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Abstract
Mass spectrometry imaging (MSI) has emerged as an important tool in the last decade and it is
beginning to show potential to provide new information in many fields owing to its unique ability
to acquire molecularly specific images and to provide multiplexed information, without the need
for labeling or staining. In MSI, the chemical identity of molecules present on a surface is
investigated as a function of spatial distribution. In addition to now standard methods involving
MSI in vacuum, recently developed ambient ionization techniques allow MSI to be performed
under atmospheric pressure on untreated samples outside the mass spectrometer. Here we review
recent developments and applications of MSI emphasizing the ambient ionization techniques of
desorption electrospray ionization (DESI), laser ablation electrospray ionization (LAESI), probe
electrospray ionization (PESI), desorption atmospheric pressure photoionization (DAPPI),
femtosecond laser desorption ionization (fs-LDI), laser electrospray mass spectrometry (LEMS),
infrared laser ablation metastable-induced chemical ionization (IR-LAMICI), liquid microjunction
surface sampling probe mass spectrometry (LMJ-SSP MS), nanospray desorption electrospray
ionization (nano-DESI), and plasma sources such as the low temperature plasma (LTP) probe and
laser ablation coupled to flowing atmospheric-pressure afterglow (LA-FAPA). Included are
discussions of some of the features of ambient MSI including the ability to implement chemical
reactions with the goal of providing high abundance ions characteristic of specific compounds of
interest and the use of tandem mass spectrometry to either map the distribution of targeted
molecules with high specificity or to provide additional MS information in the structural
identification of compounds. We also describe the role of bioinformatics in acquiring and
interpreting the chemical and spatial information obtained through MSI, especially in biological
applications for tissue diagnostic purposes. Finally, we discuss the challenges in ambient MSI and
include perspectives on the future of the field.
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I. INTRODUCTION
Mass spectrometry imaging (MSI) refers to procedures in which both chemical information
and spatial information are acquired for later processing and visualization as chemical
images. The experiment can be used to record 2D or 3D images. MSI has emerged as a
promising technique in many areas, including the biomedical sciences, material sciences and
forensics, owing to its high chemical specificity and relative ease of application. (Chughtai
& Heeren, 2010; McDonnell & Heeren, 2007; Pacholski & Winograd, 1999; Vickerman,
2011; Vidova et al., 2009)
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Ambient ionization MSI is a member of the MS imaging family, in which ionization occurs
at atmospheric pressure with the samples being analyzed in their native state. In ambient
ionization (i) the surface is sampled with minimal or no preparation, (ii) ionization occurs
externally to the mass spectrometer and (iii) ions, not the entire sample, are introduced into
the mass spectrometer. (Cooks et al., 2006) More than thirty ambient ionization methods
have been developed in the last eight years (Alberici et al., 2010; Chen et al., 2009; Harris et
al., 2011; Huang et al., 2010; Huang et al., 2011; Ifa et al., 2010; Van Berkel et al., 2008;
Venter et al., 2008; Weston, 2010) some of which are used in MSI including desorption
electrospray ionization (DESI) (Ifa et al., 2007), laser ablation electrospray ionization
(LAESI) (Nemes & Vertes, 2007; Nemes et al., 2008), desorption atmospheric pressure
photoionization (DAPPI) (Pol et al., 2009), femtosecond laser desorption ionization (fs-LDI)
(Coello et al., 2010) also known as laser electrospray ionization mass spectrometry (LEMS)
when fs-LDI is combined with ESI (Judge et al., 2010), probe electrospray ionization (PESI)
(Chen et al., 2009), infrared laser ablation metastable-induced chemical ionization (IR-
LAMICI)(Galhena et al., 2010), liquid microjunction surface sampling probe mass
spectrometry (LMJ-SSP MS)(Kertesz et al., 2005), nanospray desorption electrospray
ionization (nano-DESI) (Laskin et al., 2012), and plasma sources such as low temperature
plasma (LTP) (Liu et al., 2010) and laser ablation coupled to flowing atmospheric-pressure
afterglow (LA-FAPA) (Shelley et al., 2008) have reported applications for MSI. Note that
the liquid junction methods are not strictly ambient ionization procedures but are included
because of their close relationship.

Other ambient ionization techniques, for instance, easy ambient sonic-spray ionization
(EASI) and electrospray laser desorption ionization (ELDI), have recently been
demonstrated to have capabilities in direct analysis of inks for document examination
(Cheng et al., 2010; Lalli et al., 2010) and in characterizing organic compounds separated on
thin-layer chromatography plates (Haddad et al., 2008; Lin et al., 2007). Although no MS
images have been presented, the potential of EASI and ELDI for MSI is implied.
Transmission mode DESI (TM-DESI) (Chipuk & Brodbelt, 2008) could also be used for
imaging after blotting tissues onto the grid. Note that some atmospheric pressure imaging
methods such as matrix-assisted laser desorption electrospray ionization (MALDESI)
(Sampson et al., 2009) and atmospheric pressure matrix-assisted laser desorption/ionization
(AP-MALDI) (Li et al., 2007) are also closely related to the ambient ionization MSI
experiments discussed here. They are not considered as ambient ionization imaging
techniques in this review as they require careful and specific sample preparation involving
pre-application of matrix to the sample.

The most widely used of the vacuum MSI methods are matrix assisted laser desorption
(MALDI) and secondary ion mass spectrometry (SIMS) (Chughtai & Heeren, 2010;
McDonnell & Heeren, 2007; Pacholski & Winograd, 1999; Vickerman, 2011; Vidova, et al.,
2009; Watrous et al., 2011). MALDI allows imaging of large molecules such as proteins
with spatial resolution that can reach down into the tens of microns scale. SIMS has the
advantage of very high spatial resolution (~100 nm) (Carado et al., 2008), and is most
successful for targeted inorganic compounds or biomolecules with relatively low molecular
weights. Extensive (albeit variable) fragmentation is associated with ionization, even with
C60 and large solvent cluster beams. The nanostructure-initiator mass spectrometry (NIMS)
technique is matrix-free, has reduced fragmentation as compared to SIMS, and allows direct
characterization of peptide microarrays, direct mass analysis of single cells and tissue
imaging. (Northen et al., 2007) but does require specific nanostructured surfaces or
‘clathrates’ to release and ionize the molecules adsorbed on the surface. NIMS and other
LDI methods are traditionally vacuum-based and have seen application in imaging.
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Ambient ionization imaging is often used to analyze compounds with molecular weights less
than 2000 Da at a spatial resolution ranging from tens to a few hundred microns. (Chen, et
al., 2009; Ifa, et al., 2007; Kertesz & Van Berkel, 2008; Nemes & Vertes, 2007; Shelley, et
al., 2008) There are a number of inter-related parameters that can be used to characterize and
compare the performance of various MSI methods. They will be weighted differently
depending on the problem in hand. They include speed of analysis, sample preparation
required, spatial resolution, spectral resolution, sensitivity, quantitative accuracy and
precision, compatibility with exact mass and tandem mass spectrometry and with the ease of
performing supplementary chemical reactions as a means of increasing specificity.
Simplistically, spatial resolution is often used as the single defining characteristic of
performance and at its current stage of development, this is a weak feature of most ambient
MSI methods. However, reports of single cell resolution have started to appear and further
improvements in spatial resolution can be foreseen. For example, a study using fs-LDI has
demonstrated spatial resolution of 10 μm for imaging of onion epidermis cells under
ambient conditions (Coello, et al., 2010). Metabolic analysis of single cells and small cell
populations of Allium cepa and Narcissus pseudonarcissus bulb epidermis, as well as single
eggs of Lytechinus pictus (~100μm in diameter) (Shrestha & Vertes, 2009) and clusters of
3–4 achlorophyllous cells in citrus leaves (Citrus aurantium) (~30μm in diameter) (Shrestha
et al., 2011) have been reported by LAESI.

Advantageously, ambient ionization imaging does not require sample preparation, which can
be problematic and lead to spatial dislocation or chemical modifications of endogenous
compounds. An advantage is that MSI under ambient conditions is easy to implement. In
addition, ionization by the spray-based ambient ionization methods such as DESI is soft,
with an average internal energy deposition of ~ 2eV in typical cases, which is similar to the
internal energy of electrospray ionization (ESI). (Nefliu et al., 2008) Hence DESI and other
ambient imaging methods yield minimal fragmentation (Wu et al., 2010), and they are ideal
for imaging in the low mass region, without interference from added matrix(cf. MALDI) or
fragmentions of large molecules (cf. SIMS). The success with low mass molecules in DESI
should not obscure the fact that the method has been applied to large biomolecules.
(Ferguson et al., 2011) Identification of analytes if needed can be achieved by using tandem
mass spectrometry (MS/MS) or accurate mass measurements. Quantification of particular
analytes in their native matrix is difficult in all imaging methods, can only be done with
appropriately matched standards and these can be difficult to identify for many biological
samples. Some of the other features (spectral resolution, detection limits, and compatibility
with exact mass measurements and with MS/MS) are properties that are more strongly
controlled by the mass analyzer than by the type of ionization source chosen. The ability to
implement chemical reactions in the course of the desorption and ionization steps is a
potentially useful feature of MSI techniques. By implementing rapid in situ chemical
reactions occurring at the spot being analyzed concurrently with acquisition of mass spectra,
the sensitivity and selectivity of target molecule detection can be improved. (Nyadong et al.,
2007; Shrestha et al., 2010; Wu et al., 2009) This is similar in concept, but not in method of
implementation, to reactive matrix MALDI. (Mugo & Bottaro, 2007)

In this review we summarize the principles and major applications of the following ambient
MSI techniques: DESI, LAESI, PESI, DAPPI, fs-LDI, LEMS, IR-LAMICI, LMJ-SSP MS,
nano-DESI, LESA, LTP, LA-FAPA. The use of some of these ambient techniques for in
vivo local analysis and in situ molecular tissue imaging was recently reviewed. (Nemes &
Vertes, 2012) Note that these methods can be organized in different ways based on the
primary sampling desorption mechanism; direct ionization, direct desorption ionization, or
multiple steps desorption ionization; resolution; etc. (Harris, et al., 2011; Huang, et al.,
2011) Challenges and limitations as well as the perspectives for further development of
these ambient methods are also discussed.
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II. GENERAL ASPECTS
The workflow in MSI normally proceeds through three steps: (i) sample preparation, (ii)
data acquisition, and (iii) data analysis. Sample preparation is minimal in ambient ionization
compared to traditional MSI. In some cases such as imaging of questionable documents or
studies of natural products in plant material, the samples are ready for analysis without any
sample preparation whatsoever. For the study of animal tissues, sectioning and drying are
still necessary. However, the sample is not introduced into the vacuum environment nor are
chemicals added to the sample (matrices or tagging agents) required.

