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ABSTRACT OF THE DISSERTATION
Development of Non-Traditional Bioanalytical Methods for the Study of
Pharmacokinetics and Protein Complexes
by
Carly Nicole Ferguson
Doctor of Philosophy in Biochemistry and Molecular Biology
University of California, Los Angeles 2014
Professor Joseph A. Loo, Chair
While proteomics, mass spectrometry and their combination have seen great
advancements since their inception, there is room for improvement in many areas,
including increased sensitivity, specificity, and applicability. Mass spectrometry-based
imaging (MSI) is a relatively new technology that has found application in the medical
sciences. Spatially measuring proteins, lipids, and other biomolecules in clinically
relevant tissues is a powerful tool for disease biomarker studies and for disease
pathology. An improved tissue imaging method has been developed that employs a
series of wash steps to decrease the complexity of the lower mass range in order to
better observe tissue distribution of targeted drug molecules and their metabolites. This
was previously unstudied due to the common belief that any solvent would delocalize
analytes of interest; however, we have shown that attention to solubility properties of
these molecules allows for non-disruptive solvent selection. This method was utilized to
determine the biodistribution of small molecule read-through (SMRT) compounds that
are potential treatment molecules for premature termination codon (PTC) genetic

disorders. MSI experiments revealed that one compound in particular, BZ16, crossed



the blood-brain barrier (BBB) and entered the cerebellum. MSI was also utilized to
study the distribution of a molecular tweezer (MT) compound, CLRO1, which is a
potential treatment for amyloid-based diseases. After administration to animal subjects,
CLRO1 was observed in the ventral portion of the brain, confirming the compound’s
ability to cross the BBB.

One area that has not been well addressed by these newer technologies is the
study of protein-ligand interactions. The development of improved ambient ionization
methods for mass spectrometry provides a complementary technique for the study of
small molecules and their interactions with proteins and other biomolecules. Protein-
ligand binding studies are crucial in the development of drug molecules; such
techniques as reactive desorption electrospray ionization (DESI) allow for the study of
large proteins and protein complexes in their native states.

DESI-related work has resulted in an improved protein soft ionization method,
enabling the characterization of large native protein complexes (> 150 kDa). Our
reactive DESI method employs two solvent capillaries: one containing buffer to
maintain native conformation, and another containing electrospray-compatible solvent to
more efficiently ionize proteins at higher resolution. Additionally, we have shown that
we can probe protein-ligand binding stoichiometry, selectivity, and kinetics by including

a small molecule in our electrospray-compatible solvent.
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CHAPTER 1

Mass Spectrometry-Based Tissue Imaging of Small Molecules



Mass Spectrometry-Based Tissue Imaging of Small Molecules
Carly N. Ferguson, Joseph W.M. Fowler, Jonathan F. Waxer, Richard A. Gatti, and
Joseph A. Loo

ABSTRACT

Mass spectrometry imaging (MSI) of tissue samples is a promising analytical tool
that has quickly become associated with biomedical and pharmacokinetic studies. It
eliminates several labor-intensive protocols associated with more classical imaging
techniques, and provides accurate, histological data at a rapid pace. Because mass
spectrometry is used as the readout, MSI can be applied to almost any molecule,
especially those that are biologically relevant. Many examples of its utility in the study of
peptides and proteins have been reported; here we discuss its value in the mass range
of small molecules. We explore its success and potential in the analysis of lipids,
medicinals, and metal-based compounds by featuring representative studies from mass

spectrometry imaging laboratories around the globe.



INTRODUCTION

Mass spectrometry-based imaging of tissue samples and surfaces is a relatively
new technology with a significant function in medicinal development ' MSI was
developed in the laboratory of Dr. Richard Caprioli, and has continued to garner interest
in labs around the world as its applications expand "% The methodology essentially
provides a chemical map of a surface by incorporating mass spectrometry
instrumentation and assigning spatially relevant coordinates '. The specificity of analyte
detection is provided by the mass spectrometry readout.

MSI is most often coupled with matrix-assisted laser desorption/ionization
(MALDI), although we will briefly discuss an alternative ionization method. MALDI
utilizes a matrix compound that is mixed and crystallized with the analyte of interest
followed by desorption/ionization with a laser beam. MALDI matrices absorb efficiently
at the wavelength of the specified laser. In MSI, the fundamentals of MALDI are utilized
in a spatially relevant manner. A thin surface (for our purposes, a thin tissue section) is
evenly coated in a MALDI matrix, and this surface is subsequently analyzed by rastering
across it with a MALDI laser irradiation. The spatial resolution is controlled by the
operator and is limited by the laser spot size (e.g., typically 100 ym or less), and
thousands of spectra are collected at specific X-Y coordinates covering the surface of
interest. After collection, all spectra are compiled into one, average spectrum, wherein
masses of interest can be selectively highlighted and their spatial distribution depicted in
a virtual image . This workflow is shown in Figure 1. Tissue samples (whole organs)
are typically sliced on a cryotome at 10 — 20 mm thickness and thaw-mounted onto

glass slides coated with conductive material. Matrix is applied via any one of a number



of automated mechanisms, typically consisting of a nebulizer that evenly coats the
entire slide with a thin layer of matrix crystals .

There are several benefits of implementing mass spectrometry imaging.
Traditional protein and peptide imaging methods, such as immunohistochemistry (IHC)
staining, require the use of a specific antibody *. Additionally, these staining methods
only allow for a small number of molecules of interest to be analyzed on any given

tissue section °F.

MSI does not require antibodies, and the use of a mass
spectrometer’s analyzer and detector also allow for the visualization of thousands of
molecules of interest simultaneously as all ionized molecules are non-specifically
detected. Similar benefits are true of MSI experiments for detection of small molecules.
The mass accuracy of the MS analyzer, e.g., time-of-flight (TOF) analyzers most often
applied for MSI, often allows for the identification of the molecule of interest, and
advanced MS methods, such as tandem mass spectrometry (MS/MS), yield additional
molecular information to derive identification.

A recent study by the Caprioli group demonstrates the functionality of MSI in a
pathological sense. This work probed proteomic differences between two
dermatological conditions: Spitz nevus (SN) and Spitzoid malignant melanoma (SMM).
These two conditions are virtually indistinguishable by traditional pathology methods;
however, an MSI study was able to identify a key proteomic difference that distinguishes
the benign SN from the malignant SMM with 97% accuracy. This study showcases the

ability of MSI to complement existing histopathology methods for more confident

diagnoses .



In addition to interest in proteins and peptides, small molecules of all types are
compounds of interest in many clinically relevant studies. Herein we discuss the
advances of mass spectrometry imaging in three classes of small molecules: lipids,
drug compounds, and nanoparticles. Combined, these studies broadly indicate the
bright future MSI holds in the biomedical field.

LIPIDS

Lipids have considerable diversity in chemical structure and biological function,
and comprise the external lipid bilayer as well as subcellular organelles, including the
mitochondria and surrounding nuclear membrane . Due to this diversity in structure and
localization, techniques that pinpoint specific lipids within tissues, while not delocalizing
the compound of interest, are of great interest. The techniques generally used to identify
lipids, however, involve the extraction of the lipids prior to analysis, which destroys

% These traditional

relevant information regarding its overall spatial distribution
procedures for lipid analysis utilize destructive assays, which are subsequently coupled
with mass spectrometry and/or liquid chromatography '*'. Fluorescence imaging could
theoretically overcome these challenges, as fluorescent tagging procedures preserve
location, reveal the exact position of lipids, and allow researchers to observe the rapid

and dynamic changes in the location and structure of lipids '°

. However, most
fluorescent tags are as large as the lipid molecules themselves, which would likely
cause changes to the overall location and metabolism of the lipid. Therefore, in order to
successfully study lipids within a biological system, analytical techniques must be able

to overcome two major challenges: (i) preservation of the structural and locational

information of individual lipids, and (ii) provide a high level of molecular specificity to



differentiate the diversity in lipid structure . Modern mass spectrometry, due to its
excellent sensitivity and molecular specificity, is arguably a method of choice for lipid
analysis. The mass spectrometric analysis of lipids is traditionally achieved through lipid
extraction from a sample and subsequent analysis by electrospray ionization (ESI), with
or without prior chromatographic separation '®. Although this method provides detailed
structural information, it is not useful for measuring the spatial distribution of specific
lipids. Therefore, new mass spectrometry approaches have been developed that
provide direct surface analysis capabilities.

MALDI-MSI of Lipids. Recently, advances in MALDI-MSI have allowed for in-
depth qualitative, quantitative, and spatial analyses of several types of lipid species.
Although the preparation and specific parameters needed to map lipids varies between
specific species, MALDI-MSI has been shown to be a more efficient and convenient
technique to detect lipids compared to traditional methods. Techniques, such as
fluorescence confocal microscopy and fluorescent tagging of molecules are poor in lipid
characterization because of the relatively small size of lipids as well as their ubiquity
throughout many cell types . The abundance of lipids in various cell structures, such
as internal and external membranes, is beneficial to MALDI IMS because it allows for
the direct visualization of these various compounds on a tissue section. Furthermore,
the sensitivity of MS for molecular weight ranges under 1000 Da is especially high 2.

MALDI generates two-dimensional molecular maps by ionizing molecules on a
tissue sample through direct exposure to a laser. This is ideal for analysis of lipid

compounds because of their inherent ability to ionize and produce positive or negative



ions. Lipid molecules are amphipathic molecules comprised of either phosphate anions
or nitrogen-centered cations that readily ionize during MALDI &9,

Several techniques exist to prepare various types of lipid species in order to
obtain good quality mass spectra. Generally, washing the mounted tissue slides with
aqueous, volatile salt solutions simplifies the spectra to lipid compounds, such as
phosphotidylcholine, that generate an abundance of positive ions through MALDI %°.
This will remove interfering salts and generate well-resolved mass spectra by taking out
interfering chemical noise. Lipid species that form a high abundance of negative ions
during the MALDI process, such as phosphatidylenolamine, naturally produce simpler
spectra because they do not form alkali metal attachment ions *’.

A final advantage of MALDI-MSI of lipids is that it can be used in combination
with other techniques. For example, MALDI can be used after thin layer
chromatography (TLC) allowing for precise isolation of lipid compounds directly on the
TLC plate, versus a more labor-intensive extraction process 7. MALDI-MSI has also
been used in conjunction with structural information obtained from ESI experiments,
immunoblotting, and histological information obtained from staining to provide a
multimodal model of lipid localization in the brain 2'. MALDI-MSI analysis of lipids has
also allowed advancements in forensic investigation as well as diagnosis of diseases
such as breast cancer and traumatic brain injury '"?>. MALDI-MSI has proven invaluable
in the growth of lipid research and continues to spread into other avenues of
biochemistry and analytical chemistry.

DESI of Lipid Compounds. MALDI-MSI is often used for peptide and protein

analysis, and has been used for lipid analysis as well *>. MALDI-MSI utilizes a



preparative step that evenly covers the tissue with an organic matrix, assisting with
ionization of the sample ?*?°. The type of matrix used, however, greatly influences the
efficiency of ionization for different classes of molecules, and experimental conditions
used for lipid imaging are different from those used for proteins in terms of matrix used,
mass-to-charge (m/z) range, and the acquisition mode when using TOF analyzers 22
Desorption electrospray ionization (DESI) is an ambient desorption/ionization
technique that is based on the direct examination of unprepared, unmodified samples in
the open environment, and is commonly used for drug, metabolite, and lipid imaging.
Recently, the development of dimethylformamide (DMF)-based solvent combinations
has minimized the destructive nature of the technique, and has enabled DESI-MSI to be

performed with preservation of morphological features 2.

By preserving
morphological features, histological and immunohistochemical analysis can be
performed after MSI ?°. The ability to preserve tissue morphology for histological
examination, while assessing the lipid and protein profiles on the same section of tissue,
provides an opportunity to correlate findings 29 Eberlin and Liu et al demonstrated that a
single tissue section initially used for DESI-MSI of lipids can then be used for protein
MSI, and subsequently hemotoxylin and eosin (H&E) staining to acquire morphological
information %°.

By combining the techniques of DESI-MSI, MALDI-MSI, and H&E staining,
Eberlin, et al. (2011b) unambiguously matched the morphological and chemical features
of mouse brain and human brain cancer tissue samples. They found that, prior to DESI-

MSI of lipids, using either acetonitrile (ACN):DMF (1:1) or ethanol:DMF (1:1) solvent

systems did not disturb the native protein localization, as ion images of control tissue



sections showed similar protein spatial distributions, as well as similar co-localization of
lipids and proteins ?. Furthermore, results were able to be obtained from a sample of
human glioma grade lll, having first undergone DESI-MSI, followed by MALDI-MSI, and
finally optical imaging after H&E staining %. In addition, their analysis of a control tissue
section, which had not been subjected to DESI-MSI, revealed similar spatial
distributions of their select proteins of interest 2 This new approach combines the
unique strengths of DESI and MALDI for lipid and protein MSI, and allows the
unambiguous matching of morphological and chemical features. Eberlin, et al. (2011b)
conclude that the combined methods of DESI, MALDI, and H&E on the same tissue
section enables a more complete evaluation; and, is expected to not only enhance
diagnostic capabilities, but allow insights into the pathophysiology of disease.

These capabilities were further demonstrated by the same group in a study that
employed ambient ionization-based MSI for characterization of tumor borders. Several
brain tumors were analyzed via DESI-MSI to develop lipid-based classifiers to
distinguish between tumor and healthy tissue. This technique provides fast
classification, and remains promising for intraoperative use to differentiate visibly
indistinguishable tumor borders °.

MSI with FT-ICR MS for Lipid Analysis. MALDI-MSI with TOF analyzers does
not provide the ultra-high resolution and mass accuracy necessary for direct
identification of low molecular weight compounds. However, MALDI can be coupled with
Fourier transform ion cyclotron resonance (FT-ICR) MS in order to obtain high mass

accuracy and identify compounds of interest with a high degree of confidence in tissue
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Vidova, et al. (2010) characterized the major lipid components of the ocular lens
using MALDI-TOF-MSI. They found that the major lipid components were mainly long
chain phosphatidylcholines (PC) and sphingomyelins (SM) *2. However, MALDI-TOF-
MSI did not provide the proper degree of resolution and mass accuracy to determine the
exact masses of the lipid components in order to produce accurate spatial distribution
results of compounds close in molecular weight. Therefore, Vidova, et al. (2010) used
MALDI-FT-ICR-MSI in order to determine the masses of the specific PC and SM
species within the ocular lens. Sections of porcine eyes were prepared and analyzed
with MALDI-FT-ICR-MSI in positive ion mode. An example of the usefulness of FT-ICR
MS in this specific study was in the analysis of a lipid compound with a mass of 787 Da.
The study found that the lipid aggregated in its protonated form at m/z 787.6685 and
also found an unknown molecule at m/z 787.6042. Ultra-high resolution MS allowed for
the discrimination between these two peaks, whereas a lower resolution MS instrument
would not be able to resolve the two, and would disrupt quantitative, qualitative, and
spatial distribution analyses. By utilizing the high mass accuracy of FT-ICR MS, Vidova,
et al. (2010) was able to find spatial and concentration-dependent distributions of
various species of lipids within the ocular lens.

Lipids in Traumatic Brain Injury. MALDI-MSI is also an important tool that can be
used to develop molecular biomarkers of disease. Recently, Woods, et al. (2013) used
MALDI-MSI to characterize and quantify the spatial distribution of ganglioside species in
mouse brains after being subjected to low level explosive detonations. This study set
out to find a biochemical connection between exposure to explosive blasts and

traumatic brain imagery (TBI). Gangliosides account for 6% of total brain mass and are
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included in several biochemical and metabolic pathways 3. Ceramides are the scaffold
molecules that form gangliosides, and the effects of proximity blasts from explosions
may cause a disruption in the various pathways of these two lipids . Woods, et al.
(2013) studied the changes in the amount and spatial distribution of gangliosides and
ceramides in mouse model brains exposed to blast explosions. Ceramides were found
to be present at higher concentrations in TBI brains; however, this was determined via
ESI due to insufficient MALDI ionization efficiency. It was found that exposure to
explosive blasts increases the amounts of a ganglioside GM2 in several portions of the
brain and causes a subsequent decrease in the concentration of ceramide species
(Figure 2). This was the first successful study to display an increase in GM2 from a non-
genetic cause ?2. The findings of Woods, et al. (2013) point towards the possibility of
using gangliosides and ceramides as biomarkers in the detection and analysis traumatic
brain injury in patients, and, furthermore, implicate MALDI-MSI as a useful strategy for
biomarker discovery.
MEDICINAL DEVELOPMENT

For the discovery and development of new drug entities, knowledge of a given
compound’s biodistribution is a critical factor. To where does a new drug compound
distribute in the body? What are the metabolites of this new drug and where do these
metabolites accumulate? What are the quantitative measures of their distribution?
These questions must be answered in order to move from an in vivo animal model to
human clinical trials. Because the approval process of a novel therapeutic is long,
arduous, and very costly, areas in which technology can speed the acquisition of this

information are open to modification *°. The majority of these technology-driven areas
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throughout the drug development timeline occur within the pre-clinical stage.
Traditionally, these early questions are answered via methods such as autoradiography
and fluorescent tagging, each with its own set of limitations %637 Both methods require
labor-intensive synthesis efforts to apply the necessary tags. Autoradiography involves
the use of radioactive materials, and thus comes with its own set of regulatory issues.
When radiolabeled versions of novel compounds are delivered to an animal, an
autoradiograph is produced; however, there is little to no indication of whether the
observed image is the result of an intact compound or a metabolic fragment %’
Conversely, in a metabolite study, only metabolites containing radiolabeled atoms will
be detected and observed. Fluorescence tags are significantly larger than radioactive
labels, and require a significant amount of testing due to the possibility that the tag may
interfere with the compound’s membrane penetrance and efficacy *®. Compounds are
often less than 500 Da, meaning even the smallest dye molecule can have a large
effect on the uptake and subsequent biodistribution of the compounds of interest.
Images are further complicated by molecules exhibiting autofluorescence, and
difficulties similar to radiolabeling, such as difficulty attributing a signal to intact or
fragmented compound 8. The synthesis of a pure compound itself provides a challenge.

These issues can be circumvented by MSI, as its non-targeted nature means all
molecules on a given surface are chemically mapped, and no tag is required. With
proper controls in place, previously unknown metabolites can be uncovered by utilizing
tandem mass spectrometry (MS/MS) capabilities, essentially determining the structure
of an unknown peak. Below we discuss a few case studies that have utilized MSI in

drug development %>°,
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Fosdevirine. MALDI-MSI has already found success in the pharmaceutical
industry, as evidenced by the recent study by Castellino, et al. (2013). Human
immunodeficiency virus (HIV) is a widespread disease with limited treatments available.
It is primarily an autoimmune disorder that develops when viral strains display varying
resistance to the available treatments. It remains an active area of research in the
pharamaceutical industry “°.

The group of Castellino conducted experiments on a non-nucleoside reverse
transcriptase inhibitor that had passed all pre-clinical testing and entered into Phase llb
clinical trials. Fosdevirine was developed by GlaxoSmithKline to treat a wide range of
HIV-1 strains, the most common subtype as well as the most lethal. Many of these
strains have become resistant to other forms of existing treatment, such as Efavirenz *°.
Rigorous pre-clinical testing identified Fosdevirine as a promising drug due to its
efficacy in low doses, and its effectiveness against both single and double mutants of
reverse transcriptase that confer remarkable resistance against other drugs. The drug
moved into a human model, with Phase | testing conducted on healthy individuals
indicating no observable toxicity or side effects. Further testing on HIV-1-infected
individuals that had not previously received treatment confirmed earlier findings from
healthy individuals. However, Phase lIb trials involving HIV-1-infected individuals that
had undergone alternative treatments resulted in 25% of all subjects experiencing
seizures, with no link to neurological problems in medical histories “°.

MSI was employed to study its biodistribution and metabolism in rabbit, minipig,
and monkey brain tissue in order to evaluate potential differences associated with

adverse neurological symptoms. This was done in conjunction with liquid
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chromatography-MS (LC-MS) analyses of cerebral spinal fluid (CSF) from seizure
patients as well as animal models. LC-MS analyses of CSF found two cysteine adduct
metabolites, M22 and M16, to be present in seizure patients as well as rabbits and
minipigs that exhibited central nervous system (CNS) toxicity due to Fosveridine
treatment. While these results indicate M22 and M16 as potential effectors of CNS
toxicity, they do not provide spatial distribution information within the tissues
themselves. MSI studies further indicated a potential mechanism for this CNS toxicity,
providing important localization information. M22 was observed to localize to the white
matter portion of the brain in minipig and rabbit, both of which exhibited Fosveridine-
induced CNS toxicity. In monkeys, where no such toxicity was observed, Fosveridine
was found to localize to the gray matter portion of the brain. It is hypothesized that
binding of M22 and M16 to the GABAa receptor could be the cause of this CNS toxicity.
With MSI’s capability to multiplex with other modes of imaging, it is possible to utilize a
technique such as immunohistochemical staining in order to observe that M22
colocalizes with the GABAa receptor in rabbit and minipig brain, but not monkey brain
40 Together, this localization to the white matter and colocalization with the GABAa
receptor in model organisms exhibiting Fosveridine CNS toxicity show the advantages
of combining MSI with traditional staining protocols 3°24°.

Paclitaxel. Optimized sample preparation protocols are important in the field of
MSI. One such step is the matrix selection, both type and application method can be

24 This optimization is

varied in order to optimize ionization of specific molecules
especially crucial in small drug molecule studies due to the ion suppression effects that

are observed in the low m/z range of the spectrum. Because traditional MALDI matrices

14



are, themselves, small molecules, they contribute a number of interfering, intense ion
peaks in a mass spectrum. This can often suppress signal from target drug molecules
that are present in much lower levels than the saturated matrix solutions. Additionally,
the spatial resolution of any given imaging run can be limited by the size of the
crystallized matrix particles themselves, often exceeding the size of the laser spot and
thus decreasing the resolution of the data 23°3941,

One common solution to these problems is the use of nanoparticle-assisted laser
desorption/ionization (NALDI). Nanoparticles are typically composed of an inorganic
material, and exhibit such desirable characteristics as low heat capacity and efficient
photo-adsorption. They are also smaller in size than matrix crystals, and thus do not
interfere with spatial resolution as readily; additionally, they have a large surface area
that allows for maximum adsorption of the desired analytes *2.

Morosi, et al. (2013) employed NALDI for analysis of the biodistribution of a small
drug molecule used for cancer treatments, Paclitaxel, in solid tumors. This group utilized
MSI in organs excised from mice injected with Paclitaxel, and further utilized MSI in the
study of human xenograft tumors excised from mice injected with Paclitaxel. MSI served
two major advantages in the detection of Paclitaxel: negative ion mode and tandem
mass spectrometry. Paclitaxel ionizes more efficiently in negative ion mode, and is
typically suppressed by abundant lipids in positive ion mode over the m/z 800-1000
range (Paclitaxel MW 853.9 m/z). Thus, MSI allows for the option of collecting data for
observation of a negatively charged ion of Paclitaxel, specifically a fragment ion at m/z
284.2. MS/MS coupled to MSI experiments allowed for the confirmation of this peak by

observing the transition from m/z 284.2 to m/z 72.6 *2.
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This group also employed quantitative MSI by utilizing a deuterated internal
standard, D5-Paclitaxel. The internal standard was spotted onto control tissues, a
calibration curve was constructed, and Paclitaxel signal was measured and compared
to the internal standard signal in a specific region of interest. The success of this
quantitative method was further shown by the differences in normalized intensities in
liver when mice were treated with different levels of the drug. This group indicates that
their success with quantitative MSI was likely due to the homogeneity of the
nanoparticles used, versus the traditional heterogeneous MALDI matrix crystals %%,

Read-Through Compounds. The treatment and management of genetic
disorders are major target areas in the drug development field since no such drugs are
yet of proven efficacy. One common genotype is caused by nonsense mutations,
resulting in a malformed or unstable protein. Such nonsense mutations create a
premature termination codon (PTC). Instead of translating a gene sequence in its
entirety, the mRNA falls off the ribosome resulting in a truncated form of the protein.
This protein fragment is subsequently degraded, and thus no full length, functional
protein is produced by the patients’ cells *.

Examples of PTC disorders include Duchenne muscular dystrophy (MD), cystic
fibrosis, and ataxia-telangiectasia (A-T). A-T is often caused by a single point mutation
in the ataxia-telangiectasia mutated (ATM) gene encoding for ATM protein. This
serine/threonine kinase is active in DNA repair, mainly by phosophorylation of a large
number of proteins involved in DNA repair and cancer. Individuals deficient in ATM

exhibit such symptoms as impaired cerebellum development, increased risk of cancer
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(one-third of all A-T patients develop cancer), and enhanced susceptibility to radiation
44-46.

Aminoglycosides, such as Gentamicin, could potentially be used to treat PTC
disorders by binding to the small ribosomal subunit at the decoding site and inducing
translational read-through of the stop codon *’. While this has been successful in
laboratory studies in “proof of concept,” it would engender adverse side effects such as
toxicity and potential deafness ***°. Treating neurological diseases like A-T would also
require that the aminoglycoside cross the blood-brain barrier. Due to their large and
rigid structure, aminoglycosides do not penetrate a healthy blood-brain barrier. A new
class of small molecule read-through (SMRT) compounds has recently been developed
that overcomes most of these issues **°',

Although SMRT compounds have shown promise in vitro, there has been little
information concerning the biodistribution of these compounds. In a mouse model, we
determined the biodistribution of a derivative of RTC13 utilizing MSI 2. The
compound was administered intraperitoneally to mice, and its biodistribution was
studied in all major organs at various time points. The SMRT compound was found to
cross the blood-brain barrier without any off-target build-up. These results were
confirmed by MS/MS, and tissue structure was elucidated by H&E staining, as shown in
Figure 3 (in prepration). These results highlight the utility of MSI as an initial
biodistribution screening technique due to its speed and direct analysis of unmodified,
novel compounds.

METALS AND NANOPARTICLES
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A newer area of MSI being investigated is the imaging of nanoparticles and other
metal elements. Metal analysis is typically done using inductively coupled plasma MS
(ICP-MS), which uses a plasma flame to ionize metal particles wherein they are
detected by a mass spectrometer >***. While ICP-MS is often coupled with liquid
samples in an electrospray-like set-up, recent studies have utilized laser ablation ICP-
MS (LA-ICP-MS) to study dried samples, such as droplets, tissues, and other surfaces.
The coupling of ICP-MS to laser ablation has allowed for spatially relevant images to be
collected, and thus MSI of metal elements is possible. We will discuss two examples of
LA-ICP-MSI analyses of metals in tissue °>**.

Aside from the study of innate metal composition of tissues, there is growing
interest in metal- and non-metal-based nanoparticle biodistribution. This stems from the
recent development of nanoparticles as drug delivery vehicles °°. Nanoparticles are
promising due to their small, biocompatible nature and their ability to package many
varieties of molecules, from proteins to small drug compounds, and deliver them to
specific areas of a cell or organism. We will discuss a recent study that further stretched
the capabilities of MALDI-MSI for the purposes of imaging nanoparticles in tissue %,

Endogenous Metal lons. LA-ICP-MS has long been used for the analysis of
trace metals in samples; however, LA-ICP-MSI is a more recent application of this
useful technique °***. Many metal ions play key roles in biological processes, thus it is
of interest to study their distribution in tissue samples. Lear, et al. (2012) further

improved the LA-ICP-MSI protocols in order to allow for the detection of traditionally

undetectable metal ions by altering the reaction gas contents in a typical experiment.
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Tissue surfaces are extremely complex, with thousands of different compounds
present in a 1 mm? pixel, thus it is advantageous to develop techniques that will allow
for enhanced signal intensity of particular molecules of interest. Specifically in LA-ICP-
MSI, argon gas is employed to provide electrons as well as assist in the nebulizing
process of ions of interest; however, this use of Ar significantly interferes with a number
of signal regions, most notably that of iron (Fe). Additional impurities in the Ar gas
source can lead to further eclipsing of signals of interest. This group employed the use
of an H; reaction gas to dissociate ArO clusters and other interfering compounds while
maintaining sensitivity in the detection of several metal ions, including: Mn, Fe, Cu, and
Zn®".

