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CHAPTER1
INTRODUCTION

This chapter was in part adapted from Matrix-Assisted Laser Desorption/lonization Imaging Mass
Spectrometry: Technology and Applications published in Toxic Chemical and Biological Agents.
NATO Science for Peace and Security Series A: Chemistry and Biology and has been reproduced
with the permission of the publisher and my co-authors William J. Perry, Kavya Sharman, Katerina

V. Djambazova, and Richard M. Caprioli.

McMillen J.C., Perry W.J., Sharman K., Djambazova K.V., Caprioli R.M. (2020) Matrix-
Assisted Laser Desorption/lonization Imaging Mass Spectrometry: Technology and
Applications. In: Sindona G., Banoub J.H., Di Gioia M.L. (eds) Toxic Chemical and
Biological Agents. NATO Science for Peace and Security Series A: Chemistry and
Biology. Springer, Dordrecht. https://doi.org/10.1007/978-94-024-2041-8 7

OVERVIEW

Biological imaging is commonly used for the characterization of healthy and diseased
tissues, but each modality has trade-offs in the areas of spatial resolution, molecular coverage, and
specificity. Stained tissue microscopy provides a high spatial resolution view of tissue
morphologies and cellular structure but little molecular information. Although it requires a priori
information, immunohistochemistry provides additional specificity using antibodies to mark
antigens of predefined cell types. Matrix-assisted laser desorption/ionization (MALDI) imaging
mass spectrometry (IMS) allows for the untargeted detection of hundreds to thousands of
molecular species within a single experiment.!> IMS enables the detection of a wide range of
biological species at increased molecular coverage with high spatial resolution and sensitivity.
Historical background

Scientific imaging technologies have been advancing rapidly since Robert Hooke’s
discovery and drawing of cells from a thin section of the cork plant in 1665.% Stains for tissue
sections were developed and allowed for visualization of sub-cellular compartments such as the
nucleus as described by Joseph von Gerlach in 1858 using a dilute solution of carmine, followed
by the development of a combination of hematoxylin and eosin (H&E) stains to visualize the
cytoplasm and nucleus, respectively (1896).* These chemical stains allowed for finer optical

characterization of tissue, but little chemical information could be obtained. Separately, one year
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after H&E staining was developed, J. J. Thomson first described the separation of ions based on
their mass and charge using a cathode ray tube (1897), thereby setting the groundwork for modern
mass spectrometry (MS).® Since these first MS experiments, many discoveries have been made to
enable modern biological mass spectrometry, most notably the development of electrospray
ionization (ESI)®’ and matrix-assisted laser desorption/ionization (MALDI).® 1

Mass spectrometric instrumentation continued to improve and in 1997, Richard Caprioli et
al. analyzed thin tissue sections using a mass spectrometer to obtain chemical information in the
form of ion images.' The spatial resolution, or pixel size, of these first ion images from tissue using
MALDI was approximately 25 um. Since then, attempts have been made to achieve higher spatial
resolution images with higher sensitivity using MALDI imaging mass spectrometry (IMS) to better
characterize the molecular composition of tissues and organs, in a spatially resolved manner, to
understand human disease.
Matrix-assisted laser desorption/ionization

The MALDI process relies on the presence of a matrix with an analyte prior to irradiation
with a laser to generate ions in the gas phase (Figure 1.1).!"!? An ideal matrix functions to dilute
the sample and prevent aggregation, absorb energy from laser irradiation, and impart the energy
to the analyte to efficiently ionize with minimal fragmentation.'> The function of the matrix
absorbing laser irradiation serves multiple purposes. First, the analytes and sample surface are
spared from excessive energy that would cause analyte heating and fragmentation. It is important
that the analyte does not fragment upon ionization so that the identity of the ion can be determined.
Secondly, the matrix absorbs the laser irradiation and desorbs from the sample surface, forming
the MALDI plume of ions and neutral molecules thereby converting the sample into the gas
phase.'? Thirdly, the matrix molecules excited by the energy from the laser is thought to help with

ionization of analyte molecules by charge transfer.!!
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Figure 1.1. Schematic of MALDI process. Matrix is applied to a sample for co-crystallization with
analytes. Upon irradiation with an ultraviolet laser, the mixture is ablated, and analytes enter the
gas phase. lons (positively and negatively charged) are generated in this process and are directed
to the mass spectrometer for detection.

MS analyzers used for imaging applications

Once ions are generated, they can be directed to a mass spectrometer for analysis, where
different mass analyzers have their own strengths and drawbacks. Time-of-flight (TOF) mass
analyzers separate ions based on flight times in a high-vacuum flight tube and are commonly used
for IMS (Figure 1.2)."* The kinetic energy equation is shown in Equation 1 where KE is the
kinetic energy, m is mass, and v is velocity (also equal to distance/time), z is the number of charges
of the ion, and e is the electron charge. Equation 1 is rearranged to form Equation 2 (for MALDI
ions that are typically all singly charged) to show that ions that travel a set distance in the flight
tube and that have similar kinetic energy (KE) will differentiate based on their mass where smaller
ions reach the detector faster than larger ions. Therefore, ions with different masses are separated

as a consequence of their distribution of velocities.



Equation 1: KE = 2mv? = zeV,
2

Equation 2: t = —
2xzeVg
N m

The resolving power of a mass analyzer is defined in Equation 3 where m is the mass of
the ion and Am is the width of the peak measured at 50% peak height. Most TOF instrument have
moderate resolving powers but benefit because of their high throughput of analysis at up to about
100 pixels per second.'* Higher resolving power analyzers allow for separation of molecules that

have very similar m/z values and is especially useful for complex mixtures such as those from

tissue.
. m
Equation 3: R =—
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Figure 1.2. Schematic of ions travelling through the field free drift tube of a time of flight (TOF)
mass analyzer. lons are imparted with a large amount of kinetic energy in the ion source, travel
through the drift tube, and separate in time based on their mass (if all singly charged). Ions of
different mass (and therefore different velocities) reach the detector at different times and the
resulting mass spectrum is generated.




Another type of mass spectrometer detects ions based on the resonance frequency of ions
in the presence of a magnetic or electric field to generate an image current of the ion motion. The
image current measured in the time domain can then be translated to the frequency domain using
a Fourier transform and a mass spectrum is generated after calibration of known ions to their
corresponding frequency (Figure 1.3). Examples include the Fourier Transform ion cyclotron
resonance instruments (FT-ICRs) and Orbitraps. These instruments have variable mass resolution
that is based on an adjustable transient length and the ability of the ions to maintain their trajectory
inside the cell. Increased transient length allows for mass resolution of many hundreds of
thousands at m/z 400 for both FT-ICRs and Orbitraps. In an FT-ICR, packets of ions cycle within
a uniform magnetic field and initially have random orbital phases. Upon excitation, the orbital
radius of the ion packet increases to achieve coherence and the resonance frequency can therefore
be detected as an image current.'” In an Orbitrap analyzer, ions are injected and oscillate along a
central spindle-shaped electrode to produce an image current. This image current is transformed
into the frequency domain and converted to m/z, like with the FT-ICR. The frequency of the ions
is independent of the kinetic energy and is related to the ratio of m/g where ¢ is the total charge of
the ion (¢ = ze where e is the electron charge and z is the number of charges of an ion).'®!” One
benefit of the high-vacuum environment for FT instruments is that chemical noise can be
significantly reduced. Here, ions traverse a very long mean free path (many kilometers) in a
coherent motion for detection whereas background or metastable ions that do not have coherent
motion will be counted as part of the background.'® The acquisition times for FT instruments are
typically longer than for TOFs, but FTs allow for sensitive detection of ions with a wide dynamic
range and high mass resolution for elucidation of the composition of complex chemical mixtures.

Transient (time domain)

‘ H “ “ “ H “ H ” “ “ H ‘ Fourier transform Calibration

Frequency m/z

Figure 1.3. Simulated processing of data obtained from FT analyzers. The image current in the
time domain is transformed to the frequency domain using a Fourier transformation and
subsequently calibrated to obtain the corresponding mass spectrum.'®



MALDI imaging mass spectrometry

To perform a MALDI IMS experiment from tissue, the tissue is sectioned thinly (~10 pm)
and mounted onto a glass slide with a conductive coating (Figure 1.4). The small molecule matrix
is applied homogeneously to the surface typically using sublimation or a robotic sprayer. The
matrix-coated sample is loaded into the mass spectrometer and a focused laser is used to irradiate
the MALDI matrix layer to produce ions. The sample is moved in a grid pattern, the laser irradiates
the sample at each new position, and a mass spectrum is generated for each position. After
acquisition, peaks that correspond to biomolecules are integrated, and the peak intensities of each

location are displayed to produce heat maps based on ion intensity variation at different positions

within the tissue, thereby generating ion images.
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Figure 1.4. MALDI IMS workflow. Tissue is sectioned thinly and thaw-mounted onto a
conductive glass slide. Matrix is applied homogeneously to the surface. The sample is irradiated
to produce ions and a mass spectrum is generated at each position throughout the tissue. After
acquisition, ions are selected in imaging software to generate ion images based on intensity at
different positions within the tissue.

High spatial resolution MALDI IMS instrumental considerations

Spatial resolution is an important consideration of a MALDI IMS experiment as it
determines the level of structural detail visible in the resulting ion images. Many instrumental
parameters determine spatial resolution in a MALDI IMS experiment including the step size of the
sample stage, or pitch, and the area of the laser spot on target (Figure 1.5 A, B). Both the laser

ablation diameter and pitch need to be reduced to achieve higher spatial resolution, but most



commercial IMS instruments are limited to approximately 20 pm laser ablation diameter, as
determined by the laser focusing optics.

A tightly focused laser beam for high spatial resolution IMS is achieved using objective
lenses placed above a sample surface (Figure 1.6, front-side geometry). However, high power
objectives can interfere with ion transmission to the mass analyzer. An ablation diameter below 5
um is possible with special modifications of the laser optics.!”?° One reported approach uses a
drilled hole in the center of the final focusing lens that is positioned between the mass analyzer
and the sample.?! The lens is then brought close above the sample while allowing ion transmission
through the lens hole. Another approach to achieve a small ablation diameter is to place a high
numerical aperture objective behind the sample, and this optical arrangement is termed
transmission geometry (Figure 1.6, transmission geometry). A sample placed on an optically
transparent substrate results in the generation of ions unimpeded by laser optics so a much smaller

ablation diameter can be achieved versus front-side geometry .22



Spatial resolution considerations for MALDI IMS instrumentation
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Figure 1.5. Spatial resolution considerations for MALDI IMS instrumentation include laser spot
size and the distance between pixels, or pitch (A). Simulated examples of different spatial
resolution MALDI IMS of a rat brain sample are shown in (B) where large laser spot size and pitch
(200 pm) results in a low spatial resolution image where no distinct regions in the brain can be
visualized. Higher spatial resolution IMS with 50 um size pixels allows for visualization of
different regions of the brain including differentiation between white and grey matter regions of
the cerebellum. At higher spatial resolution the sampling area is smaller so there is less signal
overall as shown in the representative averaged mass spectra.
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Figure 1.6. MALDI ion sources available on commercial instruments (front-side geometry)
typically allow for a laser ablation diameter down to 20 um. A smaller ablation diameter can be
achieved with objective lenses closer to the sample. The transmission geometry optical path allows
for use of high numerical aperture lenses (e.g., 0.95 N.A.) close to the sample such that the laser
can travel through a transparent substrate and can be focused on the sample to achieve an ablation
diameter of approximately 1 pm. Reprinted by permission from Springer Nature, Matrix-Assisted
Laser Desorption/lonization Imaging Mass Spectrometry: Technology and Applications,
McMillen, J.C. et al. © 2020.

Increasing ion intensity for high spatial resolution IMS

While high spatial resolution increases the detail within an ion image, ion intensities are
decreased due to the smaller amount of material sampled. One approach to increase ion intensity
for high spatial resolution IMS is to use post-ionization to irradiate the MALDI plume and produce
more ions. In the laser irradiated plume, the ratio of neutral molecules to ions is high.** Common
post-ionization strategies include irradiation with either plasma, an ESI beam as with MALDESI,
or with a secondary, 266 nm UV laser.>>?’ Using a secondary UV laser for post-ionization is
termed MALDI-2.28-3% Here, post-ionization is delayed temporally after the initial MALDI event
(also called MALDI-1) to irradiate the MALDI plume that is generated above the sample (Figure
1.7). MALDI-2 has been shown to provide a 100-fold increase in intensities for some classes of

biomolecules including lipids,metabolites, and peptides*-*!32. The intensity increase provided by



MALDI-2 allows for higher spatial resolution experiments while maintaining a comparable signal-

to-noise ratio to MALDI-1 performed at a lower spatial resolution.*!-3
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Figure 1.7. MALDI-2 post-ionization shown with a transmission geometry optical setup for the
primary MALDI event. The MALDI-2 laser beam is focused orthogonally to the sample surface
above the sample. The lasers are synchronized such that MALDI-2 irradiates immediately
following the MALDI plume formation. Reprinted by permission from Springer Nature, Matrix-
Assisted Laser Desorption/lonization Imaging Mass Spectrometry: Technology and Applications,
McMillen, J.C. et al. © 2020.

Sample preparation for IMS

IMS is highly dependent on the quality of sample preparation.** An example workflow
consists of tissue sectioning, an optional washing procedure, matrix application, and an optional
recrystallization procedure is shown in Figure 1.8. The primary goal of any sample preparation is
to achieve crisp, accurate images with minimal analyte delocalization and degradation while
maximizing sensitivity.>> Sample preparation protocols are typically developed for specific tissue
types, analytes of interest, and desired spatial resolution, although common methods and protocols

can be established.3¢ 40
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Figure 1.8. MALDI IMS sample preparation workflow. A) Biological tissues are thinly
sectioned, and thaw mounted onto conductive microscope slides. B) Sections may undergo
optional washing protocols to select for analytes of interest or lessen chemical interferences. C)
MALDI matrix is homogenously applied to a sample using a robotic aerosol sprayer. D) An
optional recrystallization procedure can be applied to samples when needed to ensure analyte-
matrix layer co-crystallization. E) Prepared samples are ready when needed for IMS analysis.
Reprinted by permission from Springer Nature, Matrix-Assisted Laser Desorption/lonization
Imaging Mass Spectrometry: Technology and Applications, McMillen, J.C. et al. © 2020.

For fresh frozen samples, tissue is cryosectioned prior to thaw mounting onto the slide.
Tissue washing protocols can remove potential chemical interferences and select for specific
analytes (Figure 1.8 B).>>*'** Ammonium formate buffer is used to remove salts from tissue for
the analysis of lipids.*! In the positive ion mode, protonated ions dominate the spectra after
ammonium formate tissue washing. Decreased salt presence also increases sensitivity in the
negative ion mode. Sensitivity for intact proteins can be increased by removing both lipids and
salts from tissue using Carnoy’s solution (ethanol, chloroform, and acetic acid), water, and
ethanol.*> Washes may delocalize some analytes so care and validation are required.
MALDI matrix selection and application

MALDI matrices are chosen based on their ability to provide sufficient ionization
efficiency for a given analyte class (e.g., low molecular weight metabolites, lipids, proteins,
polymers, or organometallics). A MALDI matrix is typically a small organic molecule consisting
of a UV absorbing chemical moiety. Differences in observed analyte sensitivities can be attributed
to the physical properties of a matrix such as molecular structure, pH, proton affinity, and peak
wavelength absorbance.?>**3! However, studies have successfully employed various inorganic
materials such as nanoparticles or thin layers of metals.>? 2,5-dihydroxybenzoic acid (DHB) is

widely employed as a MALDI matrix, offering sufficient sensitives for many analyte classes in
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positive ion mode MS analysis.’***-3 9-Aminoacridine (9AA) is often used for the analysis of
metabolites in negative ion mode and 1,5-diaminonaphthalene (DAN) for lipids with high
sensitivity in both polarities.*>! However, the energy transferred during the ablation process can
result in analyte modification or fragmentation, complicating data interpretation.’>>’ Vapor
pressure is also a consideration when selecting a MALDI matrix because the matrix layer must
remain on the tissue surface under high vacuum conditions for lengthy acquisition times (hours).
2,5-Dihydroxyacetophenone (2,5-DHA) is an excellent matrix for MS analysis of multiple analyte
classes; however, its high volatility limits acquisition times.?* (E)-4-(2,5-dihydroxyphenyl)but-3-
en-2-one (2,5-cDHA) is a vacuum stable matrix providing high sensitivity for lipids, peptides, and

intact proteins.** Table 1.1 lists many commonly used matrices.
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Table 1.1. MALDI matrices and analyte applications

Matrix Other Names| Chemcial Structure Application
(E)-4-(2,5-dihydroxyphenyl)but-3-en-2-one|2,5-cDHA o Lipids
Peptides
"o X Proteins
o Positive and Negative lonization Modes
2,5-dihydrox toph 2,5-DHA .
, Vi yacetophenone , . Lipids
Peptides
Ho Proteins
Positive and Negative lonization Modes
OH
9-Aminoacridine 9-AA NH, Low Molecular Weight Metabolites
Lipids
| N O Negative lonization Mode
Z
N
a-C -4 i i i -
yano-4-hydroxycinnamic acid CHCA o Peptlc_ies
Proteins

X OH Positive lonization Mode

HO'

5-Chloro-2-mercaptobenzothiazole CMBT Lipids
Peptides
c N Positive and Negative lonization
\@ \>—5H Modes
S
1-5,Diaminonapthalene DAN NH, Lipids
“l l Positive and Negative lonization Modes
NH,
trans -2-[3-(4-tert-Butylphenyl)-2-methyl-2-| DCTB Carbohydrates
propenylidene]malononitrile Polymers

Inorganic Materials
Organometallics
Positive and Negative lonization Modes

2,5-Dihydroxybenzoic acid DHB Low Molecular Weight Metabolites

Pharmacuticals
Lipids
Positive lonization Mode

3,5-Dimethoxy-4-hydroxycinnamic acid Sinapic Acid o Peptides

Proteins
ou | Positive lonization Mode

HO

2',4',6'-Trihydroxyacetophenone THAP Carbohydrates

OH 0 Nucleic Acids

Lipids

Peptides

HO OH Positive and Negative lonization Modes

Reprinted by permission from Springer Nature, Matrix-Assisted Laser Desorption/lonization
Imaging Mass Spectrometry: Technology and Applications, McMillen, J.C. et al. © 2020.
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The protocol for application of a MALDI matrix to a tissue sample can dictate matrix layer
homogeneity, matrix crystal size, analyte extraction, and analyte delocalization (Figure 1.8 C).
MALDI matrices are commonly applied by either aerosol spray or sublimation. Aerosol
application can be accomplished using a hand airbrush sprayer or more homogenously and
reproducibly using a robotic pneumatic sprayer. Spray parameters including temperature, gas flow,
and solvent composition can influence analyte extraction and unwanted delocalization. Ideally,
matrix application is ‘wet’ enough to ensure analyte extraction without promoting analyte
delocalization. Crystal size of the matrix can be assessed using optical or scanning electron
microscopy methods as matrix crystal size is an important factor when performing high spatial
resolution IMS due to the need for crystals to be much smaller than the incident laser diameter.*?
Matrix application by sublimation has been shown to produce small crystal sizes®®. However,
sublimation typically does not provide the level of analyte extraction achieved by aerosol spray.
A recrystallization procedure was developed to achieve efficient extraction after matrix application
by sublimation (Figure 1.8 D).* One potential issue with sublimation is the lack of reproducible
deposition of the matrix over multiple replicates. As such, sublimation is generally not commonly
used for comparing large sample cohorts where reproducibility is crucial.?>*3*!5% Sample
preparation and matrix selection are important considerations when developing a method for IMS
analysis.

Biological example to illustrate developed technology: Diabetes and the pancreas

Diabetes is a disease that induces molecular changes that correspond to decreased
function of many organs including the pancreas and subsequent dysregulation of blood sugar levels
that further damage the body.®*%? There are two classifications of diabetes where type 1 diabetes
is an autoimmune disease and type 2 diabetes (T2D) is a metabolic disease (Figure 1.9).
Management of diabetes is possible by frequent testing of blood sugar, dietary restriction, and
sometimes injection of synthetic human insulin into the body. Modern developments such as
insulin pumps allow for more technology-based approach to the management of diabetes.®* Despite
the study of diabetes occurring since ancient times®, the molecular underpinnings and progression
of T2D is poorly understood.®> A comprehensive molecular understanding of diabetes progression
and its effects on the pancreas may allow for prevention of the disease overall or lead to better

approaches to treatment and management of the disease.
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autoim
v Exocrine pancreas size: reduced v Tissue content; ~1-2% endocrine ¥ Exocrine pancreas size: normal to
v Islet numbers: normal to reduced pancreas; ~95% exocrine pancreas reduced
v Significant loss (up to 100%) of v |slet numbers: normal v Islet numbers: normal to reduced
beta cell mass v All islets contain insulin* beta cells ¥ Loss of beta cell mass
v Insulitis; present (short disease ¥ Insulitis: absent ¥ All islets contain insulin® beta cells
duration) v Islet amyloidosis: absent to rare ¥ Insulitis: absent
v Islet amyloidosis: absent to rare (older individuals) ¥ Increased fat content
v lIslet amyloidosis: sparse lo present

Figure 1.9. Differences among a healthy pancreas versus one from an individual with type 1
diabetes or T2D. T2D is classified as a metabolic disease where islet amyloidosis is often present.
Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer,
Diabetologia, Organisation of the human pancreas in health and in diabetes Atkinson, M.A.,
Campbell-Thompson, M., Kusmartseva, 1. et al. © 2020.

The pancreas is a complex organ containing enzyme-producing tissue including endocrine
tissue (islets) that is composed of many cell types that secrete enzymes including insulin, glucagon,
and somatostatin that help regulate blood sugar (Figure 1.10).°° Islets in the pancreas are
numerous, (approximately one million)*® yet these small structures (approximately 150 pm in
diameter) are dispersed. Decreased islet functionality and B cell death leads to insulin resistance,
hyperinsulinemia, reduced capacity to produce insulin, as well as formation of amyloid plaques in
the islets.®”"° Bulk tissue analysis techniques such as homogenization are often used to study the
molecular profile of the pancreas, but spatial information is lost. Additionally, tissue
homogenization may dilute islet-specific signals below the limit of detection of some assays.
MALDI IMS allows for both untargeted analysis while maintaining spatial localization of islets

within the tissue.”!
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Figure 1.10. The human pancreas in relation to other organs in the body including the small
intestines, gallbladder, and spleen (A) with insets showing exocrine tissue (Acini) as well as
endocrine tissue (Islet of Langerhans) (B). Islets are composed of multiple cell types including o
cells, B cells, d cells, and PP (pancreatic polypeptide) cells (C). Reprinted by permission from
Springer Nature Customer Service Centre GmbH: Springer, Diabetologia, Organisation of the
human pancreas in health and in diabetes Atkinson, M.A., Campbell-Thompson, M., Kusmartseva,
L. et al. © 2020.

