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As the only imaging method available, Imaging Mass Spectrometry (IMS) can determine both the identity and the distri-
bution of hundreds of molecules on tissue sections, all in one single run. IMS is becoming an established research technology,
and due to recent technical and methodological improvements the interest in this technology is increasing steadily and within
a wide range of scientific fields. Of the different IMS methods available, matrix-assisted laser desorption/ionization (MALDI)
IMS is the most commonly employed. The course at IMSC 2012 in Kyoto covered the fundamental principles and techniques
of MALDI-IMS, assuming no previous experience in IMS. This mini review summarizes the content of the one-day course
and describes some of the most recent work performed within this research field.
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INTRODUCTION

A detailed understanding of molecular distribution and
co-localization in tissue is vital for the progress in drug
development and basic biological research. Imaging mass
spectrometry is a label-free method that is suitable for this
need, increasingly employed for the analysis of biological
tissue. Lipids, proteins, peptides, drugs and their metabo-
lites can be analyzed for their distribution and relative
concentration, at spatial resolutions down to cellular levels
and for sample sizes up to whole body model animals. Tis-
sue origins are ranging from plant tissue” to model animals,
human samples or even inorganic material such as coronary
stents.” The common trait of the existing imaging mass
spectrometry technologies is the ionization of molecules in
a raster over a tissue with a subsequent ion detection step,
where an individual mass spectrum is recorded for each
pixel. The signal intensities for a specific m/z value are sub-
sequently visualized in a colored or grey scale over the full
tissue area. As long as the molecules are ionizable, no label-
ing or other derivatization methods are required and hence,
molecular distribution can be assessed in an unbiased man-
ner. A number of ionization methods have been developed,
the most commonly employed to date being matrix-assisted
laser/desorption ionization (MALDI). A textbook written by
members of our lab describes the MALDI imaging process
in detail,” and a number of recent review articles provide
up-to-date tips for IMS analyses."*”” For this article we
have chosen to give a brief description of important sample
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preparation steps, and also review some very recent develop-
ments that we believe will be helpful for the reader in terms
of successful sample preparation and/or data analyses.

SAMPLE PREPARATION

Throughout the sample preparation procedure, special
care should be taken not to degrade or de-localize the
molecule(s) of interest. For the earliest IMS applications,
proteins and peptides were in focus, and hence many sample
preparation strategies are formulated with these molecules
in mind. Beginners in IMS should take extra care to find or
develop sample preparation strategies that suit their tissues
or analytes of interest. General recommendations for suc-
cessful imaging experiments are given below.

Tissue stabilization

There are useful strategies for hampering the post mortal
changes of biological samples. Studies have shown rapidly
occurring increases or decreases in abundance for a number
of molecules when the samples are kept at room tempera-
ture and at normal room humidity.®'* Stabilization is thus
highly recommended and can be performed through heat
stabilization, microwave irradiation, formalin fixation or
simply through flash freezing. For freezing, the use of pow-
dered dry ice keeps the samples from cracking. Powdered
dry ice is easily manufactured by breaking up dry ice with a
hammer and separating the resulting powder from the larg-
er pieces of ice through a common sieve.” For the analysis of
rapidly degrading neurotransmitters such as acetylcholine,
in situ freezing (ISF) has been shown to ameliorate detect-
ability. For ISF, the model animal is deeply anesthetized and
sacrificed by carefully dipping the tip of the head into liquid
nitrogen.'” Heat stabilization using the Denator system,
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Fig. 1. Aqueous washing illustrated on a whole body mouse pup

by MALDI TOF. (A) Comparison of peak number be-
tween unwashed and washed tissue. *=Student’s ¢ test
p-value <2.0x107%. (B) Examples of images obtained across
a whole body mouse pup, illustrating organ specific lipid ex-
pression in the negative ion mode. Figure reprint by permis-
sion, Angel et al. Anal. Chem. 7(84): 1557-1564, 2012.

where samples are rapidly heated to 95°C, has been proven
effective for a number of proteins and peptides.®!? Prelimi-
nary data suggests that heat stabilization is useful also for
the analysis of lipids (data not shown). The heat-stabilized
tissue may become somewhat fragile when frozen. Resulting
difficulties in cryosectioning may be circumvented by utiliz-
ing double-adhesive carbon tape, as recently described in a
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paper by Goodwin et al.”