Mouse brain was used to study the distribution of each of the above mentioned
metal ions. For Cu and Zn ions, specifically ®*Cu and ®Zn, there are no known
interferences and thus it was shown that use of H; reaction gas did not improve signal
intensity during an LA-ICP-MSI experiment; however, both ions were able to be mapped
at a 30 mm spatial resolution. The success of the H; reaction gas was evident in the
analysis of the *°Fe and *’Fe ions, as well as the **Mn ion, both of which experience
heavy interference with Ar gas clusters and impurities. Background signal was reduced
after introduction of the reaction gas, and thus a much clearer *°Fe image was produced
at a spatial resolution of 6 mm. This improvement was even more pronounced in the
analysis of °’Fe, which is more heavily suppressed by interfering signals due to its lower
abundance. The adaptability of this technique for analysis of important metal ions
indicates its promise as an analytical tool for analysis of all biologically relevant

molecules, from metal ions to proteins °’.
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Platinum from cis-platin drug. Drug toxicity studies are imperative in advancing
novel compounds into clinical trials. Cis-platin is a commonly used drug complex in the
treatment of many types of cancers; however, it is known to exhibit nephrotoxicity when
given in larger doses. It is of great interest to observe the biodistribution of platinum (Pt)
in cis-platin-treated individuals, as well as the differential distributions of copper and zinc
(Cu and Zn), two important metal ions involved in biological processes *°.

Traditionally, Pt has been tracked in tissue via neutron activation analysis and
autoradiography. These techniques, while sensitive, require labor-intensive techniques
further complicated by the need for a nuclear reactor to produce neutrons. Less
expensive alternatives to nuclear reactors often result in lower sensitivity, and still
involve the use of radioactive materials. Zoriy, et al. (2007) turned to LA-ICP-MSI to
study the biodistribution of Pt, a technique that does not require the use of radioactive
materials and is capable of whole-tissue analysis. This technique had been previously
employed to show a correlation between the Alzheimer’s disease-related amyloid beta
protein (Ab) and trace element concentration *°.

This group was able to image the biodistribution of Pt, Cu, and Zn in mouse
kidney derived from cis-platin-dosed animals. Hemotoxylin and eosin staining was used
to distinguish specific kidney structures, with LA-ICP-MSI experiments utilizing a spatial
resolution of 50 mm. Zoriy, et al. (2007) were also able to employ internal standards for
quantitative purposes. They observed a higher concentration of Cu in the capsule and
external cortex (glomeruli), and a higher concentration of Zn in the inner cortex
(tubules). Pt concentration was highest in the medulla, decreased in the inner cortex,

and was lowest along the periphery of the kidney. The Pt gradient reflected the typical
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primary urine gradient found in the kidney structures. This is thought to be the first
alternative imaging method for Pt that did not require the use of radioactive materials,
and thus shows the versatility of MSI 2,

Nanoparticles. A growing problem in medicine is the treatment of drug-resistant
diseases, especially drug-resistant cancers. These cancers often require a combination
of drugs working synergistically to effectively kill the fast-growing cells. Determining the
perfect treatment cocktail can be a daunting task for physicians and researchers, and
further prescribing of a large number of medications can create a variety of burdens for
the patient in question. This also leads to complications in FDA investigational new drug
(IND) studies. Nanoparticle drug delivery vehicles are a promising solution to these
woes for a number of reasons *°.

Nanoparticles are typically small, biocompatible molecules on the scale of
nanometers. Their surfaces are easily modified via various synthesis routes, and this
allows for specific targeting of nanoparticles to desired cell types °°. Additionally, their
mostly hollow cores allow for packaging of a variety of molecules. Recent studies have
indicated nanoparticles as effective delivery vehicles to carry molecules to specific drug-
resistant cancer cells and subsequently release them, in this particular case these
molecules included siRNA and a small drug compound *°.

Traditional nanoparticle imaging methods require the use of a large dye
molecule, which can interfere with the activity and resulting biodistribution of the
nanoparticles in question. Nanoparticles, such as gold or silica, are often used as
MALDI matrices due to their limited background noise contributions in a mass spectrum

2 However, they are not commonly detected using LDI-based methods due to their
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variation in size, the fact that they often contain fixed charges, and the lack of a
predictive spectral profile.

Yan, et al. (2013) have circumvented these limitations by establishing a spectral
profile, or ‘barcode,’ of the nanoparticles involved via attachment of a ligand molecule to
the surface of the nanoparticle. These ligands are smaller in size than traditional dyes,
and serve the added function of modifying the surface properties of the nanoparticles.
This study was able to identify a molecular ion attributed to the gold nanoparticle core,
as well as three distinct molecular ions attributed to each of the ligands attached, as
shown in Figure 4. This illustrates a promising future for the use of LDI-MS-based
imaging methods for the detection of such nontraditional molecules as nanoparticles °°.
CONCLUSIONS

Since its inception nearly two decades ago, the field of mass spectrometry
imaging has grown rapidly. New developments in sample preparation protocols,
desorption/ionization methods, instrumentation (e.g., mass spectrometry analyzers and
detectors), and data processing and data display have aided in its incorporation into
bioanalytical chemistry and even medicine. We have discussed a number of
applications in the realm of small molecules, and many more examples of MSI’s utility
can be found in the study of peptides and proteins. Going forward, it is likely that MSI
will become a permanent fixture in biomedical research. Further advancements in
software and instrumentation are already aiding its incorporation into clinical settings,
and the continued, collaborative goal towards standardized protocols will aid in its

development as a pharmaceutical and clinical tool.

22



ACKNOWLEDGMENTS
This work was supported by the Ruth L. Kirschstein National Research Service Award
(Grant GM007185, UCLA Cellular and Molecular Biology Training Grant, for C.N.F.) and

the US National Institutes of Health Shared Instrumentation Program (Grant S10

RR025600 to J.A.L.).

23
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Figure 1. Schematic of a MALDI-MSI experiment shows a typical tissue sample
preparation protocol. A laser then rasters across the tissue surface. At each point, or
pixel, a mass spectrum is collected. These spectra are averaged, and individual
masses are selected to create maps, such as the one shown on the right (kidney tissue

of a small molecule metabolite).
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Figure 2. MALDI-MSI of two gangliosides: (a) GD1d18:1/C18:0 and (b) GM2

d18:1/C18:0 in brains of control mice and mice 2, 24, and 72 h after open field blast

(hippocampus, cortex, and hypothalamus), and there is no observable change in the

distribution of GD1 between control and blast groups. In panel b, for the controls, the
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GM2 peak was highly localized in the lateral and the dorsal third ventricles while
increases were observed in the hippocampus and thalamus for blast exposure,
especially for 4 m 2 and 24 h postblast samples. Reprinted with permission from the
Journal of the American Chemical Society. Copyright © 2013 American Chemical

Society %.
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Figure 3. MALDI-MSI of brains from SMRT-treated mice. The top panel shows a
sodiated adduct found in cerebellum, imaging shown on right: green spots (white
arrows) correspond to signal. Tissue was H&E stained following MSI. The bottom panel

shows a sodiated adduct found in the cerebrum.
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Figure 4. Structures of the surface monolayers on the AuNPs: the “mass barcode” is
the m/z of the AuNP surface ligand. LDI-MS images of AuNPs in mouse spleens. The
biodistributions of AUNPs are shown in panel (a) (AuNP 1), (b) (AuNP 2), and (c) (AuNP
3). Reprinted and adapted with permission from the Journal of the American Chemical

Society. Copyright © 2013 American Chemical Society %
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Mass Spectrometry Imaging of Small Drug Molecules: lonization and Sample
Preparation
Carly N. Ferguson, Joseph W.M. Fowler, Jonathan F. Waxer, Christine Fontanilla, Sean
Shen, Roberto Ortiz, Ewa Micewicz, Dorthe Schaue, William H. McBride, Gal Bitan,
Michael Hall, Jean Lee, Richard A. Gatti, Joseph A. Loo
ABSTRACT
Mass spectrometry imaging (MSI) is a powerful tool for the analysis of
biodistribution of small drug compounds. However, in tissue this lower molecular weight
range is complicated by innate small molecules, lipids, salts, and MALDI matrices. lon
suppression plays a large role due to the high abundance of these innate compounds
compared to the relatively low abundance of dosed drug compounds. We utilized
solvents of varying polarities to assess the effectiveness of a tissue wash step to
enhance small drug molecule signal by studying compound types: benzodiazepines,
small molecule read through (SMRT) compounds, molecular tweezers (MT),
radiomitigators (RM) and mesoporous silica nanoparticles (MSNP). Wash steps were
found to enhance signal without delocalization in benzodiazepine, SMRT, and MSNP
experiments; however, only SMRT was present in high enough concentrations to be
detected in dosed animals. Wash steps did not have any added benefit in MT and RM
experiments, though MT was detected in dosed animals without the use of a wash step.

Wash steps can be utilized to enhance sensitivity, though optimization is key.
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INTRODUCTION

Matrix-assisted laser desorption/ionization mass spectrometry imaging (MALDI-
MSI) is a useful tool in visualizing small molecule and drug distribution within animal
tissue as it is a label-free method that allows for high spatial resolution.® A tandem time-
of-flight mass spectrometer (TOF/TOF-MS) is typically used such that observed
molecules (or peaks) can be fragmented in order to confirm identification. One of the
drawbacks of MALDI-MSI on small molecules is the complex nature of the lower mass
range of a spectrum, largely due to matrix molecules that fall within the same mass
range as a drug compound (<1,000 Daltons). However, this limitation can be overcome
by optimization of the ionization source or by optimization of tissue preparation
protocols to enhance sensitivity of the MSI methods.*® Taken together, these indicate
that MSI is a powerful method for visualizing drugs and resulting metabolite distributions
in tissue. Here, we will discuss DESI, LESA, and LAESI ionization techniques, as well
as solvent optimization by pH and polarity.

Desoprtion Electrospray lonization (DESI) is the first mass spectrometry (MS)

method to operate in an ambient environment.®®

This technique allows samples to be
subjected to processing actions and/or testing conditions while the mass spectra are
being recorded. This method has high sensitivity, is virtually instantaneous in response
time, and is applicable to small-molecule organic compounds.®® DESI combines
features of electrospray ionization (ESI) with those of the family of desorption ionization
(D) methods.®" An electrospray emitter is used to create gas-phase solvent ions, ionic

clusters, and charged microdroplets which are directed at the sample. An electrical

potential of several kilovolts is applied to the spray solution and pneumatic nebulization
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is used to assist in desolvation.®® All of the DI methods (plasma desorption, PD; laser
desorption ionization, LDI; matrix assisted laser desorption ionization, MALDI;
secondary ion mass spectrometry, SIMS; fast atom bombardment, FAB) involve the
impact on condensed-phase samples of projectiles, however, the principal feature that
distinguishes DESI from other DI methods is its independence from high-vacuum
environments.®

Another unique feature of DESI is its ability to analyze organic molecules at
sample surfaces by MS without any sample preparation. In order to achieve ionization,
the sample is first sprayed with an electrically charged aqueous mist by directing a
pneumatically assisted electrospray at the surface of the sample.?® This releases ions
from the surface and allows them to travel through air, at atmospheric pressure, to the
atmospheric interface of the mass spectrometer. DESI ion sources are readily
connected to any mass spectrometer equipped with an atmospheric pressure interface,
and, depending on the capabilities of the mass spectrometer, tandem MS, selected ion
monitoring, exact mass, and other types of measurement are possible.?® Although
sample preparations are not necessary for DESI analysis, elected chemicals can be
added to the spray solution to provide specificity for the ionization of particular types of
analytes. In all cases, the sample remains fully accessible to observation as well as
additional physical and chemical processing during analysis.®

When imaging surfaces, spatial resolution becomes an important performance
parameter. Parameters which influence DESI’s spatial resolution include the incident

angle (a), the spray tip-to-surface distance (d1), the spray tip diameter, the solvent flow
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rate, the nebulizing gas flow rate, and the orifice diameter of the entrance capillary into
the mass spectrometer.®°

Beyond the instrumental parameters, several other surface factors should be
considered as well. The electrical conductivity of the surface, for example, is particularly
important with regard to DESI ionization. Since the DESI mechanism involves the
landing and release of charged particles at a surface, neutralization at the surface must
be avoided.®® Neutralization is most likely to occur in the case of conductive materials,
such as metals or graphite, which must either be carefully isolated or floated at a
potential that is equal to or lower than the spray voltage.?® Secondly, the electrostatic
properties of the surface are also important to consider. The stability of the signal is
largely dependent on the surface’s preference for the polarity of the spray. For instance,
polytetrafluoroethylene (PTFE) is a highly electronegative polymer and gives excellent
signal stability in the negative-ion mode, while poly(methyl methacrylate) (PMMA) gives
better performance in the positive-ion mode.®°

Furthermore, the chemical nature of the surface is also an important parameter.
In order to avoid an uneven distribution of the analyte on the surface, one must consider
the surface’s affinity towards the analyte, for the nature of the surface may affect
crystallization of the analyte when the sample is deposited from solution.?® This is a
necessary precaution because a loss of sensitivity occurs in cases of high affinity of
analyte molecules to the surface substrate. PTFE is a generally applicable surface, in

part because of its low affinity toward most analytes.®°

Finally, surface roughness was observed by Takats et al. (2005) to have an

effect on ionization efficiency. Microscope glass slides were used as DESI substrate
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before and after high frequency (HF) etching. Etching was found to dramatically
increase signal stability and to eliminate ‘sweet spot’ effects. Therefore, rough surfaces

like paper give high sensitivity and are often the substrates of choice for DESI.®

The potential of MS for chemical imaging is well recognized and it is now
increasingly being used to image specific biological compounds in biological tissue.®
SIMS and MALDI-TOF are the two main methods being used for these experiments,
unfortunately, both methods are demanding with regard to sample preparation.®® DESI,
on the other hand, requires no destructive matrix and little or no sample preparation. In
the realm of small molecule imaging, the absence of matrix ions provide major
advantages due to the mixed analyte-matrix clusters crowding the low-mass range.®

DESI provides a significant advantage when considering the flexibility of sample
preparation. The fact that the sample is fully accessible to manipulation during the
imaging experiment makes the imaging of living systems conceivable. This feature
makes in vivo analysis possible, and a few examples have already been reported,
including the analysis of skin and wound surfaces.®

The major challenge in developing a DESI-imaging capability is to achieve the
appropriate spot sizes. Unlike MALDI-TOF and SIMS which offer much higher spatial
resolution on the cellular and subcellular levels,®® spot sizes of 50 um in circular area
can be reached using fine capillaries.?® To improve resolution further it will be necessary
to use new approaches, such as new hybrid methods. In these methods, DESI is used
to define a larger area of sample and to provide a mechanism for ionization and ion

transport from this region. Subsequently, a fine laser spot, or needlepoint, is used to
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define a region by its unique thermal or electrical potential, as well as to distinguish ions
arising from the target subarea for study within the sample.®°

Two methods of ionization, Liquid Extraction Surface Analysis (LESA) and Laser
Ablation Electrospray lonization (LAESI), have been coupled with mass spectrometry to
visualize molecules in various tissues in situ. Recent findings have shown the
applicability of these techniques to characterize and localize small molecules in tissue.
Biodistribution of small molecules through mass spectrometry has been challenging due
to their small size and diversity of chemical properties. However, LESA and LAESI offer
two useful approaches towards small molecule analysis.

LESA combines micro-liquid extraction with nano-electrospray to ionize surface
molecules on a tissue sample.®® An automated system dispenses a small volume of
extraction solvent over targeted areas in a given tissue section. A liquid junction forms
over the tissue and a static extraction occurs. After a defined length of time, the solvent
is aspirated and put in contact with an electrospray ionization (ESI) source. The ionized
molecules within the extraction solvent are then coupled with a mass spectrometer.®>%°
Mass spectra are then obtained for each placement of extraction solvent, allowing the
production of a map of specific analytes within a system. For example, studies have
been able to profile small molecules, such as terfenadine and its metabolite
fexofenadine, within mouse organs, as well as produce relative quantification data.®

LAESI utilizes a mid-infrared laser beam to ablate molecules on tissue and ionize
them through an electrospray ionization source.®’ Tissue sections are thaw-mounted
onto a microscope slide. Defined regions of analysis are mapped out and the sample is

then exposed to a mid-infrared laser beam at a wavelength of 2.94 ym. The laser beam
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excites the O-H in water molecules within the sample, causing phase explosion and
microscale ablation.®® The laser beam is focused so that the ejected molecules pass
downstream to an electrospray emitter. The intercepting electrospray plume of charged
droplets produces gas phase ions that are then sent directly into a coupled mass
spectrometer.®” Current studies using LAESI have been able to localize small drug
molecules and lipids in rat brain, small analytes in plant seedlings, and small molecules
in single cells.®”®

As with all forms of MSI, LESA-MSI and LAES-MSI have their advantages and
disadvantages in small molecule analysis. Both overcome the boundary of needing
pretreatment or a matrix coating.70 LESA employs a type of “soft ionization” that allows
fragile molecules in situ to remain intact and enter the mass spectrometer.®® Moreover,
LAESI is an advantageous technique because it can map metabolites in tissue in an
atmospheric environment. Where other MSI techniques ionize molecules in vacuums,
LAESI has the ability to analyze tissues in an environment that is more congruent to
native conditions. In LESA, the type of extraction solvent and time of extraction and
aspiration are all variables that need to be optimized to each tissue and analyte. This
variation makes it difficult to perform whole body relative quantification of a small
molecule. LAESI also has a large disadvantage because ionization of molecules
depends on a water rich target. Therefore, dehydration is a common problem with
LAESI, though steps have been taken to overcome it.

In this study, we optimized small molecule ionization by MALDI and a polarity-
based solvent wash step for 5 molecules or molecule classes: benzodiazepines, small

molecule read-through (SMRT) compounds, a tweezer compound (CLRO1), a
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radiomitigator (RM512), and mesoporous silica nanoparticles (MSNP). Diazepam is
currently used as treatment, and thus served as a standard for study, and its structure is
shown in Figure 1C. The remaining compounds are each studied for potential medical
significance, as will be discussed below.

The treatment and management of genetic disorders are major target areas in
the drug development field. Genetic disorders caused by single-nucleotide
polymorphisms (SNPs), specifically those caused by premature termination codons
(PTCs), comprise over 30% of all genetic disorders. PTCs halt read-through of the
genetic code, resulting in truncated forms of proteins.*® Of particular interest is Ataxia-
telangiectasia (A-T), a PTC disorder caused by a SNP in the gene coding for AT-
mutated (ATM) protein.*® Aminoglycosides are drugs traditionally used to treat PTC
disorders; however, they have shown to be toxic and their large, rigid structures make
blood-brain barrier penetration unlikely. Crossing of the blood-brain barrier is imperative
in the treatment of A-T, as one of the disorder's hallmarks is impaired cerebellum
development. SMRT compounds are a promising treatment option, and were studied by
MALDI-MSI, with structures shown in Figure 2.

Neurodegenerative disorders are another key area of medicine, and a major
target area in the drug development field. Amyloid-associated diseases, such as
Alzheimers and Parkinsons, account for a significant amount of medical care cost and
are increasing issues in the aging population. Though the mechanisms of the diseases
are still unclear, therapies to combat amyloid plaque formation are a popular area of
development.”’ One such therapy, termed molecular tweezers, has shown success both

in vitro and in vivo rat studies as it successfully disrupts amyloid fibrils.”*"® Two
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questions remain: do these compounds (specifically tweezer CLRO1, structure shown in
Figure 1A) cross the blood-brain barrier, and do they colocalize with amyloid plaques?
Preliminary autoradiography data indicates that CLRO1 crosses the blood-brain barrier
at 1-3% efficiency.

Recent world events have created another area of interest in the field of drug
development: the need for radiomitigator compounds. The Fukushima nuclear disaster
following the earthquake and subsequent tsunami in Japan during 2011 created a large
population of people exposed to high doses of radiation. Radiation exposure has
several adverse side effects due to DNA breakage and includes increased cancer
susceptibility.74 There are two compound types to consider: radioprotectors and
radiomitigators. Radioprotectors function typically as free radical scavengers, and thus
must be administered prior to radiation exposure or at the exact moment of exposure.”
Radiomitigators, on the other hand, function by activating a series of cascading
pathways that play a role in DNA repair. These compounds can then be administered
after exposure, as they are able to assist in mitigating downstream effects. Two classes
of antibiotics were previously indicated as having success in vivo when administered to
mice post-radiation exposure.”

While these antibiotic classes are promising, their large, rigid structures make
penetration of the blood-brain barrier unlikely.” High-throughput screens were utilized
to identify a new class of radiomitigators (RM) with a smaller, more flexible structure.
One such compound, RM512 (structure shown in Figure 1B), was shown to extend

survival of treated mice out to 100 days post-exposure. While the effects of RM512
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have been positive, the distribution of the compound in tissue was thus far unknown and
was studied by MALDI-MSI.

A growing problem in the medical field is that of drug-resistant cancers. Recently,
synergistic treatment of such cancer cells via siRNA and small molecules utilizing a
novel drug delivery vehicle, mesoporous silica nanoparticles (MSNPs), has been
developed by Dr. Jeff Zink, and were shown to be effective in vitro.”®> We sought to
further explore their biodistribution via MALDI-MSI.

In this study, we examined the effects of wash solvents on the above-mentioned
molecules by MALDI-MSI. Additionally, we studied the biodistribution of these same
molecules in treated animals via MALDI-MSI. While the wash solvents were successful
for some of the molecules, they were not universally applicable. Biodistribution was
possible for some of the molecules, but LC-MS/MS analysis of the extracted tissue
homogenates indicate there are still sensitivity issues associated with MALDI-MSI.
METHODS

Materials. Diazepam, D5-diazepam, oxazepam, D5-oxazepam, temazepam, and
desmethyldiazepam were provided by Dr. Michael Hall (Amgen). SMRTs RTC13, BZ6,
BZ16, 216, 216-3, 216-3 salt, 216-4, 216-5, and 216-6 were synthesized by the lab of
Dr. Michael Jung (UCLA). Mesoporous silica nanoparticles (MSNP) were synthesized
by the lab of Dr. Jeffrey Zink (UCLA). RM512 was provided by the lab of Dr. Bill McBride
(UCLA). CLRO1 was provided by the lab of Dr. Gal Bitan. Eosin Y, hematoxylin, and
VectaShield hardset mounting medium were purchased from Fisher Scientific.
Acetonitrile (ACN), a-Cyano-4-hydroxycinnamic acid (CHCA), 2,5-dihydroxybenzoic

acid (DHB), dimethyl sulfoxide (DMSO), ethanol, formic acid (FA), glacial acetic acid,
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norharmane (NHM), titanium dioxide (TiO,), trifluoroacetic acid (TFA), and xylene were
purchased from Sigma-Aldrich.

Diazepam Animal Dosing. Male CD-1 mice (6-8 weeks) were used. Diazepam was
administered at a single dosage of 15 mg/kg as intraperitoneal injections. A total of 24
CD-1 mice were used: 6 vehicle controls 18 diazepam-dosed. Mice were bred and
maintained in a strict defined-flora, pathogen-free environment in the American
Association of Laboratory Animal Care—accredited animal facilities of the Amgen. The
Amgen Animal Care and Use Committee approved all experiments, which were done in
accordance with all local and national guidelines for the care and use of animals.
Diazepam Organ Extraction. Mice were sacrificed at 0 h (vehicle), 0.1 h, 1 h, and 6 h
using isofluorane, with 6 mice sacrificed at each timepoint. Additionally, at each of the
0.1 h, 1 h, and 6 h timepoints 3 different perfusion techniques were employed, with 2
mice per technique: minimal blood removal, light exsanguination by cardiocentesis, and
transcardio perfusion. Vehicle-treated mice were perfused with minimal blood removal.
Brains were excised, and each was flash frozen in -50 °C isopentane before being
stored at -80 °C until further experiments.

Diazepam Blood Collection. Approximately 0.07 mL of whole blood were collected per
mouse via retro-orbital sinus puncture vein or cardiac puncture. Blood was allowed to
clot for 20 mins at room temperature, and subsequently centrifuged for serum
(approximately 0.040 mL per mouse). All specimens were stored at -80 °C until further
experiments.

BZ6 and BZ16 Animal Dosing. C57/Black 6 (BL6) and severe compromised

immunodeficiency (SCID) mice were used. SMRTs BZ6 and BZ16 were administered at
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a dosage of 30 mg/kg over the course of 8 weeks for a total of 6 intraperitoneal
injections. A total of 8 C57BL/6 and 8 SCID mice were used for each of the 3 treatment
groups (vehicle, BZ6, and BZ16). Mice were bred and maintained in a strict defined-
flora, pathogen-free environment in the American Association of Laboratory Animal
Care—accredited animal facilities of the Department of Radiation Oncology, University of
California Los Angeles. The University of California at Los Angeles Animal Care and
Use Committee approved all experiments, which were done in accordance with all local
and national guidelines for the care and use of animals.

BZ6 and BZ16 Organ Extraction. Mice were sacrificed using isofluorane, and the
following organs were excised: brain, heart, kidney, liver, lung, and spleen. Each organ
was excised and flash frozen in -50 °C isopentane before being stored at -80 °C until
further experiments.

RTC13, 216, and 216-3 Animal Dosing. C57/Black 6 (BL6) mice were used. SMRTs
RTC13, 216, and 216-3 were administered a single dosage of 30 mg/kg as
intraperitoneal injections. A total of 20 C57BL/6 mice were used: 2 vehicle controls, 6
RTC13-dosed, 6 216-dosed, and 6 216-3-dosed. Mice were bred and maintained in a
strict defined-flora, pathogen-free environment in the American Association of
Laboratory Animal Care—accredited animal facilities of the Department of Radiation
Oncology, University of California Los Angeles. The University of California at Los
Angeles Animal Care and Use Committee approved all experiments, which were done
in accordance with all local and national guidelines for the care and use of animals.
RTC13, 216, and 216-3 Organ Extraction. Mice were sacrificed at 0 h (vehicle), 2 h, 8

h, and 24 h using isofluorane, with 2 mice per drug sacrificed at each timepoint. The
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following organs were excised: brain, heart, kidney, liver, lung, and spleen. Each organ
was excised and flash frozen in -50 °C isopentane before being stored at -80 °C until
further experiments.

RM512 Animal Dosing. C3H mice were used. RM512 was administered at a single
dosage of 5 mg/kg as intraperitoneal injections. A total of 8 C3H mice were used: 2
vehicle controls and 6 RM512-dosed. Mice were bred and maintained in a strict defined-
flora, pathogen-free environment in the American Association of Laboratory Animal
Care—accredited animal facilities of the Department of Radiation Oncology, University of
California Los Angeles. The University of California at Los Angeles Animal Care and
Use Committee approved all experiments, which were done in accordance with all local
and national guidelines for the care and use of animals.

RM512 Organ Extraction. Mice were sacrificed at 0 h (vehicle), 2 h, 4 h, and 24 h
using isofluorane, with 2 mice sacrificed at each timepoint. The following organs were
excised: brain, gut, heart, kidney, liver, lung, and spleen. Each organ was excised and
flash frozen in -50 °C isopentane before being stored at -80 °C until further experiments.
CLRO01 Animal Dosing. Triple transgenic neurodegenerative (Alzheimer’'s disease)
mice (older than 1 year) were used due to their 3XTg tau, APP, and PS1 gene
mutations that induce amyloid plaque formation. CLR0O1 was administered at a dosage
of 10 mg/kg once per day over the course of 5 days as intraperitoneal injections. A total
of 4 mice were used: 1 vehicle control and 3 CLRO1. Mice were bred and maintained in
a strict defined-flora, pathogen-free environment in the American Association of
Laboratory Animal Care—accredited animal facilities of the Department of Neurology,

University of California Los Angeles. The University of California at Los Angeles Animal
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Care and Use Committee approved all experiments, which were done in accordance
with all local and national guidelines for the care and use of animals.

CLRO01 Organ Extraction. Mice were sacrificed using isofluorane. The following organs
were excised: brain, liver, and spinal chord. Each organ was excised and flash frozen in
-50 °C isopentane before being stored at -80 °C until further experiments.

Tissue Preparation. Organs were sectioned on a Leica CM1850 Cryostat at a
thickness of 16 um. Brain, gut, heart, kidney, liver, and spleen were sectioned at a
temperature of -21 °C, while lung was sectioned at a temperature of -34 °C. All sections
were thaw-mounted onto a glass slide, dried under vacuum at room temperature for 10
minutes, and subjected to a wash step (where applicable). Slides were subsequently
coated in either a DHB or CHCA matrix at a concentration of 40 mg/mL or 7 mg/mL,
respectively, in 50% ACN, 50% H2O, and 0.1% TFA utilizing a Bruker ImagePrep or an
HTX Technologies TM Sprayer.

Mass Spectrometry Imaging. All mass spectrometry (MS) and mass spectrometry
imaging (MSI) were conducted on a Bruker Daltonics AutoFlex MALDI tandem time-of-
flight (TOF/TOF) mass spectrometer equipped with a Smartbeam-1I"™ Nd:YAG UV
laser. A small molecule method was employed, covering the range of 0 to 1,000 m/z,
operating in the linear positive mode. MSI experiments were run at a spatial resolution
of 200 to 400 um, averaging 500 spectra at each raster point. All experiments were run
utilizing Bruker Daltonics software Compass package: FlexControl and FlexImaging.
Additional MS experiments were conducted on a Bruker Daltonics SolariX Fourier-

transform ion cyclotron resonance mass spectrometer (FT-ICR-MS) equipped with a
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Smartbeam-II™ Nd:YAG UV Laser. All FT-ICR-MS data were collected using Bruker
Daltonics software, SolariXControl.