Compared to a non-diabetic (ND) pancreas, in T2D there is a loss of B cell mass, increased
fat content, and often, amyloid plaques form that can harm the insulin-producing  cells in
islets.®%7>"7* The amyloid plaques are primarily composed of islet amyloid polypeptide (IAPP)
aggregates. IAPP is a 37 amino acid peptide that is naturally co-secreted with insulin in a 1:100
ratio but the mechanism of formation and exact molecular composition of these amyloid plaques
is unknown or poorly understood.”>’>7>-76 Recently, non-enzymatic modifications to IAPP have

been shown to increase aggregation properties in vitro.”””’° A more complete understanding of the
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aggregation of islet amyloid polypeptide to form amyloid plaques could help in determining

approaches to prevention or treatment of type 2 diabetes.
SUMMARY OF CHAPTERS

Spatial resolution and sensitivity for MALDI IMS were improved through instrument
modification and implementation of new technology. First, modifications to a TOF instrument
were made to allow for high precision stage motion down to a 20 nm step size using microstepping
drivers. Additionally, ion source and laser optics modifications to allow for high spatial resolution
transmission geometry sampling down to 1.5 um ablation diameter. These modifications enabled
routine IMS of tissue sections at 1-2 um spatial resolution while maintaining a high rate of
acquisition (80 pixels/second). The transmission geometry technology was implemented on an
Orbitrap Elite platform to enable high mass resolution to elucidate the complex mixtures of tissue
at high spatial resolution. A new transmission geometry source was fabricated and laser optics
including a high numerical aperture objective (0.95 N.A.) was installed to achieve a 1 um ablation
diameter. Additionally, a secondary laser was implemented on the custom source to enable
MALDI-2 post-ionization for increased sensitivity of lipids and metabolites. A 7-fold increase in
overall lipid signal was detected for a spotted rat brain homogenate analyzed using the
transmission geometry system with MALDI-2. MALDI-2 post-ionization is a relatively new
technology for enhanced sensitivity for MALD IMS and there are differences in signal
enhancement based on lipid class. Therefore, to characterize the performance of MALDI-2 for
different lipid classes, four common MALDI matrices (DHA, DHB, CHCA, NOR) were evaluated.
The highest number of lipids identified was found with DHB matrix and MALDI-2 for positive
ion mode. Then, this sample preparation protocol was applied to study the lipid differences
between ND and T2D pancreata. The utility of MALDI-2 for other biomolecular classes such as
tryptic peptides had not been evaluated. Here, tryptic peptide signal from human kidney tissue was
shown to significantly increase with MALDI-2. This resulted in a 3-fold increase of proteins
identified compared to MALDI alone after matching to peptides generated by LC-MS/MS. Unlike
for lipids and tryptic peptides, protein signal did not change with MALDI-2 irradiation. Intact
protein analysis was performed using a 15T FT-ICR for spatial proteomic analysis of ND and T2D
pancreata. Proteoforms of islet amyloid polypeptide elevated in the T2D donor were discovered

that have not been previously characterized by spatial proteomic approaches. These modifications

17



and technology developments have allowed for significant improvement in lipidomic and
proteomic coverage from MALDI IMS of tissue sections, ultimately allowing for significantly

more comprehensive molecular, spatially resolved analysis of tissue.
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CHAPTER IT
IMPLEMENTATION OF MICROSTEPPING DRIVERS TO ENABLE HIGH
THROUGHPUT, HIGH SPATIAL RESOLUTION TRANSMISSION GEOMETRY
IMAGING MASS SPECTROMETRY

INTRODUCTION

Matrix assisted laser desorption ionization imaging mass spectrometry (MALDI IMS)
enables the direct mapping of molecular distributions in tissue samples.! An important parameter
of an IMS experiment is the spatial resolution, which determines the level of structural detail
visible in the resulting image.®**? Spatial resolution is a consequence of the beam size of the

focused laser on the sample and the step size between sampling areas, or pitch.?!"3

Over the past 10 years, there has been increased interest in improving spatial resolution as
most commercial MALDI instruments are limited to laser diameters of approximately 20 pm 5%
This limit is due to the long focal length needed with conventional laser optics systems to allow
for an unobstructed ion beam. Focusing optics with shorter focal lengths allow for higher
numerical aperture objectives that enable a more tightly focused laser beam and therefore smaller
spot size, thereby enabling high spatial resolution MALDI IMS.?** One method for improving
this spatial resolution is by focusing the laser using a centrally bored objective in line with the ion
beam. This allows for a short focal length while maintaining ion beam flow through the objective
center to the mass analyzer and has allowed for an ablation diameter of 1.4 pm on tissue.?!%
Precise machining of such an objective requires expertise, can add greatly to the expense of the
source and may induce source-to-source variability among designs. Other approaches to
minimizing the laser ablation diameter while not interfering with ion transmission include the
implementation of a pinhole within the laser optical path for spatial filtration of the laser beam.®’
A third approach to minimize ablation diameter is to direct the laser to the rear of the sample
through a transparent substrate, in a laser optical configuration termed transmission geometry
(TG).22880 In TG the focusing objective is placed opposite the mass analyzer so that the laser
passes through a conductive glass slide transparent to laser wavelength and ablates the sample.
This configuration allows for a short focal length and implementation of a high numerical aperture

objective to achieve tight laser focus thereby enabling high spatial resolution imaging.
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High spatial resolution IMS experiments also require stage raster step sizes (i.e., the pitch)
of distances equal to or smaller than the desired spatial resolution. For example, to obtain images
with pixels on the order of one micron, distance between sampling areas must be one micron. As
most instrument stages are limited by the motion drivers to send current pulses equating to
approximately 5 pm pitch and are not designed for precise movement, modifications to decrease

stage pitch are required.

We have modified a commercial MALDI TOF MS to perform high spatial resolution IMS
using microstepping motor operation to improve stage precision in TG. We have also implemented
a method for facile adjustment of the TG MALDI objective, greatly improving the speed and
accuracy with which the objective position can be calibrated. These modifications have enabled
more routine high spatial resolution IMS of rat brain and rat testis tissues from the instrument’s

original 50 pm limit down to 1.0 pm.
EXPERIMENTAL
Materials and sample preparation

The MALDI matrix (E)-4-(2,5-dihydroxyphenyl)but-3-en-2-one (2,5-cDHA) was used as
previously described**. Ethyl acetate, toluene, and ammonium formate were purchased from
Fischer Scientific (Waltham, MA). Rat brain was purchased from BioreclamationIVT (Baltimore,
MD). Frozen tissue was sectioned at 7 um thickness using a cryostat (Cryostar NX70, Thermo
Scientific, Waltham, MA), thaw-mounted onto indium tin oxide (ITO) coated glass slides (Delta
Technologies, Loveland, CO), washed with 50 mM ammonium formate solution, and dried in a
vacuum desiccator. Matrix 2,5-cDHA was prepared at a concentration of 3 mg/mL in a 1:1 ethyl
acetate/toluene mixture and sprayed at 90°C using a robotic TM Sprayer (HTX Technologies,
Chapel Hill, NC). After MALDI IMS, matrix was removed with methanol and the tissue section
was stained with hematoxylin and eosin (H&E) and ablation diameters were measured using a

Nikon microscope (Eclipse 90i, Nikon Instruments Inc., Melville, NY).
Instrument modification

Instrument modifications to a MALDI TOF system (SimulTOF 200 Combo, Virgin
Instruments, Marlborough, MA) were performed in addition to those described previously®.

Briefly, in addition to the front-side laser, the instrument was fitted with an open-frame stage to
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allow for TG optics. To reduce step size of the stage and reduce jitter in the motor, programmable
microstepping motion drivers (AutomationDirect STP-DRV-4850) were introduced to the stage
control which bypasses the original stepper driver control board (Figure 2.1). The drivers can be
programmed from 200 to 51200 steps per revolution using SureStep PRO software. A retriggerable
monostable multivibrator (SN74123N, Texas Instruments) was implemented before the

microstepping driver to ensure stepper signal fidelity for the stage motors in the x and y direction.

1 | Microstepping software

=,

Stage motor signal

Stage home and limit

switches

Programmable
microstepping driver

|

Sample stage motors

Figure 2.1. Implementation of microstepping drivers with sample stage motors of SimulTOF 200
instrument for high spatial resolution analysis.
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The laser focusing objective and its z-axis motor were mounted on an X, y-translational
plate so that the TG laser ablation area can be adjusted to be co-axial with the front-side ablation
area (Figure 2.2). The translation plate provides for adjustment of the focusing objective while
source is under vacuum, which reduces the time required for focusing alignment from ~1 hour to
a few seconds. Aligning the front-side and TG ablation areas ensures that ion beam produced from
either MALDI experiment is appropriately focused with the source ion optics. When switching
between front-side and TG modes typically only requires retuning of the pulsed ion extraction

timing, due to the fact that the MALDI plume dynamics can vary between front-side and TG,

Open frame target/stage »

X/y - motors

Microscope
objective

\
Z-position/ / T i\ \
focusing motor = i _i \
e - N N \
T Sl L\
X/ al \ = x Y objective
\0 & - ’
£ X "‘ <> 5 ) ,- adjustment

Figure 2.2. Source modifications on SimulTOF 200 instrument to allow for TG laser optics. The
TG optics are mounted on an x, y adjustment stage and has a motor for z-position adjustment.
Modifications did not affect the typical laser optical path.

A single laser shot per sampling area (i.e., pixel) was acquired by matching the real stage
speed with the laser frequency. This coordination was completed by calculating the distance the
stage has traveled between laser shots based on a constant stage speed in relation to the laser
frequency. Appropriate adjustment of the microstepping parameters is described in Equation 1 for

a desired spatial resolution, or pitch.

mm
S

Laser repetition rate (Hz)

scan speed ( )*1000 um/mm

Equation 1: Pitch (um) =
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RESULTS

In a previous report detailing the TG optical configuration on the SimulTOF 200 Combo
instrument, the achieved 2.5 pum step size was limited by the stage motion driver.?? In order to
decrease stage step size, microstepping drivers were spliced into the existing motor control lines,
bypassing the instrument motion control boards while maintaining continuity of the stage limit
switches. Microstepping drivers can be used in place of the original motion drivers to divide the
full step and corresponding current pulse into multiple microsteps. This is completed by sending
partial current pulses to move the motor in smaller increments that, when added together, are
equivalent to one full step of the motor. Microstepping increases the number of steps per motor
revolution allowing for increased step precision while maintaining use of the original stage motors.
A monostable multivibrator was implemented in-line prior to the microstepping drivers to decrease
electronic noise and errant motion signal such that motor motion can be precisely controlled
throughout the imaging run. The original motor motion drivers limited the stage motors to 400
steps per revolution resulting in a minimum 2.5 um step size, whereas microstepping now allows
for 51200 steps per revolution enabling a 20 nm theoretical step size. In addition to decreasing the
step size well below the 2.5 pm standard instrument stage capability, increasing the number of
motor steps between acquisition areas also allows for increased precision in the stage movement
by reducing mechanical jitter. Without microstepping, a single motor step per acquisition area
causes mechanical jitter that leads to a non-uniform ablation pattern (Figure 2.3 A). Scanning the
sample surface at 2.0 pm (i.e., below the 2.5 pm stage limit) causes the instrument stage to rescan
every 5" acquisition line to account for the discrepancy between the acquisition setting and
minimum allowable stage pitch. A much more uniform ablation pattern is achieved with
microstepping and stage pitch is improved to allow for higher spatial resolution imaging (Figure
2.3 B). The increase in the number of steps between each ablation position noticeably smooths out

mechanical stage jitter.
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Figure 2.3. Example of microstepping benefit with ablation pattern on reference material, distance
between ablation spots set to 2 um in both cases. Red scale bar is 5 um. A) Ablation pattern without
microstepping. Distance between ablation areas is about 2.5 pm which matches the smallest pitch
the original drivers allow. Mechanical jitter causes non-linear ablation pattern and non-uniform
distance between ablation areas. B) Ablation pattern with microstepping enabled. Distance
between ablation areas 2.0 um as desired with improved stage movement resolution for more
uniform distance between sampling areas.

The MALDI matrix cDHA was used as it was specifically developed in our lab to overcome
the challenges of high spatial resolution IMS in high vacuum ion sources.** Higher spatial
resolution acquisition of a given region allows for higher fidelity of spatial distribution of
molecules within a tissue but there are tradeoffs in the forms of lower signal, larger data file sizes,
and longer acquisition times. As such, some matrices may sublimate off in high vacuum sources
during long acquisition times resulting in signal fading over the acquisition time and eventually a
complete loss of signal. To remedy this, a matrix with a very low vapor pressure, cDHA, was
chosen. Additionally, matrix application was previously optimized to allow for crystal sizes of
approximately 1 um with minimal analyte delocalization. Minimal matrix mass loss was detected,
even after 24 hours, when stored in a similar high vacuum ion source.** The matrix also allowed
for sensitive detection of lipids to counteract the loss in signal from smaller sampling areas with

high spatial resolution IMS.

MALDI IMS acquisition parameters were optimized for TG high spatial resolution

analysis. In reflection geometry acquisition, the laser fires at one pixel for many tens to thousands
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of times and analyte signal is obtained with subsequent laser shots. Labs have previously
demonstrated that sample is ablated after one laser shot, but it was not clear if there was a
corresponding loss in signal for subsequent laser shots.®” To test this, tissue was analyzed in
transmission geometry in drill mode and the number of laser shots per pixel was varied from 1, 2
and 4 shots per pixel and a similar number of pixels was averaged for each acquisition.. With an
increased number of laser shots, the overall lipid signal decreased (Figure 2.4). Next, one pixel
was interrogated with subsequent laser shots and the resulting spectra were recorded (Figure 2.5).
The first laser shot generated all the detectable lipid signal (Figure 2.5 A) whereas the second laser
shot generated no signal (Figure 2.5 B). Subsequent laser shots were obtained (to 5 shots per pixel)
but the data were like the second laser shot (no lipid signal) and was not included here. These data

indicate that one laser shot should be fired per pixel because the matrix is ablated from that region.
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Number of laser shots averaged per pixel
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Figure 2.4. Lipids signal from tissue as a function of number of laser shots averaged per ablation
area. One laser shot per pixel (A) allows for the highest signal-to-noise ion image to be obtained.
Increasing the number of laser shots per pixel using “drill mode” to two (B) decreases the averaged
signal. Averaging more laser shots per pixel such as four (C) decreases the average signal further
such that it is indistinguishable from the instrumental noise. This indicates that the optimal analysis
will be performed with one laser shot per ablation area for the SimulTOF 200 system in TG.
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Figure 2.5. Transmission geometry analysis with subsequent laser shots. The first laser shot
contains majority of lipid signal for TG MALDI IMS. The same pixel was analyzed with
subsequent laser shots and the corresponding spectra were recorded. Single shot spectra from a rat
brain section demonstrates that the majority of signal is obtained from the first laser shot (A)
whereas no signal is obtained from the second laser shot for one IMS pixel (B). Therefore, ion
images should be based on single laser shots per ablation area for TOF platforms, else noise will
be averaged into the spectrum of each pixel and will lower the S/N of resulting data.

High spatial resolution IMS of rat testis tissue

High spatial resolution ion images were acquired in TG using stage microstepping. The
stage speed and laser repetition rate were adjusted per Equation 1 to obtain the desired pitch. Rat
testis was imaged using an 80-Hz laser frequency and a stage speed matched to acquire one laser
shot® every 2 um (Figure 2.4). The microstepping driver was set to 6400 steps per revolution
resulting in 156 nm step size and 12.8 steps per laser shot. The number of microsteps was not an
integer value so there may be some variability in pitch between ablation areas, but variability below
10% (microsteps above 5 & 0.5 per laser shot) was accepted. The ablation diameter on tissue after
acquisition was measured using an optical microscope and found to be, on average, ~1.5 um. Lipid
images showed numerous substructures in the tissue, including seminiferous tubule regions and

interstitial Leydig cells. For example, m/z 795 localizes throughout the large, circular seminiferous
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tubule structures (Figure 2.6 A) and m/z 885 localizes to the interstitial Leydig cells surrounding
seminiferous tubules (Figure 2.6 C). The lipid at m/z 809 also localizes to seminiferous tubules
but may reflect different developmental stages compared to m/z 795 because it is more
concentrated in the outer ring of the tubules, where spermatozoa are more mature (Figure 2.6 B).
The identity of the lipid at m/z 795 has been reported in literature to be a sulfated glyceroglycolipid,
seminolipid (16:0, 16:0), m/z 809 was reported as seminolipid (17:0, 16:0), and m/z 885 as PI
(diacyl-18:0/20:4).°°* An H&E stain of the tissue following acquisition confirmed the
identification of these tissue areas (Figure 2.6 D). The spermatozoa flagella are stained dark purple

and are located at the center of some seminiferous tubules.
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Figure 2.6. Rat testis imaged at 2 pm spatial resolution in negative ion mode with selected ions
shown (A-C) as well as the H&E stain of the tissue section after acquisition (D). A) Ion image of
m/z 795 shown in blue localizes throughout the seminiferous tubule (circular structure). B) Ton
image of m/z 809 shown in green localizes to seminiferous tubule differently from m/z 795,
seeming to correspond to different developmental stages with a ring of this lipid around tubule
during spermatozoa maturation (compare to dark central regions of tubule in H&E). C) Ion image
of m/z 885 in red localized to interstitial Leydig cells. D) H&E stain of tissue after ion image
acquisition showing histology matching with ion images and demonstrating that ample tissue is
left after imaging acquisition, an indication that there is no oversampling.
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TG IMS of rat brain cerebellum

Another test tissue, rat brain cerebellum, was used to acquire ion images in TG at different
spatial resolutions (2 wm, 1 pum, and 700 nm) to determine performance at higher spatial
resolutions and the ion images matched to corresponding tissue sections stained with H&E. For all
analyses, acquisition parameters were set to the smallest laser ablation diameter of ~1.5 um. For
the ion image of spatial resolution 2 pm, the microstepping stage and laser settings were such that
2 shots were acquired per pixel (Figure 2.7). High spatial resolution IMS allowed us to visualize
fine structural detail within the cerebellum region. Next, a 1 pm ion image was obtained with 1
laser shot per pixel. The laser ablation diameter was larger than the pitch, so some oversampling
of the tissue occurred, and the detrimental effects are thought to be seen as grainy ion images
(Figure 2.8). Additionally, there is a decrease in signal as evidenced by lower contrast in the ion
images. At even higher spatial resolution (700 nm), there is significant oversampling and there is
a corresponding decrease in sensitivity such that m/z 885 is no longer detected and there are few
distinguishing features in the ion image (Figure 2.9). The averaged spectra from the ion images
obtained at different spatial resolutions are shown in Figure 2.10 A-C and there is a corresponding

decrease in signal (voltage) at higher spatial resolution.

» » m/z 29 75%
e 885 I
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Figure 2.7. Rat brain cerebellum tissue section analyzed at 2 um spatial resolution in negative ion
mode using TG laser optics. lons were selected based on their localization to white and grey matter
within the cerebellum. A serial section of tissue was stained with H&E for comparison and a region
corresponding to approximate IMS region was outlined in white. No oversampling was observed
across the area of acquisition and tissue ablation diameter was approximately 1.5 pm.
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Figure 2.8. Overlay of rat brain images of MALDI IMS obtained in negative ion mode at 1 um
spatial resolution compared to a serial section of tissue stained with H&E. The ion image on right
was made transparent and overlaid onto the H&E section approximating the region of IMS. Signal
is relatively low for m/z 885, but still allows for contrasting ion images to be represented along
with m/z 888.
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Figure 2.9. Rat brain cerebellum imaged at 700 nm spatial resolution in negative ion mode in TG
overlaid onto an H&E-stained serial section of tissue. Multiple lipids were detected in the mass
spectrum averaged over the entire imaging region and the lipids had similar distributions within
the tissue. Only the ion at m/z 888 is displayed and the scale bar in black is 100 um in length.
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Figure 2.10. Signal comparison at various spatial resolution for analysis of rat brain tissue sections
with a TG MALDI source. Averaged mass spectra are shown for ion images obtained at spatial
resolutions of 2 pum (A), 1 pm (B) and 700 nm (C) of lipids in negative ion mode. Signal decreases
slightly between 2 um and 1 pm (B) indicating that the ablation diameter is slightly larger than 1
pm and that there is some oversampling. Additionally, at higher spatial resolution, the averaged
signal at 700 nm is significantly decreased compared to that at 1 pm indicating that there is
significant oversampling.
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TG IMS of rat brain hippocampus

Rat brain hippocampus ion images were acquired in TG with a 1 pm pitch. Stage speed for
1 um IMS was set to half that as compared to the 2 um acquisition parameters. Microstepping was
set to 6400 steps per revolution resulting in 156 nm step size and 6.4 steps per laser shot. lon
images were overlaid onto the same tissue section that was subsequently stained with H&E after
IMS acquisition (Figure 2.11 A). The overlaid images show the dentate gyrus of the hippocampus,
and they demonstrate the structural consistency between histological image and the ion images.
The ion at m/z 885 localizes to the dentate gyrus of the hippocampus whereas m/z 888 localizes to
surrounding structure. Average spectrum shown (Figure 2.11 B) demonstrates that numerous
lipids were detected. A single pixel spectrum (Figure 2.11 C) shows signal from a single sampling

area with good signal-to-noise.

33



M/Z 200 100%

A) 885 m—
883 N

B) Averaged spectrum c) Single pixel spectrum
0.056 0.116
£0.036 0.066
>
0.016 0.016
600 800 1000 1200 600 800 1000 1200
m/z m/z

Figure 2.11. Rat brain hippocampus ion images obtained at 1 pm spatial resolution acquisition
settings. After acquisition, the MALDI matrix was removed, and the tissue section was stained
with H&E to visualize the morphological details of the tissue. A) Detail of imaged hippocampus
region overlaid onto H&E-stained tissue. Two lipid ions of m/z 885 in red and m/z 888 in turquoise
are displayed. B) Average spectrum (~5000 pixels) of red region showing strong lipid signal at
high spatial resolution imaging. C) Single-pixel spectrum from ion image showing that multiple
ions are detected from one pixel.

Other tissues analyzed by transmission geometry include rat retina and Staphylococcus
aureus-infected mouse kidney (Figures 2.12, 2.13). High spatial resolution is needed for analysis
of the single-celled layer of the retinal pigment epithelium implicated in the development of

macular degeneration.” As the layer is approximately 10 pm wide, high spatial resolution IMS is
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required to differentiate that layer from the surrounding tissue. The RPE layer was not detectable
in this analysis, but greater sensitivity would allow for its detection. Murine model systems are
ideal for studying the effects of antibiotic resistant bacteria and the formation of bacterial colonies
in organs.’® An bacteria-induced abscess was selected for analysis (Figure 2.13) at 2um spatial
resolution. The abscess itself was devoid of signal but the surrounding tissue and tubules could be
visualized based on numerous lipid species that had different localizations within the tissue.

Neural retina
region

m/z 7%  100%
885 I

888 W

Optic nerve
head

Figure 2.12. A rat retina was analyzed using the TG source at a spatial resolution of 2 um in
negative ion mode. The ion image (right) was set to 50% transparency and was overlaid onto the
H&E stain of the same tissue section. lon images show the transition of lipid species between the
optic nerve and the optic nerve head regions of the rat retina.
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Figure 2.13. MALDI IMS ion images of Staphylococcus aureus-infected mouse kidney imaged at
2 um spatial resolution using the TG source. Imaged region includes S. aureus abscess (central
dark portion) and surrounding tissue with the false color images of numerous lipids shown as
purple (m/z 776), green (m/z 878), red (m/z 888) and other tissue in blue (m/z 885). The ion overlay
is a combination of the four individual ions.

Even though the tissue regions selected were small to moderate, the high spatial resolution
meant that the number of pixels acquired per acquisition was between 750k and 1 million. Even
though the laser was firing at 80 Hz and 1 laser shot per pixel was obtained, the actual acquisition
time for these ion images were much longer than expected. At the end of each ion image row, the
instrument stopped and processed data. Instead of taking hours, some of these ion images took tens
of hours to acquire. This limitation in real acquisition speed was based on the limited data
processing capabilities of the digitizer that interfaced between the instrument and the computer.
The digitizer did not have the processing power to transfer and save the spectra at the rate of
acquisition (80 spectra/sec) instead, the real acquisition rate was estimated to be 40 spectra/sec.
Future work would be to implement a more powerful digitizer to allow for faster rates of saving

of data and ion image acquisition.
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CONCLUSIONS

The TOF instrument allowed for a relatively high sampling rate that is useful for these
large ion images (500k - 1 MM pixels) that can take a long time to acquire at high spatial resolution.
Microstepping drivers enabled very precise, fine movement of the sample stage without having to
modify the existing motors and without the purchase of other expensive, high-precision stage
motors. lon images with high spatial resolution were acquired in a routine manner. Some
drawbacks of this system were that the mass resolution was relatively poor (~4000 at m/z 760) so
there were likely many isobaric lipids in a given peak in the mass spectrum. Additionally, there
was a significant loss of signal at very high spatial resolutions such as at 1 pm and at 700 nm. To
fully characterize the lipidome of complex tissue samples in a spatially resolved manner, higher

mass resolution and higher sensitivity will be of greater value.
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CHAPTER III

CUSTOM TRANSMISSION GEOMETRY SOURCE FABRICATION AND
IMPLEMENTATION OF MALDI-2 ALLOW FOR HIGH SPATIAL RESOLUTION
SURFACE ANALYSIS AND SIGNIFICANT ENHANCEMENT OF SOME LIPID
SIGNALS ON AN ORBITRAP INSTRUMENT

This chapter is in part adapted from Combining MALDI-2 and transmission geometry laser optics
to achieve high sensitivity for ultra-high spatial resolution surface analysis published in the Journal
of Mass Spectrometry and has been reproduced with the permission of the publisher and my co-

authors Eric C. Spivey, Daniel J. Ryan, Jeffrey M. Spraggins, and Richard M. Caprioli.

Combining MALDI-2 and transmission geometry laser optics to achieve high sensitivity
for ultra-high spatial resolution surface analysis. J] Mass Spectrom. 2019; 54: 366— 370.
https://doi.org/10.1002/jms.4335. © 2019 John Wiley & Sons, Ltd.

OVERVIEW

A transmission geometry (TG) optical configuration allows for a smaller laser spot size to
facilitate high resolution MALDI mass spectrometry. This increase in spatial resolution (i.e.,
smaller laser spot size) is often associated with a decrease in analyte signal. MALDI-2 is a post-
ionization technique that irradiates ions and neutrals generated in the initial MALDI plume with a
second orthogonal laser pulse and has been shown to improve sensitivity. We have modified a
commercial Orbitrap mass spectrometer to incorporate a transmission geometry MALDI source

with MALDI-2 capabilities to improve sensitivity at higher spatial resolutions.
INTRODUCTION

Matrix-assisted laser/desorption ionization (MALDI) mass spectrometry (MS) is a
technology that enables the spatial analysis of tissues with a high degree of molecular specificity,
enabling new approaches for understanding biology and medicine.””” Tissue interrogation by
MALDI is performed by either collecting individual spectra from discrete foci as a histology
guided profiling experiment *° or by a raster of the sample to collect spectra over an area of the
sample to generate ion images.®’ In either case, cell-scale interrogation of the sample (<10 um) is

desired to differentiate among cell types for complete characterization of a tissue.”® For
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commercial MALDI platforms, the sizes of the foci are typically limited (often to ~20 um) by the
resolving power of the optics used to focus the laser onto the sample.”> Commercial systems
implement a front-side geometry optical configuration where the laser optics and ion optics of the
instruments are on the same side of the sample, resulting in long focal length lenses to avoid having
the laser optics interfere with the ion optics. The long focal length required with front-side
geometry MALDI instruments limits the resolving power of the focusing optics used, as

approximated by the equation:

\H

~4A*

Df =
! T * D,

where Dris the beam waist diameter in um at the focal length (determines spatial resolving power),
f is the focal length of the lens in mm, A is the wavelength of the laser in um, and Do is the
collimated beam diameter in mm at the lens. It is worth noting here that parameters other than the
focused beam diameter also affect the ultimate spatial resolution of a MALDI measurement, the
sensitivity of the instrument, the type of matrix used, the matrix application method, and most
importantly stage step size. However, the focused beam diameter is a critical parameter affecting

MALDI resolution.

