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Abstract

In the past 15 years, ambient ionization techniques have witnessed a significant incursion into

the field of mass spectrometry imaging, demonstrating their ability to provide complementary
information to MALDI. Matrix-assisted laser desorption electrospray ionization (MALDESI)

is one such technique that has evolved since its first demonstrations with ultraviolet lasers
coupled to Fourier transform-ion cyclotron resonance (FT-ICR) mass spectrometers to extensive
use with infrared lasers coupled to Orbitrap-based mass spectrometers. Concurrently, there have
been transformative developments of this imaging platform due to the high level of control

the principal group has retained over the laser technology, data acquisition software (RastirX),
instrument communication, and image processing software (MSiReader). This review will discuss
the developments of MALDESI since its first laboratory demonstration in 2005 to the most recent
advances in 2021.
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INTRODUCTION

The ability to ionize biomolecules directly from a sample has led to an exponential increase
in the use of mass spectrometry imaging (MSI) techniques (Bodzon-Kulakowska & Suder,
2016; Buchberger et al., 2018; Palmer, Trede, & Alexandrov, 2016) to effectively address

a diverse range of biological questions. Spatially resolved mass spectra acquired across

a sample enable the visualization of sample-related ions using a heatmap, which can be
fundamental to gain a more complete understanding of the underlying biology as location
can be an important indicator of the roles that a given molecule plays in its system (Kumar
et al., 2002; Simpson et al., 2000). This information is invaluable for studying the change
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in function or dysfunction, of a diseased or environmentally affected sample. It has become
a complementary technique in many ways to augment information gained by alternative
imaging approaches including confocal microscopy and magnetic resonance imaging (MRI).

The principles of MSI were first published over 5 decades ago using secondary ion mass
spectrometry (SIMS) (Castaing & Slodzian, 1962; Liebl, 1967), which remains relevant
today (Massonnet & Heeren, 2019; Muddiman, Gusev & Hercules, 1995). In static SIMS,
a high energy ion beam is focused on the sample surface at very high lateral resolutions

of 50 nm to 1 pm. The energy transfer from the primary ions results in the ejection of
secondary ions from the top layer of the sample. This was first demonstrated on elements
and has since been demonstrated to effectively ionize molecules as quasi-molecular ions
([M+H*]* and [M-H*]") or generate fragments thereof. High spatial resolution (<100

nm) is regularly achieved with SIMS, which makes it one of the best imaging methods

for samples that need high resolution and can withstand substrate application. Significant
fragmentation, particularly of larger molecules, complicates identification and quantification
remains challenging; however, recent work using dynamic SIMS (with a sputtering primary
ion beam instead of discrete primary ion beam) have shown that it is achievable (Keren et
al., 2019).

The most widely used MSI technique today is matrix-assisted laser desorption ionization
(MALDI) (Karas et al., 1987), which was first demonstrated for biological ion imaging

in 1994 (Spengler, Hubert, & Kaufmann, 1994). MALDI is a soft ionization technique

that allows for the analysis of small and macromolecules, such as peptides and proteins
(Chaurand, Schwartz, & Caprioli, 2004). An ultraviolet (UV) laser excites a UV-absorbing
matrix which desorbs molecules, eventually ions, in a rising plume of material (Jaskolla &
Karas, 2011; Karas, Gliickmann, & Schéfer, 2000). Some recent innovations have added

an additional ionization step using a second laser, leading to the moniker MALDI-2,

which increased the diversity of molecules beyond those typically found using traditional
UV-MALDI (Soltwisch et al., 2015; Ellis et al., 2017). Micron level spatial resolution

has been achieved using UV lasers for desorption in MALDI which has helped drive

the MSI field toward cellular level resolution with sub-cellular spatial resolution recently
reached; however, this is not routinely employed in most tissue imaging applications using
MALDI and related techniques such as MALDI-2 (Buchberger et al., 2018; Korte et al.,
2015; Feenstra et al., 2017; Duefias et al., 2017; Niehaus et al., 2019). Many reviews

have examined the advancement of MALDI technology and its applications in proteomics,
lipidomics, and metabolomics (Baker, Han, & Borchers, 2017; Bodzon-Kulakowska &
Suder, 2016; Schulz et al., 2019). Despite its widespread use, MALDI is not without

its associated drawbacks. One concern is the high vacuum requirement, which inherently
limits MALDI analyses to non-volatile species (Schwartz, Reyzer, & Caprioli, 2003). These
issues have given rise to alternative MSI approaches operating at ambient conditions,
including atmospheric pressure (AP) MALDI (Kompauer, Heiles, & Spengler, 2017; Laiko,
Baldwin, & Burlingame, 2000; Li, Shrestha, & Vertes, 2007). Furthermore, application and
co-crystallization heterogeneity of the ion producing matrix can affect spatial location and
quantification, as well as producing highly abundant background peaks that can limit the
sensitivity when imaging low 777z metabolites (Chaurand et al., 2011). Other ambient or
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atmospheric pressure MSI techniques were developed to minimize sample preparation and
matrix-associated drawbacks.

Due in part to the limitations associated with MALDI and SIMS, the field of emerging
ionization techniques blossomed, specifically those focused on MSI, and matured over the
past two decades with innovation still occurring annually. Space in this review does not
allow for extensive examination of each of these techniques, but they are listed in the

Table 1 above with some of their most significant references. Several of the most common
techniques are based to some degree on electrospray ionization (ESI) (Perez et al., 2019).
ESI was demonstrated as a viable method for gas-phase transfer of large biomolecules

for MS analysis in 1989 by Fenn and coworkers (Fenn et al., 1989; Yamashita & Fenn,
1984). ESI generates multiply-charged ions allowing for the analysis of large and small
biomolecules, paving the way for the development of the most well-characterized ambient
MSI technique: desorption electrospray ionization (DESI) (Takats et al., 2004; Yin et

al., 2019). In DESI, an electrospray plume is directed to the surface of the sample and
secondary analyte ions are then generated by the interaction of the charged droplets with
tissue molecules and/or the gas phase ions of electrospray hitting the tissue surface with
high kinetic energy (Venter, Sojka, & Cooks, 2006). DESI is carried out under atmospheric
conditions and does not require an endogenous or exogenous sample matrix. However,
absolute quantification, even when using standards, is difficult as DESI does not consistently
remove a specific amount of tissue (Vismeh et al., 2012).

One significant sub-category of ESI-based ambient MSI approaches, employ electrospray
post-ionization. Secondary electrospray ionization (SESI) allows for analysis of volatiles
by relying on the interaction of gas phase molecules with the charged droplets of an
electrospray plume (Wu, Siems, & Hill, 2000; Zhu et al., 2010). Laser desorption with
electrospray post-ionization techniques were then developed to analyze non-volatiles and
to provide spatial information. These methods can be further sub-categorized by resonant
and off-resonant laser desorption. Off-resonance techniques were first demonstrated with
electrospray-assisted laser desorption ionization (ELDI) in 2005 (Shiea et al., 2005). In
ELDI, the laser energy is primarily absorbed by the analyte, which leads to sample
vaporization into the gas-phase where the molecules are then post-ionized by ESI (Huang
etal., 2006; Lin et al., 2007). While multiple studies were carried out in the years after

its initial publication, it became evident that resonant techniques have distinct advantages
for the analysis of biological samples. In fact, in several studies published under the ELDI
banner, the likely ionization mechanisms were more closely aligned with resonant laser
desorption (Huang et al., 2010; Peng et al., 2007; Peng et al., 2010).

In resonant techniques, laser energy is absorbed by a matrix and some material is ablated
as these neutral molecules are then post-ionized by ESI. The focus of this comprehensive
review is to articulate the development and application of an innovative resonant technique
and ionization method for the direct analysis and MSI of a diverse array of biological
samples. Matrix-assisted laser desorption electrospray ionization (MALDESI) has been
summarized in part by Bokhart (Bokhart & Muddiman, 2016). MALDESI was first
demonstrated in the laboratory in 2005, where a common MALDI matrix and UV laser
(337 nm) was used to desorb neutral biomolecules with subsequent post-ionization by ESI
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(Sampson, Hawkridge, & Muddiman, 2006). While the matrix was always thought to be
essential for MALDESI to work, the matrix is not limited to the organic acid matrices
that UV-MALDI typically uses. The matrix must be appropriately selected to absorb the
wavelength of the laser being used (Robichaud et al., 2013), just as in IR-MALDI which
uses water, glycerol and succinic acid as common matrices (Nelson et al., 1989; Nordhoff
et al., 1994; Berkenkamp, Karas & Hillenkamp, 1996; Berkenkamp et al., 1997). Desorbed
biomolecules are largely neutral species (neutral / ion ratio > 99%) that encounter the
charged droplets of an ESI plume positioned orthogonally to their desorption and then
experience the ionization mechanisms that have been characterized in ESI (Dixon &
Muddiman, 2010). In this review the history of the MALDESI platform will be traced
from its inception to 2021, spanning 15 years (the teenage years) and 4 generations of
development (Figure 1).