Data Analysis. All MALDI-TOF/TOF-MS data analysis was conducted manually using
Bruker Daltonics software, FlexAnalysis. All MALDI-TOF/TOF-MSI data analysis was
conducted manually using Bruker Daltonics software, Fleximaging. All MALDI-FT-ICR-
MS data analysis was conducted manually using Bruker Daltonics software,
DataAnalysis.

Tissue Homogenization and Extraction. Organs from each treatment group and
timepoint (where applicable) were homogenized using a 5 mL hand-held glass
homogenizer. A tissue to water ratio of 1 g to 4 mL was used. Tissues were suspended
in a given amount of water and pulverized for 30 s. From each homogenate stock, 50 uL
were mixed with 150 uL of either 10 uM BZ6 (for BZ16, 512 2 h brain, 216 2 h brain,
216-3 2 h brain, and RTC13 2 h brain) or 10 uM 216-5 standard in ACN (all other
organs, treatment groups, and timepoints), vortexed, and centrifuged for 10 min at
4,000 rpm. Supernatant was collected for future MS analysis. Brains from each
treatment group and timepoint in the diazepam study were homogenized using QIAGEN
TissueLyser Il. The same extraction protocol was followed post-homogenization. Both
D5-diazepam and D5-oxazepam were spiked into homogenates at a concentration of
0.1 uM for quantitative analyses.

Diazepam Serum Extraction. Plasma from each perfusion group and timepoint was
extracted by combining 100 uL of plasma with 300 uL of 100% ACN, vortexing, and

centrifuging for 10 min at 4000 rpm at room temperature. The supernatant was collected
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for future MS analysis. Both D5-diazepam and D5-oxazepam were spiked into serum
extracts at a concentration of 0.1 uM for quantitative analyses.
LC-MS/MS Validation. Samples were run on a Proxeon ThermoScientific EASY nano
liquid chromatography (nLC) system equipped with an Acclaim PepMap100 C18 76 um
x 2 cm NanoViper trap column with 3 um particle size and 100 A pore size and a
PepMapRSLC C18 75 um x 15 cm analytical column with 2 um particle size and 100 A
pore size. An aqueous mobile phase (A) was made up of 0.1% FA in H,O, and an
organic mobile phase (B) was made up of 0.1% FA in ACN. For each sample, 2 uL were
injected onto the trap column, washed with 100% A for 5 minutes, and small molecules
were eluted from the column with a gradient of 5-100% B over 5 minutes, and held at
100% B for 10 minutes at a flow rate of 5 uL/min. The nLC system is interfaced with a
ThermoScientific Q Exactive™ hybrid quadrupole-orbitrap mass spectrometer.
LC-MS/MS Data Analysis. Data were analyzed and quantified using Thermo Xcalibur
Qual and Quan Browser software. The molecular ions, [M+H]", for Diazepam (285.0794
m/z) and deuterated d-Diazepam (290.1108 m/z) were extracted within 10 ppm mass
accuracy using Qual Browser to confirm their presence in plasma and determine
approximate retention time (RT) windows for elution. Oxazepam (287.0587 m/z), a
metabolite of Diazepam was also examined along with a deuterated d5-Oxazepam
(292.0901 m/z) internal standard.

Qualitative analysis of Diazepam and Oxazepam in various mouse plasma
samples was performed using Thermo Quan Browser. All analyte ions were extracted
by their molecular ion m/z from the full MS scan of 200-2,000 m/z. Diazepam and d5-

Diazepam was integrated at RT 13.49 min. with a 60 sec. elution window. Oxazepam
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and d5-Oxazepam was integrated at 11.77 min. with a 60 sec. elution window. Peaks
were integrated using the ICIS integration algorithm with the following parameters: peak
detection: highest peak, smoothing points: 7, baseline window: 100, area noise factor:
2, peak noise factor: 10, minimum peak height (S/N): 3. Plasma concentrations for
Diazepam and Oxazepam were determined in relation to the peak areas of their
respective deuterated standards (0.01 uM). All samples were analyzed in triplicate.
RESULTS AND DISCUSSION

Wash Solvent Selection. Solvents were selected based on relative polarity. Water was
selected as the most polar solvent. Ethanol was selected for its high polarity, though
lower than that of water. Chloroform was selected for its mild polarity (lower than that of
ethanol and water). Xylene was selected for its low polarity. Ethanol was utilized at a
percentage of 70% in water. For washing procedures, slides were prepared with 8 thin
control tissue sections. The top 4 sections were spotted with drugs and used as
unwashed sections. The bottom 4 sections were spotted with the same drugs and used
as washed sections. Slides were submerged half-way into the wash solvent, allowed to
sit for 30 seconds, removed, and allowed to dry under vacuum prior to matrix coating
and MALDI-MSI analysis.

Diazepam Wash Solvents. Prior to wash analysis, diazepam was spotted onto a
ground steel plate in serial dilutions of 100 uM, 10 uM, 1 uM, 0.1 uM, and 0.01 uM in
ethanol. It was observed with detectable signal, and identified within the signal-to-noise
ratio cutoff at 1 uM, as shown in Figure 3. Though peaks were observed at 0.1 uM and
0.01 uM, they were not within the signal-to-noise range acceptable for peak

identification, as shown in Figure 3D-E. MS/MS data was collected, as shown in Figure
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3 inset. When this experiment was repeated on thin tissue sections thaw-mounted to a
glass slide, the detection limit was 10 uM, with no identifiable peaks at 1 uM or below as
shown in Figure 4. Because diazepam is soluble in ethanol, it was not expected that an
ethanol wash would allow for maintenance of diazepam localization. Wash experiments
with water, chloroform, and xylene indicated that water resulted in a 2-fold increase in
intensity of the diazepam peak when spotted on tissue, as shown in Figure 5B.
Chloroform and xylene washed diazepam from the tissue sections, resulting in no
detection of the spotted compound, as shown in Figure 5C-D. Known diazepam
metabolites oxazepam, temazepam, and desmethyldiazepam were studied as well
(structures shown in Figure 1D-F). Oxazepam was spotted onto a ground steel plate in
serial dilutions of 100 uM, 10 uM, 1 uM, 0.1 uM, and 0.01 uM in DMSO. It was observed
with detectable signal, and identified within the signal-to-noise ratio cutoff at 100 uM, as
shown in Figure 6. Though peaks were observed at 10 uM, 1 uM, 0.1 uM and 0.01 uM,
they were not within the signal-to-noise range acceptable for peak identification, as
shown in Figure 6B-E. MS/MS data was collected, as shown in Figure 6 inset.
Desmethyldiazepam was spotted onto a ground steel plate in serial dilutions of 100 uM,
10 uM, 1 uM, 0.1 uM, and 0.01 uM in DMSO. It was observed with detectable signal,
and identified within the signal-to-noise ratio cutoff at 100 uM, as shown in Figure 7.
Though peaks were observed at 10 uM, 1 uM, 0.1 uM, and 0.01 uM, they were not
within the signal-to-noise range acceptable for peak identification, as shown in Figure
7B-E. MS/MS data was collected, as shown in Figure 7 inset. Temazepam was spotted
onto a ground steel plate in serial dilutions of 100 uM, 10 uM, 1 uM, 0.1 uM, and 0.01
uM in DMSO. It was observed with detectable signal, and identified within the signal-to-
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noise ratio cutoff at 10 uM, as shown in Figure 8. Though peaks were observed at 1 uM,
0.1 uM, and 0.01 uM, they were not within the signal-to-noise range acceptable for peak
identification, as shown in Figure 8C-E. MS/MS data was collected, as shown in Figure
8 inset.

Diazepam Biodistribution in Brain by MALDI-MSI. The distribution of diazepam was
observed in treated CD-1 mice at 3 varied timepoints: 0.1 h, 1 h, and 6 h. For each
diazepam-treated mouse, 3 perfusion methods were tested: minimal perfusion
(standard pharmacokinetic perfusion), light exsanguination by cardiocentesis, and full
transcardio perfusion. It is known from previous studies that diazepam is able to cross
the blood-brain barrier.

Diazepam-treated 0.1 h Minimal Perfusion. Diazepam was not detected in the brain at
0.1 h post-dose. Briefly, 2 intact brains from diazepam-treated, minimally perfused CD-1
mice sacrificed at 0.1 h post-dose were compared to 2 intact brains excised from
vehicle-treated CD-1 minimally perfused mice sacrificed at 0.1 h. No unique peaks were
observed.

Diazepam-treated 1 h Minimal Perfusion. Diazepam was not detected in the brain at 1 h
post-dose. Briefly, 2 intact brains from diazepam-treated, minimally perfused CD-1 mice
sacrificed at 1 h post-dose were compared to 2 intact brains excised from vehicle-
treated CD-1 minimally perfused mice sacrificed at 1 h. No unique peaks were
observed.

Diazepam-treated 6 h Minimal Perfusion. Diazepam was not detected in the brain at 6 h
post-dose. Briefly, 2 intact brains from diazepam-treated, minimally perfused CD-1 mice

sacrificed at 6 h post-dose were compared to 2 intact brains excised from vehicle-
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treated CD-1 minimally perfused mice sacrificed at 6 h. No unique peaks were
observed.

Diazepam-treated 0.1 h Cardiocentesis. Diazepam was not detected in the brain at 0.1
h post-dose. Briefly, 2 intact brains from diazepam-treated, lightly perfused CD-1 mice
sacrificed at 0.1 h post-dose were compared to 2 intact brains excised from vehicle-
treated CD-1 minimally perfused mice sacrificed at 0.1 h. No unique peaks were
observed.

Diazepam-treated 1 h Cardiocentesis. Diazepam was not detected in the brain at 1 h
post-dose. Briefly, 2 intact brains from diazepam-treated, lightly perfused CD-1 mice
sacrificed at 1 h post-dose were compared to 2 intact brains excised from vehicle-
treated CD-1 minimally perfused mice sacrificed at 1 h. No unique peaks were
observed.

Diazepam-treated 6 h Cardiocentesis. Diazepam was not detected in the brain at 6 h
post-dose. Briefly, 2 intact brains from diazepam-treated, lightly perfused CD-1 mice
sacrificed at 6 h post-dose were compared to 2 intact brains excised from vehicle-
treated CD-1 minimally perfused mice sacrificed at 6 h. No unique peaks were
observed.

Diazepam-treated 0.1 h Transcardio Perfusion. Diazepam was not detected in the brain
at 0.1 h post-dose. Briefly, 2 intact brains from diazepam-treated, fully perfused CD-1
mice sacrificed at 0.1 h post-dose were compared to 2 intact brains excised from
vehicle-treated CD-1 minimally perfused mice sacrificed at 0.1 h. No unique peaks were

observed.
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Diazepam-treated 1 h Transcardio Perfusion. Diazepam was not detected in the brain at
1 h post-dose. Briefly, 2 intact brains from diazepam-treated, fully perfused CD-1 mice
sacrificed at 1 h post-dose were compared to 2 intact brains excised from vehicle-
treated CD-1 minimally perfused mice sacrificed at 1 h. No unique peaks were
observed.

Diazepam-treated 6 h Transcardio Perfusion. Diazepam was not detected in the brain at
6 h post-dose. Briefly, 2 intact brains from diazepam-treated, fully perfused CD-1 mice
sacrificed at 6 h post-dose were compared to 2 intact brains excised from vehicle-
treated CD-1 minimally perfused mice sacrificed at 6 h. No unique peaks were
observed.

Diazepam Biodistribution in Brain by LC-MS/MS. Diazepam was not observed in the
brain via MALDI-MSI. Extracted brain tissue homogenates were analyzed via LC-
MS/MS for diazepam content, and roughly quantitated using D5-diazepam as a
standard. Concentration was calculated based on relative intensities of the 0.1 uM D5-
diazepam peak compared to that of the diazepam peak, assuming a mass of 0.5 g for
each mouse brain. Additionally, concentration of a diazepam metabolite, oxazepam,
was calculated based on relative intensities of the 0.1 uM D5-oxazepam peak.
Diazepam-treated 0.1 h Minimal Perfusion. Diazepam was not detected in the brain at
0.1 h post-dose via MALDI-MSI; however, it was observed via LC-MS/MS. The D5-
diazepam standard eluted at 13.09 min, and the diazepam peak eluted at 13.21 min at
285.0769 m/z, as shown in Figure 9. The D5-oxazepam eluted at 11.65 min, and the
oxazepam peak eluted at 11.70 min at 287.0749 m/z, as shown in Figure 10. A brain

sample taken from a diazepam-treated CD-1 mouse that was minimally perfused at 0.1
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h post-dose was compared to a brain sample taken from a vehicle-treated CD-1 mouse
that was minimally perfused at 0.1 h. This was confirmed by MS/MS analysis of the
diazepam peak. Diazepam was detected at a concentration of 985.59 nM (1.12 ug/g) as
shown in Table 1. Oxazepam was detected at a concentration of 296.32 nM (0.31 ug/g)
as shown in Table 2.

Diazepam-treated 1 h Minimal Perfusion. Diazepam was not detected in the brain at 1 h
post-dose via MALDI-MSI; however, it was observed via LC-MS/MS. The D5-diazepam
standard eluted at 13.10 min, and the diazepam peak eluted at 13.21 min at 285.2964
m/z, as shown in Figure 11. The D5-oxazepam eluted at 11.59 min, and the oxazepam
peak eluted at 11.70 min at 287.0749 m/z, as shown in Figure 12. A brain sample taken
from a diazepam-treated CD-1 mouse that was minimally perfused at 1 h post-dose was
compared to a brain sample taken from a vehicle-treated CD-1 mouse that was
minimally perfused at 1 h. This was confirmed by MS/MS analysis of the diazepam
peak. Diazepam was detected at a concentration of 66.03 nM (0.08 ug/g), as shown in
Table 1. Oxazepam was detected at a concentration of 296.82 nM (0.41 ug/g), as
shown in Table 2.

Diazepam-treated 6 h Minimal Perfusion. Diazepam was not detected in the brain at 6 h
post-dose via MALDI-MSI; however, it was observed via LC-MS/MS. The D5-diazepam
standard eluted at 13.14 min, and the diazepam peak eluted at 13.23 285.2963 min at
m/z, as shown in Figure 13. The D5-oxazepam eluted at 11.62 min, and the oxazepam
peak eluted at 11.68 min at 287.0567 m/z, as shown in Figure 14. A brain sample taken
from a diazepam-treated CD-1 mouse that was minimally perfused at 6 h post-dose was

compared to a brain sample taken from a vehicle-treated CD-1 mouse that was
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minimally perfused at 6 h. This was confirmed by MS/MS analysis of the diazepam
peak. Diazepam was detected at a concentration of 4.25 nM (0.00 ug/g), as shown in
Table 1. Oxazepam was detected at a concentration of 289.82 nM (0.46 ug/g), as
shown in Table 2.

Diazepam-treated 0.1 h Cardiocentesis. Diazepam was not detected in the brain at 0.1
h post-dose via MALDI-MSI; however, it was observed via LC-MS/MS. The D5-
diazepam standard eluted at 13.17 min, and the diazepam peak eluted at 13.28 min at
285.0775 m/z, as shown in Figure 15. The D5-oxazepam eluted at 11.63 min, and the
oxazepam peak eluted at 11.69 min at 287.0746 m/z, as shown in Figure 16. A brain
sample taken from a diazepam-treated CD-1 mouse that was lightly perfused at 0.1 h
post-dose was compared to a brain sample taken from a vehicle-treated CD-1 mouse
that was minimally perfused at 0.1 h. This was confirmed by MS/MS analysis of the
diazepam peak. Diazepam was detected at a concentration of 743.50 nM (0.84 ug/g),
as shown in Table 1. Oxazepam was detected at a concentration of 565.77 nM (1.15
ug/g), as shown in Table 2.

Diazepam-treated 1 h Cardiocentesis. Diazepam was not detected in the brain at 1 h
post-dose via MALDI-MSI; however, it was observed via LC-MS/MS. The D5-diazepam
standard eluted at 13.24 min, and the diazepam peak eluted at 13.32 min at 285.0776
m/z, as shown in Figure 17. The D5-oxazepam eluted at 11.62 min, and the oxazepam
peak eluted at 11.68 min at 287.0747 m/z, as shown in Figure 18. A brain sample taken
from a diazepam-treated CD-1 mouse that was lightly perfused at 1 h post-dose was
compared to a brain sample taken from a vehicle-treated CD-1 mouse that was

minimally perfused at 1 h. This was confirmed by MS/MS analysis of the diazepam
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peak. Diazepam was detected at a concentration of 88.95 nM (0.10 ug/g), as shown in
Table 1. Oxazepam was detected at a concentration of 408.61 nM (0.67 ug/g), as
shown in Table 2.

Diazepam-treated 6 h Cardiocentesis. Diazepam was not detected in the brain at 6 h
post-dose via MALDI-MSI; however, it was observed via LC-MS/MS. The D5-diazepam
standard eluted at 13.32 min, and the diazepam peak eluted at 13.41 min, though no
distinguishable diazepam peak was detected in the mass spectrum, as shown in Figure
19. The D5-oxazepam eluted at 11.68 min, and the oxazepam peak eluted at 11.71 min
at 287.06 m/z, as shown in Figure 20. A brain sample taken from a diazepam-treated
CD-1 mouse that was lightly perfused at 6 h post-dose was compared to a brain sample
taken from a vehicle-treated CD-1 mouse that was minimally perfused at 6 h. This was
confirmed by MS/MS analysis of the diazepam peak. Diazepam was detected at a
concentration of 3.06 nM (0.00 ug/g), as shown in Table 1. Oxazepam was detected at
a concentration of 5.09 nM (0.01 ug/g), as shown in Table 2.

Diazepam-treated 0.1 h Transcardio Perfusion. Diazepam was not detected in the brain
at 0.1 h post-dose via MALDI-MSI; however, it was observed via LC-MS/MS. The D5-
diazepam standard eluted at 13.39 min, and the diazepam peak eluted at 13.46 min at
285.0775 m/z, as shown in Figure 21. The D5-oxazepam eluted at 11.68 min, and the
oxazepam peak eluted at 11.74 min at 287.0747 m/z, as shown in Figure 22. A brain
sample taken from a diazepam-treated CD-1 mouse that was fully perfused at 0.1 h
post-dose was compared to a brain sample taken from a vehicle-treated CD-1 mouse
that was minimally perfused at 0.1 h. This was confirmed by MS/MS analysis of the

diazepam peak. Diazepam was detected at a concentration of 1466.42 nM (1.67 ug/g),
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as shown in Table 1. Oxazepam was detected at a concentration of 532.41 nM (1.16
ug/g), as shown in Table 2.

Diazepam-treated 1 h Transcardio Perfusion. Diazepam was not detected in the brain at
1 h post-dose via MALDI-MSI; however, it was observed via LC-MS/MS. The D5-
diazepam standard eluted at 13.38 min, and the diazepam peak eluted at 13.46 min at
285.2971 m/z, as shown in Figure 23. The D5-oxazepam eluted at 11.67 min, and the
oxazepam peak eluted at 11.70 min at 287.0747 m/z, as shown in Figure 24. A brain
sample taken from a diazepam-treated CD-1 mouse that was fully perfused at 1 h post-
dose was compared to a brain sample taken from a vehicle-treated CD-1 mouse that
was minimally perfused at 1 h. This was confirmed by MS/MS analysis of the diazepam
peak. Diazepam was detected at a concentration of 74.22 nM (0.08 ug/g), as shown in
Table 1. Oxazepam was detected at a concentration of 1355.24 nM (3.40 ug/g), as
shown in Table 2.

Diazepam-treated 6 h Transcardio Perfusion. Diazepam was not detected in the brain at
6 h post-dose via MALDI-MSI; however, it was observed via LC-MS/MS. The D5-
diazepam standard eluted at 13.41 min, and the diazepam peak eluted at 13.50 min at
285.2963 m/z, as shown in Figure 25. The D5-oxazepam eluted at 11.70 min, and the
oxazepam peak eluted at 11.74 min at 287.0747 m/z, as shown in Figure 26. A brain
sample taken from a diazepam-treated CD-1 mouse that was fully perfused at 6 h post-
dose was compared to a brain sample taken from a vehicle-treated CD-1 mouse that
was minimally perfused at 6 h. This was confirmed by MS/MS analysis of the diazepam

peak. Diazepam was detected at a concentration of 99.09 nM (0.11 ug/g), as shown in
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Table 1. Oxazepam was detected at a concentration of 650.98 nM (0.70 ug/g), as
shown in Table 2.

Diazepam Presence in Serum by LC-MS/MS. Diazepam was not observed in the
brain via MALDI-MSI. Extracted serum samples were analyzed via LC-MS/MS for
diazepam content to assess entry into the bloodstream, and roughly quantitated using
D5-diazepam as a standard. Concentration was calculated based on relative intensities
of the 0.1 uM D5-diazepam peak compared to that of the diazepam peak, assuming a
mass of 0.5 g for each mouse brain. Additionally, concentration of a diazepam
metabolite, oxazepam, was calculated based on relative intensities of the 0.1 uM D5-
oxazepam peak.

Diazepam-treated 0.1 h Minimal Perfusion. Diazepam was observed via LC-MS/MS.
The D5-diazepam standard eluted at 13.46 min, and the diazepam peak eluted at 13.55
min at 285.2958 m/z, as shown in Figure 27. The D5-oxazepam eluted at 11.77 min,
and the oxazepam peak eluted at 11.82 min at 287.0745 m/z, as shown in Figure 28. A
serum sample taken from a diazepam-treated CD-1 mouse that was minimally perfused
at 0.1 h post-dose was compared to a serum sample taken from a vehicle-treated CD-1
mouse that was minimally perfused at 0.1 h. This was confirmed by MS/MS analysis of
the diazepam peak. Diazepam was detected at a concentration of 269.52 nM (0.78
ug/g), as shown in Table 3. Oxazepam was detected at a concentration of 684.86 nM
(0.34 ug/g), as shown in Table 4.

Diazepam-treated 1 h Minimal Perfusion. Diazepam was observed via LC-MS/MS. The
D5-diazepam standard eluted at 13.45 min, and the diazepam peak eluted at 13.53 min

at 285.0082 m/z, as shown in Figure 29. The D5-oxazepam peak eluted at 11.72 min,
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and the oxazepam peak eluted at 11.75 min at 287.0746 m/z, as shown in Figure 30. A
serum sample taken from a diazepam-treated CD-1 mouse that was minimally perfused
at 1 h post-dose was compared to a serum sample taken from a vehicle-treated CD-1
mouse that was minimally perfused at 1 h. This was confirmed by MS/MS analysis of
the diazepam peak. Diazepam was detected at a concentration of 362.36 nM (0.07
ug/g), as shown in Table 3. Oxazepam was detected at a concentration of 684.86 nM
(0.34 ug/g), as shown in Table 4.

Diazepam-treated 6 h Minimal Perfusion. Diazepam was observed via LC-MS/MS. The
D5-diazepam standard eluted at 13.48 min, and the diazepam peak eluted at 13.51 min
at 285.2213 m/z, as shown in Figure 31. The D5-oxazepam peak eluted at 11.72 min,
and the oxazepam peak eluted at 11.77 min at 287.06 m/z, as shown in Figure 32. A
serum sample taken from a diazepam-treated CD-1 mouse that was minimally perfused
at 6 h post-dose was compared to a serum sample taken from a vehicle-treated CD-1
mouse that was minimally perfused at 6 h. This was confirmed by MS/MS analysis of
the diazepam peak. Diazepam was detected at a concentration of 7.88 nM (0.01 ug/g),
as shown in Table 3. Oxazepam was detected at a concentration of 401.50 nM (0.33
ug/g), as shown in Table 4.

Diazepam-treated 0.1 h Cardiocentesis. Diazepam was observed via LC-MS/MS. The
D5-diazepam standard eluted at 13.47 min, and the diazepam peak eluted at 13.55 min
at 285.0086 m/z, as shown in Figure 33. The D5-oxazepam peak eluted at 11.74 min,
and the oxazepam peak eluted at 11.79 min at 287.0746 m/z, as shown in Figure 34. A
serum sample taken from a diazepam-treated CD-1 mouse that was lightly perfused at

0.1 h post-dose was compared to a serum sample taken from a vehicle-treated CD-1
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mouse that was minimally perfused at 0.1 h. This was confirmed by MS/MS analysis of
the diazepam peak. Diazepam was detected at a concentration of 615.26 nM (0.70
ug/g), as shown in Table 3. Oxazepam was detected at a concentration of 1009.21 nM
(0.64 ug/g), as shown in Table 4.

Diazepam-treated 1 h Cardiocentesis. Diazepam was observed via LC-MS/MS. The D5-
diazepam standard eluted at 13.46 min, and the diazepam peak eluted at 13.51 min at
285.2980 m/z, as shown in Figure 35. The D5-oxazepam peak eluted at 11.71 min, and
the oxazepam peak eluted at 11.76 min at 287.0746 m/z, as shown in Figure 36. A
serum sample taken from a diazepam-treated CD-1 mouse that was lightly perfused at
1 h post-dose was compared to a serum sample taken from a vehicle-treated CD-1
mouse that was minimally perfused at 1 h. This was confirmed by MS/MS analysis of
the diazepam peak. Diazepam was detected at a concentration of 65.90 nM (0.07 ug/g),
as shown in Table 3. Oxazepam was detected at a concentration of 590.42 nM (0.46
ug/g), as shown in Table 4.

Diazepam-treated 6 h Cardiocentesis. Diazepam was observed via LC-MS/MS. The D5-
diazepam standard eluted at 13.44 min, and the diazepam peak eluted at 13.55 min at
285.0081 m/z, as shown in Figure 37. The D5-oxazepam peak eluted at 11.74 min, and
the oxazepam peak eluted at 11.80 min at 287.0567 m/z, as shown in Figure 38. A
serum sample taken from a diazepam-treated CD-1 mouse that was lightly perfused at
6 h post-dose was compared to a serum sample taken from a vehicle-treated CD-1
mouse that was minimally perfused at 6 h. This was confirmed by MS/MS analysis of

the diazepam peak. Diazepam was detected at a concentration of 6.55 nM (0.01 ug/g),
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as shown in Table 3. Oxazepam was detected at a concentration of 11.51 nM (0.01
ug/g), as shown in Table 4.

Diazepam-treated 0.1 h Transcardio Perfusion. Diazepam was observed via LC-
MS/MS. The D5-diazepam standard eluted at 13.45 min, and the diazepam peak eluted
at 13.56 min at 285.2969 m/z, as shown in Figure 39. The D5-oxazepam peak eluted at
11.74 min, and the oxazepam peak eluted at 11.79 min at 287.0747 m/z, as shown in
Figure 40. A serum sample taken from a diazepam-treated CD-1 mouse that was fully
perfused at 0.1 h post-dose was compared to a serum sample taken from a vehicle-
treated CD-1 mouse that was minimally perfused at 0.1 h. This was confirmed by
MS/MS analysis of the diazepam peak. Diazepam was detected at a concentration of
806.41 nM (0.92 ug/g), as shown in Table 3. Oxazepam was detected at a
concentration of 1023.29 nM (0.60 ug/g), as shown in Table 4.

