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New mass spectrometry imaging (MSI) techniques are gaining importance in various stages of the drug
discovery and development chain as well as in more fundamental studies of drug delivery. The advantage
of MSI is that for an imaging technique, the selectivity is very high and as a label-free technique, it
enables simultaneous and compound-specific imaging of drugs and their metabolites. In addition to that,
a vast number of endogenous metabolites, which may serve as tissue biomarkers, can be imaged
simultaneously, providing a very extensive characterization of the sample.

The present review focusses on the application of MSI for imaging of drugs and their metabolites,
primarily is studies of drug distribution and drug metabolism. The first half provides a quite general
introduction to MSI with the main focus on MALDI-MSI and DESI-MSI, which are the two most
commonly applied MSI techniques for pharmaceutical applications. It also has sections where the
necessary sample preparation, including cryo-sectioning, is discussed, along with sections on data
analysis and quantitative MSI, which in particular for pharmaceutical applications plays an increasingly
significant role. The second half of the paper presents examples of pharmaceutical applications of MSI.
The chapter does not contain an exhaustive list of all published studies, but should be considered a
curated list of examples where MSI has contributed with information which cannot readily be obtained
by conventional analytical techniques. The examples are chosen to represent diverse fields within drug
delivery (local and systemic) and drug metabolismwith examples from different organs and fromwhole-
body studies. The final section presents a broader look at ongoing trends within MSI and some thoughts
on where MSI is heading in the years to come.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

In pharmaceutical research and in development of new drug
substances and formulations, it is important to be able to follow the
transport and transformation of drug substances in preclinical
studies in the organism (in vivo dosing experiments) or in simpler
in vitro model systems. The presence and localization of a com-
pound can be assessed on a coarser level by dissection of the tissue
followed by extraction and chemical analysis of the extract e.g. by
LC-MS, but it may also be determined in an imaging experiment,
which in a visual manner provides muchmore detailed information
about compound localization.

Among imaging techniques, microscopy provides some of the
best spatial resolution, in particular in the form of fluorescence
nfelt).

ier B.V. This is an open access artic
microscopy, which via the application of fluorescent labels may also
provide some compound selectivity. However, when selectivity is
obtained through labeling, a number of issues arise. Not all com-
pounds can readily be labelled, only few compounds can be fol-
lowed simultaneously, and the attachment of a fluorophore to a
molecule inherently changes its chemical and biological properties,
possibly causing a different behavior in a biological system than the
non-labelled molecule would have.

Some of these issues are resolved by using radioactive labels
(e.g. 14C or 3H) rather than fluorescent ones in for example imaging
by autoradiography, but the chemical synthesis and handling of
radiolabeled compounds is costly and resource demanding. Also,
what is imaged in autoradiography is indeed the radioactive label
and not necessarily the original molecule, which was labelled, since
most drugs eventually are metabolized in the organism before they
are excreted. This is a serious limitationwhen drugs are formulated
as prodrugs with the aim of improving the absorption in the or-
ganism. Autoradiography thus provides no information about
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Abbreviations

9AA 9-aminoacridine
ADME Absorption Distribution Metabolism Excretion
AP Atmospheric pressure
API Active pharmaceutical ingredient
CHCA a-cyano-4-hydroxycinnamic acid
CMC Carboxy methyl cellulose
CRO Contract research organization
DAN 1,5-diaminonapthalene
DESI Desorption Electrospray Ionization
DHB 2,5-dihydroxy benzoic acid
DIUTHAME Desorption Ionization Using Through Hole Alumina

Membrane
ESI Electrospray Ionization
FDA Food and Drug Administration
FFPE Formalin-fixed paraffin embedded
HPLC High performance liquid chromatography
ICP Inductively coupled plasma
IMS Imaging mass spectrometry

LA Laser ablation
LC Liquid chromatography
LDI Laser Desorption Ionization
MALDI Matrix Assisted Laser Desorption Ionization
MS Mass spectrometry
MSI Mass spectrometry imaging
nm nanometer (10�9 m)
OCT Optimal cutting temperature
OTCD On-tissue chemical derivatization
PCA Principal component analysis
PET Positron Emission Tomography
PK/PD Pharmaco kinetic/Pharmaco dynamic
qMSI Quantitative mass spectrometry imaging
QWBA Quantitative Whole Body Autoradiography
RGB Red green blue
SIMS Secondary ion mass spectrometry
TEC Tissue Extinction factor
TIC Total ion current
TOF Time-of-flight
UV Ultra violet (light)
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where is the organism the prodrug is converted to the presumed
active drug substance and which of the two actually reaches the
drug target.

2. Mass spectrometry imaging

Mass spectrometry imaging (MSI) (also known as Imaging Mass
Spectrometry (IMS)) is a family of compound-specific imaging
techniques, which do not rely on any labelling of compounds.
Several review articles have been written about its core principles
[1] and its applications in pharmaceutical research [2,3], plant
biology [4] and in clinical research [5]. It takes advantage of the
selectivity and sensitivity of mass spectrometry, which is superior
to spectroscopic techniques, in an experiment where the mass
spectrometric analysis is performed directly from the sample rather
than from extracts of the samples as done with the conventional
LC-MS and GC-MS techniques. Mass spectra are systematically ac-
quired from every point on a sample by scanning the sample below
the ionization spot while a mass spectrometer is recording the
mass spectra from the sample. This experiment, which typically
runs over one or several hours (depending on the size of the sample
and the spatial resolution in the image) results in a collection of
thousands of mass spectra where every mass spectrum becomes a
pixel in the final image (Fig. 1). Subsequently, extracted ion images
may be generated for any detected ion where the intensity of the
ion is plotted as a function of positione the higher the intensity, the
more intense the color. Hundreds of different ion images may be
generated from one MSI experiment; because these images origi-
nate from the same experiment they are perfectly aligned, and
colored RGB co-localization images can be generated by overlaying
the images in order to show the localization of different compounds
relative to each other. Since many endogenous compounds can be
used as biomarkers for different tissue types, drugs andmetabolites
can indeed be imaged relative to different tissue types such as
cancer tissue, epithelial tissue, connective tissue etc., providing
crucial information in drug delivery studies.

A fascinating aspect of MSI is the non-targeted nature of the
approach since a sample can be studied without much prior
knowledge about it, and subsequently one can browse through the
masses and see a number of different compound distributions in
the sample. In such experiments, MSI frequently provides answers
2

to questions, which have not even been asked. Also, MSI data can be
analyzed retrospectively and new hypotheses can be tested on old
data.

As always in mass spectrometry, the ionization technique de-
termines which analytes can be detected (polar/non-polar/small
molecules/proteins etc.), however, in MSI the ionization technique
also determines which detail level (spatial resolution) can be ob-
tained in the images. The spatial resolution of an MSI experiment
varies from some hundreds nanometers up to 1mm, but is typically
between 20 and 200 mm.