Data acquisition encompasses the steps of desorption/ionization, mass analysis and ion
detection. (Figure 1) Desorption/ionization includes both sampling and ionization, either
accomplished in a single integrated process or in two discrete steps implemented with
different agents. In some methods, the desorption and the ionization agents are clearly
separated, as is the case with LAESI, DAPPI, LEMS or LMJ-SSP. For example, laser
ablation is a separate process from electrospray ionization in LAESI. However, for other
methods such as DESI and LTP, desorption and ionization are fully integrated and a single
agent is employed. Data acquisition in MSI can be performed using two distinct approaches,
as regards the method of interrogating the sample. The first and by far the more frequently
used, is the microprobe mode. In this mode, the whole surface of the sample is divided
conceptually into small areas (pixels) and these areas are scanned individually and
sequentially in time (Figure 1). The ionization/desorption agent is set to provide the desired
spatial resolution. The data from a single pixel is normally represented by a single mass
spectrum or an average of two or more mass spectra acquired within of the specific spot or
by continuously rastering the surface with the ionizing agent. The alternative to the
microprobe method is the microscope mode, where the use of astigmatic projection of ions
generated at the surface to a position-sensitive (two-dimensional) detector allows the
simultaneous imaging of a larger area. This approach greatly improves the speed of the
analysis. However, this method puts strict requirements on the ion optics and this type of
experiment is still limited to the vacuum environment. (Heeren et al., 2009; McDonnell &
Heeren, 2007) In the common microprobe mode, the use of an automated moving stage is
required in order to assure the reproducibility of the scan velocity to accurately reproduce
the geometry of the system. Note that the desorption/ionization agent(s) used will dictate the
lateral and the depth resolution of the images that are finally acquired. The spatial resolution
depends on the spot size of the ionizing agent but it can also be limited by other factors
including operating conditions (substrate moving speed, step size, analyte carryover between
pixels, etc.). Laser based techniques can achieve higher resolutions compared to spray based
desorption ionization methods. There is an important trade-off between the time required for
data acquisition and the achievable spatial resolution, with time increasing quadratically as
the resolution is increased (see conclusions and perspectives, section IV). A good rule is to
use the minimum resolution necessary to address the problem being investigated.

Having addressed issues of sampling in two dimensions we can now turn to the subject of
sampling depth. Sampling depths, which varies considerably with the different ambient
ionization MS techniques, is defined as the depth from which material is removed and
transmitted to the mass spectrometer during a single imaging experiment. In spray based
methods like DESI, the sampling depth depends on the nature of the sample. In many cases,
physical damage to the sample is minimal or, for tissue sections restricted to a few microns.
For example, there is no physical damage to subtending cells of algal surfaces during DESI
imaging. (Lane et al., 2009) For tissue sections, the sampling depth can easily reach 12 μm
using conventional solvent systems such as MeOH/H2O (1:1). Recent experiments show
sampling depths of > 50 μm for tissue imaging by DESI-MS when solvent systems such as
dimethylformamide:acetonitrile (DMF:ACN,1:1) are used. Notably, these DMF based
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solvent systems and others, which were denoted as morphologically friendly or
histologically compatible, impart no gross physical damage to the tissue section after DESI-
MS imaging. (Eberlin et al., 2011) In contrast, the ablation crater in some LAESI
experiments is estimated to be 30–40 μm in depth depending on sample and laser fluence.
(Nemes et al., 2009) In SIMS the primary ion beam interacts exclusively with the topmost
monolayers of the surface making the method much more surface sensitive than the ambient
methods. Although the sample removal rate of DESI is not dissimilar to that of SIMS (Green
et al., 2009), analytes are removed selectively and this does not allowing depth profiling for
three-dimensional imaging, a capability that can be achieved with SIMS (Wucher et al.,
2007) and LAESI (Nemes, et al., 2009). Details about LAESI fundamentals are presented in
section IIIB.

After the sample has been ionized the ions either solvated in microdroplets or free gas-phase
ions are directed into the mass spectrometer and mass analyzed. Several types of analyzers
have been employed for ambient ionization MSI including linear triple quadrupoles (QqQ),
quadrupole ion-traps (Q-Trap), OrbiTraps, Time of Flight (ToF), and Fourier Transform ion
cyclotron resonance MS (FTMS). Mass analysis is followed by the data processing step, the
third stage in the sequence of steps leading to creation of MS images. The recorded mass
spectra are converted into a 2D image file, which can then be opened and visualized by
imaging programs (e.g. the freeware BioMap or Image J or commercially available software,
FlexImaging). Two-dimensional or three-dimensional ion images are displayed using a false
color intensity scale with the relative ion intensity reflected by the intensity of the color.
Appropriate contrast in the color bar and overlay can also be used to improve the
visualization of the ion images. These ion images can be used to represent intensity
distributions of ions of a single m/z ratio or they can be more complex representations,
including ion populations that embody a particular chemical, biological or bioinformatics
parameter e.g. a principal component derived from a multivariate statistical analysis.
Processing of the imaging data, for instance background subtraction or normalization, can be
done on the mass spectra prior to image creation or directly on the chemical images. The
analyzer employed will dictate the mass resolution represented in the final data. When using
a high mass resolution mass spectrometer for imaging, the data file size of the image can
easily reach gigabytes (GB) in contrast to a few megabytes (MB) stored in low resolution
experiments of the same sized sample. The data file size of the image is related to the
number of pixels, the mass range used, and the mass resolution chosen. Processing and
visualization of large data-size ion images require computers with large memories and
relatively high speed. By carefully setting up these parameters, the data file size of the
generated image can be made to fall in a range suitable for processing and storage, but the
development of imaging software and hardware is an important ongoing task which is
necessary to allow the full potential of high mass resolution imaging to be reached.

Three-dimensional (3D) models can be constructed from a set of 2D ion images and they
provide comprehensive information on the distribution of molecules in the total object
volume and facilitate correlation between molecular composition and spatial distribution to
be obtained. Depth profiling and serial sectioning are the two main approaches that have
been described to record the information required to create 3D MS-based images. Depth
profiling has been employed to create 3D models by ablation techniques such as SIMS
(Wucher, et al., 2007) and LAESI (Nemes, et al., 2009) which completely remove material
while analyzing. The depth resolution of SIMS can reach <100 nm, (Wucher, et al., 2007)
and the reported depth resolution of the ambient ionization method LAESI is about 30μm
(Nemes, et al., 2009) in the imaging mode. DESI (Eberlin et al., 2010) and MALDI (Sinha
et al., 2008) are techniques that use serial sectioning followed by analysis of each section for
3D ion image construction.
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III. AMBIENT IONIZATION IMAGING TECHNIQUES
A. Desorption Electrospray Ionization (DESI)

1. Principles—In DESI, charged primary droplets generated by ESI of a solvent impact
the sample-bearing surface to desorb the analyte in secondary droplets. The secondary
microdroplets are generated in the open air and sucked into the inlet of the mass
spectrometer (Figure 2a). To date, DESI is perhaps the most thoroughly explored of the
ambient ionization methods. Desorption and ionization steps in DESI are not clearly
separated, which is different from some other cases. The main DESI mechanism has been
summarily described as “droplet pick-up”. (Cooks, et al., 2006) This process does not occur
in a single scattering event but for most analytes and surfaces, it appears to involve initial
wetting of the surface to dissolve analyte, then splashing of this liquid film upon the arrival
of subsequent primary droplets with formation of secondary microdroplets. Using a phase
doppler particle analyzer, it was determined that the average velocity of the primary droplets
is about 120 m/s and their average diameters are about 5 μm under typical DESI
experimental conditions. (Venter et al., 2006) Simulations of the DESI process show the
release of dozens of microdroplets upon impact of a single high velocity primary droplet on
the thin liquid film. (Costa & Cooks, 2008) The secondary droplets are generated by
breakup of a thin jet of solution and the size of the measurable secondary droplets is in the
range of 0.8 to 3.3 μm. Secondary droplet velocities cover a large range, depending on the
size of the primary droplet, the take-off angle, and the distance from the impact point.
(Venter, et al., 2006) The effects of the nebulizing gas are clearly discernible is the absence
of any overt coulombic effect. The performance and characteristics of DESI were found to
be dependent on the choice of the solvent (Tawiah et al., 2010), substrate (Ifa et al., 2008;
Kauppila et al., 2006), and geometry (Chipuk et al., 2010; Kertesz & Van Berkel, 2008;
Venter & Cooks, 2007). Experiments on solvent composition showed that different chemical
information can be obtained by changing the solvent system. For example, it has been
shown that a mixture of DMF with water or methanol enhances the signal of low molecular
weight compounds when compared to mixtures of DMF with ACN, or other mixtures
containing water, such as MeOH:H2O normally used on DESI imaging experiments.
(Eberlin, et al., 2011). More importantly, such non-aqueous solvent systems are
“morphologically friendly”, extracting lipids from tissue sections without causing gross
changes in morphology on the microscope scale. Electrochemical processes are inherent in
DESI but do not usually make a significant contribution to the mass spectra except in the
case of a few particularly easily oxidized or reduced compounds. The substrate used in DESI
acts as a DC capacitor, and electrochemical redox reactions can be observed at its surface.
(Volny et al., 2008) Besides inherent redox electrochemical reactions, discharge-induced
oxidation occurs for specific configurations in DESI.(Pasilis et al., 2008) Such oxidative
modifications during ionization generally are avoided to prevent complications in spectral
interpretation, but they can be advantageous when used as a deliberate in-situ derivatization
method. (Wu et al., 2010)

Optimization of the DESI sprayer is important for obtaining a high quality MS image. First,
the solvent system needs to be optimized to obtain an adequate signal level, depending on
the sample analyzed and the target compounds (Tawiah, et al., 2010; Wu, et al., 2009).
Second, it is necessary to obtain an appropriately small spray spot by adjusting the distance
between the spray tip, the substrate, and the inlet of the mass spectrometer. The size and
shape of the spray spot is also affected by the solvent being used, the flow rate, the DESI
source tip dimensions and the nebulizing gas pressure. (Ifa, et al., 2007; Wiseman et al.,
2008) As indicated in studies of DESI sampling, there are three distinct regions in the
sampling spot, with most desorption taking place in the inner region. (Green, et al., 2009;
Pasilis et al., 2007) It is important to have a well-defined spot on the surface to minimize re-
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deposition and mixing of the sample during imaging. Third, the spatial resolution and
sensitivity need to be balanced. The typical spatial resolution in DESI is ~200 μm, but this
value can be reduced to 40μm under particular operating conditions (Kertesz & Van Berkel,
2008) even for biological tissue. (Campbell et al., 2012) However, it should be kept in mind
that increasing the spatial resolution will lead to a decrease of signal intensity that is
quadratic with spot diameter, and hence affect the quality of ion images and the time needed
to record them. Fourth, the spray angle also plays an important role. For example, a typical
spray angle of 52° (from the surface plane) provides higher signal intensity, whereas when
the sprayer is perpendicular to the substrate (spray angle: 90°) the signal intensity decreases
due to decreased secondary droplet transfer efficiency. This perpendicular spray, also called
geometry independent DESI, requires an enclosure and a coaxial return tube to optimize
sensitivity (Venter & Cooks, 2007) although it has an inherently higher spatial resolution.

Biological tissues can be physically damaged on a macroscopic scale during DESI imaging
when conventional solvent systems such as MeOH:H2O and ACN:H2O are used. (Eberlin, et
al., 2011) Depletion of tissue samples has been shown to be necessary to sustain stable and
abundant signals and high quality images of small molecules in tissues with high protein
content such as lens tissues. (Ellis et al., 2010) Because of the damage to the surface tissue,
the sample should be rastered in a specific direction with respect to the DESI spray to avoid
resampling of splashed material. (Ifa, et al., 2007; Kertesz & Van Berkel, 2008)
Nevertheless, recently developed solvent systems such as ACN:DMF and EtOH:DMF (1:1)
have been shown to provide abundant signal and high quality DESI images for lipids while
preserving tissue morphology and protein content of biological tissues. These non-
destructive, histologically compatible solvent systems allow analysis in sequence using
immunohistochemistry and MALDI imaging, to be performed on the same tissue section
after DESI-MS imaging (Figure 2b) (Eberlin et al., 2011).