Diazepam-treated 1 h Transcardio Perfusion. Diazepam was observed via LC-MS/MS.
The D5-diazepam standard eluted at 13.46 min, and the diazepam peak eluted at 13.55
min at 285.0081 m/z, as shown in Figure 41. The D5-oxazepam peak eluted at 11.72
min, and the oxazepam peak eluted at 11.76 min at 287.0748 m/z, as shown in Figure
42. A serum sample taken from a diazepam-treated CD-1 mouse that was fully perfused
at 1 h post-dose was compared to a serum sample taken from a vehicle-treated CD-1
mouse that was minimally perfused at 1 h. This was confirmed by MS/MS analysis of
the diazepam peak. Diazepam was detected at a concentration of 32.02 nM (0.04 ug/qg),
as shown in Table 3. Oxazepam was detected at a concentration of 2995.41 nM (1.54

ug/g), as shown in Table 4.
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Diazepam-treated 6 h Transcardio Perfusion. Diazepam was observed via LC-MS/MS.
The D5-diazepam standard eluted at 13.45 min, and the diazepam peak eluted at 13.53
min at 285.0092 m/z, as shown in Figure 43. The D5-oxazepam peak eluted at 11.72
min, and the oxazepam peak eluted at 11.76 min at 287.06 m/z, as shown in Figure 44.
A serum sample taken from a diazepam-treated CD-1 mouse that was fully perfused at
6 h post-dose was compared to a serum sample taken from a vehicle-treated CD-1
mouse that was minimally perfused at 6 h. This was confirmed by MS/MS analysis of
the diazepam peak. Diazepam was detected at a concentration of 5.19 nM (0.01 ug/g),
as shown in Table 3. Oxazepam was detected at a concentration of 614.49 nM (0.74
ug/g), as shown in Table 4.
SMRT Wash Solvents. Prior to wash analysis, SMRT compounds were spotted onto
thin tissue sections in serial dilutions of 500 uM, 50 uM, 5 uM, 0.5 uM, and 0.05 uM in
DMSO for BZ6 and BZ16. BZ6 had an additional dilution at 50 mM in DMSO. RTC13
and 216 had an additional dilution at 1 mM in DMSO. All SMRT compounds had high
intensity peaks corresponding to their sodiated forms. These sodiated peaks were
present at much higher amounts than the protonated peaks. BZ16 was observed with
detectable signal, and identified within the signal-to-noise ratio cutoff at 0.05 uM, though
a mass shift was observed. BZ6 was observed with detectable signal, and identified
within the signal-to-noise ratio cutoff at 500 uM, a sharp increase compared to the
detection limit of BZ16. RTC13 and 216 were observed with detectable signal, and
identified within the signal-to-noise ratio cutoff at 100 uM.

Overall, wash experiments showed a lowered baseline in tissue average spectra,

as shown in Figure 45. Wash experiments with water, chloroform, and xylene indicated

68



that ethanol resulted in an increase in intensity of the BZ6 and BZ16 peaks when
spotted on tissue, and did not cause delocalization, as shown in Figure 46. Water,
chloroform and xylene washed BZ6 and BZ16 from the tissue sections, resulting in no
detection of the spotted compound. Potential adducts of 216 and 216-3 were observed
at 345 and 326 m/z, respectively, in water washed tissue sections with little
delocalization. Ethanol, xylene, and chloroform washed 216 and 216-3 from the tissue
sections, resulting in no detection of the spotted compound. Water, ethanol, chloroform,
and xylene washed RTC13 from the tissue sections, resulting in no detection of the
spotted compound.

SMRT Biodistribution by MALDI-MSI. SMRT biodistribution via MALDI-MSI is
reported in Chapter 3. Ultimately, the 70% ethanol wash enhanced signal and allowed
for the detected of the sodiated BZ16 peak in treated brain.

BZ6-treated SCID mice exhibited several unique peaks. A peak at 84 m/z was
detected in both the cerebrum and the cerebellum. Washed and unwashed images of
the cerebellum in Figure 47A-B show that delocalization did not occur after the 70%
ethanol wash step; and, signal not detected in the unwashed sections was observed in
the periphery, likely due to the elimination of salts and other interfering compounds.
Figure 48A-B, Figure 49A-B, Figure 50A-B, and Figure 51A-B show the same trend in
BZ6-treated SCID brain, but for a peak at 183 m/z, 736 m/z, 763 m/z, and 801 m/z
respectively.

BZ16-treated C57BL/6 mice exhibited several unique peaks, as well. BZ16 was
detected, in its monosodiated form, in cerebrum and cerebellum sections. Figure 52A

shows that the BZ16 peak was not observed in unwashed tissue sections; however, as
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shown in Figure 52B, a 70% ethanol wash was able to enhance this signal to allow for
the detected of BZ16.

SMRT Biodistribution by LC-MS/MS. SMRT biodistribution via LC-MS/MS is reported
in Chapter 3.

CLRO01 Wash Solvents. Prior to wash analysis, CLR01 was spotted onto thin tissue
sections to observe spectral peaks. Protonated, mono-sodiated, and di-sodiated peaks
from CLRO1 were observed. Water, ethanol, chloroform, and xylene washed CLRO1
from the tissue sections, resulting in no detection of the spotted compound.

CLRO1 Biodistribution in Brain by MALDI-MSI. Biodistribution of CLRO1 was
assessed in triple transgenic mice. This group consisted of three mice treated with
CLRO1. This particular strain of laboratory mouse was considered a control, with no
investigation of therapeutic effects associated with CLRO1 treatment. A peak
corresponding to the protonated form of CLR0O1 726 m/z observed in standard MALDI
analysis was observed in treated brains, at the base of the brains, as shown in Figure
53. This mass was observed in both positive and negative modes. MS/MS analysis of
the 726 m/z peak yielded fragment ions at 580, 581, 582, 583, and 584 m/z with the
same localization, as shown in Figure 54. These fragments did not correspond to
previously observed fragments in standard MALDI analyses.

CLRO1 Biodistribution in Brain by LC-MS/MS. Excised organs from 1 CLRO1-treated
triple transgenic rat (specimen R1) was individually homogenized with water, proteins
were crashed out with ACN, and resulting supernatant was run via LC-MS/MS using
previously mentioned methods. BZ6 (239.0233 m/z) or 216-5 (419.1284 m/z) was

utilized as an internal standard, spiked in during homogenization and prior to extraction.
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Extracted ion chromatograms (XIC) were obtained for the transition observed from
725.32158.7 m/z, with the standard shown in Figure 55. The peak eluted at
approximately 50 min at very low abundance, as shown in Figure 56.

RM512 Wash Solvents. Prior to wash analysis, RM512 was spotted onto thin tissue
sections to observe spectral peaks. Protonated RM512 was observed. Water, ethanol,
chloroform, and xylene washed RM512 from the tissue sections, resulting in no
detection of the spotted compound. While RM512 was readily observed by MALDI when
spotted on a groundsteel plate, as well as a thin tissue section, as shown in Figure 57A-
B, it was not observed when spotted on a tissue section with a mixture of other small
drug compounds, as shown in Figure 57C. This suggests RM512 is susceptible to the
effects of ion suppression in complex matrices.

RM512 Biodistribution by MALDI-MSI. Biodistribution of RM512 was assessed in C3H
mice. This group consisted of eight mice treated with RM512. This particular strain of
laboratory mouse was considered a control, with no investigation of therapeutic effects
associated with RM512 treatment.

2 h Brain. RM512 analyses of brains excised at 2 h post-dose yielded 2 unique peaks.
Two intact brain samples taken from RM512-treated C3H mice were compared to 2
brains excised from vehicle-treated C3H mice. Peaks were observed at 260 and 298
m/z, as shown in Figure 58. A peak corresponding to the protonated form of RM512
observed in standard MALDI runs was not detected via MSI.

2 h Gut. No unique peaks were detected in gut samples at 2 h post-dose. Two gut
samples excised from RM512-treated C3H mice were compared to 2 gut samples

excised from vehicle-treated C3H mice.
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2 h Heart. RM512 analyses of hearts excised at 2 h post-dose yielded 3 unique peaks.
Two heart samples taken from RM512-treated C3H mice were compared to 2 hearts
excised from vehicle-treated C3H mice. Peaks were observed at 64, 334, and 339 m/z,
as shown in Figure 59B-D. A peak corresponding to the protonated form of RM512
observed in standard MALDI runs was not detected via MSI.

2 h Kidney. RM512 analyses of kidneys excised at 2 h post-dose yielded 1 unique peak.
Four kidney samples taken from RM512-treated C3H mice were compared to 4 kidneys
excised from vehicle-treated C3H mice. A peak was observed at 185 m/z, as shown in
Figure 60B. A peak corresponding to the protonated form of RM512 observed in
standard MALDI runs was not detected via MSI.

2 h Liver. No unique peaks were detected in liver samples at 2 h post-dose. Two liver
samples excised from RM512-treated C3H mice were compared to 2 liver samples
excised from vehicle-treated C3H mice.

2 h Lung. RM512 analyses of lungs excised at 2 h post-dose yielded 1 unique peak.
Four lung samples taken from RM512-treated C3H mice were compared to 4 lungs
excised from vehicle-treated C3H mice. A peak was observed at 621 m/z, as shown in
Figure 61. A peak corresponding to the protonated form of RM512 observed in standard
MALDI runs was not detected via MSI.

2 h Spleen. RM512 analyses of spleen excised at 2 h post-dose yielded 1 unique peak.
Two spleen samples taken from RM512-treated C3H mice were compared to 2 spleen
samples excised from vehicle-treated C3H mice. A peak was observed at 185 m/z, as
shown in Figure 62. A peak corresponding to the protonated form of RM512 observed in

standard MALDI runs was not detected via MSI.
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4 h Brain. RM512 analyses of brains excised at 4 h post-dose yielded 1 unique peak.
Two intact brain samples taken from RM512-treated C3H mice were compared to 2
brains excised from vehicle-treated C3H mice. A peak was observed at 260 m/z, as
shown in Figure 58A. A peak corresponding to the protonated form of RM512 observed
in standard MALDI runs was not detected via MSI.

4 h Gut. No unique peaks were detected in gut samples at 4 h post-dose. Two gut
samples excised from RM512-treated C3H mice were compared to 2 gut samples
excised from vehicle-treated C3H mice.

4 h Heart. RM512 analyses of hearts excised at 4 h post-dose yielded 5 unique peaks.
Two heart samples taken from RM512-treated C3H mice were compared to 2 hearts
excised from vehicle-treated C3H mice. Peaks were observed at 50, 64, 79, 334, and
339 m/z, as shown in Figure 59. A peak corresponding to the protonated form of RM512
observed in standard MALDI runs was not detected via MSI.

4 h Kidney. RM512 analyses of kidneys excised at 4 h post-dose yielded 1 unique peak.
Four kidney samples taken from RM512-treated C3H mice were compared to 4 kidneys
excised from vehicle-treated C3H mice. A peak was observed at 185 m/z, as shown in
Figure 60B. A peak corresponding to the protonated form of RM512 observed in
standard MALDI runs was not detected via MSI.

4 h Liver. No unique peaks were detected in liver samples at 4 h post-dose. Two liver
samples excised from RM512-treated C3H mice were compared to 2 liver samples
excised from vehicle-treated C3H mice.

4 h Lung. RM512 analyses of lungs excised at 4 h post-dose yielded 1 unique peak.

Four lung samples taken from RM512-treated C3H mice were compared to 4 lungs
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excised from vehicle-treated C3H mice. A peak was observed at 621 m/z, as shown in
Figure 61. A peak corresponding to the protonated form of RM512 observed in standard
MALDI runs was not detected via MSI.

4 h Spleen. No unique peaks were detected in spleen samples at 4 h post-dose. Two
spleen samples excised from RM512-treated C3H mice were compared to 2 spleen
samples excised from vehicle-treated C3H mice.

24 h Brain. No unique peaks were detected in brain samples at 24 h post-dose. Two
intact brain samples taken from RM512-treated C3H mice were compared to 2 brains
excised from vehicle-treated C3H mice.

24 h Gut. No unique peaks were detected in gut samples at 24 h post-dose. Two gut
samples excised from RM512-treated C3H mice were compared to 2 gut samples
excised from vehicle-treated C3H mice.

24 h Heart. RM512 analyses of hearts excised at 24 h post-dose yielded 4 unique
peaks. Two heart samples taken from RM512-treated C3H mice were compared to 2
hearts excised from vehicle-treated C3H mice. Peaks were observed at 50, 64, 79, and
334 m/z, as shown in Figure 59. A peak corresponding to the protonated form of RM512
observed in standard MALDI runs was not detected via MSI.

24 h Kidney. RM512 analyses of kidneys excised at 2 h post-dose yielded 2 unique
peaks. Four kidney samples taken from RM512-treated C3H mice were compared to 4
kidneys excised from vehicle-treated C3H mice. Peaks were observed at 163 and 185
m/z, as shown in Figure 60. A peak corresponding to the protonated form of RM512

observed in standard MALDI runs was not detected via MSI.
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24 h Liver. No unique peaks were detected in liver samples at 24 h post-dose. Two liver
samples excised from RM512-treated C3H mice were compared to 2 liver samples
excised from vehicle-treated C3H mice.

24 h Lung. RM512 analyses of lungs excised at 24 h post-dose yielded 1 unique peak.
Four lung samples taken from RM512-treated C3H mice were compared to 4 lungs
excised from vehicle-treated C3H mice. A peak was observed at 621 m/z, as shown in
Figure 61. A peak corresponding to the protonated form of RM512 observed in standard
MALDI runs was not detected via MSI.

24 h Spleen. RM512 analyses of spleen excised at 24 h post-dose yielded 2 unique
peaks. Two spleen samples taken from RM512-treated C3H mice were compared to 2
spleen samples excised from vehicle-treated C3H mice. Peaks were observed at 185
and 621 m/z, as shown in Figure 62. A peak corresponding to the protonated form of
RM512 observed in standard MALDI runs was not detected via MSI.

RM512 Biodistribution by LC-MS/MS. Excised organs from 3 RM512-treated C3H
mouse (specimen 2hM1, 4hM1, and 24hM1) and 1 vehicle-treated C3H mouse
(specimen OhM1) were individually homogenized with water, proteins were crashed out
with ACN, and resulting supernatant was run via LC-MS/MS using previously mentioned
methods. BZ6 (239.0233 m/z) or 216-5 (419.1284 m/z) was utilized as an internal
standard, spiked in during homogenization and prior to extraction. Extracted ion
chromatograms (XIC) were obtained for the intact, protonated masses of each
compound.

2 h Brain. . Intact RM512 was not detected in the brain using MALDI-MSI, but it was

detected in extracted brain homogenate. The BZ6 standard eluted at 6.95 min, and the
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RM512 peak eluted at 10.26 min at 348.1003 m/z, as shown in Figure 63. A brain
sample taken from RM512-treated C3H mouse 2hM1 was compared to a spleen sample
taken from vehicle-treated C3H mouse OhM1. The observed mass was well within a
mass accuracy of 10 ppm, as was confirmed by MS/MS.

2 h Gut. Intact RM512 was not detected in the gut via MALDI-MSI, and was not
detected in extracted gut homogenate, as well. The 216-5 standard eluted at 8.73 min.
While several peaks were observed during the chromatographic run, RM512 was not,
as shown in the XIC and the lack of an accurate mass in the mass spectrum. A gut
sample taken from RM512-treated C3H mouse 2hM1 was compared to a gut sample
taken from vehicle-treated C3H mouse OhM1.

2 h Heart. Intact RM512 was not detected in the heart via MALDI-MSI, and was not
detected in extracted heart homogenate, as well. The 216-5 standard eluted at 8.73
min. While several peaks were observed during the chromatographic run, RM512 was
not, as shown in the XIC and the lack of an accurate mass in the mass spectrum. A
heart sample taken from RM512-treated C3H mouse 2hM1 was compared to a heart
sample taken from vehicle-treated C3H mouse OhM1.

2 h Kidney. Intact RM512 was not detected in the kidney via MALDI-MSI, and was not
detected in extracted kidney homogenate, as well. The 216-5 standard eluted at 8.74
min. While several peaks were observed during the chromatographic run, RM512 was
not, as shown in the XIC and the lack of an accurate mass in the mass spectrum. A
kidney sample taken from RM512-treated C3H mouse 2hM1 was compared to a kidney

sample taken from vehicle-treated C3H mouse OhM1.
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2 h Liver. Intact RM512 was not detected in the liver via MALDI-MSI, and was not
detected in extracted liver homogenate, as well. The 216-5 standard eluted at 8.74 min.
While several peaks were observed during the chromatographic run, RM512 was not,
as shown in the XIC and the lack of an accurate mass in the mass spectrum. A liver
sample taken from RM512-treated C3H mouse 2hM1 was compared to a liver sample
taken from vehicle-treated C3H mouse OhM1.

2 h Lung. Intact RM512 was not detected in the lung via MALDI-MSI, and was not
detected in extracted lung homogenate, as well. The 216-5 standard eluted at 8.74 min.
While several peaks were observed during the chromatographic run, RM512 was not,
as shown in the XIC and the lack of an accurate mass in the mass spectrum. A lung
sample taken from RM512-treated C3H mouse 2hM1 was compared to a lung sample
taken from vehicle-treated C3H mouse OhM1.

2 h Spleen. Intact RM512 was not detected in the spleen via MALDI-MSI, and was not
detected in extracted spleen homogenate, as well. The 216-5 standard eluted at 8.75
min. While several peaks were observed during the chromatographic run, RM512 was
not, as shown in the XIC and the lack of an accurate mass in the mass spectrum. A
spleen sample taken from RM512-treated C3H mouse 2hM1 was compared to a spleen
sample taken from vehicle-treated C3H mouse OhM1.

4 h Brain. Intact RM512 was not detected in the brain via MALDI-MSI, and was not
detected in extracted brain homogenate, as well. The 216-5 standard eluted at 8.74
min. While several peaks were observed during the chromatographic run, RM512 was

not, as shown in the XIC and the lack of an accurate mass in the mass spectrum. A
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brain sample taken from RM512-treated C3H mouse 4hM1 was compared to a brain
sample taken from vehicle-treated C3H mouse OhM1.

4 h Gut. Intact RM512 was not detected in the gut via MALDI-MSI, and was not
detected in extracted gut homogenate, as well. The 216-5 standard eluted at 8.75 min.
While several peaks were observed during the chromatographic run, RM512 was not,
as shown in the XIC and the lack of an accurate mass in the mass spectrum. A gut
sample taken from RM512-treated C3H mouse 4hM1 was compared to a gut sample
taken from vehicle-treated C3H mouse OhM1.

4 h Heart. Intact RM512 was not detected in the heart via MALDI-MSI, and was not
detected in extracted heart homogenate, as well. The 216-5 standard eluted at 8.76
min. While several peaks were observed during the chromatographic run, RM512 was
not, as shown in the XIC and the lack of an accurate mass in the mass spectrum. A
heart sample taken from RM512-treated C3H mouse 4hM1 was compared to a heart
sample taken from vehicle-treated C3H mouse OhM1.

4 h Kidney. Intact RM512 was not detected in the kidney via MALDI-MSI, and was not
detected in extracted kidney homogenate, as well. The 216-5 standard eluted at 8.75
min. While several peaks were observed during the chromatographic run, RM512 was
not, as shown in the XIC and the lack of an accurate mass in the mass spectrum. A
kidney sample taken from RM512-treated C3H mouse 4hM1 was compared to a kidney
sample taken from vehicle-treated C3H mouse OhM1.

4 h Liver. Intact RM512 was not detected in the liver via MALDI-MSI, and was not
detected in extracted liver homogenate, as well. The 216-5 standard eluted at 8.75 min.

While several peaks were observed during the chromatographic run, RM512 was not,
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as shown in the XIC and the lack of an accurate mass in the mass spectrum. A liver
sample taken from RM512-treated C3H mouse 4hM1 was compared to a liver sample
taken from vehicle-treated C3H mouse OhM1.

4 h Lung. Intact RM512 was not detected in the lung via MALDI-MSI, and was not
detected in extracted lung homogenate, as well. The 216-5 standard eluted at 8.76 min.
While several peaks were observed during the chromatographic run, RM512 was not,
as shown in the XIC and the lack of an accurate mass in the mass spectrum. A lung
sample taken from RM512-treated C3H mouse 4hM1 was compared to a lung sample
taken from vehicle-treated C3H mouse OhM1.

4 h Spleen. Intact RM512 was not detected in the spleen via MALDI-MSI, and was not
detected in extracted spleen homogenate, as well. The 216-5 standard eluted at 8.77
min. While several peaks were observed during the chromatographic run, RM512 was
not, as shown in the XIC and the lack of an accurate mass in the mass spectrum. A
spleen sample taken from RM512-treated C3H mouse 4hM1 was compared to a spleen
sample taken from vehicle-treated C3H mouse OhM1.

24 h Brain. Intact RM512 was not detected in the brain via MALDI-MSI, and was not
detected in extracted brain homogenate, as well. The 216-5 standard eluted at 8.77
min. While several peaks were observed during the chromatographic run, RM512 was
not, as shown in the XIC and the lack of an accurate mass in the mass spectrum. A
brain sample taken from RM512-treated C3H mouse 24hM1 was compared to a brain
sample taken from vehicle-treated C3H mouse OhM1.

24 h Gut. Intact RM512 was not detected in the gut via MALDI-MSI, and was not

detected in extracted gut homogenate, as well. The 216-5 standard eluted at 8.75 min.
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While several peaks were observed during the chromatographic run, RM512 was not,
as shown in the XIC and the lack of an accurate mass in the mass spectrum. A gut
sample taken from RM512-treated C3H mouse 24hM1 was compared to a gut sample
taken from vehicle-treated C3H mouse OhM1.

24 h Heart. Intact RM512 was not detected in the heart via MALDI-MSI, and was not
detected in extracted heart homogenate, as well. The 216-5 standard eluted at 8.76
min. While several peaks were observed during the chromatographic run, RM512 was
not, as shown in the XIC and the lack of an accurate mass in the mass spectrum. A
heart sample taken from RM512-treated C3H mouse 24hM1 was compared to a heart
sample taken from vehicle-treated C3H mouse OhM1.

24 h Kidney. Intact RM512 was not detected in the kidney via MALDI-MSI, and was not
detected in extracted kidney homogenate, as well. The 216-5 standard eluted at 8.75
min. While several peaks were observed during the chromatographic run, RM512 was
not, as shown in the XIC and the lack of an accurate mass in the mass spectrum. A
kidney sample taken from RM512-treated C3H mouse 24hM1 was compared to a
kidney sample taken from vehicle-treated C3H mouse OhM1.

24 h Liver. Intact RM512 was not detected in the liver via MALDI-MSI, and was not
detected in extracted liver homogenate, as well. The 216-5 standard eluted at 8.75 min.
While several peaks were observed during the chromatographic run, RM512 was not,
as shown in the XIC and the lack of an accurate mass in the mass spectrum. A liver
sample taken from RM512-treated C3H mouse 24hM1 was compared to a liver sample

taken from vehicle-treated C3H mouse OhM1.
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24 h Lung. Intact RM512 was not detected in the lung via MALDI-MSI, and was not
detected in extracted lung homogenate, as well. The 216-5 standard eluted at 8.77 min.
While several peaks were observed during the chromatographic run, RM512 was not,
as shown in the XIC and the lack of an accurate mass in the mass spectrum. A lung
sample taken from RM512-treated C3H mouse 24hM1 was compared to a lung sample
taken from vehicle-treated C3H mouse OhM1.

24 h Spleen. Intact RM512 was not detected in the spleen via MALDI-MSI, and was not
detected in extracted spleen homogenate, as well. The 216-5 standard eluted at 8.76
min. While several peaks were observed during the chromatographic run, RM512 was
not, as shown in the XIC and the lack of an accurate mass in the mass spectrum. A
spleen sample taken from RM512-treated C3H mouse 24hM1 was compared to a
spleen sample taken from vehicle-treated C3H mouse OhM1.

MSNP Wash Solvents. Prior to wash analysis, MSNP and MSNP-Phos were spotted
onto thin tissue sections to observe spectral peaks. Unique peaks were observed at 284
and 205 m/z, respectively. Water, ethanol, chloroform, and xylene washed MSNP from
the tissue sections, resulting in no detection of the spotted compound. Ethanol resulted
in a delocalization of MSNP-Phos, while water, chloroform, and xylene did not. Figure
64A shows the average spectrum for an MSNP-Phos associated peak at 205 m/z, with
a slight increase in signal intensity after a water wash, shown in Figure 64B. Figure 65A
shows the average spectrum for an MSNP-Phos associated peak at 205 m/z after
xylene wash, with no observable delocalization, though no enhancement of signal

intensity was observed. Figure 66A shows the average spectrum for an MSNP-Phos
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associated peak at 205 m/z, with a slight increase in signal intensity after a chloroform
wash, shown in Figure 66B.
MSNP Biodistribution in Kidney by MALDI-MSI. Despite the ability of water,
chloroform, and xylene washes to enhance MSNP-Phos signal without delocalization,
attempts to image the distribution of MSNP-Phos in kidneys excised from MSNP-Phos-
treated rats were unsuccessful.
CONCLUSIONS

MSI is a useful technique for the analysis of small drug molecules due to it label-
free methodology. Washing lowered the baseline and eliminated some interfering
peaks, as shown in Figure 67, with xylene and chloroform resulting in the most drastic
changes. Diazepam experiments indicted that water washing was able to enhance the
protonated peak signal. Ethanol-washed tissue sections had much cleaner spectra,
higher intensity peaks, and a flatter baseline in BZ6-treated and BZ16-treated tissue
sections. Additionally, the ethanol wash allowed for previously undetectable peaks from
BZ16-treated brain to be observed. A wash step was not useful in all experiments.
CLRO1 was delocalized by wash solvents, however, it was still observed in MSI
experiments. These experiments indicated localization to the lower portion of the brain,
and further staining experiments will indicate whether this localization is related to the
location of amyloid plaques. RM512 was delocalized by wash solvents, as well, but was
not observed in MSI experiments. This is likely due to the susceptibility of RM512 to ion
suppression effects, although it was also confirmed via LC-MS/MS experiments that
RM512 was not present in any organs other than brain at 2 h post-dose. Finally, MSNP

was not delocalized by wash solvents, and signal was enhanced by xylene and
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chloroform washes; however, MSNP was not detected in dosed kidney. This could be
due to rapid clearance or low abundance.

Overall, MSI is a promising method for biodistribution studies, as it is fast and
label-free. MSI can serve as a fast first scan, and the optimization of MSI can be done
quickly and efficiently. Selecting appropriate ionization methods for spatial resolution
and sensitivity, as well as selecting appropriate sample preparation methods (such as
wash steps and perfusion conditions) can enhance the capabilities of MSI in the study

of novel drug compounds.
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Figure 1. The structures of drug compounds analyzed are depicted: (A) CLRO1 (B)

RM512 (C) Diazepam (D) Oxazepam (E) Desmethyldiazepam (F) Temazepam.
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Figure 3. Diazepam dilutions were spotted onto a MALDI plate, with spectra shown. (A)
100 uM diazepam in ethanol (B) 10 uM diazepam in ethanol (C) 1 uM diazepam in
ethanol (D) 0.1 uM diazepam in ethanol (E) 0.01 uM diazepam in ethanol (F) MS/MS of

protonated diazepam.
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Figure 4. Diazepam dilutions were spotted onto tissue sections, with spectra shown. (A)
100 uM diazepam in ethanol (B) 10 uM diazepam in ethanol (C) 1 uM diazepam in

ethanol.
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Figure 5. Diazepam dilutions were spotted onto a MALDI plate, with spectra shown. (A)
100 uM diazepam in ethanol (B) 10 uM diazepam in ethanol (C) 1 uM diazepam in

ethanol (D) 0.1 uM diazepam in ethanol (E) 0.01 uM diazepam in ethanol.
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Figure 6. Oxazepam dilutions were spotted onto a MALDI plate, with spectra shown.
(A) 100 uM oxazepam in DMSO (B) 10 uM oxazepam in DMSO (C) 1 uM oxazepam in
DMSO (D) 0.1 uM oxazepam in DMSO (E) 0.01 uM oxazepam in DMSO (F) MS/MS of

protonated oxazepam.
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Figure 7. Desmethyldiazepam dilutions were spotted onto a MALDI plate, with spectra

shown. (A) 100 uM desmethyldiazepam in DMSO (B) 10 uM desmethyldiazepam in

DMSO (C) 1 uM desmethyldiazepam in DMSO (D) 0.1 uM desmethyldiazepam in

DMSO (E) 0.01 uM desmethyldiazepam

desmethyldiazepam.
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Figure 8. Temazepam dilutions were spotted onto a MALDI plate, with spectra shown.
(A) 100 uM temazepam in DMSO (B) 10 uM temazepam in DMSO (C) 1 uM
temazepam in DMSO (D) 0.1 uM temazepam in DMSO (E) 0.01 uM temazepam in

DMSO (F) MS/MS of protonated temazepam.
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Diazepam Brain Tissue Concentration
B Timepoint Ca_lculated Ca_lcaulted
Condition [Diazepam] |[Diazepam]
(Hn) (nM) uglg*
0.1 2.87 0.00
Vehicle 1 0.74 0.00
6 0.53 0.00
Diazepam 0.1 985.59 1.12
Standard IE’K 1 66.03 0.08
4.25 0.00
Diazepam 0.1 743.50 0.84
cardiocent,esis 88.95 0.10
3.06 0.00
Diazepam, 0.1 1466.42 1.67
Transcardio 1 74.22 0.08
perfusion 6 99.09 0.11

Table 1. Diazepam concentrations in homogenized brain extracts were calculated for

each perfusion group and time point, and are reported in nM and ug/g.
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Oxazepam Brain Tissue Concentration
y Timepoint Calculated |Calcaulted

Condition (Hr) [Oxazepam][Oxazepam]

(nM) ug/g

0.1 6.26 0.01

Vehicle 1 2.86 0.00

6 512.48 0.58

Diazepam 0.1 269.52 0.31

Sta er bk 362.36 0.41

6 401.50 0.46

Diazepam 0.1 1009.21 1.15

. o 590.42 0.67

cardiocentesis 1151 0.01

Diazepam, 0.1 1023.29 1.16

Transcardio 1 2995.41 3.40

perfusion 6 614.49 0.70

Table 2. Oxazepam concentrations in homogenized brain extracts were calculated for

each perfusion group and time point, and are reported in nM and ug/g.
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Diazepam Serum Concentration
. . Calculated |Calcaulted
Condition '(I'I_lll;r;epomt [Diazepam] [Diazepam]
(nM) ug/g*
0.1 1.85 0.00
Vehicle 1 0.73 0.00
6 3.69 0.00
Diazepam 0.1 684.86 0.78
Standard PK || 64.31 0.07
7.88 0.01
Diazepam 0.1 615.26 0.70
cardiocent,esis 65.90 0.07
6.55 0.01
Diazepam, 0.1 806.41 0.92
Transcardio 1 32.02 0.04
perfusion 6 5.19 0.01

Table 3. Diazepam concentrations in serum extracts were calculated for each perfusion

group and time point, and are reported in nM and ug/g.
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Oxazepam Serum Concentration
B TimepointCalculated Calcaulted

Condition [Oxazepam]|[Oxazepam]

) o) uglg

0.1 5.91 0.01
Vehicle 1 4.68 0.01

6 662.64 0.75
Diazepam 0.1 296.32 0.34
Standard ISK 1 296.65 0.34

6 289.82 0.33
Diazepam 0.1 565.77 0.64
cardioréent,esis 408.61 0.46

6 5.09 0.01
Diazepam, 0.1 532.41 0.60
Transcardio 1 1355.24 1.54
perfusion 6 650.98 0.74

Table 4. Oxazepam concentrations in serum extracts were calculated for each

perfusion group and time point, and are reported in nM and ug/g.
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Diazepam was detected in an extracted,

9.

