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Abstract of Dissertation

Direct Analysis and Imaging of Biological Tissues by LAESI and NAPA-LDI Mass
Spectrometry

The emergence of mass spectrometry imaging (MSI) into fields, such as medical
diagnostics and the pharmaceutical industry, serves as a testament to its powerful analytical
capabilities. The widespread adoption of MSI can be attributed to its ability to detect a
broad range of biomolecules, such as proteins, peptides, lipids, and metabolites, while
simultaneously mapping out their spatial distributions. As a result, the utility of MSI is now
being used to advance the field of histology by helping differentiate between cancerous
and noncancerous tissue, which can oftentimes be ambiguous when using traditional
histological staining methods. Matrix-assisted laser desorption ionization (MALDI), which
offers unparalleled molecular coverage capabilities, has established itself as the method-
of-choice for MSI applications. However, challenges still exist with respect to MALDI-
MSI, such as the required deposition of a UV-absorbing matrix onto the tissue and the
observed ion suppression of neutral lipids, such as triglycerides (TGs), by phospholipids
like phosphatidylcholines (PCs). The work presented here describes efforts to advance the
field of MSI by mitigating some of these issues.

Chapter 1 introduces the field of MSI with an emphasis on method development,
biological applications, and fundamentals of operation for current MSI applications.
Chapter 1 addresses how electromagnetic radiation interacts differently with
nanomaterials, as opposed to bulk materials.

Chapter 2 demonstrates the advantage of implementing computer-aided design

(CAD) software integrated with computational fluid dynamics (CFD) to greatly enhance

Vii



the sensitivity and transport efficiency in remote laser ablation electrospray ionization
(LAESI) mass spectrometry. Using 3-D printers, rapid prototyping of CAD designed
remote ablation chambers is possible and greatly reduces time for optimization studies.

Chapter 3 presents silicon nanopost arrays (NAPA) as an MSI platform
complementary to MALDI, the current method-of-choice. By comparison of the detected
lipid compositions in mouse brain tissue sections, laser desorption ionization (LDI) from
NAPA was found to offer enhanced ionization of certain lipid classes, such as
phosphatidylethanolamines (PEs) and hexosylceramides (HexCers).

Chapter 4 demonstrates the ability of NAPA to selectively ionize neutral lipids,
such as triglycerides (TGs), in the presence of glycerophospholipids, such as
phosphatidylcholines (PCs). Historically, the ability to detect TGs from biological tissue
sections and cellular lipid extracts by MALDI has remained a significant challenge due to
the ion suppression of TGs by PCs.

Chapter 5 demonstrates the potential of NAPA as an MSI platform to map
differences in the lipid compositions of diseased human skin tissue with increased bacterial
loads. The diseased tissue investigated, Hidradenitis suppurativa (HS), is a potentially
debilitating skin disease characterized by chronic inflammation and sinus tract formation.
Scanning electron microscopy (SEM) was used to confirm presence of bacteria localized
to the hair follicle region.

Chapter 6 summarizes the work presented in this dissertation and addresses possible
future directions for remote LAESI and LDI from NAPA. Additionally, the current
challenges facing MSI are addressed with respect to its acceptance as a clinical diagnostic

tool.
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CHAPTER 1

Introduction

1.1.  Overview of Mass Spectrometry Imaging

Mass spectrometry imaging (MSI) is a label-free analytical technique that provides
the ability to simultaneously detect a broad range of biomolecules, such as metabolites,
lipids, peptides, and proteins, and map their spatial distribution within a tissue.l™
Compared to in vivo imaging modalities, such as positron emission tomography (PET),
computed tomography (CT), and magnetic resonance imaging (MRI), which have led to
remarkable advancements in the field of medical diagnostics, MSI offers superior spatial
resolution and molecular specificity.® In a research environment, MSI possesses the ability
to image individual molecular species at subcellular spatial resolution.> 7 As a
consequence, MSI has become widely integrated into biomedical research, medical
diagnostics, and pharmaceutical development.®1* Thanks to these remarkable capabilities,
MSI is now being used in histology and pathology, where the chemical information
provided through MSI is helping to differentiate often-times ambiguous cancerous and
noncancerous tissue specimens.'? 13

Advancements in the last few decades created modern mass spectrometers now
offer extremely high molecular specificity and sensitivity. Perhaps the most critical of these
is the advent of soft ionization techniques, such as electrospray (ESI) and matrix-assisted
laser desorption ionization (MALDI). These techniques have greatly helped extend the

ability of MS to analyze large biomolecules, such as intact proteins. ¢ The revolutionary



impact of these discoveries was highlighted when John Fenn and Koichi Tanaka,
discoverers of ESI and MALDI, respectively, were awarded shares of the 2002 Nobel
Prize. Relatively soon after the invention of these ion sources, their use for biomolecule
imaging materialized. It should be noted that MSI platforms, such as secondary ion mass
spectrometry (SIMS) and MALDI, were the first two MSI platforms to successfully carry
out proof-of-principle studies.!” ' However, given the vast array of possible matrix
choices, and the ability to analyze peptides and intact proteins, MALDI has established
itself as the MSI method of choice for large biomolecules.

In most MSI experiments, to construct a molecular ion image, a predefined x,y grid
is generated across a biological tissue section of interest. Each point along the x,y grid is
then sampled and a mass spectrum is collected. Reconstructions of chemical images are
generated after the imaging acquisition has completed. Given the high specificity (mass
resolution) and sensitivity of modern mass spectrometers, hundreds to thousands of
spectral features can be detected per pixel in a given MSI experiment. Spatial resolution is
generally defined as the smallest area that can be sampled for a given pixel. Owing to the
rapid development of MSI platforms, MSI is now capable of being performed at either
atmospheric pressure or under vacuum conditions, although the majority of MSI

experiments are still performed under vacuum.

1.2.  Ambient lonization Methods

The ability to perform MSI using ambient ionization methods enables analysis to
be conducted at atmospheric pressure, offering several key advantages relative to MSI
platforms operating under vacuum. For example, ambient ionization platforms provide the

ability to directly analyze biological systems with little to no sample preparation,



permitting investigation of the biological system in its native state.’® 2° Given these
advantages, several novel ambient ionization MSI platforms have since been developed.
These platforms include desorption electrospray ionization (DESI), nanospray desorption
electrospray ionization (nano-DESI), desorption atmospheric pressure photoionization
(DAPPI), laser ablation inductively coupled plasma (LA-ICP), probe electrospray
ionization (PESI), and laser ablation electrospray ionization (LAESI), along with several
others not listed here.?*3!

With respect to LAESI-MSI of biological tissues, a mid-IR laser beam (A =
2940 nm) emitting nanosecond laser pulses (~5 ns) is used to excite the resonant O-H bond
vibrational stretching mode of water molecules that results in the ablation of the irradiated
biological tissue.?® This ablation process is characterized by rapid heating of the sample,
leading to formation of a vapor plume, followed by shock wave emission, and finally a
phase explosion resulting in the ejection of neutral droplets containing analytes.3? 3 An
electrospray set up orthogonally to the direction of the ablation plume is used to capture
and ionize the desorbed material before entering the mass spectrometer. Since LAESI relies
upon depositing the laser energy into the native water content present in most biological
tissues, relatively low amount of laser-induced fragmentation occurs, resulting in the
classification of LAESI as a soft-ionization technique.3*

In addition to LAESI being able to perform 2-D imaging of a biological tissue, 3-
D imaging is also possbile.®® Unlike in most 3-D MSI methods that require 2-D imaging
of serial tissue sections before reconstruction into a 3-D image, LAESI can perform 3-D
imaging of an intact, non-sectioned tissue, such as a plant leaf, with a spatial resolution and

depth resolution of ~300 um and ~40 pum, respectively.?* To address the modest spatial



resolution initially offered by LAESI, several derivative LAESI platforms have since been
developed. For example, instead of using a plano-convex lens to focus the mid-IR laser
beam onto the tissue surface, a germanium dioxide-based optical fiber with an etched tip
(radius of curvature ~15 um) was implemented, resulting in laser spots ranging from ~30-
40 um in diameter.®® *” Through the incorporation of higher numerical aperture optics in

transmission geometry, the laser spot size was reduced to as low as 10 pm.3®

1.3.  Vacuum lonization Methods

The two most common MSI platforms operated under vacuum are MALDI and
SIMS. Unlike many ambient ionization methods, performing MSI under vacuum requires
additional sample preparation. For MALDI and SIMS, biological tissues are generally
cryosectioned (typically, cutting temperature ranges from -12 °C to -30 °C depending on
tissue type) at a thickness ranging from 3 pm to 20 um, whereby tissue sections are
immediately thaw mounted onto indium-tin oxide (ITO) coated glass slides, followed by
complete dehydration of the tissue before analysis.***° For MALDI, an additional step is
required in that a UV-absorbing matrix must be deposited onto the tissue surface. This
matrix serves to absorb incident laser energy, leading to desorption and ionization of both
the matrix and co-crystallized analytes. Given that there is a wide array of possible MALDI
matrix choices, each selectively ionizing a unique class of biological compounds, MALDI
has been recognized as the method-of-choice for MSI applications.® 4% 42

The success of a MALDI-MSI experiment relies heavily upon the matrix deposition
method used. Several novel methods, including both manual and robotic systems, have
been developed to effectively deposit the UV-absorbing matrix onto the tissue in a

controlled manner. Regarding deposition of the matrix, great care must be taken to prevent



the delocalization of analytes due to over-wetting of the tissue, as well as inhomogeneous
matrix deposition, which can create so-called “hot spots” that result in inaccurate spatial
distributions of analytes.** 4 Furthermore, given that most matrix deposition methods
consist of spraying the selected matrix, which is typically dissolved in an aqueous-organic
solvent mixture, additional concerns, such as the solubility for the analytes of interest and
the solvent used for matrix deposition, must be taken into account. These matrix deposition
methods include using an airbrush tool, electrospray, ImagePrep (Bruker Daltonics), TM
Sprayer (HTX Technologies), or sublimation.®® 4547 While manual matrix deposition
methods, such as an airbrush, are relatively inexpensive and easy to use, the reproducibility
is highly user dependent, as well as they are prone to over-wetting the tissue, resulting in
lateral diffusion of analytes. As a result, robotic systems, such as the ImagePrep and TM
Sprayer are commonly used, offering greater reproducibility across labs, with typical
crystal sizes ranging between 5 pm to 25 pm.3®

Thus far, MALDI-MSI has led to success in imaging a broad range of biological
compounds, such as proteins, peptides, lipids, and metabolites.” 4850 Just recently, a study
aimed at investigating site-to-site variability of tryptic digest from formalin-fixed paraffin-
embedded (FFPE) tissue samples, demonstrated that when a standardized MALDI-MSI
workflow is implemented, reproducibility of results is maintained, along with the spatial
resolution (50 um).*! Additionally, a process called “image fusion”, which combines MSI
(coarse spatial resolution, high chemical specificity) and histological techniques involving
microscopy (high spatial resolution, low chemical specificity), allows for the inference of
molecular distributions at a higher spatial resolution than achievable by MALDI-MSI

alone.® Quantitative analysis is also possible by MALDI-MSI, as shown by the absolute



quantitation of the antibiotic rifampicin from mouse liver. When compared to traditional
quantitative analytical methods, such as HPLC-MS/MS, there was no statistically
significant difference in the rifampicin concentration determined by these two platforms.>®

While MALDI offers unmatched molecular coverage among MSI platforms, it
suffers from drawbacks, such as matrix instability under vacuum, interference at low
masses introduced by the matrix, and ion suppression of neutral lipids, such as triglycerides
(TGs) by phospholipids, such as phosphatidylcholines (PCs).>>" As a result of these
limitations, several innovative matrix-free LDI platforms have been developed. These
platforms include clathrate nanostructures, desorption/ionization on porous silicon (DIOS),
nanostructure initiator mass spectrometry (NIMS), nano-assisted laser desorption-
ionization (NALDI), among many others not listed here.%®-%! Additionally, while not
technically considered a matrix-free LDI method, the implementation of silver and gold
nanoparticles as a substitute have led to impressive enhanced ionization efficiencies for
neutral lipid classes like TGs from biological tissues.5? 5

Silicon nanopost arrays (NAPAs), a matrix-free LDI platform previously developed
in our laboratory, has emerged as another valuable complementary MSI platform relative
to MALDI. Figure 1.1 shows a generalized workflow for performing MSI using NAPA.
Thus far, NAPA has been demonstrated as a matrix-free LDI-MSI platform offering
enhanced ionization of certain lipids classes, a broad molecular coverage of metabolites,
as well as ultratrace analysis capabilities.5*" Furthermore, given the sub-micrometer
uniformity of the nanoposts comprising NAPA, a result of the extremely high precision
afforded by the nanofabrication process, complications due to matrix inhomogeneity can

be avoided.



The degree of in-source fragmentation of deposited analytes onto the NAPA surface
is controlled through altering the polarization angle, ¢, of the electromagnetic field
component of the incident UV laser radiation.®® % Sub-micrometer uniformity also results
in consistent ion yields, surface properties, and uniform signal across an imaging chip for
biological tissues. The development of matrix-free LDI platforms, such as NAPA and the
ones mentioned above, have helped expand the molecular coverage capabilities afforded
by MSI, and established themselves as unique complementary MSI platforms that can be
used in conjunction with MALDI. To gain a better understanding of how these matrix-free
LDI platforms operate, it is critical to understand how nanomaterials interact differently

with electromagnetic radiation relative to bulk materials.



Figure 1.1: Simplified schematic representing the typical workflow for performing MSI of

biological tissues by NAPA.
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1.4.  MSI Performance Characteristics

Before successfully performing MSI on a given biological tissue section, several
critical parameters, such as the desired spatial resolution, as well as the characteristics of
the instrument’s sensitivity and dynamic range, mass resolving power, mass accuracy, and
throughput must be taken into consideration. Generally speaking, MSI experiments are
performed using Fourier Transform (FT) mass analyzers, such as the orbitrap and ion
cyclotron resonance (FT-ICR), as well as time-of-flight (TOF) mass analyzers. A
comparison of the abovementioned mass analyzers, along with other analyzers not
mentioned here, have been described in detail elsewhere, and will not be addressed here. 3%
70

With respect to spatial resolution, SIMS offers superior spatial resolution
capabilities relative to other MSI platforms, whereby commercial SIMS instruments offer
a 50 nm spatial resolution.”® * In contrast, typical MALDI instruments operate with a
spatial resolution ranging from ~10 pm to 25 um.%® In the case of ambient ionization MSI
platforms (DESI, nano-DESI, DAPPI, LA-ICP, PESI, and LAESI), the spatial resolution
typically ranges from ~10 um to 300 um. Regarding laser desorption ionization (LDI)
platforms only, and ignoring oversampling methods, the spatial resolution (or pixel size)

is generally limited by the laser spot size, as well as the pitch of the sample stage.

1.5.  Laser-Nanomaterial Interactions for lon Production

The ability of nanomaterials and nanostructures, including nanowires, nanofilms,
nanoparticles, nanodots, surface assisted laser desorption (SALDI), and desorption
ionization on porous silicon (DIOS), among many others not listed here, to interact with

laser radiation differently from bulk materials, results in specialized interactions that can
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and have been utilized for ion production in MS applications.”>8! lon production by
nanophotonic interactions is a consequence of the confinement of particles and quasi-
particles, such as electrons, phonons, plasmons, and excitons.®? As a result of these
confinement effects, processes, such as rapid heating and enhancement of the electric field
take place, allowing these nanostructures to serve as ion sources for MS analysis. These
interactions are governed by the dimensions and material properties of the nanostructures,
as well as the pulse width of the laser radiation. Given that most laser ionization sources
used in MSI utilize UV lasers, such as a nitrogen laser (A = 337 nm) and frequency-tripled
Nd:YAG laser (A = 355 nm), with nanosecond laser pulses (typically ~0.5 ns to ~10 ns),
ultra-fast lasers, such as picosecond and femtosecond lasers, will not be discussed here.

The critical dimension of a nanostructure is the smallest feature (e.g., for a spherical
nanoparticle, the diameter), which restricts the flux or size of a quasi-particle in a transport
process.®? For nanostructure-based LDI to occur, nanomaterials and nanostructures must
have critical dimensions approximately equal to or less than the characteristic lengths
associated with phenomena, such as the optical absorption length, electron mean free path,
electron wavelength, phonon mean free path, exciton diffusion length, thermal dissipation
length, and near-field range.? Nanostructures, such as nanoposts, nanowires,
nanoparticles, and nanorods, with specific critical dimensions can satisfy this requirement.
Therefore, in order to utilize these interactions between nanostructures and UV lasers with
nanosecond pulses, the wavelength of the electromagnetic radiation must be commensurate
with the critical dimension of the nanostructure.

The absorption of nanosecond UV laser pulses by nanostructures results in rapid

energy deposition, excitation of electronic and vibrational transitions, and energy
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redistribution through thermal diffusion processes. For nanoscopic protrusions with a 10:1
aspect ratio, near field enhancements have resulted in up to 200 fold increases in the electric
field.®* In addition, metal nanostructures can provide significant enhancement of the
electromagnetic radiation through generation of surface plasmon resonance and serve as
optical antennas.®>®” It has been demonstrated that these metal nanostructures exhibit
resonant energy absorption, which is dependent on polarization and antenna length, as well
as their near field enhancement can be modified through changes in their surface
properties.®” LDI-MS from these types of nanostructures have shown remarkable
enhancement in sensitivity, with detection limits reaching as low as 800 ymol (yoctomole
or 10%* moles).®* For comparison, detection limits typically achieved by MALDI fall in
the low amol (attomole) range.®2-%

As mentioned previously, NAPA is a matrix-free LDI platform comprised of an
ordered array of silicon nanoposts with a periodicity commensurate with the 337 nm
wavelength laser radiation emitted by a nitrogen laser. The depth at which the
electromagnetic radiation (A = 337 nm) can penetrate into the nanoposts is termed skin
depth. The skin depth is dependent upon factors like the material’s resistivity, as well as
the wavelength of the laser radiation. For a conductive surface, the skin depth generally
ranges from 2 nm to 100 nm. In the case of NAPA, the skin depth has been calculated to
be ~ 84 nm, which is approximately half of the nanoposts diameter, leading to rapid heating
within the nanoposts.®® Acknowledging that the thermal dissipation length typically ranges
from ~30 nm to ~200 nm, these factors suggest that a uniform temperature is reached within
the nanoposts.?? % In contrast, a transient temperature gradient exists for nanostructures

with critical dimensions larger than the skin depth.®’
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In an effort to optimize ion production from NAPA by LDI, a systematic study
investigating the ion yields as a function of the nanoposts’ three main dimensions, diameter
(D), height (H), and periodicity (P) was performed.® From these studies, it was discovered
that the height of the nanoposts provided the strongest influence, followed by the diameter,
on overall ion yields. Moreover, when comparing nanoposts with different aspect ratios
(H/D), it was discovered that nanoposts with H = 1200 nm and D = 200 nm provided the
greatest signal enhancement. Posts with these dimensions exhibited an enhanced ion yield
with 55x higher signal intensity relative to the unoptimized aspect ratios. Lastly,
investigation of ion yields as a function of nanopost periodicity (P = 450 nm to 600 nm)
resulted in very modest gains, suggesting that LDI of adsorbates from NAPA is mostly
driven by the radial energy confinement of the laser-induced rapid heating within slender
nanoposts, as well as the enhancements generated from the near-field effects of nanoposts
with high aspect ratios.

