Abstract

MOENING, TARA NICOLE. Assessment of a New Hybrid Technique, Matrix Enhanced
Nanostructured Initiator Mass Spectrometry (ME-NIMS), for the Analysis and Mass
Spectrometry Imaging (MSI) of Drug Compounds. (Under the direction of Lin He).

In the ever changing medical field, there have been great strides made to understand
diseases, drugs and how they affect the body. Such techniques as magnetic resonance
spectroscopy imaging (MRI), positron emission tomography (PET), autoradiography and
immunolabeling are used to try to image and map out molecules throughout the body but come
with limitations. These techniques typically require the molecules of interest to be tagged; only
allowing one molecule at a time to be imaged and studied. Mass spectrometry imaging (MSI),
a label free technique, is a powerful tool that provides the identity and spatial localization of
molecules within a sample. This allows for the simultaneous detection of multiple molecules
within samples such as biological tissue. As a soft ionization technique, matrix-assisted laser
desorption ionization (MALDI) is often times coupled with MSI for biological samples. Due
to matrix interference in the low molecular weight range for MALDI, there has been much
effort put for to circumvent that issue. One of the more successful alternatives is to utilize
porous silicon (pSi) for surface-assisted laser desorption ionization (SALDI) which uses the
pSi surface to transfer energy to enhance desorption/ionization and it does not require matrix.
Other pSi techniques such as nanostructured initiator mass spectrometry (NIMS) have also
shown advantageous results.

The focus of this dissertation is to explore the potential of multiple different pSi surface
techniques for MSI. There are three main goals that are addressed in this work: 1) pSi technique

optimization and comparison, 2) spatial resolution for MSI applications, and 3) drug analysis



utilizing the pSi techniques. Several pSi wafer techniques including matrix-enhance SALDI
(ME-SALDI), NIMS and a new hybrid technique, matrix-enhanced NIMS (ME-NIMS), were
evaluated in order to determine their sensitivity, reproducibility, and stability. The spatial
resolutions for MSI of MALDI, NIMS and ME-NIMS was performed to determine the lowest
achievable spatial resolution for each technique. Tandem mass spectrometry (MS/MS) and the
determination of limit of detection (LOD) were completed on pentamidine (PTA), a drug

compound used in the treatment of human African trypanosomiasis (HAT).
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CHAPTER 1: INTRODUCTION AND SIGNIFICANCE

1.1 Matrix-assisted Laser Desorption lonization (MALDI)

Mass spectrometry got its start approximately 100 years ago with Sir J.J. Thomson
constructing the first mass spectrometer in order to investigate the mass-to-charge ratio of ions
released through electrical discharge.! ? This became an important invention to explore such
ions that Thomson studied to biological samples such as tissue specimens. There have been
many different mass spectrometry ionization methods used for analysis. There are hard
ionization techniques, such as fast atom bombardment, that highly fragment the analyte being
studied and there are also softer ionization techniques, such as matrix-assisted laser desorption
ionization (MALDI) and electrospray ionization (ESI), that rarely fragment the analyte of
interest. The soft ionization techniques allow the study of the intact compounds.

MALDI was first introduced in the late 1980s by Hillenkamp and Karas.®> MALDI uses
an organic matrix that helps in the ionization and desorption process. An important factor when
performing MALDI is that the matrix and the analyte must co-crystallize.*® This is vital to the
ionization of the analytes of interest. If the matrix and analyte don’t co-crystallize well, the
ionization efficiency is greatly affected. There have been different methods of matrix
application studied to help with the issues of the matrix-analyte co-crystallization. Some
methods that are currently used are the dried droplet method, automated deposition, and
sublimation.®1* Each of these techniques has their own advantages. For example, automated
deposition of matrix should theoretically have the most homogenous layer of matrix with the
analyte of interest; whereas sublimation allows for the smallest crystal size allowing for a much

higher spatial resolution compared to other matrix deposition methods. The dried droplet



method is a widely used sample preparation method. This method consists of mixing the matrix
and analyte in an organic-aqueous solution. For this method, typically the matrix is thousands
of times higher in concentration than the analyte. This is needed so that the matrix can
effectively absorb the energy from the laser without fragmenting the analyte. This matrix-
analyte solution is then spotted on the sample plate for analysis and they will co-crystallize
together. One downfall to this method is that it is not very controllable in the uniformness of
the crystals. If the crystals aren’t uniform on the MALDI plate, this can cause a variance in the
signal that is obtained at different spots of the sample leading to “sweet spots”.%> 1°

Since the introduction of MALDI, different matrices have been investigated in looking
at small metabolites up to large proteins. Depending on what type of analyte is being studied,
a different matrix should be used. Some common matrices that are used are ultra-fine metal
powder in glycerol, carbon nanotubes, 2,5-dihydroxybenzoic acid (DHB), and a-cyano-4-
hydroxycinnanic acid (CHCA); just to name a few.% 1> 16-% |t has been shown that some of
these matrices work better for certain classes of molecules. DHB is known to be a universal
matrix and is used when analyzing small molecules, small peptides, nucleotides,
oligonucleotides and oligosaccharides. CHCA is a slightly larger organic matrix and is used in
the study of peptides, lipids and nucleotides. It should be noted though that choosing a suitable
matrix for the analyte of interest is still an empirical and time consuming process.

By using a matrix, the ionization process is dramatically softened since the matrix
absorbs most of the energy from the laser instead of the molecule of interest having to absorb
all the energy and fragmenting. Although the exact process of desorption and ionization is not
fully understood, it is seen that when the laser irradiates the sample surface, a plume of analyte

and matrix desorb into the gas phase.?’?° The most common form of ionization is for the



analyte of interest to be protonated from the acidic nature of the matrix but it could also form
a radical ion.?® Typically the radical ion is not seen due to the high abundance of protonated
species.

The exact mechanism of MALDI is still under debate in the mass spectrometry
community. It is thought that the matrix serves a couple purposes; as a photon trap and a proton
donor to the analyte of interest.® There are many factors that the desorption process for
MALDI depends on such as laser intensity, matrix-analyte crystal structure and the matrix
being used. There have been several models suggested to help explain the MALDI process.*?
3035 The two most popular models are photochemical ionization and cluster ionization
mechanisms. Photochemical ionization was proposed by Ering et al. is known to be the primary
model for analyte ionization in the gas phase.>* % This model proposes that positive or negative
analyte ions are formed by protonation or deprotonation due to colliding with a matrix ion.
This process is typically described as a two-step ionization process. The first step is to produce
matrix ions followed immediately by the production of analyte ions from the interaction of
analyte molecules with matrix ions.3* 3" 38 Although this process is generally accepted to
explain the MALDI process, it does not fully explain such issues as matrix suppression, “sweet
spots” and other experimental observations.3* Another proposed MALDI model is the cluster
ionization mechanism. This modal assumes that analyte polymers exist in the matrix
environment and desorb upon laser irradiation.?’ 3+ 3% 4% Once in the gas phase, analyte ions
are formed by desolvation of neutral matix molecules; this is thought to be a similar process
compared to ESI. Although the cluster ionization model agrees with observations seen after
the MALDI process, it doesn’t answer such questions as why this method produces mono-

charged analytes when ESI forms multi-charged analytes.3* %



Although a single model cannot be agreed upon, it is generally agreed that matrix
molecules surround analyte molecules in which the matrix and analyte will co-crystallize
together. When the laser irradiates the co-crystals, the matrix absorbs the energy from the laser
and will convert it to thermal energy. The matrix then transfers this energy to the analyte so
that they desorb from the surface. The matrix protects the analyte from being excessively
heated and highly fragmented, thus making MALDI a soft ionization technique.

There are some draw-backs to the MALDI technique. There is typically strong
background noise in the low molecular weight region in the mass spectrum due to the high
concentration of matrix that is being used. There has been much effort put forward to try to
minimize this effect. A few of the methods to decrease the background noise are matrix
suppressing and using binary matrices.** One way to suppress the matrix noise is to adjust the
ratio of matrix-to-analyte. This has been studied and shown that the smaller the analyte the
smaller the matrix:analyte ratio can be and vice versa.!? Additives to the matrix such as
ammonium salts are also a common approach to suppressing matrix signal.?® 4> 4 Binary
matrices have been successfully used by mixing two matrices which suppressed the formation
of matrix clusters and fragments.** > Even with these novel ways to try to reduce the matrix
background noise, the success of studying small molecules is still limited. There are other

approaches that can lead to more successful analysis of those small molecules.

1.2 Surface-assisted Laser Desorption lonization (SALDI)
There has been much effort made to try to minimize the amount of background noise
in the lower molecular weight range of the mass spectrum. One plausible approach is to remove

the matrix from the mixture during MS analysis. Surface-assisted laser desorption/ionization



(SALDI) is a matrix-free approach that has been developed in parallel with MALDI. The first
example of SALDI was done by suspending cobalt nanoparticles in glycerol to act as a matrix
to detect proteins up to m/z 100,000 daltons.® Other materials have also been explored such
as carbon nanotubes, Si, TiO2, Au and Ag nanoparticles.***® The most successful SALDI
approach was reported by the Siuzdak group where they used porous silicon. This technique
was coined desorption/ionization on silicon (D10S).#*-2 This technique is matrix-free which
allows for the analysis of small metabolites without the overlap and noise of matrix signal seen
in conventional MALDI. Just like MALDI, SALDI is a soft ionization technique. The
desorption/ionization process is still debated upon but research has supplied information on
the process. One proposed model depends heavily on the high surface area of the pSi surface
while another model solely focuses on the thermal mechanism.>2-° For both models, the laser
irradiates the surface allowing the thermal energy from the laser to heat the pSi surface causing
it to restructure, driving the desorption process. In general, the electronic and physical
properties of porous Si (pSi) has been thought to lead to desorption and ionization of the analyte
of interest, specifically the low thermal conductivity, high surface area and the ability of Si to
absorb UV energy.®” When the porous surface is hit by the laser, there is rapid heating of the
pores which was thought to be one of the main causes of desorption for SALDI. The laser pulse
heats the pore walls causing the energy to be transferred from the pSi substrate to the analyte
causing the analyte to desorb from the surface. The desorption of the analyte of interest can
happen through a one of two processes. One process happens through direct desorption form
the pSi surface and the other happens through a plume caused my trapped solvent molecules.*®
58 The ionization process is thought to happen through either residual charge from the surface

or from solvent-analyte interactions in the plume where the solvent acts similar to a matrix.



Other factors that play a role in ionization are pore depth, surface roughness, and the analyte’s
proton affinity. 4% 585

Just like most techniques, there are advantages and disadvantages to DIOS. DIOS has
a significantly better sensitivity than MALDI for certain molecules. It has been seen that with
DIOS, a sensitivity in the fmol range is achievable where MALDI has a sensitivity in the pmol
range.®° This increase in the sensitivity is beneficial when studying pharmaceutical compounds
since typically these compounds are used in biological samples at lower concentrations in order
to eliminate the risk of an overdose. A downfall to DIOS is its stability and reproducibility.
DIOS is electrochemically etched using HF in ethanol. When the etching process is completed
the surface of the pSi is hydride terminated. When the surface is completely hydride
terminated, DIOS achieves its best detection. Although this type of surface is desired, it is
easily oxidized causing the detection signal to decrease. Between different pSi wafers, the
oxidation can happen at different rates causing the surface of the DIOS wafer hard to reproduce
repeatedly. One way to help to reduce the oxidation step is to store the pSi wafers in ethanol
until ready to analyze but as soon as the wafer is exposed to air, it will begin to oxidize.

In an attempt to further improve the ionization efficiency of SALDI, a hybrid technique
was introduced called matrix enhanced surface-assisted laser desorption ionization (ME-
SALDI).%! This technique takes the advantages of both MALDI and SALDI to combine them
into one technique. For ME-SALDI, a thin layer of MALDI matrix is sublimed onto the pSi
surface. The matrix acts just as it would for conventional MALDI in that the matrix absorbs
the laser energy then subsequently transfers that energy to the analyte allowing the analyte of
interest to desorb from the pSi surface as well as provides a proton rich environment to aid in

the ionization of analytes of interest. Since SALDI uses a lower laser intensity than



conventional MALDI, fewer matrix molecules desorb from the surface and the background
noise is minimal which allows for the analysis of low-mass molecules. ME-SALDI has been
shown to have improved MS performance over both conventional MALDI and SALDI with
reduced matrix interference, little analyte fragmentation, a larger mass range than SALDI and

improved analyte ionization efficiency for low-mass species.

1.3 Nanostructured Initiator Mass Spectrometry (NIMS)

Nanostructured initiator mass spectrometry (NIMS), one of the most successful SALDI
techniques, was introduced in 2007 by the Siuzdak group.? NIMS is an extension of DIOS
where the flat silicon surface is modified by electrochemically etching nano-sized pores by
using dilute hydrofluoric acid (HF).>® 0. 62-66 Because the etching conditions are different, the
pores formed are smaller and deeper than those on a DIOS substrate. More importantly, a layer
of “initiator” is applied after etching. The NIMS pores, approximately 10-20 nm in diameter,
trap initiator molecules inside.5 %" Just as it is important to choose an appropriate matrix for
conventional MALDI, it is just as important to choose the correct initiator for NIMS. The
Siuzdak group composed a preliminary table with possible initiators that can be used for MS
analysis which primarily consists of polysiloxanes, siloxanes, and silanes.®? " The most used
initiator thus far seems to Dbe  bis(heptadecafluoro-1,1,2,2-tetrahydrodecyl)
tetramethyldisiloxane (BisF17). This highly fluorinated initiator, along with many of the other
initiators on the table, are hydrophobic in nature allowing for hydrophilic analytes to adsorb
onto the surface in a smaller, more concentrated area. The ionization process for NIMS isn’t
completely understood but it has been hypothesized that it is closely related to the acidic

conditions used in the HF electrochemical etching process.®® Meanwhile, similar to the



behavior of residual solvents in DIOS, upon heating of the surface by a laser, the initiator
rapidly expands, vaporizes, and desorbs the analyte that was adsorbed onto the NIMS surface.
By concentrating the analytes of interest in a small area, the ion abundance is greatly increased
thus decreasing the limit of detection NIMS can obtain. NIMS has been shown to achieve
detection as low as the yoctomole range.®’

NIMS is a good technique to use when investigating low molecular weight species,
such as metabolites, peptides and drugs. This is mainly due to the properties of the initiator
which allows minimal background noise in the low molecular weight region. The rule of thumb
for choosing an initiator for NIMS is that it should not ionize, should be transparent to the laser
that is being used and should not co-crystallize with the analyte being investigated.®’- ®8 This is
very different from MALDI matrices in that the matrix must have strong absorption in the UV
region and must co-crystallize with the analyte in an optimal fashion. Also MALDI matrices
will ionize and show up in the low mass-to-charge region of the spectra; possibly overlapping
the matrix with analytes of interest. With NIMS since the initiator doesn’t ionize extensively,
there is a very small probability of this overlap happening allowing for more extensive studies
on small metabolites. Another advantage of using NIMS over conventional MALDI is the
spatial resolution that can be achieved. For MALDI, the spatial resolution is dependent on the
size of the matrix crystal that must co-crystalize with the analyte of interest, the homogeneity
of the matrix with the sample and laser spot size.!® There have been many methods in trying
to reduce the impact of these factors so that the resolution of MALDI can be increased. Some
of these methods include sublimation of the matrix onto the analyte surface, electrospray
deposition, washing protocols to remove any contaminants, and development of optical lenses

in order to focus the laser to smaller dimensions.” 1 6 These methods have been shown to



work to a certain degree but they do require time to work out the correct parameters which in
turn increases sample preparation time before analysis. For NIMS, the spatial resolution is
really only dependent on the size of the laser being used for analysis which corresponds to a

reduction in sample preparation time.

