIMS. What is particular for
MALDI is the capability of imaging biomacromolecules, such as
proteins, which cannot be imaged by DESI and SIMS. While
MALDI imaging is frequently applied on proteins in animal
tissue samples, e.g. as biomarkers for cancer, protein imaging
on plant material has been demonstrated to be possible,*”*® but
also much more complicated than imaging of smaller
metabolites.?
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4 Desorption Electrospray lonization
(DESI)

Desorption Electrospray Ionization (DESI) was first presented as
an ionization technique in 2004, and first applied for MS
imaging in 2006.*° The ionization technique utilizes an elec-
trospray generated by a low flow (0.5-10 uL min~") of solvent
and the application of a nebulizer gas and a high voltage
potential (typically 4-5 kV), resulting in a beam of charged
micro-droplets. When the spray is directed towards a surface,
the surface will be wetted and simultaneous extraction,
desorption and ionization will occur from the sample spot
below the spray. The ionization principles of DESI are very
similar to those of the normal electrospray technique, making
the technique applicable to polar compounds in positive or
negative ionization mode.

As in all microprobe imaging techniques, the limiting factor
for the spatial resolution is the size of the ionization spot. In a
DESI experiment the spray cannot be focused the same way as
the laser is in a MALDI experiment. The size of the ionization
spot is typically around 200 pm, strongly depending on the
composition of the spray solution and the flow rate, and the
typical spatial resolution that can be obtained with DESI is
around 100 pum, although a resolution of 35 um was recently
obtained by careful optimization of several experimental
parameters.®® The limited spatial resolution offered by DESI is
therefore the obvious limitation of the technique compared to
the two other principal MS imaging techniques, MALDI and
SIMS. The advantages of the technique are that the analysis
takes place under ambient conditions and that the sample is
analyzed directly without any application of matrix compounds,
thus keeping the sample preparation to a minimum, avoiding
matrix interferences and enabling analysis of wet surfaces as
well. While MALDI analysis traditionally is performed prefer-
ably in the positive ion mode, DESI works equally well in the
negative and positive ion mode. Furthermore, the DESI imaging
experiment is performed on a normal electrospray ionization
mass spectrometer like the ones present in thousands of
research labs worldwide. They just need to be equipped with a
DESI imaging ion source, which is commercially available for
most mass spectrometers on the market. The simplicity of the
DESI technique compared to SIMS or MALDI makes the tech-
nology quite affordable and even makes it possible for an
engineering workshop to construct a DESI imaging source of
their own design. This means that for many laboratories, the
cost of entering the field of MS imaging with DESI is much lower
than with SIMS and MALDI, which both require the purchase of
a new mass spectrometer dedicated to the respective ionization
technique (with the exception of AP-MALDI).

In situations where the application of high voltage under
ambient conditions is undesirable, quite similar imaging may
be performed with EASI (Easy Ambient Sonic spray Ionization),
whose operating principles are highly similar to those of DESI
but only relies on the pressure of the nebulizer gas in the
creation of ions. EASI imaging was applied in imaging of
secondary metabolites in the St. John's wort (Hypericum
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perforatum),®* but is not widely used in plant metabolite
imaging. Likewise, a photo ionization analogue of DESI has
been constructed, Desorption Atmospheric Pressure Photoion-
ization (DAPPI), which utilizes UV light and heat for desorption
and ionization of analytes, thus enabling ionization also of non-
polar molecules. DAPPI has been applied in plant metabolite
imaging once, but unfortunately the application of high
temperature has a deteriorating impact on the spatial resolu-
tion that can be obtained, which is thus around 500 um.®

DESI has been applied in imaging of a variety of different
plant samples (see Table 1 and sections about applications of
mass spectrometry imaging in plant science), in particular
leaves and petals, which are often imaged indirectly via an
imprint on a PTFE surface, as discussed in the section about
sample preparation. DESI imaging may also be applied on cryo-
sections of e.g. tubers or seeds, although the technique is of
limited usefulness in imaging of very small seeds where the
spatial resolution of 100 um only provides very few pixels in an
image.

5 Laser ablation based imaging

While the laser in a MALDI experiment is responsible for both
desorption and ionization of analytes, the two events may be
decoupled such that the desorption taking the analyte from the
surface to the gas phase is performed by a laser and the
subsequent ionization by some post-ionization technique, e.g.
electrospray ionization. The principal technique using this
approach is Laser Ablation Electrospray Ionization (LAESI),
which under ambient conditions utilizes a mid-infrared laser to
evaporate tiny portions of the sample, due to absorption of the
laser light by native water molecules in the sample.” The
evaporated sample plume is extracted into an electrospray,
thereby ionizing molecules from the ablated spot on the
sample.

LAESI has been applied in a number of imaging studies of
plant material (see Table 1) and shows one distinct advantage in
this context, namely that the ablation by the IR laser is an effi-
cient way to overcome the problems of penetrating through the
cuticle, as discussed later in this text. The sample preparation in
imaging of e.g. leaves with LAESI is very simple since no
application of matrix is needed, and the analytes, also in deeper
parts of the tissue, are readily available for analysis. The laser
can be applied not only for ablation of the sample to be ionized,
but also as a means to probe several layers in the sample, i.e.
depth profiling and acquisition of three dimensional images,
since the laser gradually removes tissue as part of the ablation
process.” LAESI is commercially available as an imaging ion
source to fit on the atmospheric interface of mass spectrometers
from selected vendors, though at a significantly higher price
than the cost of a DESI imaging ion source. The typical spatial
resolution in a LAESI experiment is 200-300 um, although
ablation spots of 30 um size have been obtained, in some cases
making in situ analysis (but not imaging) of single plant cells
possible, as demonstrated on onion epidermis cells.*

Laser ablation is also applied in combination with induc-
tively coupled plasma mass spectrometry (LA-ICP-MS), which
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enables spatially resolved elemental analysis of solid samples,
typically with a spatial resolution of 10-200 um.** This tech-
nique provides information about the distribution of elements
(e.g- metals) in a sample, but not about the chemical context
they are appearing in. LA-ICP-MS may be achieved by coupling a
commercially available laser ablation source to an existing
ICP-MS, but is also possible on dedicated commercially avail-
able LA-ICP-MS instruments.