SOURCE DEVELOPMENT

The original MALDESI source consisted of a 337 nm pulsed nitrogen laser, directed by a
simple optical train to focus on the sample through a UV fused silica convex lens (Sampson
et al., 2006) (Figure 2A). Orthogonal to the laser beam, a syringe pump provided the
electrospray plume and directed the ions into an FT-ICR mass spectrometer with a 9.4 Tesla
superconducting magnet. Shortly after the introduction of the original source, the manual
linear XYZ sample positioning stage was replaced with a computer controlled motorized
stage, marking a major step forward for MSI (Sampson, Hawkridge, & Muddiman, 2008b).
A charge-coupled device (CCD) camera was positioned above the stage enabling real-time
visualization of the ablation of the target sample. The combination of the camera and
computer controlled motorized stage formed the foundation for the Rastir motion control
software (see Software for Mass Spectrometry Imaging section) that allowed users to select
the sample region for analysis with the smallest rectangle that encapsulated the region

of interest (Robichaud et al., 2013). The stage then moved to the first spot and was
synchronized with laser desorption for optimal scanning speeds using a motion control
system (Figure 3). These were not trivial advances as they essentially required for that
entire MSI platform to be built with a novel ionization source on an instrument not built for
such integration. These changes were eventually implemented with a new source coupling,
the Thermo LTQ-FT MS (Figure 2B). For the next 7 years numerous fundamental and
biological studies were performed using that setup (see Diverse Array of Human Health and
Disease Applications section).

In the next generation (Figure 2C), the source was interfaced with a Q Exactive MS with
Orbitrap mass analyzer (Barry et al., 2014; Meier, Garrard, & Muddiman, 2014), which
provided accurate mass measurements available in previous couplings to Fourier transform
(FT) MS (Barry, Robichaud, & Muddiman, 2013), but with faster acquisition rates due to
reduced transient times. These characteristics made the Orbitrap platform the logical choice
for high quality MSI data. Some features of the Orbitrap, namely automatic gain control
(AGC), were turned off to match the pulsed nature of MALDESI ion generation.

The MALDESI source saw significant improvements in laser technology, deep
characterization of the next Orbitrap-based MS in the Q Exactive series (Figure 2D), and
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fundamental improvements in the two main software components involved in experiments.
Each development led to significant steps forward in the complexity of samples and
hypotheses that could be tested using MALDESI. The combination of a high rep-rate mid-IR
laser and an improved enclosure allowed for significant growth in biological applications

of MALDESI as an imaging technique. Furthermore, an updated stage (Figure 2B) with a
Z-dimension adjustment enabled the analysis of irregular samples that could not be readily
cryosectioned.

More recent source development (~2017-2020) was focused largely on laser and software
development (Figure 2D). Both of those developments are covered in more detail in their
appropriate sections on Lasers and Software, respectively.

LASER DEVELOPMENT

Initial demonstrations of MALDESI were performed with UV lasers with traditional energy
absorbing matrices. After successful demonstration with UV lasers (Sampson, Hawkridge,
& Muddiman, 2007), the use of a mid-IR laser for desorption of cytochrome ¢ with succinic
acid proved to set the course for all future generations of MALDESI development (Figure

4) (Sampson, Murray, & Muddiman, 2009). The use of a 2940 nm laser was particularly
important because of its ability to excite the O-H stretching mode of water, meaning that
biological tissues could be analyzed without adding additional matrices necessary at UV
wavelengths. Furthermore, liquid samples of many different kinds could be readily analyzed.

Knowing that the use of an ice layer as an energy absorbing matrix had been demonstrated
before for IR-MALDI (Nelson et al., 1989; Nordhoff et al., 1994; Berkenkamp, Karas

& Hillenkamp, 1996; Berkenkamp et al., 1997; Rompp et al., 2013), IR-MALDESI
experiments began to incorporate ice as a matrix soon after the switch to 2940 nm lasers.
An early design of experiments (DOE) evaluating the ice matrix showed an increase in

the abundance of tissue-related ions and greater reproducibility compared to tissues relying
solely on their endogenous water content. To achieve an appropriate ice layer the enclosure
is purged with nitrogen before the sample stage is cooled to —8°C and the humidity is
increased again to condense a thin ice layer over the tissue. The enclosure is purged with
nitrogen again and a humidistat connected to a nitrogen gas supply keeps the relative
humidity low enough (10% + 2%) to maintain the same ice thickness without growth or
defrosting throughout the experiment.

While the transition from UV to mid-IR lasers offered many benefits in sampling versatility,
spatial resolution suffered. Single-cell resolution in IR-MALDESI is technically achievable
using an oversampling method (Nazari & Muddiman, 2015) or with cell dispersion to get
isolated singular cells (Xi et al., 2020) but to overcome natural limitations of the wavelength
and move closer to single-cell resolution without oversampling, the geometry of the laser
path was updated to include optics that produced a spot size closer to the diffraction-limited
spot size, the theoretical highest resolution. The optical system increased spatial resolution
from 150 pm to 50 um by including an adjustable iris to trim the output into a near perfect
gaussian beam profile, a beam expander to reduce beam divergence to provide smaller and
circular ablation spots, and an aspheric focusing lens that corrected any spherical aberration
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that would hinder the spot size from reaching its diffraction limited size (Bokhart et al.,
2017).

Even with the increased spatial resolution, commercially available mid-IR lasers left much
to be desired. Most are expensive, flashlamp-pumped, and tunable optical parametric
oscillator (OPO) lasers. A significant effort was made to develop fit-for-purpose improved
laser technology that solved technical drawbacks, including periodic flashlamp maintenance
and extensive water-cooling systems as well as decreased cost. A novel miniature,
conductively cooled OPO laser was successfully built and characterized (Ekelof et al.,
2018). This diode-pumped, passively Q-switched solid-state Nd:OPO laser converts 1064-
nm emission into 2970 nm light emitted for laser desorption. In each burst, the laser
generated between 1 to 15 energy equivalent pulses in ~1 ms/burst at a maximum burst rate
of 4 Hz. Laser control software and communications were created so users could program
the number of pulses per burst. In diode-pumped passively Q-switched lasers, the length of
the driving current in response to a trigger ensures that the chosen number of pulses are
generated. The readout of a photodiode output signal, synchronous with the 1064 nm laser
pulse, was fed back into the microcontroller to ensure the selected pulses-per-burst were
consistently fired no matter the thermal state of the laser head and diode-pump array. Using
this new laser and communication system, a full-body neonatal mouse imaging analysis
demonstrated a 2x improvement in spatial resolution compared to the previous Opotek
Nd:YAG OPO mid-IR tunable laser. The higher pulse rate of this laser also provided a

way to achieve tighter synchronization with the mass spectrometer and thus improved the
scan rate significantly. The new laser technology platform set the foundation for future laser
development.

EVIDENCE FOR IONIZATION MECHANISM

Initial experiments performed on ubiquitin, bradykinin, angiotensin I, and glucagon
illustrated that the MALDESI technique does in fact result in ESI-like ionization instead

of MALDI-like ionization as evidenced by the observation of multiply-charged ions similar
to those obtained using nanoESI (Figure 5). This approach was extended to the sampling of
liquid droplets, with the same observed ionization patterns (Figure 5), which would be an
important foundation for work in future generations (Sampson, Hawkridge, & Muddiman,
2008a).

An early study looking at the ionization mechanisms involved in MALDESI used remote
sampling (Dixon et al., 2008) to decouple laser desorption from the orthogonal ESI plume
which would turn into a much larger area of interest in the field of MSI than was realized
at the time. Using deuterated solvents doped in the electrospray Dixon and Muddiman
were able to demonstrate the electrospray ionization was indeed the primary ionization
mechanism in MALDESI (Figure 5) (Dixon & Muddiman, 2010). Deuterated solvents
clearly shifted observed mass spectra (i.e., [M+D™]) relative to proton adduction, with the
observed distribution nearly identical to theoretical spectra.