Despite all the above-mentioned advantages of MSI, the use of
MSI should be reserved for when information is needed, which
cannot be obtained by conventional techniques such as LC-MS,
which are typically more sensitive and more quantitative than
MSI. So unless detailed spatial information is needed, LC-MS is
likely to be a better choice, e.g. to confirm the presence or to
quantify a drug or a metabolite in a sample. This also implies, that if
a compound cannot be detected by LC-MS after proper sample
extraction and workup, there is little reason to hope for the com-
pound to be detectable by MSI, which does not allow for pre-
concentration and separation as in conventional bioanalysis.

2.1. Matrix assisted laser desorption ionization (MALDI)

MALDI-MSI is the most commonly applied MSI technique today
and with its introduction in the 1990s also one of the earliest [6,7].
MALDI was the first MSI technique, which could be used for bio-
logical samples, and instruments were already present inmany labs
due to the application of MALDI for protein analysis. Compared to
other MSI techniques, MALDI-MSI has the distinct advantages that
it also allows for ionization and imaging of peptides and proteins,
while DESI-MSI and some other techniques only work for analysis
of small molecules, and the spatial resolution is generally higher
with MALDI than with other MSI techniques (1e5 mm in the best
cases, 20e50 mm on most instruments) [8].

The ionization in MALDI-MSI is performed by a laser, and to
obtain a softer and more efficient ionization, a UV absorbing matrix
compound is deposited on the sample surface. Many well-suited
matrix compounds have been identified, covering a wide range of
analytes, but how the matrix is applied to tissue samples is very
critical and subject to much optimization. Depending on which



Fig. 1. Analysis with MALDI MSI. Left: Illustration of laser ablation pattern during MALDI-MSI experiment. Middle: MS images illustrating how each pixel represents an entire mass
spectrum. Shown here is the distribution of two endogenous lipids and a drug in small intestine from a rat (green: Posaconazole [M-H2O þ K]þ, Blue: LysoPC 16:0 [MþK]þ, Red: PC
36:2 [MþK]þ. Right: Overlay of drug and lipid images showing the drug is distributed in the lumen of the rat intestine and the lipids illuminating different structures of the small
intestine.
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matrix is used, MALDI can produce positive as well as negative ions
and it has some similarities to electrospray ionization with regards
to which compounds can be detected, i.e. most compounds with
some polarity can be ionized while non-polar compounds such as
hydrocarbons cannot be detected. A number of attempts have been
made to increase the ion yield by various ways of post-ionization.
Among these, MALDI-2, which employs a second UV laser to
further ionize desorbed species, has been shown to significantly
increase the overall sensitivity and to enable ionization of com-
pounds which cannot be ionized by conventional MALDI [9].

Historically, MALDI-MSI was mainly performed on MALDI-TOF
mass spectrometers, but these instruments are to an increasing
extent being replaced by Q-TOF, FT-ICR and Orbitrap based systems
which all provide significantly better mass resolution and mass
accuracy than MALDI-TOF instruments and do not require the use
of expensive conductive glass slides for sample mounting as
MALDI-TOF instruments do. The invention of atmospheric pressure
MALDI (AP-MALDI) has enabled the implementation of MALDI-MSI
on mass spectrometers otherwise built for LC-MS. As such, AP-
MALDI represents a relatively affordable entry to MSI; AP-MALDI
is most commonly used on Orbitrap mass spectrometers.

2.2. Desorption electrospray ionization (DESI)

DESI was presented in 2004 as the first of the new ambient
ionization techniques, which enable rapid sample analysis through
ionization directly from the surface of a sample without much need
for sample preparation [10]. Only a few years later, in 2006, it was
implemented for imaging [11], and today imaging constitutes the
main use of DESI-MS. Compared to MALDI, which requires so-
phisticated laser optics and triggering of laser pulses in coordina-
tion with injection of ions, DESI-MSI is very simple in its
construction e all that is needed is a pneumatic sprayer (with high
voltage), which can be accurately positioned relative to a computer-
controlled moving sample stage. The relative simplicity is illus-
trated by the fact that a large part of the published DESI-MSI studies
are made using in-house built DESI-MSI instrumentation, which fit
on existing mass spectrometers with an atmospheric interface. The
advantage of DESI-MSI is thus its simplicity in analysis and
instrumentation (no matrix required, simple switch between pos-
itive and negative ion mode, relatively affordable - existing mass
spectrometer can be used, only the ion source needs to be acquired)
and generally high sensitivity. The main limitation of DESI
compared to MALDI is the spatial resolution, which rarely gets
better than 50e100 mm, and problems with ionization of larger
3

molecules such as peptides and proteins directly from tissue sec-
tions. The ionization with DESI is quite similar to conventional
Electrospray ionization, and so are the analytes which can be
detected, i.e. most compounds with some polarity can be ionized,
as is the case for MALDI.

Historically, DESI-MSI was developed on linear ion trap mass
spectrometers, but it is also being applied on Orbitrap, FT-ICR, tri-
ple-quadrupole and Q-TOF based mass spectrometers. The latter
represent the only type of instrument for which DESI is currently
commercially available.

2.3. Other MSI techniques

Today, MALDI and DESI are by far the most commonly applied
ionization techniques for MSI of biological samples. Secondary ion
mass spectrometry (SIMS) has a spatial resolution in the nm range,
which is higher than any other MSI technique, but the instruments
are also correspondingly more expensive and therefore not as
commonly available. Unfortunately, despite recent improvements
SIMS still suffers from extensive ion fragmentation, which con-
tributes to a lower overall sensitivity, in particular in analysis of
biological samples.

Inorganic analytes may be imaged by laser ablation inductively
coupled plasma (LA-ICP) MSI. LA-ICPMSI makes use of a UV laser to
desorb analytes from the sample for further ionization in the ICP-
MS instrument. Thereby, a spatial resolution as high as 5 mm can
be achieved, but the analysis only provides information about the
distribution of elements in the sample. Therefore, LA-ICP MSI is
mainly used for imaging of metals in biological samples. The use of
LA-ICP MSI is increasing for protein imaging via labelling with
metal tagged antibodies, a method known as Imaging mass
cytometry [12]. In this way, up to 20 proteins can be simultaneously
imaged, but the selectivity relies on the antibodies rather than the
mass spectrometer.

A large number of additional MSI techniques based of various
forms of ambient ionization have been presented [13], but only few
of these have been commercialized or applied in more than just a
couple of laboratories worldwide.

3. Sample preparation

3.1. Sample freezing

Drug distribution studies by MSI are mainly based on samples
originating from two different sources, namely in vivo dosing
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animal experiments or in vitro experiments on ex vivo samples (e.g.
experiments on skin biopsies in diffusion cells). Regardless of the
origin of the samples, they must quickly be brought to a frozen
state, putting all biological (e.g. enzymatic reactions), chemical
(reactions, e.g. oxidation) and physical activities (e.g. compound
diffusion) to rest while avoiding the formation of ice crystals. For
such snap freezing, placing the samples in a �80 �C freezer may be
sufficient for very small samples. However, for samples made in an
animal facility or in a biological laboratory, the most convenient
and rapid freezing is obtained by putting the samples on crushed
dry ice (optimal e.g. for dissected animal organs) or immersing
them in liquid nitrogen or a slurry of dry ice and ethanol. After snap
freezing, the samples are stored at �80 �C until further use.

