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Abstract

Mass spectrometry imaging (MSI) is emerging as a powerful analytical tool for detection,
quantification, and simultaneous spatial molecular imaging of endogenous and exogenous
molecules via in situ mass spectrometry analysis of thin tissue sections without the requirement

of chemical labeling. The MSI generates chemically specific and spatially resolved ion
distribution information for administered drugs and metabolites, which allows numerous
applications for studies involving various stages of drug absorption, distribution, metabolism,
excretion, and toxicity (ADMET). MSI-based pharmacokinetic imaging analysis provides a
histological context and cellular environment regarding dynamic drug distribution and metabolism
processes, and facilitates the understanding of the spatial pharmacokinetics and pharmacodynamic
properties of drugs. Herein, we discuss the MSI’s current technological developments that offer
qualitative, quantitative, and spatial location information of small molecule drugs, antibody, and
oligonucleotides macromolecule drugs, and their metabolites in preclinical and clinical tissue
specimens. We highlight the macro and micro drug-distribution in the whole-body, brain, lung,
liver, kidney, stomach, intestine tissue sections, organoids, and the latest applications of MSI in
pharmaceutical ADMET studies.
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1. Mass spectrometry imaging in modern drug development and
toxicology studies

Modern drug discovery and development requires a comprehensive assessment of

drug candidates’ absorption, distribution, metabolism, excretion, and toxicity (ADMET).
Refinement of analytical techniques that detect and quantify drugs, metabolites, relevant
biomarkers and gain knowledge regarding distribution and delivery of a therapeutic agent

to a target organ or tissue, has been fundamental to the drug development process. Small
molecule or biologic pharmaceutical agents can only elicit the desired pharmacological
activities when they are present in the vicinity of the therapeutic target sites at effective
concentrations and for an appropriate duration of time [1]. The failure of many preclinical
or clinical drug candidates could be related to insufficient drug exposure at the disease

site or unacceptable toxicity [2]. Nonspecific accumulation of parent drug or toxic
metabolites in unexpected tissues could lead to off-target toxicity. Thus, identifying the all-
relevant molecular entities and quantifying their abundance, spatial distribution, penetration,
and interaction with their targets in different tissues is important for understanding the
pharmacology and toxicology of the pharmaceutical agents and aids in selection of new drug
candidates.

The quantitative ADMET studies, especially tissue distribution analysis, are traditionally
derived from autoradiography analysis, high-performance liquid chromatography (HPLC),
or liquid chromatography tandem mass spectrometry (LC-MS/MS) based tissue homogenate
analysis. Autoradiography is a molecular imaging technique that records the spatial
distribution of radiolabeled pharmaceuticals in whole or dissected animals’ organs and
tissues [3,4]. Autoradiography requires radiolabeled compounds and a long exposure time
(days or weeks) to obtain high-resolution results [4]. While autoradiography is highly
sensitive, it relies solely on radiolabeled tracers, which are difficult to prepare and
environmentally unfriendly. Additionally, autoradiography lacks the ability to differentiate
the labeled parent compound from their degradation products or metabolites that retain

the tracer, thus making the actual molecular identity of the radioactivity it tracks and/or
compound quantitation unavailable. Conventional tissue homogenate-based LC-MS/MS
analysis does not provide spatial information of drug distribution. The immunohistochemical
(IHC) method has been routinely used in toxicological pathology study of tissues;

however, it is a low-throughput technique which also requires target-specific reagents

[5]. Other imaging methods, like positron emission tomography (PET) and single-photon
emission computed tomography (SPECT), require radioactive tracers, offer only millimeter
spatial resolution, and provide limited molecular information. Fluorescence microscopy
generally requires tagging of a drug with a fluorescent probe, which could impact the
physiocochemical properties, uptake, and distribution of drug within the body.
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Mass spectrometry imaging (MSI) is emerging as a powerful alternative analytical tool

for determining spatial distribution and quantification of endogenous biomolecules and
exogenous drug molecules by directly analyzing thin tissue sections based on their mass-to-
charge (m/2) ratio [6]. MSI is a molecular imaging technique capable of multiplex imaging
analysis, allowing simultaneous detection of thousands of molecules including endogenous
biomolecules such as proteins, peptides, lipids, small metabolites and exogenous molecules
such as drugs and drug metabolites in specific tissue microstructures at cellular and
subcellular spatial resolution in a single experiment [6]. MSI can provide spatial distribution
information that the conventional LC-MS/MS method lacks. MSI avoids the use of radio-
labeling agents required by autoradiography method and determines chemical specificity of
both drugs and their metabolites [7]. Compared to the conventional histologic techniques,
MSI is a label-free and high-throughput technique that can assess a comprehensive array of
molecular species without a priori knowledge of the targeted molecule of interest or target-
specific reagents. It therefore, promotes the discovery of toxic biomarkers and facilitates
mechanistic insights into toxicological pathways [8]. MSI technology offers powerful new
dimensions and capabilities to aid in drug development.

MSI is considered as a “molecular microscope” for biology and medicine [9,10,11], and
has broad applications for molecular pathology, tissue/cellular biology, drug discovery and
development, and forensic science [12]. In this review, we focus on the current applications
of MSI in pharmaceutical ADMET and site-specific pharmacokinetics (PK) studies and
discuss MSI’s recent technical advances in qualitative and quantitative molecular ion
imaging of small and large drug molecules in various tissues (brain, lung, liver, kidney,
stomach, intestine, tumors, whole body) and brain organoids in preclinical and clinical
models. Particularly, we highlight MSI advances in ADMET studies from the last 5 years
with sophisticated instrumentation, enhanced spatial resolution, absolute quantification of
detected drug molecules, and improved sample preparation methods.

2. Introduction of MSI

2.1

Principles and fundamentals of MSI

Mass spectrometry (MS) analysis is an analytical technique that identifies ionized
molecules based on the m/z, which is generated from different ionization technologies
including electrospray ionization (ESI), electron impact ionization (EI), fast atom
bombardment (FAB), atmospheric pressure chemical ionization (APCI), and matrix-assisted
laser desorption/ionization (MALDI). MS instruments necessarily have the following
components: 1) a sample introduction system that either introduces sample molecules
directly into the instrument via an insertion probe/plate or direct infusion using a sample
capillary inlet or follow online chromatographic separation; 2) an ionization source like
ESI to generate the ionized molecules; 3) a mass analyzer to detect ions according to the
m/z, and 4) a mass detector to quantify the total number of ions of each mass present

[13]. Sample ionization may take place either in high vacuum or at atmospheric pressure,
but ion detection and analysis require a high vacuum. The commonly employed mass
analyzers include triple quadrupole (QqQ), quadrupole ion trap (QTRAP), time-of-flight
(TOF), or high-mass accuracy and high-resolution mass analyzers such as orbitrap, Fourier
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transform ion cyclotron resonance (FTICR), quadrupole-TOF (QTOF), or TOF/TOF. Each
of these mass analyzers has its own advantages and limitations in terms of mass resolution,
transmission, duty cycle, and quantitative abilities [14,15].

MSI adds an additional layer of information to traditional MS technologies. MSI not only
identifies and quantifies each mass present in a tissue section, but also provides un-biased
spatial distribution of each molecule [5,6]. MSI technologies were pioneered by Richard
Caprioli. His team successfully demonstrated the use of MALDI-MSI to visualize large
biomolecules with insulin in a rat pancreas section, hormone peptide in a rat pituitary
section, and a membrane protein in cells in 1997 [16]. In a typical workflow for spatial
analysis of tissue section using MALDI-MSI (Fig. 1), frozen or formalin fixed paraffin
embedded (FFPE) tissues are sliced into thin tissue sections and sprayed with a layer of
energy-absorbing matrix to form uniform microcrystals. A pulsed laser then irradiates the
matrix-coated tissue, desorbs the tissue and ionizes molecules in different spots on the
defined region of tissues [17]. lon signals from an ordered array of all laser shots produce
the m/zmass spectrum, individual ion m/z values in each spectrum that correspond to the
individual compound’s molecular weights are assembled to produce selected images of the
areas within the tissue in which the molecules are located. Summing all the ions in each
spectrum produces a total ion density map [18]. The distribution maps of multiple analytes
can be correlated with tissue histological features. Instrument software is used to set the data
acquisition grid pattern with a predetermined number of laser shots per grid coordinate, and
the grid pattern has a fixed center with the size depending on the image resolution required,
usually between 25 and 250 pm [19].

Since the initial demonstration of the imaging capability for MALDI-MSI directly from
tissue sections, several innovative ionization technologies and sample preparations have been
developed to allow unbiased visualization of biomolecular spatial arrangements in tissue
sections. Historically, such a view was only available using traditional histology in tandem
with molecular identification via mass spectrometry. Selecting the appropriate combination
of ionization methods and MS components to pair with MSI technology is crucial for
optimal imaging.

lonization methods

2.2.1. MALDI—Several ionization methods are commonly employed in MSI, each with
their own strengths and limitations (Table 1). The MALDI technique is the most popular
and versatile soft ionization method that allows the analysis of large intact biomolecules
that would normally fragment under hard ionization conditions. MALDI-MSI also enables
analysis of a wider mass range (0-50,000 Da) than other MSI technologies [20]. Tissue
sections analyzed by MALDI-MSI must be uniformly coated with a chemical matrix
(section 2.4.2) (Fig. 1). During analysis, a pulsed ultraviolet (UV) or infrared (IR) laser
beam irradiates the sample surface in an array of discrete points at a pre-defined pixel

size, triggering ablation and desorption of the molecules from the sample surface [21]. The
matrix molecules absorb the laser energy and transfer energy to the analyte, and the analyte
molecules are generally ionized by being protonated or deprotonated with surrounding
matrix molecules; the resulting ions are accelerated into the mass analyzer for detection
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(Fig. 2). The most common mass analyzer that can be interfaced with MALDI include

TOF, QTRAP, Orbitrap, and FTICR. Matrix-assisted laser desorption electrospray ionization
(MALDESI) paired with a FTICR can be used as an effective analytical method in analysis
of peptides and proteins in a single acquisition [22]. MALDI can be operated under high
vacuum or atmospheric pressure. Spatial resolution on MALDI-MSI can range from 30

to 50 um on commercial instruments, a spatial resolution of up to 10 um is achievable

by decreasing the pre-defined pixel size, which can cause an increase in sample run time
and make high resolution images rather time consuming [23,24]. A molecule’s ionization
efficiency depends on the wavelength of the laser. Traditional MALDI has sensitivity issues
due to limited ionization and ion suppression. In a typical MALDI analysis of tissues,
molecules that are desorbed from the surface by the laser as neutral species are normally
not detected. MALDI-2 is an effective laser-based post-ionization technique introduced

in 2015 by Soltwisch et al. [25]. MALDI-2 utilizes a second orthogonal laser beam to
interact with the analyte desorbed from the first laser pulse to allow a charge transfer from
post-ionized matrix molecules to neutral analyte molecules [25]. MALDI-2 can improve
sensitivity by up to 1-3 orders of magnitude depending on samples and matrix [25-27].

