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Abstract

Mass spectrometric imaging (M Sl) has rapidly increased its presence in the pharmaceutical
sciences. While quantitative whole-body autoradiography and microautoradiography are the
traditional techniques for molecular imaging of drug delivery and metabolism, MSI provides
advantageous specificity that can distinguish the parent drug from metabolites and modified
endogenous molecules. This review begins with the fundamentals of MSI sample preparation/
ionization, and then moves on to both qualitative and quantitative applications with special
emphasis on drug discovery and delivery. Cutting-edge investigations on sub-cellular imaging and
endogenous signaling peptides are also highlighted, followed by perspectives on emerging
technology and the path for MSI to become a routine analysis technique.
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1. Introduction

For many biological systems, a sufficient characterization may require more than a catalog
of the molecules that are present. It may also rely on their anatomical distribution patterns
and relative spatial relationships. Researchers in drug discovery and delivery are also in
need to spatially characterize and quantify a drug’s absorption, distribution, metabolism, and
excretion (ADME). Quantitative whole-body autoradiography (QWBA) is among the most
commonly used methods to do so [1]. It begins with dosing an animal specimen with a test
drug labeled with radioactive beta-emitters such as 3H or 14C. After a desired amount of
time, the specimen is euthanized, snap frozen, and sectioned [2]. Whole-body sections are
then placed opposite to phosphor detectors and an image is produced within a few days to a
few weeks. Radioactive standards are simultaneously imaged with the specimen to quantify
the drug’s penetration. Microautoradiography (M ARG) is a similar method that is employed
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when high spatial resolution images are needed, but is not often used for quantitative
purposes [2].

Radiochemical imaging methods have proven to be an invaluable part of the mass balance
study—that is, a quantitative account of a drug from ingestion through excretion [3]. But as
reputable as they are, they possess fundamental shortcomings in answering questions about
spatial relationships. The information in the QWBA or MARG images may rightfully allow
an inductive leap to drug distribution, but the raw data itself only shows the detection of
radiation. The 14C isotope could be from the drug, a metabolite, or even a derivatized
endogenous molecule, but a radiochemical method would not be able to distinguish the
difference.

Over the past decade, mass spectrometry (M S) imaging (M Sl) has gained considerable
interest from the pharmaceutical community. In contrast to QWBA and MARG, MS detects
the actual molecules in the image based on their characteristic mass-to-charge ratios (m/z)
and does not require the use of labeled compounds. Using MSI, one can distinctly detect and
characterize drugs, metabolites, and endogenous drug-modified molecules in their native
states within a biological matrix. Furthermore, MSI can be a label-free method. No prior
knowledge about target analyte is required, allowing for discovery of unknowns.
Additionally, radioactive materials always present potential biological hazard, even under
carefully controlled working conditions.

The aim of this review is to highlight the potential and realized benefits of drug and
metabolite MSI and identify its practical capabilities and common pitfalls. It is primarily
written for readers mostly unfamiliar with MSI, but can also be useful for MSI investigators
interested in the latest applications in drug delivery and discovery. Many pharmaceuticals
have molecular weights less than or equal to 1000 Da and would be considered small
molecules in MS analysis. Therefore, this review will also cover methods for endogenous
small molecule MSI that could also be applied to drugs and metabolites.

Many excellent MSI reviews have been published [4-10], and the authors also recommend
some informative radiochemical imaging reviews for comparison [1-3]. The following
sections will begin with a very brief overview of fundamentals and will then heavily focus
on applications in drug discovery and drug delivery. The applications will demonstrate what
types of questions can be answered by MSI, and special attention will be paid to the efforts
towards developing quantitative MSI. Because an accurate quantitative analysis is vital to
ADME, absolute and relative quantification is one of the most sought-after methods in
pharmaceutical MSI. Additionally, short sections will be devoted to subcellular MSI and
MSI of neuropeptides, two other areas with relevance to pharmaceutical research. Finally,
this review will conclude with an outlook on emerging technology and the challenges MSI
must overcome to achieve routine analysis in the pharmaceutical sciences.

2. Mass Spectrometry Imaging Fundamentals

2.1. From Molecular lons to Molecular Image

This section of the review will explain the basic MSI workflow and highlight the pertinent
fundamentals. Scheme 1 is a graphical representation of an MSI experiment, from creating
ions to forming an image. Typically, the first step of an ex vivo MSI experiment involves
obtaining a specimen via snap-freezing and cryosectioning, followed by tissue section
mounting (Scheme 1A). Spectra are collected from tissue in a raster pattern, creating a grid
of points on the tissue where molecules have been ionized and detected according to their m/
z. Once MS analysis is complete, each point is converted into a two-dimensional spatial
coordinate (Scheme 1B). Finally, an image is constructed by displaying the intensity of a
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specific m/zat each coordinate (Scheme 1C). Real MSI results are shown in Scheme 1D
with an optical image of a rat brain tissue followed by the mapped spatial distributions of
eight m/zvalues belonging to different lipid species [11]. These images were acquired
simultaneously, and one could theoretically acquire hundreds of molecular images in one
experiment [12].