Figure

1 h post-dose. (A) XIC

homogenate from a diazepam-treated CD1 mouse sacrificed at 0.
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of a d5-diazepam spiked standard. (B) XIC of diazepam. (C) Mass spectrum of

diazepam.
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Figure 10. Oxazepam was detected in an extracted, minimally perfused brain
homogenate from a diazepam-treated CD1 mouse sacrificed at 0.1 h post-dose. (A) XIC
of a d5-oxazepam spiked standard. (B) XIC of oxazepam. (C) Mass spectrum of

oxazepam.
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Figure 11. Diazepam was detected in an extracted, minimally perfused brain

homogenate from a diazepam-treated CD1 mouse sacrificed at 1 h post-dose. (A) XIC
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of a d5-diazepam spiked standard. (B) XIC of diazepam. (C) Mass spectrum of

diazepam.
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Figure 12. Oxazepam was detected in an extracted, minimally perfused brain
homogenate from a diazepam-treated CD1 mouse sacrificed at 1 h post-dose. (A) XIC
of a d5-oxazepam spiked standard. (B) XIC of oxazepam. (C) Mass spectrum of

oxazepam.
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Figure 13. Diazepam was detected in an extracted, minimally perfused brain
homogenate from a diazepam-treated CD1 mouse sacrificed at 6 h post-dose. (A) XIC
of a d5-diazepam spiked standard. (B) XIC of diazepam. (C) Mass spectrum of

diazepam.
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Figure 14. Oxazepam was detected in an extracted, minimally perfused brain
homogenate from a diazepam-treated CD1 mouse sacrificed at 6 h post-dose. (A) XIC
of a d5-oxazepam spiked standard. (B) XIC of oxazepam. (C) Mass spectrum of

oxazepam.
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Figure 15. Diazepam was detected in an extracted brain homogenate from a lightly
exsanguinated (via cardiocentesis) diazepam-treated CD1 mouse sacrificed at 0.1 h
post-dose. (A) XIC of a d5-diazepam spiked standard. (B) XIC of diazepam. (C) Mass

spectrum of diazepam.
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Figure 16. Oxazepam was detected in an extracted brain homogenate from a lightly
exsanguinated (via cardiocentesis) diazepam-treated CD1 mouse sacrificed at 0.1 h
post-dose. (A) XIC of a d5-oxazepam spiked standard. (B) XIC of oxazepam. (C) Mass

spectrum of oxazepam.
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Figure 17. Diazepam was detected in an extracted brain homogenate from a lightly

exsanguinated (via cardiocentesis) diazepam-treated CD1 mouse sacrificed at 1 h post-
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dose. (A) XIC of a d5-diazepam spiked standard. (B) XIC of diazepam. (C) Mass

spectrum of diazepam.

112



ovE [iT33 0zg oLe 00€ 062 082 012 052 oLz 0L 094 oLl
.._...__...._..,,_..,,__...___._...._.,._.____._ L1 Ll 1 ..._“ ._,_ il 1 .._,.n
_,uN._ I \=z _ _ &z \=z
1=z 0280°092 o=z ; S6.0°%02 12 8LLOLZL yy507211
§110°882 Tz BLYOEVET voollzz — $290°2L1 = .
7L80°85C =z - &=z 2 | 1vvosst YEED'SOL
1650267 SLB0PBL | Gze0paL Shm_E 51
4
=z =2 4
0180'982 YEG0'0E2 |=2 e
|=2 6LB0°E6L
ZviLeee e
=2z
66L0'652 ¥
v
=z
29€0'95) s
S5
L=z
1¥10'192
[00°0L£-00"00L] 00'SPPOUTIQO'L8Z ZSW N PISN © + SNLH 'd
93£0'L 1IN LAV EE'EL LM GEVGH Glanssiy
() swip
0z 6L 8l i 9l 51 vl €l zL n oL 6 L 9 5 v € z L 0
S TN S N T TN TN TN NN SN SN SN S [N N SN N SN N TN SN SN TN AN SN SN SN SN [N T SN N SN AN SN SO N 1
SLLL 08°EL VLEL 82 og)

gienssi| sy
9190'L82
“8950°L8Z
2w

¥ead eseg
L308F

AN

gronssiL s
0860262
-ZUR0°TT
=2/w

weod oseg
9359

AN

0LEL SOEL G221 gl

[N FAant

£G°LL

5

9k

vz vLor L0

Ovg 018 26L G89 LE9 88%G LL'G ES¥

L9E vEE

e

18°L

- LS
| ¥5'6 09'8

Bh'g 991 vEL 999

8.5

oy

8

001
00°0Z - 000 "1d

Wd8e:SL6 vLoZivLE

granssi]\ ez

113



Figure 18. Oxazepam was detected in an extracted brain homogenate from a lightly
exsanguinated (via cardiocentesis) diazepam-treated CD1 mouse sacrificed at 1 h post-
dose. (A) XIC of a d5-oxazepam spiked standard. (B) XIC of oxazepam. (C) Mass

spectrum of oxazepam.
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Figure 19. Diazepam was detected in an extracted brain homogenate from a lightly
exsanguinated (via cardiocentesis) diazepam-treated CD1 mouse sacrificed at 6 h post-



dose. (A) XIC of a d5-diazepam spiked standard. (B) XIC of diazepam. (C) Mass

spectrum of diazepam.
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Figure 20. Oxazepam was detected in an extracted brain homogenate from a lightly
exsanguinated (via cardiocentesis) diazepam-treated CD1 mouse sacrificed at 1 h post-
dose. (A) XIC of a d5-oxazepam spiked standard. (B) XIC of oxazepam. (C) Mass

spectrum of oxazepam.
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Figure 21. Diazepam was detected in an extracted brain homogenate from a
transcardially perfused diazepam-treated CD1 mouse sacrificed at 0.1 h post-dose. (A)

XIC of a d5-diazepam spiked standard. (B) XIC of diazepam. (C) Mass spectrum of

diazepam.
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Figure 22. Oxazepam was detected in an extracted brain homogenate from a

transcardially perfused diazepam-treated CD1 mouse sacrificed at 0.1 h post-dose. (A)
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XIC of a d5-oxazepam spiked standard. (B) XIC of oxazepam. (C) Mass spectrum of

oxazepam.
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Figure 23. Diazepam was detected in an extracted brain homogenate from a
transcardially perfused diazepam-treated CD1 mouse sacrificed at 1 h post-dose. (A)

XIC of a d5-diazepam spiked standard. (B) XIC of diazepam. (C) Mass spectrum of

diazepam.
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transcardially perfused diazepam-treated CD1 mouse sacrificed at 1 h post-dose. (A)
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XIC of a d5-oxazepam spiked standard. (B) XIC of oxazepam. (C) Mass spectrum of

oxazepam.
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Figure 25. Diazepam was detected in an extracted brain homogenate from a
transcardially perfused diazepam-treated CD1 mouse sacrificed at 6 h post-dose. (A)

XIC of a d5-diazepam spiked standard. (B) XIC of diazepam. (C) Mass spectrum of

diazepam.
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Figure 26. Oxazepam was detected in an extracted brain homogenate from a
transcardially perfused diazepam-treated CD1 mouse sacrificed at 6 h post-dose. (A)
XIC of a d5-oxazepam spiked standard. (B) XIC of oxazepam. (C) Mass spectrum of

oxazepam.
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Figure 27. Diazepam was detected in extracted serum from a minimally perfused

diazepam-treated CD1 mouse sacrificed at 0.1 h post-dose. (A) XIC of a d5-diazepam

spiked standard. (B) XIC of diazepam. (C) Mass spectrum of diazepam.

131



0¥ 0gg 0ze oL 00€ 082z 0Lz 0zz 081 0L 091 051 0£L oLl 001
il U I ST S U SN N TR SRR SR Ll ._m 1 + 1 ___._ﬂ_..,.__ .“_.__ PR R ___.».._:
] - : = | o -2
1=2 L£80°002 =z ¢z 6980'S0Z P zu00 2y CSHOMYE LIS0'LLL
LLL0°88 e SLYOEVZ 0904122 |z 600691 K Iz L
1980°8GZ =z S160'P6L =z &Z | 9ppo'ssL PEED'SOL
0690'2€2 6ZE0'¥81 ELV0°LSL sk
4
- z
=z =z
8080°962 2850082 b=2 1= 3
ovLL'zze 8/80°€61 ot
|=Z
96.0'652 2
v
=z o
18£0°951
55
|=Z
SYL0'L82
[00'01L£-00'001] 00'S¥POUTIQ0'L8Z ZSW INH PISN O + SWLS o
93£9'0 "IN LAY SG'EL LM ZLSGH Lewseld
() swip
0z 6l 8l L 9t St vl £l zL L o 6 8 L 9 v z L 0
L ST ST T T T T NN T T N T T T N ST S N S T S S T S S | .__._‘.__._....._._____._. 1l 1 _.__.o
v5'9l 95°Z1 il L sog 906 16 oL ¥EL CB'9 1BS mom
. oL F
g PHH F
VO For
LEWSEY S E
9190°L82 I-09
“8S50°L82 -
Zw Fos
e o 6LLL E
93eZ¢ C
TN, 28 LL . |Wor
ZEEL 0FZL go7) T S,m‘ 0z 9ve 618 S5 69'9 919 18'S 0Lz F
3 or'oL 104 oz
051k F
94
Lewsed S E
0860262 Fog
-2480°262 F
= m
yeod oseg E
9389 C
anN 7 00l
00'0Z - 00°0 ‘1Y

WY 0L:L0Z PLOZISLE

Lewseld\"ped\z

132



Figure 28. Oxazepam was detected in extracted serum from a minimally perfused
diazepam-treated CD1 mouse sacrificed at 0.1 h post-dose. (A) XIC of a d5-oxazepam

spiked standard. (B) XIC of oxazepam. (C) Mass spectrum of oxazepam.
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Figure 29. Diazepam was detected in extracted serum from a minimally perfused
diazepam-treated CD1 mouse sacrificed at 1 h post-dose. (A) XIC of a d5-diazepam

spiked standard. (B) XIC of diazepam. (C) Mass spectrum of diazepam.
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Figure 30. Oxazepam was detected in extracted serum from a minimally perfused
diazepam-treated CD1 mouse sacrificed at 1 h post-dose. (A) XIC of a d5-oxazepam

spiked standard. (B) XIC of oxazepam. (C) Mass spectrum of oxazepam.
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Figure 31. Diazepam was detected in extracted serum from a minimally perfused
diazepam-treated CD1 mouse sacrificed at 6 h post-dose. (A) XIC of a d5-diazepam

spiked standard. (B) XIC of diazepam. (C) Mass spectrum of diazepam.
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Figure 32. Oxazepam was detected in extracted serum from a minimally perfused
diazepam-treated CD1 mouse sacrificed at 1 h post-dose. (A) XIC of a d5-oxazepam

spiked standard. (B) XIC of oxazepam. (C) Mass spectrum of oxazepam.
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Figure 33. Diazepam was detected in extracted serum from a lightly exsanguinated (via
cardiocentesis) diazepam-treated CD1 mouse sacrificed at 0.1 h post-dose. (A) XIC of a

d5-diazepam spiked standard. (B) XIC of diazepam. (C) Mass spectrum of diazepam.
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Figure 34. Oxazepam was detected in extracted serum from a lightly exsanguinated

(via cardiocentesis) diazepam-treated CD1 mouse sacrificed at 0.1 h post-dose. (A) XIC
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of a d5-oxazepam spiked standard. (B) XIC of oxazepam. (C) Mass spectrum of

oxazepam.
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Figure 35. Diazepam was detected in extracted serum from a lightly exsanguinated (via
cardiocentesis) diazepam-treated CD1 mouse sacrificed at 1 h post-dose. (A) XIC of a

d5-diazepam spiked standard. (B) XIC of diazepam. (C) Mass spectrum of diazepam.
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Figure 36. Oxazepam was detected in extracted serum from a lightly exsanguinated

(via cardiocentesis) diazepam-treated CD1 mouse sacrificed at 1 h post-dose. (A) XIC
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of a d5-oxazepam spiked standard. (B) XIC of oxazepam. (C) Mass spectrum of

oxazepam.
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Figure 37. Diazepam was detected in extracted serum from a lightly exsanguinated (via

cardiocentesis) diazepam-treated CD1 mouse sacrificed at 6 h post-dose. (A) XIC of a

d5-diazepam spiked standard. (B) XIC of diazepam. (C) Mass spectrum of diazepam.
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Figure 38. Oxazepam was detected in extracted serum from a lightly exsanguinated
(via cardiocentesis) diazepam-treated CD1 mouse sacrificed at 6 h post-dose. (A) XIC
of a d5-oxazepam spiked standard. (B) XIC of oxazepam. (C) Mass spectrum of

oxazepam.
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Figure 39. Diazepam was detected in extracted serum from a transcardially perfused
diazepam-treated CD1 mouse sacrificed at 0.1 h post-dose. (A) XIC of a d5-diazepam

spiked standard. (B) XIC of diazepam. (C) Mass spectrum of diazepam.
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Figure 40. Oxazepam was detected in extracted serum from a transcardially perfused
diazepam-treated CD1 mouse sacrificed at 0.1 h post-dose. (A) XIC of a d5-oxazepam

spiked standard. (B) XIC of oxazepam. (C) Mass spectrum of oxazepam.
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Figure 41. Diazepam was detected in extracted serum from a transcardially perfused
diazepam-treated CD1 mouse sacrificed at 1 h post-dose. (A) XIC of a d5-diazepam

spiked standard. (B) XIC of diazepam. (C) Mass spectrum of diazepam.
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Figure 42. Oxazepam was detected in extracted serum from a transcardially perfused
diazepam-treated CD1 mouse sacrificed at 1 h post-dose. (A) XIC of a d5-oxazepam

spiked standard. (B) XIC of oxazepam. (C) Mass spectrum of oxazepam.
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Figure 43. Diazepam was detected in extracted serum from a transcardially perfused
diazepam-treated CD1 mouse sacrificed at 6 h post-dose. (A) XIC of a d5-diazepam

spiked standard. (B) XIC of diazepam. (C) Mass spectrum of diazepam.
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Figure 44. Oxazepam was detected in extracted serum from a transcardially perfused
diazepam-treated CD1 mouse sacrificed at 6 h post-dose. (A) XIC of a d5-oxazepam

spiked standard. (B) XIC of oxazepam. (C) Mass spectrum of oxazepam.
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Figure 45. In general, a 30 s 70% ethanol wash lowered the baseline rise observed in a

liver tissue imaging experiments. (A) Shows the average spectrum for a given tissue

section prior to washing. (B) Shows the average spectrum for the same given tissue

section post-washing.
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Figure 46. BZ16 was spotted onto a control brain tissue section, with no matrix added,
and imaged prior to washing, and after washing for 30 s with 70% ethanol. Differences
in mass accuracy were miniscule, though washing enhanced the signal intensity and
detection capabilities with no delocalization. (A) Shows the average spectrum and
image for an unwashed tissue section. (B) Shows the average spectrum and image for

a washed tissue section.
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Figure 47. A unique peak was observed in brain excised from BZ6-treated SCID mice.
(A) Shows the average spectrum from an unwashed cerebellum section, with the unique
peak at 84 m/z highlighted in pink, and the virtual image shown to the right. (B) Shows
the average spectrum from a washed cerebellum section, with the unique peak at 84
m/z highlighted in pink, and the virtual image shown to the right. (C) Shows the average
spectrum from an unwashed cerebrum section, with the unique peak at 84 m/z
highlighted in pink, and the virtual image shown to the right. (D) Shows the average
spectrum from a washed cerebrum section, with the unique peak at 84 m/z highlighted

in pink, and the virtual image shown to the right.
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Figure 48. A unique peak was observed in brain excised from BZ6-treated SCID mice.
(A) Shows the average spectrum from an unwashed cerebellum section, with the unique
peak at 183 m/z highlighted in pink, and the virtual image shown to the right. (B) Shows
the average spectrum from a washed cerebellum section, with the unique peak at 183
m/z highlighted in pink, and the virtual image shown to the right. (C) Shows the average
spectrum from an unwashed cerebrum section, with the unique peak at 183 m/z

highlighted in pink, and the virtual image shown to the right. (D) Shows the average
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spectrum from a washed cerebrum section, with the unique peak at 183 m/z highlighted

in pink, and the virtual image shown to the right.
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Figure 49. A unique peak was observed in brain excised from BZ6-treated SCID mice.
(A) Shows the average spectrum from an unwashed cerebellum section, with the unique
peak at 736 m/z highlighted in pink, and the virtual image shown to the right. (B) Shows
the average spectrum from a washed cerebellum section, with the unique peak at 736
m/z highlighted in pink, and the virtual image shown to the right. (C) Shows the average
spectrum from an unwashed cerebrum section, with the unique peak at 736 m/z

highlighted in pink, and the virtual image shown to the right. (D) Shows the average
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spectrum from a washed cerebrum section, with the unique peak at 736 m/z highlighted

in pink, and the virtual image shown to the right.
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Figure 50. A unique peak was observed in brain excised from BZ6-treated SCID mice.
(A) Shows the average spectrum from an unwashed cerebellum section, with the unique
peak at 763 m/z highlighted in pink, and the virtual image shown to the right. (B) Shows
the average spectrum from a washed cerebellum section, with the unique peak at 763
m/z highlighted in pink, and the virtual image shown to the right. (C) Shows the average
spectrum from an unwashed cerebrum section, with the unique peak at 763 m/z

highlighted in pink, and the virtual image shown to the right. (D) Shows the average
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spectrum from a washed cerebrum section, with the unique peak at 763 m/z highlighted

in pink, and the virtual image shown to the right.
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Figure 51. A unique peak was observed in brain excised from BZ6-treated SCID mice.
(A) Shows the average spectrum from an unwashed cerebellum section, with the unique
peak at 801 m/z highlighted in pink, and the virtual image shown to the right. (B) Shows
the average spectrum from a washed cerebellum section, with the unique peak at 801
m/z highlighted in pink, and the virtual image shown to the right. (C) Shows the average
spectrum from an unwashed cerebrum section, with the unique peak at 801 m/z

highlighted in pink, and the virtual image shown to the right. (D) Shows the average
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spectrum from a washed cerebrum section, with the unique peak at 801 m/z highlighted

in pink, and the virtual image shown to the right.

175



Figure 52. BZ16 was found to cross the blood-brain barrier and enter the cerebellum.
(A) Shows the average spectrum from an unwashed cerebellum section, with the unique
peak at 338 m/z highlighted in pink. (B) Shows the average spectrum from a washed

cerebellum section, with the unique peak at 338 m/z highlighted in pink.
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Figure 53. A negative mode image of CLRO1-treated rat brain was collected, and a
small peak was observed at 726 m/z, localized to the lower portion of the brain. The
average spectrum is shown, with the unique peak at 726 m/z highlighted in pink, and

the virtual image shown to the right.
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Figure 54. A negative mode MS/MS (726 m/z) image of CLRO1-treated rat brain was
collected, and a series of fragments were observed to localize to the lower portion of the
brain. (A) Average spectrum is shown for 581 m/z, with the unique peak highlighted in
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pink, and the virtual image shown to the right. (B) Average spectrum is shown for 582
m/z, with the unique peak highlighted in pink, and the virtual image shown to the right.
(3) Average spectrum is shown for 583 m/z, with the unique peak highlighted in pink,
and the virtual image shown to the right. (D) Average spectrum is shown for 584 m/z,

with the unique peak highlighted in pink, and the virtual image shown to the right.
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Figure 55. An LC-MS/MS spectrum is shown from a QTrap, utilizing SRM to monitor the
transition in negative mode of 725.3 m/z = 158.7 m/z for a standard 10 uM CLRO1

infusion.
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Figure 56. An LC-MS/MS spectrum is shown from a QTrap, utilizing SRM to monitor the
transition in negative mode of 725.3 m/z =» 158.7 m/z for a homogenized brain extract

excised from CLRO1-treated triple transgenic rat.

181



4
334 664 \ [ ‘ |'||
\
‘f‘l (1

‘
368013 ‘ ”
v\ :

|
. \
36 | A
|V, 42 0 (v
V‘\\r\/\,ﬁ' A I )
] N

sszean || | 7 0 | \
SR, U,V A VAV, WA~ o P~ I NN et -

_J

3431

2000
‘ 379170
1000 l
o |
335208 ‘ |
500 . i \

\\ i

N I\ [ VAN A AV

st WMitn o PN NSNS S oo U N A I Nt st mmern s S N e A e e A A A AN A AN J
20 o 0 T ' ' ' Lo T N ' L ' '

350

Figure 57. (A) RM512 ionization at 500 uM. (B) RM512 ionization at 500 uM when

spotted on a MALDI plate with a mixture of drugs. (C) RM512 ionization at 500 uM when

spotted on a tissue section with a mixture of drugs.
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Figure 58. Several unique peaks were detected in brains excised from RM512-treated
C3H mice. (A) Shows the average spectrum from a brain section, with the unique peak
at 260 m/z highlighted in pink, and the virtual image shown to the right (detected in 2 h
and 4 h post-dose mice). (B) Shows the average spectrum from a brain section, with the
unique peak at 298 m/z highlighted in pink, and the virtual image shown to the right

(detected in 2 h post-dose mice).
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Figure 59. Several unique peaks were detected in hearts excised from RM512-treated
C3H mice. (A) Shows the average spectrum from a heart section, with the unique peak
at 50 m/z highlighted in pink, and the virtual image shown to the right (detected in 4 h
and 24 h post-dose mice). (B) Shows the average spectrum from a heart section, with
the unique peak at 64 m/z highlighted in pink, and the virtual image shown to the right
(detected in 2 h, 4 h, and 24 h post-dose mice). (C) Shows the average spectrum from a
heart section, with the unique peak at 79 m/z highlighted in pink, and the virtual image

shown to the right (detected in 4 h and 24 h post-dose mice). (D) Shows the average
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spectrum from a heart section, with the unique peak at 344 m/z highlighted in pink, and

the virtual image shown to the right (detected in 2 h and 4 h post-dose mice).
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Figure 60. Several unique peaks were detected in kidneys excised from RM512-treated
C3H mice. (A) Shows the average spectrum from a kidney section, with the unique peak
at 163 m/z highlighted in pink, and the virtual image shown to the right (detected in 24 h
post-dose mice). (B) Shows the average spectrum from a kidney section, with the
unique peak at 185 m/z highlighted in pink, and the virtual image shown to the right

(detected in 2 h, 4 h, and 24 h post-dose mice).
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Figure 61. One unique peak was detected in lungs excised from RM512-treated C3H
mice. The average spectrum is shown from a lung section, with the unique peak at 621
m/z highlighted in pink, and the virtual image shown to the left (detected in 2 h, 4 h, and

24 h post-dose mice).
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Figure 62. One unique peak was detected in spleen excised from RM512-treated C3H
mice. The average spectrum is shown from a lung section, with the unique peak at 185
m/z highlighted in pink, and the virtual image shown to the right (detected in 2 h and 24

h post-dose mice).
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Figure 63. RM512 was detected in extracted brain homogenate from a C3H mouse
sacrificed at 2 h post-dose. (A) MS/MS spectrum of RM512 standard (B) XIC of RM512
in extracted brain homogenate. (B) XIC of MS/MS of RM512 in extracted brain

homogenate. (C) Mass spectrum of RM512 in extracted brain homogenate.
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Figure 64. (A) Average spectrum of Phos-MSNP (205 m/z) spotted onto tissue
sections, with virtual image to the right. Indicates no delocalization by H,O washing. (B)

Average spectrum of Phos-MSNP H,O washed tissue section. (C) Average spectrum of

Phos-MSNP unwashed tissue section.
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Figure 65. (A) Average spectrum of Phos-MSNP spotted onto tissue sections, with
virtual image to the right. Indicates no delocalization by Xylene washing. (B) Average

spectrum of Phos-MSNP Xylene washed tissue section. (C) Average spectrum of Phos-

MSNP unwashed tissue section.
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Figure 66. (A) Average spectrum of Phos-MSNP spotted onto tissue sections, with
virtual image to the right. Indicates no delocalization by chloroform washing. (B)
Average spectrum of Phos-MSNP chloroform washed tissue section. (C) Average

spectrum of Phos-MSNP unwashed tissue section.
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Figure 67. The baseline from tissue is affected depending on the solvent utilized. (A)

Water. (B) Ethanol. (C) Xylene. (D) Chloroform.
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CHAPTER 3
Biodistribution of Small Molecule Read-Through (SMRT) Compounds in a Mouse Model
as Determined by Matrix-Assisted Laser Desorption/lonization-Mass Spectrometry

Imaging (MALDI-MSI)
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Biodistribution of Small Molecule Read-Through (SMRT) Compounds in a Mouse
Model as Determined by Matrix-Assisted Laser Desorption/lonization-Mass
Spectrometry Imaging (MALDI-MSI)

Carly N. Ferguson, Jonathan F. Waxer, Joseph W.M. Fowler, Ewa Micewicz, William H.
McBride, Richard A. Gatti, Joseph A. Loo

ABSTRACT

The biodistribution of drug compounds is an important factor in studying potential
therapeutics. Any off-target effects, or build-up, must be assessed, as well as
confirmation of entry into desired organs and regions of the body. This is often done
using labor-intensive, tag-based methodologies; or, a full-organ homogenization and
extraction are utilized, losing spatial information. While each method has its
advantages, we proposed the use of mass spectrometry imaging (MSI) for the study of
a set of potential therapeutics: small molecule read-through (SMRT) compounds. These
compounds have been found to effectively induce read-through in an Ataxia-
Telangiectasia (AT) premature termination codon (PTC) disorder model in vitro. With a
target organ of the brain, and a target localization of the cerebellum, MSI was able to
determine that one SMRT compound, BZ16, crossed the blood-brain barrier (BBB) and
entered the cerebellum. The addition of a solvent wash step in tissue pre-treatment
allowed for enhancement of signal; however, LC-MS/MS was needed to determine BBB
penetration ability of two of the five additional SMRT compounds, RTC13 and 216, due
to their low abundance. This suggests that BZ16 crossed the BBB with greater
efficiency, and indicates the complementary nature of these methods: while MSI

preserves spatial distribution, LC-MS/MS gives a greater depth of sensitivity.
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INTRODUCTION

Over 1,800 inherited human diseases are the result of an alteration in the genetic
code that prematurely stop the translation of proteins. These mutations that result in a
premature termination codon (PTC) are coined “nonsense mutations” and make-up
approximately 30% of all heritable disorders.”® Different classes of mutations, including
frameshift insertions/deletions, splice-site intron inclusions, or, as shown in Figure 1A,
single nucleotide polymorphisms (SNPs) of a normal codon with UAA, UAG, or UGA
codons, can all introduce a PTC, thus arresting protein synthesis.”” Only the latter,
which constitutes primary PTC mutations, however, would have a potential for
therapeutic benefits.*°

One therapeutic approach for overcoming nonsense mutations is gene therapy.
Its potential for targeted repair would make it the treatment of choice, but, to date,
several limitations have precluded clinical success.’® A pharmacological approach, on
the other hand, can modify gene expression by blocking nonsense mediated mRNA

t.%° The notion that even such

destruction, without correcting the underlying gene defec
limited expression of a mutated gene could result in the production of a partially or fully
functional protein, sufficient for therapeutic benefit, is the rationale supporting such
emerging pharmacogenetic strategies.”®"®

Aminoglycosides are widely used in clinical practice as bacterial antibiotics with
established effects on translational accuracy or efficiency due to their high-affinity
binding to prokaryotic ribosomal RNA (rRNA) at the decoding center.*®®® The

conformation of rRNA becomes altered in the presence of an aminoglycoside which

induces codon misreading. This misreading has two potential effects. It either leads to
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the incorporation of an erroneous amino acid (mis-incorporation) at a sense codon, or to
the failure of recognition of the stop codon, resulting in a translational read-through
rather than chain termination.*’#"%2 Due to the structural differences between
prokaryotic and eukaryotic ribosomes, the effects of aminoglycosides on protein
translation in eukaryotic cells have been demonstrated at concentrations 10 to 15 times
higher than the typical therapeutic antibacterial concentrations.>° Although this partial
susceptibility of eukaryotic ribosomes toward aminoglycoside interaction has
traditionally been viewed as the underlying mechanism of drug toxicity, this side effect
may provide the opportunity for the treatment of human genetic diseases associated
with translational defects.*®

In 1999, the ability of aminoglycosides to promote protein translation, despite the
presence of a PTC mutation, was first demonstrated in vivo in a model of Duchenne
muscular dystrophy.®® Although the efficiency of read-through has varied from 1% to
25% in human cell lines, even a low amount of produced protein in the presence of a
nonsense PTC mutation may be functionally significant.®*° This is especially the case
in recessive disorders, where protein expression is essentially absent. In such cases,
even 1% of normal protein function may restore a near-normal or clinically less severe
phenotype.”®"® Accordingly, it is primarily in recessive disorders that aminoglycosides
have provided the greatest promise in both cell culture experiments and clinical trials.