The secondary laser in MALDI-2 can ionize neutral species microseconds after they desorb,
enabling their detection. This enhances the signal, dramatically shifts the limit of detection,
and permits the use of smaller spot sizes for higher spatial resolution. The mechanism of
improved ionization by proton transfer in MALDI-2 was postulated to involve resonant
two-photon ionization of the matrix by the post-ionization laser [25]. MALDI-MSI is
applicable to molecules of wide mass range including both low (<1 kDa) and high molecular
mass compounds (~100 kDa) [28,5]. MALDI-MSI is used in a variety of research areas

and clinical applications to provide spatial distribution information alongside quantitative
analysis.

2.2.2. DESI—Desorption electrospray ionization (DESI) was first introduced in 2004 by
Graham Cooks’ group in an attempt to eliminate the need for a vacuum system to analyze
samples [29]. DESI is an ambient ionization technique that does not require a matrix or
sample preparations (Table 1). DESI employs charged solvent droplets sprayed onto the
analyte surface from a pneumatically assisted electrospray source. The microdroplets act

as projectiles and desorb ions from the sample surface as a result of electrostatic and
pneumatic forces; the resulting ions are accelerated into the mass analyzer for detection
(Fig. 2) [30,31,32]. The desorbed secondary droplets undergo electrospray-like solvent
evaporation and ionization, and these ions are transferred to the MS via an atmospheric
pressure ion-transfer line [30,31,32]. For low molecular weight molecules, ionization occurs
by charge transfer of an electron or a proton. For high molecular weight molecules, multiple
charges in the droplet can be transferred to the analyte. This allows for the acquisition

of electrospray-like mass spectrum information with multiple charged ions and adducts.
Nitrogen is the most commonly used nebulizing gas. Solvent systems with or without an
acid modifier are most commonly used for DESI. A 1:1 methanol:water solution solvent
system has proven to have a high signal intensity for molecules with /2 range of 700-1000
[33,34,35]. Small molecule analysis with a m/z < 700 shows increased sensitivity when

a 1:1 dimethylformamide: water solution is used [34]. Analytes that do not undergo ESI
typically have a low detection sensitivity [31]. This problem can be overcome by the use of
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reactive DESI methodology which employs a derivatization agent in the DESI solvent [36].
Another drawback to DESI technology is that, while it can easily analyze compounds < m/z
2000, compounds with higher masses require a more sophisticated system or pre-scanning
the surface [37]. In addition, DESI-MSI coupled with ion mobility (IM) separation, an ion
separation technique used in gaseous phases based on molecular differences in size, shape
and charge when an electric field is applied, has been utilized to add an additional dimension
of resolution [38]. lon mobility separation can be highly beneficial when analyzing complex
samples as it enables detection and isolation of various ions with overlapping signals which
would otherwise remain buried in the noise and thus be undetectable without this additional
mode of separation [39]. While the spatial resolution of initial DESI-MSI (<500 um) is

not as good as in MALDI-MSI [40], a spatial resolution of 20-100 um pixel size can be
achieved by optimizing the DESI spray’s geometry [41]. Nanospray DESI (nanoDESI) uses
a self-aspirating nanospray capillary to directly transport and ionize analyte that is desorbed
from the surface [42]. NanoDESI-MSI was shown to have a lateral resolution of 10 um on
tissue sections [43]. The MSI analytical capabilities can be further extended when coupling
nanoDESI with IM separation for spatially-resolved analysis of complex tissue samples [44].
The DESI technique is applicable to solids, liquids, adsorbed gases, tissues sections, and
live cells [45]. DESI-MSI can therefore be utilized in several pharmaceutical development
activities including formulation and in vitro release method development [38].

2.2.3. SIMS—Secondary ion mass spectrometry (SIMS) was originally used for inorganic
materials but is now aiding the analysis of biological materials (Table 1). SIMS utilizes a
highly focused primary ion beam under high-vacuum to bombard the sample surface and
produce atomic collisions, some of these collisions result in the release of secondary ion
particles (Fig. 2) [46,47]. These charged ions are transmitted through a MS analyzer, where
the m/zis measured. SIMS has the advantage of high lateral resolution at micrometer or
submicrometer range. SIMS technology has been expanded to include TOF-SIMS, FTICR-
SIMS, and NanoSIMS. In TOF-SIMS, the secondary ions created by the primary ion beam
are extracted into an analyzer using high voltage potential; the molecular mass is determined
by measuring the time-of-flight from the sample’s surface to the detector [47]. TOF-SIMS
provides analysis of a large mass range and improves mass resolution and sensitivity. The
FTICR-SIMS platform uses a Cgg primary ion gun source. The Cgg powder is heated under
a vacuum and the evaporated molecules are ionized and focused through several ion optics
while moving towards the sample. Cgg FTICR-SIMS can achieve high mass accuracy and
high mass resolving power at a spatial resolution of 40 um range [48,49,50]. NanoSIMS
uses a reactive primary ion beam like Cesium* (Cs*) or Oxygen™ (O~) beam for positive

or negative secondary ion analysis, respectively [46]. The beam size can be adjusted below
50 nm for the Cs* ion gun and below 200 nm for the O~ ion gun, which provides high
lateral resolution and allows the visualization of elemental and isotopic composition of the
analyzed sample at nanometer scale [51]. The primary ion source for SIMS methodology is
limited to small molecule analysis (<1000 Da); this is due to the high energy levels required
to fragment large molecules [20]. SIMS methodology is typically applied to analysis of
elements, atomic clusters, drugs, and other low molecular mass compounds within tissue
sections.
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2.2.4. LA-ICP-MSIl—Laser ablation inductively coupled plasma mass spectrometry
imaging (LA-ICP-MSI) is used to conduct elemental analysis of solid samples and tissues
(Table 1). Laser ablation removes material from a solid surface by irradiating it with a

laser beam. The laser induced sample particles are transported via an argon carrier gas into
the ICP ionization source where the high-temperature (up to 10,000 K) plasma (ionized
gas) fully decomposes a sample into its constituent elements and transforms those elements
into ions by removing loosely held electrons [52,53] (Fig. 2). The ICP torch pushes the
analyte aerosols to the MS creating m/zand MSI data [54]. LA-ICP-MSI can use metal-
labelled antibodies to detect and quantify proteins [55]. A distinct disadvantage to using
LA-ICP-MSI is its destructive action on the specimen; post laser ablation, a small pit
encompassing the size of the analytical volume remains [56]. In addition, LA-ICP-MSI can
have difficulties in quantification due to matrix effects and molecular ion formation [55].
Coupling the LA-ICP to a TOF has aided detection of proteins labeled with rare earth
elements in biological samples [57]. Resolution for elemental analysis using LA-ICP-MSI
can be as low as 5 pm [58], although it is possible to achieve a resolution of 500 nm

using a dual-pulse laser under vacuum conditions [59]. LA-ICP-MSI technology primarily
produces atomic information and detects different isotopes of the same element at very

low concentrations. LA-ICP-MSI shows great promise in quantitative metal imaging in
biological tissue samples and metal-containing drug analysis [60].

2.3. MSI for quantitative analysis

Absolute quantification using MSI is still challenging due to ion suppression by endogenous
molecules, heterogeneity of sample surface, matrix effects, and fluctuations in MS detectors.
Different tissue quantification approaches have been explored. The dilution series model
uses calibration standards spotted onto a control tissue. The drug concentration is estimated
by comparing the control ion intensities to those of the dosed sample. The mimetic

tissue model uses tissue homogenates spiked with calibration standards to quantify target
compounds in tissue sections; this method requires more sample preparation but closely
simulate drug “in-tissue” [61]. The tissue extinction coefficient method refers to a regional
correction factor calculated by the intensity of the standard on tissue divided by the intensity
of the standard on the glass slide [62]. Normalizing drug or metabolite ion signals against a
stable isotope-labeled internal standard compensates for ion suppression and matrix effects.
Drug quantification on tissues is done ex vivo and, in some cases, after the tissue has

been formalin fixed. This process would stop all biological cell functions and limit or halt
additional drug migration, allowing for precise drug distribution imaging. As with traditional
mass spectrometry systems, a system suitability test should be performed when using MSI
to confirm accurate quantification. This can be accomplished by using the MSI to analyze

a defined spot on the glass of the tissue slide that has been spiked at known concentration
with the mass range of interest. This will evaluate accurate mass identification and accurate
quantification prior to sample analysis. MSI also suffers from relatively low sensitivity
compared to LC-MS/MS. Multiple reaction monitoring (MRM) combined with MSI can
selectively detect and quantify specific precursor ion to product ion transitions and provide a
high-throughput analysis of multiple known analytes on tissue sections [61]. The analytical
validation of the quantitative MSI is still challenging. Several groups compared different
quantitative MSI platforms with respect to limit of detection (LOD), linearity, sensitivity,
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reproducibility, and precision and accuracy of high and low quality control (QC) samples of
drugs in dog liver samples [63,61,64]. Recent reviews present detailed description of MSI
relative quantitation, absolute quantitation, calibration curve construction, and normalization
strategies [65;66]. High selectivity of analyte can be further achieved by using the ion
mobility separation or high resolving power FTICR-MSI. Derivatization strategies, matrix
optimization, and improved tissue processing methods can also help to develop a robust and
validated quantitative MSI method for drug analysis.

2.4. Sample preparation and data acquisition

2.4.1. Sample preparation—MSI is commonly performed on flash-frozen tissue
samples. Tissue perfusion prior to tissue harvest can be performed to avoid detecting drug
and metabolites in capillaries that supply blood to the organs such as brain. It is essential
to stop any cellular reactions and enzyme-mediated degradation of molecules and reduce
molecule diffusion across the tissues when harvesting tissue samples. Thus, tissues should
be frozen quickly in liquid nitrogen to minimize these variables and to preserve tissue
morphology. Thin tissue sections for MSI typically range from 5 to 20 pm thickness. FFPE
tissue, which is routinely used in histological analysis and diagnosis, can also be used for
MSI. Originally tissues for MSI analysis could not have extra additives like optimal cutting
temperature (OCT) compound to minimize ion suppression. Recent sample preparation has
been optimized to allow for additives like OCT, although additional sample preparation
steps to properly remove OCT compound or paraffin from the tissues while not disrupting
the key tissue components being analyzed are needed [67]. In contrast to fresh frozen
tissues, the use of antigen retrieval technique and sample enzyme digestion are performed
for FFPE samples to obtain a partial reversal of the protein crosslinking caused by the
FFPE preparation [68,69]. FFPE tissue sample preparation has been optimized by various
labs to improve MALDI-MSI performance [67,70]. Carter et al. used FFPE to inflate and
fix lung tissue samples from rhesus macaques and this sample preparation improved MSI
sensitivity and resolution without significant signal loss [71]. The chemical structures of
drug and drug metabolites should not be modified in the FFPE tissue; some very specific
metabolites could be modified in theory (e.g., primary amine may react with formalin), but
they should be readily recognized based on the exact mass. In general, both DESI and SIMS
can be performed directly after sectioning. Unlike MALDI-MSI samples, SIMS and DESI
sample preparation processes typically consist of freeze or vacuum drying of samples using
a vacuum desiccator [72,39]. Optimization of thin tissue sections can include washing the
sample to remove cell debris, excess salts, or lipids in order to prevent ion suppression,

or adding compounds to perform on-sample enzymatic digestion or derivatization [69].
Histochemical staining using compatible dyes like methylene blue or cresyl violet can

be performed on the same tissue section before or after an MSI experiment or on the
consecutive tissue section to allow correlation of MSI images with histological information
[73].