Transmission geometry MALDI platforms have been developed in order to use higher
resolving power focusing optics.”!® For TG, the laser and focusing lens are placed on the opposite
side of the sample, irradiating the back side of a slide. The sample and its substrate are sufficiently
thin and optically transparent to allow the passage of the laser beam through to the matrix layer.
This arrangement allows the use of much shorter focal length optics, including the use of lens
stacks in the form of microscope objectives. These high numerical aperture objectives (0.95 N.A.)
have very short effective focal lengths that can permit submicron spatial resolution. The trade-off,
however, is that these objectives often have very short working distances. This can require that

samples be mounted on thinner substrates in order to be analyzed.

Although TG MALDI has been successfully applied to achieve subcellular imaging,
sensitivity constraints are a challenge and often only the more abundant species are detected in an

acquisition. Several strategies have been developed in order to improve the signal-to-noise ratio

4 12,13

(S/N) in IMS, including instrument design'® and improved sample preparation methods.

Recently, a laser-based post-ionization approach, referred to as MALDI-2, has been developed for
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improved sensitivity.?’ Briefly, MALDI-2 is performed by irradiating the plume of molecules and
matrix generated by a primary MALDI ablation event with a second post-ionization UV laser beam
that is orthogonal to the primary ionization plume.*® MALDI-2 has been shown to improve
sensitivity up to 100-fold for some lipid species by ionizing neutral molecules generated in the
MALDI process.?’ These initial studies focused on applications for front-side geometry optical

path MALDI instruments with a beam diameter between 5-10 um.

We have combined TG and MALDI-2 post-ionization to demonstrate the synergistic
potential of the two techniques. Because MALDI-2 improves signal without altering any pre-
ionization aspect of the TG system, we effectively compensate for the loss of signal that occurs
when sampling small areas during high spatial resolution experiments. We show that in certain
cases, we recover most if not all of the signal that was lost by improving spatial resolution, and
that we can detect species in the sample that are below the detection limit of the TG MALDI system

alone.
METHODS
Sample preparation and mass spectrometry

Lipid standard 1,2-dielaidoyl-sn-glycero-3-phosphocholine was purchased from Avanti
Polar Lipids (Alabaster, AL, USA), acetonitrile and methanol were purchased from Fisher
Scientific (Waltham, MA, USA), 2,5-dihydroxyacetophenone (DHA) was purchased from Sigma-
Aldrich (St. Louis, MO, USA), and water was purified to 18.2 MQ via Milli-Q Reference Water
Purification System (Millipore Sigma, Burlington, MA, USA). Rat liver was obtained from
BioreclamationIVT (Baltimore, MD, USA) and indium tin oxide (ITO)-coated (8-12 Q) glass
coverslips were obtained from SPI Supplies (West Chester, PA, USA). A solution of DHA was
prepared in 90:10 acetonitrile/water (15 mg/ML) for MS analysis. For standard experiments,
matrix was mixed with the lipid standard and reconstituted in methanol to a 1:1 ratio and spotted
(0.5 mL) onto an ITO coverslip. Rat liver (20 mg wet weight) was homogenized in 1 mL methanol,
centrifuged, and supernatant was spotted 1:1 with matrix solution as above. Spot size
measurements were obtained from a thin film of a reference material, ink from a permanent marker
(black fine point Sharpie Classic, Sanford Brands, Oak Brook, IL, USA), on coverglass. Ablation
diameters from measurements taken at ionization threshold were acquired at 100x magnification

using a Nikon microscope (Eclipse 901, Nikon Instruments Inc. Melville, NY, USA). Mass analysis
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was completed on an Orbitrap Elite mass spectrometer operated with a resolution of 60,000 at m/z

400, 1 microscan, and an m/z range of 200-2000.
Transmission geometry source

A commercially available MALDI ion source (Spectroglyph LLC, Richland, WA, USA)
was modified to include TG optics (Figure 3.1). The existing vacuum chamber back plate with a
micro-positioning stage was replaced with a customized back plate that includes an adjustable lens
system and an open aperture stage. A custom-built lens holder is attached to a high-precision, piezo
motor-driven linear stage (Model Q-545, Physik Instrumente, Auburn, MA, USA), which is
enclosed in a vacuum-tight box within the main vacuum chamber. A 63x magnification, 0.95
numerical aperture microscope objective (EC Plan-Neofluar Corr M27, Carl Zeiss Microscopy,
LLC, Thornwood, NY, USA) is attached to a lens holder to focus the 349 nm MALDI laser
(Explorer, Spectra Physics, Santa Clara, CA, USA) on the sample. A custom-built stage
constructed from acrylic plastic was installed in the vacuum chamber lid to hold the sample near
the entrance of the ion funnel of the mass spectrometer. The stage is manually actuated and uses a
magnetic couple to transmit movements from a positioner on the front of the lid. Laser optics
(ThorLabs, Newton, NJ, USA) were affixed to the outside of the vacuum chamber custom back

plate and aligned to direct the laser beam from the laser head to the back aperture of the objective.
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Figure 3.1. Transmission geometry MALDI-2 ion source. (A) Image of the custom ion source
installed on an Orbitrap Elite mass spectrometer. The MALDI-2 laser and optics can be seen at the
left side of the image. The vacuum chamber is open, and the lid (which contains the open aperture
stage) is mounted on rails with the optics breadboard and optics. (B) Drawing of assembled source
parts with approximate laser path. Laser light is emitted from the stock laser mounted under the
source (purple box) and picked off by a periscope which reflects it to an upward-facing mirror
under the end of the breadboard. The beam passes through a hole in the breadboard to a pair of
steering mirrors used to align the beam to the optical axis of the objective lens, before entering the
source through a window on the outside of the box containing the focusing stage and the objective.
(C) Objective and stage as seen inside the source. The objective projects into the source from the
focusing stage (not seen), and through the open aperture of the manually actuated stage. The stage
holds a sample at the correct position relative to the Orbitrap funnel. The magnetic couple for the
stage can be seen at the right side of the image.
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The new TG system is designed to operate with minimal disruption to the stock front-side
geometry source. No stock parts were disassembled or materially altered to install the TG system.
The MALDI-2 laser of 266 nm wavelength (FQSS266-200-STA, CryLaS GmbH, Berlin,
Germany) is aligned to irradiate the MALDI plume generated after the MALDI-1 event. Lasers
were set to 60 Hz each with 100 ps delay between the MALDI-1 and MALDI-2 laser pulses. The
MALDI-2 laser beam was aligned with the MALDI-1 spot and positioned ~1 mm above the
surface. Longer delay time between MALDI-1 and MALDI-2 pulses as well as greater distance
between the sample and MALDI-2 focus were used as compared with front-side geometry
previously reported in literature.!*!> Adjustment of the stock MALDI laser optics was obviated by
intercepting the beam as it left the laser head. The beam was intercepted for the TG optics via a
magnetically mounted mirror, which simplifies switching between the two modes of operation

(i.e., front-side and TG operation).
RESULTS AND CONCLUSIONS

The capability of the custom TG MALDI source to achieve ultra-high spatial resolution
ablation patterns is demonstrated using a homogenous reference material (i.e., Sharpie ink). An
analysis of ablation patterns shows over 200-fold decrease in the ablation area at ionization
threshold when using TG MALDI (Figure 3.2) with an ablation diameter of 17 pm using front-
side geometry laser optics down to 1 um with our custom TG MALDI source. These results
indicate the potential for high resolution imaging MS applications using this platform. Given the
precise optical alignment required between the laser and the objective, and the vulnerability of the
laser optics to movement and vibration, we are pleased to note that only minor adjustment of the
optics is required between samples. The stability of the current optical setup for TG analysis

provides the basis for future experiments.
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Figure 3.2. Ablation of thin-film reference material via (A) front-side geometry laser and (B)
transmission geometry at tissue homogenate/lipid standard ionization threshold. Spot size of laser
used for front-side geometry is 17 um in diameter. Transmission geometry spot size is 1 pm in
diameter. An over 200-fold decrease in ablation area is realized with transmission geometry as
compared to front-side geometry.

An aim of the development work is to offset losses in signal from the smaller TG mode
ablation regions, with improved sensitivity using the MALDI-2 system. We measured a 10-fold
increase in signal intensity between transmission geometry MALDI intensity (as tested with lipid
standard and tissue homogenate), when MALDI-2 was employed (Figure 3.3). Lipid standards
analyzed with TG MALDI only (Figure 3.3 A) and with TG MALDI-2 (Figure 3.3 B) showed a
12-fold increase in intensity of the potassiated species of the standard with post-ionization. No
lipid signal was detected with only MALDI-2 laser firing which indicates that the MALDI-2 laser
is orthogonal to our sample, i.e., the MALDI-2 beam does not irradiate the sample surface and no
ions are produced from MALDI-2 alone. Thus, any increase in signal with MALDI-2 originates
from species ionized from the ion plume. Rat liver tissue homogenate was also analyzed, and
MALDI-2 provided an increase of ~7-fold for most lipid species (Figure 3.3 C, D). Noise did not
appreciably increase with increases in signal, so there was a significant improvement in the signal-

to-noise ratio (S/N) of multiple ions (Figure 3.4).
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Figure 3.3. MALDI lipid spectra of spotted standard and from rat liver tissue homogenate
analyzed with TG with and without MALDI-2 post-ionization. A) Lipid standard with MALDI 1.
B) Lipid standard with post-ionization C) Rat liver homogenate mass spectrum at ionization
threshold without MALDI-2 showing low S/N ratio. D) Rat liver homogenate mass spectrum with
MALDI 1 and MALDI-2 resulting in ~7x increase in lipid signal.
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Figure 3.4. Comparison of S/N with MALDI only (MALDI-1) and of MALDI with MALDI-2
(MALDI-2). Five measurements were acquired from homogenized rat liver and the S/N was
recorded for peaks at m/z 768.494, 782.567 and 820.521. Bars show the mean S/N value at each
peak, error bars denote the standard deviation of the mean S/N (n=5). No signal was detected at
m/z 768.494 without the use of MALDI-2. MALDI-1 and MALDI-2 were compared at peaks m/z
782.57 and 820.53 using a 2-tailed, 2-sample t-test assuming unequal variances. (*) denotes
a<0.001.

The major advantage of coupling TG and MALDI-2 is recovery of signal lost by smaller
ablation areas. The combination promises to provide an unprecedented pairing of spatial resolution
and sensitivity, opening new possibilities for imaging MS at cellular resolution. By designing and
implementing a modified MALDI source with an open-aperture sample stage and laser optics
positioned for back-side, transmission geometry, we can achieve much smaller ablation patterns.
Improvements in spatial resolution can often lead to a loss of ion signal in MALDI IMS
acquisitions, due primarily to a reduction in the total amount of material desorbed from the sample.
We show MALDI-2 improves sensitivity of TG measurements through a second, post-ionization

event of the MALDI-1 generated ion plume.

These initial experiments with a custom source established the proof-of-principle for TG
on an Orbitrap platform so the source was modified further with high-precision piezoelectric stage
motors to allow for IMS. Compact linear stages with ultrasonic piezoelectric motors (U-521

PILine® Linear Stage) were acquired from Physik Instrumente, stacked to allow for x, y motion
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of the stage, and an open-back sample holder was attached to the top stage. Stage motor movement
timing was based on contact closure connection and fill time of the instrument. The center of the
TG stage and TG laser optics were positioned to be at the center of the MALDI-1 ablation area
from the Spectroglyph source for comparison between TG and front-side ablation modes. The
objective holder was modified to allow for use of a Mitutoyo M Plan Apo NUV 100x, 0.5
numerical aperture, infinity corrected objective that has a longer focal length (compared to the
0.95 N.A. objective). This allowed for the use of the thicker ITO-coated glass slides rather than

samples on the thin, brittle coverslips.

IMS capabilities of the TG source on the Orbitrap Elite system were demonstrated using
tissue sections from rat testes. Rat testes were sectioned at 7 um thickness, thaw-mounted onto
ITO-coated glass slides, coated with DAN matrix and analyzed at 3 um spatial resolution in
positive ion mode using the TG MALDI source (Figure 3.5). Good S/N was achieved with the
Orbitrap system allowing for ion images with excellent contrast. Numerous ion species were
detected with good S/N as evidenced in the averaged mass spectrum (Figure 3.6). At 3 um spatial
resolution there was no oversampling as determined by the tissue morphology stained with H&E
after IMS acquisition (Figure 3.7). The ablation diameter was approximately 2.5 um and the
optical image showed the uniformity of the ablation area which was afforded by the high-precision
piezoelectric stages. lon images were obtained at 2 pm as well but there appeared to be significant
oversampling artifacts that presented as black lines or pixels with poor lipid signal (Figure 3.8).
Finally, the performance of the TG configuration with front-side configuration was tested (Figure
3.9). TG allows for a much more detailed ion image whereas the front-side acquisition allows for
significantly better signal (by an order of magnitude). The signal is approximately proportional to

the ablation area for each acquisition mode.
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Figure 3.5. Ion image of rat testis obtained using transmission geometry platform at 3 um spatial
resolution. Ion image is overlaid onto tissue section stained with H&E after IMS acquisition. Large
round structures outlined by m/z 798.540 (identified by accurate mass [<1.3 ppm error| as
potassiated PC(34:1)) represent cross sections of the structures corresponding to maturation of
spermatozoa, the seminiferous tubules. The interior of the seminiferous tubules corresponds to the
localization of m/z 846.539, identified by accurate mass (<2.4 ppm error) as potassiated PC(38:5),
and this region is where spermatozoa mature as they transition from the exterior of the
seminiferous tubule to the interior based on their stages of maturation. Surrounding the
seminiferous tubules are the interstitial Leydig cells. The ion at m/z 796.525, identified by accurate
mass (<0.4 ppm error) as potassiated PC(34:2) localizes to regions of Leydig cells. High spatial
resolution IMS at 3 um and higher spatial resolution allows for more accurate differentiation
between cellular regions of distinct biochemical composition such as the Leydig cells and
seminiferous tubules that are separated by a single cellular layer.
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Figure 3.6. Mass spectrum averaged from the rat testis tissue analyzed at 3 um spatial resolution
in transmission geometry. After deisotoping the data, there are 255 peaks above a signal-to-noise
threshold of 3. High spatial resolution IMS allows for fine structural detail in resulting ion images
by analyzing small regions of tissue, but smaller sampling areas often lead to lower overall signal-
to-noise. Here, even though we obtain high spatial resolution IMS, the number of species detected
on a high mass resolution platform allows for many ion images with different localization and/or
high signal-to-noise.
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Figure 3.7. Rat testis tissue section after IMS acquisition at 3 pum spatial resolution with
transmission geometry MALDI source, stained with H&E to visualize nuclei and cytoplasm,
respectively. After IMS acquisition, MALDI matrix was removed, and the tissue section was
stained with H&E. Inset shows ablation area after acquisition. Ample tissue is present after
acquisition and ablation regions indicating that the laser ablation diameter is below 3 pm. Ablation
marks are in a uniform grid pattern which highlights the capabilities of the high precision
piezoelectric motors that allow for fine control of sample stage movement.
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Figure 3.8. Rat testis tissue imaged at 2 um spatial resolution using transmission geometry
MALDI ion source. At 2 pm spatial resolution, finer image detail may be obtained compared with
3 um IMS, but under these acquisition parameters (laser focus, laser energy) some oversampling
artifacts are observed. The ion image has ~50% lower spectral intensity for lipids compared to that
obtained at 3 um, which is also an indication of oversampling. Nevertheless, high spatial resolution
IMS at 2 um is feasible with the custom transmission geometry source on a high mass resolution
Orbitrap instrument.
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Figure 3.9. Comparison of spatial resolution between MALDI IMS acquisition at 3 um spatial
resolution using the custom transmission geometry ion source (A) and acquisition at 10 pm spatial
resolution without oversampling using the front-side source (Spectroglyph LLC) (B) on the same
instrument (Orbitrap Elite, Thermo). Ion images are overlaid onto the same tissue used for IMS
either stained with H&E after acquisition (A) or overlaid onto the autofluorescence image obtained
prior to MALDI acquisition (B). There is noticeable increase in ion image sharpness at 3 um
compared to acquisition at 10 um spatial resolution. At 10 pum, the border between the
seminiferous tubules (ion in red) and the interstitial Leydig cells (ion in blue) is indistinct (B) but
acquisition at high spatial resolution using the transmission geometry source allows for us to see
that there is a clear molecular difference between those two tissue regions for ions identified by
accurate mass as potassiated PC(34:1) (m/z 798.540, 1.3 ppm error) and potassiated PC(34:2) (m/z
796.525, 0.4 ppm error) (A).

TG was developed for the Orbitrap system to allow for high spatial resolution and high
mass resolution capabilities with MALDI-2 for good sensitivity. The Orbitrap was capable of a
resolving power of up to 480k at m/z 400 and the TG source modifications allowed for sampling
down to 1 um in diameter. MALDI-2 was shown to increase signal significantly for lipids and may
counteract the decrease in signal of high spatial resolution analysis. While MALDI-2 was
beneficial for lipid signal enhancement, the enhancement seemed to be lipid class-dependent, so

more research is needed to characterize the effect of MALDI-2 signal enhancement of lipids.
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CHAPTER IV

EFFECT OF MALDI MATRICES ON LIPID ANALYSES OF BIOLOGICAL TISSUES
USING MALDI-2 POST-IONIZATION MASS SPECTROMETRY

This work is adapted from Effect of MALDI matrices on lipid analyses of biological tissues using
MALDI-2 postionization mass spectrometry published in the Journal of Mass Spectrometry and
has been reproduced with the permission of my co-authors Jarod Fincher, Dustin Klein, Jeffrey

Spraggins, and Richard Caprioli.

McMillen, JC, Fincher, JA, Klein, DR, Spraggins, JM, Caprioli, RM. Effect of MALDI
matrices on lipid analyses of biological tissues using MALDI-2 postionization mass

spectrometry. J Mass Spectrom. 2020; 55:e4663. https://doi.org/10.1002/jms.4663.
OVERVIEW

Laser post-ionization (MALDI-2) was developed for increased ion yield and sensitivity at
high spatial resolution for lipids on a Orbitrap Elite instrument fitted with a custom transmission
geometry source. However, the dependence of MALDI-2 performance on the various lipid classes
is largely unknown. To understand the effect of the applied matrix on MALDI-2 analysis of lipids,
samples including an equimolar lipid standard mixture, various tissue homogenates, and intact rat
kidney tissue sections were analyzed using the following matrices: a-cyano-4-hydroxycinnamic
acid (CHCA), 2’,5’-dihydroxyacetophenone (DHA), 2’,5’-dihydroxybenzoic acid (DHB), and
norharmane (NOR). Lipid signal enhancement of protonated species using MALDI-2 technology
varied based on the matrix used. From the four matrices tested, NOR provided the greatest increase
in sensitivity for neutral lipids (triacylglycerol, diacylglycerol, monoacylglycerol, cholesterol
ester) and DHB provided the highest overall number of lipids detected using MALDI-2
technology. DHB matrix was used to analyze pancreas sections from human non-diabetic and type

2 diabetic donors.
INTRODUCTION

Attempts to increase sensitivity of MALDI IMS have led to the development of multiple
targeted and untargeted technologies. Targeted methods such as chemical tagging using

photocleavable mass tags or in-source reactive tags have allowed for up to 40-fold increase in ion
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yields.!'""10 Nevertheless these methods are targeted and only provide improvements for
molecules with specific chemical functionality. Instrumental approaches to increase in signal in
MALDI experiments include the continuous accumulation of selected ions (CASI) prior to
detection as well as selected ion ejection (SIE) in an FT-ICR instrument.!!! Non-tagging
approaches to increase sensitivity include the development of novel matrices,*!1%!!3 the
incorporation of chemical additives to matrices, removal of interfering species from tissue sections

105,106 "and use of laser wavelengths that better match the

by organic solvents and aqueous washes
absorption bands of the matrices.!'* As an example, adding 2-hydroxy-5-methoxybenzoic acid to
2,5-dihydroxybenzoic acid (DHB) allowed for a 3-fold increase in signal-to-noise (S/N) for

oligosaccharides compared to DHB alone.!"

While MALDI allows for high spatial resolution sampling of tissue surfaces with good
sensitivity, mostly neutral molecules are desorbed with low overall ion yields.2*!'®!'7 To address
this, a technology termed laser post-ionization (MALDI-2) capitalizes on the abundance of neutrals
in the initial MALDI desorption plume to generate additional ions.? For clarity, we will term the
traditional MALDI event MALDI-1 and the combination experiment of MALDI-1/MALDI-2
simply as MALDI-2. Briefly, the MALDI-2 process utilizes a secondary laser aligned ~ 400 pm
above the primary MALDI-1 ablation surface so that the secondary laser pulses intersect the
primary MALDI-1 desorption plume at a given delay time, resulting in ionization of some of the
desorbed neutrals.?%2730%-118-122 The MALDI-2 ionization process is thought to result from a two-
photon ionization threshold mechanism that gives rise primarily to protonated species.??30-3%123
MALDI-2 has been shown to improve ion yields by more than two orders of magnitude for some,

but not all, lipid classes.??%*3 Additionally, the increase in ion intensity has enhanced conditions

needed for ultra-high spatial resolution MALDI imaging applications.?’

Although the enhanced performance observed with MALDI-2 has been reported, much
more needs to be done to further characterize this technology. For example, the difference in the
overall molecular coverage between MALDI-1 and MALDI-2 has not yet been fully studied. Thus
far, MALDI-2 has proven to improve sensitivity for certain molecular classes including liposoluble
vitamins, mono- and oligosaccharides, certain lipid classes, and exogenous drugs,26-27-29-31,120-124

Lipid classes that have been shown to have dramatically increased ion intensities in positive ion

mode include hexosylceramides (HexCers), phosphatidylethanolamines (PEs),
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phosphatidylinositols ~ (PIs), phosphatidylglycerols (PGs), phosphatidylserines (PSs),
triacylglycerols (TGs), and cholesterol esters (CEs).?’ Interestingly, other classes of lipids such as
phosphatidylcholines (PCs) were not shown to increase significantly with MALDI-2. In addition,
recent work by Boskamp and Soltwisch has demonstrated ion suppression and ion promotion
effects among different lipid classes with MALDI-2.!?* Overall, these data suggest a significant
lipid-class dependence for MALDI-2 experiments.

The choice of matrix is known to affect desorption/ionization upon laser ablation for
MALD-1 analyses, but no studies have been reported that systematically investigate the influence
of various matrices with MALDI-2 for lipid analyses. Matrices that have been used most
commonly for MALDI-2 analysis include o-cyano-4-hydroxycinnamic acid (CHCA), 2°,5’-
dihydroxyacetophenone (DHA), 2°,5’-dihydroxybenzoic acid (DHB), and norharmane (NOR). To
understand the effect of matrix on detection of lipid classes with MALDI-2, we examined
sensitivity and lipid coverage using a variety of samples: an equimolar lipid standard mixture,
rabbit adrenal gland, rat brain, rat kidney, and rat liver tissue homogenates. The four matrices listed
above were used for these analyses, and each sample was analyzed both with MALDI-1 and
MALDI-2. This study lays the groundwork for improved, standardized methods for MALDI-2
analysis and the findings allow for tuning of matrix choice to maximize sensitivity for specific

lipid classes.
METHODS
Materials and methods

Lipid standards were purchased from Avanti Polar Lipids (Alabaster, AL, USA) as
EquiSPLASH LIPIDOMIX Quantitative Mass Spec Internal Standard containing a methanol
solution of 100 pg/mL of each of thirteen deuterated lipids of following lipid classes:
phosphatidylcholine (PC), lysophosphatidylcholine (LPC), phosphatidylethanolamine (PE),
lysophosphatidylethanolamine (LPE), phosphatidylglycerol (PG), phosphatidylinositol (PI),
phosphatidylserine (PS), triacylglycerol (TG), diacylglycerol (DG), monoacylglycerol (MG),
cholesterol ester (CE), sphingomyelin (SM), and ceramide (Cer). Ammonium formate and the
MALDI matrices DHA, DHB, CHCA, and NOR were purchased from MilliporeSigma
(Burlington, MA, USA). The matrices DHA, DHB, and CHCA were purified via recrystallization

in-house prior to use. Acetonitrile (ACN) and methanol (MeOH) were purchased from Fisher
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Scientific (Pittsburgh, PA, USA) and water (H20) of 18.2 MQ-cm resistivity was obtained from a
Milli-Q Reference Water Purification System (MilliporeSigma, Burlington, MA, USA). The lipid
standard mixture was prepared by mixing 100 pL lipid solution with 4 mg matrix in 1 mL MeOH
for each of the four matrices. The matrix and lipid combination was sprayed onto indium-tin oxide
(ITO)-coated glass slides (Delta Technologies, Loveland, CO, USA) using the TM Sprayer (HTX
Technologies, Chapel Hill, NC, USA) with a solvent flow rate of 0.05 mL/minute, 16 passes, 1350

mm/s velocity, and 60°C nozzle temperature.