Early attempts at understanding energy deposition in MALDESI were completed using
cocaine (Rosen et al., 2015). This subject was then revisited with an increased focus
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and depth to quantify the degree of “softness” of IR-MALDESI with direct comparison

to a conventional ESI source. In this study, the internal energy depositions on common
sample types were determined using the survival yield method (Gabelica & De Pauw, 2005)
with a series of para-substituted benzyl pyridiniums (BPs) as thermometer ions (Figure 6)
(Tu & Muddiman, 2019). IR-MALDESI generates ions with comparable internal energy
distributions to those obtained with conventional ESI in analysis of both liquid and solid
samples, corroborating the view that the softness of IR-MALDESI is equivalent to ESI. Data
from this study indicated that an externally deposited ice layer slightly increases the internal
energy when compared to the endogenous water in animal tissues.

INCREASING MOLECULAR COVERAGE AND SIGNAL ABUNDANCE IN

MALDESI

From the very first iteration of MALDESI there have been several aspects that can govern
the outcomes of a given experiment. Due to the many variables and interactions, a global
optimization of the MALDESI source was performed using a design of experiments (DOE)
(Hecht, Oberg, & Muddiman, 2016) to determine the optimal parameters of stage height,
ESl-inlet distance, sample-inlet distance, ESI flow rate, plate voltage, laser fluence and
repetition rate for IR-MALDESI (Barry & Muddiman, 2011). Another DOE was carried
out to evaluate the presence of an ice layer over a tissue sample, where ice was shown

to improve desorption plume dynamics, thereby increasing tissue ion abundances even
for multiple laser pulses in one location (Robichaud, Barry, & Muddiman, 2014). The
effect of electrospray solvent composition was also briefly evaluated in 2015 (Barry et
al., 2015) before a more extensive analysis in 2019 (Bagley, 2019). Each of these studies
were designed to increase the depth of biological information that can be obtained using
IR-MALDESI.

The DOE did not resolve every factor that could affect ion abundances. For example, to
achieve synchronization between the laser trigger and MS acquisition from each position

the ions need to accumulate in the radio frequency-only storage trap (C-trap) for a constant
and sufficient time (injection time, IT) prior to injection into the Orbitrap analyzer. The

goal of the study was to decrease the total amount of time the C-trap remained open since
sensitivity decreases the longer it is open due to signal decay from space charge effects

from the ambient background ions. The effect of C-trap accumulation time on ion abundance
was characterized (Rosen et al., 2015) before experimental method optimization based

on time-resolved ion yields (Figure 7) (Ekel6f & Muddiman, 2018). The C-trap IT was
decreased to improve analyte signals by incorporating an IR laser with a 100-Hz repetition
rate to reduce the IT from >100 ms when using a 20-Hz IR laser to 30 ms, which resulted

in increased ion abundance by up to 3 orders of magnitude for analytes ranging from
xenobiotics to endogenous lipids (Figure 7A, 7B). The decrease of C-trap accumulation time
was achieved concurrently with optimization of the timing between the laser ablation event
and the start of ion collection. Previously, the instrument operated in the “handshake mode”
which introduced a variable delay of up to 100 ms between trigger and response, requiring
the injection time to be 110 ms for 2 laser pulses. The “low-latency handshake mode”
provided by Thermo Fisher Scientific, and the home-designed external circuits, enabled
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the mass spectrometer to be precisely synchronized to a laser trigger within microseconds.
Several tissue-specific ions acquired using incremental IT following laser ablation were
measured to determine the signal rise time. Using the novel low-latency mode, 75 ms of IT
after two 20-Hz laser pulses was suggested as the optimum MSI setting, yielding 2x signal
abundances and improved repeatability (Figure 7C, 7D). These improvements at faster laser
firing rates, and lower IT, were a large driving force in developments in laser technology to
operate at effective repetition rates higher than 100 Hz (see Laser Development section).

Like most MSI techniques, MALDESI must rely on HRAM to resolve similar m/zand
relative abundances in isotopic envelopes (spectral accuracy) for elemental composition
determination. It was crucial to understand how spectral accuracy (e.g., carbon and sulfur
counting) changed with absolute ion abundance in the mass analyzer to determine thresholds
in ion abundances required to accurately estimate the number of atoms in a molecule
(Khodjaniyazova et al., 2018). Two experimentally determined optimal conditions were
established for three arbitrarily defined mass windows of small (100 < MW (Da) < 400),
medium (400 < MW (Da) < 900), and large (1000< MW (Da) < 1500) compounds: (1)
optimum absolute 13C4, 1Ny, and 34S; ion abundance for accurate carbon, nitrogen, and
sulfur counting, and (2) thresholds for the absolute monoisotopic ion abundances required
for high spectral accuracy. These findings informed untargeted MSI analyses of healthy and
diseased tissues to confirm the presence of the analyte of interest based on carbon, nitrogen
and sulfur counting, as well as all future untargeted studies (Pace & Muddiman, 2020).

Efforts to improve the value of HRAM experimental data often revolve around expanding

or deepening coverage for a class of molecules. Deepening coverage in MALDESI is not

as simple as repeated sampling of pooled samples, available to techniques such as LC-MS,
because laser ablation results in complete tissue removal from each voxel. Using a technique
known as polarity-switching, the metabolome and lipidome coverage was deepened on the
ovarian cancer model at the cost of losing 2x spatial resolution in the x-dimension (Nazari
& Muddiman, 2016). In a polarity switching experiment, every other voxel is analyzed in
either positive or negative ionization mode, with a delay between each voxel as the ESI
stabilizes. Solvent compositions were evaluated for optimal analysis in both modes, with the
optimal electrospray solvent being 50:50 MeOH/H20 with 1 mM acetic acid (Muddiman et
al., 1996). Although polarity switching does result in less spatial resolution in the x-direction
(i.e. 100 pm turns into 200 um), the y-resolution stays the same. For a given region of
tissue, there is now information about more metabolites as different classes of molecules
ionize with different efficiencies in each polarity. Some molecules that would have been
completely unseen in positive mode are now seen in the negative mode voxels, and vice
versa. Polarity switching provides the same information as doing sequential positive and
negative analyses performed on serial sections, while offering a 42% reduction in analysis
time. It also saves sample preparation time, eliminates bias from using different samples for
positive and negative polarity in separate experiments, and is the best option for precious
samples with limited availability. The polarity switching technique has been demonstrated
for several diverse sample types (Cochran et al., 2015; Kalmar et al., 2020).

Even while great strides have been made in improving the understanding and application
of MALDESI, fuller characterization was needed to understand the areas for growth
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in experimental and data analysis performance. Part of this included revisiting a partial
determination of optimal ESI parameters for mammalian tissue samples completed during
the early characterization of MALDESI and performing a comprehensive study to determine
the effects electrospray parameters have on lipid profiles during IR-MALDESI analyses
(Bagley, Ekel6f, & Muddiman, 2020). A liquid chromatography pump was used to create
solvent gradients for H,O:ACN and H,0:MeOH solvent systems to determine the proper
solvent system and composition for lipid studies in positive and negative polarities. A series
of 12-minute gradients were run across the entire solvent composition range (5-95%) for
multiple applied voltages as rat liver tissue was analyzed. Then, 25-minute gradients were
run across tighter gradient ranges selected from the short gradients. More optimal settings
were found in both polarities that increased lipidome coverage, abundance of detected lipids,
and decreased background peaks so that future studies can go deeper into the metabolome.
With the new electrospray settings, a 3-fold increase in abundance and 15% increase in
coverage in positive mode was achieved, and a 1.5-fold abundance increase, and a 10%
coverage increase in negative mode.

SOFTWARE FOR MASS SPECTROMETRY IMAGING

The high volume of high-resolution accurate mass (HRAM) data collected using IR-
MALDESI coupled to an Orbitrap mass spectrometer, necessitated better MSI analysis
software. MSiReader was first developed as vendor-neutral software in 2013 and allowed
the MSI community to perform several data analysis and interrogations on their own data
(Figure 8) (Robichaud et al., 2013). At the time of publication there were only two other
free MSI software options: Datacube Explorer (Klinkert et al., 2014) and Biomap (Stoeckli
et al., 2002). Datacube Explorer limited mass resolution to 0.1 Da and Biomap only had
16-bits of dynamic range. Although the field has grown to offer more options, MSiReader
has remained a significant contributor as it is free and open-source software in the MSI
community (Buchberger et al., 2018).