6 Secondary lon Mass Spectrometry
(SIMS)

Although Secondary Ion Mass Spectrometry (SIMS) was the first
of the MS imaging techniques to be presented (introduced for
imaging in the 1980's%), its use for imaging of plant material is
very limited. SIMS, which operates under high vacuum and uses
high-energetic (5-40 keV) primary ions for ionization, has the
advantage over all other MS imaging techniques that very high
spatial resolution (better than 100 nm) can be obtained. The
major disadvantage is that a very high degree of fragmentation
is related to this very high spatial resolution. The situation has
improved with the introduction of new cluster ion beams which
provide a much higher ion yield, in particular in the higher
mass range, thus enabling detection of intact lipids. However,
the ion intensities in the m/z 800 region are still orders of
magnitude lower than around m/z 100, and the sensitivity for
intact lipids is therefore much lower compared to other MS
imaging techniques. The higher ion yield of the cluster ion
sources is an effect of a higher sputter yield from the surface,
which thus limits the resolution in imaging of such larger
molecules to around 1 pm. Due to the high degree of frag-
mentation in SIMS experiments, characteristic fragments of
analytes are often imaged rather than the intact analytes.®”

SIMS does not require much sample preparation (no matrix
is needed), but the fact that the analysis takes place under high
vacuum, means the samples are often freeze dried before
introduction into the vacuum, and the use of vacuum also
implies the risk that volatile analytes evaporate before they are
detected. SIMS instrumentation has been commercially avail-
able for many years, but the cost of a SIMS instrument is
significantly higher than for any of the other MS imaging
techniques and the abundance of the equipment in laboratories
around the world is correspondingly lower.

In a plant imaging context, SIMS has been applied for
imaging of stem®*® and wood tissue” for the distributions of
saccharides and lignin units, thus benefiting from the inherent
fragmentation of large polymers into smaller units as a conse-
quence of the hard ionization.

7 Instrumental considerations in the
imaging experiment

Sensitivity, selectivity and identification power were mentioned
as key advantages of mass spectrometry, but the degree of those
virtues in an MS imaging experiment is very much subject to
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how the experiment is performed and to which type of mass
spectrometer is used.

Most MS imaging experiments are performed in full-scan
mode, which means that an entire mass spectrum is recorded in
each pixel of the image. The advantage of this approach is that
all the compounds which are ionized are detected and can
therefore be imaged simultaneously. After such an experiment
it is therefore possible to browse through the entire list of
masses and observe which ions show interesting distributions
in the sample. This is indeed a non-targeted approach, which
often leads to interesting and unforeseen observations, as no
specific knowledge about the sample is required prior to such
an experiment. One must of course be aware that normally the
imaging only takes place in one ion polarity at a time; that
means that if images are desired of all compounds that ionize in
the positive or the negative ion mode, two full scan experiments
must be conducted, one in each polarity. However, methods
have been presented on how to combine this in one single
experiment.””> A problem in full scan mode can be spectral
interferences between compounds having similar masses
(isobars) or even identical masses (isomers). The problem with
isobars is commonly occurring in imaging of lipids in animal
tissue, but has also been demonstrated to exist in plant
imaging, e.g. for epicuticular lipid metabolites from Arabidopsis
(Arabidopsis thaliana) where the silver adducts of the C28 alde-
hyde (m/z 515.3376) and the C29 alkane (m/z 515.3728) have the
same nominal mass” and may thus appear as one compound in
the images. Interferences with unknown molecules in the
background (and with the matrix in MALDI) are also commonly
occurring. Such interferences can be resolved on high-resolu-
tion mass spectrometers (spectral resolution, not to be confused
with spatial resolution), such as TOF, Orbitrap and ion cyclotron
resonance (ICR) instruments, but not on low resolution mass
spectrometers, such as ion traps. The incidence of isomers is
frequently occurring with plant metabolites, e.g. the well-known
alkaloids cocaine and scopolamine (which both have the
formula C;,H,;NO, and appear at m/z 304.1548 when proton-
ized), apigenin and genistein (C;5H;00;5) or nicotine and ana-
basine (C;0H14N,). Such interferences cannot be resolved in a
full scan experiment, but can be distinguished in an MS/MS
experiment where the ion of interest is fragmented and the
imaging is based on the fragment ions. In the example with
cocaine and scopolamine, one would thus choose m/z 304 as
precursor ion and use the m/z 182 fragment of cocaine and the
m/z 156 fragment of scopolamine for much more selective
imaging. The improved selectivity in MS/MS mode is typically
accompanied by an improved sensitivity as a result of the
increased signal-to-noise ratio obtained in an MS/MS experi-
ment; in animal studies, this is often the preferred approach in
the imaging of drugs and metabolites where maximum sensi-
tivity is needed.””® MS/MS imaging is thus a targeted approach
where the analytes and their fragmentation patterns are known
prior to the imaging experiment. The disadvantage is that an
MS/MS imaging experiment takes as long as a full-scan experi-
ment, but only yields the image of one single compound. On
some MALDI instruments and with the displaced dual-mode
imaging method in DESIL’ it is possible to perform

This journal is © The Royal Society of Chemistry 2014

View Article Online

NPR

simultaneous full-scan and MS/MS imaging, however, with a
correspondingly longer total acquisition time. MS/MS imaging
is not common in SIMS, nor is it available on TOF instruments.
It is found on triple quadrupoles (rarely used for MS imaging;
though inferior in full-scan mode they are excellent for MS/MS
imaging”®), ion traps, TOF-TOFs, Q-TOFs, ICRs and most
Orbitraps.