The acquisition and construction of an image from ionized tissue compounds is often
performed by one of two methods. In the first method, the intensity of an ion created directly
from tissue is displayed at each sampled point. It is a simple and straightforward approach,
but it is easy to imagine that a tissue slice may contain many isomeric or isobaric
compounds whose /m/z overlap. This is especially true with certain methods that use small
molecules to assist in ionization, and these small molecules fall into the mass range of the
analyte. Therefore, using tandem mass spectrometry (M S/IM S) is a common way to increase
confidence in compound identification and improve the dynamic range of MSI [13, 14].
Scheme 2 presents an overview of selected reaction monitoring (SRM), a common MS/MS
technique employed for imaging, through an illustrative example of clozapine imaging.
After tissue compounds enter the mass spectrometer, the ions with an 77z of (327 + 2) are
isolated during the initial mass analysis. Clozapine and its isobaric species are then
fragmented, and a second mass analysis isolates the signature fragment of clozapine (m/z
270.08) and uses its intensity to create an image. The downside to SRM-MSlI is that it is
difficult to use in a non-targeted study. The parent 777/ zand fragment //z must be known a
priori.

MSI has three primary figures of merit defined in Scheme 3. The first two are from MS:
mass accuracy and mass resolution. Mass accuracy refers to the agreement of an ion’s
detected mass to its theoretical mass and is often measured in parts-per-million (ppm) [15].
Scheme 3(I) shows an overlaid cholesterol image on mouse brain tissue constructed from
ions detected within a window of 0.0005 Daltons (Da) of cholesterol’s theoretical mass,
369.3515 Da [16]. The mass window corresponds to an approximate mass accuracy of 1.4
ppm to reflect the histogram below.

Mass resolution, or resolving power, describes the minimum difference between two m/z
that can be identified as unique ions [15]. One way to calculate mass spectral resolution is to
divide a peak’s apex m/zby its full-width at half-maximum (FWHM). In Scheme 3(l1), the
images of three similar //z values display very different spatial distributions in a mouse
brain [17]. The top brain image is actually the summation of two isobaric lipids, whose
unique distributions are shown below. Without mass resolution of at least 29000, they would
falsely appear as a single peak and produce a false spatial distribution.

Spatial resolution is a term from microscopy imaging. It refers to the minimum distance
between two objects in an image at which they can be distinctly discerned. In MSI, spatial
resolution calculation is usually dependent on the type of ionization employed, but one can
often use the distance between sampled points. If each pixel in an image represents the
entire area of a sampled point, then the minimum distance that must exist between two
objects is the center-to-center length between two sample areas. Scheme 3(111) shows time-
resolved nitrogen enrichment in 7riticum aestivum root cells. These secondary ion mass
spectrometry images were acquired with less than 1 um spatial resolution [18].

Mass accuracy, mass resolution, and spatial resolution are not the only figures of merit that
exist for MSI, but they are the most cited figures throughout the literature. The amount of
resolution and accuracy needed to produce a quality image depends upon the compounds
being imaged and the complexity of the tissue. For example, a drug with an exact mass of
239.1077 Da needs 419 ppm mass accuracy and 2400 mass resolution to be discerned from
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isobaric molecules with mass differences of 0.1 Da or greater. To be discerned from mass
differences of 0.001 Da, 4.2 ppm mass accuracy and nearly mass resolution at 240000 is
required. Fourier transform (FT) mass spectrometers are known for parts-per-billion mass
accuracy and mass resolution exceeding 1000000 [19, 20], but they can be very expensive
and often require longer acquisition times to construct an ion image. Time-of-flight (TOF)
instruments have resolving powers ranging from 10000 to 100000 and can routinely achieve
less than 5 ppm mass accuracy [21]. Quadrupole and ion trap instruments are usually
considered robust “low resolution” instruments with nominal mass resolving powers.
However, triple-quadrupole-ion trap instruments have proven to be very powerful in MSI
when used for SRM [22]. When the first and third quadrupoles are set to constantly monitor
a single transition or a couple of transitions with very short dwell time, the mass
spectrometer is effectively turned into an ion counter and can offer unparalleled sensitivity.
If the third quadrupole is used as an ion trap, the experiment can alternate between SRM
scans, full MS scans, and enhanced product ion scans that can detected many fragmentation
transitions from a single ion. This approach can allow nearly simultaneous targeted and non-
targeted imaging.

The power of SRM-MSI should not be underestimated. Even using an instrument with the
best specified mass accuracy and mass resolution could result in ambiguity for compound
identification in a complex sample. Some isobaric compounds might not be resolved even
with the use of high resolution FT-MSI, but might be easily imaged and identified using
sequence-specific fragmentation via SRM [23]. High mass resolution will do nothing to
resolve isomeric compounds with identical 7/ 2z, but if the isomers show different
fragmentation patterns, SRM-MSI would be able to resolve them. SRM-MSI is most easily
performed on an ion trap or any hybrid mass spectrometer containing two mass analyzers
and a fragmentation cell (e.g., triple quadrupole, quadrupole-TOF, and TOF-TOF).