Formalin fixation paraffin embedding (FFPE) is a pres-
ervation method with a long history in pathology, with
millions of clinical samples available in biobanks around
the world. Fortunately, sample preparation protocols have
been developed that enable the analysis of proteins and
peptides in FFPE tissue.'>'? For the analysis of lipids, some
species may be analyzed with no special pre-treatment of
the samples.!? One should remember that heat stabilization,
formalin fixation and microwave irradiation permanently
protects samples from enzymatic changes, whereas freezing
only preserves the sample state until the temperature is risen
and enzymatic processes re-occur.

Cryosectioning

Preparation of tissue samples starts with tissue extrac-
tion and is followed by tissue embedding, sectioning, and
mounting. Post mounting, the samples can either be directly
prepared for analysis, or stored at —80°C. Analysis prepara-
tion steps for the tissue sections include washing, drying
and coating with a carefully selected MALDI matrix. Our
most important tips for the cryosectioning are the follow-
ing; i) Due to the rapid metabolic turnover, work rapidly
and in a reproducible manner; ii) Extracted tissue should be
frozen or stabilized immediately; iii) Embedding should be
performed using a material that does not interfere with mass
spectrometry (MS) analysis. We recommend a semi-liquid
gel of 2% sodium carboxymethylcellulose (CMC)' or even
a small pool of water. Optimal cutting temperature (OCT)
compound or other polymeric materials should be avoided;
iv) A tissue thickness of <20 um improves spectrum qual-
ity.”

Washing

Washing procedures should be chosen with the analyte(s)
of interest. For peptide or protein analysis, salts and lipids
should be removed in order to avoid analytically disturbing
ion suppression and hence, the washing solutions will in
general contain organic solvents.">'” These washing solu-
tions are evidently unsuitable for lipid analysis. In addition,
organic solvents for tissue washing are often not suitable for
the analysis of drug compounds, since drug solubility leads
to displacement or even total loss from the tissue. Shariat-
gorji et al. developed a protocol where the pHs of the wash-
ing solutions were adjusted to levels where the drug would
have low solubility. Mouse brain tissue treated with one of
three different drug compounds (cimetidine, imipramine or
“compound ¢”) had their sections washed with ammonium
acetate buffer at pH 10, significantly increasing signal inten-
sities as compared to the results from using acidic or neutral
buffers.'"” For the analysis of lipids, washing steps are usu-
ally avoided. However, Angel et al. developed a washing
protocol for the analysis of lipids in negative mode utiliz-
ing ammonium formate at pH6.4 or ammonium acetate at
pH 6.7, which significantly increased the number of detect-
able analytes along with their signal intensities.'?

A third example where washing procedures were specifi-
cally developed to fit the analysis is a washing protocol for
fragile tissue sections; van Hove et al. developed a method
where, instead of immersing the tissue in washing solution,
a fiber-free paper tissue was pre-wetted in washing solu-
tion and placed on top of the tissue section for 30 to 60s. If

Page 2 of 6



MALDI ImaGING Mass SpecTROMETRY—A Mini Review

250 T 7 7 T T

200 -

150

100

Intensity (Counts)

50 +

miz

Fig. 2.

miz

Vol. 2 (2013), 0022

1200

1000 -+ B

800 -+

600 -

400 |

200 +

60 80 100 120

Drift time (Bins)

140

Ton mobility separation of biomolecular ions detected from thin tumor tissue sections. A) Representative spectrum of peak-picked data

acquired during an IMS imaging experiment. The lipid peaks are highlighted in red, while matrix-related ions are shown in blue. B) Drift
plot of the separated ions. Ion image 1 shows the distribution of a background matrix ion. Ion images 2 (m/z 746.5) and 3 (m/z 746.6) show
the distribution of different lipids in the tumor tissue. Lipid-related ions (highlighted in red) were separated from background ions (blue).
Figure reprint by permission, Chughtai et al. J. Lip. Res. 54(2): 333-344, 2013.

desirable, smaller sections of the tissue can be specifically
targeted for this washing procedure.”” Before moving to the
matrix application step, the tissue sections should be some-
what dried, either under a swift air of nitrogen gas or in a
desiccator for 10-30 min. This process enhances the stability
of tissue adhesiveness to the slides in the mass spectrometer.