2.4.2. Matrix chemistry—A matrix coating is required to aid in MALDI ionization
of compounds. This coating is typically applied with a matrix sprayer to evenly coat the
entire tissue surface and avoid regions of high and low ionization (Fig. 1). Selection of the
proper sample matrix is critical to achieving reliable imaging results. The matrix is usually
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a small organic, aromatic molecule that has an absorbance matching the wavelength of the
laser, which allows for optimum absorption of energy from the laser to avoid substantial
fragmentation [74]. The benefits of applying the matrix on the sample to MALDI-MSI
analysis are: (1) minimizing fragmentation of the analyte ions by absorbing the majority of
the laser beam’s energy; (2) inducing collisional cooling during the adiabatic expansion of
the cloud of material moving into the vacuum; and (3) separating the analyte crystals from
other interfering substances like salts and large molecules [75]. As the matrix crystalizes,
analytes are extracted from the tissue section and co-crystalized. The frequently used
matrixes for MALDI-MSI and their structures are listed in Table 2. The most common
matrixes for small molecule analysis include 2,5-dihydroxybenzoic acid (DHB) and a.-
cyano-4-hydroxycinnamic acid (CHCA). For additional information on MSI matrices, we
refer the reader to the available comprehensive review papers [69,74,76]. Matrix application
methods include manual droplet disposition, airbrushing using pneumatic nebulization, an
acoustic reagent multi-spotter, electrospray disposition, or a pneumatic sprayer [74,77]. The
quality of matrix application can impact MSI’s mass and spatial resolution and sensitivity.

2.4.3. Data acquisition, processing, and normalization—Data acquisition,
processing, and analysis for MSI are much more complex than in traditional MS data
analysis due to large data sets and a high degree of dimensionality. Traditional MS data
acquisition and analysis create a total ion count (TIC), which is a chromatogram that sums
up the intensities of all mass spectral peaks along the same scan, providing information as
to how multiple analytes elute in a single injection. Traditional MS also provides qualitative
and quantitative detection of an analyte by comparing detected /m/z ratios to isotopically
labelled internal standards. MSI adds an important layer of complexity to this already
complicated and detailed sample analysis by providing spatial distribution information for
each compound. Each pixel created in the MSI experiment contains the information of

an entire mass spectrum [65]. As with traditional MS, there are several preprocessing
steps that can reduce experimental variance in the data set; these include normalization,
baseline correction, spectral realignment, and smoothing [78]. Analyte intensities and

data reproducibility can be negatively affected by sample preparation, matrix selection,
ion suppression, and ionization inefficiencies in a complex sample matrix. Normalization
to the TIC is the most common method of avoiding misleading artifacts and improper
analysis. Normalization ensures that all spectra obtained have the same integrated area and
it is assumed that there is a comparable number of signals in each spectrum [65,79,80].
However, it should be noted that normalization to the TIC is not applicable when comparing
different tissue types. For samples containing different tissue types like a whole-body
section, a reference compound should be added and normalization should be performed

to the reference compound [65,79]. As with traditional MS data, smoothing is an integral
preprocessing step. Smoothing allows for mitigation of background noise and overall data
improvement. Smoothing is traditionally used when the parent spectrum is difficult to
distinguish due to intense background noise; however, peak smoothing should be used
with caution to avoid misrepresentation of data. This is equally important in MSI to avoid
unexpected variability between pixels that may misrepresent the in vivo data distributions
[65]. A more detailed description of MSI data processing, visualization, and statistical
analysis of MSI data can be found in an excellent review from Buchberger et al. [65]. The
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reproducibility of MSI data analysis is critical as the regulatory agencies generally expect
the co-efficient of variance (CV) of reproducibility should not exceed 20% for analytical
techniques [81]. Several labs have addressed the issue of MSI site-to-site reproducibility
[82,83,84] and multicenter studies were carried out to study the MSI reproducibility

and data processing guidelines to insure the reliability and transparency of MSI data
[85,86,87]. Several commercial software programs and tools such as MSiReader (a free
open source MSI processing and visualization tool), SCIiLS from Bruker, ImageQuest from
Thermo, and High-Definition Imaging (HDI) from Waters are available for advanced data
processing and statistical analysis. To overcome problems with MSI data standardization and
reproducibility, an open-source computational platform Galaxy framework was developed
to link 18 different MSI data analysis tools to enable all major MSI analysis steps such

as visualization, preprocessing, statistical analysis, and image co-registration [88]. The MSI
data analysis in Galaxy allows accessible and transparent data analysis.

3. MSI applications in visualization and quantification of drug absorption,

distribution, and excretion in preclinical tissues

3.1.

MSI monitors drug absorption in gastrointestinal tract and PK imaging

In drug development, a drug’s plasma concentration is commonly used to determine
systemic exposure, but sometimes it does not correlate with the quantity of the drug
distributed in the target tissue. For locally delivered drugs to the distal gastrointestinal (GI)
tract to treat intestinal diseases, systemic plasma concentrations do not accurately represent
the tissue exposure of these Gl-targeted agents. Knowledge on the region-specific drug
absorption profiles from the Gl tract of orally administered drugs can facilitate drug design
and selection of the optimal dosing regimen. In this regard, MSI offers a complementary
analytical method to enable visualization of the quantity and distribution of drugs in
different Gl tract regions and provides a longitudinal absorption profile at different time
points.

In 2021, Meng et al. used a LA-ICP-MSI platform to investigate the distributions of three
metal drugs used in photodynamic therapy after ingestion by oral gavage (CuPc, ZnPc and
CoTsPc) in the small intestine of mice [60]. The overlay MS image of 5°Co, 63Cu and

677n distribution in the small intestine at different spatial resolutions (10, 1, 0.5 um/pixel)

is presented in Fig. 3 (left panel). All three drugs had wide distribution in the intestinal
epithelia and blood capillaries of the intestine, indicating these drugs are absorbed by the
epithelium and transported to other parts of body by the blood capillaries. The zoom-in MSI
image showed the goblet cells in the small intestine at 0.5 um spatial resolution (Fig. 3, right
panel). This study thus demonstrates the power of high-resolution MSI in revealing vital
information about drug absorption and transportation processes in the intestinal villi.

Nilsson et al. used MALDI-MSI to study the oral absorption of three FDA-approved,
well-characterized permeability and absorption marker drugs (two high permeable drugs,
propranolol and metoprolol, and a low-moderate permeable drug, atenolol) in rat Gl tissues
at 15 pm spatial resolution [89]. The propranolol and metoprolol MALDI-MSI images
showed the highest relative ion abundance 30-40 cm downstream from the stomach into
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the small intestine, which gradually decreased by 50-60 cm, while atenolol demonstrated
the highest abundance at a 50-60 cm distance from the stomach (Fig. 4a). The MSI ion
images also showed that propranolol and metoprolol were mostly located around the upper
part of the villi; in contrast, atenolol was more evenly distributed along the whole crypt-
villus axis. The MSI findings were confirmed by the LC-MS/MS measurement of intestinal
homogenates derived from matched tissue regions (Fig. 4b). These tissue absorption profiles
are in agreement with published oral PK for all three compounds, supporting that high
permeability drugs are associated with rapid oral absorption [89].

In 2021, Huizing et al. studied the distribution of tofacitinib, a FDA approved oral drug to
treat rheumatoid arthritis and ulcerative colitis, in the GI tract (ileum, proximal colon, and
distal colon) at 1 h and 7 h post single oral dose in rats using a quantitative MALDI-FTICR-
MSI method [90]. Quantification was achieved using the 13C and 1°N stable isotope-labeled
tofacitinib as the internal standard (IS). A fixed concentration of the 13C,15N-tofacitinib was
sprayed over the entire tissue section prior to coating it with 2,5-dihydroxybenzoic acid
(DHB) MALDI matrix. The ratio of the drug/IS signal intensity was measured for three
regions (the lumen, mucosa, and muscle layer) per intestinal section and in three different
areas similar in size and pathological homogeneity. At 1 h post oral dosing (systemic Tmax),
tofacitinib distributed highest in the ileum, whereas tofacitinib mainly distributed in the
colon at 7 h post dosing (Fig. 5A). A 3D intensity plot coupled with hematoxylin & eosin
(H&E) stains showed that MSI can differentiate at 7 h between the lumen and intestinal wall
layers with a high exposure of drug in the muscular layer of the proximal colon (Fig. 5B).
The study therefore demonstrates that MSI, coupled with classic H&E staining and stable
isotope IS, provides a quantitative description of drug absorption and the passage of drugs
across different regions of the intestinal wall [90].

Rao et al. performed a MALDI-TOF-MSI-based PK imaging of octreotide, an octapeptide
drug used to treat neuroendocrine tumors, in mouse stomach, intestine, and liver sections
after oral administration [91]. In this assay, a structurally similar IS was spotted onto

tissue sections together with DHB matrix solution. The distribution of octreotide in the
stomach section was clearly visualized at different time points from 10 to 120 min (Fig. 5C).
The drug concentration was much higher in the corpora ventriculi as compared to cardia,
fundus, and pylorus regions, reflecting the heterogeneity of drug distribution in tissue. The
most exciting observation was that the tissue concentration-time curve of octreotide in

the stomach obtained via MSI was consistent with findings using the well-established LC-
MS/MS method (Tmax at 30 min and a stomach elimination half-life ti, of 34.1 min) (Fig.
5D). The quantitative performance of the MALDI-TOF-MSI octreotide assay was validated
for specificity, selectivity, linearity, sensitivity, accuracy, and precision [91]. Together, these
studies suggest that MSI techniques can not only visualize the spatial distribution of a drug
in tissues, but also generate meaningful data for construction of the tissue PK profiles and
calculation of key PK parameters.