While mass accuracy and mass resolution rely heavily on instrumentation, spatial resolution
is more dependent on sample preparation and ionization. The following fundamentals
section will focus on common methods for sample preparation and MS ionization. Many
excellent MSI reviews have covered traditional and novel preparation protocols extensively,
so we will only detail the most basic aspects and will refer the readers to cited works for
more information.

2.2 Sample Preparation and lonization

The sacrifice of an animal specimen marks beginning of rapid molecular breakdown.
Although MSI of formalin-fixed paraffin-embedded (FFPE) tissue is possible [24], use of
freshly extracted tissue immediately frozen at -80 degree Celsius is more common [25]. Ina
recent study, Sugiura et al. presented a series of acetylcholine images from mouse sagittal
brain sections [26]. Even with as short as 1 minute between organ extraction and freezing,
the images showed significant postmortem acetylcholine degradation. To mitigate this
problem, in-situ freezing (I SF) was performed wherein the head of a deeply anesthetized
living specimen was dipped into liquid nitrogen to freeze the brain simultaneously with
specimen sacrifice. Other sacrifice and tissue preparation protocols exist to mitigate
degradation, and they have shown to be especially useful in neuropeptide imaging. For a
further discussion on these methods, refer to section 3.4.

Next, the tissue is ready to be cut into thin sections on cryostat. The thickness of sectioned
tissue should be on the order of the organism’s cellular diameter, although other
considerations such as sensitivity and ionization method of choice could also play a role. For
example, if a particular tissue’s cells have an average diameter of 10-20 wm, the slices
should be no greater than 10-20 wm thick [25].
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After tissue freezing and sectioning, sample preparation is largely dependent on the
ionization source. Scheme 4 provides a visual overview of the three most commonly used
sources: secondary ion mass spectrometry (SIM S), matrix-assisted laser desorption/
ionization (MALDI), and desorption electrospray ionization (DESI). SIMS is the oldest of
the three and was first used for imaging in 1962 by Castaing and Slodzian [27]. The
mechanism of ionization is beyond the scope of this review [28], but essentially ions are
formed when a focused primary ion beam hits sample and sputters off ionized tissue
compounds into the mass spectrometer. SIMS is often limited to analyzing molecules under
1000 Da without significant sensitivity loss or unwanted fragmentation [9]. However, the
different types of ion beams can be used to increase the intact ion yield of larger or more
labile compounds [16, 29, 30]. SIMS imaging does not require special preparation after
sectioning and mounting the tissue, but there are some optional methods that improve the
imaging results. Coating the tissue with gold, silver, small organic acids, or the use of gold
nanoparticle as substrates on the surface of the sample holder or inserted into the sample can
improve the ionization of intact molecules larger than 1000 Da [31-37].

SIMS is able to reliably achieve less than 1 um spatial resolution [38], making it the method
of choice for subcellular pharmaceutical investigations. The high lateral spatial resolution
and utility SIMS can provide is seen in Scheme 3 (111). If such high spatial resolution is not
required, MALDI MSI is a versatile alternative that has been employed for imaging drugs
and metabolites [39], lipids [40], peptides [41], and proteins [42]. In MALDI MSI, the tissue
is coated with a thin layer of matrix and irradiated with a laser beam. The matrix absorbs
much of the energy from the incident laser and provides a very “soft” ionization for analyte
compounds [43]. Although MALDI is most commonly performed at high vacuum pressures,
it can also be utilized at atmospheric pressure (AP-M AL DI) for an even softer process [44].
The mechanism for ion formation is still an active area of study [45, 46], but beyond the
scope of this review.

Matrix selection and application is a crucial step for MALDI MSI. It has a great effect on
sensitivity, spatial resolution, and selective analyte ionization [25]. Matrices must absorb
light at the laser wavelength and must not react with tissue-bound analyte. Imaging with an
infrared laser (IR-MALDI-M SI) allows one to use water as a matrix due to high
absorptivity in the mid-IR range [47]. Water can also be added for IR laser ablation by
freezing the tissue to form a thin layer of frost, as shown by Muddiman and coworkers [48].
More commonly, however, an ultraviolet laser is used (UV-MALDI-M SI) with small,
conjugated organic acid matrices. For low-molecular weight pharmaceuticals, CHCA is
generally considered the matrix of choice, though far from exclusive use [25]. For example,
Jackson et al. showed the utility of a gold nanoparticle matrix to cationize neutral
cerebrosides and improve their detection among abundant, positively charged
phosphatidylcholines [49]. In a targeted MSI experiment, different matrices can be tested on
a standard of the target analyte to determine the optimal choice of matrix.

Generally, matrix application methods are optimized to produce a homogenous coating of
small crystals. Inhomogeneities can create local ionization biases that may cause extensive
signal suppression [50, 51]. Solvent-based methods prepare matrix dissolved in solution at
or near the point of saturation followed by tissue deposition via nebulizers and airbrushes
[52] or automated systems [53-55]. Solvent-free methods were developed to circumvent
spatial delocalization of soluble analytes from excessive amounts of solvent during matrix
application [13], and a myriad of preparation protocols have been developed [56-59].
Solvent-free methods work well for most molecules, but have a noticeable sensitivity drop-
off for larger analytes [57].
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Until 2006, SIMS and MALDI were the two main pathways for MSI. It was not long after
Takats et al. introduced DESI [60] that its imaging capabilities were realized [11]. DESI is a
form of ambient ionization method where ions are analyzed from their native matrices with
little or no sample preparation [61]. In a DESI ion source, solvent is sprayed through a high-
voltage needle at AP and directly onto a sample. Molecules from the sample are ionized and
desorbed into a heated capillary leading to a mass spectrometer. lons are formed from either
an electrospray ionization (ESI) mechanism [62] or heterogeneous charge transfer [63, 64].
DESI imaging is mostly used for lipids [11] and small molecules [65].