The second-generation release of MSiReader v1.0 (Bokhart et al., 2018) grew to meet the
community needs for data analysis using diverse sampling techniques around the world.
Regardless of the technique used to acquire MS data, many users share the need to process
MSI data without compromising its integrity by limiting the dynamic range or resolution,
which is particularly important when processing HRAM data. In MSiReader v1.0, new
features allowed for multiple data sets to be analyzed simultaneously without having to
merge files, which could significantly increase the time and tedium often associated with
data analysis (Figure 8). Furthermore, the MSiQuantification tool allowed users to define
the regions associated with their absolute quantification calibration curve and then calculate
the concentration of desired analyte(s) across the tissue. Absolute quantification is possible
with IR-MALDESI due to the complete ablation at each pixel in the image resulting in
voxels with known dimensions. MSiReader was also updated to appropriately parse polarity
switching data for several different polarity-switching patterns, so that data analysis in both
modes could be more swiftly accomplished on the same data file upload. An optical image
tool was added in response to experimental improvements, namely for whole-body imaging
sets, that has applications for every type of imaging. An optical image of the analyzed tissue
can be incredibly informative when overlaid with MSI data. Therefore, a tool was created
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in MSiReader v1.0 that enables an image overlay with a user-defined transparency scale
bar. While basic translation, rotation, and scaling tools are provided for image overlays,
the IR-MALDESI platform captures an inherently co-registered optical image for each run.
Regardless of the experiment, HRAM MSI data must be constantly evaluated for mass
measurement accuracy and spectral accuracy. In that vein, MSiReader v1.0 offers several
quality assurance features that generate heatmaps and histograms of MMA and spectral
accuracy for a given m/zacross the image file. As of this writing, there have been 1.5
downloads per day since 2013 with an estimated 1300 unique users resulting in nearly 400
citations to MSiReader (Robichaud et al, 2013; Bokhart et al., 2017b).

MSiReader saw many developments in its 3" generation that improved data analysis
(msireader.wordpress.ncsu.edu). The MSiCorrelation tool (Ekel6f et al., 2018) generates
batch images for an 7/z list (imported or internally generated by MSiReader) and can

also correlate these images against a reference, assigning a rank or measure of similarity

to each. The reference can be a molecular image or any graphical file that Matlab can
import (e.g., an optical image). Four algorithms are provided to score images including the
Structural Similarity Index (SSIM), which was originally developed for video processing
and compression (Wang et al., 2004). In contrast to Minkowski metrics (e.g., mean squared
error) and Pearson correlation, SSIM is not a pixel-by-pixel comparison, rather luminance,
contrast, and structure are considered, separately mimicking the human vision system. With
SSIM, MSiCorrelation can process several hundred thousand images in a few hours to find
ions having spatial distribution similar to a molecule of interest using an ordinary desktop
computer, allowing for more rapid and deeper data analysis (Ekel6f et al., 2018). Coupled
with MSiReader’s principal component analysis tool (MSiPCA) a robust and efficient
visualization and analysis workflow is realized for large imaging data sets. The PCA tool

is interactive, linking component space as visualized in a biplot with MSiReader’s spatial
heatmaps. SSIM is an effective pre-filter for reducing very large search spaces that would
otherwise exhaust memory prior to performing principal component analysis. Other notable
features implemented during the 3 generation are additional normalization options, new
filtering options, more efficient m/z resampling, 3D visualization, ROl management, and
perceptually linear colormaps optimized for color vision deficiency. MSiReader continues to
evolve to support IR-MALDESI source development and the analysis of biological systems
and rises to meet the needs and suggestions from the entire MSI community.

Similarly, the software in which the user defines the region to be raster scanned by IR-
MALDESI, denoted Rastir, was also developed to meet experimental needs. Rastir is the
software responsible for user control over imaging parameters prior to analysis (Figure

9). Communication with a video camera allows users to verify the region of interest for
analysis and edit experimental parameters such as scan lines and spot-to-spot distance.
These settings are stored and run once communication with the Arduino microcontroller has
been established. Throughout the experiment the Arduino and Rastir communicate to ensure
MS analysis, stage motion, and laser firing are properly synchronized. For the majority of
MALDESI’s history, analyses were limited to the smallest possible rectangle that could

fit around the sample. Rectangular ROIs resulted in significant off-tissue analysis time

that provided no extra biological information and wasted time. The original platform was
updated in the 3" generation to allow for arbitrary ROI selection in which the user creates
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a polygon that allows for minimal off-sample analysis to limit biological degradation and
decrease the amount of unwanted off-tissue material injected into the MS (Figure 10). Each
arbitrary ROI in RastirX is saved after creation and can be repeated for multiple analyses,
with MS data easily co-registered in MSiReader with the saved optical images of the sample
for each analysis. This new version, RastirX (Garrard et al., 2020), was used in several
projects (Bagley et al., 2020; Khodjaniyazova et al., 2019) and MSiReader was updated to
accept such data files. It will serve as the platform for future analysis of irregularly shaped
samples not well served by current ROI tools in both 2- and 3-D imaging.

DIVERSE ARRAY OF HUMAN HEALTH AND DISEASE APPLICATIONS

MALDESI has been providing MSI for diverse human health applications from the
beginning. Many of the earliest applications centered on drug distribution of cancer or

HIV drugs, and adherence to treatment. One of the first forays in human health focused
MSI using IR-MALDESI involved imaging the cancer drug lapatinib in liver tissue and
comparing it with UV-MALDI MSI, where it was demonstrated to be an appropriate
alternative to UV-MALDI (Barry et. al., 2015). The next study looked at the spatial
distribution and abundance of several HIV drugs in cervical tissues where the concentration
of drugs was compared against homogenized samples analyzed using LC-MS/MS (Figure
11). Again, IR-MALDESI proved to be a viable alternative to traditional MS and MSI
techniques by providing roughly the same sensitivity as LC-MS/MS analyses.

Since IR-MALDESI ablates probed regions of the sample completely, it is well-suited

for quantitative imaging analyses. The first demonstration was the quantitative analysis

of antiretroviral drug-incubated tissues (Bokhart et al., 2015). A structural analogue to

each antiretroviral was sprayed onto the glass specimen slide before tissue mounting for
normalization, which reduced voxel-to-voxel variability and is the fundamental technique for
achieving relative quantification (Figure 12). Absolute quantification was demonstrated for
the analysis of several antiretrovirals in human cervical tissues and compared to traditional
absolute quantification on an LC-MS/MS platform. Absolute quantitative MSI was achieved
by spotting SIL calibration standards onto the tissue matrix to produce a spatial calibration
curve that accounts for tissue-matrix effects. IR-MALDESI showed comparable results to
LC-MS/MS analyses (Figure 12). This was later replicated for glutathione in hen ovarian
tissue (Nazari et al., 2019).

With other early studies looking at HIV drug distributions in incubated tissues, IR-
MALDESI pivoted to provide HIV clinicians with a useful tool to determine the adherence
of patients to their drug regimen. The longitudinal profiles of various antiretrovirals (ARVSs)
would provide evidence of daily adherence over roughly a month with a temporal resolution
of ~8 hours. Recent experiments have re-examined IR-MALDESI’s effectiveness on
detecting such ARVs in hair that has been cosmetically treated. Even after harsh treatments
such as relaxers or bleach, most ARVs were still detectable, proving IR-MALDESI is

a robust system for determining adherence to ARV regimens (Figure 13). By using IR-
MALDESI, clinicians can get an accurate picture of patient drug adherence without drawing
blood or plasma.
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The importance of analyzing samples without chemical derivatization was demonstrated on
label-free metabolomic studies of expanded metabolic classes. First, neurotransmitters lower
than 400 m/z pose a challenge in MALDI-MSI due to significant matrix interference in the
low mass range, requiring additional methods such as chemical derivatization to increase the
molecular weight of metabolites above the interfering peaks. Unfortunately, these methods
are inherently selective and prevent deep coverage in untargeted studies. IR-MALDESI

first demonstrated deeper coverage in the analysis of rat brains exposed to the highly
abundant flame retardant, tetrabromobisphenol A (Bagley et al., 2018). This study showed
the ability to detect neurotransmitters without chemical derivatization as well as model
changes in their distribution after exposure to flame retardants. In a follow-up study, both
neurotransmitters and their pathway-related metabolites were investigated in rat placenta
tissue (Pace et al., 2020) (Figure 14). This method detected 49 neurotransmitters and
metabolites without chemical derivatization, 40% higher than previously reported MALDI
analyses with chemical derivatization (35 neurotransmitters & metabolites) (Shariatgorji et
al., 2019).