3.2. Cryo-sectioning

The principal sample preparation method in drug distribution
studies by MSI is cryo-sectioning. Cryo-sectioning is a technique
where frozen samples are cut in slices on a cryo-microtome (also
merely known as a cryostat) by repeated moving of the frozen
sample towards a blade in a temperature regulated chamber
(typically around �25 �C), as seen in Fig. 2. The thickness can be
freely adjusted, but is most commonly set to 10e30 mm. The sec-
tions tend to curl and to avoid that to occur, an anti-roll glass plate
keeps the section flat until it is mounted on a glass slide (Fig. 2c).
Then, the sample is thaw-mounted in a process where the cold
section adheres to a glass slide at room temperature (Fig. 2d). The
glass slide with the cryo-section is kept in the cryostat chamber
until further storage at �80 �C.

Before sectioning, the sample is mounted on the sample spec-
imen disc using an embedding medium. For simple samples, water
may be used as “adhesive”, but some samples benefit from being
Fig. 2. The cryo-sectioning of a mouse brain. a) The frozen sample is mounted to the cryost
adhesive. b) The sample is cut by sequentially passing by a razor-sharp blade, removing secti
coiling. d) When the anti-roll plate is flipped, the section adheres to a room-temperature g

4

embedded in order to maintain their structural integrity during the
sectioning. The most prevalent embedding media for MSI experi-
ments are carboxymethylcellulose (CMC), gelatin or a mixture of
these. The commonly used tissue-embedding polymer in histology,
optimal cutting temperature (OCT), should be avoided in MSI
studies, as it causes massive degree of ion suppression due to its
contents of polyethylene glycol [14]. Recently, a method was pub-
lished for removal of OCT prior to MALDI-MSI; the method was
successful for lipid imaging, but was not tested for drug imaging
[15].

For pharmaceutical applications of MSI, fresh-frozen tissue
should always be used rather than formalin-fixed paraffin
embedded (FFPE) tissue. Successful MSI of proteins has been made
from FFPE tissue, but the washing of the sample for removal of
paraffin also tends to remove the drugs and lipids.

3.2.1. Whole-body cryo-sectioning of mice
Whole-body imaging of mice and rats by autoradiography is

often performed in pharmaceutical development as part of the
regulatory process. This is typically performed in contract research
organizations (CRO) and involves the use of cryo-macrotomes,
which are considerably larger and more expensive than the cryo-
microtomes found in most histology laboratories. Studies have
been published with MSI on whole-body sections of mice pups
since they are small enough for conventional cryo-sectioning. For
adult mice this approach cannot be used since the teeth and bones
of the animals are too hard for normal disposable blades. Moreover,
the sections of a whole adult mouse are so large and the tissue is so
diverse (bone, muscle, organs etc.) that it is very difficult to
maintain its integrity when a cryo-section is cut. A method for
whole-body cryo-sectioning of mice has been presented, which
uses the normal cryo-microtome found in most histology labs in
at specimen disc by freezing in onto the disc using water or an embedding medium as
ons of 10e50 mm thickness. c) The anti-roll plate prevents the freshly cut sections from
lass slide through “thaw-mounting”. Subsequently, the slides are stored at �80 �C.
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combination with tungsten-carbide blades and tape collection of
the cryo-sections [16]. The tape is attached to a glass slide with the
tissue facing up, and DESI-MSI can be performed directly from the
tape. Recently, a paper was published where several commercially
available tapes were tested for their suitability for cryo-sectioning
[17].
3.3. Matrix application

ForMALDI-MSI the deposition of a layer of matrix crystals on the
sample is necessary for ionization. The ideal matrix application
extracts analytes from the sample so they can co-crystallize with
the matrix compound for optimal sensitivity. To ensure a good
image quality, it is important that the newly formed crystals are
homogenous, and if high-resolution imaging is desired the crystals
should not be too large.

The application of the matrix layer can be done with several
techniques such as spraying using a manual airbrush or a me-
chanical pneumatic spray setup or alternatively by sublimation. A
number of commercial solutions exist, but a satisfactory matrix
sprayer solution can also be built from a pneumatic sprayer and a
rotation device or a translational stage [18]. Optimization of a spray
matrix application procedure includes choice of solvent, solvent
flow rate, spray time or number of spray cycles, nebulizing gas
pressure, drying time between layers, and distance between nozzle
and sample. Generally, a wet spray method provides high degree of
co-crystallization between analytes and matrix and therefore a
high sensitivity. However, when it is too wet, so-called matrix
delocalization occurs, which causes analyte diffusion and thus re-
duces spatial resolution in the final image.

Sublimation is a very dry deposition method, which can be used
for images at very high resolution, but it typically provides lower
sensitivity than what is obtained by spray deposition methods. The
sensitivity may be improved by performing a subsequent recrys-
tallization of the matrix layer [19].

The most commonly used matrices for MSI are 2,5-
dihydroxybenzoic acid (DHB) and a-cyano-4-hydroxycinnamic acid
(CHCA) in positive ion mode and 9-Aminoacridine (9AA) and 1,5-
Diaminonaphthalene (DAN) in negative ion mode. DHB does pro-
vide some signal in negative ion mode, and DAN also works in
positive ion mode, but for optimal images in both polarities separate
runs should be made with each their matrix. A table with an over-
view of matrices and deposition methods used in a number of
pharmaceutical studies was presented by Schulz et al. [20], and the
development of novelmatrices has been reviewed by Zhou et al. [21].
3.4. Protein digestion and compound derivatization

Although MALDI is frequently applied in analysis of proteins
with masses of several kDa, the situation is different in an MSI
context where the analytes are ionized directly from tissue. Here,
the competition with all the other molecules from the sample
matrix causes a fundamental barrier around 30 kDa above which
the proteins will not be detected, even on a MALDI-TOF instrument
with a much wider scan range. An approach to imaging of such
proteins is to digest the proteins by spraying the sample with
trypsin and then image the tryptic peptides rather than the original
proteins [22].

Compounds which suffer from poor ionization efficiencies can
be detected with increased sensitivity after on-tissue chemical
derivatization (OTCD), where the derivatization agent is sprayed
onto the tissue, as exemplified in a recent study where acetamin-
ophen and its metabolites were detected inwhole-body and single-
organ sections after OTCD [23].
5

4. Data analysis

In MALDI and DESI-MSI, compounds are typically detected as
protonated ions in positive ion mode and deprotonated ions in
negative ion mode. However for MSI, adduct formation is quite
common since the ionization takes place in situ in the presence of
various salts in the sample, unlike in LC-MS where the salts elute in
the liquid front. In positive ion mode, sodium and potassium ad-
ducts are common, and in negative ion mode chloride adducts may
be experienced. In some samples, the formation of adducts can be
regio-specific due to the varying presence of salts, and this must be
taken into account in interpretation of the images.