There is virtually no sample preparation needed for DESI aside from sectioning and
mounting the tissue. Additives can be added to the solvent spray to increase selectivity and
sensitivity for certain analytes, so-called reactive DESI [66], and has been used by Wu et al.
to image cholesterol [67]. Cholesterol is difficult to ionize because of its low proton affinity
and low acidity, but the addition of betaine aldehyde to the DESI spray derivatized
cholesterol’s OH-group with a permanently charged hemiacetal, thus promoting ionization
and detection.

lonization and sample preparation methods should be selected based on what compound
classes and tissue locations are intended for the image. SIMS is best used for ionizing small
molecules and sensitive enough to spatially characterize sub-cellular amounts of analyte.
However, maintaining such spatial resolution with compounds larger than 1000 Da is
difficult. Additionally, commercially available SIMS instruments do not have MS/MS
capabilities as MALDI or DESI instruments equipped with hybrid TOF or quadrupole-based
mass analyzers, thereby limiting SIMS-SRM-MSI. Nonetheless, SIMS has been shown to
make use of post-source decay (PSD) for SRM-MSI with the appropriate analysis software
[68]. MALDI is capable of imaging molecules small and large, but often the spatial
resolution is limited to 10-30 wm. Ambient DESI is a viable option for high-throughput
analysis of pharmaceuticals with minimal tissue adulteration. DESI commonly produces
spatial resolutions of 100 wm or greater, but a resolution of 35 um was reported in a recent
study [69].

3. Mass Spectrometry Imaging Applications
3.1 Qualitative MSI

In the initial stages of modern MSI, the focus was largely on characterizing spatial
distribution. A study by Stoeckli et al. 2007 on B-peptides gives a basic demonstration of its
unique qualitative and semi-quantitative capabilities [70]. In this study, mice were
intravenously dosed with peptide solutions, three with B-peptides and a fourth with an a-
peptide. The pB- peptide dosed mice were sequentially sacrificed after periods of 5 minutes, 1
hour, and 24 hours before being frozen and sectioned. Figure 1 shows the MALDI-MSI of
each mouse’s B-peptide spatial distribution. These images can provide some qualitative
information about ADME. The peptide is clearly absorbed and distributed throughout
several organs, and it stays intact until it reaches the kidney where it is excreted.
Additionally, the presence of B-peptide signal after 24 hours provides kinetic information,
and the absence of the a-peptide signal after 1 hour indicates the greater metabolic stability
of B-peptides, as expected. Of course, Stoeckli stated that similar results, with the added
benefit of absolute quantitation, could have been achieved by QWBA. However, MSI
provided a quicker image acquisition without the need of costly radioactive labels.

MSI with qualitative emphasis still provides great utility. It can give relative
pharmacokinetic (PK) and pharmacodynamic (PD) information, as well as allow the
identification of novel metabolites that could help elucidate metabolic mechanisms. Enthaler
et al. recently employed MALDI-MSI in a sophisticated method to probe ex vivo compound
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penetration in human and porcine skin [71]. Although the model compound was a cosmetic,
Nile Red, the exact same protocols could be applied to cutaneous drug delivery. A problem
with MALDI-MSI of skin samples was adhesion of skin to ITO-coated glass slides. The
group attempted to improve adhesion by pre-treating the slides with coronal discharge and
modify its surface to have stronger interactions with the proteins in skin. This method
allowed them to image skin samples after a Nile Red treatment and a common penetration
enhancer, dimethyl sulfoxide, for 24 hours. The 30 um spatially resolved images showed
that Nile Red penetrated past the upper stratum corneum layer and into the epidermis, but
did not reach the dermis. Additionally, endogenous cholesterol sulfate, a molecule that
regulates protective barrier formation in skin, was also imaged and showed distributions
mainly in the epidermis. This example presents a remarkable potential for MSI to not only
characterize a drug’s delivery and penetration, but to also identify endogenous molecular
distributions that may explain the observed absorption properties.

Although QWBA enables a similar quantitative analysis of radio-labeled Nile Red
penetration, MARG would be required to achieve a spatial resolution at 30 wm and limited
quantitation can be achieved. Nile Red is amenable to characterization by fluorescence
microscopy and Enthaler even used the technique to validate the MSI. However, fluorescent
microscopy would not be a label-free alternative for molecules that do not fluoresce.