The high spectral resolution on some instruments makes it
possible to determine the mass with very high accuracy.” As an
example, when an analyte is determined to have the mass of m/z
286.1438, the only molecular formula which can provide this
exact mass is C;7H,,NO3, which in this example corresponds to
protonated morphine. This feature, implemented in software
for data analysis, is of great importance in the confirmation of
detected compounds as well as in the identification of new
compounds, and particularly useful in MS imaging experi-
ments, which often provide a vast number of interesting
distributions of unknown compounds.

In the planning of an imaging experiment, it is important to
have realistic expectations of the combination of desired spatial
resolution and the physical dimensions of the sample to be
imaged. Together they determine the number of pixels in the
images and thus the time it takes to acquire one image. In
MALDI and DESI a typical acquisition time per pixel is around
1 s, depending on instrument and settings. That means that a
200 pm image of a 15 mm x 10 mm sample requires 3750 pixels,
giving an approximate total acquisition time around 1 h. If
100 pm resolution is desired, the number of pixels grows by a
factor of 2% = 4, giving an acquisition time around 4 h. There-
fore, in high resolution MALDI MSI only quite small sample
sections are imaged, and often the imaging experiment is set to
run overnight. Work is in progress on the enhancement of the
image acquisition times with MALDI MSL.””

8 Data analysis and image generation

The data acquisition is in many ways similar to conventional
LC-MS. For every pixel the ion intensities of all detected
compounds are recorded and from this, extracted ion chro-
matograms (EIC) are generated for ions of interest. In LC-MS
the intensity of a compound is shown as a function of time,
whereas in an MS image the intensity is shown as a function of
position with the relative intensities typically indicated by a
color scale in a 2-dimensional heat map (Fig. 1). Data acquisi-
tion and image generation is normally performed in two sepa-
rate steps. To account for differences in the matrix distribution,
the ionization efficiency, ion suppression effects, but also to be
able to compare data obtained on different days, normalization
and post-acquisition data analysis can be included in the data
processing.”**

For most commercial imaging ion sources software is
provided by the manufacturer, supporting only the data format
of that particular instrument. Another approach, in particular
used in publication from the early years of MS imaging, is to
handle the imaging data manually, without the use of dedicated
software for image generation, e.g. by importing the raw data
into MATLAB.* This requires some technical skills, but also
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gives some extra possibilities. Once the raw data exist as a
matrix in MATLAB they can be processed and scaled in various
ways, including normalization as part of a quantitative or semi-
quantitative approach, as discussed below. What may make this
complicated is of course the amount of data which must be
handled. While the total amount of raw data from an MS
imaging experiment on a low-resolution instrument (e.g. an ion
trap) has the size of some hundred megabytes, for an image on a
high-resolution instrument (e.g. an Orbitrap) the total amount
of data from one image may be several gigabytes.

Recently, a common data format, imzML, has been devel-
oped in order to facilitate the exchange and comparison of MSI
data across different MS vendors.** ImzML allows loading of
data from different instrument types and ionization techniques
and creates files that can be read by freely available image
generation software (available at http://www.maldi-msi.org),
such as BioMap (Novartis) or the DataCube Explorer (AMOLF).
Other software solutions, which combine image -creation,
analysis and data processing e.g. Mirion,* are currently under
development.

Often the resulting chemical image is matched to the optical
image, to compare physiological structures with the distribu-
tion of the selected compounds.** This represents the easiest
way of validating the measured distribution of secondary
metabolites, especially if the metabolite distribution is known
in advance. St. John's wort and other Hypericum species accu-
mulate hyperforin and other phloroglucinols in translucent
glands, and naphthodianthrones, such as hypericin, in dark
nodules of petals and leaves.**® The already known and easily
identified localization of secondary metabolites has been used
for proof-of-concept studies with LDI?* indirect®* and direct
DESI*® and EASL® Optical validation has also been used in
distribution studies of anthocyanins in the exocarp and endo-
carp of blueberry (Vaccinium ashei).** In MS imaging studies of
drug distributions, other optical methods, such as fluorescence
microscopy, have been used as an alternative, allowing the
direct localization of the drug.”

Another approach is the use of selective extraction in
combination with other analytical methods, such as separation
techniques, often combined with mass spectrometry. This is
especially useful for the validation of quantitative and semi-
quantitative results. Shroff et al. used dissection and HPLC-UV
analysis to validate the distribution and abundance of glucosi-
nolates in Arabidopsis leaves.”® Hydrolyzed glucosinolate prod-
ucts are defense compounds against lepidopteran larvae,
requiring the enzyme myrosinase in direct proximity to the
glucosinolates for the reaction. For this reason another valida-
tion of the distribution of glucosinolates in the leaves was
possible by measuring the myrosinase activity. Also the distri-
bution of hydroxynitrile glucosides in Lotus japonicus leaves and
cassava tubers was validated by LC-MS analysis.**