Ataxia-telangiectasia (A-T) is one such example of an autosomal recessive
disorder. This neuro-degenerative disorder has an onset in early childhood and results
from mutations in the A-T mutated (ATM) gene.®® The ATM protein is a hierarchical

serine-threonine kinase, phosphorylating many substrates involved in repair of double-
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stranded DNA breaks, control of cell cycle checkpoints, and responses to oxidative
stress as well as in radiosensitivity, cancer susceptibility, immune function, and

neurological development.®’

Using protein truncation testing (PTT) driven by plasmid
templates containing PTC mutations in the ATM gene, Lai et al observed in vitro read-
through effects of various magnitudes with three or four aminoglycosides.**® Full-
length ATM protein was also documented ex vivo by immunoprecipitation.*® Finally, the
correction of radioresistant DNA synthesis and radiosensitivity, as well as
autophosphorylation of ATM, suggested that this read-through produced functional ATM
protein.*®

Although aminoglycosides have provided some promise for a pharmacological
approach in gene expression, some disadvantages threaten its effectiveness as a long-
term treatment for autosomal recessive disorders. The high concentrations of
aminoglycosides needed to sufficiently interfere with human ribosomes is one such
limitation, for these concentrations run the risk of systemic drug toxicity. Furthermore, a
high cellular concentration of aminoglycosides could interfere with other aspects of
normal protein synthesis, causing a series of adverse effects on the individual. Thus,
the clinical success to date has been observed with local aminoglycoside delivery, for
the systemic delivery of currently available aminoglycosides at clinically approved doses
has failed, as in the case of McArdle disease and Duchenne muscular dystrophy.8%%
With specific consideration to A-T, aminoglycosides are further troubled by the water-

soluble nature of the compounds, resulting in an inability to penetrate the blood-brain

barrier.’’ These shortcomings of aminoglycoside compounds allow for further
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exploration of potential read-through compounds that do not exhibit toxicity and
overcome the impermeability of the blood-brain barrier.

Recently the laboratory of Dr. Richard Gatti screened 34,000 compounds utilizing
a non-fluorescent, ATM-based transcription/translation assay to identify low molecular
weight read-through compounds.®' Twelve hits, termed small molecule read-through
compounds (SMRTs), produced functional ATM protein from ATM-deficient cells, and
displayed high read-through activity of three A-T associated PTCs at levels <10 uM.
Two leading SMRTs, RTC13 and RTC14 displayed read-through of nonsense-mutated
Duchenne muscular dystrophy mouse myotubes, effectively restoring dystrophin
protein.®? Further studies treated a Duchenne muscular dystrophy mouse model with
RTC13. Both restoration of dystrophin protein and improved muscle function were
observed.® While these in vitro and in vivo studies show great promise for SMRTSs,
further in vivo animal model experiments are needed to assess SMRT viability as a
potential A-T therapeutic. Particularly, SMRT penetration of the blood-brain barrier is
essential to be considered an effective A-T treatment option. Here, we propose the use
of mass spectrometry imaging (MSI) to assess SMRT ability to cross the blood-brain
barrier, and to further analyze biodistribution of these therapeutic compounds. The
SMRT compounds utilized for this study are shown in Figure 1B.

MSI is a relatively new technology that has found application in the medical
sciences. It employs an ionization technique, matrix-assisted laser desorption/ionization
(MALDI), focusing a laser directly on a thin tissue section to ionize molecules within the
tissue.”” Each molecule is detected as a mass-to-charge ratio (m/z), with charge

typically being equal to one. The user-defined m/z range allows for focus on specific
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compound classes of interest, given a molecular weight range. The MALDI laser rasters
across a designated sample area, in this study a thin tissue section of a mouse organ,
and averages hundreds of spectra at thousands of coordinates throughout the section.
The specific number of points is determined by the spatial resolution, typically in the
tens-of to hundreds-of micrometer range. Software then compiles an average spectrum
for the entire sample, and individual masses of interest can be selected, with their
location within the sample digitally displayed. This effectively creates a chemical map of
the tissue section, with the workflow shown in Figure 2. Spatially measuring proteins,
lipids, and other biomolecules in clinically relevant tissues is a powerful tool for disease
biomarker studies and for disease pathology.®

One area that has not been well addressed by these newer technologies is the
study of small molecules. Important information for the development of new drug entities
is biodistribution. Where does a new drug compound distribute in the body of an animal
model? What are the metabolites of this new drug, and where do these metabolites
accumulate? Traditional methods of visualizing biodistribution include radiolabeling or
application of chemical tags to the new compounds — both strategies that require time-
consuming chemical synthesis efforts.> MSI offers a means to circumvent these labor-
intensive protocols, effectively eliminating the need for a tag or label. Here, we propose
the use of MALDI-MSI for the study of SMRT distribution in an animal model, with
emphasis of blood-brain barrier penetration analysis.
METHODS

Materials. SMRTs RTC13, BZ6, BZ16, 216, 216-3, 216-3 salt, 216-4, 216-5, and

216-6 were synthesized by the lab of Dr. Michael Jung (UCLA). Mesoporous silica
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nanoparticles (MSNP) were synthesized by the lab of Dr. Jeffrey Zink (UCLA). Eosin Y,
hematoxylin, and VectaShield hardset mounting medium were purchased from Fisher
Scientific. Acetonitrile (ACN), «a-Cyano-4-hydroxycinnamic acid (CHCA), 2,5-
dihydroxybenzoic acid (DHB), dimethyl sulfoxide (DMSOQO), ethanol, formic acid (FA),
glacial acetic acid, norharmane (NHM), titanium dioxide (TiO,), trifluoroacetic acid
(TFA), and xylene were purchased from Sigma-Aldrich.

BZ6 and BZ16 Animal Dosing. C57/Black 6 (BL6) and severe compromised
immunodeficiency (SCID) mice were used. SMRTs BZ6 and BZ16 were administered at
a dosage of 30 mg/kg over the course of 8 weeks for a total of 6 intraperitoneal
injections. A total of 8 C57BL/6 and 8 SCID mice were used for each of the 3 treatment
groups (vehicle, BZ6, and BZ16). Mice were bred and maintained in a strict defined-
flora, pathogen-free environment in the American Association of Laboratory Animal
Care—accredited animal facilities of the Department of Radiation Oncology, University of
California Los Angeles. The University of California at Los Angeles Animal Care and
Use Committee approved all experiments, which were done in accordance with all local
and national guidelines for the care and use of animals.

BZ6 and BZ16 Organ Extraction. Mice were sacrificed using isofluorane, and the
following organs were excised: brain, heart, kidney, liver, lung, and spleen. Each organ
was excised and flash frozen in -50 °C isopentane before being stored at -80 °C until
further experiments.

RTC13, 216, and 216-3 Animal Dosing. C57/Black 6 (BL6) mice were used. SMRTs
RTC13, 216, and 216-3 were administered a single dosage of 30 mg/kg as

intraperitoneal injections. A total of 20 C57BL/6 mice were used: 2 vehicle controls, 6
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RTC13-dosed, 6 216-dosed, and 6 216-3-dosed. Mice were bred and maintained in a
strict defined-flora, pathogen-free environment in the American Association of
Laboratory Animal Care—accredited animal facilities of the Department of Radiation
Oncology, University of California Los Angeles. The University of California at Los
Angeles Animal Care and Use Committee approved all experiments, which were done
in accordance with all local and national guidelines for the care and use of animals.
RTC13, 216, and 216-3 Organ Extraction. Mice were sacrificed at 0 h (vehicle), 2 h, 8
h, and 24 h using isofluorane, with 2 mice per drug sacrificed at each timepoint. The
following organs were excised: brain, heart, kidney, liver, lung, and spleen. Each organ
was excised and flash frozen in -50 °C isopentane before being stored at -80 °C until
further experiments.

Tissue Preparation. Organs were sectioned on a Leica CM1850 Cryostat at a
thickness of 16 um. Brain, heart, kidney, liver, and spleen were sectioned at a
temperature of -21 °C, while lung was sectioned at a temperature of -34 °C. All sections
were thaw-mounted onto a glass slide, dried under vacuum at room temperature for 10
minutes, and subjected to a wash step consisting of 30 seconds suspended in a
solution of 70% ethanol (where applicable). Slides were subsequently coated in a
CHCA matrix at a concentration of 7 mg/mL in 50% ACN, 50% H20, and 0.1% TFA
utilizing a Bruker ImagePrep or an HTX Technologies TM Sprayer.

Mass Spectrometry Imaging. All mass spectrometry (MS) and mass spectrometry
imaging (MSI) were conducted on a Bruker Daltonics AutoFlex MALDI tandem time-of-
flight (TOF/TOF) mass spectrometer equipped with a Smartbeam-1I"™ Nd:YAG UV

laser. A small molecule method was employed, covering the range of 0 to 1,000 m/z,
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operating in the linear positive mode. MSI experiments were run at a spatial resolution
of 200 to 400 um, averaging 500 spectra at each raster point. All experiments were run
utilizing Bruker Daltonics software Compass package: FlexControl and FlexImaging.
Additional MS experiments were conducted on a Bruker Daltonics SolariX Fourier-
transform ion cyclotron resonance mass spectrometer (FT-ICR-MS) equipped with a
Smartbeam-Il™ Nd:YAG UV Laser. All FT-ICR-MS data were collected using Bruker
Daltonics software, SolariXControl.

Data Analysis. All MALDI-TOF/TOF-MS data analysis was conducted manually using
Bruker Daltonics software, FlexAnalysis. All MALDI-TOF/TOF-MSI data analysis was
conducted manually using Bruker Daltonics software, Fleximaging. All MALDI-FT-ICR-
MS data analysis was conducted manually using Bruker Daltonics software,
DataAnalysis.

Tissue Homogenization and Extraction. Organs from each treatment group and
timepoint (where applicable) were homogenized using a 5 mL hand-held glass
homogenizer. A tissue to water ratio of 1 g to 4 mL was used. Tissues were suspended
in a given amount of water and pulverized for 30 s. From each homogenate stock, 50 uL
were mixed with 150 uL of either 10 uM BZ6 (for BZ16, 512 2 h brain, 216 2 h brain,
216-3 2 h brain, and RTC13 2 h brain) or 10 uM 216-5 standard in ACN (all other
organs, treatment groups, and timepoints), vortexed, and centrifuged for 10 min at
4,000 rpm. Supernatant was collected for future MS analysis.

LC-MS/MS Validation. Samples were run on a Proxeon ThermoScientific EASY nano
liquid chromatography (nLC) system equipped with an Acclaim PepMap100 C18 76 um

x 2 cm NanoViper trap column with 3 um particle size and 100 A pore size and a
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PepMapRSLC C18 75 um x 15 cm analytical column with 2 um particle size and 100 A
pore size. An aqueous mobile phase (A) was made up of 0.1% FA in H,O, and an
organic mobile phase (B) was made up of 0.1% FA in ACN. For each sample, 2 uL were
injected onto the trap column, washed with 100% A for 5 minutes, and small molecules
were eluted from the column with a gradient of 5-100% B over 5 minutes, and held at
100% B for 10 minutes at a flow rate of 5 uL/min. The nLC system is interfaced with a
ThermoScientific Q Exactive™ hybrid quadrupole-orbitrap mass spectrometer.
LC-MS/MS Data Analysis. Data was analyzed and quantified using Thermo Xcalibur
Qual and Quan Browser software. The molecular ions, [M+H]", for BZ6, BZ16, RTC13,
216, 216-3, and 216-5 were extracted within 10 ppm mass accuracy using Qual Broser
to confirm their presence in tissue and determine approximate retention time (RT)
window for elution. All analyte ions were extracted by their molecular ion m/z from the
full MS scan of 200-2,000 m/z.

Histological Staining. Slides previously prepared for MSI were stained using
hemotoxylin and eosin Y. Slides were washed in 2 changes of xylene for 10 mins,
rehydrated in 2 changes of absolute ethanol, and placed into gradient ethanol baths of
95%, 80%, 70%, and 60% in H2O for 2 mins per condition. Hematoxylin was applied
drop-wise to cover each tissue section and allowed to stain for 3 mins. Slides were
washed under flowing H,O for 5 mins and rinsed in 95% ethanol, 10 dips per slide.
Counterstain eosin Y at a concentration of 0.25% in 60% ethanol and 0.5% glacial
acetic acid was added drop-wise to cover each tissue section and allowed to stain for
30 s. Slides were washed under flowing H>O for 5 mins and rinsed in 95% ethanol, 5 s

per slide, followed by washes through 2 changes of absolute ethanol for 30 s each and

209



2 changes of xylene for 2 min each. Slides were allowed to dry completely before
placing one drop of VectaShield hardset mounting medium on each end of the slide and
covering with a coverslip to permanently set the stain. Slides were air dried overnight at
room temperature, and scanned at 20X or 40X resolution with an APERIO brightfield
microscope.

RESULTS.

Observation of drugs on and off tissue. Prior to any dosing experiments, compound
ionization was optimized both on and off tissue. Serial dilutions of RTC13, BZ6, BZ16,
216, 216-3, 216-4, 216-5, and 216-6 were spotted on a ground steel plate as well as
control brain tissue sections. RTC13, BZ16, 216, 216-3, 216-4, 216-5, and 216-6 were
spotted at concentrations of 50 mM, 500 uM, 50 uM, 5 uM, 500 nM, and 50 nM. BZ6
was spotted at concentrations of 10 mM, 100 uM, 10 uM, 1 uM, 100 nM, and 10 nM.
Limits of detection assessed off-tissue were greater than those assessed on-tissue.
SMRT compounds were also found to ionize efficiently without the need of a MALDI
matrix; however, the limit of detection was severely impaired without the use of matrix
and peaks were not observed below 50 mM for RTC13, BZ16, 216, 216-3, 216-4, 216-
5, and 216-6 or 10 mM for BZ6. BZ6 had a lower limit of detection of 500 uM, shown in
Figure 3. BZ16 had a lower limit of detection of 50 nM, shown in Figure 4. RTC13 had a
lower limit of detection of 100 uM, shown in Figure 5. 216 had a lower limit of detection
of 100 uM, shown in Figure 6.

Effects of tissue washing. Tissue washing in MSI experiments is highly optimized for
proteins, peptides, and lipids. Water can be used to remove interfering salts and lipids,

as can ethanol, resulting in enhanced signal from proteins and peptides with minimal

210



delocalization. While this protocol is typically reserved for protein and peptide analyses,
we employed the use of a 30 s 70% ethanol in H,O wash to remove lipids and enhance
SMRT compound signals. We have previously shown this can be an effective method
with small molecules if solvents of varying chemical properties are tested. We utilized
the matrix-free ionization capabilities of the SMRT compounds to assess before and
after mass spectrometry images of spotted standards on tissue. These data show that
signal is enhanced after the washing of tissue sections with 70% ethanol for 30 s, and
that delocalization of SMRT compounds does not occur, as shown in Figure 7 and
Figure 8. The success of this wash step was further assessed in treated tissues. BZ16-
treated tissues were analyzed both with and without a wash step. Tissues first washed
with ethanol were found to have slightly higher signal intensity at the [BZ16 + Na]" peak
than those that were not treated with ethanol.

BZ6 build-up at the site of injection. After sacrifice, designated organs were extracted
from mice. During this extraction, we observed the build-up of a yellow substance in the
abdominal cavity of all BZ6-treated mice, both C57BL/6 and SCID, as shown in Figure
9. This was likely BZ6 itself, indicating that it was not absorbed into the bloodstream. It
was also determined the BZ6 exhibits extremely poor solubility in most solvents,
including the commonly used DMSO. While MSI assessments for BZ6 were continued,
the drug was no longer considered a viable option as a potential therapeutic. No such
build-up was observed in BZ16-dosed mice.

BZ6 biodistribution in C57BL/6 mice. Biodistribution of BZ6 was first assessed in

C57BL/6 mice. This group consisted of eight mice treated with BZ6. This particular
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strain of laboratory mouse was considered a control, with no investigation of therapeutic
effects associated with BZ6 treatment.

Brain. Due to the solubility issues associated with BZ6, as well as the build-up of the
compound at the site of injection, it was likely that BZ6 did not cross the blood-brain
barrier. Excised, frozen brains were divided into cerebellum and cerebrum sections, and
analyzed separately. This assumption that BZ6 would not be found in the brain was
confirmed via MSI experiments conducted with 8 BZ6-treated C57BL/6 brains. When
compared to 8 brains from vehicle-treated C57BL/6 mice, no unique peaks were
detected, indicating no differences between BZ6- and vehicle-treated brains.

Heart. The solubility and build-up issues with BZ6-treated mice similarly suggested that
BZ6 did not enter the bloodstream. This assumption that BZ6 would not be found in the
bloodstream, and thus not in heart tissue, though one unique peak was observed in
C57BL/6 unwashed heart sections at 626 m/z. When compared to 8 hearts from
vehicle-treated C57BL/6 mice, 1 unique peaks was detected, as shown in Figure 10.
Kidney. While drugs are typically found in the kidney, one of the filtering and excretory
organs, BZ6 was not found to be present in kidney tissue. MSI experiments conducted
with 16 BZ6-treated C57BL/6 kidneys indicated that BZ6 was absent, likely due to its
inability to enter the bloodstream. When compared to 16 kidneys from vehicle-treated
C57BL/6 mice, no unique peaks were detected, indicating no differences between BZ6-
and vehicle-treated kidneys.

Liver. Similarly to the kidney, the liver is involved in filtering and excretion, and thus is
typically a localization point for drugs given to animal models. BZ6 was not found to be

present in liver tissue. MSI experiments conducted with 8 BZ6-treated C57BL/6 livers
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indicated that intact BZ6 was absent, though one unique peak was observed. When
compared to 8 liver samples from vehicle-treated C57BL/6 mice, one unique peak was
detected at 988 m/z, shown in Figure 11.

Lung. Unless specifically targeted, the lung is an undesirable, off-target location for drug
build-up. MSI experiments conducted with 8 BZ6-treated C57BL/6 lung samples
indicated that intact BZ6 was absent, though one unique peak was observed. When
compared to 8 lung samples from vehicle-treated C57BL/6 mice, one unique peak was
detected at 749 m/z, shown in Figure 12.

Spleen. The final organ analyzed, spleen, is a filtering organ. Similarly to previously
mentioned samples, BZ6 was not expected to be present in spleen. Again likely owing
to its inability to enter the bloodstream, BZ6 was not found to be present in spleen
tissue. When compared to 8 spleen samples from vehicle-treated C57BL/6 mice, no
unique peaks were detected, indicating no differences between BZ6- and vehicle-
treated spleen.

BZ6 biodistribution in SCID mice. Biodistribution of BZ6 was also assessed in severe
combined immunodeficiency (SCID) mice. SCID is a genetic disorder that is
characterized by an organism’s compromised immune system, rendering it unable to
elicit appropriate immune responses. SCID is caused by a SNP, specifically a
premature termination codon in the gene coding for protein kinase, deoxyribonucleic
acid (DNA)-dependent protein kinase (DNA-PK). This protein is involved in DNA repair,
known to cooperate with ATM protein, and thus a deficiency results in the SCID genetic

disorder in mice.
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Brain. Due to the solubility issues associated with BZ6, as well as the build-up of the
compound at the site of injection, it was expected that, similar to what was observed in
C57BL/6 mice, BZ6 did not cross the blood-brain barrier. Excised, frozen brains were
again divided into cerebellum and cerebrum sections, and analyzed separately. While
the protonated or sodiated masses previously observed from BZ6 standard MALDI
experiments were not observed, MSI experiments conducted with 8 BZ6-treated SCID
brains did indicate several unique peaks. When compared to 8 brains from vehicle-
treated SCID mice, 10 unique peaks were detected, indicating some differences
between BZ6- and vehicle-treated brains. Five of these unique peaks were found in
both unwashed and ethanol washed tissue sections from both cerebellum and cerebrum
segments of the brain (84, 183, 736, 763, and 801 m/z), and 2 unique peaks were found
in ethanol washed tissue sections from both cerebellum and cerebrum segments of the
brain (357 and 371 m/z). One additional unique peak was observed in unwashed
cerebrum sections (103 m/z); and, two additional unique peaks were observed in
ethanol-washed cerebellum sections (169 and 789 m/z). Figures 13 through 21 show
the spectra and virtual images for each of the above-mentioned peaks.

Heart. Similarly to BZ6-treated SCID brain samples, BZ6-treated SCID heart samples
exhibited several unique peaks as observed by comparison of 8 hearts from BZ6-
treated SCID mice to 8 vehicle-treated control SCID mice. This is in contrast to BZ6-
treated C57BL/6 heart samples, although it should be noted that the protonated or
sodiated masses previously observed from BZ6 standard MALDI experiments were not
observed. Overall, 14 unique peaks were observed in heart sections, with 2 observed in

both unwashed and ethanol-washed sections (103 and 183 m/z). An additional 5 unique
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peaks were observed in ethanol-washed tissue sections (211, 249, 496, 523, and 734
m/z), and a further 7 unique peaks were observed in unwashed tissue sections (22, 71,
85, 131, 161, 221, and 616 m/z). There were no unique peaks observed in both ethanol-
washed and unwashed heart sections, and no masses were found to correlate to the
protonated or sodiated forms of BZ6 observed in MALDI standard runs. Figures 22
through 24 show the spectra and virtual images for each of the above-mentioned peaks.
Kidney. Despite the presence of several unique peaks in other organs, no unique peaks
were observed in kidneys excised from BZ6-treated SCID mice. MSI experiments
conducted with 16 BZ6-treated SCID kidneys indicated that BZ6 was absent when
compared to 16 kidneys from vehicle-treated SCID mice.

Liver. BZ6-treated liver from SCID mice were found to contain unique peaks, as well,
when 8 liver samples from dosed SCID mice were compared to liver samples from 8
vehicle-treated SCID mice. Unwashed sections exhibited 9 unique peaks (38, 103, 183,
249, 455, 615, 619, 764, 790, and 815 m/z), washed sections exhibited 2 unique peaks
(145 and 161 m/z), and both sample preparation methods shared 2 unique peaks (85
and 103 m/z). The protonated or sodiated masses previously observed from BZ6
standard MALDI experiments were not observed. Figures 25 through 28 show the
spectra and virtual images for each of the above-mentioned peaks.

Lung. A smaller number of unique peaks were observed in the lungs when compared to
brain, heart, and liver samples. The 16 lung samples taken from BZ6-treated SCID mice
were compared to 16 lung samples taken from vehicle-treated SCID mice. Unwashed
sections exhibited 2 unique peaks (107 and 504 m/z) and washed sections were

observed to have 2 unique peaks, as well (87 and 768 m/z). There were no unique
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peaks observed in both ethanol-washed and unwashed lung sections, and no masses
were found to correlate to the protonated or sodiated forms of BZ6 observed in MALDI
standard runs. Figures 29 and 30 show the spectra and virtual images for each of the
above-mentioned peaks.

Spleen. Spleen samples (8) taken from BZ6-treated SCID mice were compared to 8
spleen samples extracted from vehicle-treated SCID mice. Unwashed tissue sections
were found to contain 1 unique peak at 626 m/z, and washed sections were observed to
have 3 unique peaks (105, 226, and 254 m/z). There were no unique peaks observed in
both ethanol-washed and unwashed spleen sections, and no masses were found to
correlate to the protonated or sodiated forms of BZ6 observed in MALDI standard runs.
Figure 31 show the spectra and virtual images for each of the above-mentioned peaks.
BZ16 distribution in C57BL/6 mice. Biodistribution of BZ16 was assessed in C57BL/6
mice. This group consisted of eight mice treated with BZ16. This particular strain of
laboratory mouse was considered a control, with no investigation of therapeutic effects
associated with BZ16 treatment.

Brain. Excised, frozen brains were divided into cerebellum and cerebrum sections, and
analyzed separately. Thus, 8 cerebellum and 8 cerebrum sections from BZ16-treated
C57BL/6 mice were compared to 8 cerebellum and 8 cerebrum sections from vehicle-
treated C57BL/6 mice. Only 1 unique peak was observed, present in both the
cerebellum and cerebrum sections of washed tissue only. This peak at 338 m/z is
within the error range expected for the [BZ16 + Na]" peak, suggesting that BZ16 does
cross the blood-brain barrier. Figure 32A shows localization of this peak to the

cerebellum, and Figure 32B shows the average spectrum with the detected BZ16 peak.
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Figures 33A-B show the slight increase in signal intensity after washing the tissue
section with 70% ethanol for 30 s. Figure 34A shows localization of this peak to the
cerebrum, and Figure 34B shows the average spectrum with the detected BZ16 peak.
Heart. It is suggested that BZ16 does enter the bloodstream and crosses the blood-
brain barrier. This was further supported by the presence of a unique peak in unwashed
heart tissue sections at 617 m/z, as shown in Figure 35. When 8 heart samples excised
from BZ16-treated C57BL/6 mice were compared to 8 heart samples excised from
vehicle-treated C57BL/6 mice, this unique peak observation arose. No unique peaks
were observed in ethanol-washed sections. Additionally, no masses observed were
found to correlate to the protonated or sodiated forms of BZ16 observed in MALDI
standard runs.

Kidney. Despite the fact that the kidneys are filtering organs, no unique peaks were
observed in kidneys excised from BZ16-treated C57BL/6 mice. MSI experiments
conducted with 16 BZ16-treated C57BL/6 kidneys indicated that BZ16 was absent when
compared to 16 kidneys from vehicle-treated C57BL/6 mice.

Liver. Unlike the kidneys, liver (a filtering organ) excised from BZ16-treated C57BL/6
mice exhibited 2 unique peaks when compared to C57BL/6 vehicle-treated mice.
Ethanol-washed tissue sections were found to have peaks at 278 and 776 m/z, as
shown in Figure 36. Unique peaks were not observed in unwashed liver tissue samples.
None of the observed masses were found to correlate to the protonated or sodiated
forms of BZ16 observed in MALDI standard runs.

Lung. Despite the presence of several unique peaks in other organs, no unique peaks

were observed in lungs excised from BZ16-treated C57BL/6 mice. MSI experiments
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conducted with 16 BZ16-treated C57BL/6 lungs indicated that BZ16 was absent when
compared to 16 lungs from vehicle-treated C57BL/6 mice.

Spleen. Similar to the kidney, spleens excised from BZ16-treated C57BL/6 mice
exhibited no unique peaks when compared to vehicle-treated C57BL/6 mice, indicating
BZ16 was not present in the spleen. This is in contrast to the liver, another filtering
organ.

BZ16 distribution in SCID mice. Biodistribution of BZ16 was also assessed in SCID
mice. As previously mentioned, SCID is a genetic disorder that is caused by a
premature termination codon in the gene coding for protein kinase, deoxyribonucleic
acid (DNA)-dependent protein kinase (DNA-PK). This protein is involved in DNA repair,
known to cooperate with ATM protein, and thus a deficiency results in the SCID genetic
disorder in mice.