Several different types of mass analyzers including triple quadrupoles (Kertesz et al., 2008),
FT-ICR (Pol, et al., 2009), and Orbitraps (Manicke et al., 2009) have been used for DESI
imaging. When using ion-trap instruments for imaging, the automatic gain control (AGC) is
turned off to ensure that the scan time is the same for each pixel. Besides imaging in the full
mass scan mode, MS/MS can be utilized to identify particular compounds or to map the
distribution of the target molecule(s) with high specificity. (Wiseman et al., 2008) Tandem
MSI is useful to provide accurate spatial distributions of particular compounds especially
when there is high chemical noise during conventional MSI. Tandem MS is also important
as a means of revealing the different distributions of two compounds with the same nominal
mass, although the signal requirement is high and more time is required if multiple peaks
need to be mapped to determine the spatial distributions of isobaric contributors. One
demonstration of this application is in ink analysis. (Ifa et al., 2009) As shown in Figure 2c,
the red pen used to create the characters “27” contained a mixture of the pigments
rhodamine B and rhodamine 6G. The second pen, used to create the characters “00”,
contained only rhodamine B. Although both pigments give ions having the same mass-to-
charge ratio (m/z 443), DESI-MS/MS can easily distinguish them by their different
fragmentation patterns.

The 2D imaging capabilities of DESI were developed using semi-automatic lab-built
moving stages and rapidly applied to analysis of lipids from rat brain (Ifa, et al., 2007;
Wiseman et al., 2006) and ink spots separated on TLC plates (Van Berkel & Kertesz, 2006).
DESI imaging is readily implemented using high mass resolution mass spectrometers. Exact
mass measurements on a high mass resolution mass spectrometer allow more confident
assignments of endogenous compounds, and provide distributions for isobaric species,
which could not be distinguished by mass spectrometers with unit mass resolution in the
full-scan MS mode. Imaging using high resolution mass spectrometers solves this problem
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but only incompletely since isomers still cannot be distinguished. Nevertheless the improved
resolution of the instrument resolves many isobaric species and increases the amount of
chemical information obtained from complex samples although at a cost in terms of signal
intensity and/or time. (Hu et al., 2005; Manicke, et al., 2009)

2. Applications
a. Biological Tissue Imaging: Lipids play a vital role in a variety of biological processes.
Various classes of lipids have characteristic distributions in different tissues, cell
membranes, and organelles. DESI imaging of lipids (Eberlin et al., 2011) has been applied
to different types of tissues: dog bladder (Dill et al., 2009); rat brain (Wiseman, et al., 2006)
and spinal cord (Girod et al., 2010); human prostate (Eberlin et al., 2010), human
atherosclerotic plaques (Manicke et al., 2009), human lens (Ellis, et al., 2010), human
kidney (Dill et al., 2010), human bladder (Dill et al., 2011) and human brain (Eberlin et al.,
2010); porcine and rabbit adrenal gland (Wu, et al., 2010). In a study of human
atherosclerotic plaque tissues using DESI imaging, it was found that there are regions with
low lipid content in the arterial walls and there are two types of lipid-rich regions with
distinctive lipid profiles. (Manicke et al., 2009) These lipid-rich regions likely correspond to
areas where lipoprotein particles accumulate as atherosclerotic plaques and the differences
in lipid profile are likely related to the stability of the plaque. In addition, a study has shown
that lipid distributions in human lens tissue can also be mapped by DESI. (Ellis, et al., 2010)
A potentially important application of lipid imaging by DESI is tumor diagnostics because
lipid profiles in biological specimens sometimes serve as biomarkers for disease (see
below).

Lipids can often be observed easily in DESI, especially members of those lipid classes with
high ionization efficiency. However particular lipids can suppress the signals of other lipids
and other endogenous compounds. It has been reported for MALDI that lipids need to be
removed to achieve optimal signals for peptides in the low mass range. (Seeley & Caprioli,
2008) In DESI this is not necessary but less concentrated lipids can be suppressed and
overlapped by lipids of higher concentration and ionization efficiencies in DESI. (Paglia et
al.) Of course lipids are not the only endogenous compounds in tissues that can be imaged
by DESI, as shown in the following sections, but ion suppression does exist and is obvious
for endogenous compounds that fall in the same mass range of lipids. One of the solutions to
this problem is to enhance the sensitivity of the suppressed analytes by adduct formation or
by switching the polarity of ion detection. (Manicke et al., 2008) The addition of reagents to
the solvent is also a good strategy to improve the sensitivity of particular compounds. (See
reactive DESI, item e in this section)

DESI-MSI is being developed to differentiate tissue samples as tumor or normal (or less
commonly, to identify the type and grade of the tumor) based either on a single marker
compound or, more commonly, on the basis of several fatty acid or glycerophospholipid
(GP) species. Thin, 15μm, sections from flash frozen tissue samples can be imaged in both
the positive and negative ion modes and compared to sections stained with hematoxylin and
eosin (H&E) for diagnosis. Although chemical identification of the species is not necessary
for a correlation to histopathology data it can be achieved using collision induced
dissociation (CID) tandem MS experiments when of interest. DESI-MSI can be used to
distinguish between cancerous and adjacent non-cancerous dog bladder tissue in a small set
of samples. Five different GPs and three fatty acids in the negative ion mode and four GPs
in the positive ion mode showed increased absolute and relative intensities in the cancerous
tissue; in addition there was one sphingolipid that showed increased intensity in the normal
tissue (Dill, et al., 2009). This study was expanded to human bladder cancer and adjacent
normal tissue from 20 different patients (Dill, et al., 2011). DESI imaging allowed the
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classification of bladder tissue as cancerous or normal based on increased absolute and
relative intensities of particular fatty acids and GPs. As seen in Figure 3a, a clear distinction
between cancerous and non-cancerous tissue is evident in the selected ion images as well as
in the principal component analysis (PCA) derived images. PCA was employed to derive
images that give a simple, unsupervised, and general way to visually inspect the data for
identification of tumor and normal tissues. (Dill, et al., 2009) When the research was
extended to prostate cancer tissue analysis, distinction between cancer and normal tissue was
difficult when based on the fatty acid and GP profiles of the tissue sections. Fortunately, in
this case cholesterol sulfate serves to make the distinction and was discovered to be present
in the prostate cancer and high grade precancerous lesions in 68 tissue samples from 34
patients. (Eberlin, et al., 2010) DESI-MS imaging can be successfully used to image
multiple types of tissue and provide results that can be correctly correlated to a diagnosis of
cancer either on the basis of the entire lipid profile or on just a few specific marker
compounds.

More recent studies have shown that DESI imaging can be used for classification of gliomas
including oligodendroglioma, astrocytoma and oligoastrocytoma, of different histologic
grades and tumor cell concentrations. Classification models built from lipidomic data
obtained from 36 human samples showed high recognition capability with more than 97%
accuracy under crossvalidation. (Eberlin, et al., 2010; Eberlin et al., 2012) When tested
against a validation set for glioma subtype, grade, and tumor cell concentration, 79%
agreement with histopathology was achieved, which is remarkable when considering the
complexity of nervous tissue and glioma tumors.

Besides lipids, imaging of other small hormone molecules is also an important task but a
difficult one in the two main vacuum-based MSI methods, SIMS and MALDI. Interpretation
and assignments of small molecules in SIMS imaging is complicated by extensive
fragmentation of larger molecules, although the extent of molecular ions generation has been
enhanced recently by using cluster ion sources. (Touboul et al., 2004) Similarly in MALDI
imaging, the presence of a matrix decreases the sensitivity to small molecules due to overlap
with matrix-derived ions. Being both matrix-free and giving soft ionization, DESI allows
sensitive and straightforward imaging of small molecules. It has been demonstrated that
small hormones such as epinephrine and norepinephrine, antioxidants like ascorbic acid,
along with different types of lipids in adrenal gland, can be successfully imaged in either the
positive or negative ion mode of DESI. (Wu, et al., 2010) As shown in Figure 3b, the spatial
distributions of norepinephrine and epinephrine are easily distinguished in adult porcine and
rabbit adrenal glands. In porcine adrenal gland, norepinephrine is most abundant in the
central area close to the vein, while epinephrine shows a complementary distribution. The
epinephrine signal is greater at the top edge of the adrenal medulla. The results agree with
the distribution patterns of epinephrine-storing (E) cells and norepinephrine-storing (N) cells
obtained from immunohistochemistry studies (Figure 3b). DESI imaging provides more
details on catecholamine distribution as compared to immunohistochemical studies owing to
the molecularly specific and sensitive detection of catecholamines using DESI-MS. Another
finding is that catecholamines are present not only in the porcine medulla, but also in the
porcine cortex, albeit with much lower intensity. This information was not revealed in the
immunohistochemical study, likely due to its lower sensitivity. Similarly, the distributions of
norepinephrine and epinephrine in rabbit adrenal gland are consistent with data obtained
from immunohistochemical studies (Coupland & Hopwood, 1966; Suzuki & Kachi, 1996),
which demonstrate that the majority of adrenal chromaffin cells are epinephrine-storing in
rabbit. A low concentration of epinephrine, but no norepinephrine, was observed in rabbit
adrenal cortex. This information was not revealed from the immunohistochemical study.
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Molecular imaging of small pharmaceutical drug molecules and their metabolites directly
from tissue sections is one of the other important applications of DESI imaging. In one study
the distributions of clozapine and its major metabolites were imaged in brain, lung, kidney,
and testis tissues after rats were orally dosed at 50mg/kg and sacrificed at different time
points.(Wiseman, et al., 2008) Significantly, the data agreed well with those of a parallel
LC-MS study which involved time consuming extraction steps. In another study, DESI-MS/
MS imaging and whole-body autoradiography (WBA) were used to image whole-body thin
tissue sections of mice dosed intravenously with propranolol or radioactive [3H]propranolol.
(Kertesz, et al., 2008)

The construction of 3D ion images is a recent development in ambient mass spectrometry
imaging. Comprehensive information on the 3D distribution of different molecules allows
direct correlation between the chemical distribution of these molecules and the structure of
the tissue. (Seeley & Caprioli, 2012) DESI-MSI has been applied to construct a three-
dimensional image or a model of a mouse brain. (Eberlin et al., 2010) Figure 3c shows the
simplified 3D image formed by overlaying distribution of the lipids PS (assumed to be the
isomer 18:0/22:6) and ST 24:1. In this case the lipids have complementary distributions and
together they cover the majority of the brain, making the overlaid 3D model a representation
of the entire brain. The distribution of the lipid PS 18:0/22:6 allows a full visualization of
the gray-matter region while the lipid ST 24:1 represents the white-matter region of the
brain. Any other lipid observed in the mass spectra can be selected to be mapped in 3D.
Figure 3c, for example, shows the overlaid distribution of lipids PS 18:0/22:6, ST 24:1 and
PI 18:0/22:6. The latter is exclusively distributed in a small region in the frontal part of the
brain, associated with the granule cells from the glomerular layer of the olfactory bulb. As is
the case for any imaging technique, a trade-off between image quality and time has to be
considered in the construction of the 3D models as must the effects of approximations such
as the number of tissue sections (z-axis) on resolution and quality of information.

b. Natural Products Imaging: Imaging of natural products using DESI has been
demonstrated in a pioneering study by Lane et al. to provide a functional and ecological
understanding of particular natural products in tropical seaweed C. serratus. (Lane, et al.,
2009) Bromophycolides were found exclusively in association with heterogeneously
distributed surface patches of C. serratus at concentrations sufficient for fungal inhibition. It
was proposed that C. serratus secretes the antifungal bromophycolides into damaged areas as
a defense against microbial infections. This study by Lane et al. is also notable for the fact
that the analytes are not highly polar and are identified by their chloride adducts in the intact
biological material.