To further characterize the LDI process for adsorbates deposited onto NAPA, ion
yields were investigated as a function of incident laser light polarization.®® It was
discovered that as the polarization angle, ¢, of the electric field component was rotated to
90° (s-polarized laser pulses), whereby the electric field component travels perpendicular
to the axes of the nanoposts, resulted in the detection of minimal ion intensities. In contrast,
when the polarization angle was rotated to 180° (p-polarized laser pulses), whereby the
electric field component travels parallel to the axes of the nanoposts, maximum ion yields
were observed. These results demonstrated that LDI by NAPA is a polarization-dependent
process and that the amount of energy deposited into the nanoposts can be controlled

through altering the polarization angle. Subsequent studies demonstrated that the degree of
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in-source fragmentation can be controlled by varying laser polarization.%® That is, for p-
polarized light, more energy is coupled into the nanoposts, resulting in increased internal
energies for desorbed ions, subsequently leading to greater in-source fragmentation.

While NAPA has demonstrated promising capabilities for both MS and MSI
applications, it has also suffered in critical areas, for example, in its inability to effectively
ionize biomolecules with masses greater > 2,000 u. As a consequence, large biomolecules
(proteins, peptides, and other biopolymers) are generally not detected from NAPA. Larger
biomolecules, such as peptides and proteins, generally favor ionization by protonation,
which places NAPA at a disadvantage, as ionization by NAPA typically favors sodium or
potassium cation adduction. This restricts NAPA to analyzing primarily smaller
biomolecules (e.g., metabolites and lipids). Nonetheless, the potential exist to mitigate
these issues. For example, modifications of the NAPA surface through wet chemistry
techniques utilizing methods, such as silane or siloxane chemistry to introduce acidic
functional groups, could help promote protonation of analytes. With respect to MSI, thinner
tissue sections (< 1 um) could be taken and imaged, requiring significantly reduced laser
fluences for efficient LDI, resulting in decreased in-source fragmentation.

In summary, NAPA is a matrix-free LDI platform that has been shown to provide
ultratrace sensitivity, broad molecular coverage of metabolites, controllable in-source
fragmentation of analytes, as well as enhanced ionization efficiencies for certain lipid
classes.?+% These capabilities help establish NAPA as a complementary LDI-MS/MSI
platform relative to MALDI, helping to expand the obtainable molecular coverage for
future studies. Furthermore, thanks to the unparalleled precision afforded by

nanofabrication processes, the nanoposts comprising NAPA are produced with sub-micron
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uniformity. As a result, NAPA possesses the ability to provide improved shot-to-shot
reproducibility, as well as the potential for improved accuracy in quantitation studies for

analytes involving MS and MSI applications.

1.6.  Focus of Dissertation

The research presented here reflects my attempts to further advance the field of
MSI through method development for an ambient ionization platform, remote LAESI, as
well as the characterization of NAPA as a matrix-free LDI-MSI platform. For example, the
redesign of the remote LAESI ablation chamber (Chapter 2), made possible by the
implementation of CAD software integrated with CFD, allowed for significantly improved
gas flow dynamics, resulting in enhanced sensitivity and transfer efficiency of mid-IR laser
induced ablation plumes. Moreover, the ability of NAPA to serve as a complementary MSI
platform relative to MALDI, offering enhanced ionization efficiency of certain lipid
classes, was demonstrated through imaging of mouse brain (Chapter 3), as well as mouse
lung and human skin (Chapter 4) tissues. Lastly, given the ability of NAPA to selectively
ionize classes of neutral lipids, it was implemented in the investigation of healthy and

diseased human skin tissue (Chapter 5), to map differences in their lipid compositions.
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CHAPTER 2
Enhanced Sensitivity and Metabolite Coverage with Remote Laser Ablation Electrospray

lonization-Mass Spectrometry Aided by Coaxial Plume and Gas Dynamics

Based on material published by Jarod A. Fincher, Andrew R. Korte, Brent Reschke,
Nicholas J. Morris, Matthew J. Powell, and Akos Vertes in Analyst, 2017, 142, 3157-

3164, with copyright permission of The Royal Society of Chemistry.

2.1. Abstract

Laser ablation electrospray ionization-mass spectrometry (LAESI-MS) allows for
direct analysis of biological tissues at atmospheric pressure with minimal to no sample
preparation. In LAESI, a mid-IR laser beam (A= 2.94 um) is focused onto the sample to
produce an ablation plume that is intercepted and ionized by an electrospray at the inlet of
the mass spectrometer. In the remote LAESI platform, the ablation process is removed
from the mass spectrometer inlet and takes place in an ablation chamber, allowing for
incorporation of additional optics for microscopic imaging and targeting of specific
features of the sample for laser ablation sampling. The ablated material is transported by a
carrier gas through a length of tubing, delivering it to the MS inlet where it is intercepted
and ionized by an electrospray. Previous proof-of-principle studies used a prolate spheroid
ablation chamber with the carrier gas flow perpendicular to the ablation plume. This design
resulted in significant losses of MS signal in comparison to conventional LAESI. Here we
present a newly designed conical inner volume ablation chamber that radially confines the

ablation plume produced in transmission geometry. The carrier gas flow and the expanding
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ablation plume are aligned in a coaxial configuration to improve the transfer of ablated
particles. This new design not only recovered the losses observed with the prolate spheroid
chamber design, but was found to provide an ~12-15% increase in the number of metabolite

peaks detected from plant leaves and tissue sections relative to conventional LAESI.

2.2. Introduction

The field of ambient ionization mass spectrometry (MS) has expanded rapidly over
the last decade, with widespread applications in fields, such as explosives detection, surface
chemistry, pharmaceutical analysis, forensics, metabolomics, and biological imaging.* In
biological analysis, ambient ionization allows for direct analysis of tissues with minimal to
no sample preparation, permitting investigation into the native state of the system.®
Currently, ambient ionization platforms, such as desorption electrospray ionization (DESI),
direct analysis in real time (DART), laser ablation electrospray ionization (LAESI), rapid
evaporative ionization mass spectrometry (REIMS), and SpiderMass, among many others,
allow for direct analysis of biological tissues.’!

In spite of the development of these novel techniques, applications of ambient
ionization MS are often limited by the physical constrains of sampling. Often, the sample
must be brought near to the inlet of the mass spectrometer for analysis, resulting in inherent
geometric limitations for the complexity of the sampling system. Recent efforts have
sought to overcome this through remote sampling, where the sample is removed from the
mass spectrometer inlet. For example, the recently developed iKnife technology allows for
real time MS analysis of tissues during surgery. In the iKnife configuration, material

vaporized by an electrosurgical instrument is transferred to the inlet of an MS system and
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multivariate analysis of the resulting spectra allows discrimination of tissue types,
permitting the determination that tissue of a given type (e.g., tumor) has been removed.*?

An inherent limitation of remote sampling MS platforms is a loss of molecular
coverage and sensitivity due to transport losses. For example, transported ions can be lost
to ion-ion interactions and ion-neutral interactions, yielding reduced intensities and loss of
chemical information.**%® In laser ablation sampling, some of the ablated material is lost
due to redeposition onto the sample, ablation chamber, or transfer tubing, and the transport
efficiency depends upon factors including the pressure drop, gas velocity, inner diameter
of transfer tubing, and radial diffusion.'>*® The effect of carrier gas choice on the particle
size distribution has been extensively demonstrated for laser ablation inductively coupled
plasma (ICP) MS.*® 20 Carrier gas dynamics and aerosol transport in these systems have
been described by both modelling and through experiments.?* 22

Existing remote sampling MS systems use a variety of material transport
mechanisms. For example, REIMS uses a Venturi pump installed at the distal end of the
transfer tube, where a differentially-pumped intermediate pressure chamber houses a jet
separator combined with a cylindrical electrostatic lens to focus ions into the inlet of the
mass spectrometer. A Venturi pump is also utilized in the remote DESI platform, aspirating
off the desorbed ions and transferring them over a distance of ~1 m. In SpiderMass, a tissue
is ablated by a A = 2.94 um laser and the ions are transported to the mass spectrometer inlet
through aspiration.

The platforms discussed above (REIMS, remote DESI, and SpiderMass) use
aspiration for efficient transfer of ions generated during the sampling process to the MS

inlet for analysis. However, there have also been several novel remote sampling platforms
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that incorporate a continuously flowing solvent in place of a carrier gas to effectively
capture and transport the ablated material. For example, a UV laser microdissection system
was coupled to a liquid-vortex probe that captured the ablated material and transferred it
to an electrospray ion source for MS analysis.?* 2* In another system based on mid-IR laser
ablation, the ablation plume captured by a solvent that is coupled to high-performance
chemical separation techniques, such as liquid chromatography and capillary
electrophoresis.?® 26

In remote LAESI, which also uses a laser beam with A= 2.94 um to ablate water-
rich biological tissues, a nonreactive carrier gas (e.g., N2) is used to entrain and transfer
ablated neutrals to the inlet of the MS where this material is intercepted by an electrospray.
The incorporation of this electrospray allows for enhanced sensitivity and molecular
coverage by generating ions from neutrals within the ablated droplets.

In this work, we present an ablation chamber design that significantly improves the
entrainment and transfer efficiency of the ablated material compared to earlier remote
LAESI and conventional LAESI experiments. In this new design, a sample is ablated in
transmission geometry within a conical inner volume ablation chamber. A gas flow coaxial
to the ablation plume provides radial confinement of the ejected material. These modified
gas dynamics lead to a significant enhancement in sampling efficiency, resulting in a
greater sensitivity and molecular coverage relative to previous remote and conventional

LAESI configurations.
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2.3. Materials and Methods
2.3.1 Chemicals and Sample Preparation

Methanol (A452-4), chloroform (C607-4), and water (W6-212), were purchased
from Alfa Aesar (Ward Hill, MA, USA) at HPLC-grade. Verapamil hydrochloride
(J61535) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Glacial acetic acid
(A35-500) was purchased from Fisher Scientific (Waltham, MA, USA). Verapamil
standards used for limit of detection (LOD) studies were prepared by serial dilution in

HPLC-grade water immediately prior to analysis.

2.3.2 Ablation Chamber and Transfer Tubing

The conical inner volume ablation chamber was designed in SolidWorks 2014
(Dassault Systémes, Velizy-Villacoublay, France) and 3D printed as described
previously.?” Briefly, the chamber structure was produced by a 3D printer (Fortus 400 mc,
Proto3000, Vaughan, Ontario, Canada) using a T10 tip and acrylonitrile butadiene styrene
(ABSM30) as the structural material. SR30 support material was delivered by a
T12SR20/30 tip and subsequently removed by sonication for 2 hours in a WaterWorks
soluble concentrate bath (P4000SC). All materials used for printing were purchased from
Stratasys (Eden Prairie, MN, USA).

For transfer tubing in remote LAESI analysis, Tygon stock (E-3603, U.S. Plastic
Co., Lima, OH, USA) was used because of its lack of phthalate plasticizers, which could
contribute significant MS background.?® The 60 cm long transfer tube was held straight
and in line with the ablation chamber axis and intersected the emitter-MS inlet axis at a
right angle. Under the optimized gas flow rate conditions, the electrospray droplet

trajectories were not affected significantly by the gas exiting the transfer tube. The tube
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exit-emitter geometry was defined by the distance of the tube end from the electrospray
axis (8 mm), and by the distance of the emitter tip from the tube axis (2 mm). In contrast,
in the conventional LAESI geometry the sample was placed approximately 12-14 mm
away from the electrospray axis, and the laser beam was positioned at 5 mm in front of the
emitter tip. The 60-cm tube length enabled the future implementation of a research-grade
microscope to hold the ablation chamber. Preliminary measurements had shown that
increasing the length of the transfer tube resulted in a signal loss. The selected transfer tube
length represented a tradeoff between engineering and signal strength considerations. All
geometric parameters were individually optimized prior to the comparison of remote and
conventional LAESI sources. lllustrations of the previous and redesigned ablation

chambers and the overall experimental setup are presented in Figure 2.1.
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Figure 2.1: a) Prolate spheroid ablation chamber design illustrating gas flow perpendicular
to laser induced sample ablation plume expansion. b) Conical inner volume ablation
chamber illustrating gas flow coaxial to laser induced sample ablation plume expansion. c)
Schematic of remote LAESI with conical inner volume ablation chamber interfaced to a
mass spectrometer. Sample is mounted on a quartz cover slip in focal plane of CaF; lens to

achieve transmission geometry ablation.
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2.3.3 Electrospray, Laser, and Mass Spectrometer

The homebuilt ion source used for conventional and remote LAESI-MS analysis
has been described in detail previously.® 2 Briefly, a Nd:YAG laser-based optical
parametric oscillator (Vibrant IR, Opotek, Carlsbad, CA) with 4 ns pulse width and 10 Hz
repetition rate was focused onto the sample with a 100 mm focal length CaF» plano-convex
lens (LA5817, Thorlabs, NJ, USA), producing a laser spot size of ~300 um. This spot size
was selected to test the chamber, and it did not represent a limitation for spatial resolution.
In a recent study, we have demonstrated 10-20 um ablation spot sizes with a reflective
objective.?® A syringe pump (Physio 22, Harvard Apparatus, Holliston, MA, USA)
supplied the electrospray solution (1:1 methanol:water containing 0.1% glacial acetic acid
for positive mode; 2:1 methanol:chloroform containing 0.1% glacial acetic acid for
negative mode) at 400 nL/min through a stainless steel emitter (MT320-100-5-5, i.d. 100
pum, New Objective, Woburn, MA, USA). A high voltage power supply (PS350, Stanford
Research Systems, Sunnyvale, CA, USA) provided a DC voltage of -2600 V in negative
ion mode and +3500 V in positive ion mode. All LAESI-MS spectra were acquired using
a Q-TOF Premiere mass spectrometer (Waters Co., Milford, MA, USA) and analyzed
within the MassLynx software package (version 4.1, Waters Co., Milford, MA, USA). For
identification of metabolites from plant tissues, collision induced dissociation (CID)

MS/MS spectra were acquired at 20-25 eV.

2.3.4 Computational Fluid Dynamic Modelling
The Navier-Stokes equations (conservation of mass, momentum, and energy) were
solved to determine gas velocity, density, and temperature distributions, and distinguish

laminar and turbulent flows. Computational fluid dynamic (CFD) modelling was
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performed using the CFD solver module of SolidWorks (Flow Simulation 2015, Dassault
Systemes, Vélizy-Villacoublay, France) for the gas dynamics inside the prolate spheroid
and conical inner volume ablation chambers. The numerical solutions were sought through
the finite volume method using a locally refined adaptive mesh. The carrier gas was
modelled as a steady-state flow field. Convergence conditions were set as four travels of
gas volume elements through the chamber. Mach numbers, calculated in the peak flow rate
regions, indicated that the flow was subsonic throughout both chambers. The carrier gas
was treated as an ideal gas in the simulations.

Boundary conditions were defined for the gas inlets and outlets of the two chambers
(see Figures 2.2a and 2.3a). The outlet was held at constant environmental pressure for
both chambers. Inlet boundary conditions were entered as mass flow rates calculated from
the experimentally observed optimal volumetric flow rates. No-slip boundary conditions
were placed along the inner walls of the chambers.

For the simulations of particle trajectories, the cylindrically symmetric ablation
plume expanding in the carrier gas was modelled as a two-phase flow of uniform 5 pm
particles originating from a single point on the quartz coverslip (indicated by light blue in
Figure 2.4), representing the focal spot, and diverging in a semi-circular geometry in the
x-y plane with an initial velocity of 150 m/s. When determining the particle trajectories, it
was assumed that the ablation plume had an overall negligible influence on the carrier gas
flow. The drag coefficient of the particles was calculated using Henderson’s formula.*
Ideal particle reflection was applied as a boundary condition along the inner walls of the
chambers. These parameters were chosen based on experimental observations of mid-IR

laser induced ablation plume dynamics.3!-3
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2.3.5 Standards and Biological Samples

Verapamil solutions at different concentrations in 5 pL aliquots were deposited
onto a quartz cover slip and completely ablated.

Six-week old wildtype Arabidopsis thaliana plants were grown in the laboratory.
Seeds were sown on soil and cold treated for 48 hours at 4 °C. Seedlings were grown at
22 °C, 65% relative humidity, under short-day conditions (8-hour light exposure at 125
umol m2 s1). The plants were then raised for two weeks at 22 °C with daily 12-hour light
exposure (average 14 pmol m2 s1). At eight weeks, healthy A. thaliana plant leaves were
cut from the stem and analyzed immediately.

Brussels sprouts (Brassica oleracea) were obtained from a local supermarket. The
buds were placed inside a cryostat chamber (CM1800, Leica Microsystems Inc., Nussloch,
Germany) at -20 °C and mounted to a sectioning chuck using a few drops of water. After
one hour, 60 um thick tissue sections were cut and thaw-mounted to 0.5-mm thick quartz

coverslips (Ted Pella Inc., Redding, CA, USA).

2.4.  Results and Discussion
2.4.1. Conical Ablation Chamber with Coaxial Flow

A simplified schematic illustrating the gas flow profiles of the original and
redesigned remote LAESI chambers can be found in Figure 2.1. Redesign of the chamber
for ablation in a transmission geometry allowed for the coaxial orientation of the ablation
plume and the carrier gas flow. This was a major departure from the previous prolate
spheroid design (see Figure 2.1a and b), where material must be redirected 90° to be
entrained in the exiting gas flow. This coaxial orientation of the ablation plume and carrier

gas, in conjunction with the radial compression introduced by the conical taper of the
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chamber, was expected to significantly improve entrainment and transfer efficiency of

ablated material.
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Figure 2.2: CFD modelling of nitrogen carrier gas dynamics inside proof-of-principle
prolate spheroid ablation chamber. Velocity contour plots with vectors illustrating gas flow
trajectories throughout chamber. a) Side view of the chamber at midplane with the sample
at the bottom and the ablation laser introduced from the top. b) End-on view of the chamber
at the midpoint between gas inlet and outlet. ¢) Top-down view of the chamber in the plane

of the gas inlet at left and outlet at right.
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The chamber volumes for the conical and the prolate spheroid chambers were
calculated by SolidWorks as 25.0 and 25.6 cm?, respectively, and the corresponding
transfer tube volumes were 4.2 and 7.4 cm?, respectively. Thus, the total volumes of the
two chamber-tube assemblies were 29.2 and 33.0 cm?®, respectively. To ensure adequate
space for entrainment of ablated particles, a conical geometry with an axial length of 6 cm
was implemented. This length was chosen based on the stopping distance of the droplets
in the ablation plume (where the atmospheric drag force stops the ablated material), which
had been observed to be approximately 3 cm in resting background gas.®> The chosen
dimensions provide sufficient space for the particles to decelerate to the carrier gas
velocity, and prevent attachment of the ablated material onto the chamber walls, promoting
entrainment and transport.