1.4 Mass Spectrometry Imaging (MSI)

There has always been a need and desire to study the biological make up of plants,
animals, etc. By studying these biological make ups, much can be learned about the cellular
structure, function and distribution of peptides and proteins. There has been much effort
recently in studying tissue samples to look at peptide, lipid, and protein distribution as well as
drug and small molecule distribution within tissue samples. In the past, such techniques as
magnetic resonance spectroscopy imaging (MRI), positron emission tomography (PET),
autoradiography and immunolabeling were used to try to map out molecules throughout the
body.”-"® These techniques typically require the molecule of interest that is being imaged to
be tagged so that it can be seen using the method of choice. This tagging can lead to problems
when the drug is administered into the target. The drug could behave differently since it is
tagged. Also, it is hard to study the parent compound along with its metabolites when it begins
to break down since the metabolite would need to have the tag attached to it in order to image
the metabolite molecule. A novel and new way to study these functions is with mass
spectrometry imaging (MSI). MSI started with the inception of MS but really took off when
the Caprioli group first introduced the combination of MALDI and MSI in 1997.7* After this
introduction, the development and methodologies of MSI greatly expanded. It is noted that

although MSI is a destructive method, the unprecedented capabilities of MSI in rapid and un-



discriminatively profiling biological species have allowed this technique to become widely
used within industrial research and academia.

MSI is a label free technique that can map out numerous molecules and compounds
simultaneously.’ 7 77 Since this is a label free technique, the parent molecule as well as any
fragments and metabolites are able to be investigated as well. This allows a lot more
information to be obtained and analyzed. MALDI-MSI has been focused primarily on protein
and peptide distribution in tissue samples and has expanded to the study of lipids, sugars, etc.
With this focus on mapping out tissue samples, MALDI-MSI has shown great advantages in
biomarker discovery and with pharmaceutical compounds. Although pharmaceutical
compounds are typically small molecules, great efforts have been put forth to improve their
analysis. With the choice of appropriate matrix, these compounds have been profiled and
imaged in order to study the drug effectiveness and metabolite activity.”® ™

One aspect of MSI that is still being worked on is the resolution. With MALDI-MSI,
resolution is dependent on crystal size of the matrix as well as the size of the laser being used.
One way to help with this is to use SALDI and NIMS to perform imaging on the samples. This
removes the issue of crystal size of the matrix and allows the resolution to be effected by
mainly the laser size. Spatial resolution is an important aspect to considering when performing
MSI. Different ionization techniques as well as sample preparation requirements will yield
different spatial resolutions. MALDI has reported an achievable spatial resolution between 20-
125um.8%82 SIMS has a similar spatial resolution range at 1-100um.8: & Initial spatial
resolution for SALDI using DIOS was 20-30pum but NIMS actually achieves a slightly higher
resolution at 10-20pum.82 82 Desorption electrospray ionization (DESI) is an ambient ionization

technique which has minimal sample preparation allowing for a fast through put and the spatial
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resolution has recently been improved from 180-200um down to 35um.®2 84 It should be noted
that the lower the achievable spatial resolution wanted, the experimental time required will be
much longer. Depending on what is most important for that specific experiment, a decision
will have to be made either for lower spatial resolution or shorter experimental time.

Another limitation to MSI is the destructive and invasive nature of this technique. Since
a laser is irradiating a tissue sample and heating is occurring in order to desorb/ionize analytes,
the sample is being destroyed. Also the collection of the tissue samples is typically very
invasive; they require biopsies or post-mortem collection. Other limitations that exist with MSI
are variation between samples, sample preparation, and user experience. These limitations can
cause the quality and reproducibility of the results obtained to differ significantly.

MSI uses an accumulation of mass spectra to help recreate an image of the area being
analyzed. This happens by a laser rastering over the surface in the x-y coordinate, typically
moving from left to right. Each time the laser irradiates the sample, a spectrum is accumulated
at that point. All the spectra are then processed and combined in order to construct a 2D or 3D
image. When constructing the images, the user is able to choose any m/z value from the spectra
to see how it is distributed throughout the sample. This is a great improvement from other
imaging techniques in which you can typically only look at one molecule per imaging
experiment. A vital aspect to MSI is sample collection, sample handling and preparation. In
order to obtain reliable MSI results, the preservation of the sample’s molecular integrity is
mandatory. If the sample is not handled properly, migration or redistribution of analytes in the
sample can occur, causing inconsistent/unreliable mapping of the sample being analyzed. This

migration of analytes can also happen when applying solvent based matrix onto the sample.
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Homogenous solvent free application through sublimation has been proven to work and has

subsided any concern of redistribution of analytes within the sample.

1.5 Significance in MSI of Pentamidine and its analogs for treatment of Human African
Trypanosomiasis (HAT)

Human African trypanosomiasis (HAT) is a disease that effects millions of people in
Africa. In the 1930s, administrations from sub-Saharan Africa came together to establish
disease control programs.® The advent of these programs helped reduce that amount of HAT
cases dramatically by screening and treating millions of people throughout Africa. As some
nations began gaining their independence, the priority of maintaining those disease control
programs diminished and the HAT epidemic began again. HAT is known as the sleeping
sickness because it affects the central nervous system of people affected causing changes in
their sleep/wake patterns.®>® There are two forms of this disease; Trypanosoma brucei
gambiense is found in west and central Africa and Trypanosoma brucei rhodesiense is found
in eastern and southern Africa.®® T.b. gambiense accounts for 90% of the cases that are reported
for HAT. There are also two stages to HAT. The first stage involves the parasite to invade the
blood and lymphs but is typically treatable with current medication. The second stage of HAT
is much harder to treat than the first stage. In the second stage, the parasite begins effecting the
central nervous system by passing through the blood-brain barrier (BBB) which makes it much
more difficult to treat. Currently there are four drugs that are used to treat patients with HAT.
Pentamidine, suramin, eflornithine, and melarsoprol are used to treat both forms of HAT; two
for the first stage and two for the second stage of HAT.8 8 pentamidine has been used for

over 60 years to treat the first stage of T.b gambiense. It is not fully known how this drug kills
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the parasite but it is known that diamidines bind to DNA and causes mitochondrial
dysfunction.®® Pentamidine is typically well tolerated and has minimal adverse drug reactions.
Suramin was first introduced in 1922 to treat the first stage of T.b rhodesiense. This drug
compound has a higher activity than pentamidine which puts patients at risk for severe allergic
reactions as well as other adverse drug reactions but since the treatments are short, these
reactions are tolerable.®® 88 Melarsoprol is an organoarsenic compound that is used to treat the
second stage of both forms of HAT. This drug is one of the most harmful drugs that is legally
administered to humans.®® Due to the harmful nature, melarsoprol induces harsh reactions
which includes a high rate of fatality. There have also been suggestions as of late of the
emergence of resistance of this drug.®® 8 Eflornithine is the only new drug to treat HAT that
has been introduced in the last 50 years. It is used to treat the second stage of T.b gambiense
and has shown a large reduction in mortality rate compared to melarsoprol.® There are some
adverse drug reactions with eflornithine but they are much less severe than with melarsoprol.
Currently there are harsh treatments for this disease which often times leads to fatal
drug reactions.®” One requirement for drugs that can treat the second stage of HAT is that they
must be able to permeate through the BBB. Although there is a reduction in the amount of
HAT cases reported, there is still much effort going into synthesizing new drug compounds
that will both penetrate the BBB as well as effectively treat HAT. The biggest challenge for
new drug discovery is to make a safe drug with few adverse reactions that will treat both forms
of HAT as well as both stages.®® With new drugs being discovered, there is a need to analyze
the drugs to make sure they are going to regions of tissue where they are expected to be in
order to treat this disease. One way to analyze the drug distribution is by using MSI. MSl is a

beneficial technique in that the drug will not be tagged and it will show the parent drug
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compound as well as drug metabolites, proteins and lipids that the drug is being dispersed to.

This will help in the discovery and trials of new drug compounds to help treat HAT.

1.6 Tandem Mass Spectrometry

With the advent of mass spectrometry and the advances in biological research, the
understanding of the structural make-up of biologically relevant molecules needed to be
explored. A technique that has emerged is tandem mass spectrometry (MS/MS) which
elucidates structural analysis of peptides, proteins, etc. as well as pharmaceutical drugs;.%%-%
MS/MS involves the activation of a parent ion and analysis of the fragmentation ions which is
used to determine structural elucidation. There are many MS/MS ion activation techniques that
are used — collision-induced dissociation (CID), post-source decay (PSD), surface-induced
dissociation (SID), electron capture dissociation (ECD), infrared multiphoton dissociation
(IRMPD) and blackbody infrared radiative dissociation (BIRD); just to name a few.

One of the most commonly used ion activation methods is CID. This activation process
involves a neutral gas molecule colliding with the parent ion of interest. Energy from this
collision is transferred from the neutral gas to the parent ion; once the internal energy of the
parent ion reaches its threshold, it begins fragmenting.®t ®°7 The CID process is very
dependent on the mass of both the parent ion as well as the neutral gas molecule used. Typically
for CID the neutral gas that is used is either nitrogen or helium.®® With energy transfer from
one of these gases proteins/peptides mainly form b- (N-terminus) and y-type (C-terminus)
fragments as well as d-type (side chain cleavages) fragments. CID can also by separated into
two categories; low and high energy collisions.®® %1% |_ow-energy collisions are characterized

as a collisional energy range from 1-100 eV and are commonly used in quadrupoles and ion
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trap instruments. High-energy collisions are used in sector and TOF/TOF instruments which
consist of an energy range in the kiloelectonvolts.!

Another widely used ion activation technique is post-source decay (PSD) which is
mainly utilized with MALDI.92-9% 9.9 pSD has two main mechanistic pathways that lead to
the fragmentation of the parent ions. The first source of activation energy happens when
collisions between analytes of interest and matrix molecules occur right after the initial plume
from the surface. Other collisions can also occur with residual gas molecules in the field free
drift region.® % The second pathway occurs with the redistribution of internal energy which
leads to fragmentation.®® Just as with CID, PSD fragmentation does have a dependence on the
size of analyte ions and matrix molecules; the larger the cross-sectional area of the
ion/molecule, the higher the energy will be leading to fragments of the parent ion.
Complementary to CID, b- (N-terminus) and y-type (C-terminus) fragments are seen as well
as a-type (N-terminus) fragments. Due to less control over the fragmentation pattern of
analytes of interest, PSD is not as practical when elucidating chemical structures of large

molecules.

1.7 Motivation

The goals of this dissertation was to explore the utilization of a new hybrid pSi technique,
ME-NIMS, for the detection of molecules directly from the pSi surface as well as when
employing MSI. Sensitivity, reproducibility and stability data from ME-SALDI, NIMS and
ME-NIMS were compared in order to determine the viability the techniques. To further
improve the inter- and intra-substrate reproducibility, neat and dilute initiator studies were
performed to attempt to enhance reproducibility for NIMS and ME-NIMS substrates. The

spatial resolution for MALDI, NIMS and ME-NIMS was investigated for MSI. This showed

15



the smallest achievable spatial resolution for each technique without any instrumental
modifications. This led to imaging of mouse brain samples to show lipid distribution
throughout the tissue. MS/MS was utilized for identification of PTA in the absence and
presence of tissue. With wanting to understand how drug compounds interact with tissue

samples, MSI was employed to determine the LOD of PTA in the absence and the presence of

mouse brain tissue.
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CHAPTER 2: COMPARISON OF POROUS SILCON (PSI) TECHNIQUES FOR
MASS SPECTROMETRY IMAGING (MSI1) APPLICATIONS

2.1 Introduction

Mass spectrometry sensitivity and reproducibility relies heavily on the ionization
technique used while collecting data. Matrix-assisted laser desorption/ionization (MALDI) is
a reliable technique but has been challenging for the study of small metabolites due to
suppression by the matrix used. A technique developed in parallel with MALDI, surface-
assisted laser desorption/ionization (SALDI), has demonstrated success in investigating small
molecules in a matrix-free fashion. Desorption ionization on silicon (DIOS) is one of the most
successful SALDI techniques developed. DIOS uses porous silicon (pSi) substrates to aid in
the desorption and ionization of analytes of interest with detections limits reported as low as
zeptomole to yoctomole range but typically are seen in the high attomole to low femtomole
range.1* A systematic study showed the important roles played by both the substrate and local
chemical environment in analyte desorption and ionization during DIOS.* ® This led to the
introduction of matrix-enhanced SALDI (ME-SALDI), a hybrid technique that combines the
advantages of MALDI and SALDI.> ME-SALDI uses a thin layer of matrix on top of a pSi
substrate to provide a proton rich environment increasing the ionization efficiency of the
analyte of interest. Another technique was introduced by Siuzdak and co-workers coined
nanostructured initiator mass spectrometry (NIMS). NIMS builds on the original SALDI
method and utilizes a liquid initiator coating to facilitate local concentrating of analytes of
interest. Like SALDI and ME-SALDI, NIMS relies on a porous substrate to absorb the laser

energy which rapidly heats the porous surface, vaporizing “trapped” initiator molecules in the
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porous structures. This rapid vaporization of the initiator molecules subsequently facilitates
the desorption/ionization process for analytes under study with minimal fragmentation.®
ME-SALDI has become a technique that is viable for the analysis of small molecules
due to the reduced noise in the low m/z region. ME-SALDI utilizes a thin layer of matrix which
greatly increase the ionization efficiency of the SALDI technique by providing a proton rich
environment while still utilizing the pSi to absorb photons for an effective desorption of the
analytes of interest.* "8 ME-SALDI yields clean spectra in the low mass range while still
enhancing analyte signal. This technique has shown the improved signal of biomolecules.* 8 °
Although ME-SALDI does have its advantages of traditional MALDI, it does still use a matrix
which can suppress signal and the size of the matrix crystal plays critical role in analyte signal
and reproducibilty.* " & 1% Mentioned earlier, NIMS is another matrix free technique that was
introduced to help with the analysis of small molecular weight species. NIMS utilizes an
initiator to aid in the desorption and ionization process. The initiator is typically a group of
highly fluorinated, UV-transparent, and Teflon-like molecules.® 13 The utilization of this
technique has been investigated by looking at biological samples.® 1418 One major advantage
to using NIMS is that no matrix is used with this technique allowing for the analysis of low
molecular weight speciest > 18-20: this is beneficial over techniques such as MALDI and ME-
SALDI where the matrix overlaps and/or suppresses signal from analytes of interest. Another
advantage of NIMS is that there is little to no sample preparation needed before analysis. This
allows for a higher throughput of samples while still retaining information that may be lost
with tissue or other biological extraction methods.'® ¥ NIMS does have a similar issue to
SALDI in that the ionization efficiency is low. The application of matrix to the NIMS surface

is demonstrated for the first time in this report; coined matrix-enhanced NIMS (ME-NIMS).
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The advantages of both MALDI and NIMS were combined, similar to ME-SALDI, in that a
thin layer of matrix was sublimed onto the NIMS surface. The pSi surface and initiator are still
used to absorb photons from the laser to aid in the desorption process while the matrix provides
a proton rich environment for enhanced ionization. ME-NIMS has experimentally shown an
improvement in MS performance to traditional MALDI and NIMS; including increased
ionization efficiency and reduced matrix interference.

With this being the first mention of ME-NIMS in literature, it is vital to compare this
technique to more established techniques such as ME-SALDI and NIMS. In order to determine
which technique is optimal for biological molecules of interest, a systematic comparison of
ME-SALDI, NIMS, and ME-NIMS was completed for their potential analysis of different
classes of analytes of interest. Parameter optimization for signal detection on n-type and p-type

pSi was conducted as well as the reproducibility and stability of the substrates.