Derivatization is also necessary for MALDI analyses of A-linked glycans. First, the sialic
acid residues must be stabilized by esterification, otherwise they dissociate from glycans due
to their labile nature. The negative charge on the carboxylic acid of sialic acid predisposes
glycans to negative mode ionization, where MALDI has inherent low sensitivity. Using
IR-MALDESI A-linked glycans, with sialic acids intact, were ionized without chemical
derivatization in both positive (4 glycans) and negative (12 glycans, Figure 15) ionization
modes (Pace & Muddiman, 2020).

In the past few years, the MALDESI MSI focus on human health has been broadened to
include not only the human and mammalian tissues discussed in the preceding paragraphs,
but also plants particularly in the study highlighted below in Figure 16. IR-MALDESI MSI
provided key pieces of evidence challenging the dogma that artemisinin, an anti-malarial
compound found naturally in Artemisia annua, was only found in glandular trichomes.

In fact, it was demonstrated through several different techniques, including MSI, that the
artemisinin pathway is found in non-glandular trichome cells, which offers some hope

that artemisinin, the most important ingredient in one of the most effective anti-malarial
treatments, might eventually be naturally produced in A. annua. Since then, there have been
several published studies analyzing plants with human health implications (Jaiswal et al.,
2020; Bagley et al., 2020).

ANALYSIS OF CHALLENGING SAMPLES WITH ALTERNATIVE MS-
FRIENDLY MATRICES

The agility of IR-MALDESI has largely been due to the laser desorption wavelength, which
simply needs water in or on the sample to desorb the tissue. However, there are times

when ice matrix formation is not possible or fresh-frozen samples cannot be cryosectioned
and mounted directly onto the specimen slide. Agarose was one of the first matrices to be
required due to sample considerations, namely the need to rapidly analyze fixed seedlings
while minimizing dehydration that could change metabolite profiles (Bagley et al., 2020).
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Agarose was the appropriate matrix because it remained moist while immobilizing the
seedling. Furthermore, it enabled SIL-based relative quantification by doping the agarose
with SIL-indoleacetic acid, which mirrored the abundance and %RSD of SIL sprayed
compounds used for previous quantification in MALDESI studies (Bagley et al., 2020).

While agarose was an appropriate substrate for sampling seedlings, a different sample
substrate was designed for whole-body zebrafish imaging, which serves as a translational
model for understanding human diseases due to similarities in their genomes. For typical
whole-body zebrafish MSI, embedding is commonly used to maintain tissue integrity during
sectioning. However, adult male zebrafish pose a significant challenge for cryosectioning
due to their large air-filled swim bladder and absence of ovaries to provide support to

the abdominal wall. Therefore, gender and life stage impact the quality of whole-body
sectioning making consistency in longitudinal studies across sexes difficult to maintain. To
this end, IR-MALDESI successfully imaged the lipidome and metabolome (Stutts et al.,
2020) of adult male zebrafish embedded in a 5% carboxymethyl cellulose + 10% gelatin
solution, by adapting a sectioning method previously described by Nelson et al. (Nelson et
al., 2013).

A third sampling substrate was needed to immobilize and maintain the structural integrity of
bones even during cryosectioning. One of the gold standards for preparation of bone tissues
prior to MSI is decalcification (Stout & Teitelbaum, 1976), where fresh bone is soaked in
various solvents (e.g., 10% hydrochloric acid) and kept there for days and sometimes even
weeks. During this process, all bone minerals are removed, making bone softer and thus
easier to cut in thin slices. Traditionally, there are only two MSI sources compatible with
analyses of bone tissues: MALDI and SIMS. Both methods are performed on decalcified
bones, which causes chemical and physical changes to the bone. Therefore, developing a
derivatization free MSI method for direct analysis of fresh bones was critical for detection
of biochemical signatures unique to healthy and disease-affected bones. Seven different
embedding materials were evaluated for maintaining structural integrity during analysis,
before settling on Plaster of Paris. A CMC/gelatin mixture, agarose, liquid nails, thin-set
mortar, water, and alginate were each deemed inappropriate embedding material as they
either modified the bone, did not freeze properly, or suppressed signals of bone-specific
ions (Figure 17). After method development, healthy and stroke-affected bones from mice
were imaged and putatively identified 826 and 669 tissue-specific features in healthy and
stroke-affected humeri (Khodjaniyazova et al., 2019), demonstrating deeper coverage than
other methods.

NEW DIRECTIONS: THE NEXT PHASE OF MALDESI

One of the most recent improvements in IR-MALDESI was marked by pushing past
traditional 2D and into 3D imaging. A commercially available over the counter (OTC)
pharmaceutical in the form of multiple unit pellet systems (MUPS) was used as a model

to demonstrate the feasibility of IR-MALDESI for 3D MSI (Figure 18) (Bai et al.,

2020). Without the need of consecutive cryosectioning required in other methods, 3D IR-
MALDESI MSI was performed by repeatedly collecting 2D images over the same region of
interest (ROI). The depth resolution was investigated as a function of laser energy levels and
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density of ablated material and found to be 2.3 um at reduced energy level (0.3 mJ/pulse).

A follow up 3D MSI analysis on a region of interest of 15 x 15 voxels across 50-layers was
performed on a half pill, with an analysis duration of 70 minutes. After the demonstration of
an ablation-based 3D MSI on the hard sample, attention was shifted to imaging soft tissues
which are much more complex modalities (Figure 19). A total of 594 lipids were putatively
detected on a fresh frozen skin tissue in a pilot study and skin structured was resolved with
differential lipids distributions in a 56-layer 3D MSI at x and y resolution of 50 um and z
resolution of 7 um, which was comparable to the histological image.

An IR-MALDESI source was coupled with a drift tube ion mobility spectrometer-mass
spectrometer (IMS-MS) to increase the coverage of isomeric and isobaric species (Figure
20) (Ekelof et al., 2020). lon mobility provides structural resolution of charged species prior
to their detection in a mass analyzer. To demonstrate the range of applications possible with
this novel platform, small molecules, lipids, carbohydrates, and intact proteins were directly
analyzed from standards and/or biological samples. Undiluted Coca-Cola was directly
analyzed to separate fructose and glucose (structural isomers, CgH1,0g) as well as to
absolutely quantify caffeine in the drink. The protein thioredoxin was directly analyzed with
an observed charge-state distribution from 8+-12+. A proof-of-concept MSI experiment
was performed on an oak leaf where isomeric flavonoids as well as multiply-charged ions
were detected. Using MSiReader the collected IR-MALDESI IMS-MS data was analyzed,
a significant step forward in the agility of this platform for the MSI community which

has identified IMS as a promising new direction for MSI applications (Rivera et al., 2020;
Laskin et al., 2020).

MALDESI’s versatility for everything from tissue to liquid analysis (Nazari et al., 2018),
while enabling the soft ionization characteristics of ESI, made it a potential MS technique
for high-throughput screening (HTS). While many HTS methods have relied on either
UV/Vis or fluorescence spectroscopy for detection, significant drawbacks associated with
these techniques have created interest in a label-free, sensitive, and specific method that is
not limited by tagging efficiency or obfuscated by autofluorescence or non-specific tagging.
Mass spectrometry offers all these characteristics; however, historical application for HTS
has been limited due to the time requirements of HPLC-MS or UPLC-MS and the need

for sample cleanup to remove nonvolatile compounds that could compromise the analysis.
IR-MALDESI was demonstrated to be a viable, even desirable option for HTS studies

by combining the benefits of traditional MS, without many of the limitations (Nazari et

al., 2017). In principle, the contents of a 1536-well microtiter plate could be analyzed in
~30 minutes using IR-MALDESI. This can be accomplished without cleaning up samples
to remove salts or buffers, as IR-MALDESI has shown to have high salt tolerance up

to molar concentrations. A proof-of-concept study looking at the enzymatic activity of
isocitrate dehydrogenase 1 (IDH1) was found to have a high Z-factor demonstrating that IR-
MALDESI can separate true positives from false positives with a high degree of confidence
(Nazari et al., 2017). Since then, another study using a custom-built IR-MALDESI HTS
platform was used to analyze three more biochemical assays (IDH1, DGKC, P300) and a
pilot screen (IDH1) showing comparable data to traditional HTS methods, and the ability to
decrease analysis time from 1.9 s/well to 100 ms/well (Pu et al., 2021).
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While MALDESI has grown tremendously since its creation in 2006 (Figures 1,2,4 Table
2), there is more to accomplish regarding fundamental and experimental improvements. The
next generation of development will include exploration of other mid-IR wavelengths to
determine if there are benefits for surface sensitivity, depth resolution for 3D imaging, and
spatial resolution. The current sample stage will be upgraded to a more accurate and precise
planar XY stage that allows for faster scanning by shortening the raster time between spots.
As 3D analysis becomes a larger focus of IR-MALDESI, it will be important to integrate

a motorized Z axis that can keep the surface of the sample at the appropriate focal depth

of the laser and enable appropriate sampling of surfaces with significant topography. To
improve experimental data, the IR-MALDESI source will be coupled to more advanced MS
systems including the Thermo Exploris 240, which would allow for greater resolution and
higher scan rates, and the Agilent 6560 IM-TOF, which would allow the distinguishing of
structural isomers. MSiReader will evolve in coordination with these improvements and with
input from the entire MSI community. Taken together, these improvements will keep the
IR-MALDESI platform at the cutting edge of ambient MSI, providing value to the MSI
community and the broader scientific community.
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Figurel.