MSI analysis of drug distribution in central nervous system tissues

3.2.1. Distribution of antipsychotics and Alzheimer’s disease drugs in
brain tissue—The blood-brain barrier (BBB) and blood-cerebrospinal fluid barrier can
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significantly limit a drug’s permeability to the central nervous system (CNS). MSI
technologies have been successfully used to detect and quantify spatial distribution of
CNS-targeted drugs in preclinical brain tissue sections [92]. Using a MALDI TOF-TOF MSI
method, Chen at al. simultaneously detected and quantified five different intraperitoneally
injected CNS drugs (three antipsychotics: clozapine, haloperidol, and aripiprazole; and

two Alzheimer’s disease drugs: donepezil and tacrine) in mouse brain tissue sections at

a 150 pm resolution (Fig. 6A) [92]. The brain tissues were sectioned, vacuum dried,

washed with ammonium acetate solution, incubated with trifluoroacetic acid vaper, then
washed with 7-hexane before MALDI-MSI analysis [92]. Relatively high abundance of

the five CNS drugs was observed in the cerebral cortex, followed by the hippocampus,
thalamus, and stratum regions. This type of tissue preparation enhanced drug detection and
decreased ion suppression across all five CNS drugs and allowed for improved quantification
(regression values R? > 0.9) (Fig. 6B, C) [92]. This MALDI-MSI quantification method was
validated by conventional LC-MS/MS analysis of tissue punches from the nine brain regions
of the same mouse brain prepared for MALDI MSI, with the LC-MS/MS data finding
similar region average peak intensities (Fig. 6D, E) [92]. These results demonstrate that the
integrated tissue pretreatment protocol coupled with MALDI-MSI technology allow reliable
quantitative analysis of the spatial distribution of drugs in the brain.

3.2.2. Anticancer drug distribution in CNS tissue—When developing drugs to
treat brain tumor and brain metastases, it is always challenging to ensure a drug’s ability

to cross the BBB and blood-tumor barrier (BTB) to reach the intended site of action.

Tanaka et al. used MALDI-MSI to quantitatively evaluate the spatial distribution of two

oral tyrosine kinase inhibitors, epertinib and lapatinib, in mouse models of HER2-positive
breast cancer brain metastases and T790M-EGFR-expressing lung cancer brain metastases
[93]. Fig. 7A, B show the histological H&E and Giemsa staining of tumor-bearing brain
tissue sections and the MALDI-MSI ion distribution of epertinib and lapatinib in the lung
cancer brain metastases mouse model [94]. Quantitative MSI confirmed that brain tumor
concentrations of both epertinib and lapatinib were equivalent, while plasma concentrations
were significantly different at 4 h after oral administration [94]. In a separate BR3 breast
cancer brain metastases mouse brain sections, epertinib and lapatinib distribution in tumors
was visualized by MALDI-MSI at 4 and 8 h after oral drug administration (Fig. 7C-F).
Quantitative MALDI-MSI analysis using epertinib-ag and lapatinib-4; as the internal
standard showed that epertinib concentration was 10 times higher than that of lapatinib

in tumors [94]. These findings indicate that drug distribution to the CNS site does not
necessarily correspond to the physiochemical properties of the drug or to systemic exposure,
making the addition of spatial drug distribution information especially valuable in CNS drug
discovery research.

Another study combined MALDI-MSI with LC-MS/MS methodologies to compare the
effect of the multidrug resistance protein 1 (MDRZ1) on the intra-brain accumulation of an
oral kinase inhibitor, alectinib, in MdrIa/bknockout (KO) mice [95]. MSI images showed

a significant increase in alectinib exposure and distribution in the brain sections of Maria/b
KO mice as compared to that in brain section of FVB wild-type mice at 1 and 4 h post oral
drug administration [95]. These data indicate that brain distribution of alectinib was affected
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by efflux transporter MDR1 and was not associated with blood concentration [95,94]. These
studies thus reiterate the value of being able to visualize and quantitate spatial distribution of
drugs in drug discovery and development and highlights the importance of understanding the
role of transporters in drug distribution.

3.2.3. Antiretroviral drug distribution in CNS tissue—CNS distribution of
antiretroviral drugs has been evaluated using MALDI-MSI to determine the regional

drug localization patterns and PK in rat brains [96]. In this study, the antiretroviral

drugs efavirenz, tenofovir, and emtricitabine were dosed in healthy rats at 50 mg/kg via
intraperitoneal injection. A LC-MS/MS method was developed to quantify the antiretroviral
drugs in both plasma and brain homogenate samples in tandem with a MALDI-MSI

method used to map the drugs’ time dependent CNS exposure. MALDI-MSI of coronal

rat brain sections showed a time-dependent spatial distribution of all three antiretroviral
drugs at a lateral resolution of 100 um. Efavirenz displayed a high degree localization

across the entire brain, tenofovir localized mainly in the cortex, and emtricitabine distributed
heterogeneously in the thalamus, corpus callosum, and hypothalamus (Fig. 8A-C). The
relative ion abundance of the three antivirals in different brain regions can be quantified
(Fig. 8D). It was evident that tenofovir had the highest intensity in the cerebral cortex
(CTX), followed by the caudoputamen (CP) at 0.25 h post-dose. Tenofovir had the lowest
brain concentration compared to the other two drugs using the LC-MS/MS analysis of whole
brain homogenates [96]. These findings make a clear case for the advantages of MSI in
monitoring drug delivery. While the homogenized tissue analysis did not provide enough
information about drug penetration across the BBB, the MALDI-MSI images show drug
localization at different brain regions at different levels.

3.2.4. MSI imaging of L-DOPA-treated Parkinson’s disease brain sections—
Shariatgorji et al. recently developed a reactive matrix designed to selectively target
primary amine groups on neurotransmitters. Using a fluoromethylpyridinium-based reactive
matrix and MALDI-MSI, they visualized distinct alterations of neurotransmitters and

their metabolites in brain tissue sections from rat models of Parkinsonism [97].

Specifically, the authors showed the MALDI-MSI detection of endogenous dopamine

and various neurotransmitters and metabolites acquired from the brain tissue section of a
unilateral 6-hydroxydopamine lesioned rat model of Parkinson’s disease treated with L-3-4-
dihydroxyphenylalanine (L-DOPA) for three weeks, followed by a final dose of deuterated
L-DOPA-d3. Derivatized dopamine was predominantly detected in the striatal region of rat
brain sections. Tracing the metabolism of the isotopically labelled L-DOPA-dg3, this group
was able to identify brain areas that uptake the dopamine precursor and simultaneously
obtain distinct localization patterns for dopamine metabolites [97]. This study demonstrates
that MALDI-MSI methodology can enable the simultaneous detection and mapping of
comprehensive pathways of biochemical and pharmacological pathways of drug-induced
neurotransmitters from a brain tissue section.

3.2.5. Mapping drug-induced change in metabolome in human brain
organoids—Human brain organoids are three-dimensional self-organizing, stem-cell-
derived structures that resemble in vivo tissue counterparts in both cell composition
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and organ architecture [98]. They have quickly become an important tool for basic and
translational research with wide applications for disease modeling using human cells as
primary source, drug development, screening, optimization, and personalized medicine
[99,100,101]. Because organoids are produced from patient samples, the patient-specific
genetic background is preserved, making them an ideal model system to study genetic
disorders and develop gene or other therapies to counteract them. However, before these
models are fully utilized in the medical, biology research, and pharmaceutical industries,
more characterization needs to be undertaken. In our study, we aimed to examine

whether MSI could be an informative tool to study changes in the organoid metabolome
and its response to treatments. We used forebrain organoids generated from induced
pluripotent stem cells (iPSCs) by modified Pasca protocol [102]. These organoids have well
characterized neuroprogenitor zones (rosettes), neurons and astroglia of different maturation
stages (Fig. 9). To map selected metabolites, we used MALDI-TOF (Synapt 2G-Si HDMS,
Waters) calibrated for the mass range from /7/250-2000 [103]. We first examined whether
MSI can detect any metabolome differences in organoids of different age. Indeed, at 16
days, when organoids are populated solely with neuroprogenitors (organoid size < 0.5 mm),
we could detect an abundance of small molecules (<400 Da) concentrated either in the
center of an organoid (Fig. 9C, left panel m/z275 and 283) or outlining the periphery of
the organoid (Fig. 9C, left panel, m/z597). In contrast, at 36 days, when organoids have
immature neurons that migrate toward the periphery (organoid size is about 0.5 mm), we
saw differences in the same small molecules — some maintained their localization in the
center of the organoid (Fig. 9C, right panel, m/z283), some were subsequently not detected
(m/z 275), and some moved from the periphery to the center of the organoid (/7/2597).

We then examined whether we could detect any differences if the organoids were treated
with the fatty acid desaturase inhibitor, CAY 10566, as neuroprogenitors are highly enriched
with fatty acids and depend on monounsaturated fatty acids for their survival [104]. After

3 days of treatment, we could detect the presence and distribution of some metabolites in
the organoid (Fig. 9D). These data demonstrate that MSI could be used to study human
brain organoids, although more optimization needed to ensure proper tissue fixation and
sectioning to achieve the best results.

3.3. MSI imaging of drug localization in lung tissues

The lung is a highly heterogenous organ, and there is only limited information on the
details of lung tissue drug distribution after inhalation therapy. Due to high pulmonary
pressures and gravity, the blood flow in the lungs is unevenly distributed [105], which

may impact drug transport in the lung. In 2020, Hamm and colleagues applied a DESI-
MSI method to determine the lung distribution and retention of slowly dissolving neutral
fluticasone propionate (a glucocorticoid receptor agonist) and the soluble bases salmeterol
(a long-acting p-adrenoreceptor-agonist) and salbutamol (a short-acting p-adrenoreceptor-
agonist), which were simultaneously delivered to rats by inhaled nebulization [106]. The
three deuterated drugs were also delivered to rats by intravenous injection which resulted in
homogenous lung distribution for all drugs. In contrast, inhaled salmeterol and salbutamol
were preferentially retained in bronchiolar tissue, while inhalation delivered fluticasone
propionate was retained in all regions of the lungs (Fig. 10). These MSI results demonstrated
that inhaled small molecule chemotypes are differentially distributed in the lung tissue after
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inhalation; the regional localization and retention of drugs are highly dependent on the
drugs’ structure and physicochemical properties.

Similarly, Yamamoto et al. used a DESI-TOF-MS method to visualize the spatial
localization of inhaled ciclesonide, a corticosteroid, and its two metabolites in rat lung
sections after administration of a single dose of 1-um ciclesonide aerosol particles [107].
The MSI data revealed that ciclesonide was localized in the airway epithelium, while the
two metabolites were much more homogenously distributed throughout the lung tissue,
including the alveoli and bronchi. These data demonstrated the efficient delivery of 1-um
aerosol particles to the deep portions of the rat lungs, although a portion of the particles was
deposited at the airway epithelium [107].

Nilsson et al. used MALDI-MSI to track and quantify the distribution of inhaled tiotropium,
a bronchodilator, within lungs of dosed rats, in both MS and MS/MS mode at 200

um spatial resolution [108]. Tiotropium was administered as an aerosol of a nebulized
solution to rats (1.1 mg/kg) by exposing the rats in an inhalation chamber for 15 min.