The utility of pharmaceutical MSI goes beyond direct imaging of tissue. Kreye et al. used
MSI to probe the dynamics of controlled theophylline release from lipid implants [72].
Though no actual tissue was imaged, the 4 mm-long cylindrical implants were embedded in
gelatin, frozen, cryosectioned, and then sprayed with matrix, nearly analogous to the
preparation of tissue. Images of the initial theophylline distribution throughout the implant
were created using radial and longitudinal cross-sections. Both views showed macroscopic
homogeneity with steep gradients at the micrometer level, to which Kreye attributed to the
initial particles of lipid and drug the implants were fabricated from. Very useful information
about the mechanism of release was also obtained from radial cross-section images of
implants after 0, 3, and 14-day exposures to release media. It is clearly shown that the
release is not homogeneous, but starts from the edges of the implant.

Stoeckli, Enthaler, and Kreye performed MSI studies that were able to obtain important
information, although they could have been similarly acquired with QWBA. In contrast,
Drexler et al. used MSI where QWBA would be less suited for the study of phototoxicity
[73]. Phototoxicity assays must identify photoreactivity of a target molecule. Radiochemical
methods cannot distinguish a drug from its metabolite and therefore are less applicable to
such assays. Drexler used QWBA to first determine if an orally administered proprietary
drug would accumulate in tissues in the eye. The radiograms showed a significant presence
of the drug in retina where it could possibly react with incident ultraviolet and visible light.
MSI of eye tissue indicated that the parent drug was present but could not identify any
photochemical derivatizations, therefore providing a negative result for phototoxicity.

Drexler’s phototoxicity assay via MSI may present a clear advantage over QWBA in this
particular case, although QWBA offers desired quantitative imaging capability. The next
section will discuss quantitative MSI, one of the most innovative and fast-moving area in the
field.

3.2 Quantitative MSI

The inherently heterogeneous nature of ionization makes accurate quantitation in MSI
challenging. The intensity of an MS signal is not only related to an analyte’s concentration,
but to its ionization efficiency and environmental extractability as well. Heeren et al.
discussed this issue at length in a critical insight article [74]. A simple MSI experiment was
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presented wherein three aqueous protein digests; ubiquitin, cytochrome C, and bovine serum
albumin; were spotted and mixed at equal concentrations. The spots were imaged by
MALDI-MSI. Spots containing only ubiquitin and cytochrome C in the mixture were able to
display peptides from both proteins, but whenever the mixture contained albumin, only the
albumin peptides were detected. As evident in this example, certain molecules are
preferentially ionized and can “steal” signal from co-localized species.

The complex tissue environment could make quantitation difficult. Luxembourg et al.
showed that variations in tissue salt concentration and histological features will create
heterogeneous matrix crystallization [51]. The variations in crystals may cause different
degrees of tissue desorption and recovery of the analyte, and they may also result in
different degrees of fragmentation during desorption and ionization. The end result is a
signal that is more reflective of the tissue histology and microenvironment than of the
analyte concentration.

MSI will require accurate means of quantification if it is ever to become an acceptable
alternative to QWBA. ADME characterization of drugs seeks to answer a question of mass
balance, and simply imaging the relative locations cannot give a satisfactory answer. The
absolute amount must be known throughout the distribution to provide true pharmacokinetic
and pharmacodynamics data, and such knowledge can also identify unaccounted for drug
that just may not show up in an image.

In 2010, Hattori et al. investigated the metabolism of ATP in ischemic penumbra mice
models [75]. Because the study required quantitative imaging that could clearly distinguish
ATP from its metabolites, they had to find a way to merge MSI with another quantitative
method. The solution was to extract a contralateral brain slice and perform quantitative
analysis with capillary electrophoresis (CE)-ESI-MS/MS. The following equation was used
to calculate concentrations of molecules in the image:

L .
Ci==C'[75]
I

The tissue concentration of a specific area (C;) is equal to ratio of the maximum intensity of
that area (l;) and the median maximum intensities from the contralateral hemisphere (1)
multiplied by the whole tissue concentration (C’) determined by CE-ESI-MS/MS. Hattori et
al. validated their method by comparison to previous spatial metabolic results from a
radiochemical method [76]. Although Hattori’s approach proved powerful and accurate, the
difficulties of coupling CE to ESI-MS/MS lead others to an analogous liquid
chromatography (L C) approach developed by Koeniger et al. [77]

Under certain circumstances, quantitative MSI can be performed by creating an on-tissue
calibration curve. Figure 2 from Nilsson et al. shows the distribution of tiotropium in rat
lung tissue [78]. The adjacent tissue is a piece of control lung upon which known
concentrations of tiotropium were spotted and imaged. If the tissue was fairly
morphologically homogeneous, this could account for the universal response and
extractability of the tiotropium. The calibration curves show the linearity of normalized
intensities from the on-tissue calibration compared with LC-MS/MS quantitation of dosed
lung tissue. The two curves are in strong agreement and provide a proof-of-principle for
label-free on-tissue quantitative MSI.