The MALDESI “‘Hype Cycle.” The chart above tracks MALDESI from its development
(‘Technology Trigger’) to the future plateau of productivity. The color-coded background
specifies which mass spectrometry platform the source was coupled to for the years it covers
on the horizontal axis. The small, dotted line represents the pre-imaging direct analysis

and fundamentals, while the dotted and dashed line shows the optimal mixture of imaging,
direct analysis and continued focus on fundamentals that characterizes MALDESI’s present
and future. Then, once the fundamentals have been reasonably understood, imaging/direct
analysis are the focuses during the dashed line to demonstrate its versatility and productivity.
Key moments in the lifespan of MALDESI are shown on the chart, including laser
technology at the bottom. The ‘Trough of Disillusionment” was the result of wrestling with
technological limitations, deepening the fundamental understanding of the technique and
streamlining source engineering to advance the technique by lowering barriers to adoption
by other labs.
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SOURCE DEVELOPMENT

(A)

1. lonSpec ESI-FT-ICR MS with 9.4 Tesla 1. New LTQ FT-ICR (7 Tesla)
magnet 2. New Mid-IR Tunable OPO Opotek laser
2. nanoESI Source with IR optical train
3. 337 nm N, laser with UV optical train 3. New MALDESI Source Enclosure
4. Sampling stage on XYZ manual linear stage 4. New Rastir ROI Interface and Computer

5. New XYZ Stage
6. New Peltier Stage Cooler
7. Stage Controller

~

1

1. New Q Exactive Plus (Orbitrap) 1. Q Exactive Plus (Orbitrap)

2. Mid-IR Tunable OPO Opotek laser 2. New Burst-mode mid-IR OPO laser
with IR optical train with IR optical train

3. MALDESI Source Enclosure 3. MALDESI Source Enclosure

4. Rastir ROl Interface and Computer 4. New RastirX ROI Software

5. XYZ Stage 5. XYZ Stage

6. Peltier Stage Cooler 6. Peltier Stage Cooler

7. Stage Controller 7. Stage Controller

Figure 2.
The MALDESI source from its initial demonstration in 2005 (Generation 1, A) to early

development from 2007-13 (Generation 2, B) to Orbitrap coupling (Generation 3, C) to the
current generation (Generation 4, D) in 2020. The Generation 4 (D) MALDESI source has
been coupled to an Exploris 240 (Orbitrap, which will likely be the main platform for the
completely re-engineered and improved NextGen MALDESI source.
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Figure 3.

Communication between the different components of the MALDESI imaging source.
Scanning parameters are selected in the Matlab user interface and sent to the stage controller
and the MALDESI controller box. Communication between components in the dashed

box (scanning loop) is then initiated. Communication sequence for one pixel (one cycle

of scanning loop). Adapted by permission from Robichaud et al. (2013), copyright 2012
American Society for Mass Spectrometry. Adapted with permission from Robichaud et al. J.
Am. Soc. Mass Spectrom 2013, 24, 1, 92-100. © 2013 American Chemical Society.
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LASER DEVELOPMENT
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Figure 4.
The development and application of different lasers for MALDESI. Their 3D footprints and

key features are illustrated above to highlight the improvements in size and characteristics to
make a more robust and agile system.
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EVIDENCE FOR IONIZATION MECHANISM
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Figure5.

m/z

Evidence of ESI-like ionization in MALDESI. (A) NanoESI FT-ICR mass spectrum of

an equimolar mixture of angiotensin | and bradykinin. (B) MALDESI of bradykinin and
simultaneous nanoESI of angiotensin I. (C) MALDESI of angiotensin | and simultaneous
nanoESI of bradykinin. Adapted with permission from Sampson et al., J. Am. Soc. Mass
Spectrom, 2006, 17, 12, 1712-1716, © 2006 American Society for Mass Spectrometry.
Published by Elsevier B.V. (D) The observed mass spectrum of the 5+ charge state of

brain natriuretic peptide-32 (BNP-32); the gray region indicates portions of the isotopic
distribution of the (M+5H*)>* charge state of BNP-32; the green isotopic distribution is a
theoretical isotopic distribution of the (M+5D*)>* charge state of BNP-32. The extensive
region for hydrogen/deuterium exchange resulted in follow up experiments illustrated in
(E). On top the mass spectrum obtained while electrospraying deuterated solvents though
Remote Analyte Sampling, Transport and lonization Relay (RASTIR) source (Dixon et al.,
2008) (Note: the original meaning here of RASTIR is different from the later developed
Rastir imaging software); the most abundant peak is the monoisotopic peak for reserpine in
the (M+D*)1* form. On the right is the reflected theoretical mass spectrum of reserpine as a
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(M+D*)1* jon. Adapted with permission from Dixon and Muddiman, Analyst, 2010, 135, 5,
880-882, © 2010 Analyst.
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Figure®6.

Survival yields of five BP cations versus IS-CID energies for IR-MALDESI analysis of (A)
sprayed slides and (B) tissue sections on sprayed slides. The comparison of (C) Boltzmann’s
sigmoidal curves and (D) Internal Energy distributions between ESI and IR-MALDESI was
made at 15 eV IS-CID. Adapted with permission from Tu and Muddiman, J. Am. Soc. Mass
Spectrom 2019, 30, 11, 2380-2391 © 2019 American Chemical Society.
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Figure7.
Dependence of Q Exactive Plus C-trap accumulation time on ambient and tissue-specific

ion abundance during IR-MALDESI MSI analysis of ARV-incubated human cervical tissue.
(A) MSI ion maps indicate increased ion abundance as C-trap inject time is reduced for:
total ion current (150—600 m/z); ambient polydimethylcyclosiloxane (PDMS); endogenous
cholesterol; and xenobiotic emtricitabine (FTC). (B) Normalized ion abundance for each
analyte, including 95% confidence limit, showing 2-100 fold increase when reducing
accumulation time from 110 ms (previous limiting conditions with 20 Hz laser) to 30

ms (100 Hz laser). Adapted with permission from Rosen et al., 2015, Anal Chem, 87, 20,
10483-10490, © 2015 American Chemical Society. (C) MSI of cholesterol in rat brain to
illustrate the improved ion abundances when inject time was lowered from previously found
optimum for two pulses firing at 20 Hz (A,B). (D) Graph showing the ion abundance
dynamics of cholesterol with lines showing the timing of laser pulses and optimum
resultant injection time. Adapted by permission from Springer Nature Customer Service
Centre GmbH: Springer Analytical and Bioanalytical Chemistry IR-MALDESI method
optimization based on time-resolved measurement of ion yields, M Ekel6f, DC Muddiman
© 2018.
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SOFTWARE FOR MASS SPECTROMETRY IMAGING

mMS i
Vendor-Neutral Open Source Software Users Support
BRELELE Application Programming Interface

~ Code Base

- MSiReader.