The quantification of tiotropium levels in lung tissue was achieved by comparison to drug
standard samples spotted on a control tissue using MALDI-MSI. Tiotropium precursor MS
ions and fragmented product MS/MS ions were dispersed in a concentration gradient (80
fmol — 5 pmol) away from the central airways into the lung parenchyma and pleura based on
a MSI ion map of lung tissue sections; the finding was consistent with a rapid absorption of
tiotropium [108].

In addition to inhaled drugs, Treu et al. developed a MALDI-MSI workflow to image

orally administered anti-tuberculosis (TB) antibiotics in the mouse lung with high mass
resolution and accuracy (<1.5 ppm) and high spatial resolution (10 um pixel size) [109].

The detection of antibiotics (pyrazinamide, rifampicin, ethambutol, isoniazid, moxifloxacin,
and clofazimme) was accomplished in mouse lung sections from the same treated animals
using alternating scan mode and the molecular identity of the antibiotics was confirmed

by on-tissue MS/MS analysis. The selected ion monitoring (SIM) acquisition increased the
sensitivity of drug detection in MALDI-MSI. Clofazimine was imaged with 10 pm pixel size
revealing for the first time the clofazimine accumulation in lipid deposits around airways
and the non-homogenous distribution of clofazimine across all lung tissues [109]. Together,
MSI techniques enable the tracking of drug transport within the lung tissue compartment and
provide evidence for the efficient design and delivery of inhaled and ingested drugs to target
lung tissues.

3.4. MSI imaging of drug distribution and elimination in kidney tissues

Kidney drug clearance plays an important role in the drug elimination process. Several
recent reports highlight the use of MSI for spatial distribution of drugs in the kidney. Swales
et al. used MALDI-MSI to examine the spatial distribution of eight drugs (haloperidol,
bufuralol, midazolam, clozapine, terfenadine, erlotinib, olanzapine, and moxfloxacin)
simultaneously in multiple tissues after oral or intravenous cassette dosing in rats (four
compounds per dose route), thus increasing throughput while decreasing the number of
animals used [110]. Fig. 11A displays the MSI ion abundance distributions of cassette-

and discrete-dosed compounds (moxifloxacin, olanzapine, erlotinib, and terfenadine) in rat
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kidney sections at 2- and 6-h post dose. The drug distribution was homogenous throughout
the kidney tissues at 2 h post dose, and reductions of the drugs in the kidneys were observed
at 6 h post dosing. Erlotinib and terfenadine were distributed in both the cortex and medulla
of the kidney, with greater intensity in the medullary region. In contrast, moxifloxacin and
olanzapine were more localized in the medulla of the kidney [110]. These results suggest
that a combination of MALDI-MSI and cassette dosing approach can provide label-free

PK and drug distribution data at high throughput in organs at the early stage of the drug
discovery and development process.

Rompp et al. described a high mass resolution and high spatial resolution MALDI-Orbitrap
MSI method to analyze the spatial distribution of the anticancer drugs imatinib in mouse
kidneys [111]. Imatinib showed a well-defined distribution in the stripe of the outer medulla
region of the kidney (green color, Fig. 11B). The identity of imatinib was verified via on-
tissue MS/MS measurements. Selected ion images of endogenous phospholipid PC (32:0)
(red color, Fig. 11B) provided additional information on the structure of the kidney sections
in the overlay of selected ion images at 35 um spatial resolution. The ion image at 10 um
lateral resolution confirmed the specific location of imatinib in the outer medulla (green
color, Fig. 11C), and the selected ion images of phospholipid PC (38:5) (blue color) and
heme (red color) gave a good indication of the histological features of the kidney section
(Fig. 11C) [111].

Nilsson and colleagues used MALDI-MSI to measure the distribution of nephrotoxic
antibiotics polymyxin B1 and colistin in rat kidney tissue sections [112]. Polymyxins are
cationic polypeptide drugs that are highly potent against Gram-negative resistant bacteria
but are used as a last-line therapy due to their dose-limiting toxicity. MALDI-MSI was
performed at 100 pm in rat Kidney tissues obtained after 1, 2, and 7 day subcutaneous
injection of the drugs at their maximum tolerated doses. Polymyxin B1 displayed greatest
abundance in the kidney cortex, and the cortical accumulation of the drug increased with
increased number of days dosed. A high resolution MALDI-MSI at 20 um spatial resolution
showed the distribution of colistin ([M + H]" at /7/z 1170) in relation to the heme (/2
616) in the cortex region on day 7 post dosing [112]. The observed high accumulation

of polymyxin B1 and colistin in the rat renal cortex provides valuable evidence in
characterizing the nephrotoxicity of these drugs.

3.5. MSI analysis of the drug distribution in whole-body animal tissue sections

In addition to individual organs, MSI can be applied to whole-body sections of an intact
animal carcass. MSI is capable of differentiating molecular species of drugs and metabolites
at a spatial resolution similar to the quantitative whole-body autoradiography (QWBA)
technique (typically 50-100 pm resolution). Caprioli and colleagues were the first to report
direct molecular analysis of whole-body rat tissue sections using MALDI-MSI [113]. After
a single oral dose of the antipsychotic drug olanzapine (8 mg/kg), 20 um-thick whole-

body sagittal rat tissue sections were sprayed with DHB matrix. The drug, N-desmethy!I
metabolite, and 2-hydroxymethyl metabolite were detected by MALDI-MSI in measurable
amounts in almost all tissues at 2 h post-dose (Fig. 12A). The highest olanzapine ion signal
was detected in the lung, followed by the spleen, bladder, kidney, liver, thymus, brain and

Biochem Pharmacol. Author manuscript; available in PMC 2022 December 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Spruill et al.

Page 17

spinal cord (the target organ), and testis. In contrast, the metabolites were mainly detected in
the liver, kidney, and bladder. These results were in full agreement with previously published
quantification data [113].

Merdas and colleagues used a MALDI-MSI and on-tissue chemical derivatization (OTCD)
protocol to detect acetaminophen (APAP) and metabolites in whole-body rat tissue sections
treated with a single intravenous dose of 300 mg/kg of APAP [114]. As shown in Fig.

12B, without derivatization, MALDI-MSI did not detect the drug in the whole-body tissue
section. When 2-fluoro-1-methylpyridinium p-toluene sulfonate was used as a derivatization
reagent, the OTCD procedure enhanced the ionization of APAP and metabolites and allowed
direct visualization and quantification of APAP by MALDI-MSI in the whole-body tissues.
The quantification of APAP in tissue was achieved by direct comparison to calibration
curves constructed based on manually spotted standards on tissues, and the accuracy of

the MALDI-MSI quantification was confirmed by conventional LC-MS method [114]. The
successful application of MSI to the detection of drugs and metabolites in whole-body tissue
sections will advance our understanding of drug PK/PD and efficacy relationship in drug
discovery and development.

4. MSI applications in drug metabolism and toxicity

4.1.

Accurately understanding the biodistribution, accumulation, and metabolism of administered
drugs is required in drug development [115,116]. For therapeutic agents to produce the
desired pharmacological effect, they must be well distributed to the intended target site
[117,118]. The accumulation of a parent drug or metabolites in untargeted tissues may
cause unexpected secondary pharmacological activity or toxicity [119,120]. Spatial drug
concentrations in tissues based only on information from tissue homogenates cannot
capture the heterogeneity of compound distributions that are influenced by the tissue
microenvironment. Detailed visualization of drug metabolism and distribution in tissues,
and within discrete tissue regions, could provide valuable information when interpreting
pharmacological effects and investigating the mechanisms of drug toxicity. Both MALDI
and DESI have been frequently used to image drugs and their metabolites in sectioned
tissues to study drug metabolism and toxicity [121,15]. Although the use of MSI in
biomedical and basic molecular biology research has steadily increased in recent years,
only a limited number of MSI studies have focused on drug metabolism, drug safety,

and toxicological studies because of challenges such as matrix interference, isobaric
interferences, poor sensitivity, and limited sample throughput. In this section, we review
MSI applications in studies of drug distribution in the liver and drug-induced liver injury
(DILI).

Hepatic metabolism

It is well appreciated that drug metabolism plays important roles in drug safety and efficacy
[122]. As the primary site for drug metabolism [123], the liver is crucial for converting
prodrugs to active metabolites or active drugs to inactive or toxic forms. Metabolic
activation of drugs can result in reactive metabolites, which may lead to drug toxicity by
covalently binding to biomacromolecules [124,125]. The role of liver as the major site
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in drug metabolism makes it a target of drug toxicity. Combined with histology studies,
understanding the temporal and spatial distribution of drugs and metabolites in the liver
may help us to understand the relationship between reactive metabolites and DILI. Serious
idiosyncratic DILI and agranulocytosis have been associated with amodiaquine (AQ), a
medication used to treat malaria [126,127]. The exact mechanism by which AQ caused
hepatotoxicity remains unclear, but it is generally thought that the metabolic activation

of AQ to a reactive quinoneimine (AQQI; Fig. 13), which binds irreversibly to proteins,
contributes to its toxicity. Grove et al. employed MALDI-MSI with a high resolution and
mass accuracy to study the spatial and temporal distribution of AQ stable metabolites such
as de-ethyl-AQ (DEAQ) and the glutathione-adduct of AQ (AQ-SG) in rat livers (Fig. 13)
[128].

In Fig. 13, an overlay of the molecular ion images of AQ (green) and DEAQ (red) at various
time points shows that AQ was rapidly absorbed and reached maximum absorption at 2 h
post-dose, followed by its clearance; whereas DEAQ abundance lagged behind AQ (from
which it was produced via metabolism) but remained in the liver much longer. Additionally,
the images show that AQ and DEAQ were not evenly distributed in each tissue section
(Figs. 13, 2 h time point). In this study, drug and metabolite localization in the livers were
also assessed by comparing images of H&E staining with MALDI ion images. Higher
levels of AQ were detected near the portal triad and a lower intensity was seen near the
central veins, while DEAQ had the reverse distribution (Figs. 13, 1 h time point). These
findings correspond with the zonation of cytochrome P450 enzymes in liver lobules: P450
enzymes are in greater abundance near the central vein than near the portal triad area

[129]. More extensive conversion of AQ to DEAQ by P450s may explain the observed
distribution of DEAQ and AQ intensities across the tissue. MSI of glutathione (GSH) in liver
sections revealed depletion of GSH in the centrilobular region and the formation of AQ-SG,
suggesting that AQ is bioactivated to quinoneimine (AQQI) in the centrilobular region and
that it depletes the GSH to form AQ-SG. AQ-SG formation is an alternative explanation

for the lower observed abundance of AQ in this region. Histology studies indicated that
AQ-induced liver injury also occurred mainly around the central vein. The MSI of liver
sections, together with histology, demonstrated that the bioactivation of AQ is an initial step
in AQ-induced liver injury by depleting GSH. Similar temporally resolved spatial imaging
of the distribution of acetaminophen, its metabolites, and GSH adducts in mouse livers has
been investigated using MALDI-MSI [130]. Recently, MSI was used to spatially profile
diclofenac and its metabolites in various tissues [131]. Together, these studies demonstrate
that integrating MSI and histology can provide vital information for understanding the role
of drug metabolism in hepatoxicity.