Imprint techniques for indirect imaging of natural products have also been described in the
literature. In this approach chemical species present on soft or irregular surfaces are initially
transferred to flat hard surfaces prior to ambient MS analysis. For instance, cellulose ester
filter membranes were used for imaging of bacterial metabolic exchange (Watrous et al.,
2010) while porous polytetrafluoroethylene (PTFE) (Li et al., 2011; Muller et al., 2011;
Thunig et al., 2011) and ordinary printer paper (Ifa et al., 2011) were used for indirect plant
tissue imaging. This capability of DESI imaging, along with other MSI techniques, can be
used for the studies of chemically-mediated biological processes in plant and localized
ecological interactions.

c. 2D TLC separation and DESI imaging: Thin-layer chromatography (TLC) is a robust,
rapid and inexpensive technique for low resolution separation of organic compounds. Direct
coupling of TLC separation with DESI-MS analysis has been reported to be useful in the
analysis of different classes of compounds including dyes (Van Berkel et al., 2005),
alkaloids (Van Berkel et al., 2007) and peptides (Pasilis et al., 2008). With DESI working in
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the imaging mode, it is possible to determine the spatial distribution of peptides resulting
from 2D separations of protein tryptic digests on high performance thin-layer
chromatography (HPTLC) plates without derivatization, peptide ions were identified from
data-dependent tandem mass spectra (product ion spectra) using protein database search
software according to traditional bottom-up peptide MS/MS analysis protocols (Pasilis, et
al., 2008). Investigation of extracts of Salvia divinorum leaves for salvinorin A was also
performed by DESI imaging of TLC plates. (Kennedy & Wiseman, 2010)

Separation by 2D-TLC coupled with DESI imaging has also been applied to the analysis of
complex lipid mixtures. (Paglia, et al., 2010) The polar lipids are identified by the position
of the TLC spot which identifies the lipid class and then the identification is completed
using the mass spectrum with confirmation of the identification of individual lipids coming
from the MS/MS product ion spectra. This TLC-DESI combination allows identification of a
much larger number of lipids than DESI analysis alone, due to ion-suppression and peak
congestion in DESI performed using a unit-resolution mass spectrometer.

d. Forensic Applications: The forensic application of DESI imaging to document ink
analysis (Ifa et al., 2007) and the imaging of latent fingerprints with DESI has been
demonstrated. (Ifa et al., 2008) DESI is capable of producing an image based on any
particular ion (drug of abuse, explosives, agrochemicals, etc.) that is present in sufficient
quantities to be detected by recording data at different positions within a latent fingerprint.
Endogenous compounds such as the fatty acids and lipids known to be present on the skin
can also be detected and identified. Latent chemical prints which provide information on the
identity of the individual and also information on his/her recent activities, have been
successfully imaged from a variety of surfaces, including glass, paper, and plastic. It has
also been demonstrated that overlapped prints can be distinguished. Insights may also be
provided regarding an individual’s diet and medication from such fingerprints. DESI-MSI
was also used for the investigation of counterfeit pharmaceuticals.(Nyadong et al., 2009)
Forensic applications of ambient ionization mass spectrometry were recently reviewed. (Ifa,
et al., 2009)

e. Reactive DESI Imaging: The ambient ionization methods, especially the spray methods
like DESI, involve conditions (temperature, pressure, solvent system, etc.) that are
remarkably similar to those encountered in ordinary solution-phase chemical reactions.
Besides adjusting the solvent system to optimize desorption, it is sometimes desirable to add
reagents to the spray solvent to derivatize the analyte and so enhance specificity and
sensitivity. Examples have demonstrated sensitivity increases (often an order of magnitude
or more) in the detection of cholesterol, (Wu, et al., 2009) steroids, (Huang et al., 2007)
cyclic acetals, (Augusti et al., 2006), cis-diols(Chen et al., 2006) and esters (Song & Cooks,
2007) using different reactions. With reactive DESI in an imaging mode, endogenous
compounds, which cannot be observed in conventional DESI, could be imaged. For
example, naturally occurring cholesterol in rat brain tissue (~13 mg/g) is easily imaged
using reactive DESI with betaine aldehyde as the reagent. The experiment is not successful
in detecting cholesterol using conventional DESI with MeOH/H2O (1:1) as solvent.(Wu, et
al., 2009) Another example is the enhancement of sensitivity in imaging of
malondialdehyde, an effective marker to assess lipid peroxidation processes, by in situ
reaction with dinitrophenylhydrazine. (Girod, et al., 2010) Similarly, it is possible to
improve the sensitivity of detecting trace biologically important molecules, such as olefins
by silver cationization during DESI (Jackson et al., 2010) as was done earlier in SIMS.
(Hand et al., 1989; Nicola et al., 1996) The success of these derivatization experiments on
the millisecond time scale used for examination of individual pixels in DESI imaging is a
consequence of the rate acceleration of chemical reaction in the micro droplets (Girod,
2010). This accelerated droplet chemistry is an intrinsically interesting aspect of DESI.
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f. Multivariate Statistical Analysis: One of the intrinsic features of MSI is the large
amount of chemical and spatial information contained within each image acquisition.
Although single ions can be manually selected and their distribution visually inspected, the
total information contained in MSI experiment can be explored and interpreted in a more
comprehensive and efficient way by the use of multivariate techniques. The unsupervised
technique PCA has been applied in different studies to DESI-MS imaging data in order to
evaluate the total information from the mass spectra from different types of tumor and
normal tissue samples. For human and canine bladder cancer (Dill, et al., 2009; Dill, et al.,
2011), PCA was applied to the spectra acquired from the training set of samples to generate
a set of principal components (PCs). All spectra were projected onto the system of
coordinates formed by the PCs, and the scores were recorded. The PCs were used to produce
a synthetic image for each tissue in the validation set. These PCA images used color-coded
pixels to score the underlying spectrum on the coordinate represented by the PC, where the
image color indicates an approximate strength of prediction based on the PC. PCA
information from all of the ions summarized in a single image was found to perform better
in terms of agreement with pathological diagnosis than simple visualization of individual
ions. More recently, an interactive hyperspectral approach and PCA was used to interpret the
chemical and spatial information obtained from DESI-MS imaging of human cancer and
normal tissues.(Pirro et al., 2012) The multivariate strategy facilitated distinction between
tumor and normal tissue by automatically connecting regions of PCA score space to pixels
of the 2D physical object and further correlating the information with pathological
evaluation of the samples.

Supervised techniques, such as partial least squares-discriminant analysis (PLS-DA), have
also been successfully used to discriminate tumor from normal tissue based on DESI-MS
imaging data, specifically for kidney and bladder cancers.(Dill, et al., 2010; Dill, et al.,
2011) For bladder cancer, when the predictive model generated by PLS-DA was applied to a
validation set of samples, a misclassification rate of 12% was achieved. For kidney cancer,
PLS-DA successfully distinguished tumor from normal tissue for both types of renal cell
carcinoma, papillary and clear cell, with misclassification rates of 14.3% and 7.8%,
respectively. Besides PCA and PLS-DA, algorithms such as support vector machines (SVM)
have also been successfully used to generate classification models for type, grade and tumor
cell concentration of human gliomas based on DESI-MS negative ion mode lipid data.
(Eberlin, et al., 2012)

B. Laser Ablation Electrospray Ionization (LAESI)
1. Principles—LAESI is a hybrid ambient ionization method based on laser desorption of
the analyte followed by its ionization in the course of collisions of the ablated material with
charged droplets produced by ESI.(Nemes & Vertes, 2007) The samples are normally
mounted on microscope slides, positioned 10–30 mm below the spray axis and 3–5 mm in
front of the emitter tip, and ablated at a 90° incident angle using an Er:YAG laser (Figure
4a). A focused mid-infrared laser beam of 2940 nm wavelength excites OH vibrations of
water molecules in the sample, the water acting in effect as an intrinsic matrix. The
diameters of ablated craters are typically between 200–400 μm and they are 40–50 μm in
depth. (Nemes & Vertes, 2007) LAESI, ELDI and LEMS are similar since all techniques
rely on ESI post-ionization of neutrals from a laser plume. However, the use of nanosecond
mid-IR and UV lasers makes both LAESI and ELDI resonant processes, in contrast to
LEMS that uses femtosecond near-IR laser to produce non-resonant laser ablation of the
sample (see next section). Calibration curves from 1nM to 10 mM showed good linearity
with correlation coefficients of at least 0.995 for pure samples of verapamil and reserpine.
The limits of detection for these compounds were 8 and 25 fmol, respectively.(Nemes &
Vertes, 2007)
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2. Applications—The application of LAESI to MSI was introduced by Vertes and
coworkers. in 2008.(Nemes, et al., 2008) Mass spectrometric analysis of Aphelandra
squarrosa leaf tissue was performed using a TOF mass spectrometer. Leaf surface of area 4
× 12 mm2 was mapped by using 400 μm × 400 μm pixels (Figure 4b). The plant data
showed many singly and doubly-charged ions. The distributions of kaempferol (diacyl
coumaryl-rhamnoside), m/z 663, present in both green and yellow sectors of the leaf (Figure
4c left); methoxykaempferol glucoronide, m/z 493, present only in yellow sectors (Figure 4c
right); and the unassigned ion at m/z 813, more abundant in the green sectors, were in good
agreement with the optical image of the variegation pattern.(Nemes, et al., 2008) More than
40 primary and secondary metabolites were detected and 36 of them were identified and
assigned chemical structures (Figure 4d). The creation of 3D images based on deep profiling
analysis was explored in a follow-up study where metabolites in the leaves were imaged.
(Nemes, et al., 2009) Laser pulses at 0.2 Hz repetition rate were used to ablate the samples
as before; the average output energy of a laser pulse was 0.1 mJ ±15% and 1.2 mJ ±10% for
analysis and ablation, respectively. This translates into a fluence of ~0.1 and ~1.2 J/cm2 at
the spot. Six-step depth profile acquisitions for each point on a 22 × 26 grid across a 10.5 ×
12.5 mm2 area and on a 24 × 16 grid across a 11.5 × 7.5 mm2 area were performed for
Spathiphyllum lynise and Aphelandra squarrosa, respectively. Several metabolites were
observed and their identities assessed by tandem mass spectrometry. (Nemes, et al., 2009)

Mass spectrometric analysis of rat brain sections were also investigated. (Nemes et al.,
2010) Some changes in the original set-up were implemented in order to avoid dehydratation
of the sample in the ambient environment and the possibility of molecular migration upon
tissue melting. A Peltier cooling stage with optimized heat transport kept the brain sections
frozen during analysis and a dry nitrogen environment prevented moisture condensation on
the sample surface. The lateral resolution used for these experiments was 200 μm. High-
resolution MS was employed to deconvolute the distributions of different species with the
same nominal mass. Pearson product-moment cross-correlation coefficients were employed
to classify and correlate the distribution of the observed molecules in the rat brain. (Nemes,
et al., 2010) LAESI was also used for in vitro analysis of metabolites of Torpedo californica
electric organ (Sripadi et al., 2009) and for the analysis of single cells using sharped optical
fiber tips.(Shrestha & Vertes, 2009) Cells with different age or pigmentation showed
different metabolic profiles. The construction of molecular images using single cells as
single pixels has been suggested for mapping biological tissues.(Shrestha & Vertes, 2009)

LAESI was also employed for in situ cell-by-cell imaging of plant tissues. Imaging of single
epidermal cells in onion (Allium cepa) and clusters of 3–4 achlorophyllous cells in citrus
leaves (Citrus aurantium) was successful with a lateral resolution of 30 μm (spot areas).
Multivariate statistical analysis on LAESI-MS data was performed using the method of
orthogonal projections to latent structures discriminant analysis (OPLS-DA) in order to
identify the metabolites most responsible for the variance between cell populations.
(Shrestha, et al., 2011)

C. Atmospheric Pressure Femtosecond Laser Desorption Ionization (fs-LDI) and Laser
Electrospray Mass Spectrometry (LEMS)

1. Principles—Atmospheric pressure femtosecond laser mass spectrometry (AP fs-LDI
IMS), a recently reported atmospheric pressure imaging MS technique (Coello, et al., 2010),
also abbreviated as LEMS (laser electrospray mass spectrometry) when combined with ESI
(Judge, et al., 2010) is unique in having some of the advantages of laser based ionization
methods but for also having the possibility of being applied to in-vivo chemical imaging and
other complex problems. In concept, the technique is also related to recently developed near
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infrared (NIR) femtosecond laser MALDI (Wichmann et al., 2009), however no matrices are
needed in the AP fs-LDI experiment due to the very high peak power density of the laser.