Besides adduct formation, the most common reasons for dis-
crepancies between theoretical and experimental m/z-values are
neutral losses (predominantly water) and in-source fragmentation
(depending on laser settings in MALDI).

Because MSI results are so intuitive in their interpretation, they
are sometimes subject to over-interpretation. In assessing whether
is a compound is detected at a certain location, one should be aware
that MSI instrumentation like any other instrumentation is subject
to noise, and much experience goes into separating the actual
signal from the background noise in an image, e.g. by observing the
intensities outside the tissue (where there is not supposed to be any
signal) and by looking for patterns in the distribution (actual signals
are likely to show signal from at least two neighboring pixels while
isolated pixels often only represent noise). Other common pitfalls
are comparison of signal intensities across different images e they
are not necessarily directly comparable unless some normalization
has been performed e as well as comparison of signal intensities
between different regions in a sample where very different tissue
types are present. It has previously been shown that the same drug
concentration in brain and liver homogenates can lead to different
ion intensities in the two tissues due to different degrees of ion
suppression, protein and lipid binding [24].

4.1. Data processing and image generation

It is necessary to correlate the data collected by the mass
spectrometer to the positions on the sample surface where the
spectra were measured. Each vendor has their own format for the
raw data, but a common data format imzML has been created for
MSI data, and imzML converters exist for most proprietary data
formats [25]. This makes the imzML format available to users of
most mass spectrometers, whether they use a commercial or home
built MSI setup. A large number of open-source and commercial
software tools exist, which are able to read the imzML format,
process the data and create images. Examples of freely available
software for MSI image generation include MSiReader [26], Spec-
tralAnalysis [27], msIQuant [28], and DataCube Explorer [29] (a
longer list is available on https://ms-imaging.org).

Mass spectrometry imaging is prone to variations between the
obtained spectra. Such variations may be due to ion suppression,
uneven matrix deposition (in MALDI) or differences in ionization
efficiency caused by varying sample height relative either the laser
focus (MALDI) or sprayer (DESI). Many such systematic artefacts
can be corrected for in pre-processing of the data, e.g. through
normalization, smoothing, baseline correction, interpolation and
spectral recalibration. Since all the mentioned tools manipulate the
raw data, it is important not to use them uncritically and to have an
idea of how they affect the data.

With normalization, the recorded intensities are corrected in a
pixel-to-pixel fashion relative an additional signal, which is
assumed to follow general variations in ionization efficiency. The
most common type of normalization is TIC normalization (total ion
current), which normalizes each signal by correlating it to the total

https://ms-imaging.org
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intensity in the mass spectrum. This will for example correct for a
general drift in signal from the mass spectrometer over the course
of the imaging experiment, but also for variations in the signal
caused by differences in sample geometry or matrix application
across the sample. However, the sample may still be affected by
other effects such as ion suppression, which are not corrected for.
Normalization can also be performed based on a reference peak.
This is frequently done in quantitative MSI where an internal
standard is deposited homogenously across the sample, as known
from conventional bioanalysis by LC-MS.

Images can be generated manually by typing in specific m/z-
values (e.g. in targeted analysis of drug substances and drug me-
tabolites) or by browsing through the scan range. In an ion image,
regions of interest may be selected for extraction of peak intensities
for relative or absolute quantitation of compounds. Various forms
of automated image generation and data analysis exist, including
multivariate statistical analysis (predominantly PCA) and compar-
ison of average spectra between pixels and/or selected regions in
the MS image. Worth mentioning here is the online annotation
platform and data repository Metaspace where imzML files can be
uploaded [30]. In return, Metaspace generates lists of all masses in
the dataset, which yield images of some ordered pattern, and runs
these masses through selected compound databases (e.g. HMDB
and LipidMaps) for compound annotation based on accurate mass
measurement. From one imaging experiment on a high-resolution
mass spectrometer, hundreds of annotated images may be gener-
ated, creating an overview of the type of compounds and their
distribution in the sample. Today, Metaspace encompasses more
than 5000 datasets of different samples, which can be browsed e.g.
by sample type, research group or identified compound.

5. Quantitation with MSI

With the increasing popularity of MSI, the demand for quanti-
tative MSI (qMSI) has become larger in order to provide answers to
the questions “where” and “how much” in the very same experi-
ment. This is of particular interest in pharmaceutical research, e.g.
in toxicology studies or PK/PD profiling of drugs.

The reason why most qMSI is particularly complicated is the
complex nature of the samples, which affects the ionization effi-
ciency, and the absence of sample cleanup (e.g. extraction) and
compound separation (e.g. HPLC), which are important steps in
conventional bioanalysis. This makes ionization of the analyte
sensitive to local changes in the samplewhere othermolecules may
interfere and suppress the signal of the analyte. Therefore, the
degree of ion suppression and extraction efficiency from the tissue
should be assessed tomake a reliable quantitative analysis. In order
to even out differences in ion suppression and extraction effi-
ciencies across the sample surface, normalization to for instance
TIC or a reference peak such as an internal standard can be per-
formed. K€allback et al. showed that normalization to an internal
standard results in a better accuracy compared to normalization to
TIC, median, and root mean square [31].

Different methods have been introduced to perform correlation
between calibration standards and ion intensities from the sample.
Porta et al. categorized themethods as “in-solution”, “on-tissue”, or
“in-tissue”methods each presenting advantages and disadvantages
[32]. Rzagalinski et al. published an in-depth review discussing the
different approaches [33].

The category “in-solution” describes methods where the stan-
dards are deposited as droplets next to the sample. A factor is then
used to correlate the signal of the analyte detected on tissue
compared to the signal detected outside tissue. Hamm et al.
introduced a tissue extinction factor (TEC). The TEC is assessed by
spraying the analyte on top of an untreated tissue section.
6

Subsequently, the tissue section is analyzed, and the ratio of the ion
intensity of the analyte on tissue versus outside tissue is deter-
mined as the TEC. The signal of the standards deposited outside the
tissue is corrected by multiplying with TEC [34]. The advantage of
the “in-solution” and TEC methods is the ability to make different
correction factors distinguishing local tissue changes. However, it is
debated whether the spraying of analyte on top of the tissue pro-
vides the same degree of ion suppression as the treated tissue. If the
degree is underestimated, it may yield lower results than the actual
amount.

The “on-tissue” method refers to the deposition of droplets
containing different concentration of an analyte on control tissue.
The tissue concentration is calculated from the volume and con-
centration of the standard, the diameter of the covered area and the
tissue thickness, assuming that the deposited droplet distributes
evenly through the entire thickness of the cryo-section. As with the
“in-solution” method, manual deposition of standards using pipette
is known to show variation in droplet area which decreases the
linearity of the standard curve. A way to increase the reproducibility
of the droplet deposition is to use automated spotters [35,36]. The
advantage of the “on-tissue” compared to “in-solution” method is
that there is no need to establish a correction factor when the
standards are applied directly onto the tissue. However, it is uncer-
tain whether the same analyte interactions are present in the real
sample and in control tissue with deposited drug standards.