Drug-induced toxicity

DILI is a life-threatening adverse effect that has been reported in rare instances for many
drugs in a small fraction of patients, but few mechanisms of DILI have been elucidated
[132]. Although substantial progress in understanding DILI has been made by employing
genomics and metabolomics of humans and transgenic animal models, mechanistic studies
of drug toxicity and the development of suitable animal models remain challenging [132].
In addition to its role in the metabolism of xenobiotics and thus a broad range of drugs,
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the liver plays a vital role in the catabolism and anabolism of lipids, carbohydrates, proteins
[133], and sterols (e.g., primary bile acids) [134]. Using high mass accuracy and high
spatial resolution MS,; it is now possible to determine the distribution of endogenous
metabolites and lipids and explore the interrelationships between drug distribution and
metabolomic or lipidomic changes in tissues. With this capability, pharmaceutical scientists
are starting to employ MALDI-MSI to investigate spatial biochemical changes in tissues as
they relate to drug efficacy and toxicity. Kampa et al. studied the underlying mechanisms

of amitriptyline-induced liver injury in rats by monitoring site-specific metabolic alterations,
including phospholipidosis, using MSI and histology [135]. MSI detected lipids that showed
distinct distribution patterns based on overlay imaging of MSI and liver histology. The lipid
with m/z794.51, putatively identified as PC (34:3), accumulated in the periportal zone
whereas m/z810.60, putatively identified as PC (38:4), accumulated in the centrilobular
zone. Other lipid species also displayed zonal distribution patterns. Although no specific
pattern was found for the spatial abundance of amitriptyline and its metabolites, their spatial
abundances were non-uniform throughout the liver. This work extends our understanding

of how amitriptyline treatment impacts lipid production and zonation pattern in the hepatic
lobule pertaining to phospholipidosis [136]. Further investigations are needed to identify
how amitriptyline disturbs phospholipid homeostasis in rat livers. In analogous work,
MALDI-MSI integrated with omics analysis revealed that lipid homeostasis, oxidative
stress, mitochondria damage and energy expenditure are closely associated with cadmium
toxicity in mouse models, including liver toxicity [135]. Overall, MSI is becoming an
effective tool to study the mechanism of DILI in combination with histology and other
advanced technologies such as metabolomics.

5. MSI study of the drug distribution in clinical human tissues

In the past few years, MSI has gained popularity for its utility in analyzing drug and
metabolite distribution in surgically dissected human tissue sections. In 2022, Ferey et

al. reported a MALDI-FTICR-MSI analysis of platinum anticancer drug oxaliplatin in

12 ovary sections from women with peritoneal metastases before and after hyperthermic
intraperitoneal chemotherapy [137]. The mass spectrum of a platinum-containing oxaliplatin
has characteristic isotopic /2 values (17/2397.0653, 398.0675, and 399.0679) due to the
presence of three most abundant platinum isotopes (194Pt, 195Pt, and 196Pt). The high
magnetic field (12 T) of the FTICR MSI provides ultra-high resolving power (>220,000)
and high mass accuracy (<1 ppm), enabling the separation of the most isobaric species

and allowing the accurate detection and non-ambiguous molecular formula assignments of
oxaliplatin and its metabolites in human tissue sections. Interestingly, the original oxaliplatin
compound was not detected in the ovary sections. Instead, a discriminative metabolite was
seen at the peripheral location of tumoral peritoneum tissue which corresponded to the
oxaliplatin-methionine complex based on accurate mass analysis [137]. This clinical result
of detecting metabolites of Pt-species in ovary tissues after chemotherapy provides new
mechanistic insights into the pharmacology of platinum chemotherapy.

Nishimura et al. conducted a prospective clinical study to visualize the distribution of the
molecular targeted anticancer drug erlotinib in the drug-related skin dermatitis/eruption
of patients with advanced pancreatic cancer (skin dermatitis/eruption being the most
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common side effect of erlotinib) [138]. The difference in erlotinib accumulation in the
tissues of normal skin and dermatitis-affected skin was investigated using MALDI-MSI in
combination with laser microdissection. The MSI data showed that erlotinib distribution

in the dermatitis-affected skin was more heterogenous than that in the normal skin, and

the dermatitis-affected skin contained statistically higher concentrations of the drug than

in the superficial skin layer of adjacent normal skin. The focal distribution of erlotinib

was further validated by regional laser microdissection and LC-MS/MS analysis [138].
Combined LC-MS/MS and MSI PK tissue analysis are useful for evaluating clinical samples
and elucidating the pharmacological and toxicological mechanisms of drug actions.

Prieaux and colleagues recruited a cohort of 15 tuberculosis-infected patients who received
a single dose of a TB cocktail containing key drugs (isoniazid, rifampicin, pyrazinamide,
and moxifloxacin) before lung resection surgery, and then conducted MALDI-MSI to
study the spatial distribution of TB drugs in intact TB lesions [139]. The MSI ion

maps showed differences in the penetration of each TB drug or metabolite in caseous

foci and cellular layers of the lesions. Pyrazinamide and isoniazid metabolite diffused
favorably and rapidly into the necrotic cores and cellular compartments, thus reaching two
critical persister populations/regions, including extracellular anaerobic bacilli in caseum
and intracellular bacteria in acidic phagolysosomes. Rifampicin accumulated in necrotic
foci where extracellular anaerobic bacteria reside. In contrast, the MALDI-MSI spatial
distribution of moxifloxacin was different; whereas the drug accumulated in cellular regions,
it did not diffuse well into the acellular caseum. The striking drug distribution and kinetics
of accumulation of TB drugs across TB lesions provide a spatial PK and PD explanation
for the treatment properties (or lack thereof) of current TB drugs [139], highlighting the
importance of MSI in the decision-making process of pharmaceutical drug discovery and
development.

6. MSI analysis of tissue distribution of macromolecule therapeutics

Over the past two decades, biologics such as proteins, antibodies, antibody-drug conjugates,
and oligonucleotides have been granted FDA approvals at a rapid pace. In situ tissue
distribution of complex modalities of antibody-based therapeutics has been investigated
using radio- or fluorescent dye-labeled probes and relies on analytical approaches such

as fluorescence microscopy, autoradiography, electron microscopy, and PET [140,141].
However, these assessments may not always be appropriate because of labeling complexity
and lack of antibody cross-reactivity to different species. Biotransformation is an additional
concern as these methods are not suitable for assessing the “intactness” of an antibody.

MSI offers a complementary assay to detect and quantify macromolecules. To overcome the
difficulty of ionizing high molecular weight macromolecules and the mass range limitation
of MS, Ait-Belkacem et al. developed a MALDI in-source decay (ISD) MSI method to
detect the fragmentation of bevacizumab and palivizumab, two FDA approved humanized
IgG1 therapeutic antibodies, on glioblastoma-bearing mouse brain tissue sections at 80 pm
lateral resolution [142]. ISD is a “top-down” approach that fragments ions directly in the
MS ion source, rather than after the laser shot, allowing for the identification of major
proteins without further treatment [143]. Using the MALDI-ISD-MSI technique and 1,5-
diaminonaphthalene (DAN) as a matrix, ISD fragmentation of the immunoglobulin amine
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and carboxyl terminal parts generated a long series of characteristic ions after cleavage of N-
C,. bonds on the peptide backbone. A sequence of 30 residues corresponding to the variable
domain of the heavy and light chains of bevacizumab and palivizumab was obtained, which
provided information for protein identification. The intensities of three major characteristic
ions were summed to provide the image of antibodies distribution within the brain slices
derived from mouse brain tissue sections bearing intracranial U87 glioblastoma tumors and
treated with an intraperitoneal injection of bevacizumab and palivizumab. Bevacizumab was
detected primarily in the tumor area, whereas palivizumab was distributed throughout the
brain tissues. These results support the clinical application of bevacizumab for glioblastoma
treatment [142].

MALDI-MSI has been used to detect the release and distribution of drug payload from
antibody-drug conjugate (ADC) in tumor tissues [144]. Fujitwara et al. prepared an ADC
by conjugating anti-human tissue factor antibody and monomethyl auristatin E (MMAE),
a highly toxic anticancer agent, via a linker to direct the drug payload to cancer cells
specifically. Although they attempted to ionize the ADC directly into the tumor tissue by
selective fragmentation with different proteases, it was difficult to differentiate the ADC,
antibody, and MMAE. The MALDI-MSI visualized only free drug payload MMAE without
interference from MMAE in ADC based on the MMAE-specific MS/MS fragment. The
in-situ detection of the accumulation of MMAE released from ADC in the tumor tissues
at 3, 24, and 75 h after the administration of ADC was further validated by LC-MS/MS
analysis [144]. These results suggest that MSlI is a powerful tool for monitoring ADC
disposition and payload release in ADC development at the preclinical stage.

Oligonucleotide-based therapeutics have been developed extensively in recent years. As
of 2020, ten oligonucleotide drugs have received regulatory approval [145]. Hybridization
methods such as the enzyme-linked immunosorbent assay (ELISA) are generally used for
PK evaluation of oligonucleotides [146]. Nakashima et al. developed a new MALDI-TOF-
MSI method to detect phosphonothioate antisense oligonucleotide ASO-2 (21 nucleotide
units) in rat eyeballs [147]. ASO-2 oligonucleotide, a sequence of the FDA-approved
oligonucleotide therapeutic fomivirsen, was observed in rat eye sections 30 min post-
intravitreous administration in rats. The ion signal of [M—H]~ at /7/z 6683 corresponding
to ASO-2 was localized in the central part of the vitreous body immediately after drug
administration (Fig. 14A-b), and later localized more in the retina of eye 30 min after
administration (Fig. 14A-c, 14A-e,) [147].

In 2018, Yokoi et al. reported using MALDI-MSI to detec antisense oligonucleotide
containing locked nucleic acids (LNA-A) in mouse kidneys [148]. To remove most of

the salts, lipids and other interfering compounds from the tissue to enhance the detection
sensitivity of the LNA-A, a series of washing steps with 70% ethanol (EtOH) followed

by EtOH and Carnoy’s solution (EtOH/chloroform/acetic acid mixture) and a final acetone
wash were implemented. The [M—H]™ ion (/m/z4959) in the LNA-A spectrum was detected
in kidney tissues at 0.5, 2 and 4 h after 1 nmol of LNA-A intravenous injection in mice

(Fig. 14B, C). Importantly, the [M—H]~ (/2 4614), a metabolite ion which represents a
removal of terminal deoxyguanosine thiophosphate in LNA-A, was detected in all treated
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mouse Kidneys (Fig. 14C). These exciting results demonstrate the potential of MSI-based
drug distribution analysis of oligonucleotide therapeutics and metabolites in tissues.