Figure 8.
MSiReader supports and is driven by input from the MSI community. The MSiReader

application programming interface also provides a structured framework for implementing
new features and algorithms.
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Page 36

Instrument Control Mass Spectrometer

<:>l

Laser Systems

Motion Controller

Figure9.
IR-MALDESI System Components. (A) RastirX is agnostic with respect to the mass

spectrometer, provided there are two “handshake” signals: one to trigger scan acquisition
and another indicating that the instrument is ready to acquire a scan. The voltage and
polarity of these signals for various instruments is easily accommodated with opto-coupled
relays and simple microprocessor (D) code changes. Mass Spectrometers interfaced to

date include: Thermo Fisher Scientific LQT-FT-ICR Ultra, Q Exactive, Q Exactive Plus,

Q Exactive HF-X, and Exploris 240, and Agilent 6560 IM-QTOF. (B) The RastirX user
interface computer is any Windows PC with Matlab R2014a or later and the Image
Processing and Image Acquisition toolboxes. RAM and HD (or SSD) requirements are
modest — 8GB and 250GB, respectively. At least 3 USB ports are needed for communication
with the video camera (C), microcontroller (D) and motion control system (E). (C) A
video camera with fixed focal length lens. 4K DCI resolution is desirable although any
USB camera recognized by the Image Acquisition toolbox will work, as will any webcam.
(D) An Arduino Uno microcontroller for synchronization of the laser, stage controller, and
mass spectrometer. A very simple custom shield has been built for interfacing TTL 1/O
pins with the mass spectrometer. (E) A motion controller. Currently a Newport ESP300

is connected to a USB serial port on the user interface PC (B) to send commands and
report current position and system status. TTL level signals are sent to and received from
the microcontroller (D). (F) A mid-IR laser. Two laser systems are shown: a 20 Hz pulse
rate Opotek Q-switched, tunable laser (2700 — 3100 nm wavelength) along with a Quantum
Composers Sapphire 9200 pulse generator for precision triggering (upper), and a 10 kHz
pulse rate JGMA laser (2970 wavelength) with a DM-100 power supply/pulse generator
(lower). A menu selection in the RastirX interface is used to indicate which laser is installed.
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Adapted with permission from Garrard et al., J. Am. Soc. Mass Spectrom 2020, 31, 12,
2547-2552 © 2020 American Chemical Society.
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Figure 10.
Demonstration of the value of RastirX on mouse bones. (A) ROI Editor polygon tool can be

used to draw any closed polygon inside the rectangular ROI to delimit the area of the sample
that is imaged. The polygon can be edited and moved after it is drawn. When the ROI Editor
is launched, the last saved polygon can be recovered, or the user can draw a new one. (B)
Further refinement of the ROI can be made using the mask editor and mouse to include or
exclude any pixel in the rectangular ROI. (C) Motion path and the pixels that are imaged
can be plotted by RastirX. Adapted with permission from Garrard et al., J. Am. Soc. Mass
Spectrom 2020, 31, 12, 2547-2552 © 2020 American Chemical Society.
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DIVERSE ARRAY OF HUMAN HEALTH AND DISEASE APPLICATIONS
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Figure11.

IR-MALDESI MSI analysis of cervical tissues incubated in either a low or high
concentration of three HIV drugs: emtricitabine (FTC), tenofovir (TFV), and raltegravir
(RAL). (A) Three different tissue thicknesses were investigated (10, 25, and 50 yum). The
ion maps for all three drugs at each tissue thickness are shown on the same intensity scale
to highlight relative differences in abundance. (B) Plot of the low to high concentration
ratios of all three drugs across the three tissue thicknesses that were investigated. (C) Plot
of the data from both methods (LC-MS/MS versus IR-MALDESI). A slope near 1 indicates
relatively good agreement between the results from the LC-MS/MS and IR-MALDESI MSI
experiments. Adapted with permission from Barry et al., J. Am. Soc. Mass Spectrom 2014,
25, 12, 2038-2047 © 2014 American Chemical Society.
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Summary for quantitative IR-MALDESI MSI of FTC in tissue. (A) Workflow for

(E)
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Page 40

Tissue FTC/3TC ratio
0.728

Tissue concentration
177.8 pg/mm?

Area
134.22 mm?

Total amount in tissue
240ng

quantitative IR-MALDESI MSI. (B) lon map of [FTC+Na*]* / [3TC+Na*]* representing
abundance of incubated FTC in the tissue section. The average ratio was 0.728. (C) lon map
of [13C15N,-FTC+Na*]* / [3TC+Na*]* representing the calibration curve at 0, 0.25, 0.5, 1,
2,4, 6, and 8 ug/mL solution. (D) Resulting calibration curve generated from 13C15N,-FTC
showing good linearity with R2 = 0.9973. The calculated tissue concentration was near the
center of the calibration range. (E) Summary of values used to generate the total amount

of drug present in tissue section. Using the average ratio and the equation of the calibration
curve returns a value of the FTC concentration in tissue in picograms per square millimeter.
Using the area of the tissue, the total amount of FTC in the section was determined to be
24.0 ng. Adapted by permission from Springer Nature Customer Service Centre GmbH:
Springer Analytical and Bioanalytical Chemistry Quantitative mass spectrometry imaging
of emtricitabine in cervical tissue model using matrix-assisted laser desorption electrospray
ionization, MT Bokhart, E Rosen, C Thompson, C Sykes, AD Kashuba, DC Muddiman ©

2015.
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Figure 13.
MSI of antiretrovirals in hair to evaluate drug adherence. (A) IR-MALDESI response to

[EFV + H]* from strands (7= 4) of three dosed patients before (left) and after (right)
oxidation of melanin by H,0, indicating no significant degradation in response to EFV. (B)
Top panel: ion map of [EFV + H]* (left) and average longitudinal profile (right) for each

of three patients, indicating a 4-fold difference in response to accumulated EFV in hair.
Middle panel: Normalization of [EFV + H]* response by [PTCA — H] results in similar
longitudinal profiles for each of three patients to fixed-dose intake of EFV. Bottom panel:
Comparative normalization approach for EFV, matching ionization mechanisms ([EFV — H]
“IPTCA - H]7). Adapted with permission from Rosen et al., Anal Chem, 2016, 88, 2, 1336—
1344, © 2015 American Chemical Society. (C) lon image corresponding to cholesterol. (D)
lon image from the same hair strands corresponding to maraviroc (corrected by IS). (E)
Longitudinal profiles showing the intensity of maraviroc along the length of the hair strands
in panel D. Each of the profiles were smoothed by moving average (7= 3). The top profile
corresponds to the top strand in the image. Adapted with permission from Gilliland et al.,
Anal Chem, 2019, 91, 16, 10816-10822 © 2019 American Chemical Society.
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Figure 14.
Underivatized neurotransmitters were analyzed in rat brains and rat placenta. lon abundance

in the (A) caudate putamen for GABA represented as (B) ion heat maps (/772 104.0710)
normalized to their SIL isotopes. The inset abundance charts demonstrate an example

of the difference between bright and dark voxels in the images. The top row of each

image set are female samples, the bottom row are males. The left columns are untreated
rats, the right columns are treated rats. The red dashed box shows the region of the

brain sample that was analyzed. Adapted by permission from Springer Nature Customer
Service Centre GmbH: Springer Analytical and Bioanalytical Chemistry IR-MALDESI
mass spectrometry imaging of underivatized neurotransmitters in brain tissue of rats exposed
to tetrabromobisphenol A, MC Bagley, M Ekel6f, K Rock, H Patisaul, DC Muddiman ©
2018. (C) Optical image of the rat placenta depicting the maternal, trophospongium, and
fetal regions. (D) Spatial distributions of neurotransmitters in placenta tissue as a function
of exposure. All four of these neurotransmitters are localized across the whole placenta.
While dopamine and norepinephrine appear to be unaffected by exposure levels, serotonin
and tyramine have lower normalized abundance in the BZ-54 and high FM550 exposure
groups compared with the control group. The BZ-54, high FM550, low FM550, and control
exposure groups received a total of 1000 mg BZ-54, 110 mg FM550, 100 mg FM550,

and 0 mg FM550, respectively. Dotted white line is used to separate BZ-54 from FM550
exposed tissues. Adapted by permission from Springer Nature Customer Service Centre
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GmbH: Springer Analytical and Bioanalytical Chemistry Analysis of neurotransmitters in
rat placenta exposed to flame retardants using IR-MALDESI mass spectrometry imaging,
CL Pace, B Horman, H Patisaul, DC Muddiman © 2020.
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Figure 15.

IR-MALDESI mass spectrum of A-linked glycans in negative mode with their experimental
miz shown below each putative identification. These N-linked glycans were detected as
glycosylamines, which is discussed in more detail below. Putative structures were assigned
based on accurate mass and literature-based characterizations and are heavily composed of
sialic acid residues (purple diamonds). Adapted with permission from Pace and Muddiman,
J. Am. Soc. Mass Spectrom 2020, 31, 8, 1759-1762 © 2020 American Chemical Society.
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Figure 16.