Tissue samples of rabbit adrenal gland, rat brain, rat kidney, and rat liver were obtained
from BiolVT (Baltimore, MD, USA). Tissue homogenates were prepared as described by
Groseclose and Castellino.>® Tissue sections and tissue homogenates were stored frozen at -80°C,
sectioned at 10 um thickness at -20°C (Leica CM3050, Leica Biosystems, Buffalo Grove, IL,
USA), thaw-mounted onto ITO-coated glass slides, washed in a solution of 50 mM ammonium
formate for 30 seconds, and dried under a stream of nitrogen.*! Matrix solutions for coating tissue
homogenates were prepared for CHCA (5 mg/mL, 80:20, ACN:H20), DHA (15 mg/mL, 90:10,
ACN:H20), DHB (20 mg/mL, 90:10, MeOH:H20), and NOR (5 mg/mL, 90:10, MeOH:H20) and
sprayed with the TM Sprayer with a solvent flow rate of 0.05 mL/minute, 16 passes, 1350 mm/s
velocity, and 60°C nozzle temperature. Autofluorescence microscopy images were obtained prior
to matrix application with EGFP, DAPI and DsRed filters using a Zeiss AxioScan Z1 slide scanner
(Carl Zeiss Microscopy GmbH, Germany).

Instrument/acquisition parameters

Samples were analyzed using an Orbitrap Elite (Thermo Scientific, San Jose, CA) mass
spectrometer equipped with a Spectroglyph MALDI-1 ion source (Spectroglyph LLC.,
Kennewick, WA). The Spectroglyph source was equipped with a MALDI-2 laser for post-
ionization as described previously.?' Briefly, the MALDI-2 laser (266 nm, FQSS266-200-STA,
CryLaS GmbH, Berlin, Germany) is aligned parallel to the sample surface to irradiate the MALDI-
I plume at ~400 um above the sample surface. A delay time was set to be 20 us between the
MALDI-1 and MALDI-2 laser pulses. MALDI-2 energy was set to 150 pJ. The mass spectrometer
was operated at a resolving power of 120,000 at m/z 400 with 1 microscan. IMS of a tissue
homogenate and rat kidney tissue section were obtained with 20 um spatial resolution with a mass

range of m/z 400-1500. Spectra for lipid standards were obtained in full profile mode where 20
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spectra were averaged from line scans at 20 pm spatial resolution. Grids of ~500 pixels were
obtained with MALDI-1 and MALDI-2 from adjacent regions of the tissue homogenates for
comparison. An averaged spectrum generated from the grid above was used for subsequent lipid
identification based on accurate mass measurement. Technical replicates of tissue homogenates

were prepared and analyzed on separate days.
Data analysis

Thermo RAW files were opened in Xcalibur Qual Browser and the spectra over the time
of the image were averaged and imported into the spectral processing software mMass
(mmass.org,).!?> A signal-to-noise (S/N) threshold was manually set to 3x above the baseline noise
level observed for each experiment. Tissue homogenate spectra were processed by removing
isotopes and linearly recalibrating the mass axis. Spectra were annotated and lipids were identified
by accurate mass measurements using a mass accuracy of +/- 2 ppm based on a custom reference
mass list including PC, LPC, PE, LPE, SM, CE, Cer, HexCer, Cholesterol, MG, DG, TG, PA, PG,
PI, and PS lipid classes. Identified lipids and their intensities were exported via the “Analysis
Report” feature and were compared using Microsoft Excel (Version 1902, Redmond, WA, USA).
IMS data of rat kidney tissue was converted to vendor-neutral imzML data format using
Imagelnsight (Spectroglyph, LLC., Kennewick, WA, USA) and imported to SCiLS (2019c, Bruker
Daltonics, Billerica, MA) for visualization of ion images. Processing of ion images in SCiLS

included hotspot removal and RMS normalization.
RESULTS AND DISCUSSION
Analysis of lipid standards

To explore the effect of the MALDI matrix on the ionization of different lipid classes by
MALDI-2, an equimolar mixture of deuterated lipid standards, each of which represents a different
lipid class, was analyzed by both MALDI-1 and MALDI-2 in positive ion mode. The lipid mixture
contained PC(15:0/18:1 d7), PE(15:0/18:1 d7), PS(15:0/18:1 d7), PG(15:0/18:1 d7), PI(15:0/18:1
d7), LPC(18:1 d7), LPE(18:1 d7), CE(18:1 d7), MG(18:1 d7), DG(18:1 d7), TG(18:1 d7),
SM(18:1/18:1 d7), and Ceramide (d18:1 d7/15:0). Matrices CHCA, DHA, DHB, and NOR were
chosen for this study as they comprise the majority of matrices used in published reports of

MALDI-2 analyses.?”**3%126 For MALDI-1, the spectra were typically dominated by PC, LPC,
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and SM lipid classes as demonstrated in the overview spectra, as is typical for MALDI-1 analysis
as the PC and SM head groups are positively charged and are detected readily in positive ion
mode.!?*12” For MALDI-2, protonated lipid species show the greatest increase in signal intensity,
whereas most of the sodium- and potassium-adducted lipids do not dramatically increase.
Therefore, our analysis is focused on enhancement of protonated forms of lipids. Figures 4.1 and
4.2 show expanded MALDI-1 (black) and MALDI-2 (red) spectra for protonated PC, PE, PG, PI,
and TG lipid standards. Intensity comparisons among matrices show CHCA and DHB give similar
intensity profiles for MALDI-2 spectra (within 3x) (Figures 4.1 and 4.3). MALDI-1 and MALDI-
2 lipid intensity profiles are similar using DHA and NOR for most lipid standards except for non-
polar species. None of the non-polar lipid standards (TG, DG, MG and CE) were detected with
DHA using either MALDI-1 or MALDI-2. On the other hand, all were detected using MALDI-2
with NOR (Figures 4.2 and 4.4).
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Figure 4.1. Spectra of the lipid standard mixture expanded to show enhancement of protonated species for deuterated PC, PE, PG, PI,
and TG lipid standards for CHCA and DHB matrices. MALDI-1 spectra are shown in black traces (top), MALDI-2 are the red traces
(bottom), and the intensity scale is the same for each pair of MALDI-1 and MALDI-2 spectra. The presence of an asterisk indicates that
the lipid standard was detected. The absence of an asterisk means lipid was not detected with S/N value greater than 3 (see also Table
4.1)
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Figure 4.2. Spectra of the lipid standard mixture expanded to show enhancement of protonated species for deuterated PC, PE, PG, PI,
and TG lipid standards for DHA, and NOR matrices. MALDI-1 spectra are shown in black traces (top), MALDI-2 are the red traces
(bottom), and the intensity scale is the same for each pair of MALDI-1 and MALDI-2 spectra. The presence of an asterisk indicates that
the lipid standard was detected. The absence of an asterisk means lipid was not detected with S/N value greater than 3 (see also Table
4.1)
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Figure 4.3. Spectra of lipid standard mixture expanded to show enhancement of protonated species for deuterated CE, Cer, DG, LPC,
LPE, MG, PS, and SM lipid standards for CHCA and DHB matrices. MALDI-1 spectra are the black traces (top), MALDI-2 are the red
traces (bottom), and the intensity scale is the same for each pair of MALDI and MALDI-2 spectra. The presence of an asterisk indicates
that the lipid standard was detected. The absence of an asterisk means lipid was not detected with S/N value greater than 3 (see also

Table 4.1).
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Figure 4.4. Spectra of lipid standard mixture expanded to show enhancement of protonated species for deuterated CE, Cer, DG, LPC,
LPE, MG, PS, and SM lipid standards for DHA and NOR matrices. MALDI-1 spectra are the black traces (top), MALDI-2 are the red
traces (bottom), and the intensity scale is the same for each pair of MALDI and MALDI-2 spectra. The presence of an asterisk indicates
that the lipid standard was detected. The absence of an asterisk means lipid was not detected with S/N value greater than 3 (see also

Table 4.1).
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Overall, MALDI-2 was found to have significantly increased molecular coverage for most
protonated lipids for all matrices tested (CHCA, DHA, DHB, and NOR). Lipid classes such as PI,
PS, and PG were detected as the protonated form with MALDI-2 for all matrices. Additionally,
MALDI-2 enabled the detection of protonated TG using CHCA, DHB, and NOR (Figures 4.1 and
4.2) and protonated forms other non-polar species (MG, DG, and CE) with NOR (Figure 4.4).
This contrasts with MALDI-1 analysis where neutral lipid classes are typically detected as sodiated
adducts in positive ion mode. Improvements in sensitivity from MALDI-2 were matrix- and lipid
class-dependent for the lipid standards and results are summarized in Table 4.1. Data presented in
Table 4.1 indicate the S/N fold change between MALDI-1 and MALDI-2 for lipids detected in
both cases. Species that are only detected with MALDI-2 are noted with an asterisk (*) and lipids
not detected with either MALDI-1 or MALDI-2 are denoted with “ND”.

The standards of PC, LPC, and SM lipid classes had no significant difference in intensity
with MALDI-2. In contrast, all other lipid classes detected showed a significant increase in
intensity when MALDI-2 was activated. One benefit of positive ion mode analysis by MALDI-2
is the detection of lipid species typically only observed in negative ion mode only such as PI, PS,
PG. Recent work by Boskamp and Soltwisch has shown that MALDI-2 may correct for ion
suppression effects to enable detection of these protonated species.'” MALDI-2 increased
protonated lipid coverage with all matrices but the species detected with MALDI-2 varied based
on the matrix. The TG species, for example, was detected only with MALDI-2 for CHCA, DHB,
and NOR but was not detected with DHA. Note, although the intact molecular ions for protonated
TGs, DGs, and MGs were detected in certain cases, we do detect [DG+H-H20]" and [MG+H-
H2O]" with greater intensity. These ions are likely the result of MALDI-induced fragmentation of
the corresponding protonated TGs and DGs. Lipids DG, MG, and CE were only detected with
NOR matrix with MALDI-2. In contrast, species such as PG and PI were detected for all matrices,
but only with MALDI-2.
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Table 4.1. Fold change intensity increase (numbers in cells) with MALDI-2 for protonated lipid
standards in mixture. Fold change spans from lowest (red cells) to highest (green cells). “ND” in
a white cell denotes detected neither with MALDI-1 nor with MALDI-2. An asterisk (*) denotes
species only detected with MALDI-2.

Fold change increase for MALDI-2
Matrix

Lipid Standard CHCA DHA DHB NOR
PC(15:0/18:1) d7[M+H]+
LPC(18:1) d7[M+H]+
PE(15:0/18:1) d7[M+H]+
LPE(18:1) d7[M+H]+
PG(15:0/18:1) d7[M+H]+
PI(15:0/18:1) d7[M+H]+
PS(15:0/18:1) d7[M+H]+
TG(15:0/18:1) d7[M+H]+
DG(15:0/18:1) d7[M+H]+
MG(18:1) d7[M+H]+
CE(18:1) d7[M+H]+
SM(d18:1/18:1) d9[M+H]+
C15 Ceramide-d7[M+H]+

Fold change increase with MALDI-2

=

1 47

ND = not detected
* = Only detected with MALDI-2

From the study of lipid standards, NOR provided the broadest coverage for protonated
lipids with MALDI-2 whereas DHB provided for the largest fold change increase for PE lipids.
One explanation for the discrepancy in performance among matrices may be based on their
absorption profile. Initial experiments by Soltwisch et al. show that PE lipid signal is laser
wavelength- and pulse energy-dependent.?’ Note, the MALDI-2 laser pulse energy for our studies
is lower than what has been used recently by the Ellis group (150 pJ vs. 500 pJ), as limited by the
maximum energy output for the laser.>® Early studies showed that a dramatic increase in signal
could be produced with MALDI-2 while operating MALDI-1 energy at or below the ionization
threshold,.>*3! Here, we operated the MALDI-1 laser well above the ionization threshold to obtain
maximum lipid signal without MALDI-2. Therefore, any increase in number lipids detected with

MALDI-2 activated are in addition to what is already detectable with MALDI-1 alone.
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Improved lipid intensity using MALDI-2 was observed for all matrices in the analysis of
standards, but the lipid class coverage was matrix dependent. NOR was the only matrix that
enabled all classes in the lipid standard to be detected in the protonated form using MALDI-2.
While the lipid standards mixture analysis provides confirmation that MALDI-2 enhances
sensitivity for lipid classes that are not typically detected in their protonated form (PG, PI, PS, TG,
MG, DG), it does not accurately represent the complex mixture of lipids detected during tissue
analysis. Tissue homogenates from rabbit adrenal gland, rat brain, rat kidney, and rat liver were

analyzed to obtain representative results from tissue.
Lipidomic comparisons across multiple tissue types

To evaluate the performance of matrices with MALDI-2 for a complex, broad range of
lipids, homogenates of various tissues were analyzed. Tissue homogenates help to reduce possible
spatial heterogeneity while maintaining the overall lipid, protein, and salt compositions of tissues.
As a result, tissue homogenates are commonly used for generating calibrations curves that enable
in situ quantitative analysis, and as a means to optimize tissue IMS sample preparation.'?*-13* For
the studies described herein, tissue homogenates were used to minimize variability between
MALDI-1 and MALDI-2 for each of the tested matrices and tissue types. Tissue and tissue
homogenates were washed with ammonium formate to reduce salt content and to increase overall
lipid signal for MALDI-1 and MALDI-2. Examples of the results of washing are shown in Figure
4.5 with washed and unwashed rat testis tissue sections analyzed by MALDI-1 and MALDI-2.
Intensity of protonated lipid species increase in positive ion mode while the salt adducted species

decrease in intensity after washing.

Spectral comparisons of MALDI-1 and MALDI-2 are shown for washed rat brain and rat
kidney homogenates for each of the four matrices (Figure 4.6). Spectral data from rabbit adrenal
gland and rat liver tissue can be found in Figure 4.7. Average spectra for MALDI-1 alone are the
black traces on the top of each pair and MALDI-2 average spectra are inverted along the x-axis
(red traces). The intensity for each panel is scaled to the most intense peak from the pair of spectra
for a given matrix and tissue homogenate combination. In general, MALDI-1 spectra for the tissue
homogenates are dominated by PC and SM lipids and this is reflected in the spectral profiles as
they are relatively similar among the matrices for MALDI-1 alone. In comparison with MALDI-

2, MALDI-1 spectra for CHCA and DHA matrices have comparable signal intensity and spectral

66



features, and MALDI-2 does increase the number of species detected, but many of these species

are relatively low in signal. In contrast, MALDI-2 for DHB and NOR show dramatic increases in

both signal intensity and spectral complexity. MALDI-2 with NOR has been shown to produce

many lipid-matrix adducts here and has been reported by others.>* Here, we also observe intense

lipid-NOR adducts between m/z 800-900 (Figure 4.6, NOR, brain and Figure 4.7) but matrix

adducts are only minimally detected in spectra with the other matrices tested. Spectra were

compared to a lipid reference list to determine total number of identified lipids for each experiment,

based on accurate mass measurements within +/- 2 ppm error.
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Figure 4.5. Mass spectra from rat testis that have either been washed with ammonium formate or
unwashed, analyzed with MALDI-1 alone or with MALDI-2. Tissue washing allows for increased
lipid signal by desalting to enhance the detection of protonated species and MALDI-2 allows for
increased intensity of numerous lipids of various classes. Together, they afford a 12-fold increase
in overall lipid signal compared to MALDI-1 of unwashed tissue.
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Figure 4.6. Overview spectra of rat brain and rat kidney tissue homogenates analyzed with
MALDI-1 (black, top) and MALDI-2 (red, bottom) with CHCA, DHA, DHB, NOR matrices.
Intensity is scaled to the base peak of MALDI-1 or MALDI-2 for each pair of spectra. Dramatic
increases in lipid intensity are shown for MALDI-2.
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Figure 4.7. Overview spectra of rabbit adrenal gland and rat liver tissue homogenates analyzed
with MALDI (black, top) and MALDI-2 (red, bottom) with CHCA, DHA, DHB, and NOR
matrices. Intensity is scaled to the base peak of MALDI or MALDI-2 for each pair of spectra.
Dramatic increases in lipid intensity with MALDI-2.
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The total number of identified protonated lipids for each matrix and tissue homogenate was
calculated as an average of the three technical replicates and is shown in Figure 4.8 for MALDI-
1 (blue bars) and MALDI-2 (red bars). Error bars represent the standard deviation for the three
replicates. The matrices CHCA and DHB both provided larger average increases in number of
identified lipids with MALDI-2 (65 + 23 and 76 + 12, respectively) compared to DHA and NOR
(32 + 13 and 27 £22, respectively). Note, these values were calculated by taking the average
increase in the lipids detected for each matrix across all tissue types. These results indicate that the
spectral complexity observed in the overview spectra with MALDI-2 is not simply a result of
fragmentation or chemical noise but, at least in part, corresponds to an increase in sensitivity for

lipids not commonly detected with MALDI-1 alone.

With more complex samples as with tissue homogenates, ion suppression effects based on
lipid class may affect ion yield.'”* While NOR performed well with MALDI-2, DHB had the
highest increase in lipids detected with MALDI-2 from the tissue homogenates compared with
other matrices. The number of lipids detected in each lipid class for CHCA and DHA is displayed
in Figures 4.9 and 4.10. Data from DHB and NOR matrices are shown in Figure 4.11 and 4.12.
These data show the dramatic differences in ionization efficiency between the matrices. For
example, MALDI-1 analysis of liver homogenate with DHB detects all lipid classes presented in
Figure 4.11 but with NOR only 6/13 lipid classes are detected (Figure 4.12). With MALDI-2,
NOR provides a significant increase in most neutral lipid classes (CE, MG, DG, TG), as expected
based on performance of lipid standard mixture. DHB provides greatly improved sensitivity for
phospholipids (PC, PE, PS, PI, PA, LPC, LPE). This global comparison of lipidomic profiles from
various tissue types for each of the MALDI-1 matrices tested suggests that DHB and NOR are best
suited for MALDI-2 studies, depending on lipid classes of interest. Further, differences in MALDI-
2 lipid profiles show that specific matrices can be chosen to improve sensitivity for specific lipid
classes. For the matrices tested here, NOR is optimal for non-polar lipid studies and DHB is better

applied to increase sensitivity of phospholipids.
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Figure 4.8. Bar graphs of total protonated lipids identified with MALDI-1 (blue bars) and
MALDI-2 (red bars) for the CHCA, DHA, DHB, NOR matrices and rabbit adrenal gland, rat brain,
rat kidney, and rat liver tissue homogenates. Error bars represent the standard deviation of three
technical replicate experiments.
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Figure 4.9. Number of protonated lipids identified per lipid class for CHCA matrix for each of
four tissue homogenates analyzed with MALDI-1 (blue bars) and MALDI-2 (red bars). Error bars
represent the standard deviation of three technical replicate experiments. Identifications were made
by accurate mass measurements matched within 2 ppm error of a database of lipids.
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Figure 4.10. Number of protonated lipids identified per lipid class for DHA matrix for each of
four tissue homogenates analyzed with MALDI-1 (blue bars) and MALDI-2 (red bars). Error bars
represent the standard deviation of three technical replicate experiments. Identifications were made
by accurate mass measurements matched within 2 ppm error of a database of lipids.
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Figure 4.11. Number of protonated lipids identified per lipid class for DHB matrix for each of
four tissue homogenates analyzed with MALDI-1 (blue bars) and MALDI-2 (red bars). Error bars
represent the standard deviation of three technical replicate experiments. Identifications were made
by accurate mass measurements matched within 2 ppm error of a database of lipids.
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Figure 4.12. Number of protonated lipids identified per lipid class for NOR matrix for each of
four tissue homogenates analyzed with MALDI-1 (blue bars) and MALDI-2 (red bars). Error bars
represent the standard deviation of three technical replicate experiments. Identifications were made
by accurate mass measurements matched within 2 ppm error of a database of lipids.
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High spatial resolution MALDI-2 IMS: Improved phospholipid sensitivity using DHB

Based on the number of lipids identified by accurate mass (< 2 ppm error) from tissue
homogenates, DHB was selected to demonstrate improved imaging performance of phospholipids
using MALDI-2. Defined regions from a single rat kidney tissue section were selected for analysis
with and without MALDI-2 activated. Prior to IMS, the tissue was imaged using autofluorescence
microscopy to provide a high spatial resolution morphological image.'** The autofluorescence
microscopy image clearly shows the various anatomical regions of the kidney including the renal
pelvis, medulla, inner cortex and outer cortex (Figure 4.13 A). Specified areas of the tissue were
defined for MALDI-1 (white, top) and MALDI-2 (red, bottom) analysis. Averaged spectra of the
acquired image regions were annotated similarly to the tissue homogenate experiments using mass
accuracy (<2 ppm mass tolerance). Compared with the rat kidney tissue homogenate, the MALDI-
1 spectra had a comparable number or lipids identified (73 for homogenate, 72 for tissue) but the
number of lipids identified with MALDI-2 for tissue were lower than for the homogenate (162 for
homogenate, 125 for tissue). The number of lipids detected per lipid class for rat kidney tissue is
shown in Figure 4.14. One explanation for lower number of identifications for the tissue section
may be that there is greater variation in lipid concentrations from pixel-to-pixel within the intact
tissue imaging experiment compared with the tissue homogenate. Still, a greater number of lipid
species were detected with MALDI-2 compared with MALDI-1 alone and the overall image
quality was dramatically improved for many of the phospholipid species (Figure 4.13 B-E). Of
the examples shown, the PS, PE, and PI lipids were detected with much greater sensitivity with
MALDI-2 as compared to MALDI-1. In many cases no discernable image was detected with
MALDI-1 but ion images with good S/N and spatial fidelity were generated with MALDI-2
activated. Briefly, [PE(38:5)+H]" localizes to the medulla and, less so, the cortex. The species
[PS(36:4)+H]", which is only detected with MALDI-2, was found specifically in the medulla, renal
pelvis, and the glomeruli that appear as punctate regions within the cortex of the kidney. In
contrast, [PS(38:4)+H]" is found at higher abundance in the inner and outer cortex. The species at
m/z 887.564, identified as [PI(38:4)+H]", was observed more ubiquitously throughout the kidney
with seemingly higher abundance in the renal pelvis and inner cortex. Overall, DHB provided for
a dramatic increase in sensitivity, molecular coverage, and image quality for phospholipid species.
No signal improvements were observed for non-polar lipid species. These results corroborate our

lipid standards and tissue homogenate experimental data.
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Figure 4.13. Rat kidney tissue analyzed with DHB matrix with and without MALDI-2. A)
Autofluorescence image of rat kidney tissue with annotated substructures, and boxed regions
indicating where MALDI-1 (white) and MALDI-2 (red) IMS data were collected. MALDI-1 and
MALDI-2 IMS selected ion images for B) m/z 766.538 ((PE 38:5), [M+H]"), C) m/z 788.544
(PS(36:4) [M+H]"), D) m/z 812.544 ((PS 38:4), [M+H]"), and E) m/z 887.564 ((P1 38:4), [M+H]").
Ion intensity is relatively scaled from 0% (purple) to 100% (yellow). Ions were identified based
on exact mass measurements (<2 ppm mass accuracy), even-number carbon chain, and on lipid
classes known to increase with MALDI-2 in the lipid standard. Scale bars represent 1 mm in length.
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This study provides a systematic comparison of molecular coverage and sensitivity of
protonated lipids between MALDI-1 and MALDI-2 for the matrices CHCA, DHA, DHB, and
NOR. From MALDI-2 analysis of the equimolar, deuterated lipid standard mixture, NOR provided
the broadest lipid coverage with all protonated forms of neutral lipids (TG, DG, MG, CE) detected,
and DHB provided the greatest fold change increase with MALDI-2 for species already detected
with MALDI-1. DHB provided the combination of greatest increase in the number of lipids
detected as well as the greatest number of lipids detected with MALDI-2 for tissue homogenates

and these results were confirmed in high resolution imaging experiments of rat kidney tissue.

LIPID ANALYSIS OF PANCREATA FROM NON-DIABETIC AND TYPE 2 DIABETIC
DONORS USING MALDI-2

Laser-based post-ionization (MALDI-2) allows for enhancement of signal for numerous
lipid classes. Here, I applied DHB matrix to sections of pancreata from ND and T2D donors for
lipid analysis. Data were acquired on a prototype MALDI trapped ion mobility (TIMS) platform
(timsTOF Pro) modified with a second laser to allow for analysis using MALDI-2.

Methods

Pancreata from a ND donor and a T2D donor, were obtained through agreements with the
International Institute for Advancement of Medicine (IIAM), National Disease Research
Interchange (NDRI), and local organ procurement organizations. These donors were screened for
criteria reflective of a representative pancreas including limited ICU/hospital stay, absence of
pancreatitis, and no history of congestive heart failure or end stage renal disease. Pancreata were
received within 18 hours from cross clamp and maintained in cold preservation solution on ice
until processing. Pancreata were then cleaned from connective tissue and fat, measured and
weighed. Multiple cross-sectional slices of pancreas with 2-3 mm thickness were obtained from
the head, body and distal tail. Pancreatic slices were further divided into four quadrants and then
either snap frozen or processed for cryosections. Pancreatic tissue was flash frozen in liquid
nitrogen and stored at -80°C until further use. Serial 10 um cryosections were cut for MALDI IMS

and stored in vacuum-sealed bags at -80°C.