Sample ablation and analyte ionization is achieved in AP fs-LDI MSI by using focused NIR
femtosecond laser pulses without the addition of any laser absorbing matrix, either native or
external. As with other ambient ionization techniques, sample preparation and handling are
significantly simpler than in traditional techniques. The experiments of Coello et al. were
performed using a custom-made AP femtosecond laser ion source, containing a motorized
xy stage which holds the sample approximately 5 mm from the sample cone of a time-of-
flight mass spectrometer. Fentosecond laser pulses (~50 fs, 1 kHz, centered at 800 nm,
~1014 W/cm2) are focused on the sample using a 5x objective, with a typical spot diameter
of approximately 20 μm. Focusing of the laser at the target position is necessary to assure
optimal and reproducible results. In the current set-up, the sample is normally positioned
between a sample cone and a repeller electrode such that the potential difference assists in
directing the ion plume toward the mass spectrometer inlet (Figure 5a).

NIR femtosecond laser pulses are characterized by having very high peak power densities
(~1014 W/cm2) which allows direct nonresonant desorption and ionization of analytes
(Gamaly et al., 2002). For this reason, it is not necessary to add a laser absorbing matrix to
assist in desorption and ionization, greatly simplifying sample preparation. At the same time,
the absence of an absorbing matrix causes analytes in the sample to absorb laser radiation
directly. For example, glucose arising from the fragmentation of cellulose has been observed
during the analysis of onion epidermis. However, other experiments have shown that the
intact molecular ion of low molecular weight compounds (<400 Da) in solid standard
samples is typically present in the mass spectrum. So far, the m/z range of analysis offered
by the technique is very limited (up to m/z 400) and experimental results indicate that the
ion yield of AP fs-LDI decreases with increasing m/z. This effect can be explained by the
inefficient ablation of heavier fragments or inefficient transport of ions from the sample
surface into the mass spectrometer using the present source configuration. However, the
method is still in a stage of rapid evolution and improvement.

One of the main advantages of the technique is that it offers the highest lateral resolution
ever reported for an ambient ionization technique. The lateral resolution of 10 μm reported
for onion epidermis is a significant improvement over what has been previously obtained in
ambient imaging analysis such as DESI, PESI, LAESI (~30–50 μm) and a step forward
towards chemical visualization of individual cells in ambient MSI. Another advantage of the
short-pulse technique is that the damage resulting from the laser analysis is superficial and
most plant and animal tissues samples could survive the analysis, opening the possibility of
applications to in vivo chemical imaging. In the early studies done so far a limit of detection
(LOD) for citric acid was found to ~500 fmol (Coello, et al., 2010) a value which is close to
the limits of detection of few fmol reported for other ambient techniques (Nemes & Vertes,
2007).

The ablated material can also be captured by charged droplets and this event followed the
ES ionization (Figure 5e). (Brady et al., 2009) The current LEMS setup uses acidified
methanol:water (v/v 0.1% acetic acid) as electrospray solvent delivered at 2μL/min. Trace
amounts of Claritin (750pmol), Oxycodone(650pmol) and Atenolol (430pmol) were
successfully detected on different surfaces such as steel, glass and wood. (Judge, et al.,
2010)

2. Applications—A few applications demonstrating analytical capabilities have been
reported for this new technique. The optical image and negative ion mode image of
deprotonated glucose, m/z 179.06, and triiodide, m/z 380.64 with which the onion tissue was
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partially stained are shown in Figure 5b,. Negative ion images of m/z 380.6 (triiodide) and
m/z 191.09 (citric acid) show excellent agreement with the optical image of the “S”
character and the diagonal mark of citric acid (Figure 5c). Onion epidermis tissue was
analyzed at a lateral resolution of 15 μm under atmospheric pressure conditions in the
negative ions mode. Finally, the technique was applied to image onion epidermis cells with
lateral resolution of 10 μm (Figure 5d), seen in the negative ion image of deprotonated
glucose ions at m/z 179.06. This application proves the capabilities of the technique to
perform chemical imaging at a cellular level at atmospheric pressure. LEMS has been
applied to map the distribution of oxycodone in a metal plate with a lateral resolution of
250μm. (Figure 5f)(Judge, et al., 2010)

D. Infrared Laser Ablation Metastable-Induced Chemical Ionization (IR-LAMICI)
1. Principles—IR-LAMICI, Figure 6a, is a hybrid plasma- and laser-based ambient
ionization source that combines IR laser ablation with metastable-induced chemical
ionization, the latter experiment being similar to DART.(Galhena, et al., 2010)

In IR-LAMICI a Nd:YAG laser operated at 2940 nm is pulsed orthogonally from above the
sample for laser ablation with a spot size of approximately 300 μm in diameter.(Galhena, et
al., 2010) A portion of the ablated material from the sample surface is directed toward the
MS inlet by the flow of the metastable plume. It is within this metastable plume that the gas-
phase chemical ionization of the analyte occurs, generating protonated or deprotonated
species which are observed in the positive and negative ion modes. (Galhena, et al., 2010) It
was observed that both the energy of the laser beam and the position of the inlet capillary of
the MS greatly impact the ion intensity observed. (Galhena, et al., 2010)

In experiments conducted on red macroalga Callophycus serratus, which has also been
imaged by DESI(Lane et al., 2009), considerable fragmentation was observed, suggesting
that a larger amount of internal energy is deposited in IR-LAMICI than in DESI. (Galhena,
et al., 2010) Imaging experiments conducted on a Tylenol tablet showed that the signal
obtained from the protonated dimer was larger than that of the protonated monomer. This
preference for the formation of dimers can be explained by the large concentration of
neutrals generated by laser ablation, favoring self-dimerization in ion/molecule reactions,
and by the use of an ambient temperature metastable flux which coupled with collisional
cooling promotes clustering. (Galhena, et al., 2010) In the imaging experiment it is thought
that 15–30 pg of acetaminophen, removed from the tablet in a 10 μm laser depletion layer,
gives a detectable signal. While exact resolution figures were not reported, an advantage of
IR-LAMICI is that resolution is determined only by the size of the laser pulse and not by the
size of the metastable gas jet. (Galhena, et al., 2010)

2. Applications—IR-LAMICI has been used successfully to directly analyze
pharmaceutical tablets, including Tylenol and a counterfeit artesunate antimalarial tablet. It
has also been used to analyze tissue samples of the red macroalga Callophycus serratus in
the negative ion mode, detecting a secondary metabolite involved in the surface-mediated
chemical defense system of the algae. (Galhena, et al., 2010) Successful imaging of a
Tylenol tablet, area 14 by 7 mm, took approximately 40 minutes to image at a spatial
resolution of 300 μm. Figure 6b. (Galhena, et al., 2010) IR-LAMICI will further expand the
range of ionization techniques available for small molecule imaging in the ambient
environment.
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E. Low Temperature Plasma (LTP) and Laser Ablation coupled to Flowing Atmospheric-
Pressure Afterglow (LA-FAPA)

1. Principles—A number of closely related plasma-based ion sources have been reported
including the plasma assisted desorption ionization (PADI) source, the dielectric barrier
discharge ionization (DBDI), LTP and LA-FAPA. The LTP source is a localized ambient
ionization technique developed from DBDI.(Na et al., 2007) The most effective of these ion
sources employ dielectric barrier discharges produced at atmospheric pressure with a
dielectric layer between two electrodes supplied with an alternating voltage. A stable low-
temperature plasma with a large density of high energy electrons is formed. In the initial
DBDI setup, a hollow stainless steel needle was used as the discharge electrode. A discharge
gas (such as He, Ar or N2) flowed through the needle and a copper sheet was used as the
counter electrode. A glass slide which operates as both the discharge barrier and sample
holder was inserted between the electrodes and an alternating voltage of 3.5–4.5kV with a
frequency of 20.3 kHz was used to generate a stable plasma between the tip of the needle
and the glass slide. This configuration was used to desorb and ionize amino acids with good
reproducibility (RDS<6%) and sensitivity (LOD< 4pmol). (Na, et al., 2007) A low
temperature plasma probe of unique configuration was developed to simplify the sampling
and imaging of surfaces.(Harper et al., 2008) This configuration is different from DBDI
because the counter electrodes are placed within the probe without the requirement that the
sample be placed between the electrodes. It allows the analysis of any type of object
including bulk aqueous solutions and it has been recently applied to the evaluation of drugs
of abuse in biofluids (Jackson et al., 2010), screening of agrochemicals in foodstuffs (Wiley
et al., 2010), and trace detection of melamine in foods and other complex mixtures (Huang
et al., 2009). An improved LTP probe was used to imaging artwork as described below. This
probe consists of two aluminum foil electrodes and a fused capillary.(Liu, et al., 2010)

LA-FAPA is a hybrid laser and plasma-based ambient ionization method. The sample is first
ablated by a focused UV laser beam and the resulting ablated material is transferred by a
nitrogen stream to the flowing afterglow of a helium atmospheric pressure glow discharge
ionization source. (Shelley, et al., 2008). The FAPA ionization source uses a glow discharge
operated in helium in the flowing afterglow mode to generate excited atoms and ions at
atmospheric pressure; the discharge is contained in a Teflon enclosure.(Andrade et al., 2008)
Since LA-FAPA requires laser ablation and ionization chambers and it does not occur in the
open environment, it is not strictly ambient, but is closely related.