The Nilsson study is impressive but only applicable to compounds that do not suffer from
signal suppression at any place on a piece of tissue. The recent push in quantitative MSI is to
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add isotopically labeled internal standards (I S) to the tissue. Unlike radiochemical labels,
stable isotopes such as 13C, 15N, 180, or 2H are used. Pirman and Yost demonstrated the
effectiveness of this method with the absolute quantification of endogenous acetyl-L-
carnitine (AC) in pig brain [79]. A glass microscope slide was homogenously spotted with
dzAC and sectioned pig brain was subsequently mounted on top. The image was made from
the ratio of signature MS/MS fragment ions from the endogenous compound and the
isotope-encoded internal standard. It is assumed that co-localized isotopologues will have
identical ionization efficiencies, extractabilities, and MS/MS fragmentation behaviors,
therefore allowing direct quantitative comparison between a target analyte’s MS intensity in
tissue sample and the heavy standard’s MS intensity.

Vismeh et al. used DESI MSI with similar quantitative methods for absolute quantification
of clozapine distributions [80]. Rats were dosed with clozapine before sacrifice and a
deuterated standard was pipetted on top of the sectioned tissue. Figure 3 shows the
calibration curve of the clozapine ratios on tissue. In addition to the high degree of linearity
in calibration curve, it is interesting to note the superior stability of the ratio of intensities
compared to the stability of clozapine or IS alone.

The preliminary quantitative results from the last couple of years have created a lot of
excitement in the field. There is a great potential that MSI will one day become a common
tool for mass balance and ADME assays. Further refinement and biological application
validation remain an active area of research.

3.3 MSI At and Below the Cellular Scale

Molecular imaging at the cellular scale can offer critical details on the mechanisms,
dynamics, and kinetics of drug delivery. The increased resolution brings the experiment
from identifying drugs that interact with specific organs to drugs that interact with specific
cell types. High-performance MSI can even elucidate specific organelles or cellular regions
that are crucial to a drug’s delivery. Figure 4 shows SIMS images of a single cultured
adipocyte at 33 nm spatial resolution [81]. Cells were incubated with 13C-labeled oleic acid
to investigate how free fatty acid was utilized and metabolized. Localization of the oleic acid
will result in an increase of 13C relative to 12C, and so an image of the 13C / 12C ratio will
identify all areas where it has been integrated. The first image shows that a significant
proportion of oleic acid localized in the lipid-rich cell membrane. A second image at a
different depth of the same cell shows a very high concentration of oleic acid as part of a
lipid droplet inside of the cell.

Sensitivity becomes increasingly important in sub-cellular MSI. With less total material in
each sample point, fewer ions will be created. lon microscopy is a technique that aids
sensitivity by using detectors that are sensitive to an ion’s 2-D position [82]. As such, the
spatial resolution becomes independent of sampling size. Chandra et al. used SIMS
microscopy to make quantitative images of neutron-capture therapy drug delivery in
cultured human glioblastoma cells [83]. 10B-labeled p-boronophenylalanine-fructose (BPA-
F) and 11B-labeled sodium borocaptate (BSH) were introduced into the culture medium in
two separate experiments, one with separate introduction of each drug and one with
simultaneous introduction. The overall goal of the experiment was to determine whether
there was a synergistic effect on the delivery of either drug during co-administration. The
boron drugs seemed to homogenously penetrate all parts of the cell except the perinuclear
cytoplasm, and the authors concluded that BSH and BPA-F show only additive boron
delivery when co-administered to the cell media.

Altelaar et al. published a protocol paper that describes two approaches for MALDI MSI of
cellular dimensions [84]. lon microscopy is one such approach, with the other approach
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being the scanning microprobe MALDI (SMALDI). Altelaar demonstrates that both
methods can attain high-resolution images of whole rat brain tissue, but SMALDI may
require unfavorably high laser fluence. SMALDI involves using very small laser beam
diameters and distances between sampling points, about 0.7 um and 0.25 pm respectively
[85]. Astonishingly, even though SMALDI ablates such little material into the mass
spectrometer, peptide standards have been detected at attomole and zeptomole levels in a
single 1 um x 1 wm pixel. An investigation by Bouschen et al. used SMALDI on human
carcinoma cells and peptide mixtures to produce images with an effective spatial resolution
of 2 um [86].

Very recently, the use of alternative laser ablation geometry has demonstrated the ability for
subcellular MALDI imaging without a microprobe or ion microscopy. As shown in Scheme
4C, the incident MALDI irradiation commonly strikes the front side of the sample holder in
what is known as reflection geometry (RG). If the sample holder is made of transparent
material that will not absorb the laser wavelength, the incident radiation can instead strike
from the back at 1 angle from the sample in what is known as transmission geometry (TG).
TG-MSI was first used by Richards et al. to image sulfatide lipids [87] and fragile
gangliosides [88]. Although the images were acquired at 10 — 20 pum spatial resolution,
single shot ablation in TG allowed images of the entire mouse brain to be created in less
than an hour, a substantial reduction of imaging time compared to the use of conventional
RG mode. Zavalin et al. published a proof-of-principle experiment for TG-MALDI-MSI of
single cells [89]. Lipids are shown localized in the cell membranes of HEK-293 cells in
images that were acquired with a 1 um laser diameter and 1.5 um center-to-center sampling
points. Although no exogenous compounds were imaged at subcellular resolution, there is
no reason to suspect it would not be possible.