The diameter of the chamber outlet was increased from 1 mm in the original prolate
spheroid chamber to 4 mm in the conical inner volume chamber. This modification led to
a reduction in the Reynolds number within this part of the chamber from ~1400 to ~500,
promoting more robust laminar flow and transfer of entrained particulates.

For the redesigned chamber, the efficiency of sample transport through the transfer
tube was also investigated as a function of diameter and gas flow rate. A 3 mm ID transfer
tube was found to provide the greatest transfer efficiency at a flow rate of 1.5 L/min. The
calculated Reynolds number for gas flow inside the transfer tube was ~700, well below the
threshold for turbulent flow. Furthermore, the use of a smaller ID transfer tube increases
the cross-sectional overlap between the electrospray and transferred particulates at the MS

inlet, which is expected to lead to higher ion yields from the ablated material. The relative
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position of the transfer tube outlet and the electrospray emitter has also been optimized to

produce the highest ion signal.

2.4.2. Modelled Gas Dynamics

To evaluate whether the proposed modifications (coaxial gas flow through an
annular inlet, and conical inner geometry) would lead to enhanced entrainment of laser
induced particulates, the two chambers were compared in silico using the CFD software.
Velocity contour plots displaying carrier gas dynamics inside the original prolate spheroid
ablation chamber in three orthogonal cross-sectional planes can be found in Figure 2.2.
Figure 2.2a shows that the gas velocity is highest along a narrow path of flow travelling
from inlet to outlet. As the gas flow travels through the chamber, a slight radial expansion
of the flow profile occurs before reaching the outlet. The gas velocity gradually decreases
along this line, with significantly reduced velocity just before the outlet. Figure 2.2c reveals
Eddy currents near the outlet of the chamber, produced as a result of the increased
backpressure at the outlet interface. As the divergent gas flow reaches the outlet wall, the
chamber’s inner geometry and small outlet diameter (1 mm) prevent the gas from being
evacuated efficiently. Consequently, the gas flow is redirected back towards the inlet,
leading to potentially turbulent flow regimes inside the chamber and preventing optimal
transfer of material.

In Figure 2.3 there are three analogous velocity contour plots for the new conical
inner volume ablation chamber. As predicted, incorporation of the conical inner geometry
led to confinement and focusing of gas flow through the chamber. Figure 2.3a shows an
axial midplane view showing the inlets of the chamber with gas flow entering through the

two antipodal inlets and being partially dispersed within the front compartment before

39



entering the conical region. Figure 2.3b highlights the annular gas flow adjacent to the
chamber wall just in front of the sample plane. This relatively high velocity gas flow along
the wall helps to capture divergent ablated material and minimizes deposition onto the
chamber wall. Figure 2.3c shows the axial midplane view of the chamber perpendicular to
the inlets, highlighting rotational uniformity of the gas flow entering the conical region and

its convergence toward the exit.
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Figure 2.3: CFD modelling of nitrogen carrier gas dynamics inside conical inner volume
ablation chamber. Velocity contour plots with vectors illustrating gas flow trajectories
throughout chamber. a) Axial midplane view showing the inlets of the chamber and the
ablation laser introduced in a transmission geometry from the left. b) End-on view of the
chamber illustrating annular flow within the conical region just in front of the sample plane.
c¢) Axial midplane view of the chamber perpendicular to the inlets and the ablation laser

introduced in a transmission geometry
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2.4.3. Ablation Particle Trajectory Simulations

To evaluate the impact of the modified gas dynamics on particle transfer efficiency,
particle trajectory simulations were performed. A 3-D rendered view of both chambers
with the particle trajectories can be found in Figure 2.4 and the combined views of the gas
velocity contour plots and particle trajectories are depicted in Figure 2.5. Figure 2.4a shows
the prolate spheroid chamber with 37 particles departing from the bottom showing a
uniform angular distribution in the axial midplane. The turbulent gas flow within the
prolate spheroid chamber causes the majority of generated particles to be distributed
throughout the chamber rather than directly extracted via the outlet (Figure 2.4a), yielding
a simulated transfer efficiency of only 3% in case of perfectly adsorbing walls and 32% in
case of ideally reflecting walls. Figure 2.4b shows the conical inner volume chamber with
particles departing from the ablation platform showing a uniform angular distribution in
the plane of the gas inlets. Simulated particle trajectories largely mirror the gas flow
depicted in Figure 2.3a. Tallying the particles that leave through the outlet in Figure 2.4b
shows efficient capture and entrainment within the conical inner volume chamber, leading
to a simulated transfer efficiency of 81% in case of perfectly adsorbing walls and 100% in
case of ideally reflecting walls. The actual retention of the particles on the walls is unknown
but it falls between these two limiting cases.

Annular gas flow is produced by a recessed cylindrical gas distribution volume
surrounding the ablation region. This laminar gas flow merges with the expanding ablation
plume and guides the particulates toward the axis of the chamber. With the sample placed

in the centre of the annular gas flow, it is not displaced even at high gas velocities. This
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allows for the use of higher carrier gas flow rates and results in enhanced transfer efficiency

for the ablated material.
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Figure 2.4: Three-dimensional view of particle trajectories (red lines and arrows) inside a)
a prolate spheroid chamber and b) conical inner volume chamber with ideally reflecting

walls.

45



| [Gas it

46



Figure 2.5: Overlay of particle trajectories (red traces) with carrier gas flow contour plots
and black arrows for a) prolate spheroid ablation chamber and b) conical inner volume

ablation chamber.
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Adjustment of the gas flow rate allowed for efficient capture and extraction of the
material from the ablation chamber. While the laser ablation process creates a shock wave
and turbulent flow of the ablated material, the annular coaxial gas flow allows for capture
of the droplets in the plume once their velocity has decreased to match that of the carrier

gas.

2.4.4. Experimental Figures of Merit

A comparison of verapamil ion yields from standard solutions for conventional
reflection geometry and remote LAESI (both in prolate spheroid and conical ablation
chambers) can be found in Figure 2.6. The comparative analysis showed significantly
improved sensitivity for the conical chamber compared to the prolate spheroid geometry,
and at high loadings even compared to conventional LAESI. The magnitude of
improvement using the new geometry is consistent with the 3 to 27-times higher calculated
transfer efficiency in the conical chamber. The LOD for the conical chamber is estimated
to be 8 pmol. Above 10 pmol, the signal from the conical chamber exceeds that from
conventional LAESI but the latter shows lower LOD and extended dynamic range to lower
loadings. We speculate that the signal loss at lower loadings can be attributed to analyte
retention at the surfaces of the inner walls of the chamber and transfer tubing. In particular,
the ABSM30 chamber material has significant surface roughness and some level of innate
porosity. If this structure acts as a saturable adsorber for the analyte at a 4 pmol loading the
sharp drop in the signal can be rationalized. A dynamic range of two orders of magnitude

was observed for the remote LAESI platform.
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To explore the aerosol elution times, the temporal profile of the total ion count
following single laser shots was compared between the conical inner volume chamber and
conventional LAESI. The signal per laser shot for the conical inner volume chamber
persisted for 3 s with 31% RSD, whereas it lasted for 2 s with 53% RSD for conventional
LAESI. The temporal variations of peaks for selected ions in the mass spectra were
approximated by lognormal distributions (see Figure 2.7). Conventional LAESI signal
showed a slightly faster response and lasted for a somewhat shorter time. The FWHM for
conventional LAESI at m/z 455.29 was 0.8 s, whereas it was 1.1 s at m/z 381.06 for the

conical chamber.
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Figure 2.6: Comparison of verapamil signal intensities as a function of analyte loading for
conventional LAESI-MS (e), and remote LAESI-MS using conical (m) and prolate

spheroid (A) inner volume ablation chamber designs.
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Figure 2.7: Signal profiles fitted by lognormal distributions from an ablation event in
conventional LAESI-MS (red trace corresponding to verapamil molecular ion at m/z
455.29 from standard solution) and LAESI-MS in conical ablation chamber (black trace

corresponding to disaccharide ion at m/z 381.06 from carrot tissue section).
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2.4.5. Remote LAESI of Metabolites in Plant Samples

To demonstrate the utility of remote LAESI for biological analysis, eight-week-old
Arabidopsis thaliana plant leaves and 60 um thick Brussels sprout (Brassica oleracea) bud
sections were analyzed. These biological samples were chosen for the known presence of
glucosinolates in them.** Glucosinolates are secondary metabolites that act as defence
compounds in plants to protect them against herbivore attacks. Recently, they have drawn
interest from the medical community for their ability to reduce cancer risks.% 3

To accurately compare the molecular coverage obtained from conventional LAESI
and the conical geometry remote ablation chamber, in both cases a total of 100 laser shots
were fired per sample, corresponding to 10 laser shots per MS scan. The laser spot sizes
and shapes in the conventional and remote LAESI with conical ablation chamber were kept
the same. For conventional LAESI analysis, a laser fluence of 3.2 J/cm? was found to
provide the optimal signal intensity. In remote LAESI analysis, a laser fluence of 4.3 J/cm?
provided the strongest signal. The spectra were background subtracted in MassLynx to
minimize the electrospray-related peaks and deisotoped using mMass software, and the
total number of peaks was calculated.3” The analysis of Arabidopsis leaves yielded 101
sample related peaks detected by remote LAESI and 88 detected by conventional LAESI.
A total of seven glucosinolates (1/ glucoerucin, 2/ glucoraphanin, 3/ glucobrassicin, 4/ 7-
methylthioheptyl glucosinolate, 5/ 8-methylthiooctyl glucosinolate, 6/ neoglucobrassicin,
and 7/ glucohirsutin) were detected in Arabidopsis leaves using both remote and
conventional LAESI (see Figure 2.8a) with sufficient ion intensities for confirmatory
MS/MS measurements (for the identification see an example in Figure 2.8b and Table 2.1).

These assignments coincide with previous glucosinolate assignments from Arabidopsis.®*
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In the analysis of Brussels sprout bud sections, after background subtraction and
deisotoping 161 peaks were detected by remote LAESI using the conical ablation chamber
and 144 by conventional LAESI. For both platforms, six glucosinolates (7/ glucohirsutin,
8/ sinigrin, 9/ gluconapin, 10/ progoitrin, 11/ glucoiberin, and 12/ glucobrassicin) were
detected (see Figure 2.9a and Table 2.2) and the confirmation of their assignments was
performed via MS/MS. The tandem MS identification of sinigrin in a Brussels sprout bud
section is shown in Figure 2.9b. In agreement with previous studies, this was the dominant

glucosinolate signal in Brussels sprouts.®
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Figure 2.8: a) Glucosinolate region of negative ion mode spectra obtained from
Arabidopsis thaliana leaves using conical inner volume remote LAESI-MS and
conventional LAESI-MS. Seven annotated glucosinolates, 1/ glucoerucin, 2/
glucoraphanin, 3/ glucobrassicin, 4/ 7-methylthioheptyl glucosinolate, 5/ 8 methylthiooctyl
glucosinolate, 6/ neoglucobrassicin, and 7/ glucohirsutin, were identified by tandem MS.

b) Tandem MS of peak 2/ confirmed its assignment as glucoraphanin.
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Table 2.1: Glucosinolates detected in 8-week old Arabidopsis thaliana plant leaf by
conventional and remote LAESI-MS in negative ion mode. Glucosinolate identities were

verified by tandem MS.
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Compound Name Chemical Formula Measured m/z Calculated m/z Am (mDa)

Glucoerucin [C12H23NOgS3-H]- 420.0447 420.0457 -1.0
Glucoraphanin [C12H23NO10S3-H] 436.0406 436.0406 -
Glucobrassicin [C16H19N209S;-H]- 447.053 447.0532 -0.2

7-Methylthioheptyl

[C1sH29NOgS3-H]- 462.0932 462.0926 0.6
glucosinolate
8-Methylthiooctyl
[C16H31NOgS3-H]- 476.107 476.1083 -1.3
glucosinolate
Neoglucobrassicin [C17H21N2010S5-H] 477.0645 477.0638 0.7
Glucohirsutin [C16H31NO10S3-H] 492.1042 492.1032 1.0
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Figure 2.9: a) Glucosinolate region of negative ion mode spectra obtained from 60 pum
thick Brussels sprout bud section using conical inner volume remote LAESI-MS and
conventional LAESI-MS. Six glucosinolates, 7/ glucohirsutin, 8/ sinigrin, 9/ gluconapin,
10/ progoitrin, 11/ glucoiberin, and 12/ glucobrassicin, were identified by tandem MS. b)

Tandem MS of peak 8/ confirmed its assignment as sinigrin.
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Table 2.2: Glucosinolates detected in 60-um-thick Brussels sprout bud tissue sections in
conventional and remote LAESI-MS negative ion mode. Glucosinolate identities were

verified by tandem MS.
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Compound Name Chemical Formula Measured m/z Calculated m/z Am (mDa)

Sinigrin [C10H17NOgS,-H]- 358.0272 358.0272 -
Gluconapin [C11H19NOgS,-H] 372.0438 372.0429 0.9
Progoitrin [C11H1sNO10S2-H] 388.0392 388.0372 2.0
Glucoiberin [C11H21NO10S3-H] 422.029 422.0249 4.1
Glucobrassicin [C16H19N206S5-H]- 447.053 447.0532 -0.2
Glucohirsutin [C16H31NO10S3-H] 492.1049 492.1032 1.7
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2.5.  Conclusions

Incorporation of coaxial gas flow and radial confinement of the laser induced
ablation plume within a conical inner volume ablation chamber was found to significantly
improve the transfer efficiency of the remote LAESI-MS platform. This improvement in
transfer efficiency provided molecular coverage for nontargeted analysis of biological
samples that is comparable or superior to the conventional LAESI-MS configuration.

The work presented here clearly demonstrates the ability of remote LAESI to
achieve sufficient sensitivity for detection and identification of targeted metabolites, e.g.,
glucosinolates, from plant tissues. Future work will seek to further enhance the sensitivity
and molecular coverage of remote LAESI by expanding CFD modelling to test additional
chamber geometries and individually optimize dimensions and design elements, as well as
to reduce the aerosol elution times. The ability to model various particle sizes and
velocities, carrier gas flow rates and compositions, and geometric factors and to examine
their influence on transfer efficiency provides the foundation for the optimal design of
remote sampling platforms including those used in laser ablation sampling for ICP-MS.
Furthermore, we envision that this work will eventually allow high-spatial resolution
chemical and optical imaging at atmospheric pressure, by incorporating a high-quality
optical imaging system and a sample cooling element to prevent dehydration of the tissue

sample by the carrier gas flow during long imaging acquisitions.
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CHAPTER 3
Matrix-free Mass Spectrometry Imaging of Mouse Brain Tissue Sections on Silicon

Nanopost Arrays

Based on material published by Jarod A. Fincher, Jacqueline E. Dyer, Andrew R. Korte,
Sridevi Yadavilli, Nicholas J. Morris, and Akos Vertes in Journal of Comparative

Neurology, 2018, 1-21, with copyright permission of Wiley.

3.1  Abstract

Mass spectrometry imaging (MSI) is capable of detection and identification of
diverse classes of compounds in brain tissue sections, whereas simultaneously mapping
their spatial distributions. Given the vast array of chemical components present in
neurological systems, as well as the innate diversity within molecular classes, MSI
platforms capable of detecting a wide array of species are useful for achieving a more
comprehensive understanding of their biological roles and significance. Currently, matrix-
assisted laser desorption ionization (MALDI) is the method of choice for the molecular
imaging of brain samples by mass spectrometry. However, nanostructured laser desorption
ionization (LDI) platforms, such as silicon nanopost arrays (NAPA), are emerging as
alternative MSI techniques that can provide complementary insight into molecular
distributions in the central nervous system. In this work, the molecular coverage of mouse
brain lipids afforded by NAPA-MSI is compared to that of MALDI-MSI using two
common MALDI matrices. In positive ion mode, MALDI spectra were dominated by

phosphatidylcholines and phosphatidic acids. NAPA favored the ionization of
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phosphatidylethanolamines and glycosylated ceramides, which were poorly detected in
MALDI-MSI. In negative ion mode, MALDI favored sulfatides and free fatty acids,
whereas NAPA spectra were dominated by signal from phosphatidylethanolamines. The
complementarity in lipid coverages between the NAPA- and MALDI-MSI platforms
presents the possibility of selective lipid analysis and imaging dependent upon which
platform is used. Nanofabrication of the NAPA platform offers better uniformity compared
to MALDI, and the wider dynamic range offered by NAPA promises improved quantitation

in imaging.

3.2 Introduction

The ability to capture and visualize spatial distributions of biomolecules, such as
proteins, peptides, lipids, and metabolites within biological systems is fundamental to
furthering their understanding and drive advances in fields, such as medical diagnostics.®
2 Recent technological advancements in instrumentation and software have made mass
spectrometry imaging (MSI), an analytical technique capable of detecting and
characterizing a wide variety of molecular species while simultaneously mapping their
spatial distributions, a viable and promising tool for this purpose. MSI platforms have
undergone rapid development, and MSI now offers the possibility of providing detailed
chemical information down to subcellular spatial resolutions.®> This ability of
simultaneously gathering chemical and spatial information from precise coordinates along
a biological tissue section is helping applications of MSI in fields, such as the
pharmaceutical industry and clinical diagnostics.* ®> MSI is now being applied in fields,
such as neurology and neuropsychopharmacology, helping provide insight into debilitating

neurological diseases, such as Parkinson’s and Alzheimer’s, as well as traumatic brain

71



injuries.®® Given that more than half of the dry weight of the human brain consists of lipids,
and the role lipids play in signaling pathways, their importance in neurological disease

states is under investigation.®

Secondary ion mass spectrometry (SIMS) and matrix-assisted laser desorption
ionization-mass spectrometry (MALDI-MS) are the most extensively studied and broadly
used MSI platforms. In a typical SIMS experiment, a focused primary ion beam is rastered
across a tissue surface, imparting enough energy into the surface to cause desorption and
formation of secondary ions. Among many other applications, this technique has
demonstrated successful imaging of lipids in mouse brain tissue, as well as drugs used to
treat neurological disorders.!'? In a MALDI-MS experiment, a UV-absorbing matrix is
deposited onto a sample, such as a tissue section. A laser is then rastered over the sample
surface and absorption of incident laser light by the matrix leads to desorption and
ionization of the material within the sample. These ions are then analyzed by the mass
spectrometer.®® This method has led to remarkably successful detection and imaging of
proteins, peptides, lipids, and metabolites from biological tissues.***8 The broad detection
capabilities offered by MALDI-MSI can be attributed to the array of possible matrix
choices, with many matrices favoring ionization of certain molecules or molecular classes.