In typical LA-FAPA experiments, a Nd:YAG laser employing 266nm radiation is focused
on the sample surface at spot sizes between 10 and 300 μm. The resulting vapor/aerosol
generated by the ablation process is carried in a stream of nitrogen through a teflon tube
where it is mixed in a second chamber with the afterglow from the discharge.(Shelley, et al.,
2008) Both the spatial resolution and the tendency to thermolysis are improved by the use of
the laser rather than the plasma for desorption. The use of laser ablation also allows depth
profiling using successive laser pulses, and a sampling depth of approximately 36 μm has
been achieved.(Shelley, et al., 2008) Two-dimensional imaging can be achieved under
typical conditions employing a 200 μm laser spot at 80 μm/s with a line spacing of 150 μm,
the resulting horizontal resolution is 63 μm and the vertical resolution is 178 μm.(Shelley, et
al., 2008) However, when a smaller laser spot of 20 μm is used with scanning at 5 μm/s, the
spatial resolution is better than 20 μm.(Shelley, et al., 2008) Imaging with LA-FAPA is
limited to small molecules, less than 1000 Da, but by using a plasma source a broader range
of compounds can be ionized but with the decreased performance noted above.(Shelley, et
al., 2008).
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2. Applications—The LTP probe was recently used to image Chinese paintings and
calligraphy. Figure 6c–e (Liu, et al., 2010). Since the technique does not require spray
solvents or the introduction of matrices, these sources of damage, modification or
contamination of the sample are avoided. Initial experiments were performed on rice paper
printed with black ink and inkpads examined at different scan velocities (100–400um/s).
After analysis, the samples were submitted to scanning electron microscopy (SEM) and no
damage was observed on the surface. The spatial resolution, determined by a pattern of lines
printed on glossy paper, was around 250 μm. The inside diameter of inner capillary is the
most import parameter to control the length and diameter of the plasma plume and therefore
the spatial resolution.

Imaging experiments were performed to discriminate between genuine and counterfeit seals.
An area of 38x20 mm2 was scanned with a pixel size of 150x150 μm2. The chemical images
of all seals were visualized by selecting a specific ion present in all samples (m/z 83).
Discrimination between the genuine and counterfeit seals was achieved by mapping the ion
of m/z 116 present only in genuine seals. Based on the results and the simple
implementation of the technique, the authors anticipate that LTP can contribute to the
identification, conservation and restoration of valuable artwork.(Liu, et al., 2010)

LA-FAPA has been used to perform chemical imaging of small molecules from solid
samples. In the first imaging studies a solution of ink doped with caffeine was used to print
the Indiana University logo (5.6 mm wide) which was imaged using LA-FAPA in a total
time of less than 30 minutes, with 63 μm (x-driection) and 178 μm (y-direction) resolution.
(Shelley, et al., 2008) In the same study the applicability of LA-FAPA for imaging tissue
samples was also investigated. In the first example, lidocaine was spotted onto a slice of wet
turkey tissue and imaged successfully with the chemical image matching the white-light
image. In the second example, celery veins into which caffeine had been introduced were
imaged using LA-FAPA. The celery was immersed in a solution of blue dye and caffeine
and subsequently sliced and imaged successfully to identify the vein.(Shelley, et al., 2008)
Currently the technique is limited in mass range to compounds that give ions of less than m/
z 1000. Although the application of LA-FAPA to tissue imaging is at a preliminary stage, it
shows promise as an additional resource to the field of ambient MSI.

F. Desorption Atmospheric Pressure Photoionization (DAPPI)
1. Principles—DAPPI was introduced by Haapala et al. in 2007 (Haapala et al., 2007) and
like DAPCI it broadens the range of ambient MS analytes to include neutrals and nonpolar
compounds. DAPCI uses an atmospheric plasma to create reagent ions that are directed at
the sample surface for chemical desorption while DAPPI experiment uses a heated nebulizer
microchip to deliver a hot mist of vaporized solvent such as toluene or acetone for sample
desorption and, as ionization agent, a photoionization lamp (10eV). A heated jet of mixed
nebulizer gas and spray solvent vapor is directed at the sample and promotes thermal
desorption of the analytes (Figure 7a). Surface temperatures up to 350°C have been reported.
The analytes then undergo the classic gas-phase mechanism of photoionization. The initial
photoionization products are converted via ion/molecule reactions to [M+H]+, [M−H]−, M+•,
M−•, [M−H+O]− or [M-2H+2O]− ions, depending on the analyte, spray solvent and
ionization mode employed.(Luosujarvi et al., 2008) For instance, acetone and hexane were
identified as good spray solvents for polar compounds such as testosterone and verapamil
since they produce proton-donating reactant ions and therefore generate [M+H]+ ion species.
The use of anisole and toluene as spray solvents generated M+• ions and these reagent ions
are highly appropriate for the analysis of nonpolar compounds such as anthracene and
tetracyclone. An ion trap mass spectrometer was used for the experiments. The thermal
conductivity of the surface is an important parameter. Materials with low thermal
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conductivity such as polymethylmetacrylate can be locally heated to higher temperatures
improving desorption of the analytes in contrast to high thermal conductivity materials such
as aluminum or silicon.(Luosujarvi, et al., 2008) Limits of detection for anthracene,
testosterone, MDMA (3,4-methylenedioxymethamphetamine) and verapamil were 670, 83,
56 and 56 fmol, respectively.(Haapala, et al., 2007) DAPPI has also been successfully
employed for detection and analysis of illicit drugs. (Luosujarvi et al., 2009)

2. Applications—The application of DAPPI to MSI was first demonstrated by Pol et al.
(Pól, et al., 2009) These authors presented a lab-built modular platform for DESI and DAPPI
coupling these ion sources to a commercial high-resolution Fourier transform ion cyclotron
resonance mass spectrometer (FTICR-MS). After custom software modifications, the
platform could be controlled via the regular user interface and the data analyzed using
standard MALDI imaging software. The DAPPI set-up used was essentially the same as that
proposed by Haapala et al.(Haapala, et al., 2007) Proof-of-concept images were acquired at
high mass resolution from brain tissues, where dominant signals due to phospholipids could
be seen (Figures 7b and c), and from dehydrated leaf of Savia (sage) (Figure 7d). Due to the
heated nebulizer microchip and the glass surface used in the experiments, the maximum
spatial resolution was limited to approximately 1 mm. Chemical species such as tocopherol
(seen as the radical cation, m/z 430), carnosol ( as the protonated molecule, m/z 331), and
methyl carnosic acid (m/z 301) were mapped by DAPPI-MS on sage leaf. For brain tissues,
the cholesterol fragment at nominal mass 369 was practically the only peak in the spectrum
of DAPPI when acetone was used as a dopant. (Pol, et al., 2009). One disadvantage of this
technique is the possibility of thermal degradation of the sample.

G. Probe Electrospray Ionization (PESI)
1. Principles—Probe electrospray ionization (PESI) is performed in the ambient
environment and it requires taking multiple individual samples with a solid needle. This
method, initially applied to the analysis of proteins and peptides in liquid samples (Hiraoka
et al., 2007), is unique in that an electrospray is generated directly from a sharp solid needle
containing a thin film of sample on which high voltage is applied. The needle used in PESI
has two functions, one being as the sampling probe and the other as the solid ESI emitter.
Therefore, the hallmark of this method as applied to mass spectrometry imaging arises from
the fact that the sampling occurs under ambient conditions and the sampling area is
dependent on the needle probe dimension, yielding lateral resolution of ~100 μm or less.

In imaging PESI experiments, sampling occurs when the needle probe, attached to the
automated PESI source, is stuck into the surface of a solid sample present on a surface
below the probe position. (Chen, et al., 2009). Penetration of the needle into the sample
transfers a small amount of biological material from the sample. The needle is withdrawn
then moved to a position close to the ion-sampling orifice of the mass spectrometer, where a
high voltage is applied and electrospray is initiated (Figure 8a). The high electric field
generated on the tip of the sharp needle is indispensable for ionization and desorption to
occur (Chen et al., 2008). In fact, electrospray only occurs once a sufficient electric field is
established, allowing mass spectra of the molecules in the biological material present in the
probe needle to be obtained. It is important to note that in the imaging configuration of the
PESI source, an auxiliary sprayer is used to supply uncharged solvent molecules to the probe
tip when the needle is at the ionization position. This auxiliary spray is necessary because
the amount of biological fluid that is picked up by the needle is so small that it can dry out
very quickly preventing electrospray from even being initiated. The water arising from the
heated capillary sprayer, which is aligned perpendicularly to the needle probe, condenses on
the needle tip forming water droplets, and these droplets successfully re-wet the sample
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adhering to the needle probe so facilitating the electrospray process. Figure 8a shows a
schematic diagram of the PESI-MSI system.

The x, y and z-axes of the sample stage are driven by stepper motors and the motion of the
probe needle, sample stage and mass spectrum acquisition are controlled by a computer
program. This automated process allows reliable mass spectrometric images to be recorded,
in which each mass spectrum corresponds to the ions originating from a particular spot. The
sampling and ionization cycles are repeated until the entire area of interest within the sample
has been analyzed. Because sampling is performed consecutively by purely physical means,
it is expected that sample carrying-over between adjacent spots might occur in PESI
imaging. This is avoided, however, by addition of solvent from the heated capillary sprayer
to the needle tip effectively cleaning the needle. Another important parameter to be
considered in PESI imaging is the sampling depth of the needle probe. Depending on the
depth of the needle penetration and how flat the sample is, the amount of sample picked up
by the needle could vary during raster scanning, affecting reproducibility. Therefore, a
constant sample depth, normally set at 100μm, has to be maintained in the PESI imaging
experiments. The depth of penetration also influences the lateral resolution, which is
determined by the diameter of the needle probe and the spacing in between two adjacent
holes. Resolution of 60μm has been reported for PESI imaging of mouse brain even though
higher resolution is possible by decreasing the size of the needle probe. In a recent report,
resolution of 50μm was demonstrated with a heated probe using printed patters of ink on
paper as test materials. This technique, termed thermal desorption proximal probe with
secondary ionization (TD/SI-MS) (Ovchinnikova et al., 2011), is related to PESI considering
that both techniques require an initial contact between the probe and the material on the
surface to produce images. However, TD/SI-MS promotes thermal desorption of the
analytes in a similar way to DAPPI (see section F) in contrast to PESI in which the probe is
used as an ESI emitter (Figure 8a).

2. Applications—Proof-of-concept experiments using PESI imaging (Chen, et al., 2009)
included studies of the distribution of different phospholipids in a rat brain section (Figure
8b). This study used PESI imaging at a lateral resolution of 60μm and a penetration depth of
100μm. Ion images (30 × 25 pixels) showing the distribution of different ions observed in
the grey and white matter of the brain are shown in Figure 8c.

The main ions observed in the positive ion mode are sodiated and potassiated
phosphatidylcholines (PC) and galactoceramides (GalCer), Figure 8d. Studies of depth
profiling by PESI-MSI were also performed on porcine retina on which the results showed
that the distribution of PC’s vary with depth.