2.2 Material and Method

Materials N-type antimony (Sb)-doped <100> single crystalline silicon (Si) wafers at 0.005-
0.02 Q/cm and p-type boron (B)-doped, <100> single crystalline Si wafers at 0.005-0.02 Q/cm
resistivity were purchased from Silicon Sense, Inc. (Nashua, NH). Chloroform, hydrofluoric
acid (HF, 49%), and sulfuric acid (H2SOa) were purchased from Fisher Scientific (Pittsburg,
PA). Ethanol (95%) was purchased from Aaper Alcohol (Shelbyville, KY). Hydrogen peroxide
30% (w/w) (H202) was purchased from VWR International, LLC. (Bridgeport, NJ).
Bis(heptadecafluoro-1,1,2,2-tetrahydrodecyl)tetramethyldisiloxane (BisF17) initiator was

purchased from Gelest, Inc. (Morrisville, PA). Angiotensin I, angiotensin 111, bradykinin, and
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2,5-Dihydroxybenzoic acid (DHB) was purchased from Sigma-Aldrich (St. Louis, MO). 18

MQ deionized (DI) H20 (Millipore, PO) was used for all experiments.

SALDI Substrate Fabrication SALDI substrates were prepared based on a previously
established protocol.?! Briefly, unless otherwise noted, all wafers were washed thoroughly in
ethanol and dried with N after each step in the procedure. A 1.5-cm?silicon wafer was dipped
in a 5% HF/ethanol solution for 1 min to remove the oxidized layer on the silicon surface
(Figure 2.1).” After assembling the anodic etching Teflon cell the wafer was electrochemically
etched in a 25% HF/ethanol solution (1:1 v/v) for 1 min at a current density of 5.5 mA/cm?,
whereby a 50 W tungsten lamp was used as the illumination source and a EG&G Princeton
Potentiostat Model 273 (Princeton, NJ) was used to control the constant current. The resulting
pSi substrate was then dipped in a 15% H20/ethanol (1:1 v/v) solution for 1 min to oxidize
the silicon surface, followed by a 1 min dip in the 5% HF/ethanol solution to regenerate the H-
terminated surface (i.e. double etch). SALDI substrates were stored in ethanol at room
temperature and were used within 3 days of initial fabrication, unless otherwise specified in

the text.

hv

Pt reference_ _ _ _ — = = = Ptelectrode
electrode
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wafer .
Pt working
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Figure 2.1: Depiction of Teflon etching cell used to make pSi substrates.
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NIMS Substrate Fabrication NIMS substrates were prepared using a modified protocol
reported in literature.?? Briefly, a 1.5-cm? silicon wafer was cleaned in piranha solution
containing a 2:1 (v/v) ratio of H,SO4 and H20> for 30 min, thoroughly washed in 18 MQ DI
H>0 and dried with N2. The wafer was electrochemically etched for 30 min without additional
light illumination in a 25% HF/ethanol solution with an applied current density of 32 mA/cm?
or 48 mA/cm? for n-type and p-type Si, respectively. After etching, the prepared pSi substrate
was washed thoroughly in ethanol, dried with a stream of N2 and then dried in a 100°C oven
for 5 min. A neat solution of BisF17 (33 pL) was pipetted onto the pSi and allowed to soak for
30 min at room temperature (RT) to form the initiator coating. Excess initiator was removed
from the pSi by applying a high-flow stream of N, followed by a 3-5 s drying period in a
100°C oven; this was repeated 3 times in order to sufficiently remove excess initiator solution.
NIMS substrates were stored dry in a closed petri dishes at room temperature and were used

within 3 days of initial fabrication, unless otherwise specified in the text.

Matrix-Enhanced (ME)-SALDI and ME-NIMS Substrate Fabrication ME-SALDI
substrates and ME-NIMS substrates were prepared using the aforementioned conditions for
the respective substrate type. A thin layer of matrix was then thermally deposited on the
substrate in a sublimation chamber (Figure 2.2).” Approximately 1 g of DHB was added and
evenly spread on the bottom of the sublimation chamber. Using double-sided tape, a pSi
substrate was attached upside down to the bottom of the condenser that was in direct contact
with running water for cooling. An Edwards E2M8 vacuum pump with a vacuum meter was
used to provide a controlled vacuum environment in the sublimation chamber. After

maintaining the sublimation chamber for 2 min at approximately 50 torr, the apparatus was
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submerged into a 110°C oil bath for 1.5 min for ME-SALDI and 3 min for ME-NIMS. Under
these temperature and vacuum conditions, DHB immediately vaporized and re-deposited upon
contact with the pSi substrate. Once matrix deposition was completed, the sublimation
apparatus was removed from the oil bath and the vacuum was slowly released. Substrates
coated with matrix were removed from the apparatus and immediately loaded into the MS

sample chamber for analysis.

HO
OH

OH

2,5-dihydroxybenzoic acid
(DHB)

Figure 2.2: Picture of matrix sublimation apparatus and the chemical structure of DHB that
was used for the conventional MALDI resolution studies.

Sample Preparation for MS Measurements Stock solutions of angiotensin I, angiotensin 11,
and bradykinin were prepared in 50:50 acetonitrile (ACN): DI water at 12.5uM each. An
aliquot of each were then mixed at a 1:1:1 (v/v) ratio to reach a final concentration of
approximately 4.2uM. For ME-SALDI and ME-NIMS, the analyte solution was applied to the
wafer via drop-coating and allowed to dry before sublimation occurred. After sublimation, the
samples were loaded in the MS chamber. For NIMS, the peptide solution was drop-coated onto
the wafer, allowed to dry, and loaded into the MS chamber. Tissue samples were cut 5um thick

using a Leica CM1950 cyrostat. The tissue section was placed on pSi surface. For NIMS, the
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sample was loaded into the MS chamber; for ME-NIMS, matrix was sublimed then loaded into

MS chamber.

Scanning Electron Microscopy (SEM) Measurements A JEOL JSM-6400F field-emission
scanning electron microscope (FE-SEM) with an Everhart-Thornley secondary electron
detector was used to examine the surface features of the pSi substrates. An accelerating voltage
of 1 kV and a working distance of ~4 mm was used during the image acquisition. The
magnification was varied between 500X and 500,000X to gain the best image contrast for each
substrate. All substrates were attached to an aluminum block with double-sided conductive
tape prior to loading into the instrument. Most substrates were imaged directly for top-down
analysis; some substrates were also cleaved in half in order to attain cross-section images of
the porous features. Approximately 20 pores and cross-sections from each pSi surface were

chosen to measure the relative size distribution of the electrochemically-etched features.

MS Measurements An AB Sciex TOF/TOF™S5800 System mass spectrometer (Framingham,
MA) equipped with a 349 nm laser (Nd:YAG, 1000 Hz) was operated at an accelerating voltage
of 20 kV in the reflector positive ion mode (MS-only) for all experiments. For sample spot
analysis, the delay time was varied between 13.5 and 15.2 ns to achieve optimal MS
performance. A mass range of 50-2000 Da (+ 0.05) and a bin size of 0.5 ns was used for all
experiments. The laser intensity was varied between 4300 and 5300 to achieve optimal signal
acquisition for the DPPC ions. The number of shots collected per spectrum was varied between
50-500 depending upon the pSi substrate being used. The signal-to-noise (S/N) ratios and

absolute ion intensities for base ions in each spectrum were calculated using the manufacturer
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software. In MS imaging mode, all mass spectra were collected in an automatic MS control
mode using the AB Sciex TOF/TOF Imaging software; 50-500 laser shots, as specified in the
text, were averaged to yield one accumulated spectrum at each location. Mass spectra were

reconstructed into 2D ion maps using the MSiReader™ software.?3

2.3 Results and Discussion

2.3.1 pSi Substrate Fabrication

The standard and most straightforward approach to producing pSi is through
galvanostatic etching.?* To fabricate pSi, two main starting materials can be chosen: n-type or
p-type silicon, which can be differentiated according to their dopant. As a Group IV element,
Si possesses four electrons that have the ability to bond to four adjacent atoms; dopants are
substitutional impurities that are intentionally added to replace Si atoms, ultimately affecting
the electrical and conductive behavior of the bulk material. N-type Si is doped with Group V
elements such as phosphorus, arsenic, or antimony. When a Group V element is substituted in
for a Si atom, only four of the five electrons from the impurity atom can participate in bonding
with adjacent Si atoms. Thus an extra non-bonding electron is present in the lattice, which can
be considered a free or conducting electron. P-type Si is doped with Group Il elements such
as boron, aluminum, or gallium. Contrary to n-type dopants, Group Il elements introduce
electron deficiencies (holes) into the bonding lattice due to their three-electron valency. For n-
type Si, illumination or high electric field can be used to generate holes and electrochemically
etch pores into the surface; these conditions are not necessary for p-type Si as the material is
already electron deficient. N-type and p-type Si were used in parallel due to their commercial

availability at similar doping levels. The conditions, well-established in literature, were
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optimized for the preparation of SALDI and NIMS substrates (Table 2.1). Although
comparable ion extracting efficiencies are expected from n- and p-type substrates because of
their similar resistivities, our previous studies have shown that the overall pSi performance is
directly related to the substrate porosity which varies as the preparation conditions change (e.g.
current density and etching time).2® Direct inspection of the pSi substrates is therefore the first
step to ensure substrate performance: for the n-type SALDI, a dark blue hue is typically
indicative of porous trenches being formed on the substrate surface (Figure 2.3A). After
etching the p-type SALDI under the same condition, however, the surface was bright yellow
in color (Figure 2.3B). Etching of n-type NIMS yielded a dark blue surface; etching of p-type
NIMS, on the other hand, yielded a light blue porous surface. Since it is known that the optical
property of a pSi wafer is dictated by its surface porosity, we therefore suspect that the different
substrate colors observed positively correlate to certain pore formation characteristics. SEM
images of the pSi are shown in Figure 2.4.

Table 2.1: A Summary of Experiment Conditions for ME-SALDI, NIMS, and ME-NIMS
substrates.

ME-SALDI NIMS ME-NIMS
n-type | p-type | n-type | p-type n-type p-type

Piranha clean v v v v v v

5% HF wash v v X X X X

Etch time (min) 1 1 30 30 30 30

Current density 55 55 32 48 32 48

(mA/cm?) ' '

Marix |45 15 X X 15 15
sublimation (min)

Initiator X X 30 30 30 30
application (min)

Storage ethanol* air air

*Prior to matrix deposition, ME-SALDI are stored in ethanol to avoid surface oxidation. After
sublimation, substrates are immediately analyzed in the instrument.
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Figure 2.3: Optical images depicting the porous surface color of n-type SALDI (A), p-type
SALDI (B), n-type NIMS (C) and p-type NIMS (D) substrates.

SEM was used to determine the average pore diameter and pore depth for each pSi
substrate. SEM images of p-type SALDI indicated that a lack of pore formation occurred when
etching conditions were applied (Figure 2.4B and Figure 2.4F); this result supports the prior
suspicion that the yellow substrate color was suggestive of poor pore formation.” Pore
formation was observed for n-type SALDI as the etching generated a surface possessing a dark
blue hue. With respect to n-type SALDI (Figure 2.4A and Figure 2.4E) and n-type NIMS
(Figure 2.4D and Figure 2.4H), it is clearly evident that the longer etching time leads an
increase in pore depth as the NIMS substrate has a porous layer more than 15 times as thick as
to the SALDI substrate. The stark differences observed for the ordering of the porous channels
within each pSi substrate was also interesting. N-type SALDI resulted in randomly distributed
pores with an average pore diameter of 9 + 2 nm. It has been well documented in literature that
in electrochemical dissolution of Si, random distributions of pores, as with n-type SALDI, are
typically observed at lower applied current densities due to their location in the pore formation
regime in current-voltage plots.? Since illumination-assisted etching generates holes at a much
faster rate than etching in the dark, the process is difficult to control and leads to the generation
of random surface features.?” In contrast, n-type NIMS had an average pore diameter of 17 +

6 nm and exhibited extremely narrow and highly ordered porous channels (Figure 2.4H).

35



Furthermore, the ordered porous channels in n-type NIMS were branched and had a “feather-
like” appearance, which was found to be unique to only these types of substrates. These
features should be kept in mind as they may play an important role in substrate performance
in MS studies. P-type NIMS displayed larger pore depths in comparison to n-type NIMS. Since
p-type silicon readily etches in the absence of light, this did not come as a surprise. P-type
NIMS also had ordered pore channels, however, they were not as tightly packed as its n-type
counterpart (Figure 2.4G). Additionally, features within the pore channels were more jagged
in appearance which likely attributed to the lighter surface color and drop in observed signal-
to-noise. The highly ordered porous channels seen in both n-type and p-type NIMS can be
explained by preferential pore propagation in the <100> direction, which is the
crystallographic orientation in both substrates.?* 2 The “feather-like” branching found in the
n-type NIMS has been observed in the literature and has been explained to result from
anodizing highly doped n-type silicon in the dark.?” Table 2.2 summarizes the pore size
measured for each pSi substrate. Based on the optical and SEM characterization and the
previous correlation of SEM images to MS performances, n-type Si was selected for further

comparison studies.
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Figure 2.4: Top-down SEM images of n-type SALDI (A), p-type SALDI (B), p-type NIMS
(C) and n-type NIMS (D). Cross-section images for n-type SALDI, p-type SALDI, p-type
NIMS and n-type NIMS are shown in panels (E), (F), (G) and (H) respectively. Insets in panels
(E) through (H) display a zoomed in view of the porous channels.
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Table 2.2: Summary of pore features for SALDI and NIMS substrates.

Substrate Type Average Pore Diameter Average Pore Depth
(nm) (Hm)
n-type SALDI 9+2 0.97 £ 0.06
p-type SALDI - 1.06 + 0.03
n-type NIMS 17+6 15.7+0.2
p-type NIMS 14 +2 45 +1

2.3.2 Comparison of n-type ME-SALDI, NIMS, and ME-NIMS

Three crucial parameters were used to evaluate ME-SALDI, NIMS and ME-NIMS
performances in MS: signal sensitivity, reproducibility across different substrates and stability
of substrates after extended storage. Signal sensitivity was the first and foremost to be studied
because it directly relates to the amount of information collectable from complex samples
where many important metabolic regulators are present at low concentrations. Before the
sensitivity study was performed, the optimized sublimation time for ME-NIMS was carried
out; ME-SALDI matrix sublimation optimization was performed previously in our lab. For this
experiment, seven NIMS wafers were prepared. One wafer did not have any matrix sublimed
on to it; the other six wafers had matrix sublimed with varying times from 0.5-3.0 min. The
goal was to find an optimized sublimation time to utilize the advantages of both NIMS and
traditional MALDI. Figure 2.5 shows the absolute ion abundance for peptides with varied
sublimation times. It’s interesting to notice that up to 2.5 min sublimation, the signal from the
matrix is minimal compared the signal from the analytes. This is advantageous moving
forward; this allows matrix to be utilized to increase ionization efficiency without the matrix
suppressing signal from low molecular weight analytes of interest. The transition from
traditional NIMS to ME-NIMS was determined to be at 1.0 min sublimation time. At this time

point, there is an increase in analyte signal which continues to increase up to 2.0 min
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sublimation time. The 2.5 min sublimation time is another transition from ME-NIMS to
traditional MALDI. At this time point the signal drops but another interesting note that must
be made is that the laser intensity of the instrument had to be increased when analyzing the 2.5
and 3.0 min substrates. It can be seen that at 1.5 and 2.0 min sublimation times, that the absolute
ion abundance is very similar but for the 2.0 min time point, the standard error was slightly
smaller. Due to this smaller standard error for the 2.0 min sublimation time, it was determined
to be the optimal sublimation time and will be used for ME-NIMS sublimation times going

forward, unless specifically stated.

s00p.]™ PHERHOEH
“|® Angiotensin li
14 Bradykinin
o 25004V Angiotensin |
Q
c ]
©
2 2000 -
3 a
2 ]
<C
= 1500 -
S ] l 2
‘g 1000
F [ I 1
< 1 i
500
- i .
0 ——* ; 2 » '3 | |

0.0 0.5 1.0 1.5 20 25 3.0 3.5
Sublimation Time (min)

Figure 2.5: Optimized sublimation time for ME-NIMS on peptide solution. NOTE:
sublimation times 2.5 and 3.0 required a higher laser intensity in order to obtain signal.