7. Conclusions and future perspective

Comprehensive knowledge of PK properties (absorption, distribution, metabolism, and
excretion) and toxicity is key to understanding how effectively therapeutic agents reach their
targets. MSI offers the unique ability to provide in situ imaging and quantification of small
molecule and macromolecule drugs and their metabolites in preclinical and clinical tissue
studies with high spatial resolution. MSI also provides unique information about macro and
micro distribution of drugs in the context of the anatomic and metabolic heterogeneity of
tissues, offers potential insights into impediments to drug access, and provides opportunities
to guide drug dosing and delivery in drug development. The advantages of MSI techniques
(such as high molecular selectivity and parallel acquisition of multiple analytes) over
conventional methods such as autoradiography and immunohistochemistry technologies will
allow for higher throughput pharmaceutical ADMET analysis.

While absolute quantitation using MSI still face challenges such as variation of signal (pixel-
to-pixel), ion-suppression effects and other confounding factors (such as geometric set-up
of instrument, tissue heterogeneity, etc.), the incorporation of MSI-based qualitative and
quantitative studies in preclinical and clinical drug development is becoming more common.
The precision, repeatability, and reproducibility of MSI studies need to be verified and well
documented to accelerate the translation of the technique to routine clinical applications.
Currently there are very few studies using MSI to exam the impact of active transporters in
tissue drug uptake and efflux, intracellular biotransformation of prodrugs, receptor-mediated
drug uptake, or the impact of these factors on the ratio of drug concentration between tissue
and plasma (Kp) at steady state. It would be interesting to apply the MSI technique to
understand how transporters play a role in various drug distribution processes; for instance,
the spatial distribution of drug in hepatocytes versus bile canaliculi in biliary excretion or
renal tubular cells versus tubular lumen in renal excretion of a given drug. In the future,

we expect that improved MSI resolution coupled with immunohistochemical studies will
improve MSI’s quantitative ability to differentiate drug distribution at the cellular and
subcellular level and allow direct quantification of important PK parameters such as Kp
value of drug distribution in a given organ.

Current commercially available MSI instruments offer spatial resolution at 5-10 pum.
Technical advances in MSI resolution approaching the sub-micrometer range will be capable
of addressing many pharmacological questions related to the mechanism of action of a

drug and its metabolites in target tissues and the therapeutic or toxic effects of these
compounds [149,150]. Exciting research opportunities in the biochemical and pharmacology
areas include the following.

Single-cell and subcellular drug distribution by MSI analysis.

PK and biodistribution analysis of drugs at the organ level provide insight into how drugs are
distributed throughout the body, but single-cell and subcellular PK imaging studies at single-
cell resolution provide insight into drug action at the cellular level and offer understanding
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of cellular pharmacology [151]. Single-cell PK imaging has been conducted on drugs with
intrinsic fluorescence using the fluorescence microscopy imaging technique [152,151]. The
application of high resolution MSI to provide information about a drug and its metabolite
distribution at single-cell and subcellular resolution, along with 3D imaging will aid our
understanding of cellular pharmacology and the toxicology of drug molecules.

Multimodality paradigm for drug distribution analysis.

While MSI technology can generate a wealth of chemical information via mapping the
spatial distribution of hundreds of biomolecules, drugs, and metabolites throughout a tissue
section, MSI spatial resolution can be further improved by combining it with various
anatomical mapping imaging methods that have relatively low chemical specificity but high
spatial resolution. Caprioli and colleagues described a predictive imaging modality created
by “fusing” MSI and microscopy technologies. MSI-microscopy fusion analysis creates
sharper MSI images, predicts ion distribution in areas that were not measured by MSI,
enriches biological signals, and attenuates instrument artifacts [153].

Several research groups have reported fusing MSI and magnetic resonance imaging (MRI)
techniques [154,155,156]. Because MRI scans visualize the anatomy of the tissue and

the distribution of water, the MSI-MRI fusion workflow merges information from MRI
and MSI and establishes the co-localization of ionized molecules with water distribution
in tissues [155]. Agar et al. reported using an automatic method to nonlinearly align
hyperspectral molecular MALDI-MSI images with anatomical information derived from
7 T in vivo MRI scans [154]. Verbeeck et al developed a computational approach to integrate
the MRI-based rat brain atlas with the FTICR-MSI data from coronal brain sections of

a Parkinson’s disease rat model [156]. Additionally, the coupling of MSI with various
vibrational spectroscopic imaging techniques, such as Roman spectroscopy and Fourier
transform infrared spectroscopy, has been explored [157]. The advantages of combining
multimodal imaging technologies (high spatial resolution and high chemical specificity)
with MSI will undoubtedly improve drug distribution analysis, allow fine mapping of
drug molecules with their therapeutic target in the native tissue, and further support drug
discovery and toxicological studies.

MSI technology is an important tool that can be used to assess drug distribution, target
engagement, and pharmacodynamics biomarkers; explore in situ pharmaco-metabolome
changes in response to drug administration; promote the discovery of toxic biomarkers and
mechanistic insights into toxicological pathways; and to provide key insights into the PK/PD
and ADMET properties of drugs. Further development of MSl-related instrumentation and
absolute quantification methods, including coupling MSI with multimodal imaging system
and “omics” technologies (such as proteomics, lipidomics, and metabolomics on tissues),
will provide significant benefits to pharmacological research. As a result, preclinical and
clinical drug development research will utilize MSI in ever-broadening applications.
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Fig. 1.

A%ypical workflow for spatial analysis of tissue section using matrix-assisted laser
desorption/ionization (MALDI) mass spectrometry imaging (MSI). 1). Frozen or FFPE
tissue sections are cut into thin sections on glass slides by microtome or cryostat. 2).
Tissues sections are coated with an energy-absorbing matrix via a matrix sprayer and placed
into the mass spectrometer. 3). A pulsed laser desorbs the tissue and ionizes molecules at
different spots on the defined region of tissues. The m/z values of the ionized molecules are
determined by mass analyzer. 4). The localization pattern of individual molecular species
present on the tissue surface is extracted and positioned on the histological image of

the tissue. MS images are generated by computer software based on molecules’ m/zion
intensities. The color reference bar represents the relative intensity of different ions. Each
m/zimage has its own intensity scale encoded with the blue (low intensity) to red (high
intensity) color gradient.
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Fig. 2.

Schematic drawing of ion source of matrix-assisted laser desorption/ionization (MALDI),
desorption electrospray ionization (DESI), secondary ion mass spectrometry (SIMS), and
laser ablation inductively coupled plasma (LA-ICP) MSI. For MALDI-MSI analysis, the
tissue section is coated with a thin layer of energy-absorbing matrix and irradiated by UV
or IR laser pulses to desorb and release the ions of analyte. DESI-MSI is carried out by
directing electrosprayed charged droplets and ions of solvent onto the surface of the tissue
section; the impact of the charged particles produces gaseous ions of analyte. SIMS uses a
beam of primary ions to irradiate the tissue surface and facilitate ionization by transferring
energy from primary ions to the secondary ions of analyte. For LA-ICP-MSI analysis,
tissue is placed in a chamber and ablated with laser; the laser induced sample particles are
transported by a carrier gas and ionized in the plasma. After different ionization steps, the
resulting ions are guided into the mass spectrometers for m/z analysis.
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Fig. 3.

H%h resolution LA-ICP-MSI distribution analysis of photodynamic therapy drugs (CuPc,
ZnPc, and CoTsPc) in the small intestine of mouse after oral administration. Left panel
shows the optical image of the intestine slice and the MS images of °Co, 83Cu and 67zn
distribution in a same intestine slice with spatial resolutions at 10, 1, and 0.5 pm/pixel.
Images (a-c) in the left panel are MSI of Co, Cu and Zn of the small intestine at 10 um/pixel.
Images (j-1) are MSI of Co, Cu and Zn of the red region outlined in the optic image of the
small intestine at 1 um/pixel. Images (m-o) are MSI of Co, Cu and Zn of the yellow region
outlined in the optic image of the small intestine at 0.5 um/pixel. The right panel shows the
zoomed-in MS image of the intestine to identify the cells within the intestine at different
spatial resolutions (0.5, 1 and 2 pm/pixel). Printed with permission from [60]. Copyright
2022, ACS.
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MALDI-MSI study of longitudinal (proximal to distal) and crypt-villus distribution of

oral propranolol, metoprolol, and atenolol in rat small intestine. Images and concentration
determinations from tissues collected 20 min post oral administration (1 umol/kg)

at different distances distal from the pyloro-duodenal transition. (a) MALDI-MSI ion
distribution images of three drugs propranolol, metoprolol, and atenolol in intestine,

scale bar is 1 mm. All tissue sections were analyzed at the same occasion and each
compound is displayed with its own relative intensity scale (rainbow) with blue representing
lower intensity and white representing highest intensity. (b) Homogenate concentrations
(pmol/mg) measured by LC-MS/MS for the three drugs. X-error bars indicate position of the
sampling £ 1 cm distal from the pyloro-duodenal transition. Printed with permission from

[89]. Copyright 2022.
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Fig. 5.

M?ALDI—MSI analysis of distribution of oral drugs in the intestine of rats following oral
administration. (A) Distribution of oral tofacitinib in the ileum, proximal colon, and distal
colon with corresponding Hematoxylin & Eosin (H&E) stains beneath MSI ion distribution
images at 1 h and 7 h post-dose. The ion intensity signal was normalized to the signal of
the isotope-labeled standard. (B) 3D intensity plot of the tofacitinib of the selected region
in the proximal colon 7 h post-dose. Right-side images show the intensity distribution of
tofacitinib and the H&E image of the entire section with the yellow box corresponding to
the region used for 3D visualization. Arrows point to the muscle layer, mucosa, and lumen
areas. Adapted with permission from [90]. Copyright 2022, ACS. (C) Representative optical
and MALDI-MSI images of octreotide in mouse stomach section collected at various time
points ranging from 10 min to 120 min after oral administration of octreotide. (D) Tissue
concentration-time curve of octreotide in mouse stomach determined by MALDI-MSI (left
panel, green) and by LC-MS/MS (right panel, red) to show similar pharmacokinetic curves
using the different technologies (tissue imaging via MSI and tissue homogenate using
LC-MS/MS). Adapted with permission from [91]. Copyright 2022.
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Fig. 6.