While MALDI has irrefutably laid the foundation for MSI, it has also suffered from
inherent limitations. For example, the requirement of matrix deposition for efficient
ionization of analytes can lead to undesirable effects, such as analyte diffusion and
inhomogeneous crystal formation.'®2! Both of these issues can contribute to a reduction in

achievable spatial resolution, arguably the most important parameter in MSI.
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Inhomogeneous crystallization in particular can lead to the creation of “hot-spots”, so that
apparent ion distributions are not representative of their natural distributions.?? Lastly,
vacuum stability is a concern for some MALDI matrices. Given the generally long
acquisition times required for MSI experiments, sublimation (and possibly redeposition)
of matrix in the vacuum of the MALDI source can lead to contamination of the source, loss
of signal, and inaccurate apparent molecular distributions.?

Several matrix-free ionization platforms, including desorption/ionization on silicon
(DIOS), nanostructure-initiator mass spectrometry (NIMS), and some ambient ionization
approaches, such as desorption electrospray ionization (DESI) and laser ablation
electrospray ionization (LAESI), have been developed in an effort to overcome these issues
and reduce the sample preparation requirements.?*?® Furthermore, these matrix-free
ionization platforms were used to successfully image spatial distributions of metabolites
and lipids in mouse brain tissue sections.?®3? Among these, laser desorption ionization
(LDI) from silicon nanopost arrays (NAPA) has emerged as a promising matrix-free LDI
platform that offers broad molecular coverage, ultratrace sensitivity, and tissue imaging
capabilities.33-* Furthermore, thanks to advancements in photolithography, these nanopost
arrays can be structurally modified and tuned to provide localized electric field
enhancements, producing higher ion yields, whereas simultaneously requiring lower laser
fluences.>" 38

In this work, we compare the abilities of NAPA-MS and MALDI-MS with two
common matrices to ionize and image various lipid classes from pure standards and mouse

brain tissue sections. To characterize the differences in ionization efficiencies, relative
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quantitation was used to compare the lipid signal from standards and from the complex

matrix of mouse brain tissue.

3.3 Materials and Methods
3.3.1. Chemicals

LC-MS grade solvents methanol (MeOH; catalog no. A452-4), chloroform (catalog
no. C6704-4), isopropyl alcohol (IPA; catalog no. A461-4), acetonitrile (catalog no. A955-
4), and water (catalog no. W6-212) were purchased from Fisher Scientific (Hampton, NH).
Lipid standards 1,2-dielaidoyl-sn-glycero-3-phosphocholine (PC; catalog no. 850376), 1-
(1Z-octadecenyl)-2-docosahexaenoyl-sn-glycero-3-phosphoethanolamine (PEp; catalog
no. 852806), 1-stearoyl-2-arachidonoyl-sn-glycero-3-phosphoethanolamine (PE; catalog
no. 850804), N-stearoyl-D-erythro-sphingosylphosphorylcholine (SM; catalog no.
860586), 3-O-sulfo-D-galactosyl-R1-1'-N-nervonoyl-D-erythro-sphingosine (ST; catalog
no. 860571), D-galactosyl-31-1'-N-[2"(R)-hydroxystearoyl]-D-erythro-sphingosine
(HexCer; catalog no. 860840) were purchased from Avanti Polar Lipids, Inc. (Alabaster,
AL). 2,5-Dihydroxybenzoic acid (DHB; catalog no. 58707) and 9-aminoacridine (9-AA;
catalog no. 92817) and carboxymethylcellulose (CMC; catalog no. C4888) were purchased

from Sigma-Aldrich (St. Louis, MO).

3.3.2. Fabrication of NAPA Imaging Chips

The fabrication of silicon nanoposts have been described elsewhere.®® Briefly,
silicon nanoposts are fabricated from low resistivity (0.001—0.005 Q cm) 100 p-type
silicon wafers (Silicon Valley Microelectronics, Inc., Santa Clara, CA) using deep

ultraviolet projection photolithography (DUV-PL) and deep reactive ion etching (DRIE).
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The fabricated wafers are covered by nanoposts with dimensions of 1100 nm in height, 150
nm in diameter, and a periodicity of 337 nm. The wafers are then diced into 20 mm squares

and ready for tissue imaging experiments.

3.3.3. Preparation of Lipid Standards

For MALDI analysis, lipid standards (HexCer, PC, PE, PEp, SM, ST) were
prepared as a mixture at 0.1 mg/mL each in 2:8:1 MeOH:IPA:H>O. The matrices DHB and
9-AA were chosen for comparison to NAPA based on their frequent use for MALDI
analysis in positive and negative ion modes, respectively. Matrices DHB and 9-AA were
separately dissolved in aliquots of the lipid standard solutions at 10 mg/mL. A volume of
1 uL of each of the matrix-standard mixtures were directly pipetted onto a stainless steel
MALDI plate and allowed to dry under atmosphere. For NAPA analysis, the same lipid
standards were prepared as a mixture at 0.1 mg/mL each in chloroform. 500 nL volumes

were directly pipetted onto NAPA chips. All analyses were performed in triplicates.

3.3.4. Tissue Prep for MSI

Whole mouse (Jackson Laboratory, Bar Harbor, ME, RRID:SCR_004633) brains
were provided by Children’s National Medical Center (Washington, DC) in accordance
with the approval of Institutional Animal Care and Use Committee (IACUC). Immediately
after removal, mouse brains were flash-frozen in liquid nitrogen and stored at -80°C. Prior
to analysis, mouse brains were removed from the -80°C freezer, submerged in 2.5%
aqueous carboxymethylcellulose (CMC) embedding medium, and placed into a -22°C
cryomicrotome (CM1800, Leica Microsystems Inc., Nussloch, Germany) for

approximately 30 minutes to allow the embedding medium to solidify and the tissue to
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reach thermal equilibrium. Serial coronal sections were cut with a 10 pum thickness and
thaw-mounted onto NAPA imaging chips and Superfrost Plus microscope slides (12-550-
15, Fisher Scientific, Hampton, NH) for NAPA-LDI-MSI and MALDI-MSI experiments,
respectively. Mounted tissue sections were then dried in a vacuum desiccator for
30 minutes.

For matrix deposition in MALDI-MSI experiments, an airbrush (TS-100D,
Paasche, Chicago, IL) was used to spray 100 mg/mL DHB in 60% MeOH and 12.5 mg/mL
9-AA in 90% MeOH in positive and negative ion mode operation, respectively. For
uniform coverage, 10-15 cycles consisting of 10 sec spraying followed by 30 sec drying

were used for DHB deposition, whereas as 25-30 cycles were used for 9-AA.

3.3.5. Imaging Data Acquisition and Processing

A MALDI-LTQ-Orbitrap XL mass spectrometer (Thermo Scientific, San Jose, CA)
was used to acquire all MS and MSI data. Silicon NAPA imaging chips containing tissue
sections were secured to a MALDI stainless steel plate using double-sided carbon tape (Ted
Pella, Inc., Redding, CA), and inserted into the instrument. All tissue sections were
registered by the instrument using the tissue imaging function. The laser spot size at the
sample surface was ~100 um x 80 um and a raster step size of 100 um was used throughout.
To improve sensitivity, ions from multiple laser shots were collected in the ion trap before
they were transferred to the orbitrap analyzer. All tissue imaging experiments were
performed at a laser fluence of 120 mJ/cm?, with 3 laser shots per orbitrap scan for NAPA-
LDI-MSI and 10 shots/scan for MALDI-MSI. For experiments with lipid standards, a laser

fluence of 48 mJ/cm? and 3 laser shots/scan were used for NAPA-MS analysis, whereas a
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laser fluence of 16 mJ/cm? and 5 laser shots/scan were used for MALDI-MS analysis. Mass
spectra for standard analysis and tissue imaging were acquired in the orbitrap mass analyzer
between m/z 180 and 1000 with a resolving power setting of 30000. A nitrogen laser,
emitting radiation at 337 nm and an angle of 32° to the normal with a repetition rate of 60
Hz, was used to desorb and ionize the lipid standards and mouse brain tissue sections. The
MSI experiments on tissue sections, with areas of ~8x15 mm?, required an average scan
time of ~2.5 h.

All raw data files (*.raw) were imported into ImageQuest (Thermo Scientific, San
Jose, CA) for processing and generation of chemical images with mass tolerance of < 5
mDa. Spectra from regions of interest within the tissue were extracted and imported into
mMass for peak picking and deisotoping.®® The corresponding m/z values were compared

against an in-house reference list constructed from the Metlin (https://metlin.scripps.edu,

RRID:SCR_010500), LipidMaps (http://www.lipidmaps.org/, RRID:SCR_003817), and

HMDB (http://www.hmdb.ca/, RRID:SCR_007712) databases.

3.3.6. Tissue Extraction and UPLC-MS/MS

Brain lipid extracts were prepared by placing intact mouse brain into a 5 mL
centrifuge tube containing 2 mL of 70% methanol (chilled to -80 °C) and disrupting it using
a hand-held homogenizer (TissueRuptor II, Qiagen, Hilden, Germany). After
homogenization, 2 mL of chloroform was added to yield distinct aqueous and organic
phases. The sample was then briefly vortexed and centrifuged for 10 min at 14,000xg and

4 °C. Approximately 2.5 mL of the organic phase was removed and aliquoted to five
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separate tubes. The extract aliquots were then dried under vacuum and stored at -80 ° C
until analysis.

To aid in the identification of lipids detected in MSI experiments, a UPLC system
(Acquity, Waters, Milford, MA) was interfaced to the MALDI-LTQ-Orbitrap XL mass
spectrometer (Thermo Scientific, San Jose, CA). Chromatographic separation was
performed on a Waters Acquity UPLC CSH C18 column (2.1 mmx100 mm, 1.7 um) at
55 °C with a flow rate of 400 pL mint. Mobile phase A composition was 60:40
acetonitrile:water with 10 mM ammonium formate and 0.1% formic acid. Mobile phase B
composition was 90:10 isopropanol:acetonitrile with 10 mM ammonium formate and 0.1%
formic acid. Gradient flow conditions were as follows: 0 min 60% A, 2.0 min 57% A, 2.1
min 50% A, 12.0 min 46% A, 12.1 min 30% A, 18.0 min 1% A, 18.1-20.0 min 60% A.

Mass spectra were acquired from the m/z 150-1800 region in the orbitrap mass
analyzer with a resolving power setting of 30 000. Tandem MS spectra were acquired in a
data dependent fashion by selecting the most intense ion between m/z 350-1000 in the MS
master scan. After MS/MS acquisition, ions were excluded from selection for 10 sec.
Selected precursor ions were isolated with an m/z window of + 1 and fragmented using
higher-energy collisional induced dissociation with a normalized collision energy of 25.
UPLC-MS/MS data was processed using MSconvert and mzMINE (version 2.23,
RRID:SCR_012040) before being imported into LipidMatch for identification.° Lipid
identifications were accepted for compounds which exhibited a precursor ion m/z error <

10 mDa and tandem MS peaks corresponding to matching fatty acid chain lengths.
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3.4  Results

To assess the ionization efficiencies for both NAPA- and MALDI-MS platforms, a
solution containing six different lipid standards (HexCer, PC, PE, PEp, SM, ST) was
analyzed by both methods. For MALDI, matrices DHB and 9-AA were selected for the
analysis of lipid standards in positive and negative ion mode, respectively. A range of laser
fluences were tested to determine the optimal signal intensity of intact lipid standards, with
careful consideration to minimize laser-induced fragmentation. It was found that 16
mJ/cm? provided the optimal laser fluence for MALDI-MS analysis. Mass spectra for
MALDI-MS analysis were acquired using the crystal positioning system (CPS) function of
the instrument, with a total of 20 scans collected and averaged (Figures 3.1c and 3.1d).
Similarly, for NAPA, a range of laser fluences were tested to identify the optimal level for
detection of intact ions from the lipid standards. It was determined that laser fluence 48
mJ/cm? provided the optimal signal intensity and minimum fragmentation. Using the tissue
imaging function of the instrument, the location of the deposited lipid standards on the
NAPA chip was registered, and mass spectra were acquired. A total of 20 orbitrap scans
were averaged from areas where reliable lipid signal was found (Figures 3.1a and 3.1b).

Comparison of the detected lipid standards (Figure 3.1) in positive and negative ion
modes provided key insights into the selectivity of NAPA- and MALDI-MS platforms for
the ionization of different lipid classes. In Figure 3.1a, NAPA was found to favor ionization
of HexCer, PE, and ST in positive ion mode, with these species accounting for 73, 18, and
7 percent, respectively, of the total assigned lipid signal. In Figure 3.1c, MALDI, by
contrast, favored ionization of PC and SM, with both lipids accounting for 42 percent of

the total assigned lipid signal. In negative ion mode, ST was the dominant lipid species
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detected by both NAPA (Figure 3.1b) and MALDI (Figure 3.1d) platforms, representing

92 and 90 percent of the assigned lipid signal, respectively.
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Figure 3.1: NAPA- and MALDI-MS analysis of lipid standard mixtures. Positive ion mode
spectra from (a) NAPA and (c) MALDI (matrix: DHB) and negative ion mode spectra (b)
NAPA and (d) MALDI (matrix: 9-AA) with detected lipids annotated. Bar graphs (e) and
(F) compare MS intensities of lipid standards as a percentage of total assigned lipid signal.
Superscripts for positive ion annotation indicate the ionic form: 1: [M+H]", 2: [M-
H.O+H]*, 3: [M+Na]*, 4: [M+K]*, 5: [M+2Na-H]", 6: [M+2K-H]*, and 7: [M+Na+K-H]".
Superscripts for negative ion mode annotation correspond to: 1: [M-H], and 2:

[M-H20-H].
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To compare the coverage of lipids provided by the NAPA-LDI-MSI and MALDI-
MSI platforms on real world samples, mouse brain tissue sections were imaged at 100 um
spatial resolution in both positive and negative ion modes. For MALDI tissue imaging
experiments, matrices DHB and 9-AA were selected for positive and negative ion modes,
respectively. As performed with the analysis of lipid standards, the laser fluence and
number of laser shots/scan were determined by systematically varying each parameter until
optimal signal of the detected intact lipid species were observed. It was found that MALDI-
MSI and NAPA-LDI-MSI tissue imaging experiments had the same optimal laser fluence
of 120 mJ/cm?, with 10 laser shots/scan and 3 laser shots/scan, respectively. For
comparative analysis in positive ion mode, 10 um-thick serial coronal mouse brain sections
were taken starting approximately -2 mm from the bregma. For negative ion mode, serial
tissue sections were taken approximately -6 mm from the bregma.

Comparison of mass spectra for the m/z 690-900 region for NAPA-LDI-MSI and
MALDI-MSI averaged over the entire mouse brain tissue sections can be found in Figure
3.2m. For MALDI, the higher intensity peaks found in the m/z 700-800 region correspond
to lipid classes PC and PA. In NAPA, the higher intensity peaks are found in the m/z 800-
875 region, corresponding to lipid classes HexCer and PE.

As observed in the chemical images found in Figures 3.2b-I, NAPA-LDI-MSI
identified the localization of the HexCer and PE lipid classes. For example, it was found
that HexCer lipids were more strongly detected in the corpus callosum, and certain parts
of hippocampal formation and the thalamus. Lipids, such as PE and Pep, were more evenly
distributed to areas, such as the cerebral cortex, including the hippocampal formation,

cerebral nuclei, hypothalamus, and certain parts of the thalamus. The combined images
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found in Figures 3.2d, 3.2h, and 3.2l, which are composed of the red, green, and blue (RGB)
values of each pixel in the molecular images to their left, allow for the identification of the

dominant lipids in particular anatomical regions of the tissue sections.
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Figure 3.2: (a) Optical image of 10-um thick coronal mouse brain section on NAPA.
Positive ion mode chemical images (b), (c), (e), (f), (9), (i), (j), and (k) show distributions
of selected ion signals, whereas (d), (h), and (l) indicate distributions combined from
molecular images to their left. (m) Comparison of m/z region 690 to 900 from NAPA-LDI-

MSI and MALDI-MSI averaged over entire adjacent mouse brain tissue sections.
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A comparison of the acquired negative ion mass spectra in the m/z 690-900 region,
averaged for the entire tissue section (Figure 3.3i), revealed that MALDI favored the
ionization of ST lipids, found in the m/z 850-900 region, whereas NAPA favored the
ionization of lipid classes HexCer and PE in the m/z 775-850 region.

Chemical images from NAPA-LDI-MSI in negative ion mode (Figures 3.3b-h)
revealed HexCer, PE, and ST to be the dominant detected lipid classes, with HexCer and
ST being localized to the arbor vitae in the cerebellum, as well as the medulla. In contrast,
PE(40:6) was found to be localized to both the cerebellar cortex, and to a lesser extent, the
medulla (see Figure 3.3g). A corresponding plasmalogen, PE(40:6p), was predominantly
found in the cerebellar cortex (see Figure 3.3c). The combined images in Figures 3.3d and
3.3h, which are combined from the chemical images to their left, highlight the specific

regions where individual lipids dominate among the species detected in these experiments.
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Figure 3.3: (a) Optical image of 10-um thick coronal mouse brain section on NAPA.
Negative ion mode chemical images (b), (c), (e), (f), and (g) show distributions of selected
ion signals, whereas (d) and (h) indicate distributions combined from molecular images to

their left. (m) Comparison of m/z region 690 to 900 from NAPA-LDI-MSI and MALDI-

MSI averaged over entire adjacent mouse brain tissue sections.
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For a more in-depth comparison of lipid signal intensities and molecular coverage,
spectra from the same region of the brain tissue were taken and analyzed by both the NAPA
and MALDI platforms. In positive ion mode, five adjacent MS scans (1 pixel/scan)
localized to the cortex were compared. In negative ion mode, due to the overall lower
signal, four averaged MS scans (1 scan/pixel) from five adjacent areas localized to the
medulla were compared. In positive ion mode (see Figure 3.4a), the signal intensity is
considerably stronger for NAPA compared to MALDI, especially for HexCer, PE, and PA.
In negative ion mode, ion intensities are higher for MALDI, in particular for PC, FA, and
ST, but NAPA signal was still superior for PE lipids (see Figure 3.4b).