Figure 2.6 shows the absolute ion intensities and signal-to-noise ratios of the molecular
ion peaks of three basic peptides. The error bars were calculated from 3 replicates. The absolute
ion abundance for both ME-SALDI and ME-NIMS were greatly increased compared to NIMS,
which was expected because the matrix provides a proton rich environment enhancing
ionization of analytes of interest (Figure 2.6A). Meanwhile, ME-SALDI and ME-NIMS

spectra showed a significant increase in background noise due to the presence of matrix
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whereas NIMS exhibited cleaner spectra with an improved signal-to-noise ratio for the MH*
detected (Figure 2.6B). Matrix peaks can be seen in both the ME-SALDI and ME-NIMS
spectra, although ME-NIMS vyields less signal from the matrix (Figure 2.7). The NIMS
spectrum is clean in the low m/z range allowing for the analysis of small analytes of interest,
but it should be noted that since the absolute ion abundance for NIMS is much lower, the
analytes of interest need to be easily ionizable in order to be detected. Overall, ME-NIMS
yields comparable signal-to-noise and higher absolute ion abundance to conventional NIMS.
All three substrates showed significantly stronger absolute ion signals and signal-to-noise

ratios than those collected from SALDI alone (not shown).

7000

A 2% ME-SALDI B 23] ME-SALDI
I Nivis I Nivis
6000 - N\ ME-NIMS 1200+ N\ ME-NIMs

[

© 5000 poto

c BB

© 1 B

3 ks

5 4000 pe

2 KEs

< 1 A J
Seseled %05

£ S 5

O 3000 - [ e

- P50 039
BSRA 1S

P ogosese S

: 1B i

° RS8R —t— P> 0% 0T

4 R o e XX P2

Q 2000 4 [ % 5% K 038 0%

j -] PO 920 938 KX 6% 's%!

< 1 B 3% % oot 55 0% 5% o]
XXX %0 %% otelele 1S 14 R
PR 2e2 o% P50 B2 KRS PEXX

1000 4 P B8 50505 So%s Kokt [S80808%

969262 KX XX XA 1929, R Do0e%
P PO X o2 (8595559 020505
BRI RS 0% RS K325 <
K 3 XXM % o%6%% 4
RXX 55 X Joooes ]

Angiotensin Il Bradykinin Angiotensin | Angiotensin lll Bradykinin Angiotensin |

Figure 2.6: Absolute ion abundance (A) and signal-to-noise (B) comparison between ME-
SALDI, NIMS and ME-NIMS.
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Figure 2.7: Mass spectra from peptide analysis for ME-SALDI (A), NIMS (B), and ME-NIMS
(C). Concentration of all peptides were nominally 3.33x102 mM. Laser intensity for ME-
SALDI, NIMS and ME-NIMS was 4300, 3500, and 3600, respectively. 50 total laser shots
were accumulated to make each spectrum. Angiotensin III (A), Bradykinin (V) and
Angiotensin [ (P> ) are seen for all three techniques tested. Matrix peaks (¢) can be seen in the
ME-SALDI spectrum. ME-NIMS yields signal from what is thought to be an initiator fragment

(o).

Reproducibility of the substrates being used is another important factor to be
considered in mass spectrometry, both within and between substrate batches. If the substrates
cannot be reproducibly made, then the data collected will not be reliable and quantification
cannot be consistently carried out. Five independently prepared substrates prepared on
different days were examined for ME-SALDI, ME-NIMS and NIMS. For each substrate, four
measurements were collected and averaged to determine the average signal-to-noise within the
same batch; the inter-substrate reproducibility was carried out by measuring substrate

performance across five set of substrates prepared on different days (Figure 2.8). The inter-
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substrate variation of NIMS and ME-NIMS exhibited similar variations, suggesting that they
are more consistent from batch-to-batch than ME-SALDI (Table 2.3). Within the same
substrates, NIMS shows the smallest intra-substrate variations compared to ME-SALDI and
ME-NIMS. Together, our results suggest the inter-substrate reproducibility is dictated by the
nature of the substrate itself but the intra-substrate reproducibility is by the uniformity of the
matrix deposition. These observations are not as expected: it has previously been shown that
the performance of SALDI and ME-SALDI substrates are highly dependent on substrate
fabrication conditions and large variations have been observed from batch to batch, from lab
to lab. The better substrate reproducibility from different preparation in NIMS and ME-NIMS
stems from the formation of high density, highly ordered, nanometer pores. The consistent
average pore size and distribution under the laser beam (in the scale of tens of microns) helps
in transferring the laser energy consistently from the substrate to the analytes.?® Uneven surface
oxidation prior to MS measurements could be another plausible cause for low reproducibility
of conventional SALDI substrates — pSi surface oxidizes rapidly even when the substrate is
immediately used after fabrication; meanwhile, for NIMS/ME-NIMS, the substrate surface is
protected with a layer of highly fluorinated initiator coating that minimizes surface oxidation

from exposure to air.

Table 2.3: Table of RSD% for reproducibility of ME-SALDI, NIMS and ME-NIMS
substrates.

Peptide ME-SALDI RSD% NIMS RSD% ME-NIMS RSD%
Angiotensin 111 41.4 27.5 28.3
Bradykinin 42.5 24.5 33.8
Angiotensin | 43.0 24.3 28.4
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Figure 2.8: The inter-substrate reproducibility (A) and intra-substrate variance (B) of ME-
SALDI, NIMS and ME-NIMS. Concentration of all peptides were nominally 3.33x102 mM.
Laser intensity for ME-SALID, NIMS, and ME-NIMS was 4300, 3500, and 3700, respectively.
The error bars for (A) were calculated by determining the standard error of five replicates. The
relative variation was calculated from five different locations on the same substrate for ME-

SALDI, NIMS, or ME-NIMS (B).

The stability of the pSi substrate is another important aspect that is critical for reliable
MSI measurements. A substrate stability study was performed over a two-week time frame
(Figure 2.9). Substrates were made on different days and stored for 0, 3, 7, 10 or 14 days. All
ten substrates were spotted with the peptide solution and allowed to dry before MS analysis.
NIMS shows a much more consistent signal-to-noise ratio over the time frame. ME-SALDI on
the other hand shows a steady decline in performance over the two-week time period. Similar
to previous observations, the measurement errors are much larger from the ME-SALDI
substrates compared to those of NIMS substrates. The relatively consistent MS response from
NIMS in both the stability study as well as the reproducibility study are thought to be the result
of reduced oxidation from the initiator-coated surface. It has been previously reported that the
more hydrophobic the surface, the better the signal that can be achieved.® When the surface is

oxidized, it becomes less hydrophobic allowing analytes in aqueous solutions to spread across
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the substrate surface decreasing the localized concentration of analytes of interest. This will
cause performance deterioration as well as inconsistencies within data especially when there
are different degrees of oxidation between substrates and within the same substrate. ME-NIMS
was not investigated here but is expected to exhibit similar shelf-life stability as NIMS since it

is speculated that the NIMS initiator serves as a protecting layer for the pSi substrate from

oxidation.
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Figure 2.9: The stability of NIMS and ME-SALDI substrates over a two-week time period
was investigated. ME-SALDI shows a steady decline in performance over the two-week time
frame (A). NIMS shows a more consistent signal-to-noise ratio over the time frame, despite
the initial low ion abundance (B). The intra-substrate variation for NIMS is shown to be smaller
compared to ME-SALDI.

2.4 Conclusion

The fabrication of nanometer-sized features in n-type and p-type Si was carried out via
electrochemical etching. N-type SALDI substrates had average pore diameters and pore depths
of 9 £ 2 nm and 0.97 £ 0.06 um, respectively. Pore diameter for p-type SALDI could not be

determined due to the poor etching of the Si and low resolution of the SEM images but the
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depth was measured at 1.06 £ 0.03 um. N-type and p-type NIMS substrates exhibited average
pore depths of 15.7 + 0.2 um and 45 + 1 um, and average pore diameters of 17 £ 6 nm and 14
+ 2 um, respectively. Our prior studies showed porous substrates with the smallest pore
diameter: pore depth ratio exhibit the best MS performance; hence why n-type Si was used for
the comparison of ME-SALDI, NIMS and ME-NIMS. ME-NIMS, a hybrid ionization method
of ME-SALDI and NIMS, was demonstrated here with improved detection sensitivity and
good intra- and inter-substrate reproducibility. It is carried out by coating conventional NIMS
substrates with a thin layer of matrix coating, which preserves the effective substrate properties
of NIMS (i.e high density, deep pores) as well as offers a proton-rich environment in the
presence of acidic matrices. The main reasoning for this improved reproducibility and stability
is thought to be associated to the protection of the pSi surface by the initiator used during
NIMS preparation. The initiator does not allow the surface to oxidize decreasing the variability
between and within substrates and also helps with the desorption process of analytes on the
surface. Our results show that ME-NIMS exhibits improved absolute ion abundance to NIMS
and reasonable reproducibility in comparing to ME-SALDI and NIMS; hence offers a good
alternative for small molecule profiling. Although matrix is used, ME-NIMS does show

promise for continued biological research.

45



2.5 Reference

1)

()

©)

(4)

()

(6)

(")

(8)

(9)

(10)

(11)

Wei, J.; Buriak, J. M.; Siuzdak, G. Desorption-ionization mass spectrometry on porous
silicon. Nature 1999, 399 (6733), 243.

Patti, G. J.; Woo, H. K.; Yanes, O.; Shriver, L.; Thomas, D.; Uritboonthai, W.; Apon,
J. V.; Steenwyk, R.; Manchester, M.; Siuzdak, G. Detection of carbohydrates and
steroids by cation-enhanced nanostructure-initiator mass spectrometry (NIMS) for
biofluid analysis and tissue imaging. Anal Chem 2010, 82 (1), 121.

Sturm, R. M.; Greer, T.; Chen, R.; Hensen, B.; Li, L. Comparison of NIMS and MALDI
platforms for neuropeptide and lipid mass spectrometric imaging in C. borealis brain
tissue. Anal Methods 2013, 5 (6), 1623.

Liu, Q.; Xiao, Y.; Pagan-Miranda, C.; Chiu, Y. M.; He, L. Metabolite imaging using
matrix-enhanced surface-assisted laser desorption/ionization mass spectrometry (ME-
SALDI-MS). J Am Soc Mass Spectrom 2009, 20 (1), 80.

Liu, Q.; He, L. lonic matrix for matrix-enhanced surface-assisted laser desorption
ionization mass spectrometry imaging (ME-SALDI-MSI). J Am Soc Mass Spectrom
2009, 20 (12), 2229.

Greving, M. P.; Patti, G. J.; Siuzdak, G. Nanostructure-Initiator Mass Spectrometry
Metabolite Analysis and Imaging. Anal Chem 2010, 83 (1), 2.

Liu, Q.; Xiao, Y.; He, L. In Mass Spectrometry Imaging; Rubakhin, S. S.;Sweedler, J.
V., Eds.; Humana Press, 2010; Vol. 656.

Liu, Q.; Brown, V. L.; He, L. Desorption/ionization on porous silicon (DIOS) for
metabolite imaging. Woodh Publ Ser Biom 2014, DOI:10.1533/9780857097156.2.270
10.1533/9780857097156.2.270(68), 270.

Liu, Q.; He, L. Quantitative study of solvent and surface effects on analyte ionization
in desorption ionization on silicon (DIOS) mass spectrometry. J Am Soc Mass Spectrom
2008, 19 (1), 8.

Ronci, M.; Rudd, D.; Guinan, T.; Benkendorff, K.; Voelcker, N. H. Mass spectrometry
imaging on porous silicon: investigating the distribution of bioactives in marine
mollusc tissues. Anal Chem 2012, 84 (21), 8996.

Northen, T. R.; Yanes, O.; Northen, M. T.; Marrinucci, D.; Uritboonthai, W.; Apon, J.;

Golledge, S. L.; Nordstrom, A.; Siuzdak, G. Clathrate nanostructures for mass
spectrometry. Nature 2007, 449 (7165), 1033.

46



(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)

Woo, H. K.; Northen, T. R.; Yanes, O.; Siuzdak, G. Nanostructure-initiator mass
spectrometry: a protocol for preparing and applying NIMS surfaces for high-sensitivity
mass analysis. Nat Protoc 2008, 3 (8), 1341.

Moening, T. N.; Brown, V. L.; He, L. Nanostructure-initiator mass spectrometry
(NIMS) for molecular mapping of animal tissues. Methods Mol Biol 2015, 1203, 151.

Patti, G. J.; Shriver, L. P.; Wassif, C. A.; Woo, H. K.; Uritboonthai, W.; Apon, J.;
Manchester, M.; Porter, F. D.; Siuzdak, G. Nanostructure-initiator mass spectrometry
(NIMS) imaging of brain cholesterol metabolites in Smith-Lemli-Opitz syndrome.
Neurosci 2010, 170 (3), 858.

Yanes, O.; Woo, H. K.; Northen, T. R.; Oppenheimer, S. R.; Shriver, L.; Apon, J.;
Estrada, M. N.; Potchoiba, M. J.; Steenwyk, R.; Manchester, M.et al. Nanostructure
initiator mass spectrometry: tissue imaging and direct biofluid analysis. Anal Chem
20009, 81 (8), 29609.

Lee, D. Y.; Platt, V.; Bowen, B.; Louie, K.; Canaria, C. A.; McMurray, C. T.; Northen,
T. Resolving brain regions using nanostructure initiator mass spectrometry imaging of
phospholipids. Integr Biol 2012, 4 (6), 693.

O'Brien, P. J.; Lee, M.; Spilker, M. E.; Zhang, C. C.; Yan, Z.; Nichols, T. C.; Li, W,;
Johnson, C. H.; Patti, G. J.; Siuzdak, G. Monitoring metabolic responses to
chemotherapy in single cells and tumors using nanostructure-initiator mass
spectrometry (NIMS) imaging. Cancer Metab 2013, 1 (1), 4.

Greving, M. P.; Patti, G. J.; Siuzdak, G. Nanostructure-initiator mass spectrometry
metabolite analysis and imaging. Anal Chem 2011, 83 (1), 2.

Kurczy, M. E.; Northen, T. R.; Trauger, S. A.; Siuzdak, G. Nanostructure imaging mass
spectrometry: the role of fluorocarbons in metabolite analysis and yoctomole level
sensitivity. Methods Mol Biol 2015, 1203, 141.

Louie, K. B.; Northen, T. R. Metabolic imaging using nanostructure-initiator mass
spectrometry (NIMS). Methods Mol Biol 2014, 1198, 313.

Wei, J.; Buriak, J. M.; Siuzdak, G. Desorption-ionization mass spectrometry on porous
silicon. Nature 1999, 399 (6733), 243.

Woo, H.-K.; Northen, T. R.; Yanes, O.; Siuzdak, G. Nanostructure-initiator mass
spectrometry: a protocol for preparing and applying NIMS surfaces for high-sensitivity
mass analysis. Nat. Protoc 2008, 3 (8), 1341.

Robichaud, G.; Garrard, K.; Barry, J.; Muddiman, D. MSiReader: An Open-Source

Interface to View and Analyze High Resolving Power MS Imaging Files on Matlab
Platform. J Am Soc Mass Spectrom 2013, 24 (5), 718.