IR-MALDESI Analyses of Glandular Trichome-free Leaves. (A) IR-MALDESI ion
abundance map from 200 to 300 Th demonstrates the localization of artemisinin and its
related metabolites in glandular trichome (GT)-free leaves. lons are highlighted in red and
are shown in the text above the heatmaps. From left to right: artemisinic acid [M+H-H,0]",
arteannuin B [M+H-H,0]*, artemisinic acid [M+H]*, arteannuin B [M+H]*, artemisinin
[M+H-H,0]*, dihydroartemisinin [M+H-H,0]*, artemisinin [M+H]*, dihydroartemisinin
[M+H]*. The ion abundance map for dihydroartemisinin [M + H]* is connected by dashed
red lines, which indicates that it colocalizes with several pixel groups of artemisinin [M+H]
*. (B) Spectra of fragments associated with MS/MS fragmentation of the artemisinin
precursor (283.1540 m/2) and monitored by PRM were obtained from artemisinin in the
leaf section of A. annuashown in the insert. Fragment peaks identified by analysis of

the artemisinin standard are highlighted with red lines. All m/zvalues are reported with
+2.5 ppm specificity. (C) lon distribution heatmaps correlate by letter to the artemisinin
fragments. The sampling area shown in the distribution heatmaps is correlated to the area
within the box on the leaf section shown in (B), which lacks glandular trichomes. Adapted
with permission from Judd et al., Mol. Plant, 2019, 12, 5, 704-714, © 2019 Elsevier B.V.

Mass Spectrom Rev. Author manuscript; available in PMC 2024 December 02.

300 m/z



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bagley et al.

Page 46

x10*
e m/z 5225244 (£2.5 ppm) =

cut bone in half

d/_,___../—-\) W -

place bone in a mold facing flat side down
EETER Bl phosphiipid (M+H")*
m/z 616.1767 (£2.5 ppm) m/z 496.3397 (+2.5 ppm)
A M E S -

affix bone to the bottom of the mold using embedding material 0.68
and flash-freeze
0.00
x107 "
pour embedding material and flash-freeze phosphatidylcholine (40:6) [M+H']* cholesterol [M+H"-H,0]’ b
m/z 834,6007 (£2.5 ppm) m/z 369.3521 (£2.5 ppm)
= :_- F
* 8 A 0.66
0.00

x10¢

remove the mold and flip the sample S

hexacosanedioic acid [M+H"]* unknown
m/z 427.3781 (2.5 ppm) m/z 3211319 (2.5 ppm)
e -

Laser is focused across bone

Bone section is homogeneous

17

unknown [M+H']* Bl phosphatidylglycerophosphate (31:0) [M+H'])*
m/z 841.6915 (2.5 ppm) m/z 789.4677 (+2.5 ppm)

Figure17.
IR-MALDESI MSI of healthy and stroke-affected mouse humeri embedded in Plaster of

Paris. (A) Flash-freeze fresh bone; cut bone in half using cryomicrotome; place trimmed
bone in a mold facing flat side down; affix bone to the mold using embedding material

and wait until the material sets; pour the rest of the embedding material and smooth out

the top surface with a blade. Finally, a representation of the ROI and direction of laser
sampling. (B) Optical image (+40% brightness, +40% contrast) and ion heatmaps. Features
from MS1 scans were putatively annotated using METASPACE annotation engine. Scale bar
is 1.5 mm for both the bone image and ion distributions. Adapted with permission from
Khodjaniyazova et al., Anal Methods, 2019, 11, 46, 5929-5938 © 2019 The Royal Society
of Chemistry.
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Figure 18.
Three-dimensional demonstration of IR-MALDESI MSI performed on a pill. (A) Optical

image of a full pill, where the Zresolution at different energy levels was determined. (B)
Optical image of a pill trimmed in half for 2D and 3D MSI; small circles are due to MUPS
formulation. (C) Schematic of a pellet and its components, where each color indicates
different components. (D) Three-dimensional intensity maps for starch (/7/z163.0601),
triethyl citrate (17/2277.1282), and omeprazole (/m/z346.1220). Colocalization of three
markers in the pill with laser spot size 80 um and depth resolution 16.3 um. Adapted with
permission Bai et al., J. Am. Soc. Mass Spectrom 2020, 31, 2, 292-297 © 2020 American
Chemical Society.
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Figure 19.
(A) Correlation of MSI images with H&E-stained histological image. Overlaid image of

three putatively identified lipids (cholesterol at /7/z369.3516 in the green channel, S1P
at m/z 446.2395 in the blue channel, TG at m/z879.7436 in the red channel) shows a
clear interface between the 7th and 8th layer as well as the 33rd and 34th layer. The
estimated thickness of the epidermis and dermis agrees with the histological data. (B) 3D
three-color overlaid image of cholesterol at /7/z369.3516 (green), S1P at /m/z446.2395
(blue), and TG at m/z879.7436 (52:3) (red). The lateral resolution is 50 pm and the depth
resolution 7 um. The magenta color represents the concurrent presence of blue and red color.
Adapted by permission from Springer Nature Customer Service Centre GmbH: Springer
Analytical and Bioanalytical Chemistry Three-dimensional (3D) imaging of lipids in skin
tissues with infrared matrix-assisted laser desorption electrospray ionization (MALDESI)
mass spectrometry, H Bai, KE Linder, DC Muddiman © 2021.

Mass Spectrom Rev. Author manuscript; available in PMC 2024 December 02.
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Figure 20.

MALDESI-IMS-MS workflow. (A) A diagram is shown illustrating the major components

of the IMS-QTOF MS platform and the annotated connections to the Arduino
microcontroller board used to control each acquisition. (B,C,D) Raster experiment
with consecutive line scans of a locally sourced oak leaf. After sample collection,
spectra were acquired using IR-MALDESI-IMS-MS and exported to MSiReader for

data

visualization. lon heatmaps for the base peak and highly charged features are illustrated
with corresponding mass spectra. (E) Average abundance evaluations for the [M + H]

* signal of caffeine summed for per concentration level (or 50 IMS acquisitions) with
error bars illustrating one standard deviation. (F) IMS drift time profiles for each caffeine
concentration level, including a solvent blank and undiluted Coca-Cola. (G) The drift time

profile of the hexose sugar [M + Na]* ion acquired from the Coca-Cola sample. Two

Gaussian peaks were fit to the profile illustrating CCS values consistent with fructose and
glucose in an abundance ratio of 68:32. Adapted with permission Ekel6f et al., J. Am. Soc.

Mass Spectrom 2020, 31, 3, 642-650 © 2020 American Chemical Society.
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Table with other innovations, characteristics and improvements made in IR-MALDESI categorized by
generation. ‘Materials’ and ‘Molecules’ columns are not broken down by generation because they were more
driven by biological interests and collaborations. This creates a valuable feedback loop where technology
improvements can enable greater biological/molecular diversity and where biological/molecular needs
necessitate improvements in technology. By the end of generation 4, and moving forward in NextGen, all
materials and molecules can be analyzed.

Acquisition

Spot

Resolving

Generation Rate Size Power Other Innovations Materials Molecules
0.5-1 scan/s >200,000
1 (instrument 150 FWHM @
limited) 200 m/z
15t Source Designed
15t Use of Infrared
50,000 laser 1%t Imaging
) Demonstration
2|2t | o | Ao |
400 m/z Optimization for
IR-MALDESI
MSiReader
developed
- Soft Tissues (e.g., Brain, Heart,
1%t Ice Matrix I(_u%g)
Demonstration Whole Body (e.g., Mouse,
Cellular Level MSI .
1.7 scan/s 100- 140k @ 200 b i Zebrafish)
3 (instrument, 150 v y Oversampling Bone (w/o demineralization) Neurotransmitters
stage limited) | (50) mz Quantitative Hair ARV Drugs
Imaging Polarity Skin (Human, Pig, Mouse) Chemothera gDru s
Switching Whole- Plants with Medicinal Value Druas of%use 9
body imaging OTC Formulated Pills/Counterfeit gLipids
: Drugs .
50 micron - - Polar Metabolites
resolution Cerem;’f apslrr;gl Fluid Bioactive Peptides
derri(s)tn:'t;_astlon Cells (including single cell 223?;2:
. analysis)
Demonstration Paper-based Ceil Culture Tumor | EXPOSUre (e.9., PFAS)
Injection Time Model
Optimization Spheroids
MSiReader v1.0 High Throughout / High Content
1.8 scan/s 50— 140k @ 200 developed Absolute Screening
4 (instrument, 100 iz Quantitative MSI
stage limited) Novel Burst-Mode
Laser Digital
Image Recognition
3D Imaging
Demonstration
lon Mobility
Demonstration MSI
of Arbitrary Spatial
Patterns
240k @ 200
NextGen =2 scan/s <50 m/zlon
Mobility
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