Sections were prepared for MALDI IMS by removing from storage at -80°C and warming

to room temperature in a vacuum desiccator for 30 minutes. A MALDI matrix solution of DHB
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was prepared at a concentration of 30 mg/mL in tetrahydrofuran including 20 pL of N,N-Dimethyl
formamide. The matrix solution was applied to the samples using an M5 TM Sprayer from HTX
Technologies that included a heated stage. Sprayer conditions were set to 60°C for the nozzle and
stage, 4 passes in CC pattern, flow rate of 0.05 mL/minute, nozzle head velocity of 1350
mm/minute, track spacing of 2 mm, nitrogen pressure of 8 psi, and dry time of 2 seconds between

passes.

A prototype MALDI timsTOF Pro instrument, with additional modifications for a
secondary (MALDI-2) laser, was used for analysis. The MALDI-2 laser was an Ekspla NL 204,
Nd:YAG 266nm, frequency quadrupled laser with a measured output of ~500 pJ, operated at 1000
Hz. The MALDI-2 laser was positioned ~500 um above the sample surface to irradiate the plume
from the primary MALDI event, and the timing was set to a 40 us delay after the MALDI-1 laser.
The timsTOF instrument was operated in qTOF mode and acquisition parameters were as follows:
250 laser shots per pixel, 1000 Hz frequency for both MALDI-1 and MALDI-2 lasers, the pressure
of the “TIMS in” funnel was maintained at 2.5 mBar with a Dry Temp of 150 °C, Focus Pre TOF
transfer time: 100 ps, Pre Pulse Storage time: 5 ps. Ion images were set to a 16 um ‘scan range’
setting in x and y with a Resulting Field Size of 20 pm with beam scan on and the Smart Beam set
to Single M2. Each ion image had an approximate size of 10,000 pixels. Data were obtained by
setting up the ion images for ND and T2D samples for MALDI-2 first, then obtaining MALDI-1
for both samples as the MALDI-2 laser needs time to equilibrate prior to acquisition. For the T2D
donor, MALDI-1 and MALDI-2 were obtained on adjacent regions of the same tissue but for the
ND donor there were issues with sample adhesion on the slide surface. As such, similar regions
were analyzed on serial sections of tissue that were on the same slide and were prepared the same

way.
Data analysis

The four ion images were opened together in SCiLS 2022a (Bruker) software for
processing. Averaged spectra of each tissue (~10,000 pixels each) were exported as a .csv file and
the data were imported into mMass (mmass.org) for further processing. Peak picking was
performed using a cutoff of 3x the noise level for each ion image. Post-acquisition calibration was
performed using a list of common lipids detected in tissues: PC(32:0) ([M+H], m/z 734.5694),
PC(34:1) ([IM+H'], m/z 760.5851), PC(34:1) ([M+Na'], m/z 782.5670), PC(36:1) ((M+H], m/z
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788.6164), PC(34:1) ([M+K"], m/z 798.5410), PC(38:4) ([M+K"], m/z 810.6007), PC(38:4)
([M+Na"], m/z 832.5827), PC(38:4) ((M+K"], m/z 848.5566). The peak picked and calibrated lists
were imported into LIPID MAPS (lipidmaps.org/tools/ms/Im_mass_form.php) and searched based
on the following parameters: ion adducts of [M+H]", even chain lipids only, and a mass tolerance
of +/- 0.01 m/z. Resulting lipid matches were copied and further processed in Excel. The list of
lipids was combined with the results from Bowman et al. of lipids detected from rat liver tissue
coated with DHB using MALDI-2 and duplicate species between the two lists were removed.*
Using this comprehensive list, a reference list for annotation in mMass was generated and the
corresponding mMass file (references.xml) in the “configs” mMass folder was modified to include
the comprehensive list of lipids for annotation. In mMass, spectra were annotated using the Mass
Filter tool and selecting the comprehensive reference list from the dropdown menu. The reference
list was matched to the peak list using a 5.0 ppm tolerance and the spectra were annotated.
Annotations for each spectrum were exported under the “File = Analysis Report...” feature and
were copied into Excel for further processing. The measured m/z was compared to the
comprehensive reference list and the closest match was used where there was more than one
annotation for a given peak. As a practical example, in Excel the measured m/z was in column M
and the reference list was in column N, rows 3:804, (Figure 4.15) so the closest theoretical m/z

was generated by the formula:
“=INDEX(N$3:N$804, MATCH(MIN(ABS(N$3:N$804-M3)),ABS(N$3:N$804-M3),0))”

and for each species in the reference list in column N where the identity is listed in column P, a

similar equation was used to query the identity for each m/z:

“=INDEX(P$3:P$804, MATCH(MIN(ABS(N$3:N$804-Q3)),ABS(N$3:N$804-Q3),0))”.
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Figure 4.15. Extract of excel sheet showing equations used to match MALDI peak lists (column M) with m/z values of lipids from a
lipid database (column N). Lipid names for matched species were extracted using a similar equation in column R. Lipids were identified
by accurate mass measurement within 2 ppm error.

M N (0] P Q R
Measured m/z . L . e
Referencelist  Lipid class Reference lipid Closest m/z to reference Lipid match
457.237 312.1207 LPC LPC(3:1) =INDEX(N$3:N$804,MATCH(MIN(ABS(N$3:N$304-M3)) ABS(N$3:N$804-M3),0)) =INDEX(P$3:P$804, MATCH{MIN(ABS(N$3:N$804-Q3)) ABS(N$3:N$304-Q3),0))
459.251 370.1625 PC PC(6:0) =INDEX(N$3:N$804, MATCH(MIN(ABS(N$3:N$304-M4)) ABS(N$3:N $804-M4),0)) =INDEX(P$3:P$804 MATCH{MIN{ABS(N$3:N$804-Q4)) ABS (N$2:N$804-Q4),0))
480.3458 395.2557 LPA LPA(P-16:0) =INDEX(N$3:N$804,MATCH(MIN(ABS(N$ 3:N$804-M5)) ABS(N$3:N $804-M5),0)) =INDEX(P$3:P$804 MATCH{MIN{ABS(N$3:N$804-Q5)),ABS (N$3:N$804-Q5),0))
483.2504 4003421 CAR CAR(16:0) =INDEX(N$3:N$804,MATCH(MIN(ABS(N$2:N$804-M8)) ABS(N$3:N $804-16),0)) =INDEX(P$3:P$804, MATCH{MIN(ABS(N$3:N$804-Q6)),ABS (N$3:N$804-Q6),0))
487.2826 419.2557 CPA CPA(18:1) =INDEX(N$3:N$804,MATCH(MIN(ABS(N$3:N$304-M7)) ABS(N$3:N$804-M7),0)) =INDEX(P$3:P$804 MATCH{MIN(ABS(N$3:N$804-Q7))ABS(N$3:N$304-Q7),0))
504.3469 426.3578 CAR CAR(18:1) =INDEX(N$2:N$804,MATCH(MIN(ABS(N$2:N$804-M82)) ABS(N$3:N $804-M8),0)) =INDEX(P$3:P$304 MATCH{MIN(ABS(N$3:N$804-Q8)),ABS (N$2:N$804-Q8),0))
518.3243 4283734 CAR CAR(18:0) =INDEX(N$3:N$804,MATCH(MIN(ABS(N$ 3:N$804-M9)) ABS(N$3:N $804-19),0)) =INDEX(P$3:P$804, MATCH{MIN(ABS(N$3:N$804-Q9)),ABS (N$3:N$804-Q9),0))
522.3577 4382979 LPE LPE(P-16:0) =INDEX(N$3:N$804,MATCH(MIN(ABS(N$2:N$804-M10)),ABS(N$3:N$804-M10),0))  =INDEX(P$2:P$804, MATCH(MIN(ABS(N$3:N$804-Q10)),ABS(N$3:N$804-Q10),0))
524.3734 4543891 CAR CAR(20:1) =INDEX(N$3:N$804,MATCH(MIN(ABS(N$3:N$304-M11)),ABS(NS3:N$804-M11),0)) =INDEX(P$3:P$804 MATCH(MIN(ABS(NS3:N$804-Q11)),ABS{N$3:N$804-Q11),0))
535.3018 457.235 LPA LPA(20:5) =INDEX(N$3:N$804, MATCH(MIN(ABS(N$3:N$804-M12)),ABS(N$3:N$S04-M12),0))  =INDEX(P$3:P$804 MATCH(MIN(ABS(NS$3:N$304-Q12)),ABS(N$3:N$804-Q12),0)
542.3242 459.2506 LPA LPA(20:4) =INDEX(N$3:N$804,MATCH(MIN(ABS(N$3:N$804-M13)),ABS(N$3:N$804-M13),0))  =INDEX(P$3:P$804,MATCH(MIN(ABS(NS$3:N$804-Q13)),ABS(N$3:N$804-Q13),0)
542.4935 4783374 HexSph HexSph(t18:1) =INDEX(N$2:N$804,MATCH(MIN(ABS(N$2:N$804-M14)) ABS(N$3:N$804-M14),0)  =INDEX(P$2:P$804, MATCH(MIN(ABS(N$3:N$804-Q14)) ABS(N$2:N$804-Q14),0))
544.3411 480.3448 LPC LPC(O-16:1) =INDEX(N$3:N$804,MATCH(MIN(ABS(N$3:N$304-M15)),ABS(NS3:N$804-M15),0)) =INDEX(P$3:P$804 MATCH(MIN(ABS(NS3:N$804-Q15)),ABS{N$3:N$804-Q15),0))
546.3555 480.3531 HexSph HexSph(t18:0) =INDEX(N$3:N$804,MATCH(MIN(ABS(N$3:N$804-M16)),ABS(N$3:N$S04-M16),0))  =INDEX(P$3:P$804 MATCH(MIN(ABS(NS3:N$304-Q16)),ABS(N$3:N$804-Q16),0)
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Intensity values (column G) were summed for each annotation (column J) matched to the reference

list identifications (column P) using the equation:
“=SUMIF(J$3:J$210,"*"&P3&"*",G$3:G$210)” where the first dataset spanned rows 3-210.

In a separate Excel sheet, the intensity values (already filtered to be above a S/N threshold of 3)
were used to determine if the species was detected using the equation “=IF(T3=0,0,1)” where T3
is a queried intensity value such that if it was detected, a “1” would be listed and if not detected, a
“0” would be listed. The total number of lipids detected per class were calculated using the
equation: “=SUMIF(G$3:G$786,"*"&Q4&"*",C$3:C$787)” where C3:C787 are the possible
lipids for one sample (column C), cell Q4 and below contains the abbreviation for the desired lipid
class (e.g., PC), and column G contains the lipid classes for each associated lipid of the reference
list. Total number of lipids identified from each ion image were obtained by calculating the sum

of those values.
RESULTS AND DISCUSSION

Characterizing the lipid and metabolite composition differences between pancreata of ND
donors and T2D donors is an important component in understanding disease progression for future
treatment and prevention approaches. Here, a pilot study was conducted to evaluate the
performance of MALDI-2 for the enhancement of signal of lipids and other metabolites in the
comparison between ND and T2D pancreatic tissue. As demonstrated previously in this chapter,
samples coated with the MALDI matrix DHB and analyzed with MALDI-2 provided the broadest
lipid coverage compared to CHCA, DHA, and NOR matrices for rabbit adrenal gland, rat brain,
rat kidney, and rat liver tissue. Since DHB was shown to be most effective for lipid detection with

MALDI-2 for multiple tissue types, it was chosen as the matrix for analysis of pancreas tissue.

MALDI IMS was performed on tissue sections from ND and T2D donors using MALDI-
1 and MALDI-2 for comparison of detection of lipids. Representative spectra are shown in Figures
4.16 and 4.17 where the averaged spectrum for MALDI-1 is shown on top in blue and MALDI-2
is shown mirrored, below, in green. Autofluorescence images of the tissue are displayed in Figure
4.18 with the IMS regions overlaid onto them. The spectral differences between the two are
significant. Some typical intensity differences between MALDI-1 and MALDI-2 are observed
such as the detection of the a-tocopherol (Vitamin E) radical at m/z 430.383 with MALDI-2. Here,
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Vitamin E signal was below the limit of detection for MALDI-1 but was detected with MALDI-2
at arbitrary intensities of 600 and 1000 in the ND and T2D donor tissue, respectively (Figure
4.19). Other typical signal enhancement with MALDI-2 was observed such as with PE lipids. One
example is the protonated PE lipid [PE(38:4), PE(O-38:5(0OH)), or PE(P-38:4(OH))] detected at
m/z 768.555 (1.7 ppm error, filtered for protonated, even chain lipids) enhanced ~8-fold with
MALDI-2. Signal enhancement of liposoluble vitamins has been demonstrated with MALDI-2 by
other groups and by our lab in various tissue types.?%!*>13¢ Vitamin E from rabbit adrenal gland
homogenate was previously analyzed and fragmented using collision-induced dissociation (CID)
on an Orbitrap Elite mass spectrometer equipped with a MALDI source from Spectroglyph LLC
and a MALDI-2 laser for post-ionization as shown in Figure 4.20. Other differences in the
MALDI-2 spectrum include enhanced detection of triglyceride (TG) species in the range of m/z
880-910.

mmm MALDI-1, non-diabetic
1 MALDI-1 mmm MALDI-2, non-diabetic
x12

20004

1000 4

Intensity

L W T MTWW

2000 4

MALDI-2

3000

300 600 900 1200

m/z

Figure 4.16. Averaged mass spectra of human ND pancreas tissue analyzed with MALDI-1 in
orange (top) and MALDI-2 in red (bottom). Approximately 10,000 pixels were averaged for each
spectrum. MALDI-2 provides for enhanced signal of many lipids from the human pancreas.
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Figure 4.17. Averaged mass spectra of human T2D pancreas tissue analyzed with MALDI-1 in
blue (top) and MALDI-2 in green (bottom). Approximately 10,000 pixels were averaged for each
spectrum. Note the significant increase in intensity of numerous species above m/z 850 for
MALDI-2 and higher signal compared to non-diabatic samples, above.
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Figure 4.18. Autofluorescence images of pancreatic tissue from ND donor (top) and T2D donor
(bottom) with IMS acquisition regions overlaid onto them. The ND donor tissue was analyzed by
MALDI-1 and MALDI-2 as serial sections. Adjacent regions of one tissue section from the T2D
donor tissue was analyzed by MALDI-1 (right) and MALDI-2 (left).
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m/z 430.383
a-tocopherol

MALDI-2 MALDI-1
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12D

Figure 4.19. Ion images of a-tocopherol (Vitamin E) for ND (top) and T2D (bottom) donor
obtained with MALDI-1 (right) and MALDI-2 (left). Vitamin E is not detected with MALDI-1 but
is readily detected with MALDI-2 and seems have elevated intensity in the T2D donor. Ion image
intensities are scaled to show the best contrast for MALDI-1 and MALDI-2.

87



Relative Intensity

100

un
o

0

CID Fragmentation of m/z 430.38

— — .+

X500 T x20 1 —x20—

165 09
E Hy
E " o,
3 HO CH, HyC’ 0
= CHy
E "
3 165.09
3 149.09
E cHy
3 HO, CHy 169.10 I —
3 - 136.09 cn,
E o,
3 16311 g
3 137.0961 e H
o
3 177.09
E o6
= HO,
E cHy 177.09
35157 A -,
E| Lt 3 HyC 0 “CH,
! 15208 H
e oy 97.10 oy
| i~ 205.12 038
E 12106 191.11
3 83.08 187 11 205.12
3 149.10
f ) 8309 o 0o 207.12 425 42
3| 6155 6907 | B 10910 {42506 | | |201.13 21914 23416 25926 27833 287.95 30432 32309 34221 351.22 36220 387.32 40134 41536 44051
Ll Lttt g M e e e B e 1M i i e b L e
m/z

Figure 4.20. CID fragmentation spectrum of a-tocopherol (Vitamin E) obtained on the Orbitrap Elite instrument from rabbit adrenal
gland tissue. Vitamin E is a common liposoluble metabolite that is readily ionized and detected in a typical MALDI-2 experiment.

Structures of fragment ions were obtained from the fragmentation pathway of tocopherols published by Jiang et al.
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MALDI-2 has been shown to increase signal for many TG lipids in other tissue types and
tissue homogenates, and this enhancement is observed from human pancreas tissue as well. One
lipid that is enhanced with MALDI-2 and differs significantly between ND and T2D donors is m/z
881.761 which was identified by CID fragmentation as TG(16:0 18:1 20:4) (Figure 4.21 A, B).
Pancreata from T2D donors have previously been shown in literature to have altered TG content,
specifically a 23% increase in triglycerides compared to ND donors.®® The data from MALDI
analysis show similar results between these donors as well where TG content is elevated in the
T2D donor compared to the ND donor, one example being TG(16:0 18:1 20:4) MALDI-2 plays
an important role in the detection of TGs such that the difference in signal between ND and T2D
donors can be represented and compared versus detection of TGs with MALDI-1. With MALDI-
1 alone, the signal of this TG is very low at an arbitrary intensity of 6 for the ND donor and of 7
for the T2D donor (17% higher signal of T2D donor). With MALDI-2, the TG signal is 421
arbitrary intensity (a.i.) for T2D donor and 264 a.i. for the ND donor (59% higher signal of T2D
donor). This species represents just one of 26 lipids identified by accurate mass measurement (<5
ppm error) as TGs that were not detected with MALDI-1 but are detected using MALDI-2 in the
T2D donor tissue. In the analysis of a lipid standard shown in previously in this chapter, DHB
matrix was the only one that showed both high S/N for TGs (compared to CHCA) and minimal
lipid-matrix adducted species (compared to norharmane). Interestingly, the TG standard fell below
the limit of detection for MALDI-1 with DHB (and all other matrices tested) whereas from tissue,
TGs are readily detected even with MALDI-1. Difference such as TG concentration and ionization
suppression could account for the difference in performance of MALDI-1 between the lipid
standard mixture and tissue. Both from lipid standard mixture and from human pancreas tissue,

MALDI-2 allows for increased signal of TG lipids.
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Figure 4.21. Ion images (A) of TG(16:0 18:1 20:4) for the ND (top) and T2D (bottom) donor
using MALDI-1 (right) and MALDI-2 (left). The TG is detected with MALDI-1 in both donors
at low levels, but the signal is poor and ion image quality is low. In contrast, MALDI-2 allows for
detection of TG with good signal intensity and high ion image quality. CID fragmentation
spectrum shown in B.
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Two examples above show significant enhancement with MALDI-2 (Vitamin E) and
differences between ND and T2D donors with lipids that are already detected with MALDI-1
[TG(16:0_18:1 20:4)] but there are examples of lipids only detectable with MALDI-2 that are
significantly more intense in the T2D donor. One such example is at m/z 774.565 identified by
accurate mass measurement as PS(0-36:2) or PS(P-36:1) (0.9 ppm mass error, Figure 4.22 A).
With analysis on a 15T FT-ICR at a mass resolution ~190,000, the mass was detected at 774.56414
with 0.20657 ppm mass error that gives a molecular formula of [C42HsoNOoP +H]" (Figure 4.22
B). In the MALDI-1 ion image, the signal falls below the S/N threshold (3x noise level) with
MALDI-1 for both the ND and T2D donors. MALDI-2 allows for signal enhancement and
detection of this ion for both ND and T2D donors but there is an over 5-fold difference in intensities

between the two (20 vs. 104 a.i. for ND and T2D donors, respectively).

91



m/z 774.5641, 0.21 ppm error, [C,,Hg;NOGP +H]*
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Figure 4.22. Ton images (A) of PS(0O-36:2) or PS(P-36:1) lipid for the ND (top) and T2D (bottom)
donor using MALDI-1 (right) and MALDI-2 (left). This ion is not detected in either donor with
MALDI-1 whereas with MALDI-2 it is detected in both donors. Of note is the significant
enhancement of signal in the T2D donor compared to the ND donor. This species may a be part of
the metabolic dysregulation process that is characteristic in T2D patients. Mass spectrum (B)
obtained on 15T FT-ICR showing isobaric ions within ~0.5 Da window so isolation for
fragmentation of this ion (green oval) was not feasible, but confident identification was made by
accurate mass measurement (0.21 ppm error).
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Even though there are numerous differences in intensity between MALDI-1 and MALDI-
2, some species and lipid classes have similar intensities between the two acquisition modes. One
exemplary lipid class is PC where the associated lipid signal was not significantly different
between modalities. The increase in signal with MALDI-2 is thought to correct for species that
ionize poorly or that experience extensive signal suppression. But lipid classes such as PCs and
SMs are readily protonated or have a permanent positive charge and are therefore readily detected
in positive ion mode in MALDI and would not experience significant ion suppression. An example
of MALDI-2 performance for PC lipids is shown in Figure 4.23 A identified by CID as PC(34:2)
(Figure 4.23 B). For this ion, there is no significant difference in intensity difference between
MALDI-1 and MALDI-2 or between the ND and T2D tissues. The PC lipid localizes to the tissue

such that fine cracks in the tissue can be distinguished and little analyte delocalization is detected.

Although tissue washing can increase signal by removing salts and promoting detection of
the protonated lipid species in positive ion mode, it can also induce analyte delocalization. An
additional complication of tissue washing is that tissue sections may detach from the slide and the
mixing of cellular components can contribute to delocalization. This delocalization is typically not
a concern for most tissue types, but the pancreas contains numerous islets, which are ~150 um in
diameter, scattered throughout the tissue. As such, maintaining spatial distribution of analytes is
important, even at the expense of signal intensity. Therefore, pancreas sections were not washed
prior to matrix application to minimize delocalization of analytes and maintain tissue integrity.
Figure 4.17 A demonstrates that by not washing, tissue integrity and analyte localization can be

maintained throughout the process of coating a sample with matrix using a robotic sprayer.
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Figure 4.23. Ton images (A) of ND and T2D human pancreas tissue sections with traditional
MALDI alone (MALDI-1) and with post-ionization (MALDI-2) for PC(34:2). The ion
corresponding to the protonated form of PC(34:2) (m/z 758.571) is shown. Similar intensities are
detected for this PC lipid with MALDI-1 as with MALDI-2, which would be expected for the PC
lipid class. Here, the tissue morphology can be readily visualized, and this ion localizes to the
tissue. CID fragmentation spectrum (B) of lipid showing characteristic PC headgroup loss.
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One feature of the data from MALDI-2 analysis on the timsTOF instrument is the amount
of spectral noise that is present. This noise presents as humps in the mass spectrum, often slightly
offset from the main ions of interest, but are difficult to deconvolute. The result is that some peaks
that appear to be real signal but are below the “noise” level go undetected, as is the case for the
species identified by accurate mass measurement as PE(36:0) (1.3 ppm error). Even though the
signal increased 3x from MALDI-1 to MALDI-2, the “noise” level increased ~7x and therefore
there was a decrease in S/N. Yet when comparing MALDI-1 with MALDI-2 data from a high mass
resolving power instrument such as the Orbitrap Elite, the noise level between MALDI-1 and
MALDI-2 was comparable. Additionally, between MALDI-1 and MALDI-2 of the ND sample
there was an uncharacteristic decrease in the number of peaks detected in the averaged mass
spectrum. Therefore, it is hypothesized that the noise that increases with MALDI-2 on the timsTOF
instrument may simply be other analytes that are enhanced with MALDI-2 that are not resolved

on the TOF platform but may be resolved using higher mass resolution instruments.
CONCLUSIONS

These proof-of-concept experiments demonstrate the feasibility of using MALDI-2
technology for the enhancement of lipid and metabolite signal from ND and T2D pancreatic tissue.
The MALDI matrix DHB allows for signal enhancement from human pancreas tissue with
performance similar to that from sections of tissue homogenates and rat kidney tissue. MALDI-2
allows for detection of lipids and metabolites not detected with MALDI-1 alone as well as
enhancement of signals already detected using MALDI-1. As such, MALDI-2 allowed for the
comparison of lipids significantly elevated in the T2D donor compared to the matched control.
Future experiments that include a larger cohort of tissue from matched ND and T2D donors will
allow for robust lipid and metabolite analysis. This will help establish the biological significance
of these candidate lipids for characterization of the metabolic differences between ND and T2D

donors and will help assess efficacy of therapeutic treatment.
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CHAPTER V

ENHANCEMENT OF TRYPTIC PEPTIDE SIGNALS FROM TISSUE SECTIONS USING
MALDI-2 IMS

This chapter is adapted from Enhancement of Tryptic Peptide Signals from Tissue Sections using MALDI
IMS Post-ionization (MALDI-2) published in the Journal of the American Society for Mass Spectrometry
and has been reproduced with the permission of the publisher and my co-authors Danielle B. Gutierrez,

Audra M. Judd, Jeffrey M. Spraggins, and Richard M. Caprioli.