47



(24)

(25)

(26)

(27)

(28)

Sailor, M. J. In Porous Silicon in Practice; Wiley-VCH Verlag GmbH & Co. KGaA,
2011, DOI:10.1002/9783527641901.ch1 10.1002/9783527641901.chl.

Xiao, Y. S.; Retterer, S. T.; Thomas, D. K.; Tao, J. Y.; He, L. Impacts of Surface
Morphology on lon Desorption and lonization in Desorption lonization on Porous
Silicon (DIOS) Mass Spectrometry. J Phys Chem C 2009, 113 (8), 3076.

Smith, R. L.; Collins, S. D. Porous silicon formation mechanisms. J Appl Phys 1992,
71 (8), R1.

Lehmann, V.; F\/@ll, H. Formation Mechanism and Properties of Electrochemically
Etched Trenches in n-Type Silicon. J Electrochem Soc 1990, 137 (2), 653.

Gao, J.; de Raad, M.; Bowen, B. P.; Zuckermann, R. N.; Northen, T. R. Application of

Black Silicon for Nanostructure-Initiator Mass Spectrometry. Anal Chem 2016, 88 (3),
1625.

48



CHAPTER 3: DILUTE BISF17 ON POROUS SILICON

3.1 Introduction

A vital aspect in experimental science is how reproducibly the experimental data is.
The more reproducible the data is obtained, the more reliable the results are and the more
confident one has in the conclusion(s) reached. In the previous chapter, my preliminary study
of NIMS and ME-NIMS showed measurement reproducibility between 25-43%; further
improvement in the reproducibility for both techniques could be beneficial.

BisF17 is the most common initiator used for NIMS.'® When BisF17 is spotted on to
the pSi surface, its high viscosity limits uniform spread across the surface and sometimes even
required the pSi wafer to be tilted slightly in order for the entire surface to be covered. This
uneven coating in the pores and on the pSi surface was suspected as the primary culprit. To
achieve a more homogenous surface coverage, the initiator was diluted with a solvent of high
vapor pressure to reduce the viscosity while still allowing the initiator to cover the surface and
penetrate the pores. The solvent that would be used to dilute the initiator 1) be miscible with
the initiator and 2) have a high vaper pressure. The higher the vapor pressure a solvent exhibits,
the quicker it evaporates. The mixing of solvent and initiator also decreased the viscosity which
will allow the quick spread of initiator on the pSi surface and allow the initiator to coat the
surface in a homogenous fashion. The purpose of the solvent is to aid in the spread of the
initiator on the surface; not to interfere with the study of analytes of interest.

In order to try to improve the reproducibility of both NIMS and ME-NIMS, BisF17
was diluted with solvents such as chloroform, hexane and THF, respectively. It was thought

that when mixing BisF17 initiator with those solvents, the solution would spread on the pSi
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surface more evenly allowing for a more homogenous covered surface. With a more
homogenous surface, the reproducibility should increase reducing the errors calculated. Dilute
initiator in chloroform, hexane and THF, respectively, was investigated with peptide samples
and compared to conventional NIMS and ME-NIMS. Tissue samples on dilute BisF17 ME-
NIMS was also studied to determine if diluting the initiator would improve reproducibility.
ANOVAs were calculated to show if there were significant differences across the techniques.

Once the solvents are chosen and mixed with the BisF17 initiator, the data between the
dilute initiator wafers and conventional NIMS/ME-NIMS wafers were compared to determine
if there are significant differences in signal achieved with each method. One way to compare
more than two sample groups is to use an analysis of variance (ANOVA) test. ANOVA is used
to analyze the means of more than two groups to determine if they are equal or significantly
different. It is similar to performing t-tests for two samples but simplifies the comparison
process by allowing more than two samples to be compared for statistical significance at once.
ANOVA calculates a p-value which determines if the data between the samples are
significantly different. A threshold that is widely used is a p-value of 0.05. If the p-value is
greater than that, the data is not significantly different; a p-value that is equal to or less than

0.05, the sample data is significantly different.

3.2 Materials and Methods

Materials Hydrofluoric acid (HF, 49%), ethanol (95%), sulfuric acid (H2SOa), hydrogen
peroxide (H202, 30%) and methanol (99%) were purchased from VWR (Radnor, PA). N-type
Sb-doped (100) single-crystalline silicon wafers at 0.005-0.02 Q/cm were purchased from
Silicon  Sense, Inc. (Nashua, NH). Bis(heptadecafluoro-1,1,2,2-tetrahydrodecyl)

tetramethyldisiloxane (BisF17) was purchased from Gelest, Inc. (Morrisville, PA).
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Angiotensin |, angiotensin Ill, bradykinin, and 2,5-dihydroxybenzoic acid (DHB) were
purchased from Sigma-Aldrich (St. Louis, MO). 18 MQ deionized (DI) H20 (Millipore, PO)

was used for all experiments.

Porous Silicon (pSi) Substrate Preparation A detailed description of etching of silicon wafers
and preparation of the NIMS surface has been reported.®* In a quick summary, silicon wafers
were cut to approximately 1.5 cm x 1.5 cm. The cut silicon was washed in piranha solution
(2:1 sulfuric acid: hydrogen peroxide) for 30 min. The wafer was rinsed with copious amounts
of Milli-Q water and dried with N2. The clean Si wafer was put in a Teflon anodic etch cell.
The etching cell consists of a two-electrode system where a Pt working electrode is placed
under the Si wafer and a Pt counter electrode is placed above the surface. The Teflon cell was
filled with ImL of 25% HF solution in ethanol and etched at a current of 32 mA/cm? for 30
min. After etching, the pSi was rinsed with ethanol and dried with N2. The pSi wafer was

placed in a 120°C oven for 5 min and allowed to cool to room temperature.

Conventional NIMS Substrate Preparation After the wafer cooled to room temperature,
BisF17 initiator was applied to the pSi surface. 33uL of BisF17 initiator was pipetted on to the
surface and incubated for 30 min. Any excess initiator was blown off using N2. The NIMS chip
was placed in a 120°C oven for 7-10 sec and excess initiator was blown off. This process was

repeated two more times.

Dilute BisF17 NIMS Preparation For dilute BisF17 NIMS and ME-NIMS studies, 75%

BisF17 was mixed with chloroform, hexane and THF respectively. 33 pL of each respective
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dilute BisF17 solution was pipetted onto the pSi and allowed to soak for 30 min at room
temperature (RT) to form the initiator coating. Excess dilute initiator was removed from the
pSi by applying a high-flow stream of N, followed by a 3-5 s drying period in a 100°C oven;
this was repeated 3 times in order to sufficiently remove excess initiator solution. Dilute
BisF17 NIMS substrates were stored dry in a closed petri dishes at room temperature and were

used within 3 days of initial fabrication, unless otherwise specified in the text.

Dilute BisF17 and Conventional ME-NIMS Sample Preparation A thin layer of DHB matrix
was deposited onto the wafer in a sublimation chamber.> Approximately 1 g of DHB was
placed evenly over the bottom of the sublimation chamber. Using double-sided tape, a pSi
substrate was attached upside down to the bottom of the condenser that was in direct contact
with running water for cooling. An Edwards E2M8 vacuum pump with a vacuum meter was
used to provide a controlled vacuum environment in the sublimation chamber. After
maintaining the sublimation chamber for 2 min at approximately 50 torr, the apparatus was
submerged into a 110°C oil bath for 1.5 min for peptides analysis and 3 min for tissue analysis
for ME-NIMS. Under these temperature and vacuum conditions, DHB immediately vaporized
and re-deposited upon contact with the pSi substrate. Once matrix deposition was completed,
the sublimation apparatus was removed from the oil bath and the vacuum was slowly released.
Substrates coated with matrix were promptly removed from the apparatus and subsequently

analyzed.

Sample Preparation for MS Measurements Stock solutions of angiotensin I, angiotensin 11,

and bradykinin were prepared in 50:50 acetonitrile (ACN): DI water at 12.5uM each. An
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aliquot of each were then mixed at a 1:1:1 (v/v) ratio to reach a final concentration of
approximately 4.2uM. For ME-NIMS, the analyte solution was applied to the wafer via drop-
coating and allowed to dry before sublimation occurred. After sublimation, the samples were
loaded in the MS chamber. For NIMS, the peptide solution was drop-coated onto the wafer,
allowed to dry, and loaded into the MS chamber. Tissue samples were cut 5um thick using a
Leica CM1950 cyrostat. The tissue section was placed on pSi surface. For NIMS, the sample
was loaded into the MS chamber; for ME-NIMS, matrix was sublimed then loaded into MS

chamber.

Instrumentation An AB Sciex TOF/TOF™ 5800 System mass spectrometer (Framingham,
MA) equipped with a 355 nm laser (Nd:YAG, 1000 Hz) was operated at an accelerating voltage
of 20 kV in the reflector positive ion mode (MS-only) for all experiments. For sample spot
analysis, the delay time was 13-15 ns to achieve optimal MS performance. A mass range of
100-1800 Da (£ 0.05) and a bin size of 0.5 ns was used for all experiments. The laser intensity
was 6400 to achieve optimal signal acquisition. In MS imaging mode, all mass spectra were
collected in an automatic MS control mode using the AB Sciex TOF/TOF Imaging software;
50 laser pulses were averaged to yield one accumulated spectrum at each location. Mass spectra

were reconstructed into 2D ion maps using the MSiReader™ software.®

3.3 Results and Discussion
3.3.1 Dilute BisF17 Peptide Analysis

In literature, NIMS substrates were prepared using neat BisF17 that took time to cover
the surface. After the required incubation time, there was an iridescent shine representative of

BisF17 being on the surface. When MS was performed on a NIMS substrate where there were
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no analytes, a species could be seen at m/z 185 that corresponded with the presence of BisF17
but this species did not yield a homogenous abundance over the NIMS surface. Neat BisF17
has shown benefits in the desorption process but needed help coating the pSi surface more
homogenously which was the purpose of the solvent. In this study, the effect of dilute initiator
on peptides on NIMS and ME-NIMS substrates and tissue on ME-NIMS substrates was
investigated and compared to neat initiator on pSi. The goal for this was to form a more
homogenous initiator coating on the pSi surface in order to help increase the intra-substrate
reproducibility. To do this, BisF17 was diluted to 75% with chloroform, hexane or THF,
respectively. Three solvents were selected with similar vapor pressures, but different polarities
and chemical structures to determine if either of those properties contributed to a change in
analyte signal. Neat BisF17 is slightly viscus and took a few seconds to cover the pSi surface
and sometimes even required the pSi wafer to be tilted in order to cover the whole pSi surface.
When the initiator was mixed with the solvents, the solution thins out and would cover the
surface immediately. For hexane and chloroform, after the excess dilute BisF17 was blown off
the surface there was a visible metallic shine that also occurred when neat BisF17 was directly
applied to the NIMS substrate; THF didn’t visually have that metallic shine. This helped with
coating the surface more homogenously. The goal of the solvent mixed with BisF17 was to aid
in the coating of the surface in a quicker and more homogenous manner. These solutions were
used for the initiator coating and spotted on to pSi surface as explained earlier. Once the dilute
initiator NIMS surface was prepared, the peptide solution was spotted and analyzed as soon as
it dried on the wafer.

Analysis of angiotensin 111, bradykinin, and angiotensin | was examined on NIMS

substrates prepared with 75% BisF17 in chloroform, 75% BisF17 in hexane, 75% BisF17 in

54



THF and neat BisF17 (i.e. conventional NIMS). It can be seen in Figure 3.1 that signal from
conventional NIMS is more intense than the signal obtained from the dilute initiator for both
angiotensin 111 and angiotensin | though comparable for bradykinin. In order to determine if
the signal from the dilute initiator is significantly different than from conventional NIMS, an
ANOVA was performed (Table 3.1). The p-values in Table 3.1 show that signal from
angiotensin 11l and angiotensin | are significantly different; signal from bradykinin is not
significantly different. It has been shown in past data that there is an inherent variation between
NIMS signal which may partial account for some of the drop in signal seen with the dilute
initiator NIMS substrates. Not only is it a possibility that the solvent plays a role in the
decreased signal but the chemical structure of the peptides plays a role as well. Histidine is
known to have a strong affinity for metals and although silicon is classified as a metalloid, it
has many aspects to metals.” Angiotensin Il has one histidine and angiotensin | has two
histidine amino acids in its peptide chain. With less coverage of the pSi surface when the
initiator is diluted, both angiotensin I and angiotensin 111 will display an affinity for the pSi

which can lead to a decrease in the detection of these analytes.
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Figure 3.1: Absolute ion abundance comparison of peptides detected on a NIMS substrate
prepared using 75% BisF17 diluted in chloroform, 75% BisF17 diluted in hexane, 75% BisF17
diluted in THF and neat BisF17 (conventional NIMS), respectively.

Table 3.1: ANOVA of peptides on dilute BisF17 in chloroform NIMS, dilute BisF17 in hexane
NIMS, dilute BisF17 in THF NIMS and conventional NIMS.

Analyte p-value

Angiotensin 111 4.39E-04
Bradykinin 1.03e-01
Angiotensin | 3.63E-05

ME-NIMS technique was also investigated to look at the same dilute initiator solutions.
It has been seen that when subliming matrix on to the NIMS wafers that the signal would
increase. The same occurred when subliming onto dilute initiator wafers; signal drastically
increased compared to NIMS data. For ME-NIMS, past data has shown that ME-NIMS data
has varied more than NIMS data did which could account for the larger variance in signal from
the dilute initiator wafers. For angiotensin Ill, 75% BisF17 in hexane yielded a larger signal

than conventional ME-NIMS and the same occurred with 75% BisF17 in chloroform for
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bradykinin (Figure 3.2). Although signal looks more comparable than NIMS, ANOVA was
still performed and was determined that all three peptides had significantly different mean
values (Table 3.2). ANOVA was performed between 75% BisF17 in hexane and ME-NIMS
for angiotensin 11l and 75% BisF17 in chloroform and ME-NIMS for bradykinin data which
showed no significant difference (not shown). Since 75% BisF17 in THF returned significant

difference in both NIMS and ME-NIMS, it will not be tested in further experiments.
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Figure 3.2: Absolute ion abundance comparison of peptides detected on a ME-NIMS substrate
prepared using 75% BisF17 diluted in chloroform, 75% BisF17 diluted in hexane, 75% BisF17
diluted in THF and neat BisF17 (conventional ME-NIMS), respectively.

Table 3.2: ANOVA of peptides on dilute BisF17 in chloroform ME-NIMS, dilute BisF17 in
hexane ME-NIMS, dilute BisF17 in THF ME-NIMS and ME-NIMS.

Analyte p-value

Angiotensin 111 8.05E-03
Bradykinin 1.42E-02
Angiotensin | 1.91E-06

3.3.2 Dilute BisF17 Tissue Analysis
With ME-NIMS showing increased signal over NIMS as well as 75% BisF17 in

chloroform and 75% BisF17 in hexane not showing significant difference compared to
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conventional ME-NIMS, those two solvent solutions were used to investigate further to look
at tissue samples utilizing MSI. It was expected that the signal from the dilute initiator would
be lower than that of conventional ME-NIMS but still be comparable. For ME-NIMS analysis
of angiotensin Il and bradykinin, both dilute initiator in chloroform and hexane showed no
significant difference in data. This was thought to continue for tissue analysis. The lipids
investigated all had a smaller molecular weight than the peptides studied. If molecular weight
played a factor in ion abundance than the peptides should have more comparable abundance
to conventional ME-NIMS. In Figure 3.3, it can be seen that signal from the dilute initiator
ME-NIMS wafers was drastically lower than conventional ME-NIMS MSI. It was expected
that the signal would drop from peptide analysis to tissue analysis but the signal specifically
for dilute initiator dropped much more than anticipated. This was proven by performing an

ANOVA on the five lipids typically seen in mouse brain tissue samples.
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Figure 3.3: Absolute ion abundance comparison of lipids detected on a ME-NIMS substrate

prepared using 75% BisF17 diluted in chloroform, 75% BisF17 diluted in hexane, and neat
BisF17 (conventional ME-NIMS), respectively.
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Table 3.3: ANOVA of lipids from tissue samples on dilute BisF17 in chloroform ME-NIMS,
dilute BisF17 in hexane ME-NIMS, and ME-NIMS.