The “in-tissue” method uses drug spiked tissue homogenates to
establish a standard curve. Because the spiked tissue homogenate is
biologically similar to the drug treated tissue, and the concentra-
tion of the standard in the homogenate is very well-defined, the
model is assumed to mimic the sample very well [37,38]. This
model is primarily suited for larger studies as it is more time-
consuming in preparation compared to the “in-solution” and “on-
tissue” methods. But when first prepared, many cryo-sections can
be obtained from the same tissue block, improving the reproduc-
ibility in a larger study compared to droplet deposition. However,
large amounts of control tissue are required for the preparation of
the mimetic tissue models, and this may in some studies be a
limited resource (e.g. mouse brain tissue). The “on-tissue” and “in-
tissue” methods have been compared and found to provide quite
similar results for the tissue investigated [24].

Many qMSI studies have been validated by LC-MS/MS, assessing
the accuracy of the qMSI results. Recently, Barry et al. showed that
two different qMSI analyses (“in-tissue” and “on-tissue” methods)
resulted in similar results in a multicentre study with three oper-
ators. Furthermore, the study showed 80% accuracy of the qMSI
analyses compared to LC-MS/MS analyses [39]. Further standardi-
zation of qMSI methods is needed for the method to gain further
acceptance. However, despite all future efforts, MSI is not likely to
become as quantitative as LC-MS, which benefits greatly from the
sample separation offered by the LC in reducing the impact of ion
suppression.

6. Application of mass spectrometry imaging in drug delivery
and drug metabolism

Drug development is one of the fields where MSI has much to
offer with applications within pharmacology, drug disposition and
toxicology. Here, MSI can provide data that can be used to support
PK/PD profiling, including the safety profile. If one looks at the
number of published MSI papers within the pharmaceutical sci-
ences, the main part of the studies focus on drug distribution and
drug metabolism, i.e. following a drug and its metabolites in the
organism. In today's pharmaceutical development, the use of
radioactive labelling in drug disposition studies still plays a major
role due to the very high sensitivity of the techniques based on



J.R. Granborg, A.M. Handler and C. Janfelt Trends in Analytical Chemistry 146 (2022) 116482
radioactivity. Compared to these techniques the sensitivity of MSI is
lower, and that is likely also to be the case in the years to come. The
many advantages of MSI thus come with a lower sensitivity
compared to what autoradiography offers. It is not unusual that
in vivo studies in animals are conducted at dose levels significantly
above normal clinical dose ranges. For this review, more than 60
MSI papers involving in vivo dosing were examined, and more than
half of the dosing performed in the studies were at 20 mg/kg or
higher, corresponding to more than 1 g of API for a person of 70 kg,
which is much higher than normal therapeutic range for most
drugs. In the studies with the lowest dose levels, the dosing level
was between 1 and 10 mg/kg, which currently is a fairly realistic
measure of how low dose levels can be studied by MSI. For some
APIs, this corresponds to clinical dose levels, and for others it is
above normal therapeutic range. It must be stressed here, that
toxicology studies in particular are often performed at levels much
higher than normal dosing range. However, it is beyond doubt that
the sensitivity of MSI is challenged by very potent drugs where the
daily dose for humans is a few mg or lower.

A perceived limitation of MSI in pharmaceutical research is that
proteins and other largemolecules are difficult to detect from tissue
samples, and therefore the technique will be of less importance
with the growing number of biopharmaceuticals on the market.
However, in 2019, 73% of the new approved drugs by the FDA were
classified as small molecules (i.e. a molecular size of at most 40
amino acids corresponding to approximately a molecular weight of
4000e6000 g/mol) [40]. So even if biologicals are challenging for
MSI, MSI will continue to be of relevance for the pharmaceutical
industry for many years to come.

The rest of this section serves to highlight studies, which have
taken advantage of MSI in drug distribution and drug metabolism
to provide knowledge not readily available by conventional tech-
niques. The list is in no way complete, and a more comprehensive
list can be found in the review by Swales et al. [3].

6.1. MSI in development of local drug administration technologies

Local administration covers many different routes of drug de-
livery, and the overall aim is tomake the drug substance pass tissue
barriers to reach a site of action. Some of these barriers can be
modelled in ex vivo experiments e.g. on excised skin tissue. By use
of MSI, the drug uptake can be visualized and the mechanism
governing the delivery can be examined.

6.1.1. Skin
In skin, MSI has been applied to study the penetration and

distribution of drugs applied topically to the skin. Hendel et al. used
MALDI-MSI to observe improved delivery of bleomycin after me-
chanical impairment of the skin barrier by laser ablation [41].
Indeed, the overall permeation of bleomycin was also demon-
strated by LC-MS on extracts of cryo-sections, but only MSI could
show the lateral distribution, i.e. to which extent the drug is found
between the laser channels. Interestingly, MALDI images showed
that bleomycin 24 h after applicant was present in higher abun-
dance in the coagulation zone, an effect which is highly desirable as
part of a treatment, since it shows that the coagulation zone
potentially can function as a depot fromwhere the drug is gradually
released.

MALDI-MSI was used to characterize different drug delivery
systems in human skin by Sørensen et al. who observed a deeper
skin penetration of tofacitinib when it was dissolved in a solu-
tion compared to when it was suspended in an ointment [42].
Using TOF-SIMS, Sj€ovall et al. characterized the distribution of
lipids such as cholesterols, ceramides and phospholipids in
human skin with a spatial resolution of 500 nm [43]. In addition,
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topically applied carvacrol (from a 1% gel of Green Oregano
essential oil) was observed to accumulate in the fat-rich struc-
tures of the deep dermis, in contrast to exogenous ceramide
(formulated as a 1% emulsion), which was only detected in
stratum corneum. The co-localization with diacylglycerol in the
adipose tissue is in good agreement with carvacrol being a small
and non-polar molecule capable of permeating to the deeper
layers of the skin.

6.1.2. Lungs
To compare drug delivery to lungs and retention of drugs in

lungs, Hamm et al. administered salmeterol, salbutamol and fluti-
casone propionate to rats by nebulized inhalation and IV [44]. Using
cassette dosing and deuterated versions of the drug for IV, they
were able to distinguish between all three drugs and administra-
tion routes in images of cryo-sections of lung tissue. Through
comparison of the DESI-MS images with H&E staining of the sec-
tions, the affinity of the drugs to the peripheral and bronchiolar
regions of the tissue was evaluated for both administration routes,
showing a significant increase in affinity for the bronchiolar regions
with inhalation. Additionally, the study showed that fluticasone
propionate was considerably more retained in the peripheral re-
gions than salmeterol and salbutamol.

Prideaux et al. studied the drug distribution of orally adminis-
tered moxifloxacin in lungs of rabbits infected with tuberculosis
[45]. Moxifloxacinwas imaged by MALDI-MS/MS as [M þ HeH2O]þ

for a series of post-dose time-points, effectively visualizing the
pharmacokinetic profile. The drug showed affinity to the granu-
lomas compared to the rest of the lung tissue. In order to
compensate for ion suppression and matrix effects caused by the
inhomogeneous infected lung tissue, Prideaux et al. added another
fluoroquinolone, levofloxacin, to the matrix solution and used it as
a reference peak for normalization.