“Enhancement of Tryptic Peptide Signals from Tissue Sections Using MALDI IMS Postionization
(MALDI-2)” Josiah C. McMillen, Danielle B. Gutierrez, Audra M. Judd, Jeffrey M. Spraggins,
and Richard M. Caprioli. Journal of the American Society for Mass Spectrometry 2021 32 (10),
2583-2591 DOI: 10.1021/jasms.1c00213

OVERVIEW

The utility of MALDI-2 for signal enhancement of tryptic peptides has not been reported. We
demonstrate signal enhancement of proteolytic peptides from thin tissue sections of human kidney by
conventional MALDI (MALDI-1) augmented using a second ionizing laser (MALDI-2). Proteins were
digested in situ using trypsin prior to IMS analysis and the MALDI-1 and MALDI-2 results were matched
to a database of peptides from LC-MS/MS analysis. Protein identifications requiring two or more peptides
per protein resulted in 276 + 20 proteins with MALDI-1 and 401 + 60 with MALDI-2. These results
demonstrate that MALDI-2 provides enhanced sensitivity for the spatial mapping of tryptic peptides and

significantly increases the number of proteins identified in IMS experiments.
INTRODUCTION

The spatial mapping of peptides and proteins is crucial for understanding the underlying molecular
drivers of tissue biology and pathology.!!*® Protein distributions in tissue are highly dependent on
expression within cell types and on molecular changes in the tissue microenvironment.!3%!40 Peptides and
proteins are often identified by mass spectrometry technologies from bulk tissue homogenates, but spatial
information is not typically retained with these methods. In contrast, immunohistochemical imaging
allows for sensitive analyte detection and high spatial resolution mapping but requires a priori knowledge

of the analyte of interest and is limited by the number of targets that can be imaged in a single experiment.
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Matrix-assisted laser desorption/ionization imaging mass spectrometry (MALDI IMS) of peptides and
proteins combines the advantages of both MS and immunohistochemistry by providing high sensitivity
and specificity for analyte detection as well as untargeted, multiplexed mapping of hundreds-to-thousands

of peptides and proteins from a single experiment.

Protein IMS has been reported for the intact detection of large proteins up to 200 kDa'#! but the
practical upper mass limit is ~50 kDa.!* High performance mass analyzers (e.g. FT-ICR and Orbitrap)
provide superior mass resolving power and accuracy but have limited ion transmission efficiency at high
m/z and analyses are typically limited to <30 kDa for protein IMS experiments.!*>!43 To access larger
proteins, a bottom-up approach is employed by applying a proteolytic enzyme such as trypsin to the tissue
surface and imaging the resulting peptides.’”-!*+!45 Identifications were made using mass accuracy (<5
ppm error) and the colocalization of tryptic peptides from the same protein.'*'%” However, because
different peptides are generated by MALDI and electrospray ionization (ESI),'**'%° this approach is
limited. To address this challenge, proteomic coverage can be increased for the IMS experiment by

31 On the other hand, more

including multiple, complementary enzymes for in situ digestion.'
comprehensive protein databased generated by liquid chromatography tandem mass spectrometry (LC-
MS/MS) can be made more comprehensive by including subsequent in silico digestion products of each
identified protein.

Although peptide and protein IMS workflows are routine, proteomic coverage and sensitivity
remain as challenges. Strategies to improve sensitivity through sample preparation approaches have
included development of novel MALDI matrices'>? and tissue washes to remove interfering lipid and
metabolite species that suppress peptide signal.'” One common method to increase sensitivity is to use a
method called antigen retrieval wherein proteins are denatured using high temperature. This allows the
trypsin access to more sites for digestion thereby increasing proteomic coverage.’’ Digestion condition
variables such as time, temperature, and humidity have also been optimized to improve digestion

efficiency while maintaining peptide localization within a tissue section.!>*!3* Nevertheless, increased

sensitivity is needed to improve proteomic coverage for bottom-up IMS experiments.

Many instrumental technologies can be employed to improve sensitivity for IMS experiments.'!!

One technology that has been shown to dramatically increase signal for MALDI IMS for some analytes
is laser-based post-ionization.?*?%!5 Post-ionization by MALDI-2 employs a secondary laser positioned

parallel to, and above the sample and irradiates the plume generated by the initial MALDI event (Figure
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1.7), thereby increasing the fraction of molecules that are ionized. MALDI-2 has been recently shown to
increase ion intensity up to 100-fold for lipids and increase the number of identified species by a factor
of two. MALDI-2 post-ionization has been demonstrated to increase intensity for many classes of

29,124,155

biologically relevant analytes including lipids, saccharides,? liposoluble vitamins,?® N-linked

124 and some protein complexes.!>’” However there have

glycans,'*® certain pharmaceutical compounds,
been no reports of increased intensity of peptides with MALDI-2 post-ionization. Here, we demonstrate
the use of MALDI-2 post-ionization for the enhancement of tryptic peptides from human kidney tissue

sections and improved proteomic coverage for imaging experiments.
RESULTS AND DISCUSSION

MALDI IMS spectral data was compared between MALDI-1 and MALDI-2 of adjacent sections
of the same section of human kidney tissue, performed in triplicate. Representative averaged, deisotoped
mass spectra are displayed in Figures 5.1 and 5.2 which show an increase in intensity and molecular
coverage of tryptic peptides analyzed with MALDI-2. Analysis with MALDI-1 resulted in 474 + 49 peaks
whereas MALDI-2 allowed for detection of 1,278 + 161 peaks based on a S/N level of 10. The overall
spectral intensity was greater with MALDI-2 (2.6 x 10%) as compared to MALDI-1 (8.0 x 10?). These data
indicate that there are significant signal and molecular coverage improvements for peptide IMS

experiments with MALDI-2.
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Figure 5.1. Representative averaged, deisotoped mass spectra of peptide ion images with MALDI-1 (A)
and MALDI-2 (B) from IMS of human kidney section digested in situ. Number of peaks for MALDI-1
(474 £ 49) and MALDI-2 (1278 + 161) are based on a signal-to-noise ratio of 10 to highlight the increase
in S/N with MALDI-2. Spectra are scaled to their base peak of 8.0x10? for MALDI-1 and 2.6x10° for
MALDI-2. Some matrix-related ions with high intensity decrease with MALDI-2.

LC-MS/MS peptides matched to IMS data

The increase in peptide signal and molecular coverage with MALDI-2 allows for more
comprehensive proteomic coverage for tissue imaging experiments. To demonstrate this, MALDI peak
lists were matched against a list of peptides from proteins identified by LC-MS/MS. Identification of
proteins from IMS data was based on peptide mass fingerprinting (PMF) using 5 ppm mass error for
peptides, 2 peptides per protein, and similar localization of peptides for each protein determined by
manual review. The resulting number of peptides from identified proteins for MALDI-1 was 17 £ 1 and
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57.7 + 2 for MALDI-2. These identified peptides correspond to 9 + 1 and 26 + 1 proteins identified for
MALDI-1 and MALDI-2, respectively. Further, MALDI-2 resulted in enhanced signal for all peptides
(57.7 £ 2) identified using the criteria defined above.

Prior to acquisition, tissue sections were imaged optically using autofluorescence (Figure 5.2 A)
to visualize the major functional tissue units of the kidney. Highlighted ion images were selected to
provide examples of peptides that localize to these regions and throughout the tissue (Figure 5.2 B-E)
including the cortex (Figure 5.2 B), medulla (Figure 5.2 E), and glomeruli (Figure 5.2 C). Many peptides
not detected with MALDI-1 alone were detected with MALDI-2 (Figure 5.2 C), and MALDI-2 provided
improved sensitivity for many ions already detectable with MALDI-1 (Figure 5.2 B, D, E). In many
cases, a protein was identified from the IMS data sets with MALDI-2 only, and these proteins may provide
insight into biological functions and disease states. One example is aminopeptidase N, a protein that is
overexpressed in many types of cancer and is a target for cancer chemotherapy.'>%!> With IMS, we are
able to visualize the localization of peptides of aminopeptidase N to the cortex of the kidney (Figure 5.3
A-C). Validation of this protein was performed using anti-aminopeptidase N antibody (Figure 5.3 D).
Immunofluorescence shows aminopeptidase N localized to similar regions as the peptides detected by
MALDI-2 (Figure 5.3 B, C). The secondary antibody control does not significantly fluoresce (Figure 5.3
E). MALDI-2 enhances peptide signal to allow for identification of this protein that otherwise would have
remained undetected by IMS. Examples of other significant proteins identified with MALDI-2 in this
analysis include alpha-enolase!®’, zinc-alpha-2-glycoprotein'®', and phosphoglycerate kinase 1'%,

proteins that have been found to be elevated in some cancers and tumors.
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Figure 5.2. Autofluorescence image of human kidney (A) and ion images of peptides that localize to
different tissue functional units of the kidney. Ion images were obtained via MALDI-1 (white outline,
above) and MALDI-2 (red outline, below). Some species showed little change in intensity between
MALDI-1 and MALDI-2 (B) while many species dramatically increased with MALDI-2 (C-E). Values
are listed of ion m/z, protein designation, amino acid sequence of peptide, and mass error. Assignments
are based on accurate mass measurements matched to the LC-MS/MS digest data within + 5 ppm error
for each peptide.
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Figure 5.3. Autofluorescence
image of human kidney (A)
and ion images (B, C) show
multiple peptide matches to
the protein aminopeptidase N.
Two peptides were detected
that correspond to this protein
and both species increase in
signal with MALDI-2
analysis. The amino acid
sequence, the measured m/z,
and the ppm error of each
peptide are listed above the
ion image. Peptides localized
similarly in the tissue which is
expected from species relating
to the same identified protein.
Validation was performed by
immunofluorescent staining
of tissue with an anti-
aminopeptidase N antibody
(D) and it localized to similar
regions of the tissue as with
the ion images (B, C). A serial
section was stained as a
control and shows that there
was no significant non-
specific  binding of the
secondary antibody (E).



Some unannotated peptides decreased with MALDI-2 but were either below the S/N threshold or
were not matched to an identified protein. This decrease in signal may be caused by matrix adduct
formation or selective photoionization as observed in lipids analysis.’® Other peaks that decrease with
MALDI-2 were matrix-related and were detected in all IMS pixels, including areas away from the tissue.
This decrease in matrix cluster signal was demonstrated previously with infrared post-ionization and is
evidenced here with MALDI-2."2! All peptides identified in MALDI-1 were also identified in MALDI-2
indicating that the decrease in signal did not affect the identified peptides to the extent that they would
fall below the limit of detection. Fragmentation by collision-induced dissociation was performed on
peptides over a range of m/z values to determine if increase in signal was related to matrix adduct
formation but no loss of matrix was observed. Fragmentation of peptides from a serial section of tissue
was performed to provide sequence information but the fragmentation results were poor due to low charge

states formed by MALDI, and no conclusive data was generated.

The increase in peptide signals could possibly originate from fragmentation of larger proteins
outside of the detectable mass range of the instrument. A 266 nm laser has been shown to dissociate singly
protonated peptides, but the post-ionization laser energy used for the experiments reported herein is
significantly lower (150 pJ vs. 3 mJ) than what was reported in these studies, both with nanosecond-scale
pulse widths.!®> A bovine serum albumin tryptic digest was spotted with matrix and analyzed with
MALDI-1 and MALDI-2 but interestingly, no significant change in spectra was observed with MALDI-
2 — neither increase in species nor fragmentation of peptides was observed. This stands in contrast to
spotted lipid standards that were enhanced with MALDI-2 as shown in our lab and by others.!3%!63

Nevertheless, the use of MALDI-2 for tissue analysis allows for significant enhancement of peptide

coverage by IMS.

To determine if certain amino acids or molecular characteristics affect MALDI-2 of peptides,
amino acid composition analysis was performed (Figure 5.4). Significant differences in amino acid
composition were discovered but no correlation in specific amino acid characteristics such as
acidity/basicity, polarity, or charge was found. Additionally, peptide hydropathy values for each peptide
were calculated based on peptide grand averages of hydropathy using amino acid hydropathy (GRAVY)
values from Kyte and Doolittle'*!%* but no difference in distribution of GRAVY was observed (Figure
5.5). One limitation of these analyses is that the statistical power is hindered by the number of peptides

identified. Still, these results are consistent with the ionization mechanisms previously proposed for
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MALDI-2. It is thought that MALDI-2 proceeds through multiphoton ionization of matrix to form charged

radicals that transfer charge to neutral analytes.!?*!>16> This may result in a reversal of ion suppression

effects for some analytes, previously demonstrated for analysis of lipids and certain classes of

phospholipids with MALDI-2.!23:13¢
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Figure 5.4. Amino acid composition analysis of unique peptides from proteins identified from ESI and
IMS analysis for three technical replicates comparing MALDI-1 and MALDI-2. Amino acid frequency
was compared to average values from SwissProt database. (MALDI-1: 17 + 1.4, MALDI-2: 57.7 + 2.4
peptides). The identification level of some amino acids was significantly different between MALDI-1 and

MALDI-2 but they did not correspond to a certain class of amino acids.
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Hydrophobicity comparison of peptides for MALDI-1 and MALDI-2
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Figure 5.5. Grand average of hydropathy (GRAVY) distribution of unique peptides from proteins
identified from ESI and IMS analysis, as a percentage of detection frequency, for MALDI-1 and MALDI-
2 using hydropathy values from Kyte and Doolittle (1982). (MALDI-1: n= 57, MALDI-2: n=173). No
difference was observed in the average hydropathy values of peptides detected with MALDI-1 compared
with those detected by MALDI-
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Generation of peptides in silico matched to IMS data

Many peptides in the IMS data remained unannotated after matching to LC-MS/MS data,
and differences in observed peptides by ESI and MALDI is well established.!**!%% Additionally,
there may be peptides detected with MALDI-2 that are not detected during LC-MS/MS analysis.
To broaden the scope of the peptides searched, in silico digestion of proteins identified from LC-
MS/MS was performed to generate a database of all theoretical peptides in the protonated form.
This allows for annotation of peptides detected by MALDI-1 and MALDI-2 that may have gone
undetected during LC-MS/MS analysis. Recently, this has been developed into a program called
HIT-MAP by others.!% In other work, reference databases for the identification of peptides from
MALDI images were created from 33 tissue microarrays that were prepared in a similar manner
to the imaged tissue.!® We chose an alternative approach to increase the confidence of our
assignments. Since individual tissue blocks or TMAs can vary greatly in their morphology (e.g.,
the percentage of cortex versus medulla) and therefore, in their protein content (as demonstrated
in the above study), we chose to obtain our reference list of peptides from the same patient block
of human kidney tissue that was used for MALDI IMS.!*® Ideally, these would be serial sections
to get the closest histological match possible. Secondly, since it is established that correlation of
peptides observed by MALDI and ESI is poor'*1%0 we expanded the list of peptides available to
match to MALDI IMS peptides by performing an in silico digest of the proteins identified by LC-
MS/MS. Lastly, we matched MALDI IMS peptides within a mass tolerance of 5 ppm to the
theoretical m/z and required at least two peptides per protein be identified in the MALDI IMS

dataset in an approach similar to previously published work.!4
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Table 5.1. Number of unique proteins and matched to MALDI-1 and MALDI-2 data (n=3
replicates of human kidney tissue IMS) comparing iz silico approach to LC-MS/MS PMF. Charge
was accounted for and carbamidomethyl was subtracted from the mass of LC-MS/MS peptides, as

this would not be present in the MALDI data.

A) Matched to in-silico digest B) Matched to LC-MS/MS

MALDI-1 MALDI-2 MALDI-1 MALDI-2
Unique Peptides| 1337 +96 2076 + 362 178+ 5 445 + 79
Unique Proteins| 584 + 27 703+ 50 1535 358 + 64
Unique Proteins, 22 peptides| 276 + 20 401 + 60 9+1 261
MALDI peaks IDed (at22 ) ), o7 | 18354397 | 4219 148 + 56
peptides/protein level)

Overall, IMS with MALDI-2 and subsequent protein identification by PMF allowed for
identification of 2,076 + 362 unique peptides (equivalent to 77% + 0.5% of the deisotoped peaks)
and 401 + 60 proteins that were identified by 2 or more peptides, based on triplicate
measurements.'>»1%7 703 + 50 proteins were identified by one peptide only; while these do not
meet our criteria for identification, proteins of interest from this list could be validated in the future.
In comparison, MALDI-1 alone led to approximately 30% fewer proteins identified with 2 or more
peptides (Table 1). These numbers represent an average of proteins identified in each replicate.
Many peaks in each spectrum were identified; however, additional peptide identifications may be
possible when common MALDI adducts such as sodium and potassium are considered. The
database constructed by in silico digestion contained 144,619 unique peptides from the 1,361 LC-
MS/MS proteins to compare with IMS data. While this could potentially increase the number of
false positives for proteins, this approach allows for identification of peptides detected by MALDI-
1 and MALDI-2 that have gone undetected during LC-MS/MS analysis. These data also provide a
starting point to enable discovery of potential molecular markers that can be further identified and

validated using orthogonal methods.
METHODS
Tissue handling and preparation for MALDI IMS

Human kidney tissues were collected as part of normal non-neoplastic portions of

nephrectomy samples.'®® Tissue blocks were frozen using an isopentane/dry ice slurry, embedded
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in carboxymethyl cellulose, and cryo-sectioned at 10 pm thickness onto indium-tin oxide coated
glass slides (Delta Technologies, Loveland, CO, USA).'6%!7 Six serial sections were placed onto
three slides and each slide was analyzed in triplicate as technical replicates. Sections were optically
imaged using autofluorescence to obtain tissue morphological information from the same section
used for IMS.!** Sections were washed to remove the carboxymethyl cellulose embedding material
using ethanol and water!”! followed by Carnoy’s solution wash protocol to remove salts and lipids.
Antigen retrieval was performed to thermally denature the proteins prior to the application of
trypsin with a pneumatic sprayer, as previously described'** and samples were digested in situ at
37°C overnight in a humidity oven (Espec North America, Hudsonville, MI, USA) set to 100%
relative humidity. The MALDI matrix (a-cyano-4-hydroxy-cinnamic acid [CHCA]) was applied
by pneumatic sprayer (HTX Technologies LLC, Chapel Hill, NC, USA) at 0.1 mL/min. flow rate
for 8 passes with a nozzle temperature of 85°C. Matrix concentration was 5 mg/mL in 90%
acetonitrile with 0.1% trifluoroacetic acid.’’ Sample preparation for peptides was optimized to

maximize signal for MALDI-1 and to maintain the spatial localization of peptides.
Immunofluorescent staining

Immunofluorescent staining for aminopeptidase N was performed by fixing tissue in 4%
paraformaldehyde in phosphate buffered saline (PBS) for 10 minutes. The tissue was covered with
blocking buffer (0.5% Tween 20 and 1% bovine serum albumin in PBS) 1 hour at room
temperature. The primary antibody (Recombinant anti-CD13 antibody, Abcam, ab7417, lot
number: GR3388979-2 [0.423 gm/mL]) was diluted 1:500 using the blocking buffer. The solution
was placed on the tissue and was incubated overnight at 4°C in a humidity chamber. The primary
antibody was removed by washing twice with PBST followed by once with PBS. The secondary
antibody (goat anti-mouse, cy5) was diluted 1:500 in PBS and tissue was incubated in it, protected
from light. Tissue was washed 2x with PBST, 1x with PBS. A coverslip was mounted onto the
slide using a water-soluble mounting media containing DAPI (DAPI Fluoromount-G,

SouthernBiotech).
IMS analysis

Tissue section analysis by MALDI IMS was performed in positive ion mode using an

Orbitrap Elite instrument equipped with a MALDI ion source (Spectroglyph LLC, Kennewick,
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WA, USA), which included a second laser for MALDI-2 functionality (266 nm, CryLaS GmbH,
Berlin, Germany) as described previously.'*® The instrument was operated with a range of m/z
500-2000 and was calibrated with calibration mix using the ESI inlet of the Spectroglyph source
prior to acquisition. The MALDI-2 beam was positioned 430 pm above the MALDI-1 ablation
region and lasers were operated at 60 Hz each and irradiation was offset temporally by 20 ps.
Lasers were operated at 5 uJ for MALDI-1 and 150 pJ for MALDI-2. Spectra were acquired with
AGC off and a fill time of 250 ms to obtain a constant 15 laser shots per IMS pixel. Samples were
analyzed at spatial resolution of 50 pm with an ablation diameter of 25 pm for MALDI-1. Similar
and adjacent regions of the same section were analyzed with MALDI-1 and MALDI-2, and the
ion images contained ~15,000 pixels in each region. For image visualization, ion images were
converted to vendor-neutral imzML format using Imagelnsight software (Spectroglyph) and
imported into SCiILS software (Bruker, version 2019b). Comparable regions of tissue were
outlined using SCiLS software, averaged spectra were exported as .csv files, and then were
imported into mMass (mmass.org, Version 5.5.0) for further processing. The IMS data were
processed with root mean square normalization prior to image generation. Example ions and their

localization were compared to the optical autofluorescence image of tissue.
LC-MS/MS proteomic workflow

A tissue homogenate of the same tissue used for IMS was analyzed using bottom-up LC-
MS/MS proteomic protocols. Full experimental details including sample preparation and data
search parameters are described on the Protocols.io website.!”>1”* The sample was analyzed on a
Thermo Scientific Orbitrap Fusion Tribrid mass spectrometer in line with a Thermo Scientific
Easy-nLC 1000 UHPLC system. Tissue sections were homogenized in a Tris, 1% NP-40 buffer,
and 100 pg of precipitated protein was digested with trypsin. After desalting, the sample was dried
down. Prior to analysis, the sample was reconstituted in 0.1% formic acid at 1 pg/uL. Sample, 2
pL, was injected via the autosampler and loaded onto a fused silica pulled-tip C18 column (100
pm i.d. x 350 mm length,) packed with Waters C18 BEH resin (1.7 um particle size, 130 A pore
size), with 0.1% formic acid in water (mobile phase A). Peptides were separated over a 127-minute
gradient with 0.1% formic acid in water and 0.1% formic acid in acetonitrile (mobile phase B),
and eluted peptides were ionized via positive mode nESI. The top 17 MS1 peaks were chosen in

data dependent acquisition mode. Data were analyzed using MaxQuant version 1.6.7. The output
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included 1,361 proteins identified by two or more unique peptides after removal of reverse hits,
potential contaminants, and peptides identified by modified sites only. The proteomics data from
this publication have been deposited to the ProteomeXchange Consortium!'”
[http://www.proteomexchange.org/] via the PRIDE partner repository'’® with the dataset identifier

PXD023877.
Identification of MALDI-generated peptides using LC-MS/MS

The list of peptides from the LC-MS/MS workflow was compared to the MALDI-1 and
MALDI-2 peak lists from the averaged spectra for protein identification by peptide mass
fingerprinting (PMF). Averaged spectra were generated in SCiLS by selecting comparable regions
of tissue in MALDI-1 and MALDI-2 ion images and exporting the averaged spectrum as .csv file
format. Averaged spectra were imported into mMass, deisotoped, and peak picked at 50% FWHM
with a signal-to-noise ratio (S/N) threshold of 3. To ensure accurate peptide annotations, mass
calibration post-acquisition was performed. The mMass reference file was modified to include
potassiated CHCA clusters ([4M+K]*, [SM+K]", [6M+K]" at m/z 795.1335, 984.1761, and
1173.2187, respectively) for a 3-point linear calibration.!”” The peak list from the averaged,
recalibrated spectra were matched (= 5 ppm mass error) to the peptide closest in theoretical m/z
from proteins identified in the LC-MS/MS data. Next, MALDI ions with two or more peptides
matched to a protein were selected to generate ion images. A calibration curve was generated to
align the calibrated mMass data to the uncalibrated IMS data in SCIiLS using the 3-point linear
calibration described above. To match the calibrated peak list to the uncalibrated, graphs were
generated with m/z on the y-axis and spectral bin number on the x-axis. Linear best fit line
equations for the uncalibrated and recalibrated spectra were used to back-calculate the m/z values
for the peptides of interest in the SCiLS datasets (workflow shown in Figure 5.6). Those peak lists
were imported into SCILS to generate ion images which were grouped based on their annotated
protein and the ion images were reviewed to verify that there were at least two ion images of
peptides that localize to similar regions of the tissue. If the peptides did not localize to similar

regions, the peptides and protein were removed from the list of identifications.
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Figure 5.6. Detailed workflow showing the comparison between the calibrated peak list to
uncalibrated data for ion image generation for a single IMS acquisition (repeated for MALDI-1
and MALDI-2, in triplicate). This is needed to rectify the data used for peptide identification
(recalibrated) with the RAW data used for ion image generation (uncalibrated). Averaged spectra
of tissue regions obtained by IMS (A) are converted to .csv format to extract the bin # for each m/z
point of calibrated and uncalibrated spectra (B). Graphs of m/z vs. bin # are generated for each
spectrum (C) to obtain the lines of best fit along with its corresponding linear equation (D), as well
as to serve as a visual representation of the uncalibrated and recalibrated data. Values for “m” and
“b” in the equations (D) are shown to 10+ decimal places to ensure fidelity between calibrated and
uncalibrated values. The calibration equations are used to translate between calibrated and
uncalibrated data. Peak list of identified peptides (not shown) can then be “uncalibrated” (F) and
imported into SCiLS to generate ion images for the corresponding peptide ions of interest (G).
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Identification of MALDI-generated peptides from in silico digestion of proteins

The proteins identified via LC-MS/MS were digested in silico using a local install of
Protein Prospector to obtain a database of all possible tryptic peptides. Parameters were as follows:
database = SwissProt revised September 18, 2019; digestion enzyme = trypsin; instrument = ESI-
FT-ICR-CID; minimum digestion fragment = 400; maximum digestion fragment = 4,000 Da;
minimum digestion fragment length = 5; maximum hits = 1,000,000; maximum missed cleavages
= 2; variable modifications = acetylation N-term, Met-loss N-term, Met-loss N-term and
acetylation N-term, oxidation of methionine. PMF was used to match within 5 ppm deisotoped
IMS peaks from MALDI-1 and MALDI-2 analyses (with S/N of 3 or greater) to the theoretical
m/z values of peptides resulting from in silico digestion of LC-MS/MS proteins. PMF is typically
used with nearly purified proteins, where digestion of the sample results in many peptides that can
distinguish the protein of origin. In the case of in-situ tissue digestion, the sample is molecularly

complex, and hundreds of proteins will require identification.