The molecular coverage provided by these two MSI platforms is compared in
Figure 3.4c and 3.4d. As observed in the analysis of lipid standards, NAPA-LDI-MSI
provided increased coverage of lipid classes PE and HexCer, in both positive and negative
ion modes, relative to MALDI-MSI (see Figure 3.4c and 3.4d). For example, in positive
ion mode, HexCer, PE, PC, and PA were represented in the NAPA spectra by 8, 22, 9, and
13, species, respectively, whereas in the MALDI spectra the same lipids were present at 1,
14, 15, and 16, respectively. In negative ion mode, the number of HexCer, PE, PC, PA,
FA, and ST species detected by NAPA were 4, 18, 0, 1, 3, and 2, respectively, whereas

MALDI identified 1, 4, 5, 2, 5, and 7 species, respectively.
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Figure 3.4: Comparison of lipid detection for NAPA- and MALDI-MSI of coronal mouse
brain tissue sections in positive and negative ion mode. (a) Relative intensities of lipid
species detected from cortex of mouse brain tissue sections in positive ion mode. (b)
Relative intensities of lipids detected from medulla of mouse brain tissue sections in
negative ion mode. (c) and (d) Number of lipid species detected per class in positive and

negative ion modes, respectively.
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3.5  Discussion

Currently, an extensive amount of MALDI-MSI studies exists that have
investigated lipids in mouse brain tissue sections, demonstrating remarkable capabilities
for the detection and imaging of phospholipids, such as PC, Pl, PE, and PS4
Furthermore, MALDI-MSI has been used to detect and spatially map out changes in natural
abundances of PC and ST lipid classes in a mouse model of Alzheimer’s disease.** To help
enhance the ionization efficiency of MALDI-MSI with respect to sphingolipid species,
such as HexCer and Cer, silver nanoparticles and sub-micron dopamine-modified TiO>
particles have been used to image and monitor changes of sphingolipid levels in traumatic
brain injuries and age-dependent studies, respectively.*> 6 Gangliosides, another class of
lipids known to be extremely important in the CNS, have also been imaged using
MALDI 4748

The ability to reveal distributions of complementary lipid classes, such as PE, PEp,
and HexCer, in brain tissue by NAPA-LDI-MSI offers a number of interesting possibilities
for further investigations and applications. For example, tumor suppressor gene, p53, when
mutated has been linked to multiple brain cancers, such as astrocytoma and glioblastoma.*®
%0 |ipidomics studies investigating the p53 genetic mutation found statistically significant
changes in PEp and HexCer levels localized to areas of cancerous brain tissue, such as the
hypothalamus and hippocampus.®! Additionally, terminal neurological diseases, such as
Alzheimer’s disease, have been found to result in significant decreases in PE and increases
in HexCer localized to the prefrontal cortex.>® Reduced levels of PEp in the cortex have
also been associated with Alzheimer’s disease and adrenoleukodystrophy, a debilitating

neurological disease.>* > With its enhanced ionization of these lipid species, NAPA-LDI-
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MSI has the potential to provide additional insight into these highly localized metabolic
disruptions and their role in disease progression.

The underlying reason for the enhanced ionization of certain lipid classes by
NAPA-LDI-MS compared to the tested MALDI-MS matrices is not immediately clear.
However, we hypothesize that the mechanisms of material removal and the composition of
the desorption plume are significant factors. In MALDI-MSI, the tissue section is adhered
to a surface and the matrix droplets are deposited on top of it. As the matrix solution dries,
analytes from the tissue are extracted and they co-crystallize with the matrix material.
When irradiated, the matrix volatilizes and a comparatively small amount of the analyte
enters the plume with significant amounts of matrix material. The acidic (e.g., DHB) or
basic (e.g., 9-AA) matrix facilitates proton exchange to generate ions from desorbed
analyte molecules.

In NAPA-LDI-MSI, the tissue section to be analyzed is placed on top of the
nanopost array. During analysis, the laser radiation penetrates through the tissue and is
absorbed by the underlying nanoposts. Rapid heating of the nanoposts causes volatilization
of a significant amount of the deposited material, and the plume is composed primarily of
this ejected sample. The reduced availability of proton donors and increased availability of
alkali metal cations (Na* and K*) from the desorbed tissue favors generation of metal

adduct ions and the detection of species which form stable alkali metal adducts.

3.6 Conclusions
Our results show that NAPA-LDI-MSI offers enhanced ionization of certain lipid
classes, including PE, PEp, and HexCer that are difficult to detect using traditional MALDI

matrices and have important roles in signaling and disease. Furthermore, given the
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uniformity of the nanofabricated NAPA imaging chips, this platform offers the possibility
to perform higher resolution imaging without specialized matrix deposition for MSI of
biological tissues. Other studies also indicate broader dynamic range for quantitation by
NAPA-LDI-MS compared to MALDI-MS. This indicates the potential of the
nanofabricated platform for quantitative imaging, a longstanding goal in MSI. The
complementarity of lipid coverage between NAPA-LDI-MSI and MALDI-MSI offers the
potential for selective analysis of lipid species of interest. Applied in parallel, these
complementary MSI platforms allow for significantly broader coverage of lipid classes,

extending the capabilities of MSI for lipidomics in brain tissues.
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CHAPTER 4
Mass Spectrometry Imaging of Triglycerides in Biological Tissues Using Laser

Desorption lonization from Silicon Nanopost Arrays

Based on material to be submitted to the Journal of Mass Spectrometry by Jarod A.
Fincher, Jacqueline E. Dyer, Andrew R. Korte, Sridevi Yadavilli, Nicholas J. Morris,

Derek R. Jones, Victoria K. Shanmugam, Russel K. Pirlo, and Akos Vertes.

4.1.Abstract

The ability of mass spectrometry imaging (MSI) to simultaneously detect a broad
range of biomolecules while mapping their spatial distributions, within biological tissue
sections, has established MSI as a promising analytical technique. Matrix-assisted laser
desorption ionization (MALDI), a method which requires deposition of a UV-absorbing
matrix onto the tissue prior to analysis, has established itself as the method-of-choice for
MSI applications due to its broad molecular coverage. In spite of the remarkable molecular
coverage offered by MALDI, imaging of neutral lipids, such as triglycerides (TGs), from
tissue has remained a significant challenge due to ion suppression of TGs by phospholipids,
such as phosphatidylcholines (PCs). To help overcome this limitation, silicon nanoposts
arrays (NAPA), a matrix-free laser desorption ionization (LDI) platform previously shown
to provide enhanced ionization of certain lipid classes, such as hexosylceramides
(HexCers) and phosphatidylethanolamines (PEs), from mouse brain tissue, was
investigated for its ability to selectively ionize TGs from biological tissue sections. In this

work, we present NAPA as an MSI platform offering enhanced ionization efficiency of
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TGs from biological tissues relative to MALDI, allowing it to serve as a complement to
MALDI-MSI. From analysis of a standard mixture containing PC(18:1/18:1) and
TG(16:0/16:0/16:0), NAPA provided an ~49 and ~227 fold higher signal for
TG(16:0/16:0/16:0) relative to MALDI, when analyzed without and with additional
sodium, respectively. In contrast, MALDI provided an ~757 and ~295 fold higher signal
for PC(18:1/18:1) compared to NAPA, without and with additional sodium. From MSI
analysis of biological tissues, such as mouse lung and human skin, where NAPA provided
an ~105 and ~49 fold increase, respectively, in signal intensity for TGs when compared to
MALDI. With respect to PCs, MALDI provided an ~2 and ~19 fold increase in signal
intensity for mouse lung and human skin tissue, respectively, when compared to NAPA.
The complementary coverage obtained from the two platforms demonstrates the utility of

using both techniques to maximize the information obtained from lipid MSI experiments.

4.2.  Introduction

Triglycerides (TGs) are an essential class of lipids found in almost all biological
systems, where their primary function is energy storage. With regard to human health, TGs
have been implicated in a host of potentially life-threatening diseases. For example,
dyslipidemia, a condition characterized by elevated levels of TGs in plasma, has been
linked to numerous diseases, including metabolic syndrome, type-2 diabetes, coronary
heart disease, and atherosclerosis.! Furthermore, TGs have also been linked to deadly
diseases, such as non-alcoholic fatty liver disease.® The prevalence and seriousness of these
ailments has led to routine clinical testing for elevated levels of TGs. To better understand
and treat these diseases, it is vital to develop analytical platforms capable of providing in-

depth analysis of oftentimes difficult to detect neutral lipids, such as TGs.
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Mass spectrometry imaging (MSI) is an analytical technique that allows for
detection of a broad range of biomolecules while simultaneously mapping their spatial
distributions within a sample. Thus far, MSI platforms have demonstrated remarkable
success in imaging of biomolecules, such as proteins, peptides, lipids, and small-molecule
metabolites.51° The emergence of MSI can be attributed to the development of platforms
like matrix-assisted laser desorption ionization (MALDI) and secondary ion mass
spectrometry (SIMS), which were the first MSI platforms to be successfully
demonstrated.!™ 12 Due to its comparative “softness” of ionization and the large array of
UV-absorbing matrices available, many with selectivity for certain biomolecular classes,
MALDI has unquestionably established itself as the method-of-choice for MSI
applications.>1°

While remarkable success has been achieved by MALDI-MSI, a significant
challenge remains in the detection and analysis of neutral lipids, such as triglycerides (TGs)
from biological tissues.'® This challenge arises due to suppression of TG ions by
phospholipids, such as phosphatidylcholines (PCs), which constitute a majority of the lipid
species present in most cell membranes.” ¥ While the MALDI matrix 2,5-
dihydroxybenzoic acid (DHB) is generally considered the gold standard for MS/MSI
analysis of TGs, DHB has provided limited utility in ionizing TGs from biological tissues
in MSI applications.'®?! To overcome this limitation, several novel laser desorption
ionization (LDI) methods employing silver or gold nanoparticles were developed, resulting
in significant enhancement of ion yields for TGs and a reduction in detection efficiency for

PCs.222¢
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While these alternative LDI methods incorporating silver or gold nanoparticles
have demonstrated impressive improvements in the detection of TGs, deposition of a UV-
absorbing matrix onto the tissue surface remains a prerequisite for successful MSI. Great
care must be taken to avoid inhomogeneous matrix deposition, , which can lead to so-called
“hot spots” and inaccurate apparent spatial distributions for analytes.?> 2 To address this
issue, several matrix-free MSI platforms were developed or adapted, including desorption
electrospray ionization (DESI), desorption/ionization on silicon (DIOS), nanostructure-
initiator mass spectrometry (NIMS), and laser ablation electrospray ionization (LAESI).?"
31

Silicon nanoposts arrays (NAPA) are another matrix-free LDI platform previously
developed by our lab and shown to provide ultratrace sensitivity and broad molecular
coverage.®>* Furthermore, MSI of biological tissues on NAPA has indicated that detection
of certain lipid classes, such as hexosylceramides (HexCers) and
phosphatidylethanolamines (PEs), was enhanced compared to MALDI.?> % Here, we
present NAPA as a matrix-free LDI-MS platform offering enhanced ionization efficiency
of TGs, and demonstrate imaging applications for mouse lung and human skin tissue

sections.

4.3. Materials and Methods
4.3.1. Chemicals

2,5-dihydroxybenzoic acid (DHB, catalog no. 58707) was purchased from Sigma-
Aldrich (St. Louis, MO). LC-MS grade solvents water (catalog no. W6-212), chloroform
(catalog no. C6704-4), methanol (catalog no. A452-4), acetonitrile (catalog no. A955-4),

and sodium acetate (catalog no. S209-500) were all purchased from Fisher Scientific
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(Hampton, NH). Lipid standards 1,2,3-trihexadecanoyl-glycerol (TG[16:0/16:0/16:0] or
TG[48:0], catalog no. 111000) and 1,2-dielaidoyl-sn-glycero-3-phosphocholine
(PC[18:1/18:1] or PC[36:2], catalog no. 850376) were purchased from Avanti Polar Lipids,
Inc. (Alabaster, AL).
4.3.2. Fabrication of NAPA Imaging Chips

The nanofabrication process for NAPA chips was previously described.? Briefly,
silicon nanoposts with final post dimensions of 1100 nm in height, 150 nm in diameter,
and a periodicity of 337 nm are fabricated from high-conductivity p-type silicon wafers
(Silicon Valley Microelectronics, Inc., Santa Clara, CA) using deep ultraviolet projection
lithography (DUV-PL) followed by deep reactive ion etching (DRIE).
4.3.3. Preparation of Lipid Standards

TG(16:0/16:0/16:0) and PC(18:1/18:1) were dissolved and mixed to create a
mixture containing each compound at 1 mg/mL . For NAPA, lipid standards were prepared
in chloroform and pipetted onto NAPA wells in 250 nL volumes. For MALDI, lipid
standards were prepared in 73:18:9 isopropanol:methanol:water with a final concentration
of 10 mg/mL DHB and pipetted in 500 nL volumes onto a stainless steel MALDI plate.

To assess the influence of salt addition on ionization efficiency of the lipid
standards mixture, 250 nL of 100 uM sodium acetate was deposited onto NAPA wells and
allowed to dry at atmospheric pressure before subsequent deposition of 250 nL aliquots of
the lipid standards mixture. For MALDI, 100 uM sodium acetate was added to the sample
solution prior to spotting. Analysis of the lipid standards mixture with and without salt was

carried out in triplicate.
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4.3.4. Tissue Preparation for MSI

Human skin tissue samples were harvested from patients undergoing
abdominoplasty and provided by The George Washington University School of Medicine
and Health Sciences (Washington, DC) in accordance with GW Institutional Review Board
101419. Whole mouse lungs were provided by Children’s National Medical Center
(Washington, DC) in accordance with the Institutional Animal Care and Use Committee
(IACUC). All tissue samples were stored at -80 °C until analysis. A cryomicrotome
(CM1800, Leica Microsystems Inc., Nussloch, Germany) operated at -25 °C was used to
section 5 um- and 10 pm-thick tissue sections for NAPA-LDI-MSI and MALDI-MSI
experiments, respectively. Tissue sections were immediately thaw-mounted onto NAPA
imaging chips or Superfrost Plus microscope slides (cat. no. 12-550-15, Fisher Scientific,
Hampton, NH) for NAPA and MALDI analysis, respectively, and placed in a vacuum
desiccator for 30 minutes before analysis. For MALDI-MSI experiments, matrix was
applied using a Paasche airbrush (TS-100D, Chicago, IL), with 10-15 cycles consisting of
spraying 100 mg/mL DHB in 60% methanol for 10 s followed by a 30 s drying period.
4.3.5. Imaging Data Acquisition and Processing

All lipid standard and tissue imaging experiments were performed on a MALDI-
LTQ-Orbitrap XL mass spectrometer (Thermo Scientific, San Jose, CA) at a resolving
power setting of 30,000. The instrument is equipped with a nitrogen laser emitting radiation
at 337 nm with a 60 Hz repetition rate and a focal spot size of ~100 pm x 80 um. Laser
fluences ranging from 8 to 160 mJ/cm? were used for analysis of the lipid standards

mixture, while fluences of 120 mJ/cm? and 150 mJ/cm? were used for all MALDI- and
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NAPA-MSI analyses, respectively. Experiments with standards used 3 laser shots/scan for
NAPA and 10 shots/scan for MALDI. All MSI experiments used 3 shots/scan.
4.3.6. Tissue Extraction and UPLC-MS/MS

The complete tissue extraction protocol and UPLC-MS/MS conditions were
previously described.® Briefly, lipid extracts from intact mouse lung and human skin tissue
samples were collected for data-dependent analysis to help aid in the lipid assignments
from MSI experiments. Tissue samples were homogenized using a hand-held homogenizer
(TissueRuptor 11, Qiagen, Hilden, Germany) in a 5 mL centrifuge tube containing 2 mL of
70% methanol (chilled to -80 °C). Following homogenization, an additional 2 mL of
chloroform was added to induce phase separation and the chloroform layer was extracted
and analyzed by UPLC-MS/MS. A Waters Acquity (Milford, MA) UPLC system, operated
in reverse phase mode using a Waters Acquity UPLC CSH C18 column (2.1 mm x100 mm
x 1.7 um) for chromatographic separations, was interfaced to a MALDI-LTQ-Orbitrap XL

mass spectrometer (Thermo Scientific, San Jose, CA).

4.4.  Results and Discussion

Analysis of the nearly equimolar mixture of TG(16:0/16:0/16:0) and PC(18:1/18:1)
by NAPA and MALDI demonstrated the ability of each platform to selectively ionize a
particular lipid class (Figure 4.1). NAPA demonstrated a high degree of selectivity for TG
over PC, illustrated by a 49 fold higher signal intensity for TG relative to MALDI, where
TG signal was minimally detected (Figure 4.1a). These findings are in agreement with
previous MALDI studies demonstrating that PCs strongly suppress ionization of TGs.1" 1&
38 The [TG+Na]* adduct was the major intact TG species detected from NAPA, followed

by diglyceride (DG)-like ions generated by in-source fragmentation. Significant in-source
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fragmentation of the PC lipid species was observed, as indicated by the strong peak at m/z
184.07, corresponding to the PC head group, phosphocholine (Figure 4.2). In contrast,
MALDI proved superior at ionizing PC, with a 757 fold higher signal intensity for PC
relative to NAPA (Figure 4.1a). For MALDI, the spectrum was dominated by the [PC+H]*

species, with little detection of the [PC+Na]* species.
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Figure 4.1: Mass spectra obtained by NAPA-LDI-MS and MALDI-MS analysis of a
standard mixture containing TG(16:0/16:0/16:0) and PC(18:1/18:1) in positive ion mode
a) without and b) with addition of sodium acetate. lonic forms are denoted by superscripts:
1: [M+H]", 2: [M+Na]", 3: [M+Na-FA]*, 4: [M+H-FA]*, 5: [PC-Trimethylamine]*, 6:

[Phosphocholine+H]*. FA = fatty acid.
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Figure 4.2: Ratio of phosphocholine head group fragment to summed intact lipid adducts
as a function of laser fluence for a lipid standard PC(18:1/18:1) analyzed by MALDI-MS

and NAPA-LDI-MS.
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Table 4.1: Relative intensities of TG(16:0/16:0/16:0) and PC(18:1/18:1) ions detected by
NAPA- and MALDI-MS analysis of a mixture of the two compounds. Mixtures were
analyzed without additive and with 100 uM sodium acetate. VValues represent summed
intensities of H*, Na*, and K" species and are normalized to the lowest value for the given

lipid.

113



Without Sodium Acetate

With Sodium Acetate

Lipid Std. NAPA MALDI NAPA MALDI
TG(48:0) 49 1 227 4
PC(36:2) 4 757 1 295
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To explore the role of alkali metals in ionization selectivity, sodium acetate was
added to the lipid standards mixture before analysis by NAPA and MALDI (Figure 4.1b).
With added sodium acetate, NAPA provided a 227 fold higher signal intensity for TG
relative to MALDI (Table 4.1). This observation can be explained by both the increased
availability of sodium ions, leading to a larger initial ion population, and to the increased
stability of TG sodium adducts compared to protonated TGs, leading to significant
reduction in in-source fragmentation of TG ions into DG-like ions (Figure 4.1b).>%*
Interestingly, in the case of MALDI, the addition of sodium acetate led to a modest (4 fold)
increase in TG signal (Table 4.1). Instead, the excess sodium cations available for potential
adduction to TG shifted the ionization of PC from protonated to sodiated species. With
sodium acetate, MALDI yielded a 295 fold higher signal intensity for PC relative to NAPA.