In a study by Thakur et al., MALDI-MSI was applied to
examine the distribution of lipid-based vaccine adjuvant in
mouse lung tissue at different time points after intrapulmonary
administration [46]. Through imaging of a known inflammation
biomarker, they were also able to study the immune response
following the administration of the vaccine adjuvant. The results
showed in a semi-quantitative fashion increased inflammation at
3e10 days post dose, followed by a decline in the inflammation
biomarker. It is thus an example of MSI being used both PK and
PD at the same time, i.e. not only the fate of the drug in the
organism, but also the effect of the drug in the organism, thanks
to the simultaneous imaging of exogenous and endogenous
compounds. This is indeed what sets MSI apart from most other
imaging techniques, which are less compound specific or based
on compound labelling.

MALDI-MSI has also been used to study drug distribution for
therapeutic relevant doses of drugs in humans. Fehniger et al. were
able to show the distribution of ipratropium, administered for
10minwith an inhalation device, in bronchial biopsies from human
subjects [47]. The authors suggest that increased ipratropium
abundance in regions associated with smooth muscle bundles may
be explained by receptor binding in these regions. Such studies
might be made with higher sensitivity using autoradiography, but
probably only with in vitro incubation experiments in order to
avoid the use of radioactivity in human in vivo dosing. The fact that
MSI does not rely on labelling, makes it possible to analyze resected
tissues upon treatment with conventional, readily available
medication.

6.1.3. Other tissues
Drug delivery to the eye was studied by Grove et al. who applied

MALDI-MSI to image the ocular distribution of brimonidine after
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topical administration to rabbit eyes (Fig. 3) [48]. Brimonidine was
detected in the cornea, aqueous humor, iris, and posterior segments
of the eye, and it was observed that the drug was present at higher
abundance in the iris and lower in the cornea 60 min after
administration, indicating successful drug penetration.

Ex vivo MSI studies of porcine cheeks have been conducted to
study the effect of penetration enhancers in drug delivery to the
buccal mucosa. The penetration modifying mechanism of laur-
ocapram on buccal uptake of diazepam and codeine was studied by
Handler et al. [49]. MALDI-MSI showed that the distribution with
and without laurocapram was unchanged for codeine, a more hy-
drophilic molecule, compared to diazepam, which was distributed
fundamentally differently in the presence of laurocapram. The
impact on the buccal distribution of diazepamwas suggested to be
an indication of a reservoir effect as previously observed using
other techniques, but MSI provided evidence of co-localization of
two exogenous compounds, which is not readily available by other
techniques. In similar studies, various forms of nicotine replace-
ment therapies have been studied. A MALDI-MSI study on elec-
trospun nanofiber patches showed enhanced delivery of nicotine to
deeper layers of the buccal mucosa with the patch than with a
topically applied solution of nicotine [50].

In an ex vivo study, Pinto et al. showed the drug distribution of
three antifungal drug substances after topical application onto
mycosis-infected nails [51]. By MALDI-MSI, it was observed that
amorolfine penetrated deeper into the nail compared to the other
antifungal drug substances.

6.2. MSI in development of systemic drug administration
technologies

6.2.1. Whole-body MSI
The use of MSI in such studies is limited by difficulties with cryo-

sectioning of whole rats and mice, which cannot readily be per-
formed using the cryo-microtomes found in most MSI laboratories.
This is regrettable since MSI performed on whole-body sections of
mice and rats can provide significant knowledge and an excellent
overview of the ADME properties of drugs (absorption, distribution,
metabolism and excretion). Whole-body MSI is often compared to
the more commonly used Quantitative Whole Body Autoradiog-
raphy (QWBA). Whole-body MSI has the obvious advantage of the
capability to distinguish between the parent drug and the different
metabolites as well as the versatility of not relying on radioactive
labelling, which is a burden to overcome for every new compound
Fig. 3. Rabbit eye 15 min after topical administration of brimonidine. (A) Overlay of MALDI-
with biomarkers of the ciliary (m/z 300.1) in red, and the lens (m/z 744.5) in blue. Yellow app
section of the eye [48]. Reprinted with permission.
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to be imaged with QWBA. However, even after two decades of
whole-body MSI studies, MSI is in terms of sensitivity still far
behind what QWBA has provided for many years.

In one of the early whole-bodyMSI studies, Khatib-Shahidi et al.
performed MALDI imaging of olanzapine and its metabolites in
whole-body sections of a rat. In contrast to what whole-body
autoradiography provides of information, the study could show
that the drug is primarily excreted as its metabolites. Also, traces of
the 2-hydroxy-methyl metabolite were found in the testis together
with the drug in its unmetabolized form [52].

In a recent whole-body study, MALDI-MSI was applied for im-
aging of a peptide drug and its metabolites in mice. Subsequently,
Liquid microjunction surface sampling coupled to LC-MS was
applied on adjacent whole-body sections for relative quantification
of the drug and its metabolites in selected regions in the animal [53].

DESI-MSI has also been applied in a number of whole-body
studies, the earliest being a comparison between whole-body
autoradiography and DESI-MSI for the drug propranolol in mice
[54]. Another study took advantage of the selectivity of mass
spectrometry with regards to stable-isotope labelled and non-
labelled compounds in a comparison between different drug
administration routes. Mice were IV dosed with the normal version
of the drug amitriptyline and immediately after they received in
intraperitoneal (IP) dose of the deuterium labelled version of the
drug. This enabled a one-to-one comparison of the two adminis-
tration routes in the same animal with regards to drug distribution
and metabolism (Fig. 4) [55]. The study confirmed that for mice, IP
administration is a good approximation to IV administration, but
also indicated a time lag between the two administration tech-
niques of 10e15 min. Despite this lag, at all times the distribution
and abundance of the primary metabolites nortriptyline was more
or less identical for IP and IV administration. This type of infor-
mation, which is exclusively availably by MSI, suggest that the
metabolites are produced as the same location (the liver, most
likely) and at the same rate despite differences in parent drug
abundance at different times, something which can be explained by
the rate-limiting enzymatic conversion of the parent drug.