Brain. Excised, frozen brains taken from BZ6- and vehicle-treated SCID mice were
again divided into cerebellum and cerebrum sections, and analyzed separately. While
the protonated or sodiated masses previously observed from BZ16 standard MALDI
experiments and C57 BZ16-treated brains were not observed, MSI| experiments
conducted with 8 BZ16-treated SCID brains did indicate several unique peaks. When
compared to 8 brains from vehicle-treated SCID mice, 9 unique peaks were detected.
One of these unique peaks, 224 m/z, was found in both unwashed and ethanol washed
tissue sections from both cerebellum and cerebrum segments of the brain. Furthermore,
2 unique peaks were found in ethanol washed tissue sections from cerebellum (75 and
810 m/z) and no unique peaks were found in ethanol washed cerebrum segments of the

brain. Two additional unique peaks were observed in unwashed cerebellum sections
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(133 and 779 m/z); and, four additional unique peaks were observed in unwashed
cerebrum sections (98, 126, 142, and 621 m/z). Figures 37 through 40 show the spectra
and virtual images for each of the above-mentioned peaks.

Heart. BZ16-treated brains derived from SCID mice suggested that the compound
entered the bloodstream. This was similarly observed in 8 heart samples excised from
BZ16-treated SCID mice when compared to 8 vehicle-treated SCID mice. Overall, four
unique peaks were identified. Ethanol-washed tissue sections exhibited 2 unique peaks
(138 and 504 m/z), and unwashed heart sections were found to contain 2 unique peaks
(116 and 165 m/z). There were no unique peaks observed in both ethanol-washed and
unwashed heart sections, and no masses were found to correlate to the protonated or
sodiated forms of BZ16 observed in MALDI standard runs. Figures 41 and 42 show the
spectra and virtual images for each of the above-mentioned peaks.

Kidney. Although several unique peaks were detected in other filtering organs, only one
unique peak was detected in kidneys excised from BZ16-treated SCID mice. After
excision, 16 kidneys derived from BZ16-treated SCID mice were compared to 16
kidneys derived from vehicle-treated SCID mice. One unique peak at 149 m/z was
observed in unwashed tissue sections; however, no masses observed matched to the
protonated or sodiated forms of BZ16 observed in standard MALDI runs. Figure 43
shows the spectrum and virtual image for the above-mentioned peak.

Liver. Unlike kidney, several unique peaks were observed in liver samples taken from
BZ16-treated SCID mice. When 8 liver samples excised from BZ16-treated SCID mice
were compared to 8 liver samples excised from vehicle-treated SCID mice, 5 unique

peaks were observed in unwashed tissue sections (104, 335, 463, 533, and 626 m/z).
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The peak observed at 335 m/z is thought to be attributed to the sodiated form of BZ16
typically observed in standard MALDI runs; however, the protonated form was not
observed. Figure 44 shows the spectra and virtual images for the above-mentioned
peaks.

Lung. A smaller number of unique peaks were observed in the lungs when compared to
brain, heart, and liver samples. The 16 lung samples taken from BZ16-treated SCID
mice were compared to 16 lung samples taken from vehicle-treated SCID mice.
Unwashed sections exhibited no unique peaks, ethanol-washed sections were observed
to have 2 unique peaks (60 and 784 m/z), and both sample preparation methods shared
a unique peak at 23 m/z. No detected masses corresponded to protonated or sodiated
forms of BZ16 detected in MALDI standard experiments. Figures 45 and 46 show the
spectra and virtual images for the above-mentioned peaks.

Spleen. Spleen sections were analyzed from SCID mice treated with BZ16. The 8
spleen samples taken from BZ16-treated mice were compared to 8 spleen samples
excised from vehicle-treated SCID mice. One unique peak at 88 m/z was detected in
treated mice, common to both unwashed and ethanol-washed tissue sections
Unwashed sections exhibited 3 unique peaks (75, 232, and 254 m/z), while ethanol-
washed tissue sections were found to have 1 unique peak at 786 m/z. No peaks were
detected that corresponded to protonated or sodiated forms of BZ16 detected in MALDI
standard experiments. Figures 47 and 48 show the spectra and virtual images for the
above-mentioned peaks.

RTC13 biodistribution via MALDI-MSI. The distribution of RTC13 was observed in

treated C57BL/6 mice at 3 varied timepoints. As seen with BZ6, some build-up of
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RTC13 was observed at the site of injection within the abdominal cavity. While the
amount of build-up was significantly less than that observed with BZ6, it was unclear
whether this build-up indicated a lack of absorption into the bloodstream.

2 h Brain. Though RTC13 is the parent compound of BZ16, it was not detected in the
brain at 2 h post-dose. Briefly, 2 intact brains from RTC13-treated C57BL/6 mice
sacrificed at 2 h post-dose were compared to 2 intact brains excised from vehicle-
treated C57BL/6 mice. No unique peaks were observed, indicating RTC13 did not
penetrate the blood-brain barrier within 2 h of dosing.

2 h Heatrt. Further indication of a low bloodstream absorption came due to the absence
of unique peaks detected in 2 heart samples excised from RTC13-treated C57BL/6
mice sacrificed at 2 h post-dose when compared to 2 vehicle-treated C57BL/6 mice.

2 h Kidney. Though one of the main filtering organs, RTC13 was not found in the
kidneys. After analysis of 4 kidney samples from RTC13-treated mice sacrificed 2 h
post-dosing compared to 4 kidney samples from vehicle-treated mice, no unique peaks
were observed.

2 h Liver. Unlike kidney samples, the liver (another filtering organ) exhibited several
unique peaks. At 2 h post-dosage, 4 kidneys were excised from 2 RTC13-treated
C57BL/6 mice and compared to 4 kidneys excised from vehicle-treated C57BL/6 mice.
A total of 4 unique peaks were observed (196, 209, 212, and 239 m/z). Peaks
corresponding to the protonated and sodiated forms of RTC13 observed in standard
MALDI runs were not detected via MSI. Figure 49 shows the spectra and virtual images

for the above-mentioned peaks.
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2 h Lung. RTC13 was not detected in the lungs at 2 h post-dose. Four lung samples
excised from RTC13-treated C57BL/6 mice were compared to 4 lung samples excised
from vehicle-treated C57BL/6 mice. No unique peaks were observed.

2 h Spleen. Similar to liver, unique peaks were observed in 2 spleen samples from
RTC13-treated C57BL/6 mice when compared to 2 spleen samples from vehicle-treated
C57BL/6 mice at 2 h post-dose. Two peaks were observed (154 and 191 m/z). Peaks
corresponding to the protonated and sodiated forms of RTC13 observed in standard
MALDI runs were not detected via MSI. Figure 50 shows the spectra and virtual images
for the above-mentioned peaks.

8 h Brain. RTC13 was not detected in the brain at 8 h post-dose, either. As evidenced
by 2 intact brains from RTC13-treated C57BL/6 mice sacrificed 8 h post-injection
compared to 2 intact brains excised from vehicle-treated C57BL/6 mice. No unique
peaks were observed, indicating RTC13 did not penetrate the blood-brain barrier within
8 h of dosing.

8 h Heart. At the 8 h post-dose time point, RTC13 was not detected in either of the 2
heart samples obtained from RTC13-treated C57BL/6 mice when compared to 2 heart
samples excised from vehicle-treated C57BL/6 mice.

8 h Kidney. At 8 h post-dosing, no unique peaks were observed in 4 kidney samples
derived from RTC13-treated C57BL/6 mice when compared to 4 kidney samples from
vehicle-treated C57BL/6 mice.

8 h Liver. Similar to the 2 h time point, livers excised from 2 RTC13-treated C57BL/6
mice were compared to livers excised from 2 vehicle-treated C57BL/6 mice, and 3

unique peaks were observed (196, 212, and 239 m/z). Peaks corresponding to the
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protonated and sodiated forms of RTC13 observed in standard MALDI runs were not
detected via MSI. Figure 49 shows the spectra and virtual images for the above-
mentioned peaks.

8 h Lung. At a sacrifice time point 8 h post-dose, RTC13 was still not detected in 4 lung
samples excised from RTC13-treated C57BL/6 mice when compared to 4 lung samples
excised from vehicle-treated C57BL/6 mice. No unique peaks were observed.

8 h Spleen. A unique peak was observed in 2 spleen samples from RTC13-treated
C57BL/6 mice when compared to 2 spleen samples from vehicle-treated C57BL/6 mice
at 8 h post-dose. One peak was detected at 191 m/z. Peaks corresponding to the
protonated and sodiated forms of RTC13 observed in standard MALDI runs were not
detected via MSI. Figure 50 shows the spectrum and virtual image for the above-
mentioned peak.

24 h Brain. Finally, RTC13 was not detected in the brain at 24 h post-dose. As
evidenced by 2 intact brains from RTC13-treated C57BL/6 mice sacrificed 24 h post-
injection compared to 2 intact brains excised from vehicle-treated C57BL/6 mice. No
unique peaks were observed, indicating RTC13 did not penetrate the blood-brain barrier
within 24 h of dosing.

24 h Heart. After a full 24 h post-dose, RTC13 was still not detected in 2 heart samples
excised from RTC13-treated C57BL/6 mice when compared to 2 heart samples from
vehicle-treated C57BL/6 mice. This suggests that RTC13 does not readily enter the
bloodstream.

24 h Kidney. At 24 h post-dosing, RTC13 was still not detected in 4 kidney samples

taken from RTC13-treated C57BL/6 mice when compared to 4 kidney samples from
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vehicle-treated C57BL/6 mice. This further suggests that RTC13 does not readily enter
the bloodstream.

24 h Liver. At 24 h post-dosing, only one unique peak was detected in 2 liver samples
taken from RTC13-treated C57BL/6 mice when compared to 2 liver samples from
vehicle-treated C57BL/6 mice. This peak at 209 m/z was also observed in the 2 h time
point, but was not observed in the 8 h time point. Peaks corresponding to the
protonated and sodiated forms of RTC13 observed in standard MALDI runs were not
detected via MSI. Figure 49 shows the spectrum and virtual image for the above-
mentioned peak.

24 h Lung. As seen with several other organs, RTC13 was not detected in 4 lung
samples excised from RTC13-treated C57BL/6 mice when compared to 4 lung samples
taken from vehicle-treated C57BL/6 mice at 24 h post-dose.

24 h Spleen. Of the 2 unique peaks observed at 2 h post-dose, 154 m/z was observed
in 2 spleen samples taken from RTC13-treated C57BL/6 mice when compared to 2
spleen samples from vehicle-treated C57BL/6 mice at 24 h post-dose. Peaks
corresponding to the protonated and sodiated forms of RTC13 observed in standard
MALDI runs were not detected via MSI. Figure 50 shows the spectrum and virtual image
for the above-mentioned peak.

216 biodistribution via MALDI-MSI. The distribution of 216 was observed in treated
C57BL/6 mice at 3 varied timepoints: 2 h, 8 h, and 24 h. This was assessed by MALDI-
MSI of 6 different excised organs.

2 h Brain. Though 216 is similar in size and structure to the RTC-derived compounds, it

was not detected in the brain at 2 h post-dose. Briefly, 2 intact brains from 216-treated
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C57BL/6 mice sacrificed at 2 h post-dose were compared to 2 intact brains excised from
vehicle-treated C57BL/6 mice. No unique peaks were observed, indicating 216 did not
penetrate the blood-brain barrier within 2 h of dosing.

2 h Heart. No build-up at the site of injection was observed in 216-treated mice;
however, no unique peaks were detected in the heart at 2 h post-dose. The 2 heart
samples excised from 216-treated C57BL/6 mice were compared to 2 heart samples
taken from vehicle-treated C57BL/6 mice.

2 h Kidney. No unique peaks were detected in the kidney at 2 h post-dose. The 4 kidney
samples taken from 216-treated C57BL/6 mice were compared to 4 kidney samples
excised from vehicle-treated C57BL/6 mice.

2 h Liver. No unique peaks were detected in the spleen at 2 h post-dose. The 2 liver
samples taken from 216-treated C57BL/6 mice were compared to 2 liver samples
excised from vehicle-treated C57BL/6 mice.

2 h Lung. No unique peaks were detected in the lungs at 2 h post-dose. The 4 lung
samples taken from 216-treated C57BL/6 mice were compared to 4 lung samples
excised from vehicle-treated C57BL/6 mice.

2 h Spleen. No unique peaks were detected in the spleen at 2 h post-dose. The 2
spleen samples taken from 216-treated C57BL/6 mice were compared to 2 spleen
samples excised from vehicle-treated C57BL/6 mice.

8 h Brain. After sacrifice at 8 h post-dose, no unique peaks were observed, indicating
216 did not penetrate the blood-brain barrier within 8 h of dosing. Two intact brains from
216-treated C57BL/6 mice were compared to 2 intact brains excised from vehicle-

treated C57BL/6 mice.
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8 h Heart. No unique peaks were detected in the heart at 8 h post-dose. The 2 heart
samples excised from 216-treated C57BL/6 mice were compared to 2 heart samples
taken from vehicle-treated C57BL/6 mice.

8 h Kidney. No unique peaks were detected in the kidney at 8 h post-dose. The 4 kidney
samples taken from 216-treated C57BL/6 mice were compared to 4 kidney samples
excised from vehicle-treated C57BL/6 mice.

8 h Liver. No unique peaks were detected in the spleen at 8 h post-dose. The 2 liver
samples taken from 216-treated C57BL/6 mice were compared to 2 liver samples
excised from vehicle-treated C57BL/6 mice.

8 h Lung. No unique peaks were detected in the lungs at 8 h post-dose. The 4 lung
samples taken from 216-treated C57BL/6 mice were compared to 4 lung samples
excised from vehicle-treated C57BL/6 mice.

8 h Spleen. No unique peaks were detected in the spleen at 8 h post-dose. The 2
spleen samples taken from 216-treated C57BL/6 mice were compared to 2 spleen
samples excised from vehicle-treated C57BL/6 mice.

24 h Brain. After sacrifice at 24 h post-dose, no unique peaks were observed. Two
intact brains from 216-treated C57BL/6 mice were compared to 2 intact brains excised
from vehicle-treated C57BL/6 mice. This suggested that 216 did not cross the blood-
brain barrier.

24 h Heart. Finally, no unique peaks were detected in the heart at 24 h post-dose. The 2
heart samples excised from 216-treated C57BL/6 mice were compared to 2 heart
samples taken from vehicle-treated C57BL/6 mice. This suggested that 216 did not

effectively enter the bloodstream in a detectable amount.

226



24 h Kidney. No unique peaks were detected in the kidney at 24 h post-dose. The 4
kidney samples taken from 216-treated C57BL/6 mice were compared to 4 kidney
samples excised from vehicle-treated C57BL/6 mice. This suggested that 216 is quickly
eliminated from the body post-dose.

24 h Liver. No unique peaks were detected in the spleen at 24 h post-dose. The 2 liver
samples taken from 216-treated C57BL/6 mice were compared to 2 liver samples
excised from vehicle-treated C57BL/6 mice. This further suggested that 216 is quickly
eliminated from the body post-dose, given its absence from the filtering organs.

24 h Lung. No unique peaks were detected in the lungs at 24 h post-dose. The 4 lung
samples taken from 216-treated C57BL/6 mice were compared to 4 lung samples
excised from vehicle-treated C57BL/6 mice. This further suggested that 216 did not
effectively enter the bloodstream in a detectable amount.

24 h Spleen. No unique peaks were detected in the spleen at 2 h post-dose. The 2
spleen samples taken from 216-treated C57BL/6 mice were compared to 2 spleen
samples excised from vehicle-treated C57BL/6 mice. This further suggested that 216
may have been quickly eliminated or excreted after dosing, given its absence from
filtering organs.

216-3 biodistribution. The distribution of 216-3, a 216 derivative, was observed in
treated C57BL/6 mice at 3 varied timepoints: 2 h, 8 h, and 24 h. This was assessed by
MALDI-MSI of 6 different excised organs.

2 h Brain. Unlike the 216 parent compound data (which showed no unique peaks), 216-

3 analyses of brains excised at 2 h post-dose yielded 3 unique peaks. Two intact brain
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samples taken from 216-3-treated C57BL/6 mice were compared to 2 brains excised
from vehicle-treated C57BL/6 mice. Peaks were observed at 210, 262, and 387 m/z.

2 h Heart. No build-up at the site of injection was observed in 216-3-treated mice;
however, no unique peaks were detected in the heart at 2 h post-dose. The 2 heart
samples excised from 216-3-treated C57BL/6 mice were compared to 2 heart samples
taken from vehicle-treated C57BL/6 mice.

2 h Kidney. When 4 kidneys excised from 216-3-treated C57BL/6 mice were compared
to 4 kidneys taken from vehicle-treated C57BL/6 mice, one unique peak was observed
at 2 h post-dose. This peak was at 170 m/z, though peaks corresponding to the
protonated and sodiated forms of 216-3 observed in standard MALDI runs were not
detected via MSI.

2 h Liver. An additional peak was observed in liver samples taken from 2 216-3-treated
C57BL/6 mice at 2 h post-dose when compared to 2 livers excised from vehicle-treated
C57BL/6 mice. This peak was at 307 m/z, though peaks corresponding to the
protonated and sodiated forms of 216-3 observed in standard MALDI runs were not
detected via MSI.

2 h Lung. No unique peaks were detected in lung samples at 2 h post-dose. Four lung
samples excised from 216-3-treated C57BL/6 mice were compared to 4 lung samples
excised from vehicle-treated C57BL/6 mice.

2 h Spleen. Unlike kidney and liver samples, no unique peaks were detected in spleen
samples. Two spleen samples excised from 216-3-treated C57BL/6 mice sacrificed at 2
h post-dose were compared to 2 spleen samples excised from vehicle-treated C57BL/6

mice.
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8 h Brain. None of the peaks detected in brain at 2 h post-dose were detected in brain
samples excised at 8 h post-dose. Two intact brain samples from 216-3-treated
C57BL/6 mice were compared to 2 intact brain samples taken from vehicle-treated
C57BL/6 mice, and no unique peaks were observed.

8 h Heart. While unique peaks were not observed in heart samples taken at 2 h post-
dose, 2 unique peaks were observed when 2 heart samples excised from 216-3-treated
C57BL/6 mice at 8 h post-dose were compared to 2 heart samples excised from
vehicle-treated C57BL/6 mice. These peaks were detected at 179 and 350 m/z, though
peaks corresponding to the protonated and sodiated forms of 216-3 observed in
standard MALDI runs were not detected via MSI.

8 h Kidney. Similarly to kidneys examined at 2 h post-dose, 4 kidneys excised from 216-
3-treated C57BL/6 mice were compared to 4 kidneys excised from vehicle-treated
C57BL/6 mice indicated a unique peak observed at 170 m/z. Peaks corresponding to
the protonated and sodiated forms of 216-3 observed in standard MALDI runs were not
detected via MSI.

8 h Liver. Two liver samples excised from 216-3-treated C57BL/6 mice were compared
to vehicle-treated C57BL/6 mice. A peak was detected at 307 m/z, which was also
detected at 2 h post-dose. An additional unique peak was detected at 204 m/z. Peaks
corresponding to the protonated and sodiated forms of 216-3 observed in standard
MALDI runs were not detected via MSI.

8 h Lung. No unique peaks were detected in lung samples at 8 h post-dose. Four lung
samples excised from 216-3-treated C57BL/6 mice were compared to 4 lung samples

excised from vehicle-treated C57BL/6 mice.
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8 h Spleen. Again unlike kidney and liver samples, no unique peaks were detected in
spleen samples. Two spleen samples excised from 216-3-treated C57BL/6 mice
sacrificed at 8 h post-dose were compared to 2 spleen samples excised from vehicle-
treated C57BL/6 mice.

24 h Brain. While none of the unique peaks detected at 2 h post-dose were observed in
8 h post-dose mice, one of the peaks was detected in mice dosed with 216-3 and
sacrificed at 24 h post-dose. Two intact brain samples taken from 216-3-treated
C57BL/6 mice were compared to 2 intact brain samples excised from vehicle-treated
C57BL/6 mice. A peak at 262 m/z was observed, though peaks corresponding to the
protonated and sodiated forms of 216-3 observed in standard MALDI runs were not
detected via MSI.

24 h Heart. Both unique peaks observed in mice sacrificed at 8 h post-dosed were
observed in hearts taken from 2 216-3-treated C57BL/6 mice when compared to 2
hearts excised from vehicle-treated C57BL/6 mice. These peaks were detected at 179
and 350 m/z. An additional peak, unique to 24 h post-dose heart samples, was detected
at 372 m/z. Peaks corresponding to the protonated and sodiated forms of 216-3
observed in standard MALDI runs were not detected via MSI.

24 h Kidney. Although a unique peak was observed in kidney samples at 2 h and 8 h
post-dose, no unique peaks were detected at 24 h post-dose when 4 kidneys excised
from 216-3-treated C57BL/6 mice were compared to 4 kidneys taken from vehicle-
treated C57BL/6 mice.

24 h Liver. Although unique peaks was observed in liver samples at 2 h and 8 h post-

dose, no unique peaks were detected at 24 h post-dose when 2 liver samples excised
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from 216-3-treated C57BL/6 mice were compared to 2 liver samples taken from vehicle-
treated C57BL/6 mice. This suggests 216-3 may be cleared prior to 24 h by the filtering
organs.

24 h Lung. No unique peaks were detected in lung samples at 24 h post-dose. Four
lung samples excised from 216-3-treated C57BL/6 mice were compared to 4 lung
samples excised from vehicle-treated C57BL/6 mice.

24 h Spleen. No unique peaks were detected in spleen samples. Two spleen samples
excised from 216-3-treated C57BL/6 mice sacrificed at 24 h post-dose were compared
to 2 spleen samples excised from vehicle-treated C57BL/6 mice.

BZ6 Detection by LC-MS/MS. Excised organs from 1 BZ6-treated C57BL/6 mouse
(specimen 11) and 1 vehicle-treated C57BL/6 mouse (specimen 5) were individually
homogenized with water, proteins were crashed out with ACN, and resulting
supernatant was run via LC-MS/MS using previously mentioned methods. 216-5
(419.1284 m/z) was utilized as an internal standard, spiked in during homogenization
and prior to extraction. Extracted ion chromatograms (XIC) were obtained for the intact,
protonated masses of each compound.

Brain. Intact BZ6 was not detected in the brain using MALDI-MSI, and it was also not
detected in extracted brain homogenate. The 216-5 standard eluted at 8.80 min. While
several peaks were observed during the chromatographic run, BZ6 was not, as shown
in the XIC, and the lack of an accurate mass in the mass spectrum. A brain sample
taken from BZ6-treated C57BL/6 mouse 11 was compared to a brain sample taken from

vehicle-treated C57BL/6 mouse 5.
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Heart. Intact BZ6 was not detected in the heart via MALDI-MSI, and was absent from
extracted heart homogenate, as well. The 216-5 standard eluted at 8.80 min. While
several peaks were observed during the chromatographic run, BZ6 was not, as shown
in the XIC and the lack of an accurate mass in the mass spectrum. A heart sample
taken from BZ6-treated C57BL/6 mouse 11 was compared to a heart sample taken from
vehicle-treated C57BL/6 mouse 5.

Kidney. Intact BZ6 was not detected in the kidney via MALDI-MSI, and was not detected
in extracted kidney homogenate, as well. The 216-5 standard eluted at 8.82 min. While
several peaks were observed during the chromatographic run, BZ6 was not, as shown
in the XIC and the lack of an accurate mass in the mass spectrum. A kidney sample
taken from BZ6-treated C57BL/6 mouse 11 was compared to a kidney sample taken
from vehicle-treated C57BL/6 mouse 5.

Liver. Intact BZ6 was not detected in the liver via MALDI-MSI, and was not detected in
extracted liver homogenate, as well. The 216-5 standard eluted at 8.76 min. While
several peaks were observed during the chromatographic run, BZ6 was not, as shown
in the XIC and the lack of an accurate mass in the mass spectrum. A liver sample taken
from BZ6-treated C57BL/6 mouse 11 was compared to a liver sample taken from
vehicle-treated C57BL/6 mouse 5.

Lung. Intact BZ6 was not detected in the lung via MALDI-MSI, and was not detected in
extracted lung homogenate, as well. The 216-5 standard eluted at 8.78 min. While
several peaks were observed during the chromatographic run, BZ6 was not, as shown

in the XIC and the lack of an accurate mass in the mass spectrum. A lung sample taken
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from BZ6-treated C57BL/6 mouse 11 was compared to a lung sample taken from
vehicle-treated C57BL/6 mouse 5.

Spleen. Intact BZ6 was not detected in the spleen via MALDI-MSI, but was detected in
the extracted spleen homogenate. The 216-5 standard eluted at 8.77 min, and the BZ6
peak eluted at 8.33 min at 239.0238 m/z (2.09 ppm mass accuracy), as shown in Figure
51. A spleen sample taken from BZ6-treated C57BL/6 mouse 11 was compared to a
spleen sample taken from vehicle-treated C57BL/6 mouse 5. An MS/MS spectrum was
not able to be attained; however, the observed mass was well within a mass accuracy
of 10 ppm.

BZ16 Detection by LC-MS/MS. Excised organs from 1 BZ16-treated C57BL/6 mouse
(specimen 21) and 1 vehicle-treated C57BL/6 mouse (specimen 5) were individually
homogenized with water, proteins were crashed out with ACN, and resulting
supernatant was run via LC-MS/MS using previously mentioned methods. 216-5
(419.1284 m/z) was utilized as an internal standard for heart, kidney, liver, lung, and
spleen samples, spiked in during homogenization and prior to extraction. BZ6 (239.0233
m/z) was utilized as an internal standard for brain samples, spiked in during
homogenization and prior to extraction. Extracted ion chromatograms (XIC) were
obtained for the intact, protonated masses of each compound.

Brain. Intact BZ16 was detected in the brain via MALDI-MSI in its sodiated form, and
confirmed by MALDI-TOF/TOF as shown in Figure 52. BZ16 was also detected in the
extracted brain homogenate, though in its protonated form, as shown in Figure 53. This
was expected, as LC-MS/MS runs of the BZ16 standard indicated a strong peak

corresponding to the protonated form (eluting at 7.84 min) and limited ionization of the
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sodiated form. Here, BZ6 was utilized as a standard and eluted at 6.95 min. BZ16
eluted at 7.82 min with a measured mass of 314.0763 m/z (2.86 ppm mass accuracy).
The observed mass was well within a mass accuracy of 10 ppm. MS/MS of this peak
confirmed it as BZ16, as the characteristic fragment mass at 202.0492 m/z was
observed. This mass corresponded to a loss of C4H3N2O,, as shown in Figure 54. A
brain sample taken from BZ16-treated C57BL/6 mouse 21 was compared to a brain
sample taken from vehicle-treated C57BL/6 mouse 5.

Heart. Intact BZ16 was not detected in the heart via MALDI-MSI, and was not detected
in extracted heart homogenate, as well. The 216-5 standard eluted at 8.78 min. While
several peaks were observed during the chromatographic run, BZ16 was not, as shown
in the XIC and the lack of an accurate mass in the mass spectrum. A heart sample
taken from BZ16-treated C57BL/6 mouse 21 was compared to a heart sample taken
from vehicle-treated C57BL/6 mouse 5.

Kidney. Intact BZ16 was not detected in the kidney via MALDI-MSI, and was not
detected in extracted kidney homogenate, as well. The 216-5 standard eluted at 8.79
min. While several peaks were observed during the chromatographic run, BZ16 was
not, as shown in the XIC and the lack of an accurate mass in the mass spectrum. A
kidney sample taken from BZ16-treated C57BL/6 mouse 21 was compared to a kidney
sample taken from vehicle-treated C57BL/6 mouse 5.

Liver. Intact BZ16 was not detected in the liver via MALDI-MSI, and was not detected in
extracted liver homogenate, as well. The 216-5 standard eluted at 8.79 min. While
several peaks were observed during the chromatographic run, BZ16 was not, as shown

in the XIC and the lack of an accurate mass in the mass spectrum. A low intensity peak
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within 10 ppm of the expected protonated BZ16 m/z was observed; however, the lack of
isotopes and a defined peak in the XIC eliminated this mass from consideration. A liver
sample taken from BZ16-treated C57BL/6 mouse 21 was compared to a liver sample
taken from vehicle-treated C57BL/6 mouse 5.

Lung. Intact BZ16 was not detected in the lung via MALDI-MSI, and was not detected in
extracted lung homogenate, as well. The 216-5 standard eluted at 8.79 min. While
several peaks were observed during the chromatographic run, BZ16 was not, as shown
in the XIC and the lack of an accurate mass in the mass spectrum. A lung sample taken
from BZ16-treated C57BL/6 mouse 21 was compared to a lung sample taken from
vehicle-treated C57BL/6 mouse 5.