While this method is advantageous in terms of the lateral resolution it provides with a better
defined analysis size, it should be noted that cross-talk of ion signal between pixels and
contaminations of compounds could occur. Furthermore, the unknown amount of sample
that is probed by the solid needle could compromise accurate quantitative and even
qualitative analysis. An encouraging recent development is the observation that different
types of compounds are released or electrosprayed from the needle as a function of time, in
the order of their surface activity. (Mandal et al., 2011) For example, for human breast
cancer tissue, proteins such as α and β chains of hemoglobin were observed first in the mass
spectrum as the dominant ions, while lipids were observed at a much later stage, just before
the liquid droplet on the needle was depleted. These results demonstrate that PESI has the
advantage of the suppression effect with analytes being detected separately in the order of
their surface activity values.
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H. Liquid Microjunction Surface-Sampling (LMJ-SSP), Nanospray Desorption Electrospray
Ionization (nano-DESI) and Liquid Extraction Surface Analysis (LESA)

1. Principles—The liquid microjunction sampling technique LMJ-SSP uses a system of
coaxial tubes in which a solvent flow captures the analytes at one extremity and allows their
ionization by ESI at the other extremity (Figure 9a). The system can be used by creating a
direct liquid microjunction between the probe and the sample surface (Figure 9b) (Van
Berkel et al., 2002) or else in a non-contact mode. In this latter case, transmission geometry
laser ablation is used to desorb the sample into an ablation plume which is captured by the
liquid meniscus of the probe (Figure 9d). (Ovchinnikova et al., 2011) A methanol/water
solvent is normally used and the flow rate (10–20 μL/min) adjusted depending on the
system details. Other examples of solvent probe methods include the scanning mass
spectrometry (SMS) probe (Kottke et al., 2010), nano-DESI (Roach et al., 2010), and LESA
(Eikel et al., 2011). Nano-DESI uses minute amounts of solvent confined between two
capillaries comprising the nano-DESI probe and the solid analyte for controlled desorption
of molecules present on the substrate followed by ionization through self-aspirating
nanospray. (Laskin, et al., 2012) In LESA, a pipette tip is robotically moved close to the
surface of interest and dispenses a small volume of approximately 1 μL of extraction solvent
(MeOH:H2O 80:20 v/v 0.1% formic acid) forming a liquid junction that extracts the material
from the surface. After the extraction, the solvent is aspirated back and the tip placed in an
ESI chip to generate a nano-electrospray. (Eikel, et al., 2011). Note that LMS-SSP, nano-
DESI, and LESA are quite similar to each other since all techniques employ liquid
extraction or solubilization of the analytes followed by classic ESI or nanoESI.

2. Applications—The application of LMJ-SSP probe in conjunction with ESI was
successfully demonstrated for MSI. In an initial experiment, an ink stamp (37 mm × 10mm)
containing rhodamine B was mapped on paper. Thirteen lanes were scanned with a distance
of 1 mm between the lanes. The eluting solvent consisted of a mixture of methanol/0.1%
acetic acid 1/1 (v/v), delivered at a flow rate of 15μL/min. The distribution of rhodamine B
was monitored in the SRM mode by the transition m/z 443 -> 399. (Kertesz, et al., 2005) In
subsequent work, a cross was drawn onto a rat liver section (10 mm × 10 mm) with a
solution of reserpine (5 pmol total). The area was imaged using a mixture of methanol/water
1/1 (v/v) as eluting solvent at a flow rate of 20 μL/min. Sixteen lines were scanned with
0.67 mm spacing. The distribution of reserpine was monitored by the transition m/z 609 ->
195 during this experiment. (Figure 9c) (Van Berkel et al., 2008) In both experiments, good
correlations between the optical and chemical images were observed.

The ability to create chemical images using the non-contact LMJ-SSP was demonstrated
with a hand-written inked text and a fingerprint blotted onto a glass slide as test substrates.
A 10 Hz, 337 nm nitrogen laser with 11ns pulse width was used to ablate the material in
transition geometry. The text area (4 mm × 9 mm) was imaged with spatial resolution of
100–150 μm based on the smallest distinguishable features. The fingerprint sample area (2
mm × 4 mm) was imaged at an apparent spatial resolution of 100 μm (Figure 9e). Both
experiments used a solvent mixture of 80/20/0.1 (v/v/v) MeOH/H2O/FA delivered at a flow
rate of 20 μL/min. Good correlations between the optical and chemical images were
observed. The imaging resolution was limited by the laser ablation area (~210 μm) and
although it can be reduced to ~20 μm or less since laser ablation spots of this size had been
reported in other transmission geometry laser ablation/mass spectrometry experiments,
(Richards et al., 2011) the increased resolution found in the non-contact mode(100–150 μm)
compared to the direct contact (0.67–1mm) mode represents an exciting advance for LMJ-
SSP MSI. (Ovchinnikova, et al., 2011)
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Nano-DESI has been applied to the imaging of rat brain and human papillary renal cell
carcinoma tissue sections. (Laskin, et al., 2012) The positive ion mode spectrum obtained
for rat brain tissue was dominated by alkali adducts of phosphatidylcholines (PC) and also
an abundant peak corresponding to [M- H2O + H]+ ion of cholesterol (m/z 369.3) with high
signal-to-noise ratio (S/N ~100). In the case of human papillary renal cell carcinoma, the
positive ion mode spectrum was also dominated by the peak corresponding to water loss
from cholesterol (m/z 369.3) but contained a broad distribution of peaks in the m/z 530–
1000 range and m/z 1200–1400 range, which were identified as the sodium and potassium
adducts of cholesteryl esters by MS/MS experiments and high-resolution data. For example,
the peak at m/z 673.5 was assigned as the [M + Na]+ ion of cholesteryl oleate based on MS/
MS fragmentation. Remarkably, the spatial resolution reported for these experiments was
reported to be of less than 12 μm. LESA was applied to map the distribution of terfanadine
and fenofexadine in mouse brains of whole body cryo-sections. The spatial resolution was
1mm and the distribution in good agreement with LC-MS/MS analysis of the whole tissues.
(Eikel, et al., 2011)

IV. CONCLUSIONS AND PERSPECTIVES
Mass spectrometric imaging is an important and growing area of chemical and biochemical
analysis. When performed under ambient conditions the spatial distributions of a wide
variety of chemicals (inks, drugs of abuse, pharmaceutical molecules, or biological
molecules) in various objects (fingerprints, documents, tissue sections, etc.) become readily
accessible. The ambient nature and gentleness of these techniques means that the native
sample can be easily examined for information on surface chemical distributions. These
advantages make is certain that chemical and biochemical mass spectrometry imaging under
ambient conditions is likely to receive much increased attention in the future. Such a
development will be accelerated by progress in the following main areas.

1. Better understanding of ion suppression and matrix effects intrinsic to ambient
analysis. The presence and amounts of certain classes of compounds such as lipids
or salts can interfere with the ionization of other analytes. This ion suppression
phenomenon is well known and is inherent to almost all ionization techniques,
ambient or not. However, because a great advantage of ambient ionization
techniques is minimal or no sample preparation, it is expected that ambient
methods would be more susceptible to ion suppression/enhancement when
compared to those techniques that require extensive sample preparation. For
instance, wash steps are normally used to remove lipids and salts for protein
analysis by MALDI.(Seeley & Caprioli, 2008) The number of experiments that
clearly show effects of ion suppression/enhancement and the best way to correct for
them in ambient MSI is still limited and represents challenges for the future
development of the techniques.

2. Improvement in experimental setup and ambient MSI source robustness for
increased analysis reproducibility. Accurate chemical images require every pixel in
the sample to be interrogated under the same conditions during imaging. Ambient
ionization methods include different configurations and operating parameters as
presented in the previous sections of this review, such as laser power, gas and
solvent flow rates, distances and angles between the MS inlet and the surface,
within others. To avoid limitations to reproducibility, it is important that these
parameters are kept constant during the MSI experiment. One requirement to
maximize accuracy of images created by MSI is the flatness of the sample. If the
surface is uneven, the change in the geometry of system during the scanning
process can result in the misinterpretation of the ion intensities in specific areas.
(Kertesz & Van Berkel, 2008) Thus, for in situ analysis of irregular surfaces such
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as intact biological organs, ambient methods should be used for profiling
(collection of information at specific points on the surface) rather than imaging
(collection of information over an entire area). The use of compounds
homogeneously distributed on the surface could be used as internal standards (IS)
and the data reported as the IS to the analyte ratios.(Solon et al., 2010; Stoeckli et
al., 2007)

3. Molecular identification through tandem mass spectrometry and high resolution
mass spectrometry. Assignments of endogenous compounds in complex samples
like biological tissues are complicated, especially for isomers and isobaric ions.
Such identification while not necessary when authentic samples with characteristic
spectra are available as reference methods is nevertheless often of great interest.
Some classes of compounds such as the phospholipids occur naturally as
particularly complex mixtures of closely related compounds. With the
popularization of high resolution mass spectrometers, MSI will be more frequently
implemented on high mass resolution instruments to minimize chemical noise,
identify endogenous compounds, and differentiate isobaric ions. Tandem MSI is a
largely untapped resource, with capabilities for imaging with greater molecular
specificity than is possible based on ion mass alone. Different MS/MS scan modes
(Schwartz et al., 1990) can be used to image for whole classes of compounds based
on characteristic neutral losses or fragment ion formation.

4. Development of improved imaging software and bioinformatics tools for data
reduction and manipulation. MS images are extremely rich in information. Ion
images of relatively large tissue sections (1×1 cm or larger) obtained with high
spatial resolution and high mass resolution, yield data files of a size that can barely
be handled and processed with current software. Reduction and compression of
data files is desired for the storage of MS images. Validated bioinformatics tools
are needed for tissue diagnostics to avoid empirical judgments on classification.
Libraries of imaging spectral data that are authenticated against non-MS methods
are required. In addition to validity, the bioinformatics and experimental protocols
needed to establish disease states requires that speed of acquiring and evaluating
MSI data be maximized. This is an additional demanding requirement that has
barely been considered. (Balog et al., 2010)

5. Further enhancement of spatial resolution via improvements in the ion source. For
example, at present most DESI imaging is done at 180–220 μm spatial resolution.
Under well-controlled experimental conditions, 40 μm spatial resolution can be
achieved. (Kertesz & Van Berkel, 2008). Single cell analysis has started to be
reported by LAESI. (Shrestha & Vertes, 2009; Shrestha, et al., 2011). However,
note that the time required to obtain an image is also a factor that will determine the
applicability of imaging methods. The imaging time depends on the analysis time
per pixel (related to the speed of the mass spectrometer scan, the frequency of the
laser, etc.) and the number of pixels (related to the dimensions of the sample and
the spatial resolution). Note that in many problems, exemplified by clinical tumor
screening, speed can be more important than spatial resolution allowing low
resolution or spot sampling to be used. On the other hand, a high spatial resolution
is critical in fundamental studies of cellular activities, and -not surprisingly this
represents an area of still limited activity in ambient ionization.

6. Improvement of sensitivity and specificity of molecular identification. Chemical
identification in MSI has been achieved using mass measurements almost
exclusively. Ambient ionization is performed under conditions in which chemical
reactions can also occur and the deliberate use of reagents and conditions during
desorption/ionization that favors such reactions adds a source of independent
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information on molecular structure. More chemical reactions with high reaction
efficiency and well-established molecular specificity are necessary to improve
detection and distribution of trace amounts of biologically important molecules,
such as low concentrations of endogenous hormones (testosterone,
androstenedione, estradiol, etc.). In some cases, reactive versions of ambient
ionization are needed to mitigate the effects of low ionization efficiency. In other
cases, the chemical reactions could be used to distinguish species not (or not easily)
distinguished by mass measurement. By using conventional DESI (positive ion and
negative ion mode) as well as reactive DESI, one can obtain more complete MS
images by including more biological molecules as analytes. Besides reactive DESI
imaging, optimization of the polarity of the spray solvent, or addition of surfactants
into the solvent can enhance the desorption efficiency and hence improve
sensitivity for imaging. This could be especially valuable for ambient imaging of
proteins from biological samples, which has so far not been achieved by any of the
ambient MSI techniques. Reactive LAESI was recently introduced with in-plume
reactions with lithium sulfate being used to enhance structure-specific
fragmentation of lipid ions. This configuration can provide additional structural
information and increase the sensitivity of the method without contaminating the
biological sample with the chemical reactant.(Shrestha, et al., 2010)

7. Miniature mass spectrometers capable of imaging will contribute to in situ
applications of MSI, especially in such applications as crime scene investigations
and in situ diagnostics of diseased tissues. The rapid development of ambient mass
spectrometry likely will accelerate interest in miniature mass spectrometers in turn.