6.2.2. MSI in drug delivery to the brain
A major concern in drug delivery to the brain is the capability of

a drug to pass the blood-brain-barrier (BBB), a barrier which con-
sists of several elements, including active efflux by P-glycoprotein
(Pgp). MSI has in several studies been applied to examine to BBB
properties of drugs in a visual manner, including whether they are
MSI images showing the ocular distribution of brimonidine (m/z 292) in green together
ears when brominidine and ciliary are detected in the same pixel. (B) H&E stained cross



Fig. 4. Whole-body DESI-MS/MS images of amitriptyline and amitriptyline-d6 injected intravenously and intraperitoneally, respectively in mice, in doses of 75 mg each (4 mg/kg).
Drug substance from each of the two injections are selectively imaged with their MS/MS transitions (m/z 278 / 233 for amitriptyline and m/z 284 / 233 for amitriptyline-d6).
Optical images of the H&E stained cryo-sections after the DESI-MSI experiment are shown for comparison [55]. Reprinted with permission.
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subject to efflux by Pgp. In a recent study by Andr�en and co-
workers, the two drugs propranolol and loperamide were imaged
in brains of mice IP dosed with and without co-administration of
the Pgp inhibitor elacridar [56]. The study, serving as an example of
how drug-drug interactions may be studied by MSI, showed that
while propranolol readily entered the brain, loperamidewould only
enter the brain when co-administered with elacridar, thus
revealing itself to be a substrate of Pgp efflux. Other BBB studies by
MSI weremade by Choo et al. [57], Colclough et al. [58] and Liu et al.
[59]. In the latter example, them/z 616.1 signal of heme was used a
marker for blood vessels, and the lack of co-localization between
heme and the drug would thus be taken as an indication that the
drug was able to leave the vessels and penetrate further into the
brain tissue. The results, spanning images of 14 serial coronal brain
sections, show regional differences in the apparent integrity of the
BBB throughout the brain.

Another example of the use of MSI in brain tissue is in studies of
PET ligands (Positron Emission Tomography), taking full advantage
of spatial information obtained by MSI. Here, MSI can be applied as
a cost-efficient tool to assess if new target compounds reach the
target tissues at sufficient abundance [60]. Recently, DESI-MSI was
compared to autoradiography and PET in a study of the receptor
binding of a PET ligand [61]. The same distributionwas observed in
DESI imaging of rat brains from an in vivo dosing experiment as in
an autoradiography experiment from an ex vivo incubationwith the
PET ligand on control tissue. The distribution of the ligand observed
in both experiments was similar to the distribution of the targeted
receptor.
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6.2.3. Drug delivery to organs and tumors
Sun et al. showed the distribution of orally administered pirfe-

nidone and two of its metabolites in kidney, lung and liver tissue
frommice [62] measured by MALDI-FTICR-MSI. In lung tissue, they
quantified the amount of pirfenidone and its metabolites and
tracked the changes in distribution and concentration over multi-
ple time points (Fig. 5). Furthermore, images based on PCA analysis
were generated showing the pharmacodynamic response to the
pirfenidone treatment as an increase or decrease of endogenous
compounds. The study did not reveal any obvious effects of pirfe-
nidone on known metabolic pathways, but it shows a way forward
for MSI in drug delivery studies with high-resolution mass spec-
trometers, where much more of the immense amount of informa-
tion (mainly originating from endogenous compounds) is utilized.

Tang et al. compared quantification of tetrandrine by MALDI-
MSI and LC-MS/MS in rat kidney, lung, liver, spleen and heart for
a series of time points after IV administration [63]. The amount
quantified with MALDI-MSI correlated well with the concentra-
tions found with LC-MS/MS in the different organs. By analysis of
the organs with qMSI, spatial information as well as a quantitative
pharmacokinetic readout was obtained, showing organ specific
differences in the distribution of tetrandrine, with lung, heart and
kidney tissues showing the most heterogeneous distributions of
the drug.

MSI has also been applied to study drug delivery to tumors. In
2015, Nagathihalli et al. studied the therapeutics response in
pancreatic ductal adenocarcinoma using a variety of techniques. As
part of the study, MALDI-MSI was applied to study the delivery of



Fig. 5. MALDI-MSI images of pirfenidone and metabolites in mouse lung tissue at different time points after oral gavage administration. Figure from Ref. [62]. Reprinted with
permission.
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the anti-cancer drug gemcitabine and a JAK-selective small mole-
cule inhibitor (called AZD1480) to the tumor. Tumor-bearing mice
were treated with both compounds either individually or in com-
bination. Compared with vehicle-treated mice, the tumor volume
was significantly decreased in mice treated individually with each
of the compounds, but even more so in mice treated with both
compounds. Results fromMALDI-MSI showed a synergistic effect in
mice treated with both gemcitabine and AZD1480, resulting in
improved tumor penetration for both drugs [64].

Xue et al. used LDI MSI to determine the distribution of a
nanocarrier comprised of PEGylated molybdenum disulfide nano-
sheets loaded with doxorubicin in mice lung, spleen, liver, kidney,
heart, brain and two types of tumor after IV injection [65]. They
found that the nanocarrier and doxorubicin were co-localized to a
high degree in the liver, lung, spleen and tumor tissue, suggesting
that the drug-loaded nanocarriers successfully accumulated there.

6.3. MSI in drug metabolism studies

As mentioned, a major strength of MSI is the ability to perform
selective imaging of not only the drug, but also its metabolites. This
is in contrast to other imaging techniques based on labelling where
the signal may derive from either the drug, the metabolite or both.
It is thus quite common that MSI papers on drug distribution also
report on the distribution of drug metabolites as e.g. in a study by
Lui et al. where more than five different metabolites were imaged
in the liver [59], and in a study by Goodwin et al. where the
metabolite of a cyclic peptide was shown to contribute to the
autoradiography signal [66]. Castellino et al. used MALDI-MSI in
combination with LC-MS to characterize the disposition and
metabolism of drug candidate for HIV treatment and imaged the
drug metabolite distribution in brains from rabbit, minipig and
monkey [67]. The capability of MSI to distinguish between parent
drug and metabolites was shown to be particularly crucial, since a
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correlation was shown between drug toxicity and metabolite pro-
duction. The highest degree of CNS toxicity was found in species,
which generate cysteine adduct metabolites (rabbits and minipigs)
compared to monkeys, which only generate these metabolites in
very low concentrations and mainly shown abundance of the
parent drug. Interestingly, the main cysteine adduct metabolite is
mainly localized in white matter in rabbit and minipig brain, while
the parent drug is mainly found in the graymatter inmonkey brain;
this knowledge, which is exclusively available with MSI, may pro-
vide some mechanistic insight in the toxicity.

D'Alvise et al. studied the drug penetration of lidocaine in skin
by DESI-MSI and found in this connection significant abundance of
3-OH-lidocaine in the adipose tissue, indicating that metabolism
takes place already in the skin [68]. The study is an example of how
the non-targeted nature of MSI provides unforeseen insight in
addition to the original question of drug distribution.

Metabolite imaging is of course of particular interest in studies
of prodrugs since their pharmacological effect is exerted by a
metabolite rather than the original drug. Buck et al. studied the
prodrug irinotecan which is used for chemotherapeutic treatment
of colorectal cancer [69]. Irinotecan exerts its pharmacological ef-
fect through its metabolite SN-38, and MALDI-MSI did reveal large
amounts of the metabolite in the intestinal tract, but only low
amounts in tumor tissue. The prodrug itself was detected in the
tumor tissue mainly in regions of higher microvessel density,
indicating better permeability of the prodrug through tumor
microvessels than throughmain vessels. The latter was observed by
combining MALDI-MSI with immunohistochemistry as an example
of a multimodal imaging approach. Drexler et al. applied MALDI-
MSI in a toxicological study of a prodrug, which caused crystal
formation in multiple organs in rat, which were given the highest
dose of 1000 mg/kg/day [70]. MSI results revealed that the crystals
were due to the active metabolite and not the original prodrug.
Terfenadine is another example of prodrug, and its conversion into
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its active form fexofenadine has been studied in rats by MALDI-MSI
[71] and in locusts by DESI-MSI [72].