Analyte p-value

PC 32:0 2.22E-13
PC 34:1 3.48E-13
PC 38:6 5.26E-08
PC 38:1 7.09E-07
PC 40:8 6.74E-17

A few reasons could account for the significant decrease in signal when using dilute
initiator on pSi wafers. It has been thought that when the laser irradiates the NIMS/ME-NIMS
surface that the initiator expands and vaporizes, aiding in the desorption of analytes of interest.!
With the decrease in the amount initiator that was put on the pSi wafer, the amount that got
vaporized is also decreased. This could account for a decline in performance across both NIMS
and ME-NIMS techniques. Another factor that could add to this decrease is the solvent that
was mixed with the BisF17 initiator. When the initiator solution was incubated on the pSi
surface, solvent and initiator went into the pores of the wafer. Although the solvent is thought
to evaporate, the initiator as well as the solvent were likely trapped in the pores together. When
the surface was irradiated, both initiator and solvent would vaporize together. Since the solvent
is vaporized as well, it hinders the amount of initiator that can be vaporized out of the pores
which correlates to the amount of analyte of interest desorbed from the surface. It has been
hypothesized that the solvent may help release impurities from the NIMS surface. The
vaporization of initiator, solvent and impurities would contribute to the background noise of
the spectrum. The presence of the solvent at such a high quantity on the surface would be a
major factor in the substantial decrease in signal. The use of dilute initiator will not be utilized

moving forward with the NIMS and ME-NIMS techniques.

59



3.4 Conclusion

The NIMS performance comparison of substrates prepared in 75% BisF17 in
chloroform, hexane and THF, and neat BisF17 (conventional NIMS), respectively, showed a
significant difference in signal intensities for angiotensin | and angiotensin Ill whereas
bradykinin showed no significant difference between the 4 methods investigated. A similar
outcome was obtained for ME-NIMS. Testing NIMS substrates prepared with diluted BisF17
in tissue ME-NIMS imaging showed significantly lower ion intensities for all five lipids
commonly seen with tissue analysis. It was clear that although diluting the initiator allowed
the initiator to cover the surface faster and more uniformly, there were issues causing severe
deterioration of NIMS performance in MS analysis. | suspect that the dilution the initiator
resulted to fewer initiator molecules on the surface and in the pores, which reduced the spalling

force to aid the desorption of analytes.
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CHAPTER 4: SPATIAL RESOLUTION AND BIOLOGICAL MASS
SPECTROMETRY IMAGING

4.1 Introduction

Imaging techniques are important, especially in the medical field where proteins,
metabolites, drugs, etc. are studied to understand their interactions and roles within the body.
It allows doctors and researchers to detect problem areas such as tumors or to detect biomarkers
for specific diseases. Most of the current techniques used for medical and research imaging are
relying on optical, magnetic, or radioactive probes to illustrate the physical location of targeted
species, such as in Positron Emission Tomography (PET), Whole Body Autoradiography
(WBA), and Magnetic Resonance Imaging (MRI). A few issues arise with these techniques
such as typically only one molecule of interest can be investigated per experiment, the
molecule of interest requires a tag/label, this tag/label may cause the molecule of interest to act
differently, and the tag/label may not be preserved through metabolism. One was to circumvent
these problems is to use mass spectrometry imaging (MSI). MSI does not require a tag or label
on the molecule of interest and multiple molecules of interest can be investigated at a time.18

In MSI, the ionization beam will raster across the sample being imaged from left to
right, top to bottom. At each point where the laser irradiates the surface, a MS spectrum is
collected. The spectra are accumulated and processed using MSI software to make an image.
Figure 4.1 shows a schematic of the MSI process. Once an image is processed, any m/z value
within the mass range analyzed can be chosen to see the distribution of that analyte throughout
the image. The images generated are important in showing the identity, location as well as

quantity of molecules throughout the sample. An important factor when performing MSI on
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tissue samples is achieving the highest spatial resolution as possible. This will help determine

how drug compounds are distributed, as well as how biological molecules compose the sample.
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Figure 4.1: A schematic of MSI process.® (a) A sample is placed on top of a conductive surface
and a laser is fired at the sample. At each point where the laser fires at the surface, a mass
spectrum is collected. (b) A representative mass spectrum is collected from the sample where
the inlet shows the complexity of the collected spectrum. (c) By averaging the spectra across
the entire sample, m/z images are generated. This shows the location and abundance of
different molecules throughout the sample being investigated.

Figure 4.2 shows a schematic of how the laser diameter and step size will effect under-
and oversampling. Undersampling occurs when the laser step size is larger than the diameter
of the laser causing gaps between the laser spots that leave analytes on the surface. When larger
step sizes are used, the image that is generated is typically blurry. As the laser step size
decreases, the gap between laser spots diminishes and the spots will begin to overlap causing

oversampling. By overlapping the laser spots, every section in the sample area is irradiated by

the laser allowing for a more detail generated image. With a higher quality image, the
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distribution of molecules throughout the sample is better seen and can give valuable
information about the sample. For example, when a tissue sample is imaged with a small laser
step size, a more detailed map of the distribution of biological molecules is obtained which can
help in disease detection and with pharmacology studies. There are trade-offs to high spatial
resolution; one being the length of time it takes to perform the imaging experiment. As the
laser step size decreases in MSI experiments, the time it takes to image the same size
experiment exponentially increases. This time has to be thought about when preparing to
perform MSI; if high resolution is a necessity than longer experiment times will be required.

If shorter analysis times are required, than the spatial resolution will be lower.
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Figure 4.2: Schematic of laser shots during MSI showing standard (A), under- (B) and
oversampling (C) of the sample area. With a 70um diameter laser spot size and a 70um laser
step size, it can be seen that theoretically the laser spot edges will just touch each other with
no gap or overlap. When the laser step size increases to 100um, there is now a gap between
the laser spots causing the sample area to be undersampled. Once the laser step size is lower
than the diameter of the laser, the laser spots will begin to overlap each other causing
oversampling to occur.

The higher the spatial resolution, the more information can be obtained from the images

but that also greatly increases the complexity of the spectra since more analytes will be
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desorbed from the surface. Spatial resolution is determined primarily by the step size of the
translational stage, not necessarily by the individual laser spot size. When the spatial resolution
is high, the laser begins to overlap and over-sample the area being imaged which allows
analytes that are at low quantity to be exposed and desorbed, allowing them to be investigated
along with the analytes at higher quantities. With the MALDI instrument used for this study,
the unmodified instrument laser diameter is 70um. In order to obtain the highest possible
spatial resolution, oversampling of the sample area was performed.

Spatial resolution is an important aspect of MSI when analyzing samples, especially
biological samples. MSI can be used to monitor protein and lipid abundances, drug distribution
throughout tissue samples as well as to determine biomarkers for disease. In order to accurately
monitor those processes, a high spatial resolution is needed. Ideally, cellular level resolution
would be desired to study drug distribution within tissue samples as well as to study cellular
function in areas of diseased and unhealthy cells. It has been shown that down to a few hundred
nanometers spatial resolution has been seen using SIMS but this technique is not feasible in
studying large proteins.® 115 SIMS uses a primary (i.e. Ga*, Cs") or cluster (i.e. Au, Bi, Ar)
ion beam to desorb and produce secondary ions.! 14 1618 Since these high energy primary and
cluster ion beams are used, SIMS has a mass range up to approximately 1500 Da and typically
cause extensive fragmentation. Desorption electrospray ionization (DESI) and nanospray
DESI (nano-DESI) are ambient ionization techniques capable of analyzing proteins and
imaging tissue samples. DESI has recently been improved to 35 um spatial resolution and
nano-DESI has an achievable spatial resolution of 12 pm.**2 A downfall to these ambient
techniques is sensitivity. Since there is no sample preparation required, molecules of interest

tend to be lost under the signal of more abundant molecules. Techniques like MALDI, SALDI
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and NIMS are able to analyze proteins better than SIMS and since there is sample preparation
there can be enrichment of molecules of interest. The highest spatial resolutions achievable for
these techniques are 10pum for MALDI and SALDI and 5 pum for NIMS. 5 10:12.15.24-26 AJthough
these high spatial resolutions have been achieved, they can vary depending on the instrument
used as well as if there were any modifications to the instrument; i.e. changes to laser diameter.

Continuing my previous study on ME-NIMS, spatial resolution was investigated
comparing conventional MALDI, NIMS, and ME-NIMS methods. The achievable laser spot
size and the step size is determined by the commercial instrument (the irradiation laser and
translational stage are in the sample chamber) used in the study; no customized modification
was carried out to further reduce the laser beam size or stage moving steps. For conventional
MALDI and ME-NIMS, DHB was sublimed on to a flat Si or pSi wafer, respectively, over a
TEM grid to form a pattern on the surface which was then imaged. Rhodamine 6G dye was
transferred in a grid pattern onto the NIMS surface by stamping and was imaged in the same
manner as MALDI and ME-NIMS MSI. For all experiments, the laser step size was decreased
to as small as possible until no signal was able to be seen. After achievable resolution was
determined, MSI of biological samples was performed for NIMS and ME-NIMS to show

optimization of tissue on pSi.

4.2 Materials and Methods

Materials Hydrofluoric acid (HF, 49%), ethanol (95%), sulfuric acid (H2SO4) and hydrogen
peroxide (H202, 30%) were purchased from VWR (Radnor, PA). N-type Sb-doped (100)
single-crystalline silicon wafers at 0.005-0.02 Q/cm were purchased from Silicon Sense, Inc.

(Nashua, NH). Bis(heptadecafluoro-1,1,2,2-tetranhydrodecyl)tetramethyldisiloxane (BisF17)
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was purchased from Gelest, Inc. (Morrisville, PA). Angiotensin I, angiotensin 11, bradykinin,
and 2,5-dihydroxybenzoic acid (DHB) were purchased from Sigma-Aldrich (St. Louis, MO).
18 MQ deionized (DI) H20 (Millipore, PO) was used for all experiments. Sylgard® 184
silicone elastomer base and Sylgard® 184 silicone elastomer curing agent was purchased from

Dow Corning (Midland, MlI).

Porous Silicon (pSi) Substrate Preparation A detailed description of etching of silicon wafers
and preparation of the NIMS surface has been reported.?” In a quick summary, silicon wafers
were cut to approximately 1.5 cm x 1.5 cm. The cut silicon was washed in piranha solution
(2:1 sulfuric acid: hydrogen peroxide) for 30 min. The wafer was rinsed with copious amounts
of Milli-Q water and dried with N2. The clean Si wafer was put in a Teflon anodic etch cell.
The etching cell consists of a two-electrode system where a Pt working electrode is placed
under the Si wafer and a Pt counter electrode is placed above the surface. The Teflon cell was
filled with ImL of 25% HF solution in ethanol and etched at a current of 32 mA/cm? for 30
min. After etching, the pSi was rinsed with ethanol and dried with N2. The pSi wafer was
placed in a 120°C oven for 5 min and allowed to cool to room temperature before the
application of BisF17 initiator. 33uL of BisF17 initiator was pipetted on to the surface and
incubated for 30 min. Any excess initiator was blown off using N2. The NIMS chip was placed
in a 120°C oven for 7-10 sec and excess initiator was blown off. This process was repeated

two more times.

MALDI and ME-NIMS Sample Preparation For conventional MALDI and ME-NIMS

resolution studies, a 50-mesh TEM grid was taped to a Si wafer. A thin layer of DHB matrix
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was deposited onto the wafer in a sublimation chamber. Approximately 1 g of DHB was placed
evenly over the bottom of the sublimation chamber. Using double-sided tape, a substrate (flat
Si for MALDI and pSi for ME-NIMS) was attached upside down to the bottom of the
condenser that was in direct contact with running water for cooling. An Edwards E2M8
vacuum pump with a vacuum meter was used to provide a controlled vacuum environment in
the sublimation chamber. After maintaining the sublimation chamber for 2 min at
approximately 50 torr, the apparatus was submerged into a 110°C oil bath for 3 min for MALDI
and 3 min for ME-NIMS. Under these temperature and vacuum conditions, DHB immediately
vaporized and re-deposited upon contact with the pSi substrate. Once matrix deposition was
completed, the sublimation apparatus was removed from the oil bath and the vacuum was
slowly released. Substrates coated with matrix were promptly removed from the apparatus. the
tape on the TEM grid was slowly and carefully removed along with the TEM grid. This left a

grid pattern on the Si wafer which was subsequently imaged.

NIMS Sample Preparation NIMS substrates were etched using the conditions described
above. In order to reduce any surface damage, a polydimethylsiloxane (PDMS) stamp with a
50-mesh TEM grid pattern was made. The PDMS stamp was made by mixing Sylgard® 184
silicone elastomer base and Sylgard® 184 silicone elastomer curing agent in a w/w 3:1 ratio. It
was then mixed and carefully poured over TEM grids then placed in an 80°C oven for 4 hr.
Rhodamine 6G dye solution in 25% methanol was dropped on the surface and completely
covered the grid patteren. After removing excess solution, a NIMS substrate was placed on top
of the PDMS stamp (Figure 4.3). The pattern was transferred from the stamp to the NIMS

substrate and subsequently imaged.
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Figure 4.3: Schematic of PDMS stamp with NIMS substrate on top and chemical structure of
rhodamine 6G.

Instrumentation An AB Sciex TOF/TOF™ 5800 System mass spectrometer (Framingham,
MA) equipped with a 355 nm laser (Nd:YAG, 1000 Hz) was operated at an accelerating voltage
of 20 kV in the reflector positive ion mode (MS-only) for all experiments. For sample spot
analysis, the delay time was 13-15 ns to achieve optimal MS performance. A mass range of
100-500 Da (x 0.05) for resolution experiments and 100-1800 Da (+ 0.05) for tissue analysis
and a bin size of 0.5 ns was used for all experiments. The laser intensity was varied between
4700 and 6300 to achieve optimal signal acquisition. In MS imaging mode, all mass spectra
were collected in an automatic MS control mode using the AB Sciex TOF/TOF Imaging
software; 5-500 laser pulses, as specified in the text, were averaged to yield one accumulated
spectrum at each location. Laser step size is specified for resolution studies and 150 um for
MSI of tissue. Mass spectra were reconstructed into 2D ion maps using the MSiReader™

software.
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4.3 Results and Discussion

4.3.1 Technique Resolution

In this study, the achievable resolution for conventional MALDI, NIMS and ME-NIMS
was investigated by performing imaging experiments while varying the laser step size. In order
to determine the resolution for conventional MALDI, a TEM grid was used to make a pattern
on the surface of a flat Si wafer; for ME-NIMS a TEM grid was used on a pSi surface. DHB
matrix was sublimed onto either the flat Si for MALDI or pSi wafer for ME-NIMS over the
TEM grid; the grid was then carefully removed leaving a grid pattern on the surface. For NIMS,
a polymer stamp was made with the same TEM pattern. A dye, Rhodamine 6G, in 25% ethanol
was pipetted into the stamp pattern then transferred to the NIMS pSi wafer. The dye allowed
direct visualization of location of the grid on the substrate during experiment set-up; however,
it was noted that different analytes were used for MALDI and ME-NIMS compared to
conventional NIMS. This difference in analyte results will be discussed later. Experiments
started at 200 um laser step size and was decreased gradually to 40 um. Because MS signals
are collected by accumulating multiple laser shots, optimization of total laser pulses per spot
is the first task to be carried out to achieve the best single-to-noise.