With mass spectrometry imaging experiments today
primarily qualitative information is obtained. Quantitative
approaches are currently developed in several laboratories,
especially for the detection of drugs and metabolites in animal
tissue.”>?>*¢ Mainly two different approaches have been used. In
the first approach, ion suppression effects are calculated by the
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uniform application of an internal standard to the tissue
section.”” For the second approach, the tissue section is covered
with an isotope labeled internal standard for normalization. A
standard curve is then established on a control tissue section,
which does not contain the analyte, in order to obtain the same
matrix effects as on the sample of interest.”® If no isotope
labeled standard is available other normalization methods,
such as normalization to another standard or the TIC (total ion
current), have been performed instead.”®*® In biological appli-
cations it is of course not always possible to obtain a standard
curve on a control sample that does not contain the metabolite
of interest. This has been solved by Pirman and Yost by using a
standard addition curve directly on the tissue.’® Using DESI
imaging Andras et al. estimated the concentration of neu-
rymenolide A, an allelochemical produced by the red algae
Phacelocarpus neurymenioides that induces coral bleaching, by
comparing averaged signal intensities on the algae surface to
the signal intensities observed from a standard deposited on
PTFE."** However, this approach suffers from the lack of iden-
tical matrix backgrounds, and the result could only be consid-
ered semi-quantitative. As experimental validation of
quantitative data is often complicated and labor intensive it is,
as in the above mentioned study, not always performed. In
addition, difficulties for plant surface analysis can be expected
due to the heterogeneous distribution of metabolites in the
different layers of the plant material. For example, Cha et al.
found differences in the relative signal intensities for cuticular
wax metabolites of Arabidopsis leaves measured with LDI,
compared to the abundance of waxes determined in GC-MS
analysis of the plant extracts.’® The authors suggest that the
differences can be explained by the shallower penetration
depths of LDI than for the GC-MS analysis and by differences in
ionization efficiency for the different compounds.

9 Sample preparation

Development of sample preparation methods and protocols of
MSI is an active area in MSI research that demands in-depth
studies based on individual and community characteristics of
plant samples. The issues of tissue sectioning, matrix applica-
tion in MALDI, improvement of signal-to-noise ratios for small
molecules, peptides and proteins are reviewed in some publi-
cations.’*'**'** Most of the methodologies of sample prepara-
tion in MSI are developed for animal tissues and cannot always
be applied directly to plant samples due to the differences in
composition and structure between plant and animal tissues.
Plant tissue has some specific features compared to animal
tissue, such as phloem and xylem tissue, large vacuoles with cell
sap, presence of oil cells and in general many different cell types
which behave differently, e.g. in the application of a MALDI
matrix. All of these factors generate serious problems for
sample preparation of plant tissues and need to be sorted out
for the development of more specific sample protocols.
Cryo-sectioning and imprinting of plant tissue are the two
dominating methods applied in the first step of MSI sample
preparation. The critical part in cryo-sectioning is to make a high-
quality tissue section while avoiding contamination and
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relocation of metabolites. The sample size and shape are factors
that need to be considered in cryo-sectioning. Root, stem and
fruit tissue with the appropriate size not exceeding the imaging
area available for the sample stage and regular shape can
successfully be transformed to tissue sections that represent the
histological features of tissue. Leaves and petals, however, which
are generally very thin and fragile tissues, are a challenge to cut in
sections, although paradermal sectioning (parallel to the surface)
of petunia (Petunia x hybrida) leaves has been performed in an
MS imaging study.'® With the exception of wood samples, which
are typically cut at room temperature using a sliding microtome,
most samples of plant material are cut at low temperature
(around —20 °C) using a cryo-microtome. These instruments are
traditionally used in histology for slicing of samples prior to
microscopy studies. The sample may be embedded in an
appropriate material, making the sample easier to cut, and
attached to a sample holder by some adhesive medium. The
sample is then passed by a knife in sequential circular motions
such that the sample is moved forwards towards the knife in
small, well-defined increments of some micrometers for each
turn. In this way sections are produced in thicknesses from a few
pm up to around 100 pm, as seen in Fig. 2a.

When cryo-sectioning is applied in the context of MS imaging,
one should avoid the use or contamination from the optimum
cutting temperature (OCT) polymer. The OCT is widely used in
traditional histology for embedding and adhesion, but it causes a
severe degree of ion suppression which often renders subsequent
MS analysis impossible. Paraformaldehyde (4% solution) has

Fig. 2 a) Cryo-sectioning of plant material, illustrated with a cassava
tuber sliced into 50 um sections for subsequent thaw-mounting on
glass slides. b) Imprinting of leaf tissue for subsequent DESI imaging
analysis, illustrated with two leaves of St. John's wort (top) imprinted
onto porous PTFE (bottom). The leaves are shown immediately after
imprinting. Though hardly visible, except for the spots from the dark
nodules, the imprints contain a large variety of transferred metabolites.
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been applied for embedding of seeds, but with a subsequent
washing step to remove the excess fixative to minimize the
interference from it.'*® Pure water, gelatin'”” and 2% CMC (car-
boxymethyl cellulose) solution'® have been reported as appro-
priate embedding media with minimized tissue tearing and no
significant background interference. In addition, cryo-sectioning
with the assistance of adhesive film or tape may be applied in
sectioning of very hard and dry samples in order to keep the
original sample structure.® For hard tissues the normal cryo-
microtome blades should be exchanged for the stronger tungsten
carbide blades.'*”

Regarding the section thickness, there is no uniform stan-
dard. It ranges from a few to 100 um with typical thicknesses
around 20-50 um. Typically, the thickness applied is deter-
mined by the physical properties of the sample; with some
samples, the thinner sections tend to disintegrate and the
thickness must be increased. The freshly cut tissue sections
must be quickly transferred onto a sample slide by thaw-
mounting. In many MALDI experiments, conductive indium tin
oxide (ITO) coated glass slides are applied, but in DESI experi-
ments and with some AP-MALDI instruments® ordinary glass
slides may be applied. It should be noted that for DESI
measurements on some cryo-sections, mounting on double-
sided adhesive tape prefixed on the glass slide is a good way to
keep the sample from blowing away under the high pressure of
the nitrogen gas. The prepared tissue sections can be stored in a
—80 °C freezer or analyzed immediately after drying in a
vacuum desiccator. In the case of MALDI the sections must be
covered by matrix before analysis.