M?ALDI-MSI analysis of coronal and sagittal brain sections from mice dosed
intraperitoneally with CNS drugs donepezil, tacrine, clozapine, haloperidol, and
aripiprazole. (A) MALDI-MSI images of mouse brain sections treated with five drugs at 150
um lateral resolution in positive ion mode, comparing the different intensities in untreated
tissue versus pretreated tissues. (B—C) The quantitative calibration curves of donepezil
obtained from MALDI-MSI for untreated (R? = 0.9641) and pretreated (R? = 0.9916) mouse
tissue sections. (D) LC — MS/MS validation of the tissue-specific distribution of donepezil
in brain tissues, tissue punches collected from different brain regions used for the LC —
MS/MS analyses and MALDI imaging of donepezil. Al (cortex), A2 (hippocampus), A3
(thalamus), A4 (hypothalamus), A5 (midbrain), A6 (pons), A7 (medulla), A8 (cerebellum),
and A9 (olfactory bulb). (E) Correlation of the amount of donepezil from different cerebrum
regions determined by MALDI-MSI and LC — MS/MS. Adapted with permission from [92].
Copyright 2022 ACS.
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Fig. 7.
Quantitative analysis and distribution of anticancer drug epertinib and lapatinib in brain

metastases using MALDI-MSI. Representative images of horizontal brain sections of mice
with lung cancer brain metastases developed by intraventricular injection of NCI-H1975-luc
cancer cells and stained with H&E (A top row) and giemesa staining (B top row) with the
black dashed lines indicating tumor position. The ion images of epertinib (A, middle row)
and lapatinib (B, middle row) in brain section at 4 h after oral administration of epertinib
hydrochloride or lapatinib ditosylate monohydrate at a dose of 100 mg/kg. The overlay
images of MSI of epertinib (A, lower row) and lapatinib (B, lower row) on the stained
images. Distribution of epertinib and lapatinib in BR3 breast cancer brain metastases shown
at 4 h (C) and 8 h (D) post dose of epterinib hydrochloride (50mg/kg) and 4 h (E) and 8 h
(F) post dose of lapatinib ditosylate monohydrate (50mg/kg). (C-F) top row showing H&E
staining, middle row is the ion images of epertinib and lapatinib and the bottom row is the
overlay of the ion images on the H&E stain. Arrows indicate tumor position of the choroid
plexus, black and yellow dashed lined indicate tumor region. Adapted with permission from
[94]. Copyright 2022.
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Fig. 8.
MALDI-MSI analysis of regional brain distribution of three antiretroviral drugs efavirenz

(EFV), tenofovir (TFV), and emtricitabine (FTC) in the rat brain after intraperitoneal
administration. MSI images of time dependent spatial distribution of EFV (A), IFV (B),

and FTC (C) in coronal rat brain sections with a spatial resolution of 100 pm. H&E staining
with regional labels to define regions of interest. (D) Relative ion abundance of the three
drugs in different brain regions (top panel) and a representative TFV ion intensity plot at

0.5 h post-dose. Scale bar: 2 mm. CC: corpus callosum; HPF: hippocampal formation; CTX:
cerebral cortex; cst: corticospinal tracts; CP: caudoputamen; TH: thalamus; GP: globus
pallidus; HY: hypothalamus; BFB: basal forebrain. Adapted with permission from [96].
Copyright 2022 ACS.
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Fig. 9.
MSI can be used to characterize small molecule/metabolome changes in human brain

organoids. A. iPSCs grown on feeders are transferred into low-attachment AggreWell 800
to develop about 300 embryoid bodies (EBs) per batch. To achieve rapid and efficient
neural induction, both the bone morphogenetic protein (BMP) and transforming growth
factor beta (TGF-B) signaling pathways are inhibited with small molecules, dorsomorphin
and SB-431542, respectively. On day 8, the floating spheroids were moved to suspension
dishes and serum-free media containing fibroblast growth factor-2 (FGF2) and ascorbic
acid. To promote differentiation of neuro-progenitors into neurons, FGF2 was replaced
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with brain-derived neurotrophic factor (BDNF) and neurotrophic factor 3 (NT3) starting on
day 22 to 60, after which we used only neural medium without growth factors. B. These
organoids contain ventricular zone-like regions consisting of PAX6 + cells surrounded by
MAP2 + and CTIP2 + neurons. Scale bars: low mag 500 um, high mag 100 um. C. MSI

of 16- and 36-day old organoids detects differences in the abundance and distribution of
metabolites. We used MALDI-TOF (Synapt 2G-Si HDMS, Waters) calibrated for the mass
range from m/z50-2000 Da. Laser power was set to 250 (arb units) with 300 laser shots
per pixel. The laser raster step was set to 60 um to match the laser spot size of 30 um.
Tissue was processed as published [103] and sections (14 um) were coated with the MALDI
matrix 9-aminoacridine. The coated slides were rehydrated in a heated humidifying chamber
for 2 min. Before loading the slide into the MS, the slide was scanned with an EPSON
scanner to map the areas of interest into the High Definition Imaging (HDI) 1.4 software and
the data were acquired in negative ionization mode. 16d and 36d organoids have different
metabolome profiles, as seen by the mass spectrometry data (upper panels). Individual
metabolites (red-yellow signal) were visualized in the organoids (/m/z listed in the corner;
yellow indicates higher concentration than red). Blue signal originates from the matrix. In
the 16 day sample, 8 organoids are seen (they were small and more can fit on the slide),
while in the 36 day sample, 2 organoids occupied the same area. D. 60-day-old organoids
were treated with CAY10566, an inhibitor of the stearoyl-CoA desaturases that catalyze

the conversion of saturated fatty acids into monounsaturated fatty acids, for 3 days. Tissue
was processed and MSI performed as in (C). We could observe differences in the content,
abundance, and distribution of metabolites (/7/z listed in the corner).
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Fig. 10.
Whole-lung imaging by DESI-MSI in negative detection mode at 70 um spatial resolution.

(A) H&E-stained images from 2 (A-a) and 30 (A-b) minutes after administration through
inhaled nebulization. Molecular images of endogenous (A-c, A-d) phosphatidylinositol
(PI), inhaled (A-e, A-f) salmeterol, (A-g, A-h) salbutamol, and (A-i, A-j) fluticasone
propionate. (B) H&E-stained images from 2 (B-a) and 30 (B-b) minutes after intravenous
administration. Molecular images of endogenous (B-c, B-d) P1, intravenous-dosed (B-e,
B-f) salmeterol-ds, (B-g, B-h) salbutamol-ds, and (B-i, B-j) fluticasone- d3 propionate.
Intensity scale is fixed for each molecular species independently; monochromatic lighter
colors correspond to higher relative abundance and darker to lower abundance. Tissue area
is outlined in yellow line. Adapted with permission from [106]. Copyright 2020, Mary Ann
Liebert, Inc.
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Fig. 11.
(A) MALDI-MSI analysis of distributions of cassette- and discrete-dosed drugs

(moxifloxacin, olanzapine, erlotinib, and terfenadine) in rat kidney sections (14 pm) at 2

and 6 h post dose. Moxifloxacin and olanzapine distributions are comparable at the two

time points validating the cassette dosing approach. Printed with permission from [110].
Copyright 2022, ACS. (B) MALDI-MSI ion map of selected ions including imatinib (green),
endogenous phospholipid PC (34:1) (blue), and PC (32:0) (red) in kidney section at 35

pm resolution. Adapted with permission from [111]. Copyright 2022, Springer. (C) Overlay
MSI image of selected ions including imatinib (green), endogenous phospholipid PC (38:5)
(blue), and heme (red) in kidney section at 10 pm resolution. Adapted with permission from
[111]. Copyright 2022, Springer.
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Fig. 12.
Whole-body spatially resolved MSI analysis of drug and metabolites. (A). MALDI-MSI

determining olanzapine and metabolite distribution at 2 h post oral administration of 8
mg/kg olanzapine in a whole rat sagittal tissue section. Optical image of a dosed rat

tissue section, organs are outlined in red (A-A). MS ion images of olanzapine (m/z

256) (A-B), N-desmethyl metabolite (/m/z 256) (A-C), and 2-hydroxymethyl metabolite
(m/z272) (A-D) are displayed. Bar, 1 cm. lon intensity: blue being low intensity and

white being high intensity. Reprinted with permission from [113]. Copyright 2022 ACS.
(B). Detection of acetaminophen and metabolite distribution under different conditions by
MALDI-MSI on whole-body sections from rats after intravenous administration of 300
mg/kg acetaminophen. Spatial resolution: 400 um. (B-A) Optical image of the section. (B-B)
Negative ionization mode without on-tissue chemical derivatization (OTCD). (B-C) Positive
ionization mode without OTCD. (B-D) Positive ionization mode with OTCD. (E) Zoom

on positive ionization mode with OTCD. Reprinted with permission from [114]. Copyright
2022 ACS.
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Fig. 13.
Amodiaquine (AQ) was metabolized to de-ethyl-amodiaquine (DEAQ) or the glutathione

adduct (AQ-SG) in rat liver. MALDI-MSI with a 25 um spatial resolution reveals zonation
patterns in the liver lobule at different time points after a single 100 mg/kg oral dose. The
distribution of AQ (green) and DEAQ (red) at 0.5, 1, 2, 5, and 8 h time points varied. Arrow
indicates the central veins; * indicates a portal triad region. Adapted with permission from
Grove, et al. 2018. Copyright 2022.
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Fig. 14.
MALDI-MSI detection of oligonucleotide-based therapy. (A) The ion image of control rat

eye section (A-a) and antisense oligonucleotide ASO-2 in rat eye sections immediately (A-b)
or 30 min (A-c) after intravitreous injection of ASO-2 (500 pug). The [M—H]" of the ASO-2
at m/z 6683 was monitored. The eye section was stained with H&E (A-d) and merged

with the ion image (A-€). Scan resolution: 150 um. Printed with permission from [147].
Copyright 2022. (B, C) MALDI-MSI detection of an antisense oligonucleotide containing
locked nucleic acids (LNA-A) in mouse kidney section after intravenous administration of
LNA-A (1 mmol). (B) Mass spectra of control and 0.5, 2, and 4 h post-dose. (C) MS ion
image of LNA-A (/m/z4959) and its metabolite (/7/z 4614). Scale bar: 5 mm. Adapted with
permission from [148]. Copyright 2022, Wiley.
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Table 1

Comparison of different MSI ionization methods.

Page 51

lonization Advantages Disadvantages

MALDI 10-100 um spatial resolution, fmol-zmol sensitivity, mass resolution Sample preparation and sample matrix required
up to 40,000 Matrix signals may interfere with the signal of analyte
Allows for analysis for a large mass range /7/z0 — 50,000 Da, allows Low sensitivity for low molecular weight compounds
for the generation of ions of small and large molecules. Sample damage depending on the laser frequency
Has been used for quantitative analysis on tissue

DESI 40-200 pm spatial resolution for DESI, 10-100 pm spatial resolution Low sensitivity for high /7/z (>2000) ions
for nanoDESI, Ambient conditions, no vacuum required. At present, limited sample surface can be analyzed
Minimal sample preparation, no matrix required, faster analysis time

SIMS 0.5-1 um spatial resolution Low sensitivity for high /7/z (>1000) ions due to
Static and dynamic ion modes provide surface and depth profile fragmentation. Quantification is difficult
respectively

LA-ICP Spatial resolutions < 1 pm possible Complex isotopic fractionation, isobaric interference

Elemental imaging, trace metal detection and quantification
Quantification of metal-labelled antibodies

lack of matrix matched standards for quantification
Destructive action on the specimen
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