The laser was fired at the exact same position on the surface of either the flat Si wafer
for MALDI or the pSi wafer for NIMS and the spectra were collected. For conventional
MALDI, it is seen that after the initial laser irradiations with 5 pulses per irradation, all the
analyte is completely ablated from the surface (Figure 4.4). It should be noted that for MALDI,
500 pulses per irradiation was attempted but the signal was drastically lower (not shown in
Figure 4.4). Interestingly this is not the case for NIMS. Although the signal does drop

significantly after the initial irradiation, the laser can irradiate the exact same position multiply
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times and signal is still detected. This data suggests that analyte is going into the pores of the
substrate and after the initial laser shot, additional analyte is still able to desorb out of the pores.
It also appears that a consistent amount of analyte is being desorbed with each fire of the laser
after the initial irradiation. It should be noted that ME-NIMS was not tested but with the same

type of pSi wafer being utilized, similar results compared to NIMS would be expected.
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Figure 4.4: Graph showing the signal-to-noise ratio versus number of consecutive laser shots.

Figure 4.5 shows the images from averaging 5 total laser pulses per spectrum for
MALDI imaging. It can be seen that the abundance of the DHB drastically decreases as the
step size becomes smaller. This was expected as all the analyte on the surface is being
completely ablated. When the laser hits the flat Si surface, all of the analyte under the laser is
desorbed from the surface so when the laser steps over there is less analyte under the laser.
This is what causes the drop in signal as the step size is decreased for conventional MALDI.

For conventional MALDI, 40um step size was the lowest achievable step size that yielded MS
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signal; a smaller step size was tried but yielded no signal from DHB. It can be seen that the
boundary of the boxes of the TEM grid is hard to distinguish when the laser step size is large.
With the 100 um laser step size and larger, the laser spot would always include the DHB
surface area, even when the beam steps over the width of the bar between the boxes since that
width is 83 um. This is also a potential issue with the 70 um laser step size because it may step
over part of that bar width causing the jagged appearance in Figure 4.5B. As the step size
decreased, the laser couldn’t step over the width of the TEM bars which would help enhance
the clarity of the TEM boxes. Note that the imaging reconstructing software occasionally may

case slight misalignment that led to the zigzag appearance of the straight lines.

Figure 4.5: Images of conventional MALDI MSI of DHB at different laser step sizes: (A) 100
pm, (B) 70 um, (C) 50 pm, and (D) 40 pm.

When performing NIMS resolution studies, it was determined that 50 total laser pulses
averaged per spectrum gave the best results and this was used for all NIMS imaging

experiments. The reason that 50 total laser pulses was decided upon as optimal is based on
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Figure 4.4 showing 50 laser pulses achieved enhanced signal. It was shown for conventional
MALDI that 500 total pulses were too many to be accumulated especially at smaller laser step
sizes where little to no signal was detected when using 500 total laser pulses at a step size less
than 70 um (Figure 4.6). What is thought to be happening when 500 total pulses are being
accumulated is that most of the analyte is desorbed in the first few pulses and for the remaining
pulses, the signal is essentially zero. So when all 500 pulses were averaged for MALDI, the
signal is much lower than what would be observed if fewer pulses were used. Because no signal
was detected with 500 laser pulses with smaller than 70 um step sizes, fewer total pulses were
used; 5 total pulses for conventional MALDI. Since the number of laser pulses per irradiation
doesn’t play as vital of a role as it does for MALDI and as shown above a consistent amount
of signal is detected after the first irradiation for NIMS, 50 total pulses for NIMS and ME-

NIMS was used.
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Figure 4.6: Graph showing the effect on average ion abundance versus laser step size.
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It was difficult to transfer the entire pattern to the NIMS surface, fluorescent images of
Rhodamine 6G were taken and overlapped with the MSI image to verify the pattern that was
seen when a MSI image was generated (images not shown). When performing the NIMS
resolution studies, interesting results were collected. First it is interesting to see how the dye
transferred from the PDMS stamp to the NIMS surface. In some of the images, the dye is in
the bars from the TEM grid and sometimes the dye is on the boxes. It’s thought that the pressure
of which the NIMS substrate is placed on the PDMS stamp will cause this difference. When
the substrate is lightly placed on the PDMS stamp, the dye tended to stay in the bars of the
grid, in which case the dye that transferred would look similar to Figure 4.7A. If the substrate
was placed on the stamp with slightly more pressure, the dye appeared to come out of the bars
from the grid and would be trapped between the boxes from the grid and the NIMS substrate
making a pattern similar to Figure 4.7B. As seen in Figure 4.7, the abundance of the rhodamine
dye became more intense as the laser step size decreased. This is the opposite result that was
seen when performing this spatial resolution study on conventional MALDI (Figure 4.6); it
needs to be stated again that the analytes used from MALDI and NIMS resolution studies were
different. This increase in ion abundance for NIMS was surprising and prompted the question

as to how this was occurring; this will be discussed shortly.
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Figure 4.7: Images of NIMS MSI of rhodamine 6G dye at different laser step sizes: (A) 100
pm, (B) 70 um, (C) 50 pm, and (D) 40 pm.

ME-NIMS was studied in order to push the limits of spatial resolution. Same as NIMS,
it was also performed with 50 total laser pulses. Similar to MALDI resolution studies, ME-
NIMS studies were performed by taping a TEM grid to the pSi wafer. The DHB matrix was
then sublimed in the same manner on to the pSi wafer which was then subsequently imaged at
varying laser step sizes. As expected since a majority of the analytes were desorbed after the
first laser irradiation, it can be seen (Figure 4.8) that the DHB ion abundance decreases as the
distance between laser step size becomes smaller. For ME-NIMS, the resolution was able to
be pushed down to 30um laser step size. Lower step sizes were attempted but without
instrument modifications, this was the lowest achievable with these techniques. A lack of bar
width and zigzag from the TEM grid can be seen for the 100 um and 70 pum laser steps. It’s

not as noticeable since the imaging was performed on the entire TEM grid instead of a small
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section. The reasoning for this phenomenon is the same as explained for MALDI imaging.

This shows the benefit of the ME-NIMS technique for MSI capabilities.
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Figure 4.8: Images of ME-NIMS MSI of DHB at different laser step sizes: (A) 100um, (B)
70um, (C) 50pum, and (D) 30um.

There were a couple reasons as to why the results turned out as they did. The main
reason for the increase in ion abundance for NIMS is that a different analyte was used for that
technique compared to MALDI and ME-NIMS. The thought as it why the signal increased for
NIMS is possibly that since the Rhodamine 6G dye is a liquid and that the pores are so small,
there is a capillary force that pulls the liquid into the pores. As the laser moves across the
surface, there is still dye in the pores even after the first irradiation, having an additive effect
increasing the signal with this specific analyte. With MALDI and ME-NIMS, a solid was
sublimed to the Si surface. For MALDI, there were no pores for the matrix to go into but for

ME-NIMS, there are pores for the solid matrix to enter. There isn’t that capillary force to fill
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the pores with matrix but rather the matrix will enter the pores as a gas but upon cooling

changes back to a solid not allowing the matrix to penetrate the pores as deeply.
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Figure 4.9: Absolute ion abundance vs grid number of MALDI, NIMS, and ME-NIMS MSI
resolution studies. It must be noted that the ion abundance for NIMS is much higher than signal
from MALDI and ME-NIMS due to a different analyte being used during these experiments.

As for the signal comparison for MALDI and ME-NIMS, since they utilized the same
analyte, undersampling and oversampling plays a role. For MALDI, when the laser hits the Si
surface, due to the high thermal conductivity of the highly doped surface, the heat rapidly
dissipates across the surface effecting a larger area than just the size of the laser diameter. So
if the laser step size is 100um for a 70um laser diameter, there is more analyte being desorbed
than what is just under the laser, causing a small amount of analyte to remain on the surface; a
much smaller amount then what would be anticipated to remain in a 30 um gap between laser
shots. When the laser step size is equal to the diameter of the laser, there is essentially no area
on the flat Si that is not effected; either the analyte is directly desorbed from under the laser

spot or it is desorbed from when the thermal energy from the laser is spread over the surface.
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On NIMS and ME-NIMS substrates however, surface defects induced by etching lead to
dangling bonds that trap excited electrons locally. As a result, heat is mostly contained locally
with little dissipation across the large surface area. When the pSi surface was irradiated by a
laser, there is some thermal radiation across the surface but the area effected is drastically
reduced compared to the area effected by conventional MALDI. This lack of surface radiation
is most likely caused because of the porous surface; instead of radiating the surface, the thermal
energy will affect the pores which won’t allow the energy to spread over the surface as much.
This can be seen when looking at the ion abundance of the grids from the top to the bottom of
the image (Figure 4.9). It can be seen that though there is a slight fluctuation of signal over the
TEM grid pattern as a whole, there is no significant change from the top of the image to the
bottom with respect to the ion abundance. This represents that even though there is a thermal
radiation over the surface due to the laser, it is a consistent dissipation from the beginning to
the end of the MSI image. For NIMS, when the laser step size is larger than the diameter of
the laser, there will be areas of the sample area that will not be desorbed at all; even when the
laser step size is equal to the laser diameter, this can also be true (Figure 4.2B) (i.e.
undersampling). Once the laser step size is less than the diameter of the laser beam, the laser
spots begin to overlap causing some areas of the sample to actually be sampled more than once
(i.e. oversampling); some areas of the sample can be hit by the laser as many as four times. A
purposed idea to what is happening is that the first shot from the laser ablates/desorbs the
analyte that is on the surface under the laser spot. When the laser moves over, it will desorb
analyte that is on the surface under the laser spot as well as analyte that is adsorbed in the pores
where the surface analyte had already been desorbed. This process continues until the entire

surface area is imaged. This reasoning helps explain how the signal for NIMS spatial resolution
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increases whereas MALDI and ME-NIMS signal decreases. The NIMS signal during imaging

IS an additive process since analyte is desorbing from the surface as well as out of the pores.

4.3.2 Biological Mass Spectrometry Imaging (MSI)

Although the above data shows the lowest achievable resolution for each technique, a
larger resolution was used initially for parameter optimization and to determine which
technique would be beneficial for future studies. The parameter that needed optimized was the
sublimation time for the analysis of tissue samples for imaging. The goal was to sublime
enough matrix to aid in desorption/ionization of analytes of interest but not too much where
the matrix will over power the spectrum and actually hinder the signal of those analytes of
interest. DHB matrix was sublimed on to the pSi NIMS surface at 0, 1, 2 and 3 mins to
determine what yielded the highest signal (Figure 4.10). The data from 5 lipids were compared
to MALDI data with a 3 min sublimation time. It can be seen that with 1 and 2 min sublimation
times the signal from these lipids actually decrease which was not expected. It was thought
that with the addition of matrix, the signal would increase steadily reaching a maximum signal
until the matrix layer was too thick in which the signal would subsequently decrease. It was
thought that possible not enough matrix was on the surface to aid in desorption/ionization but
enough was on the tissue surface to hinder and block the analytes from being desorbed. At 3
min sublimation time, enough matrix was on the tissue surface to promote
desorption/ionization allowing the signal to increase. Although the error bars were larger, the
signal was higher than both conventional MALDI and NIMS. The 3 min sublimation time was
determined to optimal and was used for all further MSI experiments that utilized ME-NIMS.

To show the improved detection of tissue samples utilizing ME-NIMS, a side-to-side
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comparison was performed. The improved ionization efficiency is illustrated in Figure 4.11
where lipids as well as the PC lipid headgroup were imaged. The reconstructed lipid 2D spatial
distribution maps correlate well to the outline of the tissue samples with ME-NIMS producing
much more intense overall ion abundance. We suspect the improved performance of ME-
NIMS comes from the use of the pSi wafer to improve desorption efficiency at lower laser flux
that produced lower background noise than in MALDI and the use of a thin layer of acidic
matrix to provide a proton rich environment to improve ionization efficiency of analytes of

interest more than in conventional NIMS.
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Figure 4.10: DHB sublimation times on tissue samples. Laser intensity for all wafers was
6300. Tissue slices were 5 um thick. The error bars were calculated from 3 replicates.
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Figure 4.11: NIMS (left column) and ME-NIMS (right column) MSI. NIMS optical image of
tissue (A). ME-NIMS optical image of tissue (outlined in red) (B). m/z 184 (PC headgroup)
(C) and (D). m/z 773 (PC 32:0) (E) and (F). m/z 799 (PC 34:1) (G) and (H). MSI images were
generated using MSiReader.

4.4 Conclusion

It has been shown that the spatial resolution for MALDI, NIMS and ME-NIMS was

being pushed to the limits of the instrument being used without making any modifications to
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the laser. For MALDI, the lowest laser step size feasible was 40um before all of the analyte
was completely ablated from the surface. For NIMS, 40pum was also achievable but produced
a much higher ion abundance and although smaller laser step sizes were investigated this was
the lowest achievable resolution. ME-NIMS was able to achieve the smallest laser step size at
30pum. ME-NIMS acted much like MALDI in that the abundance of the DHB signal decreased
as the step size became smaller.

It was seen that at lower laser step sizes for NIMS MSI that the ion abundance actually
increased and a couple ideas were purposed as to why this had occurred. The main and most
likely reason for this increase in signal was due to the fact that a different analyte was used
from NIMS compared to MALDI and ME-NIMS. Also it is thought that the ion abundance is
an additive process since analytes are adsorbing into the pores as well as onto the surface of
the pSi. Even after multiple laser shots at the exact same location on the NIMS surface, analyte
signal is still seen, backing up this idea of the analyte desorbing out of the pores and adding to
the ion abundance of the analyte that is desorbing off of just the surface.

The sublimation time for ME-NIMS was also optimized for the further use in MSI
experiments. It’s thought that enough matrix needed to be sublimed onto the pSi surface in
order to aid in the desorption and ionization of the analytes of interest but if too much matrix
was added it would over power the spectrum not allowing analytes to be seen at low
concentrations. It was determined that this optimal sublimation time for tissue samples for
ME-NIMS was 3 min. This time will be used for all further MSI experiments when ME-NIMS
is utilized. In a side-to-side comparison for NIMS and ME-NIMS MSI of tissue, ME-NIMS

results showed a higher ion abundance of the lipids and the PC lipid headgroup being looked
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at. With this increased abundance, it shows the benefits that ME-NIMS provides for biological

MSI.
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CHAPTER 5: ANALYSIS OF DRUG COMPOUNDS

5.1 Introduction

Analysis and identification of molecules of interest is always imperative especially
when studying drug compounds and how they behave in biological samples. There are
techniques such as high pressure liquid chromatography (HPLC) and nuclear magnetic
resonance (NMR) that are used for biological analysis and identification of proteins, lipids and
other biological analytes.!”” For HPLC analysis of complex biological samples, a digestion
method typically is employed in order to isolate and extract specific analytes of interest to
simplify the sample. HPLC is often seen coupled with mass spectrometry in order to aid in the
analysis and identification of analytes of interest. This does allow for separation to occur with
HPLC and mass spectrometry to perform molecular analysis. NMR also uses extraction
methods during preparation to extract metabolites of interest from tissue samples. Depending
on the molecular complexity, NMR spectra can be difficult to use when identifying molecules
of interest as well. Also these techniques alone cannot analyze biological samples in their
native state where other techniques such as fluorenscence and flow cytometry can; this won’t
allow studies to be done on how biological molecules of interest behave in the presence of drug
compounds.® ® MALDI can perform the analysis of biological fluids and tissue by directly
applying the samples to a MALDI plate which gives MALDI on advantage of a faster and

easier approach.