As discussed in a later section, in imaging of leaves and
petals the presence of cuticular waxes on the surface can cause
problems in the detection of metabolites. This problem can be
circumvented by producing an imprint and then performing the
MS imaging experiment on the imprint rather than on the
original plant material.** The method, mainly used in DESI
imaging with porous PTFE as imprinting surface, was first
developed for the visualization of the plant metabolites, espe-
cially for the soft and uneven tissues (e.g. leaf and petal) coated
by layers of cuticular waxes. In the imprinting process, the cell
contents of the fresh plant material are transferred to the pores
in the PTFE surface while maintaining the spatial distribution
from the original sample (Fig. 2b). Subsequently, the analytes
are easily desorbed and ionized in a subsequent DESI experi-
ment, which benefits from the very good properties of the
porous PTFE surface for DESI analysis. The method may also be
applied on samples which are difficult to cryo-section due to
their shape, e.g. as shown in DESI imaging of the longitudinal
distribution of dhurrin in 2-6 days etiolated sorghum (Sorghum
bicolor) seedlings, which were too long (>6 cm) and tortuous for
cryo-sectioning to be feasible.®* Finally, the imprinting method
can be used to obtain a snapshot of liable components that are
readily degraded when the plant tissue is disrupted, a process
which is stopped when the sample is dried immediately after
imprinting.®* The apparent limitation of the imprinting method
is the possible dislocation of metabolites when the sample is
squeezed and the flattening of the 3D structure onto a 2D
surface. Regarding the risk of sample relocation, with a typical
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porosity of the imprint surface of around 10 um, the potential
sample relocation is normally negligible compared to the 100
pm spatial resolution in a DESI imaging experiment, but
considerable in a high-resolution MALDI experiment. The
imprinting method has been applied for MALDI imaging of
plant material as well,"° but not in high-resolution
experiments.

10 Matrix application

In MALDI imaging, the correct choice and application of the
chemical matrix is a crucial step, which has direct conse-
quences for the spatial resolution, potential artificial relocation
and ionization efficiency of metabolites.*>"** The interaction
between matrix and analytes, the matrix solvent, as well as the
chemical properties of the metabolites (e.g. polarity, molecular
weight and mobility in solution) are all parameters that need to
be considered due to their influence on the authenticity of
imaging results. The search for better matrices in general or for
specific applications of the existing ones still remain mostly a
trial-and-error process, and the most widely applied matrices in
UV-MALDI imaging are the 2,5-dihydroxybenzoic acid (2,5-
DHB),"* sinapinic acid (SA)"*? or a-cyano-4-hydroxycinnamic
acid (CHCA)."** Other matrices for specific targeting of metab-
olites are also reported in MALDI imaging, for instance 9-ami-
noacridine and 3-aminoquinoline applied to Arabidopsis leaves
for the negatively charged molecules, such as glucosinolates
and acids,"* colloidal graphite and colloidal silver for low-
molecular-weight metabolites e.g. epicuticular wax, flavonol
aglycones and glycosides in Arabidopsis**>'*® or lithium 2,5-
dihydroxybenzoate for imaging of very highly apolar metabo-
lites, such as wax esters located on Phoenix sp. and Arabidopsis
leaves.'™” Generally, both positive and negative ion modes can
be used for MALDI imaging, but the latter is not extensively
applied due to lower ionization efficiency with most commonly
used matrices, such as DHB. In the positive ion mode and
especially in low mass range, adducts with sodium and potas-
sium ions are present in the spectra to a large extent. The
presence of adducts makes the mass spectra more complicated,
and their different fragmentation patterns compared to the
protonated ions is a challenge when searching in databases of
MS/MS spectra of [M + H]" ions as part of a structure elucida-
tion. p-Nitroaniline (PNA) is one of the commonly used matrices
for lipids analysis in the negative mode but it is toxic and favors
the ionization of phosphatidylcholines."*® Ionic matrices have
been demonstrated as a good way to increase the signal inten-
sity specifically in the negative ion mode for lipid imaging."**°
Furthermore, 1,8-bis(dimethyl-amino)naphthalene (DMAN),
classified as a “proton sponge”, has proven to be a very useful
matrix in the negative ion mode; the main advantage of DMAN
is the absence of matrix-related interfering signals in the mass
spectra, also in the low-mass region."*>**

The deposition of the matrix can be performed in a number
of different ways, with the aim of obtaining a layer of matrix
crystals on the sample surface that are homogenous in size and
distribution. The matrix crystallizes as the solvent evaporates to
form a bulk of small crystals that range in size from a few to a
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few hundred micrometers, depending on the matrix properties
and the deposition method. The size of matrix crystals incor-
porated with analytes should be smaller than the required
lateral resolution of the imaging measurement. Various matrix
application methods have been described.*** The most common
devices available for the application of matrix are aerosol
sprayers or airbrushes by which the pixel size of imaging is
usually limited to 50-100 um." Bouschen et al. described an
alternative matrix deposition method termed pneumatic spray
and vapour deposition/recrystallization specifically for high
spatial resolution scanning microprobe MALDI-MSI, enabling a
lateral analytical resolution of 2-10 um."** Recently, sublima-
tion has been introduced as a method for matrix deposition,
reducing the risk of analyte relocation because of the direct
phase transitions between the solid-vapor-solid phases. The
application time, temperature, and pressure settings should be
finely controlled for the repeatability of such matrix applica-
tions.** A number of different matrix deposition systems based
on different techniques are commercially available.