Analysis of the lipid standards mixture containing PC and TG at varied laser fluence
showed that in the case of NAPA, increasing fluence led to increased TG signal and
reduced PC signal (Figure 4.3a). At higher laser fluences (e.g., 80 mJ/cm? and above),
considerable melting of the nanoposts occurs, liberating sodium cations for adduction to
TG. Furthermore, at elevated laser fluences, PC appears to undergo significant in-source
fragmentation when analyzed by NAPA (Figure 4.2), resulting in the intact PC lipid being
barely detected. This observation is in stark contrast to MALDI, where the lipid signal
composition remained unchanged across the fluence range examined. For all fluences, PC
dominated the spectrum, indicating that ionization of TG by MALDI in the presence of PC
is not fluence dependent. Similar experiments performed on lipid standards containing
sodium acetate showed little to no fluence dependence for either NAPA or MALDI, with

PC and TG dominating MALDI and NAPA spectra, respectively, at all tested fluences
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(Figure 4.3b). This finding supports the theory that increased fluences in NAPA analysis

liberate sodium for cationization, a superfluous process for sodium-rich samples.
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Figure 4.3: Relative lipid signal intensities as a function of laser fluence in NAPA-LDI-
MS and MALDI-MS analysis of a standard mixture containing TG(16:0/16:0/16:0) and
PC(18:1/18:1) in positive ion mode a) without and b) with addition of sodium acetate. No
signal was detected at the lowest laser fluence (8 mJ/cm?) NAPA with addition of sodium

acetate
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To compare the ability of NAPA and MALDI to selectively ionize and image TGs
and PCs from biological tissue, serial mouse lung tissue sections were analyzed. PC and
TG assignments based on accurate m/z are tabulated in Table 4.3. The integrated intensity
of PC ions obtained by MALDI-MSI analysis of lung tissue was 2x higher than that
obtained by NAPA (Table 4.2). Conversely, NAPA provided an ~105 fold increase in
integrated signal intensity for TGs relative to MALDI. The effects of this complementarity
on tissue imaging experiments are highlighted in Figure 4.4. The distributions of PC(36:4)
and TG(52:3) are clearly observed in the MALDI and NAPA datasets, respectively, but are
weakly detected by the alternate technique. Individual (per image) normalization does
reveal localized intensities for both lipids in both datasets (Figure 4.5), but the distribution
of the lower-intensity species (PC by NAPA, TG by MALDI) are ambiguous.
Alternatively, when the ion intensities are not scaled equally (Figure 4.5) between both
platforms, the spatial distribution of PC(36:4) is able to be somewhat mapped out by
NAPA-LDI-MSI, although clearly not as homogeneously as by MALDI.

To confirm the complementary coverage offered by NAPA-LDI-MSI and MALDI-
MSI platforms across various sample types, serial human skin tissue sections were
analyzed. When comparing the overall coverage of PCs (Table 4.2), MALDI again
outperformed NAPA by providing a 19x higher integrated signal intensity for PCs relative
to NAPA. Alternatively, NAPA demonstrated the ability to selectively ionize TGs by
providing an ~49 fold increase in integrated signal intensity relative to MALDI. With
regards to highlighting the complementarity between platforms (Figure 4.6), TG(52:2) was
homogenously detected throughout the tissue by NAPA, whereas TG(52:2) was weakly

detected throughout the tissue by MALDI. Conversely, when mapping out the spatial
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distributions of PC(36:5), MALDI successfully detected the lipid species relatively

homogenously throughout the skin tissue as opposed to NAPA.
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Figure 4.4: Optical images (a and d) and chemical images (b, c, e, and f) of serial mouse
lung tissue sections imaged by NAPA-LDI-MSI and MALDI-MSI platforms, respectively.
Chemical images b) and e) represent the [M+H]" ionic species of PC(36:4), whereas c) and
f) represent the [M+Na]" adduct of TG(52:3). Maximum image intensities are scaled
equally between the two platforms to illustrate the differences in ionization efficiency of
the respective lipids. Individually scaled images are available in Figure 4.5. g) Spectral

comparison of MS scans averaged across entire tissue region.
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Figure 4.5: Optical images (a and d) and chemical images (b, c, e, and f) of serial mouse
lung tissue sections imaged by NAPA-LDI-MSI and MALDI-MSI platforms, respectively.
Chemical images b) and e) represent the [M+H]" ionic species of PC(36:4), whereas c) and
f) represent the [M+Na]" adduct of TG(52:3). Individual chemical images were not scaled
equally (maximum image intensity found in top right corner of respective image) between
the two platforms to illustrate the differences in ionization efficiency of the respective

lipids. g) Spectral comparison of MS scans averaged across the entire tissue region.
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Table 4.2: Average signal increase for summed PC and TG ions and total number of
assigned species from mouse lung and human skin tissue samples. Intensities are
normalized to the lowest of the two techniques for each sample type. Lists of assigned PC

and TG ions in mouse lung and human skin are available in Tables 4.3 and 4.4, respectively.
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Mouse Lung Human Skin
NAPA MALDI NAPA MALDI

Avg. PC Signal Increase 1 2% 1 19x

Avg. TG Signal Increase 105x 1 49x% 1
Total # of PC Species 12 23 1 9
Total # of TG Species 40 15 44 23
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Figure 4.6: Optical images (a and d) and chemical images (b, c, e, and f) of serial human
skin tissue sections imaged by NAPA-LDI-MSI and MALDI-MSI platforms, respectively.
Chemical images b) and e) represent the [M+H]" ionic species of PC(36:5), whereas c) and
f) represent the [M+Na]" adduct of TG(52:2). Maximum image intensities are scaled
equally between the two platforms to illustrate the differences in ionization efficiency of
the respective lipids. g) Spectral comparison of MS scans averaged across entire tissue

region. Note that the MALDI signal is scaled 5x above m/z 650.

127



% Relative Signal Intensity

PC (36:5) TG (52:2)

m/z 780.5560 f m/z 881.7601

100 -

u
o

o

v
o

100 -

200 300 400 500 600 700 800 900

128



Table 4.3: PC and TG lipid identifications from analysis of mouse lung tissue.
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o YN Gl e, S frm aoon
PC(30:0) 14:0, 16:0 CasH76NOsP [M+H]+  706.5381 X 0.7
[M+K]+  744.4940 2.0 0.4
[M+NaJ+  728.5201 X 0.1
PC(32:1) 14:0,18:1,16:0,16:1  CaoH7NOsP  [M+2K-H]+  808.4656  -1.1 X
[M+H]+  732.5538 X 0.3
[M+K]+  770.5097  -0.8 0.1
[M+NaJ+  754.5357  -0.5 0.2
[M+Na+K-H]+ 792.4916  -0.1 X
PC(32:2) 14:0, 18:2, 16:1 CaoH76NOsP [M+K]+  768.4940  -4.0 X
[M+Na]+ 752.5201 X 1.6
PC(32:3) CaoH7aNOsP [M+H]+  728.5225 X 3.2
PC(34:0) 16:0, 18:0 CiHauNOsP  [M+2K-H]+ 8385125  -0.1 X
PC(34:1) 160, 18:1 CiHsNOsP  [M+2K-HJ+  836.4969  -0.9 X
[M+H]+  760.5851 X 0.4
[M+K]+  798.5410 0.8 11
[M+Na]+ 782.5670 X 0.6
PC(34:2) CiHsoNOsP  [M4+2K-H]+  834.4812 0.2 X
[M+K]+  796.5253  -2.0 0.1
[M-H:0+H]+  740.5589 X 4.0
PC(34:3) 16:0,18:3,16:1,18:2  CazHssNOsP [M+H]+  756.5538  -3.5 3.0
[M+K]+  794.5097  -3.2 X
[M+Na]+ 778.5357 X -1.7
PC(34:4) 14:0, 20:4 CazH76NOgP [M+H]+  754.5381  -3.7 3.0
[M+K]+  792.4940  -3.1 X
PC(34:5) Ca2H7aNOsP [M+H]+  752.5225 X 16
PC(36:1) 18:0, 18:1 CaaHssNOsP [M+K]+  826.5723 X 11
PC(36:2) 16:(1);3:220'%:11&0’ CaaHgaNOsP [M+H]+  786.6007 X 0.8
[M+K]+ 8245566  -1.0 05
[M+Na]+  808.5827 X 05
PC(36:4) 16:0, 20:4, 18:2 CaaHsoNOsP [M+H]+  782.5694 1.3 25
[M+K]+ 8205253  -1.0 0.1
PC(36:5) 16:0,20:5,16:1,20:4  CasHssNOsP [M+H]+  780.5538 X 3.2
PC(36:7) CwHuNOsP  [M-H.0+H]+ 7585119  -2.3 1.7
PC(38:4) 16:0,22:4,18:1,20:3  CagHaaNOsP [M+H]+  810.6007 X 19
[M+K]+  848.5566 X 0.4
[M+Na]+ 832.5827 X 0.7
PC(38:5) 12%::(;” 21?:51” 12%2’ CasHs2NOgP [M+K]+  846.5410 X 0.8
[M+NaJ+  830.5670 X 0.8
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PC(38:6)

TG(44:2)

TG(44:3)
TG(44:4)
TG(46:0)

TG(46:1)

TG(46:2)

TG(46:3)

TG(48:0)

TG(48:1)

TG(48:2)

16:0, 22:6, 18:2, 20:4

18:0, 22:6

14:0, 16:1, 14:1,
18:1, 12:0, 16:0,
10:0, 16:0

12:0, 14:0, 18:2,
10:0, 16:0

14:0, 18:1, 16:0,
16:1, 14:1, 12:0

14:0, 18:2, 12:0,
16:1, 14:1, 16:0,
10:0, 18:1

14:0, 18:3, 14:1,
18:2, 12:0, 16:0,
10:0, 18:1, 16:1

16:0, 16:1, 18:0,
14:0, 18:1

14:0, 16:0, 18:2,
16:1, 18:1, 14:1

CasHsoNOsP

CasH7sNOgP
CasH76NOsP
CagHgaNOgP

CasHssOs
CasHsaOs
CasHs206
Ca7H900s

C47Hs80s

C47H860s6

C47H840s6
C47Hs205
C49H940s6

C49H92056

C49H900s6

Ca9HssO0s

Cs1H980s6

Cs1H9606

Cs1H940s6
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[M+H]+
[M+K]+
[M+Na]+
[M+H]+
[M-H20+H]+
[M+K]+
[M+Na]+
[M+2Na-H]+
[M+2Na-H]+
[M+Na]+
[M+2Na-H]+

[M+2Na-H]+

[M+K]+

[M+Na]+
[M+Na]+
[M+Na]+
[M+K]+
[M+Na]+

[M+2Na-H]+

[M+K]+
[M+Na]+
[M+Na+K-H]+

[M+K]+

[M+Na]+

[M+K]+

[M+Na]+
[M+K]+
[M+Na]+

[M+K]+
[M+Na]+

[M+K]+

806.5694
844.5253
828.5514
804.5538
784.5276
872.5566
856.5827
767.6136
765.5980
741.6004
795.6449

793.6293

785.6056

769.6317
767.6160
765.6004
817.6682
801.6943

821.6606

815.6526
799.6786
837.6345

813.6369

797.6630

811.6213

795.6473
845.6995
829.7256

843.6839

827.7099

841.6682

3.3

0.9

-0.2
0.1
0.1
0.1
-0.2

3.2

0.8
0.0
3.8

0.8

1.6

0.1
11
-0.3

13

0.1

0.8

-1.8
-0.2
0.1
-2.5
-1.7
-2.3

xX X X X

X X X X X

15
-0.3

14

1.0



TG(48:3)

TG(50:1)

TG(50:2)

TG(50:3)

TG(50:4)

TG(50:5)
TG(52:2)

TG(52:3)

TG(52:4)

TG(52:5)

TG(52:6)

TG(54:3)

TG(54:4)

TG(54:5)

TG(54:6)

TG(54:7)
TG(56:3)

TG(56:4)

14:0, 16:1, 18:2,
14:1, 16:0, 12:0, 18:1

16:0, 18:1

16:0, 16:1, 18:1

16:0, 16:1, 18:2,
14:0, 18:1

14:0, 18:2, 16:1,

14:1,18:1

16:0, 18:1

16:0, 18:1, 18:2

16:0, 18:2, 16:1, 18:1

16:1, 18:2,18:1, 18:3

16:1, 18:2,18:3

18:0, 18:1, 18:2,

16:0, 20:1

18:0, 18:2, 18:1

18:1, 18:2, 16:0,
22:5, 20:3, 20:4, 18:3

18:2,18:1, 18:3,
16:1, 20:3

18:2,18:3,18:1

18:1, 18:1, 20:2

Cs1H92056

Cs3H10006

Cs3H9g0s

Cs3H960s6

Cs3H9405

Cs3H9205
CssH10206

CssH10006

CssHogO0s

CssHos0s

CssH940s6

Cs7H10406

Cs7H10206

Cs7H10006

Cs7H980s

Cs7H9606
Cs9H10806

Cs9H10606
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[M+Na]+

[M+K]+

[M+Na]+
[M+K]+
[M+Na]+
[M+K]+
[M+Na]+

[M+K]+
[M+Na]+
[M+K]+

[M+Na]+
[M+K]+
[M+K]+

[M+Na]+
[M+K]+

[M+Na]+
[M+K]+

[M+Na]+
[M+K]+

[M+Na]+
[M+K]+

[M+K]+

[M+Na]+
[M+K]+
[M+Na]+

[M+K]+

[M+Na]+
[M+K]+

[M+Na]+
[M+K]+
[M+K]+

[M+Na]+

[M+2Na-H]+
[M+K]+
[M+Na]+

825.6943

839.6526

823.6786
871.7152
855.7412
869.6995
853.7256

867.6839

851.7099

865.6682

849.6943
863.6526
897.7308
881.7569
895.7152
879.7412
893.6995
877.7256
891.6839
875.7099
889.6682

923.7465

907.7725
921.7308
905.7569

919.7152

903.7412

917.6995

901.7256
915.6839
951.7778
935.8038
955.7701
949.7621
933.7882

0.5

0.9

0.6
0.7
-0.4
1.1
0.4

0.9

0.6

0.8

0.6
1.4
-0.7
-1.2
0.0
0.0
0.3
0.4
0.4
0.6
0.6

-1.2

-1.6
-0.7
-0.9

-0.8
-0.4
-2.7
-2.3
1.4
-0.7
-1.0

0.4

1.2
-0.3
1.1
0.3

0.9

0.5

0.2

0.2

0.6
-0.5
0.8
0.4
0.4
0.4
-0.4
-0.3

0.4

-0.5
0.6
0.0

0.1



TG(56:5)

TG(56:6)

TG(56:7)
TG(56:8)
TG(58:8)
TG(60:13)

Cs9H10406

Cs9H10206

CsoH10006
Cs9H9s0s
C61H10206
Ce3H9606
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[M+Na+K-H]+
[M+K]+
[M+Na]+
[M+K]+
[M+Na]+
[M+K]+
[M+K]+
[M+K]+
[M-H20+H]+

971.7441
947.7465
931.7725
945.7308
929.7569
943.7152
941.6995
969.7308
931.7174

2.8
0.1
-0.8
0.0
-1.3
0.2
-0.2
0.4
0.3

X X X X X X X X X



Table 4.4: PC and TG lipid identifications from analysis of human skin tissue.
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. . Fatty Acids from Chemical . . Calc. A ppm A ppm
Lipid 1D LC-MS/MS Formula  lOMCSPeCies (NAPA) (MALDI)
PC(38:4) 16:0,22:4,18:1,20:3  CagHasNOsP [M+H]+ 810.6007 X 3.1
PC(36:5) 16:0, 20:5, 16:1, 20:4 CaaH7sNOsP [M+H]+ 780.5538 -2.6 -2.9
PC(34:3) 16:0,18:3,16:1,18:2  CasH7sNOsP [M+H]+ 756.5538 X 2.7
PC(36:4) 16:0, 20:4, 18:2 CasHsoNOgP [M+H]+ 782.5694 X 25
18:0, 18:2, 16:0,

TG(54:2) 20:0, 16:0, 18:1, 20:1 Cs7H10606 [M+Na]+ 909.7882 4.2 2.4

PC(38:7) CasH7sNOgP [M+H]+ 804.5538 X -2.4

PC(38:6) 16:0, 22:6, 18:2, 20:4 CasHsoNOsP [M+H]+ 806.5694 X -2.0

PC(34:2) Ca2Hs0NOsP [M+K]+ 796.5253 -3.0 -1.5

TG(52:4) 16:0,18:2,16:1, 18:1 CssHosOs [M+K]+ 893.6995 -0.2 -1.2
16:0, 20:2, 18:0,

PC(36:2) 18:2, 18:1 CaaHgaNOsP [M+H]+ 786.6007 X -1.1

TG(56:4) 18:1, 20:2 Cs9H10606 [M+Na]+ 933.7882 -2.5 -0.9
16:0, 16:1, 18:2,

TG(50:3) 14:0, 18:1 Cs3H9606 [M+K]+ 867.6839 0.8 -0.8

PC(34:1) 16:0, 18:1 Ca2Hs2NOsP [M+H]+ 760.5851 X -0.8
14:0, 18:1, 16:0,

TG(46:1) 16:1, 14:1, 12:0 Ca9H920s6 [M+Na]+ 799.6786 -0.4 -0.3

PC(34:2) Ca2Hs0NOsP [M+H]+ 758.5694 X -0.2

TG(52:2) 16:0, 18:1 CssH10206 [M+Na]+ 881.7569 -1.1 -0.2

TG(56:5) Cs9H10406 [M+Na]+ 931.7725 -1.3 -0.1
18:0, 18:1, 18:2,

TG(54:3) 160, 2011 Cs7H10406 [M+Nal+  907.7725  -1.2 0.0
14:0, 16:1, 18:2,

TG(48:3) 14:1, 16:0, 12:0, 18:1 Cs1H9206 [M+Na]+ 823.6786 0.2 0.1

TG(50:1) 16:0, 18:1 Cs3H10006 [M+Na]+ 855.7412 -0.4 0.1

TG(56:3) Cs9H10806 [M+Na]+ 935.8038 -1.4 0.2

PC(34:1) 16:0, 18:1 Ca2Hs2NOsP [M+K]+ 798.541 X 0.4

TG(52:3) 16:0, 18:1, 18:2 CssH1000s [M+Na]+ 879.7412 0.1 0.5
18:0, 18:1, 18:2,

TG(54:3) 16:0, 20:1, Cs7H10406 [M+K]+ 923.7465 -0.7 0.6
18:2,18:1, 18:3,

TG(54:6) 16:1, 20:3 Cs7H9806 [M+Na]+ 901.7256 -1.2 0.6

TG(54:4) 18:0, 18:2, 18:1 Cs7H10206 [M+Na]+ 905.7569 -0.9 0.6
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TG(48:2)
PC(34:1)
TG(50:2)
TG(52:5)
TG(56:7)
PC(36:2)

PC(38:4)

TG(54:5)

TG(56:6)

TG(48:1)

TG(50:3)

TG(52:4)
TG(52:3)
TG(50:4)

TG(52:2)
TG(50:2)

PC(36:2)
TG(46:0)
TG(48:1)
TG(50:1)
TG(54:2)
TG(42:1)

TG(60:10)
TG(56:4)