One method in identifying analytes, especially in complex samples, is to perform
tandem mass spectrometry (MS/MS). MS/MS fragments the molecule of interest in a unique

pattern differing that specific molecule from molecules with similar molecular weights. There
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are many ways to invoke the fragmentation of molecules of interest such as post-source decay
(PSD), collision-induced dissociation (CID), and electron transfer dissociation (ETD); just to
name a few. PSD is primarily used with MALDI where it uses the energy from the laser
irradiation and collision between molecules of interest to induce fragmentation.'%14 Since no
other source is introduced to aid in fragmentation, PSD typically causes the weakest bonds in
the molecule of interest to break which generally produces minimal fragments compared to
other MS/MS methods.

Identification of molecules of interest is just as important as determining the limit of
detection (LOD), the lowest quantity of a substance that can be distinguished from matrix.*°
MALDI MS does not require the extraction of proteins, lipids or other biological analytes of
interest. They can be directly analyzed using MALDI or other such MS techniques such as
NIMS and ME-NIMS. This allows for easier analysis of biological samples and drug
compounds. In particular, developing an efficient and fast method to monitor drug compounds
administered at low concentrations is crucial to study its metabolic pathways and to minimize
toxicity effects the drug may cause to the patient. The capability to quantify trace amounts of
drug and its metabolites with information of spatial distribution makes MSI a desirable
technique for the studies.

In this chapter, pentamidine (PTA) was investigated using both NIMS and ME-NIMS.
PTA is a drug compound used in the treatment of human African trypanosomiasis (HAT)
which a parasitic brain disease that is fatal if left untreated.’>*” The LOD for PTA was looked
at in the absence of tissue for NIMS and ME-NIMS and presence of tissue samples for ME-
NIMS. This showed the dynamic range for each of these techniques when looking at PTA.

MS/MS of PTA was also investigated using NIMS in the absence and presence of tissue. ME-
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NIMS was not explored with MS/MS although it would be expected that the ion abundance

would increase upon the use of matrix which would provide a proton rich environment.

5.2 Materials and Methods
Materials Hydrofluoric acid (HF, 49%), ethanol (95%), sulfuric acid (H2SOs), hydrogen

peroxide (H202, 30%) and methanol (99%) were purchased from VWR (Radnor, PA). N-type
Sb-doped (100) single-crystalline silicon wafers at 0.005-0.02 Q/cm were purchased from
Silicon  Sense, Inc. (Nashua, NH). Bis(heptadecafluoro-1,1,2,2-tetrahydrodecyl)
tetramethyldisiloxane (BisF17) was purchased from Gelest, Inc. (Morrisville, PA).
Angiotensin I, angiotensin Il1, bradykinin, 2,5-dihydroxybenzoic acid (DHB) and pentamidine
(PTA) were purchased from Sigma-Aldrich (St. Louis, MO). 18 MQ deionized (DI) H20

(Millipore, PO) was used for all experiments.

Porous Silicon (pSi) Substrate Preparation A detailed description of etching of silicon wafers
and preparation of the NIMS surface has been reported.'®*° In a quick summary, silicon wafers
were cut to approximately 1.5 cm x 1.5 cm. The cut silicon was washed in piranha solution
(2:1 sulfuric acid: hydrogen peroxide) for 30 min. The wafer was rinsed with copious amounts
of Milli-Q water and dried with N2. The clean Si wafer was put in a Teflon anodic etch cell
The etching cell consists of a two-electrode system where a Pt working electrode is placed
under the Si wafer and a Pt counter electrode is placed above the surface. The Teflon cell was
filled with ImL of 25% HF solution in ethanol and etched at a current of 32 mA/cm? for 30
min. After etching, the pSi was rinsed with ethanol and dried with N2. The pSi wafer was
placed in a 120°C oven for 5 min and allowed to cool to room temperature. After the wafer

cooled to room temperature, BisF17 initiator was applied to the pSi surface. 33uL of BisF17
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initiator was pipetted on to the surface and incubated for 30 min. Any excess initiator was
blown off using N2. The NIMS chip was placed in a 120°C oven for 7-10 sec and excess

initiator was blown off. This process was repeated two more times.

ME-NIMS Sample Preparation A thin layer of DHB matrix was deposited onto the wafer in
a sublimation chamber.?’ Approximately 1 g of DHB was placed evenly over the bottom of the
sublimation chamber. Using double-sided tape, a pSi substrate was attached upside down to
the bottom of the condenser that was in direct contact with running water for cooling. An
Edwards E2M8 vacuum pump with a vacuum meter was used to provide a controlled vacuum
environment in the sublimation chamber. After maintaining the sublimation chamber for 2 min
at approximately 50 torr, the apparatus was submerged into a 110°C oil bath for 1.5 min for
peptides analysis and 3 min for tissue analysis for ME-NIMS. Under these temperature and
vacuum conditions, DHB immediately vaporized and re-deposited upon contact with the pSi
substrate. Once matrix deposition was completed, the sublimation apparatus was removed from
the oil bath and the vacuum was slowly released. Substrates coated with matrix were promptly

removed from the apparatus and subsequently analyzed.

Sample Preparation for MS Measurements Stock solutions of angiotensin I, angiotensin 111,
and bradykinin were prepared in 50:50 acetonitrile (ACN): DI water at 12.5uM each. An
aliquot of each were then mixed at a 1:1:1 (v/v) ratio to reach a final concentration of
approximately 4.2uM. A stock solution of pentamidine (PTA) was prepared in 60:40 methanol:
DI water at 1.23mM. The stock solution was used to make further dilutions of PTA at

concentrations from 0.005uM up to 90uM. For ME-NIMS, the analyte solution was applied to
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the wafer via drop-coating and allowed to dry before sublimation occurred. After sublimation,
the samples were loaded in the MS chamber. For NIMS, the peptide solution was drop-coated
onto the wafer, allowed to dry, and loaded into the MS chamber. Tissue samples were cut 5um
thick using a Leica CM1950 cyrostat. The tissue section was placed on pSi surface. For NIMS,
the sample was loaded into the MS chamber; for ME-NIMS, matrix was sublimed then loaded

into MS chamber.

Instrumentation An AB Sciex TOF/TOF™ 5800 System mass spectrometer (Framingham,
MA) equipped with a 355 nm laser (Nd:YAG, 1000 Hz) was operated at an accelerating voltage
of 20 kV in the reflector positive ion mode (MS-only) for all experiments. For sample spot
analysis, the delay time was 13-15 ns to achieve optimal MS performance. A mass range of
100-1800 Da (£ 0.05) and a bin size of 0.5 ns was used for all experiments. The laser intensity
was 6400 to achieve optimal signal acquisition. In MS imaging mode, all mass spectra were
collected in an automatic MS control mode using the AB Sciex TOF/TOF Imaging software;
50 laser pulses were averaged to yield one accumulated spectrum at each location. Mass spectra

were reconstructed into 2D ion maps using the MSiReader™ software.?

5.3 Results and Discussion
5.3.1 Tandem Mass Spectrometry of Pentamidine

Under few scenarios, drugs can be directly analyzed from the NIMS/ME-NIMS
surface, most of the time the drugs being investigated will be within the tissue since they are
injected intravenously or intraperitoneal so it is important to be able to detect the drug
compound on tissue samples.'® 22 To determine if PTA could be seen on tissue samples, it was

spotted onto mouse brain tissue slices and upon drying matrix was sublimed and subsequently
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imaged. In Figure 5.1, the PTA spot can be seen along with the PC headgroup and PC lipids
typically detected in mouse brain tissue. In Figure 5.1 A, C and D, there is a distinct ring which
corresponds directly to where the PTA was spotted onto the tissue. This may have been caused
from the solvent in the PTA solution. Methanol is often used in lipid extraction solutions so
the methanol on the outside of the drop could have had an interaction with the lipids in the
form of disrupting electrostatic forces between lipids.? It does seem that the lipids under the
PTA spot may have suppressed signal which could be from the high concentration of PTA that

was spotted.

Figure 5.1: PTA spotted on a tissue slice: PC headgroup (A), PTA (B), PC 34:1 (C), and PC
40:8. Laser intensity was 6300. Laser step size was 150 pum.

Tandem MS (MS/MS) allows selective detection of species of similar parent m/z values
in a complex sample that cannot be easily separated by upstream chromatographic methods.*®

24-28 There are many molecules that have very similar molecular weights but their molecular
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structure is very different. For example, PTA has a molecular weight of 340.42, which could
also be C14H20N404S, a biotin and aspartate moiety. When MS/MS is applied to these
molecules, a unique fragmentation pattern is obtained for the different molecules. This is an
important method in confirming the detection of a molecule of interest when it is present in a
complex sample which may have molecules that have similar molecular weights as the
molecule being investigated. PTA was explored in order to determine its unique fragmentation
pattern. When examining PTA on tissue samples, there is more background noise around m/z
340 which is why MS/MS was employed to verify that signal was from PTA and do show that
the daughter ion was not needed for quantification. First MS/MS was performed by spotting
PTA onto a NIMS wafer. Post source decay (PSD) was used for MS/MS of PTA. PSD utilizes
the energy from the laser irradiation to fragment the molecule of interest.1% 1214 29 pSp
typically fragments at weaker bonds which in turn yields fewer fragmentations since the laser
energy is used for both desorption of the analyte from the surface and fragmentation. For PTA,
one main fragment was detected at m/z 324.4 (Figure 5.2A). This was determined to be a loss
of -NH: (Figure 5.2D). Since the -NH bond is the weakest bond on PTA and with two sites
where -NH: could fragment off, the signal is intense. Next MS/MS of PTA was performed on
a more complex sample. PTA was spotted onto a tissue sample and analyzed by NIMS. By
knowing the fragmentation pattern of PTA alone on NIMS, PTA MS/MS fragmentation on a
tissue sample should exhibit similar patterns. It can be seen in Figure 5.2B that again only one
main fragment was detected at m/z 324.4 showing a similar spectrum to that of just PTA on a
NIMS wafer. ME-NIMS MS/MS was not performed on PTA but it would be expected to
exhibit higher ion intensities based on past data comparing NIMS and ME-NIMS results. Being

able to identify the fragmentation pattern of PTA within tissue samples is beneficial when there
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are other molecules of similar molecular weight but with a different structure. It acts as a
molecular fingerprint allowing for easier identification of the molecule of interest being

investigated.
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Figure 5.2: MS/MS of PTA in the absence of tissue (A) and presence of tissue (B). The
structure of PTA (C) and the main fragment from PTA (D).

5.3.2 Pentamidine Limit of Detection (LOD)

An important part of drug analysis is to determine the limit of detection (LOD) with
the technique that is being used to analyze the drug. In this study, the LOD of PTA was
investigated utilizing both NIMS and ME-NIMS. PTA is an important drug for treatment of
Human African Trypanosomiasis (HAT).* %6 First the analysis of PTA directly on NIMS and
ME-NIMS wafers were examined. Six PTA solutions with a range of concentrations from
0.005 uM tol puM were spotted directly on a NIMS wafer and imaged. For ME-NIMS, those
six concentrations were also spotted and allowed to dry before the sublimation of DHB matrix
onto the wafer. Once the matrix was sublimed MSI was performed and subsequently analyzed.

The ion intensities measured for each concentration were extracted from each pixel in the MSI
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images and averaged across the whole spot before being plotted against its concentration
(Figure 5.3). It is clear to see that ME-NIMS shows better sensitivity — corroborating the notion
that the presence of proton-rich chemical environment consistently facilitates PTA detection
across different concentrations. At the lowest concentration tested (0.005 puM) in ME-NIMS,
the ion signal is noticeably above the baseline noise; whereas for NIMS, 0.005 puM could not
be seen. The signal is also more intense in ME-NIMS than what is seen from the 0.05 uM spot
detected in NIMS, suggesting at least one order of magnitude improvement in detection
sensitivity. NIMS has a range from 0.05 pM to 1 pM where ME-NIMS can detect down to
0.005 uM up to 1 puM. This shows that the detection limit and the detectable dynamic range is

larger for ME-NIMS compared to NIMS.
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Figure 5.3: NIMS (A) and ME-NIMS LOD curve (B). Inset (B) shows a zoom in of the
concentration range 0-0.1 uM for ME-NIMS. Laser intensity for NIMS and ME-NIMS were
4400 and 4600, respectively. For both NIMS and ME-NIMS, data was extracted from three
wafers per technique.

Since ME-NIMS was determined to be a more sensitive technique detecting PTA
concentration down to 0.005 puM for PTA LOD on the wafer surface, only ME-NIMS was

investigated for PTA spotted onto tissue samples. PTA was spotted at six different
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concentrations ranging from 5 uM up to 90 puM onto tissue. Due to the spreading of the drug
solution, tissue samples had to be cut into smaller pieces then placed onto the wafer. Once on
the wafer each smaller piece was spotted with a different concentration of PTA solution in
order to minimize the spreading of solution. Upon the solution drying on the tissue samples,
matrix was sublimed on the wafer and immediately imaged. In the study of LOD of PTA on
tissue, the imaging step size was 100um. After all the data was collected, intensity profiles
were extracted for m/z 341.4 for each concentration point. The average abundance across
pixals was plotted as a function of PTA concentration to determine PTA LOD on tissue
samples (Figure 5.4). It can be seen that ME-NIMS again yields a wide dynamic range. It is
clear that there is a lack of response at the lower concentrations (5 and 10 uM) due to the
presence of thick tissue. The trend for the PTA LOD is a steady increase with increasing
concentration of PTA. Although the LOD for PTA on tissue is higher than the LOD directly
from the NIMS wafer, it is still beneficial to determine. The concentration of PTA that is
administered is different depending on the route of administration. Typical administration
routes are intravenous, oral and intraperitoneal with corresponding PTA concentrations
approximately 10 uM, 130 uM and 85 uM, respectively. With this data, PTA can be analyzed
two different ways: analysis of bodily fluid or analysis of tissue. The analysis type would

depend on how the drug and at what concentration was administered.
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Figure 5.4: ME-NIMS LOD of PTA on tissue samples. Laser intensity was 6400. Data was
extracted from two wafers.

5.4 Conclusion

Analysis and identification of drug compounds is an important factor with biological
research. One method to identify the analyte of interest is to perform MS/MS which fragments
the molecule allowing for identification of the analyte of interest. MS/MS analysis of PTA in
the absence and presence of tissue was carried out. PTA yielded one major fragment during
MS/MS which was determined to be the loss of -NHz. Even with PTA spotted on tissue, which
generally has an increase in background noise, the MS/MS spectrum was clean, having very
little background noise and again yielding one main fragment. With a large dynamic range and
clean MS/MS spectrum, these experiments show advantageous results for biological research
using ME-NIMS. One analysis that is significant is to determine the dynamic range of
particular drug compounds of interest. In this study, the dynamic range for PTA in the absence
and presence of tissue utilizing NIMS and ME-NIMS was investigated. First PTA was looked

at with the absence of tissue for both NIMS and ME-NIMS. This showed that the dynamic
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range using the ME-NIMS technique was 10 fold higher than with NIMS. NIMS showed a
LOD from 0.05 uM up to 1.0 uM where ME-NIMS detected PTA down to 0.005 puM. With
ME-NIMS yielding an order of magnitude better detection than NIMS, LOD of PTA on tissue
samples was explored using the ME-NIMS technique. Six different concentrations of PTA
were spotted onto mouse brain tissue ranging from 5 uM up to 90 uM. All six concentration
points were detected on tissue and plotted resembling an exponential curve. Although the
concentrations of PTA on the tissue samples were higher than the concentrations directly
analyzed from the pSi surface, its advantageous to see the dynamic range detected for direct
analysis and analysis from tissue. Sometimes, especially in more complex samples, there are
other molecules with a similar molecular weight to the analyte that is being investigated. PTA
can be detected in both blood and tissue samples, allowing for a wide range of concentrations

to be detected depending on which analysis method is employed.
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