To deal with multiple PMF matches to a single MALDI ion, a simple scoring system was
implemented that 1) ranked proteins in the LC-MS/MS dataset using sequence coverage and the
number of identified peptides per protein normalized to molecular weight, and 2) ranked the mass
accuracy of the MALDI-to-peptide matches as well as the number of potential peptides per protein
for each match. The scoring system also considered the number of potential matches with the same
mass difference. For mass accuracy, matches with a smaller difference between the theoretical
peptide m/z and the IMS m/z value positively affected the score. Additionally, a smaller number
of matches (and thereby less uncertainty) had a positive effect. Likewise, the LC-MS/MS protein
rank was higher, and positively affected the score of a match, when there was more sequence
coverage and peptides (normalized to MW). This identification strategy needs further validation
as it is possibly biased toward higher molecular weight proteins. It was implemented here to

provide protein identifications to further compare MALDI-1 and MALDI-2.

CONCLUSIONS

Here, we demonstrated that MALDI-2 IMS increases sensitivity and molecular coverage
for peptides from in sifu bottom-up proteomic analysis of thin tissue sections. These improvements

enabled ~3x increase in identification of proteins using the following criteria: 1) protein is matched
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to LC-MS/MS data with two or more peptides, 2) peptide is within 5 ppm error, 3) and the peptides
colocalize in tissue. Additionally, in silico digestion of proteins allowed for identification of
peptides detected in MALDI data that were not detected by ESI-MS/MS. These proof-of-concept
experiments demonstrate the utility of MALDI-2 for enhanced detection of peptides from tissue
sections for bottom-up protein IMS. This technology will be beneficial for future studies to obtain
both protein identity and corresponding spatial distribution of clinically relevant peptide and
protein species. These technical improvements are also critical for providing more robust and
complete molecular imaging capabilities for large-scale tissue mapping projects as well as
combining these results with serial sections of tissue analyzed with MALDI-2 for supplementary
lipidomic analysis. This way, a more complete molecular understanding of non-diseased and
diseased tissue can be used to characterize disease states and inform both the development and the

efficacy of therapeutic treatments.
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CHAPTER VI
PROTEIN MALDI IMAGING MASS SPECTROMETRY REVEALS NUMEROUS
MODIFICATIONS OF IAPP IN HUMAN T2D AMYLOID PLAQUE-CONTAINING
ISLETS

INTRODUCTION

Diabetes is a widespread disease characterized by the loss of insulin-producing 3 cell function
and mass in the pancreas, but the exact cause is yet to be determined.®” Over 90% of patients with
type 2 diabetes (T2D) have amyloid plaques in the pancreas, a phenomenon hypothesized as a
causative factor of B cell death.”>!"817 Amyloid plaques are primarily composed of aggregates of
a small peptide, the 37 amino acid islet amyloid polypeptide (IAPP).””® The IAPP peptide is
secreted by P cells in a 1:100 ratio with insulin under normal conditions’ and is thought to be
involved in gastric emptying and regulating satiety.'®® The mechanism of IAPP aggregation to
form amyloid plaques is incompletely understood. Still, recent research has investigated the roles

of post-translationally modified forms of proteins that localize to the islets.'8!-132

Proteins frequently undergo a series of modifications after translation to become functional.
This process is called post-translational modification (PTM) and can occur by an enzymatic
process. PTMs are important to T2D as they have been shown to localize to islets by
immunohistochemical analysis.'®> Examples of non-enzymatic PTMs include the formation of
advanced glycation end products (AGEs) such as N°®-(carboxymethyl) lysine (CML), N°-
(carboxyethyl) lysine (CEL), and pyrraline.'®*!85, Formation of AGEs can occur by the reaction
of a protein with glucose to produce a Schiff base that can rearrange to form the Amadori
product.'®¢187 The Amadori product can undergo subsequent non-enzymatic reactions to form
AGEs."®® An alternative pathway for AGE formation is through the generation of many reactive
dicarbonyl compounds including glyoxal, methylglyoxal, and deoxyglucosones through oxidation
of glucose and subsequent reaction with a protein to form CML, CEL, and pyrraline,
respectively.!8”138 AGEs have been shown to be detrimental to f cell health, bind to the receptor
for AGEs (RAGE),"*'* modify protein folding,'*! affect IAPP aggregation,’”® and have been a
recent focus for its role in facilitating plaque formation in islets of T2D patients’””8. There is a

need to characterize the PTMs of IAPP present in amyloid plaques in the islets of T2D patients to
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understand the mechanistic role of modified IAPP in the development of islet dysfunction leading

to diabetes.

The pancreas is a complex organ where islets comprise ~1% of the pancreatic mass. 1°%!%3

Islets are the primary location of aggregation of IAPP, but standard methods to analyze the protein
composition of the pancreas include homogenization of whole tissue. Because islets comprise such
a small fraction of the entire tissue, homogenization methods dilute islet-specific analytes to such
a degree that they may fall below the detection limit. An additional drawback of tissue
homogenization is that the information on the location of analytes within the tissue is lost.
Proteomic techniques with a spatial component are needed for the molecular characterization of
islets and plaque-specific analytes. Spatially targeted approaches such as liquid extraction surface
analysis allow the extraction of intact proteins with an extraction diameter (~1 mm) larger than the
diameter of a typical islet (100-200 pm).!** Small tissue regions can also be targeted using laser
capture microdissection, but other technologies to analyze small tissue regions are still being
developed.'”> Methods of molecular imaging of pancreatic sections include chemical and
immunofluorescent staining, which can provide very high spatial resolution images with high
sensitivity. The high chemical specificity requires targeted analysis and is often limited in the
number of analytes multiplexed in a single imaging experiment. Recent advances in multiplexing
of immunofluorescent tags have allowed tens of proteins to be mapped to a single tissue section
with high spatial resolution using technologies such as co-detection by indexing (CODEX).
However, these technologies still rely on a priori knowledge for targeted analysis. ' Furthermore,
there is a lack of PTM-specific validated antibodies such that modified forms of proteins are often

indistinguishable.

MALDI IMS allows for the multiplexed, untargeted detection of hundreds to thousands of
analytes from a single IMS experiment in a spatially resolved manner. MALDI-2 post-ionization
has been shown to enhance signal of metabolites, lipids, and tryptic peptides but its effect on intact
proteins is unknown. We use MALDI-1 and MALDI-2 IMS for the untargeted, multiplexed,
sensitive analysis of intact proteins in human pancreas sections from six ND and five T2D donors.
Sections of the pancreas were analyzed by immunofluorescence and staining for amyloid plaques
and were compared to MALDI IMS analysis of serial sections of tissue. Using MALDI IMS,

multiple PTMs, including AGEs, were shown to localize with the unmodified form of the protein
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in amyloid plaque-containing islets. Chemical stains show the presence or absence of amyloid
plaque. Still, the sensitivity and wide dynamic range of MALDI IMS allow for detecting IAPP at

baseline levels in the ND donor and elevated levels in islets containing amyloid plaque.
MALDI-2 FOR ENHANCEMENT OF INTACT PROTEIN SIGNAL FROM TISSUE

The utility of MALDI-2 technology for significant signal enhancement has demonstrated
numerous biomolecular classes including lipids and tryptic peptides, but enhancement of protein
signal has not been demonstrated. Here, we used the timsTOF Pro instrument with a MALDI
source to allow for a MALDI-2 laser as described in Chapter V. In this study, tissue sections from
ND and T2D donors were prepared for protein analysis with MALDI-1 and MALDI-2 to evaluate
the feasibility of using MALDI-2 on the modified timsTOF Pro instrument for protein analysis of

pancreatic tissue sections.
METHODS
Sample preparation

Previous experience using MALDI-2 for enhancement of tryptic peptides guided part of
the sample preparation and acquisition for these tissues. The MALDI matrix CHCA has been
previously shown with MALDI-2 to enhance lipid and tryptic peptide signal, compared with
MALDI-1 alone, so it was used for protein analysis. The tissue sections were washed with a Carnoy
wash protocol consisting of 70% ethanol (30 sec), 100% ethanol (30 sec), Carnoy’s solution (6:3:1
ethanol/chloroform/acetic acid, 2 min), 100% ethanol (30 sec), water (30 sec), 100% ethanol (30
sec) and dried for 30 minutes in a benchtop vacuum desiccator. CHCA matrix was applied using
a pneumatic, robotic sprayer (TM Sprayer M3, HTX Technologies) to obtain a homogeneous layer
of matrix. Matrix solution was prepared as 5 mg/mL CHCA in 90% acetonitrile, 0.1%
trifluoroacetic acid. Sprayer conditions were 85°C nozzle temperature, 10 psi nitrogen, 8 passes in
CC pattern, 700 mm/minute nozzle speed, 2 mm track spacing, no dry time, 40 mm distance

between nozzle and stage, solvent pushed at 0.1 mL/minute with 90% acetonitrile.
MALDI IMS

Ion images were acquired on a timsTOF Pro modified with a MALDI source and inclusion

of a laser for MALDI-2. The MALDI-2 laser (Ekspla NL 204 Nd:YAG frequency quadrupled 266
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nm) was positioned to irradiate 500 pm above the sample surface, operated at a frequency of 1000
Hz, and set to irradiate 40 ps after the MALDI-1 laser. The instrument was operated in qTOF mode
and was set to acquire from 1000 — 10,000 m/z at 50 um spatial resolution with beam scan on using
the Smart Beam setting of Single M2. Focus Pre TOF settings were 200 us for the Transfer Time
and 25 ps for the Pre Pulse Storage. Under the Tune tab and Processing, the Absolute Threshold
(per 1000 sum.) was set to 10 to allow for detection of low-intensity ions. The TIMS In pressure
was set to its lowest setting of 1.5 mBar and the instrument was calibrated using red phosphorus
clusters. After acquisition, ion images were opened together in SCiLS 2022 for ion image
generation and averaged spectrum export. Spectra were imported into mMass for calibration and

further processing.
Results and discussion

Intact proteins were detected from human pancreas tissue up to m/z 7000 (Figure 6.1).
Signals were relatively sparse over the m/z range and most signals localized to islets. Species such
as insulin and glucagon were detected and identified by accurate mass measurements (<20 ppm
error) (Figures 6.2 and 6.3). Multiple ions localized to the islet regions (colocalized with insulin
and glucagon) but neither IAPP (m/z 3904) nor any of its post-translationally modified forms were
detected. The sensitivity for intact proteins was relatively low as there was a large baseline and
low S/N for most proteins other than insulin. In contrast with the enhancement of lipid and tryptic
peptide signals in Chapters III, IV, and V, there was no enhancement of signal for intact proteins

from human pancreas sections coated with CHCA and analyzed using MALDI-2.

118



Human pancreas tissue (protein IMS)

mmm MALDI-1
mmm MALDI-2

T T T T T ™ ™ T T T T T
2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 7500 8000
mz

Figure 6.1. Representative mass spectra from human pancreas tissue analyzed with MALDI-1 and
MALDI-2 prepared with CHCA for intact proteins. The spectrum is enhanced to show lower
intensity ions while the insulin peak (m/z 5808) was much more intense at ~200 arbitrary intensity
(a.i.). There was no significant protein signal difference between MALDI-1 and MALDI-2.

PROTEIN IMS OF ND AND T2D PANCREATIC TISSUE USING A 15T FT-ICR

MALDI-2 did not allow for signal enhancement of intact proteins on the TOF platform, as
indicated in the previous section. Additionally, intact protein analysis can prove difficult for low
mass resolving power instruments as there are many isotopes, post-translationally modified forms
of proteins, and overlapping isotopologues.”"!** Therefore, samples were analyzed with MALDI-
1 using a high mass resolution 15T FT-ICR instrument for sensitive detection of proteins with high

mass resolution to differentiate among the numerous isotopologues in the protein data.
Tissue acquisition and treatment

Pancreata from ND donors (ND) (n=6) and T2D donors (n=5) were obtained through
agreements with the International Institute for Advancement of Medicine (IIAM), National
Disease Research Interchange (NDRI), and local organ procurement organizations. These donors
were all screened for criteria reflective of a representative pancreas, including limited ICU/hospital
stay, absence of pancreatitis, and no history of congestive heart failure or end-stage renal disease.
Pancreata were received within 18 hours from cross-clamp and maintained in cold preservation

solution on ice until processing. Pancreata were then cleaned from connective tissue and fat,
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measured, and weighed. Multiple cross-sectional slices of the pancreas with 2-3 mm thickness
were obtained from the head, body, and distal tail. Pancreatic slices were divided into four
quadrants and then snap frozen in liquid nitrogen and stored at -80°C until further use or processed
for cryosections. Serial 10 um cryosections were cut for MALDI IMS and immunohistochemical
analysis. Sections were mounted onto Superfrost Plus Gold microscope slides (Fisher Scientific,
USA). Briefly, cryosections were air-dried and fixed with 4% paraformaldehyde in 10mM PBS
for 10 minutes before permeabilization in 0.2% Triton-X in 10mM PBS. After permeabilization,
sections were washed three times in 10mM PBS for 3-5 minutes each, then blocked in 5% normal
donkey serum in 10mM PBS for 60-90 minutes in a humidified chamber at room temperature.
Sections were incubated overnight with primary antibodies (goat anti-somatostatin, Santa Cruz,
sc7819 and mouse anti-glucagon, Abcam, ab10988) diluted in antibody buffer (0.1% Triton-X,
1% BSA in 10mM PBS) in a humidified chamber at 4°C, then washed three times in 10 mM PBS
for 10 minutes each. Sections were then incubated with secondary antibodies (donkey anti-goat
Cy5, Jackson Immunoresearch, 705-175-147 and donkey anti-mouse Cy3, Jackson
Immunoresearch, 715-165-150), prepared in antibody buffer for 90 minutes in a humidified
chamber protected from light, at room temperature. Amyloid was visualized using a 2-minute
incubation in Thioflavin S (0.5% w/v; #T-1892, Sigma, St. Louis, MO) followed by a brief wash
in 70% ethanol. Sections were treated with DAPI (5 mg/mL stock diluted 1:50,000 in 10mM PBS)
for 10 minutes and then washed three times in 10mM PBS for 15 minutes each. Slides were
mounted using Aqua-Poly/Mount (Polysciences, # 18606-20) before imaging with a Fluorescent
ScanScope (Aperio, Leica Biosystems). Islets in the tissue section were hand-annotated based on
size (>50 mm) and the presence of multiple endocrine cell types. Islets with any Thioflavin S signal

were designated as amyloid-positive.
MALDI IMS analysis

Slides of tissue sections for MALDI IMS stored at -80°C were brought to room temperature
in a benchtop vacuum desiccator to reduce condensation during thawing and to reduce subsequent
analyte delocalization. Slides were washed with Carnoy’s solution protocol to remove salts and
lipids.'% Briefly, washes were of 70% ethanol (30 sec), 100% ethanol (30 sec), Carnoy’s solution
(6:3:1 ethanol/chloroform/acetic acid, 2 min), 100% ethanol (30 sec), water (30 sec), 100% ethanol

(30 sec) and dried on a benchtop vacuum desiccator for 30 minutes. MALDI matrix (2°,5’-
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dihydroxyacetophenone) was applied using a custom sublimation apparatus to apply a
homogeneous coating with a density of approximately 1.7 pg/mm?. Samples were rehydrated prior
to analysis to improve protein sensitivity using a 1 mL solution of 50:50 water/trifluoroacetic acid
sealed in a rehydration apparatus and heated at 37°C for two minutes. ND and T2D tissue samples
were analyzed by MALDI IMS using a 15T solariX XR FT-ICR instrument equipped with a dual
MALDI/ESI interface (Bruker Daltonics, USA). The instrument source was previously modified
to allow for proteins to be detected at a more comprehensive m/z range.'** The instrument was
calibrated prior to acquisition using a mixture of proteins spotted with a matrix. Mass analysis
range was set to m/z 1,000 — 30,000 with a 2.31-sec time-domain transient. The laser was operated
at a focus setting of “small,” tuned for ~50 um ablation diameter, with laser operation settings of
2000 shots per pixel and a 2,000 Hz frequency. lon imaging parameters were set to obtain 50 um

spatial resolution. ND and T2D samples were acquired in the same MALDI IMS experiment.

Calibration of data sets was performed after acquisition using FTMS Processing software
(Bruker, USA) with the three most intense isotopes of glucagon, insulin, and thymosin -4 as
reference masses. Calibrated data were opened in SCiLS 2021 (Bruker Daltonics, USA) for further
processing and ion image generation. Regions of IAPP in the T2D pancreas were outlined in SCiLS
software using the m/z correlation feature by selecting two isotopes of IAPP, visualizing them in
the correlation window, selecting the most intense spectra from the window, and generating a
region that includes those spectra. In this way, a new region containing the spectra with an intense
IAPP signal can be produced to compare against the location of amyloid plaques in the stained
serial section. Additionally, this region of pixels with a high IAPP signal allows for rapid manual
determination of other protein signals that localize uniquely with IAPP. No normalization was
applied to account for the significant intensity differences between the islet and exocrine regions
of tissue. lon images were exported and manually registered with the serial section of stained tissue
using the image transparency feature in PowerPoint to match the location of islets in the stained

image and from the IMS data.
RESULTS AND DISCUSSION

Traditional approaches to characterize the localization of biomolecules within a tissue, like
immunohistochemistry or immunofluorescence (IF), require the development of antibodies to bind

to one protein of interest. Other approaches such as chemical staining can be targeted to bind to
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specific morphological structures, such as the B-sheet fibrils of amyloid plaques. The targeted
nature of IF and chemical staining allows for very sensitive detection at high spatial resolution,
but a priori knowledge of the molecular composition of the tissue is needed prior to analysis.
Additionally, even though IF stains have been developed for numerous proteins, validation of IF

methods remain a challenge.

In Chapter II, high spatial resolution technology (combining transmission geometry and
microstepping) was developed but here, lower spatial resolution was needed for sensitive detection
of species of low intensity. Additionally, Chapters III, IV, and V showed the utility of MALDI-
2 for enhancement of some lipid and peptide signals but no enhancement of signal from intact
proteins from pancreas tissue was detected, as in the previous section. Therefore, MALDI-1 was
used for analysis, and ion images were acquired at 50 um spatial resolution such that the location
of individual islets (~150 um in diameter) could be visualized by IMS while also maximizing
protein signal. In contrast to tissue staining, an untargeted approach such as MALDI IMS allows
for the multiplexed detection of hundreds of species within an IMS experiment. To demonstrate
these capabilities, serial sections of pancreas tissue from ND and T2D donors were analyzed
(Figure 6.2 B-D) to compare with results from traditional staining methods (Figure 6.2 A, E).
Staining of tissue sections allows for specific tagging of cells and plaques at high spatial resolution.
Stains include amyloid plaque stained with Thioflavin S, a, B, and d cells stained using IF, and
nuclear DNA stained with DAPI (Figure 6.2 A). Staining by IF for a and 6 cells allows for the
visualization of islets within the tissue as well as the distribution of each cell type (Figure 6.2 A).
Staining with Thioflavin S provides for visualization of amyloid plaques that are present within
T2D donor samples. Thioflavin S is a chemical stain that intercalates between B-sheet fibrils to
allow for visualization of mature plaques, but it does not stain unaggregated IAPP that is known
to be naturally present at baseline levels (Figure 6.2 E, ND donor). 71719 Using the IMS data,
we can visualize molecular signals corresponding to certain cell types and structures within the
pancreas. Examples are shown in Figure 6.2 B-D for the false-color ion images of somatostatin
(m/z 1639, corresponding to 0 cells), glucagon (m/z 3484, corresponding to  cells), and IAPP (m/z
3904, corresponding to amyloid plaque). Dozens of other protein signals that localized to islet and
exocrine tissue were also detected that localized to various regions throughout the pancreas,
including to the islets and to exocrine regions but were not shown here. The serial sections of tissue

between Figure 6.2 A, E and Figure 6.2 B-D were aligned for comparison. As expected, the
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molecular signatures of somatostatin and glucagon localize to islet regions, where a and 6 cells

localized (Figure 6.2 A-D), whereas IAPP detected by IMS localized to both islets and plaque

regions (Figure 6.2 D, E) where IAPP is expected to localize.
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Figure 6.2. Serial sections of the pancreas from ND control (top row) and T2D donors (bottom
row) were imaged after chemical and immunofluorescent staining (A, E) and IMS (B-D) for
similar tissue regions. Islets are shown in the stained images as combinations of o cells in yellow
and a cells in red and amyloid plaques in green for the T2D donor with plaque. Molecular signals
corresponding to these cell types, such as somatostatin (SST) and glucagon (GCQ), are among the
species detected in the serial section of tissue. The IAPP signal at m/z 3904 (D) is detected in low
abundance in the ND tissue (30 arbitrary intensity [a.i.]) as well as in very high intensity in the
plaque-positive section (33,000 a.i.). IAPP corresponds to amyloid plaque detected in the stained
section (A) is displayed separately (E). Ion images of [APP (in D) were scaled individually because
of the wide dynamic range of detection. lon images for somatostatin and glucagon (B and C) were
scaled to imitate islet size represented in stained section. White scale bar length represents 200 pm
in all images.

IMS allowed for the sensitive detection of proteins with a wide dynamic range. In islets,
unaggregated IAPP is naturally present at baseline levels and is co-secreted in a 1:100 ratio with
insulin (Figure 6.2 E, ND donor).!7! In figure panels 1D and E, the ND and T2D donor signal
of IAPP / amyloid plaques for IMS and the stain are shown for comparison. We can detect levels
of IAPP present in islets from ND donors (Figure 6.2 D, ND donor, 30 arbitrary intensity [a.i.])
where there is no signal from the Thioflavin S stain from the serial section (Figure 6.2 A, E).
Using IMS, we are also able to detect IAPP at significantly elevated levels (Figure 6.2 D, T2D

donor, 33,000 a.i.) which correspond to the location of amyloid plaques as determined by staining
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of the serial section for the T2D donor (Figure 6.2 E, T2D donor). This demonstration of the
sensitivity and dynamic range indicates that IMS could be used to characterize the progression of
amyloid plaque formation on a molecular level from detection of unaggregated IAPP to IAPP

oligomers to mature amyloid plaques.
Post translationally modified forms of IAPP

MALDI IMS allows for regions within the tissue to be selected for comparison of mass
spectra. Islet regions were determined by the colocalization of the two-chain form of insulin (m/z
5809) and of glucagon (m/z 3484) as well as comparison to a serial tissue section that was stained.
Islets of similar size were selected from the ND and T2D samples, and the mass spectra were
extracted for comparison (Figure 6.3 A, B). Numerous protein signals increase in intensity in the
T2D donor compared to the ND donor. For the islet from the ND donor (Figure 6.3 A), the IAPP
signal was detected at a relatively low level, which matches the ion image shown in Figure 6.2 D.
For the ND donor, no post-translationally modified forms of IAPP were detected (Figure 6.3 A).
In contrast, the islet in the T2D donor showed a 1000-fold increase in the IAPP signal (Figure 6.3
B). The detection of IAPP in islets containing no amyloid plaque, as determined by IHC staining,
indicates that IMS is very sensitive and allows for the detection of endogenous IAPP in islets from
ND donor tissue. Many post-translationally modified forms of [APP were detected at levels higher
than that in the ND islet (Figure 6.3 B), including oxidation, formylation, double oxidation, and
the acetylated forms of IAPP. These identities were determined by accurate mass measurements
(< 5 ppm error) as well as localization to the same pixel regions of IAPP (Figure 6.3 C). Even
though the post-translationally modified forms of IAPP were not detected in the ND donor, they
may be present below the limit of detection of the instrument. These data show that IMS allows
for the untargeted detection of numerous post-translationally modified forms of IAPP in the T2D

pancreatic tissue that is not detected in the ND tissue.