14:0, 16:0, 18:2,
16:1, 14:0, 18:1, 14:1

16:0, 18:1
16:0, 16:1, 18:1

16:1, 18:2, 18:1, 18:3

16:0, 20:2, 18:0,
18:2,18:1

16:0, 22:4, 18:1, 20:3

18:1, 18:2, 16:0,
22:5,20:3, 20:4, 18:3

16:0, 16:1, 14:0,
18:0, 14:0, 18:1

16:0, 16:1, 18:2,
14:0, 18:1

16:0, 18:2, 16:1, 18:1

16:0, 18:1, 18:2

14:0, 18:2, 16:1,
14:1, 18:1

16:0, 18:1
16:0, 16:1, 18:1

16:0, 20:2, 18:0,
18:2,18:1

16:0, 16:1, 14:0,
18:0, 18:1

16:0, 18:1

18:0, 18:2, 16:0,
20:0, 18:1, 16:0, 20:1

18:1, 20:2

Cs1H940s6

Ca2Hg2NOgP

Cs3H980s

CssHo60s

Cs9H10006

CagHgaNOsgP

CasHgaNOsP

Cs7H10006

Cs9H10206

Cs1H960s6

Cs3H960s6

CssHogOs

CssH10006

Cs3H940s6

CssH10206
Cs3H980s

CaaHgaNOsgP

Ca9H940s6

Cs1H960s6

Cs3H10006

Cs7H10606

Css5Hg40s

Cs3H10206
Cs9H10606
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[M+Na]+
[M+Na]+
[M+Na]+
[M+Na]+
[M+Na]+
[M+Na]+

[M+Na]+

[M+Na]+

[M+Na]+

[M+Na]+

[M+Na]+

[M+Na]+
[M+K]+
[M+Na]+

[M+K]+
[M+K]+

[M+K]+
[M+Na]+
[M+K]+
[M+K]+
[M+K]+
[M+Na]+

[M-H20+H]+
[M+K]+

825.6943

782.567

853.7256

875.7099

927.7412

808.5827

832.5827

903.7412

929.7569

827.7099

851.7099

877.7256

895.7152

849.6943

897.7308
869.6995

824.5566

801.6943

843.6839

871.7152

925.7621

743.616

937.7644
949.7621

0.2

0.1

0.8

-1.6

-0.6

-1.0

-0.2

0.5

0.5

0.5

-0.4
1.3

-2.5
-1.8
-1.7

0.6

0.6

0.7

0.7

0.7

0.7

0.8

0.8

0.8

0.8

0.8

0.9

0.9

1.1

1.2
1.3

1.3

1.3

1.8

2.0



TG(46:2)

TG(44:3)
TG(58:6)
TG(42:2)

TG(54:5)

TG(44:2)

TG(54:4)

TG(44:0)
TG(56:8)

TG(54:7)

TG(54:6)

TG(44:4)
TG(52:6)
TG(46:5)

TG(46:3)

TG(52:5)

TG(56:5)
TG(56:7)
TG(50:5)
TG(46:0)
TG(56:6)
TG(58:6)
TG(48:5)
TG(60:11)

TG(48:2)

TG(58:8)

14:0, 18:2, 12:0,
16:0, 16:1, 14:1,
18:1, 10:0

18:1, 18:2, 16:0,
22:5, 20:3, 20:4, 18:3

12:0, 14:0, 18:2,
10:0, 16:0

18:0, 18:2, 18:1

18:2,18:3, 18:1

18:2,18:1, 18:3,
16:1, 20:3

16:1, 18:2, 18:3

14.0, 18:3, 14:1,
18:2, 16:1, 12:0,
16:0, 10:0, 18:1

16:1, 18:2, 18:1, 18:3

14:0, 16:0, 18:2,
16:1, 18:1, 14:1

C49H900s6

C47Hg40s6
C61H10606
Css5Hg20s6

Cs7H10006

Ca7Hsg60s6

Cs7H10206

C47H900s6
Cs9Hos0s

Cs7H960s6

Cs7H980s6

C47H820s6
CssH940s6
C49Hg40s6

Ca9HssO0s

CssHo6O0s

Cs9H10406
CsoH10006
Cs3H9206
Ca9H9406
Cs9H10206
Cs1H10606
Cs1HsgsOs
Ce3H10006

Cs1H940s6

Cs1H10206
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[M+Na]+

[M+Na]+
[M+Na]+
[M+Na]+

[M+K]+

[M+Na]+

[M+K]+

[M+Na]+
[M+K]+

[M+K]+

[M+K]+

[M+Na]+
[M+K]+
[M+Na]+

[M+Na]+

[M+K]+

[M+K]+
[M+K]+
[M+Na]+
[M+K]+
[M+K]+
[M+K]+
[M+Na]+
[M-H20+H]+

[M+K]+

[M+K]+

797.663

767.616
957.7882
741.6004

919.7152

769.6317

921.7308

773.663
941.6995

915.6839

917.6995

765.6004
889.6682
791.616

795.6473

891.6839

947.7465
943.7152
847.6786
817.6682
945.7308
973.7621
819.6473
935.7487

841.6682

969.7308

-0.8

-0.7
-0.7
-0.7

-0.6

-0.6

-0.6
-0.6

-0.5

-0.4

-0.4
-0.3
-0.3

-0.1
-0.1
0.1
0.1
0.1
0.2
0.5
0.5

0.5

0.6

X X X X X X X X



TG(46:1)

TG(50:4)

TG(46:2)

TG(48:3)

TG(50:5)
TG(58:8)

TG(46:3)

TG(56:4)
TG(40:1)
TG(42:0)

TG(44:2)

TG(42:1)
TG(44:0)
TG(56:4)

TG(44:1)

TG(46:1)

14:0, 16:0, 16:1,
14:1, 12:0, 18:1

14:0, 18:2, 16:1,
14:1, 18:1

14:0, 18:2, 12:0,
16:0, 16:1, 14:1,
18:1, 10:0

14:0, 16:1, 18:2,
14:1, 16:0, 12:0, 18:1

14:0, 18:3, 14:1,

18:2,18:2, 12:0,

16:0, 10:0, 18:1,,
16:1

18:1, 20:2

12:0, 14:0, 18:2,
10:0, 16:0, 18:2

18:1, 20:2

14:0, 16:1, 14:1,
16:0, 12:0, 18:1,
12:0, 10:0, 18:1

14:0, 18:1, 16:0,
16:1, 14:1, 12:0

Cs9H920s6

Cs3H940s6

Cs9H900s6

Cs1H920s6

Cs3H92056
Cs1H10206

CaoHsgsOs

Cs9H10606
C43Hg00s
CasHgsOs

Ca7Hsg60s6

Cs5Hg40s6
Ca7H900s6
Cs9H10606

C47Hg80s

Ca9H92056
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[M+K]+

[M+K]+

[M+K]+

[M+K]+

[M+K]+
[M+Na]+

[M+K]+

[M+2Na-H]+
[M+2Na-H]+
[M+2Na-H]+

[M+2Na-H]+

[M+2Na-H]+
[M+2Na-H]+
[M+Na+K-H]+

[M+2Na-H]+

[M+2Na-H]+

815.6526

865.6682

813.6369

839.6526

863.6526
953.7569

811.6213

955.7701
737.5667
767.6136

791.6136

765.598
795.6449
971.7441

793.6293

821.6606

0.8

0.8

1.0

1.0

13
1.4

1.7

2.3
2.4
2.4

2.8

2.8
2.8
2.8

2.9

3.1



4.5.  Conclusion

The analysis of a lipid standards mixture and MSI of multiple biological tissue
sections demonstrated NAPA as an MS/MSI platform providing enhanced ionization
efficiency for TGs when compared to MALDI, in addition to its previously demonstrated
selectivity for other neutral lipid species. In contrast, MALDI provided selectivity for PCs
over TGs. The ability of NAPA-MSI to overcome the ion suppression of TGs by PCs
presents the possibility of using both platforms in tandem to maximize molecular coverage
of lipids for MSI experiments. The use of MALDI to image lipid classes, such as PCs and
sphingomyelins (SMs), and NAPA to image lipid classes, such as TGs, PEs, and HexCers,
from serial sections, or possibly same sections, promises to greatly expand the capabilities
of MSI for studying the role of lipids in disease, infection, metabolism, and a host of other

applications.
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CHAPTER 5
Mass Spectrometry Imaging of Lipids in Human Skin Disease Model Hidradenitis

Suppurativa by Laser Desorption lonization from Silicon Nanopost Arrays

Based on material submitted to Scientific Reports by Jarod A. Fincher, Derek R. Jones,
Andrew R. Korte, Jacqueline E. Dyer, Paola Parlanti, Anastas Popratiloff, Christine A.

Brantner, Nicholas J. Morris, Russell K. Pirlo, Victoria K. Shanmugam, and Akos Vertes.

5.1.Abstract

Neutral lipids have been implicated in a host of potentially debilitating human
diseases, such as heart disease, type-2 diabetes, and metabolic syndrome. Matrix-assisted
laser desorption ionization (MALDI), the method-of-choice for mass spectrometry imaging
(MSI), has led to remarkable success in imaging several lipid classes from biological tissue
sections. However, due to ion suppression by phospholipids, MALDI has limited ability to
efficiently ionize and image neutral lipids like triglycerides (TGs). To help overcome this
obstacle, we have utilized silicon nanopost arrays (NAPA), a matrix-free laser desorption
ionization (LDI) platform. Hidradenitis suppurativa (HS) is a chronic, recurrent
inflammatory skin disease of the apocrine sweat glands. The ability of NAPA to efficiently
ionize lipids is exploited in the analysis of human skin samples from sufferers of HS.
lonization by LDI from NAPA allows for the detection and imaging of a number of neutral
lipid species, including TGs comprised of shorter, odd-chain fatty acids, as well as
hexosylceramides (HexCers) and galabiosyl-/lactosylceramides that appear to be

correlated with the presence of HS. Our results demonstrate that NAPA-LDI-MSI is
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capable of imaging and potentially differentiating healthy and diseased human skin tissues

based on changes in detected neutral lipid composition.

5.2. Introduction

Lipids are a diverse class of biological compounds that play numerous roles in
human physiology and disease. In addition to serving as the main building blocks of cell
membranes, they are involved in a host of critical biological processes, such as cell-to-cell
signaling and energy storage.! Lipids constitute over half of the brain’s dry weight, and
changes in certain lipid classes, such as hexosylceramides (HexCers) and
phosphatidylethanolamines (PEs), have been implicated in devastating neurological
diseases, such as Alzheimer’s disease.? Neutral lipids, for example, triglycerides (TGs),
diglycerides (DGs), and monoglycerides (MGs), steryl esters (SEs), and wax esters (WES),
are essential in energy storage but some of them, e.g., DGs, also function as second
messengers in lipid signaling, and help to maintain sterol homeostasis (e.g., SEs).5®

With the ability to simultaneously provide detailed chemical information and reveal
spatial distributions of analytes within tissue, mass spectrometry imaging (MSI) has the
potential to provide significant insight into the roles of lipids in maintaining homeostasis
and the development of disease. Imaging by mass spectrometry is an analytical technique
that is capable of detecting and identifying biomolecules with high chemical specificity,
while simultaneously mapping their spatial distributions within biological tissue sections.
Driven by this unique set of capabilities, MSI has seen widespread growth in fields, such
as the pharmaceutical industry and clinical diagnostics.®*? Matrix-assisted laser desorption

ionization (MALDI) and secondary ion mass spectrometry (SIMS) were the first MSI
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platforms to capture the distributions of diverse chemical species in biological tissues.'®

Since then, MALDI, in which a UV-absorbing matrix is deposited onto the sample to
facilitate laser desorption ionization (LDI), has become the most extensively used MSI
platform. The widespread adoption of MALDI-MSI is attributed in large part to the wide
array of possible matrices, many of which provide selective ionization of certain
compounds or classes of compounds.® ¥ 18 This versatility has allowed for the imaging of
a broad range of biomolecules, including proteins, peptides, metabolites, and lipids.t’?

In spite of the rapid advancements in the application of MALDI for MSI and the
development of novel MALDI matrices, many challenges remain. Notably, MSI of neutral
lipids, such as TGs, has been difficult using organic MALDI matrices, for example, 2,5-
dihydroxybenzoic acid (DHB), due to ion suppression by phospholipids, e.g.,
phosphatidylcholines (PCs). To overcome this limitation, several novel methods,
incorporating metal nanoparticles in place of organic matrices, have been developed
facilitating the detection and imaging of TGs in the presence of PCs.?> 23 While these
modifications have helped to extend the attainable lipid coverage in MALDI-MSI
experiments, they still require deposition of a UV-absorbing material onto the tissue for
MSI. This process can lead to inhomogeneous matrix deposition, diffusion of analytes, and
creation of so-called “hot spots”, which negatively affect the achievable spatial resolution
and can disrupt localization of analytes.t® 2426

Since the emergence of MALDI-MSI, several innovative matrix-free MSI
platforms, such as  nanostructure-initiator  mass  spectrometry  (NIMS),
desorption/ionization on silicon (DIOS), desorption electrospray ionization (DESI), and

laser ablation electrospray ionization (LAESI) were developed. These techniques were
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developed for or adapted to imaging with the goals of circumventing the low mass
interference introduced by the MALDI matrix, minimizing sample preparation, and
extending the attainable molecular coverage for MSI applications.?”°> Another matrix-free
platform capable of MSI, LDI from silicon nanopost arrays (NAPA), was developed in our
lab. It has been shown to provide ultratrace sensitivity and the detection of a wide range of
compounds and compound classes.®¢-3 Previous MSI experiments examining mouse brain
tissue sections on NAPA revealed enhanced ionization efficiency for certain lipid classes,
such as HexCers and PEs, when compared to MALDL.*° This enhanced sensitivity for
difficult-to-detect species in tissues offers the possibility of using NAPA-MS to
complement MALDI-MS for studying the roles of neutral lipids and other lipid classes in
biological processes and disease. Here, we present the use of NAPA-LDI-MSI for imaging
of neutral lipid distributions in human skin tissue. To illustrate potential medical
applications, we apply NAPA-LDI-MSI to study lipid profiles and localizations in skin
samples obtained from patients diagnosed with Hidradenitis suppurativa, a chronic skin
disease that causes inflammation and seriously compromises quality of life for many

sufferers.

5.3.  Methods
5.3.1. Chemicals and Materials

LC-MS grade water (catalog no. W6-212) and chloroform (catalog no. C6704-4)
were purchased from Fisher Scientific (Hampton, NH). Carboxymethylcellulose (CMC;
catalog no. C4888) was purchased from Sigma-Aldrich (St. Louis, MO). Lipid standard D-
lactosyl-BR-1,1" N-palmitoyl-D-erythro-sphingosine (LacCer(d34:1), catalog no. 860576P)

was purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). SEM reagents
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glutaraldehyde (catalog no. 16020), paraformaldehyde (catalog no. 15710), sodium
cacodylate buffer (catalog no. 11652), anhydrous ethanol (catalog no. 15055), and osmium
tetroxide (catalog no. 19170) were all purchased from Electron Microscopy Sciences
(Hatfield, PA). Conductive silver paint (catalog no.16062) was purchased from Ted Pella,
Inc. (Redding, CA).
5.3.2. Fabrication of NAPA Imaging Chips

The complete fabrication process for production of NAPA imaging chips has been
previously described.** Briefly, NAPA imaging wafers were produced from low resistivity
p-type silicon wafers using deep UV projection lithography (DUV-PL) followed by deep
reactive ion etching (DRIE). Final dimensions for nanoposts were 1100 nm in height and
150 nm in diameter, with a periodicity of 337 nm.
5.3.3. Tissue Sample Preparation for MSI

Human skin tissues were harvested from four patients diagnosed with advanced
stages of HS (diseased tissue) and three patients undergoing abdominoplasty (uninfected
tissue) in accordance with protocols approved by the GW Institutional Review Board
041408 and 101419, respectively. Tissue samples were collected from the operating room
immediately after being excised from the patient and washed with PBS solution before
being stored at -80 °C. For cryosectioning, tissue samples were embedded in a 2.5% CMC
solution and sectioned at a 5 um thickness at -25 °C. Tissue sections were then thaw-
mounted onto NAPA imaging chips and placed in a desiccator for ~30 min before MSI

analysis.
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5.3.4. MSI Data Acquisition and Image Processing

All MSI analysis of human skin samples on NAPA was performed usinga MALDI-
LTQ-Orbitrap XL mass spectrometer (Thermo Scientific, San Jose, CA). A nitrogen laser
emitting radiation at 337 nm with a focal spot size of ~100 um x 80 um was operated at a
laser fluence of ~150 mJ/cm? with 3 laser shots/scan and a raster step size of 100 pm. All
mass spectra were acquired from m/z 180 and 1,000 using the orbitrap mass analyzer at a
mass resolving power setting of 30,000.
5.3.5. Scanning Electron Microscopy

Tissue sections and punches were fixed in a 2.5% glutaraldehyde, 1.5%
paraformaldehyde, and 0.12 M sodium cacodylate buffer (pH 7.4) solution for a minimum
of 24 h, then rinsed with a 0.12 M sodium cacodylate buffer (pH 7.4) at 3x15 min intervals,
and placed in a 1% OsOs solution for 1 h. Samples were dehydrated by subsequent
immersion in 9 ethanol-water solutions with increasing concentration (15% up to 100%) at
15 min intervals before immediately being placed in a Tousimis 931 critical point dryer
(Tousimis, Rockville, MD). After fixation, samples were mounted onto SEM stubs and
sputter coated (Cressington Scientific Instruments, Watford, England) with a 6 nm-thick
coating of iridium. All SEM images were acquired using a FEI Teneo LV FEG SEM
(Thermo Fisher Scientific, Waltham, MA).
5.3.6. Data Analysis

After acquisition, raw data files (*.raw) were imported into ImageQuest (Thermo
Scientific, San Jose, CA) for processing. MS scans from the hair follicle/apocrine sweat
gland region and dermis region of both tissue types were averaged and exported, then

uploaded into mMass for peak picking and deisotoping.*> Principal component analysis

149



was performed using MetaboAnalyst (https://www.metaboanalyst.ca; last visited

12/28/2018). Parameters for performing PCA analysis of the hair follicle/apocrine sweat
gland region and dermis region consisted of a 7 mDa mass window for binning of mass
spectra, as well as a setting of 65% and 67% missing values threshold, respectively.
Furthermore, all data were normalized to the sum, log transformed, and scaled using Pareto
scaling. The m/z values identified as statistically significant (p < 0.05) with a signal
intensity fold-change between diseased and control greater than 2 were compared against

the LipidMaps reference database, (http://www.lipidmaps.org/), for tentative lipid

identifications based on mass accuracy (x5 mDa). Finally, confirmation of lipid
identifications were carried out using tandem MS with fragmentation induced by
collisional induced dissociation (CID). TGs were identified based on observed neutral fatty
acid chain losses, whereas galabiosyl-/lactosylceramides were identified based on

individual sugar losses, and by spectral comparison to a commercial standard.