Matrices and matrix application strategies

All sample preparation steps are important for high qual-
ity imaging results. However, it could be argued that the sin-
gle most crucial step for successful IMS is the matrix appli-
cation—both in regards to the choice of matrix, and the tis-
sue coating procedure. There is a plethora of matrices avail-
able, all with their individual compound compatibilities,
which means that the matrix should be chosen with each
analyte at hand.”’ New matrices and novel methods for their
coating are continuously tested.”’ " There are some practi-
cal parameters to keep in mind when choosing matrices. For
example, the sublimation rate of your matrix in the vacuum
environment of the MS instrument should be investigated;
the thickness of the matrix layer should be consistent
throughout the analysis, or else the signal intensity is at risk
of decreasing over time. In some cases, additives can be used
to prolong matrix lifetime or to reduce the effect of alkali
adducts.?” In addition, if your matrix peaks overlap with the
m/z of your analyte(s), it might be possible to induce a ma-
trix peak mass shift by deuterating the matrix. Thereby, the
masking problem is avoided.” In cases where a non-biased
omics approach is employed, a matrix with a low number of
matrix peaks is beneficial, to minimize the risk of masking
potential biomarkers. Regarding application strategies; there
are a number of choices, ranging from manual sprayers to
spotting instruments. Any method is satisfactory, as long
as it results in homogenous coating and small crystal sizes.
Wetting of the tissue should be avoided, since the matrix
solvent might de-localize the analytes of interest. When
applying matrix through TLC sprayers or air-brushes, the
first rounds of spraying should be short in order to create a
first layer of seeding crystals. Make sure to wait long enough
between the spraying rounds for the tissue to fully dry. Dry
matrix can be applied for the analysis of lipids or drugs,?*~"
however the results for peptides and proteins have not yet
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been satisfactory. A large number of publications focus on
the different matrices and matrix application strategies,”
and we strongly recommend the beginner in IMS to read in
to this particular part of the experiments.

Compound identification

A challenge for the IMS technology compared to other
MS technologies is the lack of upstream separation tech-
nologies. Due to the extraordinarily large number of mol-
ecules present, in combination with the matrix-inherent ion
signals, there is an obvious risk of detecting molecules with
overlapping m/z values. This in turn leads to a difficulty in
ensuring non-ambiguous molecular identification. Fortu-
nately, there are several possible solutions to this problem.
For example, the combination of the imaging platform with
high-resolution mass analyzers such as orbitrap is one route
that has been successfully tested.?” Also, ion mobility is a
strategy that offers a post-ionization separation step where
isobaric molecules may be distinguished based on their
unique molecular cross section area. This approach was suc-
cessfully used to separate lipid molecules of m/z 746.5 and
746.6, respectively, and illustrate their differing molecular
distribution in xenograft breast cancer tissue®® (Fig. 2). A
third approach is the use of imaging MS/MS where the dis-
tribution images for daughter ions are matched to those of
the precursor ion, thereby adding an extra dimension to the
confidence in the molecular identification process.'”

Data analysis

All IMS data are comprised of x- and y-coordinates, m/z
values and ion signal intensities, and theses four dimen-
sions can be illustrated through individual or combined
ion intensity images or as spectra. Many leading edge data
analyses have been introduced to IMS data analysis; Prin-
cipal component analysis degenerates data dimensions
and enhances the difference among data.’*? Hierarchical
cluster analysis reveals relationships among molecules and
classifies them.** Multivariate curve resolution can reveal
mixed spectra from observed single spectrum.’® Markov
chain Monte Carlo analysis infers true spectra from incom-
plete ones, such as in MS/MS.* Such analyses are helpful
for the extraction of the nature of IMS data; however, they
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are usually too complicated and over engineered. Through
extensive research, we found that a simple extension of tra-
ditional image processing is the most useful approach.®”
Conventional region of interest (ROI) analysis has long
been used for the analysis of labeled targets using staining
or fluorescent dyes, where localization or distribution of
target molecules have been evaluated and ROI-to-ROI are
compared. Since mass spectrometry allows for non-targeted
studies, IMS enables us to reveal molecules that characterize
a specific ROL Therefore, ROI analysis of IMS data provides
an efficient means for screening of biomarkers or key mol-
ecules in specific phenomena of interest. Ratio imaging is
also popular in conventional image processing, e.g. fluores-
cence resonance energy transfers (FRET). As already de-
scribed, IMS can reveal information about huge amount of
molecules, which enable to calculate various quantity based
on theoretical ideas and mathematical models. An example
of such extended ratio analysis is visualization of energy
charge, which was introduced to characterize metabolic en-
ergy state using number of phosphorylation sites calculated
from abundance of ATP, ADP, and AMP.***” In the near
future, various visualizations will be performed, based on
more complex theoretical ideas.