6.4. Future perspectives of MSI

MSI has matured over the past 20 years. The introduction of the
vendor independent common data format imzML in 2009 was a
major breakthrough, and important work has been initiated on
method standardization [73]. It is more than a decade ago that the
first attempts on quantitative MSI were made, and now many MSI
papers contain quantitative aspects where direct quantitation,
semi-quantification or establishment of limits of detection is part of
an otherwise qualitative MSI study. In recent years, computational
models have become available for LC-MS quantitation of several
compounds in a sample without use of individual standards. These
models use calculations by quantum chemistry to predict relative
ionization efficiencies of different compounds, making one cali-
bration curve sufficient for absolute quantitation of several com-
pounds [74]. With the current growth in applications of
quantitative MSI and the non-targeted nature of many MSI studies,
there is a great potential in testing some of these computation
models for use with MSI in order to provide more quantitative in-
formation from one MSI experiment.

The availability of user-friendly instruments and devices for
matrix preparation has improved, but MSI is still not a technique
found in most pharmaceutical companies. Several of the very large
pharmaceutical companies have their own MSI divisions, but the
level of expertise and the highly specific instrumentation needed
for MSI has also created a market for contract research organiza-
tions (CRO) within MSI, which for many companies is a more
convenient and cost-efficient solution to an occasional need for
MSI.

In MALDI-MSI, newmatrices and depositionmethods have been
studied for many years, and the development is ongoing. A new
technique worth mentioning here is Desorption Ionization Using
Through Hole Alumina Membrane (DIUTHAME), where the MALDI
matrix is replaced by a porous aluminum membrane, which is
placed on top of the sample. It is a reproducible and relatively
simple method, which does not cause excessive amounts of matrix
signals in the mass spectra. However, currently DIUTHAME still
suffers from a high degree of fragmentation and lower sensitivity
than what is typically obtained by spray deposition [75,76].

Despite its importance for successful MSI, cryo-sectioning is
largely understudied. Recent studies have described and compared
embedding media specifically for MS imaging experiments both
taking into account the efficiency when sectioning and the risk of
excessive ion suppression [14,77]. Tape-assisted cryo-sectioning is
used to an increasing extent, as it maintains the structural integrity
of large and fragile samples and significantly improves the success
rate in sectioning, especially for inexperienced users [78e80]. The
greater interest for optimization of sample preparation techniques
has the potential to increase the utility of MSI in the future by
making the technique easier and thereby more accessible for
researchers.

In development of the MSI instrumentation itself, four param-
eters are of importance: Spatial resolution, sensitivity, selectivity
and speed. The spatial resolution in MALDI has seen a stepwise
improvement of the past 20 years and it now around 1 mm at its
best [8]. For DESI, new sprayer designs have not only improved the
resolution which can be obtained (better than 50 mm), but also the
sensitivity [81]. As mentioned, MALDI is undergoing an interesting
development these years with new post-ionization techniques
such as MALDI-2, which provides a significantly improved sensi-
tivity for some compounds. Higher selectivity is typically subject to
the performance of the underlying mass spectrometer, which is
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subject to frequent improvements in mass resolution for Q-TOF,
Orbitrap and FT-ICR systems. Coupling MSI with ion mobility, as
done by several instrument vendors these years, provides a sepa-
ration step to the MSI analysis and thereby enables separation of
isomers. In general, the addition of ion mobility will improve
confidence in peak assignment for both exogenous compounds
(e.g., drugs and matrix ions) and endogenous compounds (e.g.,
lipids and other metabolites). Even though examples exist where
ion mobility has led to an increase in sensitivity, there is an
inherent risk of a loss of ions due to an increased path length
through the instrument [82]. The greatest challenge for meaningful
ion mobility MSI is however to manage and interpret the immense
amount of information obtained in the analysis.

The acquisition speed of MALDI has been improved with the use
of faster lasers, which enable up to 40 pixels per second on MALDI-
TOF systems and up to 10 pixels per second on Orbitrap AP-MALDI
systems, and similar acquisition speed has been obtained by DESI,
by taking advantage of the increased sensitivity of a new sprayer
design [81].

In order to improve the sensitivity, selectivity and quantitative
performance while obtaining some of the spatial information of
MSI, various liquid extraction techniques (e.g. Liquid extraction
surface analysis (LESA) and Liquid Micro-junction (LMJ)) have been
developed. They enable highly localized extraction from selected
regions of a cryo-section, followed by injection to an LC-MS and are
often used in combination with MSI [53].

Recently, instrument solutions have been launched involving
glass slides with so-called fiducial markers. They enable the user to
mark regions in an MSI image; subsequently, the slide with the
tissue section can be mounted a laser microdissection microscope,
and the selected regions will automatically be laser-dissected for
subsequent extraction and LC-MS analysis.

With image acquisition times measured in hours rather than
minutes, there is a great incentive to extract asmuch information as
possible from the acquired datasets. Cassette dosing (i.e. dosing of
several drugs simultaneously) can be introduced to efficiently in-
crease sample throughput with regards to the number of com-
pounds tested. The power of cassette dosing have been
demonstrated in several drug distribution covering skin, ocular
lenses, and dissected organs from a mice [42,83e85]. Furthermore,
with much MSI moving to high-resolution mass spectrometry
platforms such as Orbitrap, FT-ICR and Q-TOF, hundreds of images
of different compounds can be extracted from one MSI experiment.
This means that while most of the studies within the topic of this
review are performed in a targeted fashion aimed at a few specific
drugs, drug metabolites or excipients, there is a wealth of infor-
mation in the signals from all the endogenous compounds that are
imaged in the same process. This is information, which may be
utilized to classify the underlying tissue (epithelia, cancer, con-
nective tissue etc.) or, depending on how the dosing experiment is
designed (post dose times, repeated dosing etc.), study the poten-
tial impact of the drug in the organism, i.e. characterize the phar-
macodynamics of the drug. There is an intense ongoing
development of new methods for multivariate statistical analysis,
in particular within the use of MSI in cancer research [86]. While
this review has been dedicated to the targeted analysis of today's
pharmaceutical MSI, we will certainly see the multivariate statis-
tical methods fromnon-targeted clinical MSI find their use in future
pharmaceutical MSI studies to a much greater extent than what is
seen today.

The low number of MSI studies involving pharmacodynamics
can be explained by the endogenous response being expressed by
molecules present in much lower concentrations than the drug
substance, but also because it requires sophisticated statistical tools
to identify the relevant drug effect biomarkers in an MSI dataset. In
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the future, optimized data analysis workflows and increased
sensitivity may broaden the applicability of MSI to enable a more
non-targeted approach as known from metabolomics. This could
extend the use of MSI to not only study the presence of the drug but
also the effect of the drug.
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