5.4. Results

To account for natural variation of lipid distributions within tissue sections,
comparisons between control and Hidradenitis suppurativa (HS) tissues were constrained
to two distinct regions identified by tissue morphology and confirmed by subsequently
identified biomarkers. The first region used for comparisons consisted of the region
surrounding the hair follicle and apocrine sweat gland, whereas the second region consisted
of dermis tissue distant from these two features. Principal component analysis (PCA) of
spectra obtained from the follicle/apocrine sweat gland region of control and HS skin
sections allowed for the distinction of the two sample types (Figure 5.1a). A total of 170

ion signals were detected with significantly different ion intensities between HS and
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control tissues at fold-change, FC = IHS/IC, and p-value thresholds of FC > 2 or FC < 1/2
and p < 0.05, respectively (Figure 5.1b). Subsequent identification of ion signals by

accurate m/z search against a lipid database (LIPID MAPS; www.lipidmaps.org) and

tandem MS analysis revealed a number of triglycerides (TGs) comprised of shorter, odd-
chain fatty acids (C15:0, C13:0, etc.) to be significantly more abundant in HS tissue than
the control (See Table 1). These species exhibited fold increases in signal intensity ranging
from 2 to 16 for HS tissue relative to the control. In contrast, TGs containing exclusively
even-chain fatty acids (C16:0, C18:0, etc.) were detected more weakly in HS samples, with
signal intensity fold decreases, -1/FC, ranging from -2 to -48 compared to control tissue
(See Table 1). Other tentatively assigned ions (i.e., from accurate m/z alone) representing
neutral lipid classes, such as DGs, MGs, and WEs showed fold increases in signal intensity
ranging from 13 to 37 for HS tissue compared to control.

Comparison of the dermis region of control and HS tissue analyzed by NAPA-LDI-
MSI revealed even greater separation of the two tissue types by PCA (Figure 5.1c). A total
of 350 ion signals were detected with significantly different intensities between HS and
control tissues at the same significance criteria (Figure 5.1d). Subsequent identification
revealed several members of another class of neutral lipids, hexosylceramides (HexCers)
and galabiosyl-/lactosylceramides, to contribute significantly to the difference between the
two tissue types. For HS diseased tissue, a statistically significant increase in the detection
of galabiosyl-/lactosylceramides was observed within the dermis, with average fold
increases ranging from 29 to 403. As with the hair follicle/apocrine sweat gland region, the
lipids decreased in the HS diseased tissue consisted largely of TGs containing exclusively

even-chain fatty acids, with average fold decreases, -1/FC, ranging from -6 to -22.
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Figure 5.1: Principal component analysis scores plots for a) hair follicle/apocrine sweat
gland region and c) dermis region. VVolcano plots for b) hair follicle region and d) dermis

region.
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Following identification of species contributing to differences between HS and
control tissues, MS images were generated to examine the distribution of these species
within the tissue samples. Figure 5.2 presents the spatial distributions of several TGs
varying by one carbon. TGs containing odd-carbon or short-chain fatty acids (43:0, 44:0,
45:0, and 47:0) were predominantly localized to the hair follicle/apocrine sweat gland
region. Sample tandem MS spectra used for identification of these species are presented in
Figure 5.3. Those containing longer-chain, even-carbon fatty acids were distributed more
uniformly throughout the tissue. When comparing mass spectra (Figure 5.2), TGs
consisting of shorter, odd-chain fatty acids found in the m/z 700-815 range were found to
dominate the spectrum for HS tissue, whereas TGs consisting of longer, even-chain fatty
acids found in the m/z 820-950 range were found to dominate the spectrum from control
tissue. Moreover, MS images for one sulfatide, SHexCer, and several galabiosyl-
/lactosylceramides can be found in Figure 5.4. The galabiosyl-/lactosylceramides in
particular were detected throughout the epidermis of HS tissues, and were almost
completely absent in control samples. This was further illustrated when comparing the
mass spectra, as lipid classes, such as galabiosyl-/lactosylceramides, HexCers, and
phospholipids, dominated the mass spectrum for HS diseased tissue, whereas native-like
TGs consisting of longer, even-chain fatty acids dominated the control spectrum. Sample

tandem MS spectra used for identification of these species are presented in Figure 5.5.
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Figure 5.2: MS images acquired from 5 um thick control (top row) and HS diseased
(bottom row) tissue sections using NAPA-LDI-MSI. lon intensity values were scaled
equally between the two tissue types. Comparison of spectra obtained by averaging 8 MS

scans from the hair follicle/apocrine sweat gland region (yellow boxes) of both tissue types.
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Figure 5.3: Tandem mass spectra of m/z 759.6 TG(43:0), m/z 771.6 TG(44:1) and m/z 787.7
TG(45:0). Based on FA losses, these TGs are identified as TG(15:0/15:0/13:0),
TG(14:0/14:0/16:1), and TG(16:0/15:0/14:0) and their isomers, respectively. All three TG

lipid species were detected as sodiated adducts.
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Figure 5.4: MSI analysis of 5 um thick control (top row) and HS diseased (bottom row)
tissue sections using NAPA-LDI-MSI. The selected chemical images show the spatial
distributions of detected galabiosyl-/lactosylceramides (denoted by red asterisks), which
were shown statistically to be present at remarkably higher levels in the HS diseased tissue.
To help with visual orientation of the tissue sections, a chemical image of SHexCer (t33:1),
tentatively assigned based on mass accuracy (x5 mDa), was created to trace along the
epidermis. Comparison of spectra obtained by averaging 8 MS scans from the dermis
region of both tissue types (yellow boxes). lon intensity values were scaled equally

between the two tissue types.
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Figure 5.5: MS? and MS2 of m/z 884.6, identified as sodiated galabiosyl-/lactosylceramide

(d34:1).
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5.5.  Discussion

For many years, antibiotics have been the first-line therapy for HS. Previous
investigations of HS cases have established that patients have increased bacterial loads in
affected areas, where it has been hypothesized that the infection is a result of the
malfunctioning hair follicle and apocrine sweat gland region.***¢ When HS lesions become
advanced, bacterial biofilms may contribute to disease pathogenesis, however, the
mechanisms by which biofilms contribute to HS disease progression and the interactions
between biofilms and the host immune response are poorly understood.*’

Based on the ability of mapping neutral lipid distributions in human tissue by
NAPA-LDI-MSI, our results help explore the localization of bacteria in HS affected skin.
It is well documented that bacteria are the primary producers of odd-chain fatty acids.*®*
The apparent local accumulation of these lipids (2 to 16 fold increase in HS relative to
control) supports this hypothesis. To confirm the localized increase in bacterial load, HS
and control tissue samples (Figure 5.6) were examined by scanning electron microscopy
(SEM). In the control tissue sample (Figures 5.6¢ and 5.6€), small colonies of bacteria were
visible along the hair shaft. Given the ubiquity of bacteria on human skin and the critical
roles the skin microflora plays in maintaining overall health, this finding was expected. In
contrast, the hair shaft of the HS diseased tissue (Figures 5.6d and 5.6f) showed a
substantially greater number of bacteria exhibiting emerging plaques. Moreover,
significant accumulation of what appear to be immune cells (Figure 5.7) was observed in
the epidermis of HS diseased tissue (Figure 5.7d), whereas they were absent in the control

(Figure 5.7¢), indicating an immune response from the host tissue to bacterial infection.
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SEM imaging of tissue punches from HS diseased tissue also revealed a characteristic

“tunnel-like tract,” a hallmark of HS (Figure 5.8b).
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Figure 5.6: Scanning electron microscope images of control and HS affected tissue
sections. a) and b) Cross sections of 300 um thick control and HS affected tissue sections
with hair follicle (green arrow). c) and d) Higher magnification images of hair shaft (green
arrows in a) and b)). e) and f) Higher magnification images showing increased presence of

bacteria with emerging plaques along hair shaft in HS affected tissue.
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Figure 5.7: Scanning electron microscope images of control and HS affected tissue
sections. a) and b) Cross section of 300 um thick control and HS affected tissue sections
with hair protruding through epidermis (green arrow). c) and d) Higher magnification
images showing the absence and presence of what appear to be immune cells along the
epidermal surface (green arrows in a) and b)) for control and HS affected tissues,

respectively.
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Figure 5.8: Scanning electron microscope images of control and HS diseased skin tissue.
a) Cross-sectional view of control skin tissue. b) Cross-sectional view of HS skin tissue,
where the characteristic “tunnel-like tract” (denoted by green arrow) can be seen in the
dermis region. c) and d) Epidermis surface (top-down view) for control and HS diseased

tissue, respectively.
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The significantly increased levels of galabiosyl-/lactosylceramides detected from
HS diseased tissue by NAPA-LDI-MSI, as well as the apparent accumulation of immune
cells in the HS diseased epidermis, support previous findings that accumulation of bacteria
is associated with HS. Sphingolipids, for example galabiosyl-/lactosylceramides, are a
class of neutral lipids that have been shown to be involved in a host of physiological
processes, such as cellular stress response, apoptosis, cell proliferation, and microbial
pathogenesis.>>>8 Certain sphingolipids have been shown to possess antibacterial activity
toward specific bacterial strains, contributing to defense against pathogenic bacteria.>®%
Furthermore, lactosylceramides (LacCers), a class of glycosphingolipids, have become an
area of research interest, as they have been shown to be involved in mediating innate
immune responses, host-tissue pathogen interactions, and chronic inflammatory
diseases.54®® The ability of LacCers to form “lipid rafts” within the cell membrane of host-
tissue neutrophils confers binding selectivity against certain strains of bacteria, helping to
target harmful pathogens.” The significant increase in galabiosyl-/lactosylceramides
observed here is in agreement with the finding that enzymes responsible for generation of
galabiosylceramides were significantly elevated in HS patients®, although the isomeric
galabiosyl- and lactosylceramides could not be distinguished in this work.

As a matrix-free LDI-MSI platform offering enhanced ionization efficiency for
classes of neutral lipids, e.g., TGs and sphingolipids, NAPA structures expand the coverage
of lipid classes present in biological tissues. Serving as a complementary MSI platform,
NAPA can be used in conjunction with MALDI, whereby imaging of different lipid classes
from serial tissue sections can provide further insight into human diseases, such as heart

disease and metabolic syndrome, as well as host-pathogen interactions. Given that neutral
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lipids have become a growing area of interest in biomedical research, the ability to detect
and spatially map their distributions in biological tissues contributes to advancing this

burgeoning field.

5.6.  Conclusions

Here we have shown an application of the NAPA-LDI-MSI platform to analyze
and differentiate between control and HS diseased human skin tissue samples through
differences in the observed lipid composition. The ability of NAPA to selectively ionize
neutral lipid classes, such as TGs and galabiosyl-/lactosylceramides—Iipid species that
serve critical functions in numerous biological processes and are often difficult to detect in
conventional MALDI-MSIl—presents the possibility of using this platform to further
investigate host-pathogen relationships, the process of pathogenesis, and defense

mechanisms against infection.
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Chapter 6

Conclusions and Future Outlook

6.1.  Conclusions

The work described in this dissertation attempts to expand the capabilities in the
field of MS/MSI through addressing some of the fundamental challenges currently facing
MS/MSI and its contingent future advancement. These fundamental challenges include
areas, such as enhancing the sensitivity and molecular coverage, development of new
ionization MSI platforms targeting classes of biomolecules that are oftentimes difficult to
detect, reducing acquisition times typically required for MSI, as well as development of
remote sampling platforms to extend the powerful analytical capabilities of MS beyond the
confines of the laboratory. With respect to remote LAESI, a remote sampling ambient
ionization platform, the implementation of CAD-based software integrated with CFD
allowed for greater insight into the gas flow dynamics throughout the chamber and the
transfer efficiency of ablated particles. This information resulted in a redesigned ablation
chamber, offering enhanced sensitivity and molecular coverage compared to the previous
prolate spheroid chamber used in proof-of-principle studies.! Furthermore, owing to the
capabilities afforded by 3D printers, rapid prototyping of CAD designed ablation chambers
is made possible, which significantly reduces the time required for production and
optimization studies.

Through NAPA-LDI-MSI experiments on various biological tissues, NAPA

demonstrated its ability to serve as a complementary MSI platform with respect to MALDI,
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offering enhanced ionization efficiency of certain lipid classes, such
phosphatidylethanolamines (PEs), hexosylceramides (HexCers), and triglycerides (TGS).
As a result of these capabilities, NAPA helps expand the obtainable coverage for the
abovementioned lipid classes that are often difficult to detect by MALDI. Furthermore,
NAPA analysis of human skin tissues allowed for differentiation of lipid composition
between diseased and healthy tissues, highlighting the capabilities of NAPA-LDI-MS as

an imaging platform for clinical research.

6.2.  Future Outlook

The field of MSI has undoubtedly established itself as a powerful analytical
technique, demonstrating remarkable capabilities in the imaging of a broad range of
biomolecules without molecular labeling. With MSI platforms like MALDI tissue sections
can be subsequently stained and interpreted by histological methods.? As a result, MSI is
now being integrated into histology, where the chemical and spatial information obtained
by MSI is helping differentiate oftentimes ambiguous cancerous and noncancerous
tissues.> # This ability helps eliminate the difficult and sometimes subjective interpretation
histologists might have to identify tumor margins from tissue biopsies.> ¢ MSI can also be
used in conjunction with traditional histological staining methods, whereby generated
chemical images can be co-registered with optical images of the stained tissue, providing
enhanced spatial resolution capabilities through a process called image fusion, as well as
offer chemical information for morphological areas of interest provided by the stained

tissue.” 8 Additionally, the chemical and spatial information obtained through MSI can
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shed light on the innate cellular heterogeneity that exists within and between tumors, as
well as differentiate subtypes of sarcomas, to highlight only a few of the examples.® 1
With regards to NAPA, several exciting future directions remain to be explored.
For example, the ability of NAPA to differentiate lipid compositions in diseased and
control skin samples presents the possibility of implementing NAPA as an imaging
platform to investigate additional host tissue-pathogen interactions. Additionally, given the
complementary coverage of lipid classes afforded by NAPA with respect to MALDI, future
MSI studies aimed at studying changes in lipid compositions could combine these two
imaging platforms to extend the obtainable lipid coverage, providing a more
comprehensive analysis. Another unique possibility of combining NAPA and MALDI
imaging arises from acknowledging the inherent differences in the required laser fluences
needed for optimal desorption from the two platforms. Since MALDI with most matrices
provides high ion yields at low laser fluences (~8 mJ/cm?) and NAPA requires much higher
laser fluences (~120 mJ/cm?), consecutive imaging of the same biological tissue section
becomes a promising possibility. A tissue section could first be imaged by MALDI and
then by NAPA, with each platform serving to selectively ionize different classes of lipids
from the same biological tissue section. Moreover, given the wide array of known silane
and siloxane chemistries available for surface modifications of silicon substrates (e.g.,
NAPA), the potential exists to significantly enhance the coverage of different classes of
biomolecules by NAPA through chemical functionalization. Lastly, given the precision of
the nanofabrication process, which produces nanoposts with sub-micron uniformity,
NAPA presents the possibility to offer better spatial resolution and more precise

quantitation through elimination of so called “hot spots.”
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The discovery and development of ambient ionization MS/MSI platforms, such as
DESI, LAESI, LA-ICP, laser capture microdissection, and many other noteworthy
platforms not listed here, have led to tremendous growth in the field of ambient
ionization.*** As a result of this growth, mass spectrometry was introduced into new
applications, such as assisting surgery in hospital operating rooms. The iKnife assists
surgeons who are attempting to remove cancerous tissue from a patient. The ability to
analyze the chemical composition of tissue in real time helps to more accurately identify if
the cancerous tissue has been successfully removed or not.'* 6 With the development of
DESI, surgeons can now perform intraoperative MS analysis from very small regions of
cancerous brain tissue (i.e., glioma) in the form of tissue smears to differentiate brain
regions and identify cancerous areas.!” The implementation of these ambient ionization
platforms in surgical treatment helps illustrate the advantages of MS/MSI in improving
outcomes in clinical diagnostics, as well as overall human life.

With regards to the advancement of the remote LAESI platform, future work will
be aimed at improving sensitivity and molecular coverage, incorporating a Peltier stage to
keep biological tissue sections frozen during MSI experiments, as well as eventually
integrating it with a research grade microscope to allow for enhanced spatial resolution and
imaging. To significantly improve upon the sensitivity obtained using the conical inner
volume chamber, further optimization of the gas flow dynamics using CFD, along with
modeling of particle trajectory simulations will be needed. The design of the future
chambers will need to facilitate efficient transfer of particles in the ~1 to 5 um diameter

range to increase sensitivity. The advantages of implementing CFD modelling into the
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design of remote sampling platforms has been also illustrated for platforms like DESI and
LA-ICP 1819

While MSI has been established as a powerful analytical technique with remarkable
capabilities, a few remaining limitations still exist that must be addressed before MSI is to
be universally accepted in clinical diagnostics. Arguably the two greatest challenges faced
by MSI today are the comparatively long acquisition time that is required for an MSI run,
and the ability to consistently reproduce results in different laboratories when different
protocols and instrumentation are used. With respect to interlaboratory reproducibility, a
recent article demonstrated that when standardized MALDI-MSI workflow is implemented
for trypsin application on formalin-fixed and paraffin embedded tissues for the
investigation of peptides, site-to-site reproducibility is maintained for discriminating
discrete histological features and achieving the desired spatial resolution.?° However, the
focus of this paper was the standardization of a tryptic digest protocol for peptide analysis.
Thus, for a more comprehensive analysis, standardized workflows that allow for the
analysis of a wider array of biomolecules, for example, lipids and metabolites, will need to
be developed and disseminated.

To address the concerns of the run times required for MSI, considerable effort was
been directed towards improving the acquisition rate. To provide perspective, MSI
experiments performed on a MALDI-TOF instrument can now be performed at an
acquisition rate of up to 50 pixels/s, thanks to the development of solid state lasers with
pulse repetition rates as high as 5 kHz, and imaging techniques employing continuous laser
raster sampling.?® 22 This is a significant improvement compared to the acquisition rate of

1 pixel/s reported in 2006.23 With respect to DESI-MSI, acquisition rates can reach as high
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as 30 pixels per second, and DESI has an additional throughput advantage of not requiring
sample preparation before MSI analysis.?* While these impressive acquisition rates can be
achieved using MALDI-TOF instruments, it should be noted that due to the inherent longer
scan times required for FT mass analyzers (e.g., orbitrap and FT-ICR), imaging acquisition
rates of 30 to 50 pixels per second are not currently possible when operating at high mass
resolution conditions.

Lastly, MSI as a field would benefit greatly from enhanced molecular coverage,
particularly with respect to proteins, and demonstrating a broader, more extensive
methodology for absolute quantitation. While it is not realistically feasible for MSI to
achieve the molecular coverage obtainable by traditional analytical techniques, e.g., LC-
MS, it is important that the disparity in coverage is narrowed. If the abovementioned
challenges are addressed, MSI will move beyond being a promising but challenging
analytical technigque, and will become an invaluable tool with wide-ranging applications in

clinical diagnostics, drug development, and biomedical research.
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