11 Application of mass spectrometry
imaging in plant science

Table 1 is a summary of most of the plant metabolite MSI
studies performed in the last 8 years where the technique has
begun to be extensively explored. Most of the works in the table
are “proof-of-concept” where the emphasis is on the method
development and/or validation. However, a few have taken one
step further and applied MSI of plant metabolites to obtain
biological insight, sometimes still published as a technical
paper involving much method optimization and validation. The
breakthrough came when Shroff et al. used MALDI-MSI to reveal
a non-uniform distribution of glucosinolates across leaves of
Arabidopsis, and were able to correlate that with the feeding
pattern of a caterpillar.”® This significant result demonstrated
the great potential of plant metabolite MSI for answering bio-
logical questions. In addition, the distribution was verified by
conventional methods of dissection and extractions, thus
substantiating the validity of MALDI-MS for imaging plant
metabolites. Others have since repeated and confirmed the
distribution analyses and been able to partly correlate it with
the expression of certain transcription factors.'>® However, in
this study the distribution analyses of wild type and transgenic
plants were indeed done using conventional methods, and it
would have benefited greatly from the faster and less laborious
MALDI-MSI analysis.

Since the breakthrough of Shroff et al.,”* much of the effort
has been focused partly on developing alternative MSI methods
for plants, which may in some cases have advantages over
MALDI-MS, and partly on increasing the resolution of MALDI-
MSI to take this method to a level in detail where conventional
methods cannot be used. However, a few more studies have
provided some biological insight, further demonstrating the
usefulness of the techniques for plant research. A number of
studies have been able to correlate the distributions of metab-
olites found with MSI with already existing knowledge on other
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physiological phenomena. Thus, grapevine leaves produce stil-
benes as a response to infection by downy mildew or UV irra-
diation, and using LDI-TOF-MS it could be shown that the
accumulations of individual stilbenes were differentially corre-
lated with the exposure sites, and with the different types of
stress.” Also, age-dependent and/or presumably stress-induced
changes in metabolite distributions in various leaves or seed-
lings were visualized with imprint DESI-MSI by Hemalatha and
Pradeep™® and Li et al®* Utilizing the same technique Miiller
et al. found the abundance of chlorophyll degradation products
to be correlated with the visually detectable loss of green color
in senescing leaves.'” Finally, with DESI-MSI we were able to
show that distributions of hydroxynitrile glucosides in L. japo-
nicus is related to the expression of a key biosynthetic enzyme in
a non-trivial age-dependent manner.* This demonstrates that
RNA and protein localization analyses or plant metabolite MSI
cannot stand alone in explaining the complex dynamics of
living tissues.

In a proof-of-concept paper, a mutant of Arabidopsis defec-
tive in a specific enzyme in the biosynthesis of certain flavo-
noids was employed to demonstrate the utility of LDI-MSI in
functional genomics, i.e. the assignment of gene function.'?®
Apart from the absence of the flavonoids in question, the petals
of the mutant plant also showed different distributions of
flavonoids originating from another branch of flavonoid
biosynthesis compared to the wild type petals. This new distri-
bution could be explained by the mutated enzyme being a
branch point between the two metabolic pathways and indi-
cated that the expression pattern of the gene in question is
responsible for the wild type distribution of the different
flavonoids. Unfortunately, confirming this was beyond the
scope of the study, and seen in the light of our findings
mentioned above, the relation between gene expression and
metabolite distributions are not always trivial. Nevertheless,
metabolite distribution data of various origins has and will be a
useful tool for directing the search for genes and enzymes of
interest, especially in non-model plant species where the
available genetic information is limited. Another important role
of MSI in this respect is the potential for discovery of novel
metabolites in untargeted approaches utilizing high resolution
and/or tandem MS equipment for compound identification.
Thus, our identification of a possible turnover product of
cyanogenic glucosides in cassava tubers and the discovery of its
specific localization to certain tissues of the tuber® have
prompted us to initiate the search for the responsible enzymes
(work in progress).

Other studies which deserve mentioning include the
impressive number of big and small, general and specialized,
metabolites recently found to be differentially localized in and
around nodules of the nitrogen fixing plant medicago (Medicago
truncatula)*®® (Fig. 3). Although the findings were only directly
related to the distributions in and between the physiological
structures of root and nodules, this study is an example of how
untargeted metabolite imaging may provide the starting point
for formulating biological questions which would otherwise not
have been asked. The authors made use of mutant strains of
plant and symbiotic bacteria to identify metabolites specifically
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Fig. 3 Distributions of selected metabolites in nitrogen fixing nodules
of medicago and the roots around them, as imaged by MALDI-MSI. For
identifications of individual metabolites and general explanations of
the experiment, please refer to Ye et al.*? Adapted from ref. 122 with
permission from the authors and the publisher.

absent in non-functional nodules compared to functional ones,
confirming the usefulness of such approaches. Likewise, we
demonstrated that mutant plants defective in specific enzymes
can be used in combination with MSI to visualize and confirm
the wild type enzymatic activity in situ.** Such approaches will
ease the assignment of gene and enzyme function by providing
the missing link between transcript/protein localization data
and substrate/product distributions in planta. However, as
pointed out above, the relation is not always straight forward
and many more biological questions can be expected to arise
when it becomes standard to combine RNA/enzyme and
metabolite localization data.

11.1 Imaging surface metabolites of intact tissues

Interestingly, although many researchers have performed MSI
of intact tissues, such as leaves or petals, only a few have
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investigated how deeply the chosen methods penetrate into the
tissue. From a biological point of view, however, this question is
potentially important. As mentioned, at this stage in develop-
ment many studies are technical reports imaging the distribu-
tion of compounds already known to be present in certain
physiological structures, e.g. the lipids of epicuticular waxes on
a leaf surface. However, with the ultimate goal of unbiased
analyses of the distribution of “all” small molecules to bring us
new insights on the detailed metabolism of plants, it is neces-
sary to know that the chosen mode of analysis is indeed
sampling exclusively e.g. the wax layer, and not the underlying
epidermal cells. Using MALDI, Shroff et al. reported that the
number of metabolites detected in the mass spectra of the
imaging analyses increased with the number of matrix appli-
cations performed.” They were essentially demonstrating a
sequential extraction of the leaf material by the matrix, but it
has not been investigated whether this could be exploited to
deliberately and reproducibly limit the MALDI-MSI analysis to
the upper layers. With LAESI-MSI it is possible to perform a
sequential analysis of layers of increasing depth and thus
construct a 3D-image of metabolite distributions. Unfortu-
nately, due to the resolution constraints of LAESI, one image
layer consists of several cell layers.®® Using scanning electron
microscopy Li et al. examined the depth of the crater left by a
single pulse of their IR laser used for AP IR-MALDI-MS analysis
of various plant tissues.’” They concluded that the laser had
successfully desorbed the wax and cuticle of a peace lily
(Spathifyllum sp.) petal and a few, but not all, upper epidermal
cells. Several consecutive pulses led to penetration into the
mesophyll layer. Consequently, both methods lack the ability to
distinguish reproducibly between individual cell layers or leaf
surface and leaf epidermis.