We are also able to compare the molecular differences between plaque-positive and plaque-
negative islets within T2D donor pancreatic tissue using MALDI IMS. One example is
demonstrated in Figure 6.4 between islets designated as plaque-positive and plaque-negative. A
section of tissue was stained for amyloid plaque, 6 cells, and a cells (Figure 6.4 A) and was used
for manual annotation of islets based on the presence or absence of amyloid plaque (fluorescence

of Thioflavin S). Islets were outlined in green if there was any plaque, as detected using Thioflavin
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S, whereas islets with no plaque were outlined in red (Figure 6.4 A). Annotations were overlaid
onto the MALDI IMS data of a serial section with IAPP signal displayed in green (m/z 3904,
Figure 6.4 B). To account for the wide dynamic range of IAPP detected in plaque-negative vs.
plaque-positive islets, the intensity of the plaque-negative islet in the MALDI ion image was scaled
to allow for visualization of the IAPP signal present in all islets (Figure 6.4 B). Spectra (Figure
6.4 C) of the ion image regions outlined in white from Figure 6.4 B show the m/z signal
corresponding to the protein envelope of IAPP from a plaque-negative and a plaque-positive islet.
Similar to the difference in IAPP signal between ND and T2D donors using MALDI IMS, in some
islets, IAPP signal was detected using IMS in islet regions where no plaque was detected as
determined using the stained serial section of tissue for the T2D donor. In contrast, the IAPP signal
from a plaque-positive islet region is significantly greater (175-fold). This sensitive detection of
IAPP using MALDI IMS and the wide dynamic range provided allows for fine characterization of
islets with and without amyloid plaques. Based on MALDI IMS results and comparison to stained
tissue, elevated levels of IAPP in islets where there is no amyloid plaque formation may indicate
that these islets may have formed plaque over time but are perhaps in an earlier stage of plaque

development.
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Figure 6.3. Averaged mass spectra of pancreatic islets from the IMS analysis of ND and T2D
donors showing IAPP and some PTMs. IAPP is detected by MALDI IMS in low abundance, and
no post-translationally modified forms are detected in the ND donor islets (A). For islets of T2D
donors with amyloid plaque (B), the IAPP signal was 850-fold greater (3x10* vs. 2.6x107).
Additionally, multiple post-translationally modified forms of IAPP are detected (B). MALDI IMS
data were compared to a serial section of tissue annotated with islets circled (C). Each panel of the
IMS is a separate ion channel obtained from a single IMS acquisition. Islets in the IHC stain are
annotated as IAPP plaque-positive (green outline) or plaque-negative (pink outline). Average
intensities of each islet are shown for numerous post-translationally modified forms of IAPP for
ND and T2D donors (D). Note that IAPP was detected in the ND donor, but the intensity was
significantly lower than in T2D donor islets. Five islets were selected from each tissue section that
was analyzed in technical triplicate. Error bars are represented as SEM, and significance was
calculated using the Mann-Whitney U test.
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Figure 6.4. IHC stain of pancreas section from a T2D donor (A) with islets annotated as plaque-
positive (green outline) or plaque-negative (pink outline). If any plaque signal was detected in an
islet, it was designated as plaque-positive. A serial section of tissue was analyzed using IMS, and
the results were overlaid onto the annotated regions (B) where the intensity of the IMS region of
the plaque-negative islet was scaled to allow for visualization of IAPP in all islets. Spectra of
selected regions (C) show the m/z signal corresponding to the IAPP monomer, averaged over the
respective regions outlined in white. Interestingly, in some islets, IAPP signal was detected using
IMS in regions where no plaque was detected from the IHC of a serial section. This wide dynamic
range and ability to detect IAPP monomers allow for fine characterization of islets with and

without amyloid plaques.
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Figure 6.5. IAPP and advanced glycation end products thereof (italicized) in pancreatic tissue
from a T2D donor. Tissue was stained for amyloid plaque, a cells, and & cells (A, Stain), and a
serial section was analyzed by MALDI IMS. Individual ions are shown corresponding to IAPP
and modified forms, including the Amadori product and the AGEs CML, CEL, and pyrraline,
identified by accurate mass measurements (A, IMS). Here, only the T2D donor results were shown
as there was no signal of the modified forms of TAPP for the ND donor. The average intensity from
five islets from a ND donor and T2D donor analyzed in technical triplicate were selected for
intensity comparison (B). Error bars are represented as SEM, and significance was calculated using
the Mann-Whitney U test.

Spectral differences and ion images for ND and T2D donors

Proteins were identified based on accurate mass measurements (< 4 ppm error) and localization
to islet regions. In the ND donor, only IAPP is detected, and no other PTMs are detected. For the
T2D donor, the IAPP signal is greatly elevated, and multiple PTMs are detected. Of those PTMs,
many are related to advanced glycation end products. The Amadori product, an early precursor to
AGEs, was detected at m/z 4066 with high intensity and localized to IAPP signal as illustrated by
the IMS pixels outlined in green (Figure 6.5 A). Advanced glycation end products such as CML
and pyrraline were detected within 4 ppm mass error. The benefit of high resolving power
instrumentation was demonstrated here where the peaks of each isotope were resolved, and the full

isotopic envelope could be visualized. The AGE CML was also detected with 3.84 ppm error and
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localized to regions of IAPP. The isotopic distribution was different from the theoretical
distribution, but it seems there were other interfering species within a similar m/z as the isotopes

for CML that were not separated at this mass resolution.

Some AGEs may be isobaric or isomeric and cannot readily be identified using high mass
resolving power alone. We can deduce structures based on recent literature that has demonstrated
that the only reactive residue where AGEs of IAPP form is on the N-terminal lysine in vitro.””’
Therefore, AGEs that involve arginine and those that involve linkages between two lysine residues
are unlikely. One example of isobaric AGEs is CML which is isobaric with pentosidine, but
pentosidine has been shown to be unlikely for IAPP as this would require a linkage between lysine
and arginine residues. This leaves CML as the only likely AGE associated with these m/z values
(Figure 6.5). Similarly, pyrraline is isobaric with another AGE, glucosepane. Glucosepane is
another example of an AGE that forms a linkage between two amino acid residues, here, lysine
and arginine. Previous in vitro analysis of IAPP has shown that lysine is the only residue that
participates in glycation, so glucosepane is, therefore, an unlikely AGE to form with IAPP.
Another AGE that we would expect to detect would be CEL, and it appears to be present in these

samples but in very low intensity. Some of the ions in that general m/z range localize to the regions

of IAPP outlined, but we cannot definitively say that CEL was detected in these experiments.
CONCLUSIONS

MALDI IMS can be used for the detection of proteins within the pancreas in an untargeted
manner while maintaining the spatial distribution of islet-specific signals. This analytical approach
is ideal to study the accumulation and modification of proteins in plaques that form within the islet
of diabetic tissues. IAPP was detected as baseline levels in the ND donor as well as elevated levels
in plaque-containing islets. Multiple proteoforms of IAPP were detected, including the Amadori
product, CML, and pyrraline. These species, identified by accurate mass measurements, were
shown to localize to regions of IAPP and of amyloid plaque in a serial section and are elevated in
the T2D compared to the ND donor, specifically those islets containing plaque. These results
confirm previous literature reports of AGEs localized to islets in the T2D pancreas. They
demonstrate the sensitivity and wide dynamic range of MALDI IMS. They also indicate that IAPP
may be a source of AGEs that can bind to the receptor for AGEs (RAGE) to induce further B cell

death and islet dysfunction,2°0-202
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CHAPTER VII
CONCLUSIONS AND PERSPECTIVES
OVERVIEW

Obtaining sensitive, high spatial resolution MALDI IMS data is an important part of
understanding the molecular differences between healthy and diseased tissue. The research
presented in this thesis establishes many technological developments for high spatial resolution
and high sensitivity MALDI IMS. First, microstepping drivers and transmission geometry optics
were combined on a TOF instrument to allow for high spatial resolution MALDI IMS while
maintaining a high acquisition rate. Second, transmission geometry optics combined with MALDI-
2 post-ionization was implemented in a custom-built ion source on an Orbitrap platform to obtain
high sensitivity, high spatial resolution, and high mass resolution data to elucidate complex
mixture contained within tissue sections. Third, the enhancement of lipids using MALDI-2 was
evaluated for multiple matrices and pancreata from a non-diabetic (ND) and a type 2 diabetic
(T2D) donor were analyzed to find molecular differences between the two. Fourth, MALDI-2 was
shown to enhance tryptic peptide signal from tissue for enhanced proteomic coverage compared
to MALDI alone. Finally, MALDI-2 did not enhance protein signals from pancreatic tissue.
MALDI analysis of intact proteins from ND and T2D pancreata was performed and multiple
proteoforms of islet amyloid polypeptide were discovered that have not previously been

characterized by spatial proteomic analysis.

High spatial resolution MALDI IMS combined with high throughput was accomplished by
the implementation of microstepping drivers with a transmission geometry source on a TOF
instrument. Microstepping drivers allowed for the use of existing instrument stage motors for high
precision. A retriggerable monostable multivibrator was implemented to ensure stage signal
fidelity — bypassing further source modifications and obviating the need for other expensive, high-
precision motors. Source modifications to allow for transmission geometry laser optics enabled
high spatial resolution imaging capabilities down to 1 pm spatial resolution with routine operation
at 2 um spatial resolution without oversampling (typical ablation diameter of 1.5 um). Although
the TOF instrument provided for a high rate of acquisition (80 Hz), the mass resolution was poor

(~4000).
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Transmission geometry laser optics were installed on a Spectroglyph MALDI source
attached to an Orbitrap Elite. The ion source was also equipped with a MALDI-2 post-ionization
laser, which allowed for significant signal enhancement of some lipids compared to MALDI alone.
For the first time, we demonstrated the utility of combining transmission geometry laser optics
with MALDI-2 on a high mass resolving power instrument. This allowed for high mass resolution
(up to 480,000 at m/z 400) and high spatial resolution (1 um ablation diameter), combined with
the enhanced sensitivity with MALDI-2 (7-fold) for some lipid classes.

MALDI-2 signal enhancement of lipids was demonstrated previously but a lipid class
dependence was observed. A series of samples including an equimolar mixture of lipids, sections
of many tissue homogenates, and tissue sections were analyzed in positive ion mode on the
Orbitrap Elite system. The front-side source was used to analyze tissue sections at 20 um spatial
resolution to compare optimal MALDI-1 signal to signal enhancement with MALDI-2. I
determined that DHB had the best performance out of all the matrices tested (including DHA,
CHCA, and norharmane) based on number of protonated lipids matched to a database within 2
ppm mass error in positive ion mode. With DHB, 125 lipids were identified from a section of rat
kidney with MALDI-2 compared with just 72 using standard MALDI alone. The performance of
DHB with MALDI-2 was also evaluated in a pilot study using pancreatic tissue from ND and T2D
donors analyzed on a timsTOF platform modified with a MALDI-2 laser for post-ionization. The
difference in number of lipids matched to a database within 5 ppm mass error between MALDI-1

and MALDI-2 for the T2D donor was 74 and 102, respectively.

MALDI-2 had been shown extensively to enhance lipid signal but its utility for other
biomolecules remained unexplored. Tryptic peptides from tissue sections were analyzed using
MALDI-2 and CHCA matrix on the Orbitrap Elite system with compelling results. As with lipids,
the mass spectrum immediately changed, most peptides increased in signal, and many larger
peptides (< m/z 1500) were then detectable. These were the first experiments to show that MALDI-
2 can also be used to enhance tryptic peptide signals. Human kidney sections were analyzed to
compare performance of MALDI-1 versus MALDI-2 and the resulting peak lists were compared
to peptides identified by LC-MS/MS. Protein identification from MALDI-1 and MALDI-2 data
was performed by matching two peptides from the MALDI peak list to peptides identified by LC-
MS/MS that related to a single protein, matched to the database within 5 ppm error, and that
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localized to similar tissue regions in the ion images. Using the above criteria for identification,
MALDI-2 showed a 3x increase in proteins identified using the spatial proteomic approach to
MALDI-1. MALDI-2 was established as a superior approach to improve proteomic coverage in a

spatially resolved manner compared to MALDI-1 alone.

Finally, the utility of MALDI-2 for enhancement of protein signal was explored to achieve
better spatial proteomic comparisons of islets in ND and T2D donor pancreata. Samples were
prepared with the same matrix as for tryptic peptides with the idea that signal enhancement would
be observed for endogenous peptides from tissue with MALDI-2. Interestingly, no enhancement
of endogenous peptides or intact proteins was detected on a timsTOF Pro instrument modified
with a MALDI source and MALDI-2 capabilities and operated in qTOF mode. Given the often-
convoluted peaks from isotopologues in protein IMS data and that no increase in protein signal
was detected with MALDI-2 for pancreas samples, a high mass resolving power instrument, the
15T FT-ICR, was used for intact protein analysis. Samples from six ND and five T2D donors were
analyzed in technical triplicate and proteomic differences within the islets and localized to amyloid
plaques were compared. Amyloid plaques in the pancreas are primarily composed of islet amyloid
polypeptide and multiple proteoforms were discovered that were identified in the T2D donors by
accurate mass measurements (<10 ppm error). These results may help inform the mechanism of

amyloid plaque formation in T2D patients and aid in forming disease prevention strategies.
FUTURE DIRECTIONS

This work describes many novel advances in instrumentation to improve the spatial resolution,
lipidomic coverage, and proteomic coverage in MALDI IMS experimentation. Technological
advancements are still needed to accurately describe the molecular underpinnings of many
diseases. The current practical limit of spatial resolution for ablation-based detection of
biomolecules in an untargeted manner is 2 um. Even though 2 um spatial resolution is now readily
achievable, a significant amount of chemical information is lost with such small sampling volumes.
Additionally, there has been research in recent years in both ultra-high spatial resolution laser
optical configurations of front-side and transmission geometry. While transmission geometry
allows for the use of commercially available, high numerical aperture objectives to achieve
ablation diameter of 1.5 um from tissue, there is a challenge with sensitivity, especially as one

laser shot ablates matrix in one region. Approaches that allow for multiple laser shots in a single
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pixel while ablating new material each shot, such as programmed increases in laser energy at each
pixel to slightly ablate more and more matrix at the expense of spatial resolution, may solidify
transmission geometry as the more viable alternative to achieve ultra-high spatial resolution IMS.
The present advantages in sensitivity of front-side geometry in obtaining signal from the sample

over hundreds of laser shots is unignorable.

MALDI-2 enhances numerous signals of some lipid classes and of peptides, as demonstrated
in this dissertation, yet a more complete understanding of the fundamentals of the MALDI-2
ionization process is required. Recent work by others have suggested that MALDI-2 may reverse
ion suppression effects to some degree, but a more rigorous understanding is required to ensure
that this issue is not biasing the data in an unexpected way using MALDI-2. Why is it that some
lipid classes seem to be enhanced with MALDI-2 but not others, why are some tryptic peptides
enhanced with MALDI-2 but not others? A more complete fundamental understanding of the
MALDI-2 ionization mechanism (and the MALDI process as well) will help ensure that results
using MALDI-2 are superior and will help answer what possible drawbacks are associated with

MALDI-2 analysis.

To obtain more meaningful data from tryptic peptide analysis with MALDI-2, further
validation of peptide signals detected will be necessary. The different peptide ionization
approaches of ESI and MALDI often detect a very different but complementary range of peptides.
As such, matching MALDI peak lists to databases of LC-MS/MS seems like a fruitless exercise
when many of the peptides detected by MALDI remain unannotated. Therefore, better bottom-up
proteomic workflows for annotation of peptides detected by MALDI are needed. This will allow
for more complete spatially resolved proteomic analysis. Other technologies such as ultraviolet
photodissociation (UVPD) of MALDI and MALDI-2-generated peptides may be developed and
implemented with MALDI-2 for unambiguous peptide identification. Finally, computational
approaches to search MALDI peak lists based all theoretical peptides generated from all proteins
in a sample will allow for more complete annotation of peptides generated using MALDI and
MALDI-2. This approach was recently implemented as an open-source bioinformatics workflow
by Guo et al. with an informatics toolbox called HIT-MAP.!®® Ultimately, I anticipate that my
contributions and future technological advances will be used to study diseases to deepen our
understanding of the molecular understanding of health and disease to inform more effective

disease prevention and treatment strategies.
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TECHNICAL EXPERIENCE

Mass spectrometers: Software:
e 15 Tesla solariX FTICR (Bruker) flexImaging, flexControl (Bruker)
e rapifleX MALDI TOF/TOF (Bruker) SCIiLS (Bruker)
e Autoflex MALDI TOF/TOF (Bruker) Imagelnsight (Spectroglyph)
e Orbitrap Elite (Thermo) with MALDI / mMass
MALDI-2 source (Spectroglyph) Xcalibur (Thermo)
e SimulTOF MALDI 200 and 300 Prism (GraphPad)
Sample preparation: e Microsoft Office
Cryostat/cryosectioning (Leica, Thermo)
TM Sprayer (HTX Technologies)
Autofluorescence imaging (Zeiss Axioscan)
Hematoxylin and Eosin stains of tissue (Leica)
Immunofluorescence staining for validation of
peptide IMS (Zeiss Axioscan)

RELEVANT RESEARCH EXPERIENCE

Vanderbilt University (Graduate Dissertation Research) 2016 — Present
Developed technology and sample preparation approaches to enable sensitive molecular imaging of
tissues using matrix-assisted laser desorption/ionization imaging mass spectrometry (MALDI IMS)
for high spatial resolution applications.
e First to demonstrate signal enhancement of tryptic peptides, generated in situ from tissue sections,
using MALDI-2 post-ionization for spatially resolved, more comprehensive proteomic coverage.
¢ Discovered the presence of truncated protein and post-translationally modified forms of intact islet
amyloid polypeptide in pancreata of plaque-containing diabetic donors (compared with non-
diabetic donors) tentatively identified via accurate mass measurements.
e Characterized MALDI matrix performance after acquiring 96 ion images from five tissue types
coated with four MALDI matrices, analyzed with MALDI and MALDI-2 in technical triplicate.
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National Renewable Energy Laboratory June — December 2015
e Evaluated performance of ZSM-5 catalyst for upgrading pine pyrolysis vapors using molecular beam
mass spectrometry. Mentor: Dr. Calvin Mukarakate
o Analyzed lipid content of algae at different harvest and storage times using LC-MS/MS.
Mentor: Dr. Brenna A. Black

SELECTED TEACHING, LEADERSHIP EXPERIENCE

Vanderbilt University

Mass Spectrometry Workshop Assistant (Mass Spectrometry Research Center) April 2017, 2018, 2019
e Advanced Imaging Mass Spectrometry Laboratory Course — “MALDI TOF Instrumentation and
Applications”.

e Taught MALDI IMS skills to 98 scientists (principal investigators, postdocs, graduate students, and
technicians).
President, Graduate Honor Council May 2019 — September 2020
e Organized panel hearings among the accused, the professor, and honor council panel to evaluate
possible honor code violations.
Vice President, Graduate Honor Council May 2018 — September 2019
e Interviewed students and faculty and compiled reports for the honor council panel.
Acted as a student advocate during panel hearings.

PUBLICATIONS

e Josiah C. McMillen, Danielle B. Gutierrez, Audra M. Judd, Jeffrey M. Spraggins, Richard M. Caprioli.
“Enhancement of Tryptic Peptide Signals from Tissue Sections using MALDI IMS Post-ionization
(MALDI-2)” Journal of the American Society for Mass Spectrometry. 2021,
https://doi.org/10.1021/jasms.1c00213.

e Josiah C. McMiillen, Jarod A. Fincher, Dustin R. Klein, Jeffrey M. Spraggins, Richard M. Caprioli.
“Effect of MALDI Matrices on Lipid Analyses of Biological Tissues using MALDI-2 Post-lonization
Mass Spectrometry” Journal of Mass Spectrometry. 2020, 55: e4663.

e Josiah C. McMillen, William J. Perry, Kavya Sharman, Katerina V. Djambazova, Richard M. Caprioli.
(2020) Matrix-Assisted Laser Desorption/lonization Imaging Mass Spectrometry: Technology and
Applications. In: Sindona G., Banoub J.H., Di Gioia M.L. (eds) Toxic Chemical and Biological Agents.
NATO Science for Peace and Security Series A: Chemistry and Biology. Springer, Dordrecht.

e Eric C. Spivey, Josiah C. McMillen, Daniel J. Ryan, Jeffrey M. Spraggins, Richard M. Caprioli.
“Combining MALDI-2 and transmission geometry laser optics to achieve high sensitivity for ultra-high
spatial resolution surface analysis” Journal of Mass Spectrometry. 2019, 54, 366-370.

e Boone M. Prentice, Josiah C. McMillen, Richard M. Caprioli. “Multiple TOF/TOF events in a single
laser shot for multiplexed lipid identifications in MALDI imaging mass spectrometry” International
Journal of Mass Spectrometry. 2019, 437; 30-37.

PRESENTATIONS (presenter underlined)

e Angela Kruse, Josiah C. McMillen, John T. Walker, Audra Judd, N. Heath Patterson, Danielle
Gutierrez, Jeremy L. Norris, Jeffrey M. Spraggins, Alvin C. Powers, Richard M. Caprioli, “Spatially
targeted proteomics and multimodal imaging distinguish molecular signatures of amyloid plagque-
containing islets from type 2 diabetic donors” US HUPO, Charleston, SC, February 2022.
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Angela Kruse, Josiah C. McMillen, John T. Walker, Audra Judd, N. Heath Patterson, Danielle
Gutierrez, Jeremy L. Norris, Jeffrey M. Spraggins, Alvin C. Powers, Richard M. Caprioli, “Spatially
targeted proteomics and multimodal imaging distinguish molecular signatures of amyloid plaque-
containing islets from type 2 diabetic donors” 69" ASMS Conference on Mass Spectrometry and Allied
Topics, Philadelphia, PA, October 2021.

Josiah C. McMillen, Jarod A. Fincher, Jeffrey M. Spraggins, Richard M. Caprioli, “Lipid Analysis
using Selected Matrices with MALDI-2 Post-Ionization for Advanced Imaging Applications” Vanderbilt
Institute of Chemical Biology Symposium poster and flash talk, Nashville, TN, August 2020.

Josiah C. McMillen, Jarod A. Fincher, Jeffrey M. Spraggins, Richard M. Caprioli, “Lipid Analysis
using Selected Matrices with MALDI-2 Post-Ionization for Advanced Imaging Applications” 68" ASMS
Conference on Mass Spectrometry & Allied Topics, Houston, TX, June 2020.

Dustin Klein, Emilio S. Rivera, Josiah C. McMillen, James E. Cassat, Henning Peise, Jens Hoehndorf,
Eric C. Spivey, Eric P. Skaar, Richard M. Caprioli, Jeffrey M. Spraggins, “MALDI-2 Analysis of
Staphylococcus aureus-infected Tissue” 68" ASMS Conference on Mass Spectrometry & Allied Topics,
Houston, TX, June 2020.

Jarod A. Fincher, Martin Dufresne, Josiah C. McMiillen, Jeffrey M. Spraggins, Demis D. John, Biljana
Stamenic, Richard M. Caprioli, “Enhanced Ionization of Lipids for High Spatial Resolution Imaging
Mass Spectrometry from Matrix-Coated Silicon Nanopost Arrays by MALDI-2” 68" ASMS Conference
on Mass Spectrometry & Allied Topics, Houston, TX, June 2020.

Josiah C. McMiillen, Eric C. Spivey, Jeffrey M. Spraggins, Richard M. Caprioli, “Laser Post-lonization
for High Spatial Resolution Imaging Mass Spectrometry” NATO SPS Advanced Study Institute G5535
“Detection, Diagnosis, and Health Concerns of Toxic Chemical and Biological Agents”, poster and oral
presentations, Cetraro, Italy, October 2019.

Josiah C. McMillen, Eric C. Spivey, Daniel J. Ryan, Jeffrey M. Spraggins, Richard M. Caprioli,
“MALDI Spatial Resolution Improvement using MALDI-2 Post-Ionization”. 67" ASMS Conference on
Mass Spectrometry & Allied Topics, Atlanta, GA, June 2019.

Eric C. Spivey, Josiah C. McMillen, David M. Anderson, Daniel J. Ryan, Jeffrey M. Spraggins, John P.
Wikswo, Richard M. Caprioli, Jeremy L. Norris, “Co-Registered, Cellular-Resolution Mass
Spectrometry and Fluorescence Imaging for the Multi-Omic Targeting of Rare Cell Types”. 67" ASMS
Conference on Mass Spectrometry & Allied Topics, Atlanta, GA, June 2019.

Josiah C. McMiillen, Daniel J. Ryan, John T. Walker, Heather A. Nelson, Marcela Brissova,
Christopher V. Wright, Jeremy L. Norris, Boone M. Prentice, Alvin C. Powers, Richard M. Caprioli,
“Increased Levels of Human Islet Amyloid Polypeptide in Plaques Revealed by Imaging Mass
Spectrometry” Human Islet Research Network Conference, Washington, D.C., April 2019.

Josiah C. McMillen, Boone M. Prentice, Eric C. Spivey, David M. Anderson, Richard M. Caprioli,
“Sub-Cellular Lipid Imaging Mass Spectrometry Via Transmission Geometry” Vanderbilt Institute of
Chemical Biology Symposium, Nashville, TN, August 2018.

Josiah C. McMillen, Boone M. Prentice, Eric C. Spivey, Andre Zavalin, Richard M. Caprioli,
“Transmission Geometry Instrument Modifications and Laser Energy Characterization for High Spatial
Resolution MALDI Imaging Mass Spectrometry” 66" ASMS Conference on Mass Spectrometry &
Allied Topics, San Diego, CA, June 2018.

Josiah C. McMillen, Calvin Mukarakate, Mengze Xu, Krstiina lisa, Mark Nimlos, “Upgrading Pine
Pyrolysis Vapors Using Down Selected Catalysts” Indiana University — Purdue University Co-operative
Education Presentation, Fort Wayne, IN, October 2015.

Josiah C. McMillen, Brenna A. Black, “Application of Analytical Methods for the Dynamic Lipid
Profiling in Microalgae,” Science Undergraduate Laboratory Internship (SULI) Poster Session, Golden,
CO, August 2015.
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Josiah C. McMillen, “Quantitative Proteomics: An Introduction to Complete Proteomic Analysis”
Indiana University — Purdue University Fort Wayne (IPFW) Chemistry Department Senior Seminar,
Fort Wayne, IN, April 2015.

Mohammad M. Qasim, Swatabdi R. Kamal, Kali Fridholm, Tim Byers, Josiah C. McMillen,
“Exceptional Stability of Kidney Bean Inhibitor to Temperature and Pepsin Digestion,” 2013 IPFW
Student Research and Creative Endeavor Symposium, Fort Wayne, IN, April 2013.

Swatabdi R. Kamal, Josiah C. McMillen, Mohammad M. Qasim, “Stability of Red Kidney Bean Serine
Protease Inhibitor to Heat and Pepsin Digestion,” Indiana University Undergraduate Research
Conference (IUURC), Indiana University, Indianapolis, IN, November 2012,
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