A lot of effort is now being put into finding the best
strategies for the extraction of useful information through
processes such as baseline correction, denoising and nor-
malization. A strong, collective effort is also put into finding
common data formats such as imzML to enable a straight-
forward sharing of data sets between research groups.*®

Quantification and data normalization

For quantitation, it is important that the ion signal inten-
sities truly reflect the actual on-tissue concentrations of the
analyte in question. One should therefore take into account
i) the ionization yield of the respective analytes, ii) matrix
deposition homogeneity and iii) the varying tissue- or com-
partment specific properties that might affect the ionization.

The first applications described for MALDI IMS were
developed for protein or peptide analysis, followed by lipid
analysis applications. Recently, interest in drug imaging
has increased.”***”’ Imaging of drug distribution is a cru-
cial step in assessing drug function, and currently used
methods such as positron emission tomography (PET) or
whole body autoradiography (WBA) depend on labeling the
drug compound with a radioactive tag. Not only is label-
ing a costly and time consuming procedure, but also, the
subsequent detection process is targeted to the label rather
than the drug compound itself, hampering the possibility to
find and identify drug metabolites. In contrast, IMS offers
the detection of drug molecules as well as their metabolites.
Moreover, there is a possibility for un-biased detection of
treatment related molecular alterations or reactions in the
same tissue sections. Recently, the Andrén group presented
a quantification method that is useful for the analysis of a
pre-selected target molecule.'” Standard solutions of the
target compound are spotted at known concentrations onto
control tissue. The spots (5-8 in total) then serve as refer-
ences for a calibration curve. An analogue to the target,
e.g. a deuterated analogue, is added to the matrix solution
to correct for ionization biases that the molecule of inter-
est displays. Using the analysis strategy described in Fig.
3, Kallback et al. reached therapeutic levels (pmol) in their
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detection. Normalizing the data to the deuterated molecule
to compensate for local ionization effects generated the best
fit, with a correlation coefficient R*=0.985.

A similar approach for the analysis of drug distribution
and quantitation in tissue was recently presented by Hamm
et al. where they added a “pseudo internal standard,” i.e. the
molecule of interest, at known concentrations to the matrix
solution and spraying this mix onto control tissue sections.
By collecting ion intensity data over a whole body section,
drug specific as well as tissue specific ion suppression ef-
fects could be analyzed and summarized in a normalization
factor denoted the Tissue Extinction Coeficient, TEC. As a
consequence, the amount of “drug per area of tissue” could
be determined (which in theory should be convertible to
“drug per gram of tissue”). Using this method, the drugs
propranolol and olanzapine were analyzed at limits of detec-
tion (LODs) down to 0.006 pmol/mm? and 0.3 pmol/mm?,
respectively. The IMS data correlated well with results using
analytical techniques such as Quantitative Whole Body Au-
toradiography (QWBA) or LC-MSMS.*)

CONCLUSION

MALDI IMS has left its infancy and is becoming an es-
tablished technique in various fields of biological research,
especially for the analysis of lipids and drugs where alterna-
tive methods are scarce. The instrumentation and sample
preparation methods have been refined, leaving data analy-
sis and software design to be the current bottlenecks and
primary challenges, although all aspects of MALDI IMS are
under continuous improvement. We believe that MALDI
IMS is an excellent choice for the un-biased assessment of
molecular distribution in tissue, and we are observing a re-
cent explosive increase in attention for this technique within
a myriad of research areas. The future is exciting.
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