8. Quantitation is also an important emerging topic that needs more attention. Similar
to in-vacuum IMS, ambient ionization techniques require the use of internal
standards to minimize the effect of ion suppression. For example, clozapine was
mapped and quantified by DESI in the lateral ventricles of rat brains using loxapine
as an internal standard. The amounts of clozapine found were in good agreement
with a cross-validation study performed by LC-MS/MS. (Vismeh et al., 2012) The
selection and application of internal standards into the samples still represent real
challenges to quantitative analysis.

Finally, the combination of complementary imaging techniques is always more likely to give
a more complete “picture” of the sample being analyzed. For example, histological staining
protocols used in light microscopy have been developed which are compatible with MALDI
imaging.(Chaurand et al., 2004) Other techniques such as magnetic resonance (Sinha, et al.,
2008), atomic force microscopy (AFM) (Wucher, et al., 2007) and electron microscopy
(Altelaar et al., 2005) have also been combined with SIMS or MALDI. DESI imaging can
be coupled to the complementary SIMS and MALDI methods (Eberlin, et al., 2011), and
also be used in conjunction with non-MS imaging techniques. Fourier-transform infrared
imaging has been used together with DESI imaging for counterfeit drug analysis. (Ricci et
al., 2007) UV illumination and visualization of TLC plates is often used to compare with
DESI imaging results. The combination of MSI with conventional microscopy has also been
realized.(Harada et al., 2009) Whole-body autoradiography (WBA) and light microscopy
analysis of stained tissue were also combined and compared with DESI imaging for drug
distribution mapping (Kertesz, et al., 2008) and tumor diagnostics (Dill, et al., 2009).
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ABREVIATIONS

AP-MALDI Atmospheric pressure MALDI

CID Collisionaly induced dissociation

DAPPI Desorption atmospheric pressure photo-ionization

DART Direct analysis in real time

DBDI Dielectric barrier discharge ionization

DESI Desorption electrospray ionization

EASI Easy ambient sonic-spray ionization

ELDI Electrospray-assisted laser desorption ionization

ESI Electrospray ionization

FA Fatty acid

fs-LDI femtosecond laser desorption ionization

FTMS Fourier transform mass spectrometry

GalCer Galactosylceramide

GP Glycerophospholipid

H&E hematoxylin and eosin

HPLC High-performance liquid chromatography

IR-LAMICI Infrared laser ablation metastable-induced chemical ionization

LAESI Laser ablation electrospray ionization

LA-FAPA Laser ablation flowing atmospheric pressure afterglow

LEMS Laser electrospray mass spectrometry

LOD Limit of detection

LMJ-SSP Liquid microjunction surface sampling probe

LTP Low temperature plasma

MALDESI Matrix-assisted laser desorption electrospray ionization

MALDI Matrix-assisted laser desorption ionization

MS Mass spectrometry

MS/MS Tandem mass spectrometry

MSI Mass spectrometry imaging

NIMS Nanostructure initiator mass spectrometry

NIR Near Infrared

PC Phosphatidylcholine

PCA Principal component analysis

PESI Probe electrospray ionization

PI Phosphatidylinositol

PS Phosphatidylserine
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SIMS Secondary ion mass spectrometry

SMS Scaning mass spectrometry

ST Sulfatide

TD/SI Thermal desorption proximal probe with secondary ionization

TLC Thin-layer chromatography

TM-DESI Transmission mode desorption electrospray ionization

TOF Time of Flight

WBA Whole body autoradiograph
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Figure 1.
MSI imaging concepts and methods (a) In a typical MSI experiment the total area is
subdivided (conceptually) into pixels that are individually inspected. (b) For each pixel a
single mass spectrum or the average of several mass spectra is collected and stored together
with its spatial coordinates. (c) After the entire surface is scanned, an average mass spectrum
can be created. The distribution of specific ions can be visualized by the creation of
chemical images where the color scale (false color) represents the normalized intensity of
particular ions. Each pixel from the image is associated with the original mass spectrum/
mass spectra acquired at the specific point. The numbers 1 and 2 on panel A, represent the
steps desorption and ionization process. (d) The aim of imaging is to display the distribution
of chemicals across a surface.
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Figure 2.
DESI imaging concepts and methods (a) DESI schematic; (b) Sequential analysis of the
same coronal section of rat brain by different MS and chemical staining techniques (c)
Optical image of (top) handwritten text on paper (. Chemical images of (middle) rhodamine
6G monitored by its fragment m/z 415 (neutral loss of ethylene), (bottom) by its fragment
m/z 399 (neutral loss of CO2). Panels a, b, and c are reproduced with permissions from (Ifa,
et al., 2010), (Eberlin, et al., 2011), and (Ifa, et al., 2009), respectively.
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Figure 3.
DESI-MS images of various types of tissue (a) Negative ion mode tissue imaging of human
bladder tissues including areas of cancer and adjacent normal tissue (i) Ion image of m/z
788.7, PS(18:0:18:1) (ii) Ion image of m/z 885.7, PI(18:0/20:4) (iii) H&E stained tissue
sections of the tumor and normal tissues. (iv) Ion image of m/z 281.5, FA(18:1) (v) Ion
image of m/z 563.5, FA dimer (vi) PCA-developed images, false color plot of PC1, PC2,
and PC3. (b) Two types of distribution patterns of epinephrine and norepinephrine cells in
the adrenal medullae of porcine and rabbit adrenal gland, examined using
immunohistochemistry. Dotted (gray) area shows adrenal cortex, and white and black areas
show epinephrine (E) producing cells and norepinephrine (NE) producing cells regions in
the adrenal medulla. The distributions of epinephrine and norepinephrine in the adrenal
gland of the porcine and rabbit obtained with DESI imaging are compared with the patterns
obtained with immunohistochemistry. The white dashed circle represents the border of
rabbit adrenal gland. The distribution patterns of A and NA cells obtained from using
immunohistochemistry are adapted from (Suzuki & Kachi, 1996). (c) 3D models of the
mouse brain showing the distribution of PS 18:0/22:6 (in green) and ST 24:1 (in red).
Length scale bars correspond to 2 mm. Panels b and c are reproduced with permissions from
(Wu, et al., 2010) and (Eberlin, et al., 2010) respectively.
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Figure 4.
LAESI MS imaging (a) Schematic diagram of the LAESI instrumentation. (C, capillary; SP,
syringe pump; HV, high-voltage power supply; L-N2, nitrogen laser; M, mirrors; FL,
focusing lenses; CV, cuvette; CCD, CCD camera with short-distance microscope; CE,
counter electrode; OSC, digital oscilloscope; SH, sample holder; L-Er:YAG, Er:YAG laser;
MS, mass spectrometer; PC-1 to PC-3, personal computers). (b) Variegated A. squarrosa
leaf probed with LAESI-MS while rastering the surface with a focused infrared laser beam
over three adjacent 4 mm by 4 mm areas. The live tissue surface was ablated from a circular
area (350-μm diameter) with a 400-μm step size. (c) Contour plots show the distribution of
ions detected at m/z 663 and m/z 493, respectively. (d) Mass spectra obtained at different
regions of the leaf (top: green sectors, bottom: yellow sectors). Length scale bars correspond
to 1 mm. Panel a is reproduced from (Nemes & Vertes, 2007) with permission. Panels b–d
are reproduced from (Nemes, et al., 2008) with permissions.
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Figure 5.
(a) Schematic of the atmospheric pressure femtosecond laser desorption ionization imaging
mass spectrometer (AP fs-LDI IMS). (b) Optical image of onion epidermis cells and ion
images showing the distribution of deprotonated glucose (m/z 179.05) and triiodide (m/z
380.7). (c) Optical image of a “S” character dye pattern recorded under ambient conditions.
Negative ion images of the distribution of triiodide (m/z 380.7), and citrate (m/z 191.1), are
also shown. (d) Negative ion image of the distribution of m/z 179 generated by probing the
onion epidermis tissue at a spatial resolution of 10 μm. The inset shows the corresponding
optical image. (e) Schematic of the atmospheric pressure femtosecond laser electrospray
ionization mass spectrometry (LEMS) setup. (f) Positive ion LEMS image of the distribution
of oxycodone (m/z 316) on a metal slide. Panels a–d are reproduced from (Coello, et al.,
2010)with permissions. Panels e and f are reproduced with permissions from (Brady, et al.,
2009) and (Judge, et al., 2010), respectively.
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Figure 6.
IR-LAMICI and LTP MS imaging experiments. (a) Schematic diagram of the IR-LAMICI.
(b) IR-LAMICI MS analysis of a Tylenol tablet, with the insets showing false-color scale
IR-LAMICI MS images of the distribution of acetaminophen monomer (m/z 152) and dimer
(m/z 303) ions on the tablet. (c) Analysis of calligraphy patterns using LTP-IMS. (d)
Expanded view of the LTP probe. (e) Chemical image of the inkpad of seals on rice paper
recorded using a LTP probe. Panels a and b are reproduced from (Galhena, et al., 2010) with
permissions. Panels c–e are reproduced from (Liu, et al., 2010) with permissions.
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Figure 7.
DAPPI and DESI imaging data and methods (a) Schematic diagram of the DAPPI setup. (b)
DESI-MS spectrum of mouse brain tissue section obtained from a single point using an
average of three scans acquired on an high-resolution mass spectrometer. Detail of the m/z
700–900 region with dominant phospholipid peaks. Inset: Overall spectrum of the whole m/
z 250–1800 region. (c) Two-dimensional distributions of selected lipid-originating ions in
mouse brain tissue section, m/z 760.5850 (red) and m/z 810.6006 (green). (d) Distribution of
an ion at m/z 430.3810 (red) on sage leaf and combined distributions of peaks at m/z
301.2166 (green) and m/z 315.0863 (red). Whereas m/z 301 is located more on the side of
the leaf, m/z 315 is centered. The inset shows the part of the leaf that was imaged. Panels a
is reproduced from (Haapala, et al., 2007) with permission. Panels b–d are reproduced from
(Pol, et al., 2009) with permissions.
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Figure 8.
PESI-MS imaging (a) Simplified schematic of imaging PESI-MS system consisting of a
PESI ion source, an auxiliary heated capillary sprayer, and a three-axis precision sample
stage. PI = ionization position and PS = sampling position. b) Microscopic images of the
mouse brain section taken (i) before the measurement, (ii) during the raster scan of the
imaging PESI-MS, and (iii) after the completion of the measurement and (iv) close-up
inspection of the holes made by the solid needle. (c) PESI ion images of the mouse brain
section for different ions. (d) Positive ion mode PESI mass spectra obtained from two
sampling spots from a rat brain. All panels are reproduced from (Chen, et al., 2009) with
permissions.
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Figure 9.
(a) Schematic of LMJ-SSP/ESI. (b) Liquid microjunction formed between the probe and the
surface of the sample plate. (c) Rat liver section with reserpine (+ sign), chemical image
shown in the inset. (d) Laser ablation and capture of the ablated material by the liquid
meniscus of the probe. (e) Chemical image of a fingerprint blotted on glass with ink. The
blue circles show the regions of interest with an apparent resolution of 100μm. Panels a and
c are reproduced from (Van Berkel, et al., 2008), panel d and e are reproduced from
(Ovchinnikova, et al., 2011), and panel b is reproduced from (Van Berkel et al., 2009) with
permission.
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