In a number of studies using less invasive techniques than
the infrared laser, it is stated that the method of choice samples
the tissue surface, but whether this includes the contents of the
upper epidermal cells plus the cuticular wax layer or only the
latter, is not always clear. In two cases it has been shown that
chloroform extraction of leaves to remove epicuticular waxes
was necessary to make flavonoids and other specialized
metabolites available for imaging , respectively, GALDI-MS**"
and direct DESI-MS.*® In both cases, the small molecules were
readily available for imaging in petals without prior chloroform
treatment. Likewise, Jun et al. showed that two “rounds” of
colloidal graphite application followed by MS imaging of stem
samples, rendered flavonoids available for imaging in the
“second layer”.”® For LDI-MSI Hamm et al. simply reported that
“high laser energy” was necessary to desorb stilbenes from
grapevine leaves,” and Holscher et al. successfully imaged
flavonoids in petals of St. John's wort and also naphtodian-
thrones in the dark glands of H. reflexum leaves with no
pretreatment.®® The latter compounds were also available for
direct DESI-MSI in St. John's wort without prior chloroform
extraction, most likely owing to the physical nature of the dark
glands.”® On the other hand, the compounds found in trans-
lucent glands of St. John's wort were only accessible to direct
DESI-MSI after chloroform extraction.?® All of these results most
likely reflect that the layer of cuticular waxes (and/or cuticle) on

832 | Nat. Prod. Rep., 2014, 31, 818-837

View Article Online

Review

(a)

cyd1 MG-20 cyd2-2

17

Fig. 4 Direct DESI images (200 pm pixel size) of major metabolites
from L. japonicus leaves. (a) Optical images of leaves from left to right
are cydl (cyanogenesis deficientl, completely lacking hydroxynitrile
glucosides), MG-20 (L. japonicus cv. Miyakojima, wild type) and cyd2-2
(cyanogenesis deficient 2-2, lacking B-glycosidases responsible for
hydrolysis of cyanogenic glucosides). (b—e) ion images of m/z 104 =
[y-aminobutyric acid + KI*, m/z 286 = [linamarin + K|*, m/z 298 =
[rhodiocyanoside A/D/E + KI*, m/z 300 = [lotaustralin + K]*. See Li
et al.** for description of mutant plants and ion identifications and Li
et al.?° for experimental procedures of direct DESI-MSI.

m/z 286

petals is more permeable to laser or solvent spray than that of
leaves or stems, and that the flavonoids and other specialized
metabolites in question are found in the epidermal cells (or
special structures protruding from the leaf surface, such as dark
glands). They also reflect that the some specific structures of
intact leaves are more easily penetrated than others, and that it
is difficult to determine exactly which physical structure is
being interrogated in the MSI analysis. Hopefully, with further
development these softer methods may become tools for
investigating metabolite distributions in specific layers, i.e. the
cuticle/wax layer separately from the epidermal cells.

As mentioned, direct DESI-MSI has also been used to visu-
the presence allelopathic
substances on surfaces of macroalgae.'®>*** Although they are
not strictly plants and therefore do not harbor a proper cuticle,
they have characteristics in common with plants, and the
experiments are interesting because attempts were made to
investigate whether the DESI-MS experiment caused rupture of
the epidermal cells.”®" Light microscopy did not reveal any
obvious differences before and after DESI-MSI, and thus it
appears that the compounds in question were indeed present
on the surface of the algal blade. If this result can be extrap-
olated to land plants, it indicates that with direct DESI-MSI it is
possible to sample only the actual surface of the leaf and leave
the epidermal cells intact. For direct DESI-MSI of plant leaves
however, it was necessary to optimize the solvent spray
composition to obtain signals stable enough for imaging,* and
as mentioned above this spray appears to be able to image the
contents inside the various glands in H. perforatum leaves, i.e.
not leaving these cells intact. With this spray it is also possible
to directly image the distribution of hydroxynitrile glucosides
in/on leaves of L. japonicus (Fig. 4) and obtain a result similar
to that previously obtained with imprint DESI-MSL** i.e. rep-
resenting the sum of internal and external metabolites. To
complicate matters further, the developed ternary solvent spray