3.4 Neuropeptide Imaging: Mapping Endogenous Signaling Molecules and Drug Delivery

Organisms use neuropeptides and other signaling peptides to regulate a great variety of
physiological processes. These endogenous molecules can be templates for synthetic drug
development and delivery, and peptide-based pharmaceuticals have been of great interest for
decades. Neuropeptides and structural analogs can also be of use for drug discovery and
delivery as there is great interest in peptide-based pharmaceuticals. Neuropeptides and other
signaling peptides are commonly studied by MS with workflows that often include MSI at
the whole tissue scale all the way down to single neurons [90-92]. But even at the tissue
level, high spatial resolution is important. Tissues rich in neuropeptides, such as the pituitary
gland, can have dimensions of just a few millimeters. Geunther et al. obtained astonishing
AP-MALDI-MS images of neuropeptides in a mouse pituitary [93]. Their results suggest
that new MALDI-MSI technology is leading the method to a mature level that can probe
very specific tissue-peptide interactions. Figure 5 shows an optical image of a pituitary
gland followed by molecular images of four peptides. The pituitary gland was measured at
dimensions of 3 mm by 1 mm. With 5 pum spatial resolution, oxytocin and vasopressin were
primarily localized in the posterior lobe while a joining peptide and -y-MSH were localized
in the intermediate lobe.

In a study performed by Hui et al., a neuropeptide workflow included MALDI-MSI
localization to aid the functional study of a novel tachykinin neuropeptide [94]. Brains from
Callinectes sapidus were imaged to show the distributions and expression levels of two
peptides, CalsTRP and CabTRP la, between fed and unfed animals. Both peptides showed
consistent upregulation and co-localization in fed animals, with CabTRP la at a higher
intensity than CalsTRP. The combined evidence of the co-regulation, co-localization, and
nearly identical amino acid sequences led the investigators to posit that both neuropeptides
may originate from the same preprotachykinin. Additionally, the higher intensity of CabTRP
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la may indicate which sequence from the preprotachykinin is preferentially expressed,
although the authors concede it may also be a result of CalsTRP having a higher post-
mortem turnover.

Post-mortem protease activity is a significant problem for neuropeptide imaging. In fact,
early MS neuropeptide studies suggested that more than 90% of detected peptides were non-
active fragments from protein degradation [95]. On-tissue protease deactivation has been
successfully achieved by raising the tissue temperature to a level that deactivates most
enzymes. Microwave irradiation, either applied as a focused beam for animal sacrifice [96]
or to tissues post-sacrifice in a microwave oven [97], has dramatically increased the detected
post-mortem levels of neuropeptides and small molecules such as cyclic-AMP and
arachidonic acid. Alternatively, the commercially available Denator AB that uses a
combination of pressure and heat to quickly denature enzymes immediately following
extraction [98]. MALDI-MSI of heat-treated tissues by Goodwin et al. shows that the
Denator heating at 95 C significantly reduced protein turnover [99]. However, the
stabilization process did cause detrimental damage to tissue morphology which would
complicate MSI. The authors conclude that heat-treated tissue in MSI would be best utilized
as complementary sample source for MSI from intact structures of non-treated tissue.
Microwave irradiation may also cause inconsistencies detrimental to imaging such as the
differential heating and enzyme inactivation of certain areas in a tissue [96].

4. Emerging Technology, Perspectives, and Conclusions

After nearly a decade and a half of extensive research efforts, MSI is finally approaching a
stage of more widespread applications. Qualitative molecular imaging is now a rather
straight-forward process, and even more novel approaches are being developed, such as
three-dimensional MSI that simultaneously maps lateral distribution and depth penetration
within tissues [100, 101]. However, MSI has not reached universal acceptance in
pharmaceutical science due to remaining challenges that must be overcome.

The importance of robust and accurate quantitation for drug and metabolite MSI cannot be
underemphasized. The proof-of-principle quantitative MSI has certainly been demonstrated.
It is possible under some circumstances to detect and localize drugs with similar sensitivity
to QWBA, and may even surpass radiochemical quantitation at cellular and subcellular
scales. However, QWBA excels in its reproducibility and robustness. If a radio-labeled
compound is present, it will produce a signal. MSI compounds, on the other hand, may be
present but undetectable due to matrix ionization suppression, extractability, or analyte
degradation. Using a stable isotope-labeled IS can account for suppression and extractability
and is likely well-adopted in future quantitative MSI. More methods to improve
reproducibility may also emerge, and biggest factor may just be giving MSI time to be
employed in novel biological applications.

The sheer complexity of biological tissues creates challenges for MSI. Front-end separation
would have the biggest impact on dynamic range, and some recently developed liquid
extraction (L E) methods have made it possible to separate compounds from tissue
microsections using LC [102, 103]. Small liquid junctions can make contact with the surface
of the tissue and collect local molecules to be separated by LC, effectively decoupling
analyte extraction from ionization. Although some LE methods have shown spatial
resolution near 30 um [104], most of them produce localization which spatial resolution
well in excess of 100 pm.

A possibility that will not affect ionization suppression but that can deconvolute MSI spectra
is to employ ion mobility (IM) separation, which separates ions in the gas phase based on
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shape and size [105]. IM-MSI can differentiate structural metabolite isomers [106] and
separate isobaric molecular classes like lipids and peptides prior to MS analysis [49, 59,
107]. On-tissue derivatization techniques can help to bring compound signals out of the
tissue background noise, as shown by Manier et al. when imaging isoniazid, an anti-
tuberculosis drug [108]. The SRM transitions displayed by a neat sample of isoniazid were
observed from isobaric compounds in control tissue. However, when tissue-bound isoniazid
reacted with glass slides precoated with #rans-cinnamaldehyde, the resulting drug derivative
had SRM transitions unique to dosed tissue.

With a single MS image containing 5,000 to 50,000 spectra, statistical analyses of MSI
presents its own significant challenges [109]. Pixel-to-pixel variation, an unavoidable MSI
phenomenon, is chief among them. Pre-processing methods aimed at de-noising spectra or
clustering pixels can help mitigate the variations, but a sound physical model of the origin of
variation would certainly lead to more effective algorithms [110]. Additionally, Thiele et al.
have demonstrated that performing /77 vivo MRI before MSI can help match features in the
MS image to anatomical structures in the tissue, especially in the construction of a 3-D MS
image [111], highlighting advantages of multi-modality imaging approaches.

McDonnell et al. published a very insightful review that addresses perhaps the most
important issue regarding the spread of MSI technology [112]. The overall reproducibility of
MSI can be greatly improved by increasing the accessibility of the method and creating
well-defined standardized practices. As stated by McDonnell, participants at a 2009 MSI
training course revealed that matrix deposition protocols varied greatly even when the same
commercial deposition device was being used. European countries have since established an
MSI network, COST Action BM1104 that aims to create best-practice guidelines and
method standards, as well as provide resources and hands-on training. If other communities
are quick to follow this example, the time before universal acceptance of MSI by
pharmaceutical science will be drastically reduced.
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Figure 1. Whole-body M S| of Drug Metabolism

The distribution of a p-peptide in mice after 5 minutes, 1 hour, and 24 hours. The first three
rows show the pB-peptide distribution imaged from its three most common ion types. The
fourth row shows the image of heme as a molecular reference, and the fifth row shows an
optical image of the specimen for a physical reference. Reprinted with permission from [70].
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Figure 2. On-Tissue Calibration Curve

(a) Absolute quantitation of tiotropium on lung tissue shows areas that contain 0.20 pmol
(low), 0.65 pmol (medium), and 1.25 pmol (high). (b) Signals from standard spotted on
tissue were matched (c) with normalized signals from the LC-ESI-MS calibration. The red
triangles show the linear response of the on-tissue MALDI standards and the blue diamonds
show the linear response of corresponding LC-ESI-MS standards. Reprinted with permission
from [78].
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Figure 3. Absolute Quantitation with Internal Standards

(a) The black circles show the linearly increasing response of the intensity ratio between
clozapine (m/z327) and d-clozapine (/m/z328) at standard concentrations spotted on tissue.
(b) When scanning across a constant concentration of 0.3 ng/mm?, the MS signal is more
stable with the clozapine/d-clozapine ratio than with either molecule alone. Reprinted with
permission from [80].
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Figure 4. Cdlular Fatty Acid Metabolism

(@) A single adipocyte cell shows incorporation of 13C into the cell membrane after
incubation with 13C-labeled oleic acid, as well as incorporation into (b) intracellular lipid
droplets. Reprinted with permission from [81].
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Figure5. Neuropeptide M S| of a Mouse Pituitary Gland
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(a) An optical image of a pituitary shows that the localization of (b) oxytocin (red), joining
peptide (blue), (c) vasopressin (red), and -y-MSH (blue) can be segregated to specific lobes.

Reprinted with permission [93].
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Scheme 1. Creating and Imaging | ons by M ass Spectrometry

(a) After tissue is prepared, mass spectra are collected at points across the entire tissue. (b)
Each sampled point is converted into spatial coordinates and (c) an image is created by
displaying the intensity of a specific ion at each point. (d) Real images of 8 different lipids
acquired simultaneously from a rat brain, reprinted with permission from [11].
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Scheme 2. Selected Reaction Monitoring

Clozapine (blue) and other compounds have been desorbed and ionized prior to mass
analysis. In selected reaction monitoring (SRM), the first round of mass analysis removes all
ions outside the mass window of 325 Da — 329 Da that allows isolation of precursor ions for
subsequent fragmentation. The remaining ions are then fragmented. For the second round of
mass analysis, ions outside of the 268 Da — 272 Da are removed, leaving only the signature
fragment of clozapine (blue) to be imaged.
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(1) An image of cholesterol at 1.4 ppm mass accuracy, reprinted with permission [16]. (11)
Three lipid images requiring high mass resolution, reprinted with permission [17]. (111) A
secondary ion mass spectrometry image of root cells with submicron spatial resolution,

reprinted with permission [18].
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a) Desorption Electrospray lonization (DESI)
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The three most common sources for MSI: (a) Desorption electrospray ionization which uses
a stream of solvent ions to desorb and ionize analyte molecules, (b) secondary ion mass

spectrometry which uses a beam of ions from an ion gun to sputter analyte ions off the

sample, and (c) matrix-assisted laser desorption/ionization which uses laser irradiation of a

matrix-coated sample for desorption and ionization.
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