alize of anti-microbial and
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for direct DESI-MSI does not work in the same way for all
leaves. As mentioned, the hydroxynitrile glucosides of barley
are located in the leaf epidermis, and we have successfully
imaged these compounds using both indirect DESI-MSI of
whole leaves and direct DESI-MSI of epidermis stripped from
the barley leaf.®> However, no signals from these compounds
are obtained in direct DESI-MSI of barley leaves using the
ternary spray, with or without prior chloroform treatment (data
not shown). Whether this is a barley specific issue or it is
general for monocots, and whether the other methods suffer
from the same restrictions remain to be elucidated. Finally, the
influence of surface topology on MSI results is an overlooked,
but very important issue to consider when applying methods of
direct imaging on whole leaves and petals. A homogeneous
surface topology is important for uniform application of matrix
for MALDI-MSI as well as for the stable and homogeneous
desorption of analytes in DESI-MSI. As the above described
examples with the dark glands of Hypericum species illustrate,
plant leaf surfaces are far from homogeneous. Furthermore,
the translucent glands of these leaves were best sampled from
the abaxial side because they were more protuberant here.*
Likewise, trichomes and general surface inhomogeneity can be
expected to influence the imaging results. In Fig. 4 it is evident
that there was less signal from all shown metabolites around
the leaf midvein. This is in contrast to our previously reported
DESI-MS images obtained by imprinting where only the control
compound y-aminobutyric acid (Fig. 4b) showed decreased
concentration in the midvein area.”® Thus the decreased
abundance of hydroxynitrile glucosides in the midvein in
Fig. 4c-e may be a “false result” caused by less accessibility to
the solvent spray. All in all, it can be concluded that even when
applying the same method for “surface metabolite imaging”
great variations in the results can be expected depending on
the physical nature of the sample material. As the desire in
such experiments often is to image distributions on an intact
surface, this problem may not be very likely to be solved in the
near future.

12 Future directions and concluding
remarks

The major focus in the future development of MS imaging is
above all related to the spatial resolution that can be obtained.
As mentioned above, commercial and quite user-friendly
MALDI imaging instruments routinely provide spatial resolu-
tion of around 20 um, but MALDI imaging with resolutions of
1-3 pm has so far only been presented on custom built instru-
ments from university laboratories. It is just a matter of time
before similar solutions are commercially available, but as
explained making images at such high resolution is not just a
matter of purchasing the right instrument, but also to a high
extent a matter of extremely careful sample preparation. Care
must be taken that analyte molecules are not relocated during
sample preparation and that the matrix is evenly distributed in
very small crystals, effects which become much more crucial in
high-resolution imaging.

This journal is © The Royal Society of Chemistry 2014

View Article Online

NPR

While an impressive increase in the performance of partic-
ularly MALDI imaging has been observed, it is also clear that
there is a limit to how much more the resolution can be
improved if meaningful results for other than the very most
abundant compounds are expected. The challenge of perform-
ing MSI at cellular and subcellular resolution is that when the
ionization spot is focused to sub-micron dimensions the
number of available molecules of a given species simply
becomes very low, and the number of ionized molecules is thus
very often below the limit of detection of the applied mass
spectrometer. Hopefully, the gradual technical improvement of
mass spectrometers will help push the sensitivity and thus the
obtainable spatial resolution even further.

It is therefore important to remember than even if imaging is
not available, other spatially resolved techniques may be applied
to answer the biological questions at hand, and alongside the
development of MS imaging a significant development in the
field of single cell analysis by mass spectrometry is taking
place.* It has, for example, recently been described how a well-
established technique such as static nanospray can be used to
probe the contents of a single plant (leaf, stem or petal) cell."*®
With the sample present below a microscope, a nanospray tip
with a 1 pm top diameter is introduced into a plant cell by means
of a micromanipulator and the content of the cell is sucked into
the nanospray capillary. The capillary is subsequently mounted
in the nanospray ion source of the mass spectrometer, and a
steady signal with the possibility of MS/MS and MS? identifica-
tion of the detected compounds is obtained. Likewise, in the
already mentioned LAESI analysis of single onion epidermal
cells, the contents of the cell were probed individually and each
cell targeted manually below a microscope.”® The current limi-
tation of the technique is the 30 pm ablation spot, which is not in
all cases low enough to target single cells, but this may be within
reach with future improvements of the LAESI technology.

A current challenge in MS imaging of plant material, which
might be addressed in future research, is the sample stability
and dynamics in certain types of plant material. Plants are full
of very labile compounds that are either oxidized during sample
handling or subject to various enzymatic reactions of much
shorter timescales than the hour-long acquisition of MS images.
The issue can be approached from the side of the image
acquisition time as with the presentation of a MALDI instru-
ment, which records a 100 pm resolution image of a rat brain in
just 10 minutes,” or it can be dealt with by introducing new
procedures for sample preparation and storage conditions
during image acquisition, for example with regards to the
temperature and the atmosphere the sample is kept in during
the imaging experiment.

Another concern is of course the type of analytes that can be
imaged. The limitation with SIMS is obviously that larger
molecules are severely fragmented during the ionization. DESI
is capable of ionizing roughly the same analytes as normal
electrospray, i.e. more or less polar but not directly non-polar
molecules. For MALDI, the type of molecules which are ionized
is highly matrix dependent, but generally the technique is most
successful in the analysis of polar compounds as the ionization
most often takes place by proton transfer as in ESI. With the
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advent of new matrix compounds, the applicability of MALDI is
expanded, as with the recent introduction of 9,10-diphenylan-
tracene for analysis of non-polar compounds.*®

A different laser-based approach to the analysis of non-polar
compounds is the recently presented Laser Ablation Atmo-
spheric Pressure Photoionization (LAAPI).'*® LAAPI is similar to
LAESI, but the ESI post-ionization has been replaced by APPI,
which also ionizes non-polar compounds. Although LAAPI has
not been demonstrated for imaging yet, it represents a potential
technique for imaging of polar and non-polar compounds with
a spatial resolution around 300 um, which may also be subject
to improvement in the future.

Mass spectrometry imaging has come a long way during the
past ten years, and it is obvious from the referenced examples in
Table 1 that its application in studies of plant material has
become significantly more widespread over the past few years.
With sufficient focus on the points mentioned above, MS
imaging will become even more relevant to the plant research
community. While many of the first papers are written by
analytical chemists with a new tool looking for a problem to use
it on, much of the future work will hopefully be driven by plant
scientists with a problem at hand for which MS imaging is the
natural tool to use. In particular the technological improve-
ments in spatial resolution towards the cellular level will be
important, with MS imaging established as the “small mole-
cule” approach to biological imaging, complementing the well-
established and efficient tools for studying localization of
proteins and enzymes in plant samples.
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