Spleen. Intact BZ16 was not detected in the spleen via MALDI-MSI, and was not
detected in extracted spleen homogenate, as well. The 216-5 standard eluted at 8.75
min. While several peaks were observed during the chromatographic run, BZ16 was
not, as shown in the XIC and the lack of an accurate mass in the mass spectrum. A
spleen sample taken from BZ16-treated C57BL/6 mouse 21 was compared to a spleen
sample taken from vehicle-treated C57BL/6 mouse 5.

RTC13 Detection by LC-MS/MS. Excised organs from 3 RTC13-treated C57BL/6 mice
(specimen 2h-M1, 8h-M1, and 24h-M1) and 1 vehicle-treated C57BL/6 mouse
(specimen 0h-M1) were individually homogenized with water, proteins were crashed out
with ACN, and resulting supernatant was run via LC-MS/MS using previously mentioned
methods. 216-5 (419.1284 m/z) was utilized as an internal standard for all heart, kidney,
liver, lung, and spleen samples as well as 8 h and 24 h brain samples, spiked in during

homogenization and prior to extraction. BZ6 (239.0233 m/z) was utilized as an internal
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standard for 2 h brain samples, spiked in during homogenization and prior to extraction.
Extracted ion chromatograms (XIC) were obtained for the intact, protonated masses of
each compound.

2 h Brain. Intact RTC13 was not detected in the brain at 2 h post-dose via MALDI-MSI,
but was detected in the extracted brain homogenate. The BZ6 standard eluted at 6.92
min, and the RTC13 peak eluted at 8.92 min at 316.0377 m/z (3.16 ppm mass
accuracy), though the peak was broad, as shown in Figure 55. A brain sample taken
from RTC13-treated C57BL/6 mouse 2h-M1 was compared to a brain sample taken
from vehicle-treated C57BL/6 mouse 0Oh-M1. An MS/MS spectrum was not able to be
attained due to low intensity of the eluted peak; however, the observed mass was well
within a mass accuracy of 10 ppm.

2 h Heart. Intact RTC13 was not detected in the heart at 2 h post-dosevia MALDI-MSI,
and was not detected in extracted heart homogenate, as well. The 216-5 standard
eluted at 8.78 min. While several peaks were observed during the chromatographic run,
RTC13 was not, as shown in the XIC and the lack of an accurate mass in the mass
spectrum. A heart sample taken from RTC13-treated C57BL/6 mouse 2h-M1 was
compared to a heart sample taken from vehicle-treated C57BL/6 mouse Oh-M1.

2 h Kidney. Intact RTC13 was not detected in the kidney at 2 h post-dose via MALDI-
MSI, and was not detected in extracted kidney homogenate, as well. The 216-5
standard eluted at 8.77 min. While several peaks were observed during the
chromatographic run, RTC13 was not, as shown in the XIC and the lack of an accurate

mass in the mass spectrum. A kidney sample taken from RTC13-treated C57BL/6
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mouse 2h-M1 was compared to a kidney sample taken from vehicle-treated C57BL/6
mouse Oh-M1.

2 h Liver. Intact RTC13 was not detected in the liver at 2 h post-dose via MALDI-MSI,
and was not detected in extracted liver homogenate, as well. The 216-5 standard eluted
at 8.78 min. While several peaks were observed during the chromatographic run,
RTC13 was not, as shown in the XIC and the lack of an accurate mass in the mass
spectrum. A liver sample taken from RTC13-treated C57BL/6 mouse 2h-M1 was
compared to a liver sample taken from vehicle-treated C57BL/6 mouse Oh-M1.

2 h Lung. Intact RTC13 was not detected in the lung at 2 h post-dose via MALDI-MSI,
and was not detected in extracted lung homogenate, as well. The 216-5 standard eluted
at 8.76 min. While several peaks were observed during the chromatographic run,
RTC13 was not, as shown in the XIC and the lack of an accurate mass in the mass
spectrum. A lung sample taken from RTC13-treated C57BL/6 mouse 2h-M1 was
compared to a lung sample taken from vehicle-treated C57BL/6 mouse Oh-M1.

2 h Spleen. Intact RTC13 was not detected in the spleen at 2 h post-dose via MALDI-
MSI, and was not detected in extracted spleen homogenate, as well. The 216-5
standard eluted at 8.78 min. While several peaks were observed during the
chromatographic run, RTC13 was not, as shown in the XIC and the lack of an accurate
mass in the mass spectrum. A spleen sample taken from RTC13-treated C57BL/6
mouse 2h-M1 was compared to a spleen sample taken from vehicle-treated C57BL/6
mouse Oh-M1.

8 h Brain. Intact RTC13 was not detected in the brain at 8 h post-dose via MALDI-MSI,

and was not detected in extracted brain homogenate, as well. The 216-5 standard
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eluted at 8.78 min. While several peaks were observed during the chromatographic run,
RTC13 was not, as shown in the XIC and the lack of an accurate mass in the mass
spectrum. A brain sample taken from RTC13-treated C57BL/6 mouse 8h-M1 was
compared to a brain sample taken from vehicle-treated C57BL/6 mouse Oh-M1.

8 h Heart. Intact RTC13 was not detected in the heart at 8 h post-dose via MALDI-MSI,
and was not detected in extracted heart homogenate, as well. The 216-5 standard
eluted at 8.78 min. While several peaks were observed during the chromatographic run,
RTC13 was not, as shown in the XIC and the lack of an accurate mass in the mass
spectrum. A heart sample taken from RTC13-treated C57BL/6 mouse 8h-M1 was
compared to a heart sample taken from vehicle-treated C57BL/6 mouse Oh-M1.

8 h Kidney. Intact RTC13 was not detected in the kidney at 8 h post-dose via MALDI-
MSI, however, a broad peak eluted at 10.12 min in extracted kidney homogenate. The
216-5 standard eluted at 8.73 min. A low abundance peak was observed at 316.0386
m/z (0.31 ppm mass accuracy), as shown in Figure 56, within a 10 ppm mass accuracy
limit, though its lowered intensity did not allow for MS/MS confirmation. A kidney sample
taken from RTC13-treated C57BL/6 mouse 8h-M1 was compared to a kidney sample
taken from vehicle-treated C57BL/6 mouse Oh-M1.

8 h Liver. Intact RTC13 was not detected in the liver at 8 h post-dose via MALDI-MSI,
and was not detected in extracted liver homogenate, as well. The 216-5 standard eluted
at 8.76 min. While several peaks were observed during the chromatographic run,
RTC13 was not, as shown in the XIC and the lack of an accurate mass in the mass
spectrum. A liver sample taken from RTC13-treated C57BL/6 mouse 8h-M1 was

compared to a liver sample taken from vehicle-treated C57BL/6 mouse Oh-M1.
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8 h Lung. Intact RTC13 was not detected in the lung at 8 h post-dose via MALDI-MSI,
and was not detected in extracted lung homogenate, as well. The 216-5 standard eluted
at 8.76 min. While several peaks were observed during the chromatographic run,
RTC13 was not, as shown in the XIC and the lack of an accurate mass in the mass
spectrum. A lung sample taken from RTC13-treated C57BL/6 mouse 8h-M1 was
compared to a lung sample taken from vehicle-treated C57BL/6 mouse Oh-M1.

8 h Spleen. Intact RTC13 was not detected in the spleen at 8 h post-dose via MALDI-
MSI, and was not detected in extracted spleen homogenate, as well. The 216-5
standard eluted at 8.76 min. While several peaks were observed during the
chromatographic run, RTC13 was not, as shown in the XIC and the lack of an accurate
mass in the mass spectrum. A spleen sample taken from RTC13-treated C57BL/6
mouse 8h-M1 was compared to a spleen sample taken from vehicle-treated C57BL/6
mouse Oh-M1.

24 h Brain. Intact RTC13 was not detected in the brain at 24 h post-dose via MALDI-
MSI, and was not detected in extracted brain homogenate, as well. The 216-5 standard
eluted at 8.75 min. While several peaks were observed during the chromatographic run,
RTC13 was not, as shown in the XIC and the lack of an accurate mass in the mass
spectrum. A brain sample taken from RTC13-treated C57BL/6 mouse 24h-M1 was
compared to a brain sample taken from vehicle-treated C57BL/6 mouse Oh-M1.

24 h Heart. Intact RTC13 was not detected in the heart at 24 h post-dose via MALDI-
MSI, and was not detected in extracted heart homogenate, as well. The 216-5 standard
eluted at 8.76 min. While several peaks were observed during the chromatographic run,

RTC13 was not, as shown in the XIC and the lack of an accurate mass in the mass
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spectrum. A heart sample taken from RTC13-treated C57BL/6 mouse 24h-M1 was
compared to a heart sample taken from vehicle-treated C57BL/6 mouse Oh-M1.

24 h Kidney. Intact RTC13 was not detected in the kidney at 24 h post-dose via MALDI-
MSI, and was not detected in extracted kidney homogenate, as well. The 216-5
standard eluted at 8.74 min. While several peaks were observed during the
chromatographic run, RTC13 was not, as shown in the XIC and the lack of an accurate
mass in the mass spectrum. A kidney sample taken from RTC13-treated C57BL/6
mouse 24h-M1 was compared to a kidney sample taken from vehicle-treated C57BL/6
mouse Oh-M1.

24 h Liver. Intact RTC13 was not detected in the liver at 24 h post-dose via MALDI-MSI,
but was detected in the extracted liver homogenate. The 216-5 standard eluted at 8.76
min, and the RTC13 peak eluted at 10.14 min at 316.0382 m/z (1.58 ppm mass
accuracy), though the peak was broad, as shown in Figure 57. A liver sample taken
from RTC13-treated C57BL/6 mouse 24h-M1 was compared to a liver sample taken
from vehicle-treated C57BL/6 mouse 0Oh-M1. An MS/MS spectrum was not able to be
attained due to low intensity of the eluted peak; however, the observed mass was well
within a mass accuracy of 10 ppm.

24 h Lung. Intact RTC13 was not detected in the lung at 24 h post-dose via MALDI-MSI,
but was detected in the extracted liver homogenate. The 216-5 standard eluted at 8.76
min, and the RTC13 peak eluted at 10.17 min at 316.0380 m/z (2.21 ppm mass
accuracy), though the peak was broad, as shown in Figure 58. A lung sample taken
from RTC13-treated C57BL/6 mouse 24h-M1 was compared to a lung sample taken

from vehicle-treated C57BL/6 mouse Oh-M1. An MS/MS spectrum was not able to be
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attained due to low intensity of the eluted peak; however, the observed mass was well
within a mass accuracy of 10 ppm.

24 h Spleen. Intact RTC13 was not detected in the spleen at 24 h post-dose via MALDI-
MSI, but was detected in the extracted spleen homogenate. The 216-5 standard eluted
at 8.74 min, and the RTC13 peak eluted at 10.14 min at 316.0381 m/z (1.89 ppm mass
accuracy), though the peak was broad, as shown in Figure 59. A spleen sample taken
from RTC13-treated C57BL/6 mouse 24h-M1 was compared to a spleen sample taken
from vehicle-treated C57BL/6 mouse 0Oh-M1. An MS/MS spectrum was not able to be
attained due to low intensity of the eluted peak; however, the observed mass was well
within a mass accuracy of 10 ppm.

216 Detection by LC-MS/MS. Excised organs from 3 216-treated C57BL/6 mice
(specimen 2h-M1, 8h-M1, and 24h-M1) and 1 vehicle-treated C57BL/6 mouse
(specimen 0h-M1) were individually homogenized with water, proteins were crashed out
with ACN, and resulting supernatant was run via LC-MS/MS using previously mentioned
methods. 216-5 (419.1284 m/z) was utilized as an internal standard for all heart, kidney,
liver, lung, and spleen samples as well as 8 h and 24 h brain samples, spiked in during
homogenization and prior to extraction. BZ6 (239.0233 m/z) was utilized as an internal
standard for 2 h brain samples, spiked in during homogenization and prior to extraction.
Extracted ion chromatograms (XIC) were obtained for the intact, protonated masses of
each compound.

2 h Brain. Intact 216 was not detected in the brain at 2 h post-dose via MALDI-MSI, but
was detected in the extracted brain homogenate. The BZ6 standard eluted at 6.80 min,

and the 216 peak eluted at 9.62min at 436.1220 m/z (4.12 ppm mass accuracy), as
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shown in Figure 60. A brain sample taken from 216-treated C57BL/6 mouse 2h-M1 was
compared to a brain sample taken from vehicle-treated C57BL/6 mouse Oh-M1. An
MS/MS spectrum was not able to be attained; however, the observed mass was well
within a mass accuracy of 10 ppm.

2 h Heart. Intact 216 was not detected in the heart at 2 h post-dose via MALDI-MSI, and
was not detected in extracted heart homogenate, as well. The 216-5 standard eluted at
8.75 min. While several peaks were observed during the chromatographic run, 216 was
not, as shown in the XIC and the lack of an accurate mass in the mass spectrum. A
heart sample taken from 216-treated C57BL/6 mouse 2h-M1 was compared to a heart
sample taken from vehicle-treated C57BL/6 mouse Oh-M1.

2 h Kidney. Intact 216 was not detected in the kidney at 2 h post-dose via MALDI-MSI,
and was not detected in extracted kidney homogenate, as well. The 216-5 standard
eluted at 8.74 min. While several peaks were observed during the chromatographic run,
216 was not, as shown in the XIC and the lack of an accurate mass in the mass
spectrum. A kidney sample taken from 216-treated C57BL/6 mouse 2h-M1 was
compared to a kidney sample taken from vehicle-treated C57BL/6 mouse Oh-M1.

2 h Liver. Intact 216 was not detected in the liver at 2 h post-dose via MALDI-MSI, and
was not detected in extracted liver homogenate, as well. The 216-5 standard eluted at
8.76 min. While several peaks were observed during the chromatographic run, 216 was
not, as shown in the XIC and the lack of an accurate mass in the mass spectrum. A liver
sample taken from 216-treated C57BL/6 mouse 2h-M1 was compared to a liver sample

taken from vehicle-treated C57BL/6 mouse Oh-M1.
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2 h Lung. Intact 216 was not detected in the lung at 2 h post-dose via MALDI-MSI, and
was not detected in extracted lung homogenate, as well. The 216-5 standard eluted at
8.73 min. While several peaks were observed during the chromatographic run, 216 was
not, as shown in the XIC and the lack of an accurate mass in the mass spectrum. A lung
sample taken from 216-treated C57BL/6 mouse 2h-M1 was compared to a lung sample
taken from vehicle-treated C57BL/6 mouse Oh-M1.

2 h Spleen. Intact 216 was not detected in the spleen at 2 h post-dose via MALDI-MSI,
and was not detected in extracted spleen homogenate, as well. The 216-5 standard
eluted at 8.76 min. While several peaks were observed during the chromatographic run,
216 was not, as shown in the XIC and the lack of an accurate mass in the mass
spectrum. A spleen sample taken from 216-treated C57BL/6 mouse 2h-M1 was
compared to a spleen sample taken from vehicle-treated C57BL/6 mouse Oh-M1.

8 h Brain. Intact 216 was not detected in the brain at 8 h post-dose via MALDI-MSI, and
was not detected in extracted brain homogenate, as well. The 216-5 standard eluted at
8.75 min. While several peaks were observed during the chromatographic run, 216 was
not, as shown in the XIC and the lack of an accurate mass in the mass spectrum. A
brain sample taken from 216-treated C57BL/6 mouse 8h-M1 was compared to a brain
sample taken from vehicle-treated C57BL/6 mouse Oh-M1.

8 h Heatrt. Intact 216 was not detected in the heart at 8 h post-dose via MALDI-MSI, and
was not detected in extracted heart homogenate, as well. The 216-5 standard eluted at
8.76 min. While several peaks were observed during the chromatographic run, 216 was

not, as shown in the XIC and the lack of an accurate mass in the mass spectrum. A
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heart sample taken from 216-treated C57BL/6 mouse 8h-M1 was compared to a heart
sample taken from vehicle-treated C57BL/6 mouse Oh-M1.

8 h Kidney. Intact 216 was not detected in the kidney at 8 h post-dose via MALDI-MSI,
and was not detected in extracted kidney homogenate, as well. The 216-5 standard
eluted at 8.76 min. While several peaks were observed during the chromatographic run,
216 was not, as shown in the XIC and the lack of an accurate mass in the mass
spectrum. A kidney sample taken from 216-treated C57BL/6 mouse 8h-M1 was
compared to a kidney sample taken from vehicle-treated C57BL/6 mouse Oh-M1.

8 h Liver. Intact 216 was not detected in the liver at 8 h post-dose via MALDI-MSI, and
was not detected in extracted liver homogenate, as well. The 216-5 standard eluted at
8.75 min. While several peaks were observed during the chromatographic run, 216 was
not, as shown in the XIC and the lack of an accurate mass in the mass spectrum. A liver
sample taken from 216-treated C57BL/6 mouse 8h-M1 was compared to a liver sample
taken from vehicle-treated C57BL/6 mouse Oh-M1.

8 h Lung. Intact 216 was not detected in the lung at 8 h post-dose via MALDI-MSI, and
was not detected in extracted lung homogenate, as well. The 216-5 standard eluted at
8.76 min. While several peaks were observed during the chromatographic run, 216 was
not, as shown in the XIC and the lack of an accurate mass in the mass spectrum. A lung
sample taken from 216-treated C57BL/6 mouse 8h-M1 was compared to a lung sample
taken from vehicle-treated C57BL/6 mouse Oh-M1.

8 h Spleen. Intact 216 was not detected in the spleen at 8 h post-dose via MALDI-MSI,
and was not detected in extracted spleen homogenate, as well. The 216-5 standard

eluted at 8.76 min. While several peaks were observed during the chromatographic run,
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216 was not, as shown in the XIC and the lack of an accurate mass in the mass
spectrum. A spleen sample taken from 216-treated C57BL/6 mouse 8h-M1 was
compared to a spleen sample taken from vehicle-treated C57BL/6 mouse Oh-M1.

24 h Brain. Intact 216 was not detected in the brain at 24 h post-dose via MALDI-MSI,
and was not detected in extracted brain homogenate, as well. The 216-5 standard
eluted at 8.75 min. While several peaks were observed during the chromatographic run,
216 was not, as shown in the XIC and the lack of an accurate mass in the mass
spectrum. A brain sample taken from 216-treated C57BL/6 mouse 24h-M1 was
compared to a brain sample taken from vehicle-treated C57BL/6 mouse Oh-M1.

24 h Heart. Intact 216 was not detected in the heart at 24 h post-dose via MALDI-MSI,
and was not detected in extracted heart homogenate, as well. The 216-5 standard
eluted at 8.77 min. While several peaks were observed during the chromatographic run,
216 was not, as shown in the XIC and the lack of an accurate mass in the mass
spectrum. A heart sample taken from 216-treated C57BL/6 mouse 24h-M1 was
compared to a heart sample taken from vehicle-treated C57BL/6 mouse Oh-M1.

24 h Kidney. Intact 216 was not detected in the kidney at 24 h post-dose via MALDI-
MSI, and was not detected in extracted kidney homogenate, as well. The 216-5
standard eluted at 8.76 min. While several peaks were observed during the
chromatographic run, 216 was not, as shown in the XIC and the lack of an accurate
mass in the mass spectrum. A kidney sample taken from 216-treated C57BL/6 mouse
24h-M1 was compared to a kidney sample taken from vehicle-treated C57BL/6 mouse

Oh-M1.
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24 h Liver. Intact 216 was not detected in the liver at 24 h post-dose via MALDI-MSI,
and was not detected in extracted liver homogenate, as well. The 216-5 standard eluted
at 8.75 min. While several peaks were observed during the chromatographic run, 216
was not, as shown in the XIC and the lack of an accurate mass in the mass spectrum. A
liver sample taken from 216-treated C57BL/6 mouse 24h-M1 was compared to a liver
sample taken from vehicle-treated C57BL/6 mouse Oh-M1.

24 h Lung. Intact 216 was not detected in the lung at 24 h post-dose via MALDI-MSI,
and was not detected in extracted lung homogenate, as well. The 216-5 standard eluted
at 8.74 min. While several peaks were observed during the chromatographic run, 216
was not, as shown in the XIC and the lack of an accurate mass in the mass spectrum. A
lung sample taken from 216-treated C57BL/6 mouse 24h-M1 was compared to a lung
sample taken from vehicle-treated C57BL/6 mouse Oh-M1.

24 h Spleen. Intact 216 was not detected in the spleen at 24 h post-dose via MALDI-
MSI, and was not detected in extracted spleen homogenate, as well. The 216-5
standard eluted at 8.76 min. While several peaks were observed during the
chromatographic run, 216 was not, as shown in the XIC and the lack of an accurate
mass in the mass spectrum. A spleen sample taken from 216-treated C57BL/6 mouse
24h-M1 was compared to a spleen sample taken from vehicle-treated C57BL/6 mouse
Oh-M1.

216-3 Detection by LC-MS/MS. Excised organs from 3 216-3-treated C57BL/6 mice
(specimen 2h-M1, 8h-M1, and 24h-M1) and 1 vehicle-treated C57BL/6 mouse
(specimen Oh-M1) were individually homogenized with water, proteins were crashed out

with ACN, and resulting supernatant was run via LC-MS/MS using previously mentioned
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methods. 216-5 (419.1284 m/z) was utilized as an internal standard for all heart, kidney,
liver, lung, and spleen samples as well as 8 h and 24 h brain samples, spiked in during
homogenization and prior to extraction. BZ6 (239.0233 m/z) was utilized as an internal
standard for 2 h brain samples, spiked in during homogenization and prior to extraction.
Extracted ion chromatograms (XIC) were obtained for the intact, protonated masses of
each compound.

2 h Brain. Intact 216-3 was not detected in the brain at 2 h post-dose via MALDI-MSI,
and was not detected in extracted brain homogenate, as well. The BZ6 standard eluted
at 6.82 min. While several peaks were observed during the chromatographic run, 216
was not, as shown in the XIC and the lack of an accurate mass in the mass spectrum. A
brain sample taken from 216-3-treated C57BL/6 mouse 2h-M1 was compared to a brain
sample taken from vehicle-treated C57BL/6 mouse Oh-M1.

Other 216-3-Treated Organs. Intact 216-3 was not detected in other organs at 2 h, 8 h,
and 24 h time points via MALDI-MSI; however, it was detected in all organs (brain,
heart, kidney, liver, lung, and spleen) at 8 h and 24 h, as well as heart, kidney, liver,
lung, and spleen at 2 h in LC-MS/MS analyses of tissue homogenates. Upon further
inspection, a mass within 10 ppm of 216-3 was detected in the organs of control mice
as well. Further evaluation of 216-3 was not possible, though the initial experiments with
brain extracted at 2 h post-dose suggested it did not cross the blood-brain barrier.
DISCUSSION.

Tissue Washing. The observation of BZ16 in mouse brain, as well as several potential
BZ16 metabolites after tissue washing suggest that detailed pre-dosing analyses can

enhance the utility of MALDI-MSI by improving sensitivity through the removal of salts
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and lipids. Experimenting with solvent variation via MALDI-MSI analysis of standard-
spotted thin tissue sections pre- and post-washing assisted in the MSI analyses of
SMRT compounds. BZ16 was not delocalized by an optimized ethanol wash step, and
this washing assisted in the visualization of BZ16 in the cerebrum and cerebellum of
treated C57BL/6 mice.

C57BL/6 and SCID Mice Compared. Biodistribution of BZ6 and BZ16 were analyzed in
both C57BL/6 and SCID mice. C57BL/6 mice are traditionally used as background or
control mice, while SCID strains were used for immunological studies related to SMRTs.
RTC13, 216, and 216-3 analyses exclusively utilized C57BL/6 mice. Though results
stemming from SCID mice were analyzed, all MALDI-MSI and LC-MS/MS analyses and
conclusions utilized C57BL/6-based data. In general, more unique peaks were detected
in SCID mice than in C57BL/6. Several BZ6-associated peaks within SCID mouse
organs displayed similar distribution patterns, though this was not true of BZ16-
associated peaks. More unique peaks were detected in BZ6-treated SCID mice than
BZ16-treated SCID mice, further indicating SCID mice as an unreliable data source in
this experiment.

BZ6. Initial BZ6 analyses indicated a build-up at the site of injection. Intact BZ6 was not
observed in any organs via MALDI-MSI. Peaks unique to BZ6-treated C57BL/6 mice
were not detected, while several peaks unique to BZ6-treated SCID mice were
detected. These peaks observed in SCID mice did not match protonated or sodiated
forms of BZ6 observed in standard runs. Though they may be metabolites, these peaks
will not be further investigated until a formal metabolic study is completed. Intact BZ6

was not observed in brain, heart, kidney, liver, or lung via LC-MS/MS analyses of
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extracted tissue; however, intact BZ6 was observed in the extracted spleen
homogenate LC-MS/MS analysis. The absence of BZ6 from MALDI-MSI spectra
suggests its concentration may be below the limit of detection for this technique, or it is
outside of the dynamic range of MSI. Physiologically, its presence in LC-MS/MS spectra
of extracted homogenate suggests the spleen is an off-target build-up site. BZ6’s
absence from the other filtering organs, such as kidney and liver, further suggests an
unwanted build-up in the spleen. These data suggest BZ6 is not a viable treatment
option due to its absence from the brain and build-up in the spleen, and thus it will not
be considered further.

Though SCID data were not weighted as heavily as C57BL/6, some similarities
were observed among specific BZ6-associated unique peaks in MSI experiments. Peak
84 m/z was found in brain, heart, and liver. Peak 103 m/z was found in brain and liver.
Peak 161 m/z was found in heart and liver. Peak 249 m/z was found in heart and liver.
Peak 615 m/z was found in liver and heart. Peak 789 m/z was found in brain and liver.
Peaks 84, 183, 736, 763, and 801 m/z had similar distributions in cerebellum sections,
suggesting they are related to one another. Peaks 357 and 371 m/z had similar
distributions in the brain, suggesting they are related to one another. Peaks 211, 249,
and 496 m/z had similar distributions in heart samples, suggesting they are related.
Peaks 38 and 183 m/z had similar distributions in liver, suggesting they are related.
Finally, peaks 764 and 790 had similar distribution in liver, suggesting they are related.
These similarities in distribution among various peaks throughout brain, heart, and liver

were limited to BZ6-treated mice. Because BZ6 was not detected in organs other than
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spleen via LC-MS/MS experiments, it is unlikely that these peaks are direct metabolites
of BZ6. They are more likely downstream effects of BZ6 treatment.

BZ16. Unlike its BZ6 sister compound, BZ16 was not observed to build-up at the site of
injection. Intact BZ16 was observed in the brain in its sodiated form, found in both the
cerebrum and the cerebellum of BZ16-treated C57BL/6 mice. Peaks unique to BZ16-
treated C57BL/6 mice were also detected in the liver. These peaks observed in the liver
of C57BL/6 mice did not match protonated or sodiated forms of BZ16 observed in
standard runs. Though they may be metabolites, these peaks will not be further
investigated until a formal metabolic study is completed. Intact BZ16 was not observed
in the brain, heart, kidney, lung, and spleen of BZ16-treated SCID mice; however, a
peak corresponding to the sodiated form of BZ16 was detected in SCID liver. Further
MALDI-MS/MS of thin tissue sections and LC-MS/MS analyses of extracted brain
homogenate confirmed BZ16’s presence in C57BL/6 brain; however, intact BZ16 was
not detected in the liver in LC-MS/MS experiments. MALDI-MS/MS and LC-MS/MS
analyses of the peak detected at 776 m/z in BZ16-treated C57BL/6 liver did not yield
sufficient data for confirmation of this peak as an adduct of BZ16. These data suggest
BZ16 is a viable treatment option as it was found in the brain and was not found to
build-up in other organs. Its absence from kidney and liver suggest it may be cleared
quickly and efficiently.

RTC13. RTC13 was observed to build-up at the site of injection, though not to the same
extent of its derivative compound, BZ6. Intact RTC13 was not observed in any organs
via MALDI-MSI. Peaks unique to RTC13-treated C57BL/6 mice were detected in liver

and spleen. These peaks observed did not match protonated or sodiated forms of
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RTC13 observed in standard runs. Though they may be metabolites, these peaks will
not be further investigated until a formal metabolic study is completed. Intact RTC13
was observed in extracted brain homogenates at 2 h post-dose via LC-MS/MS
analyses, indicating it did cross the blood-brain barrier; however, RTC13 was not
detected in the brain at 8 h and 24 h post-dose via LC-MS/MS analyses. RTC13 was
also detected in extracted kidney homogenates at 8 h post-dose and extracted liver,
lung, and spleen homogenates at 24 h post-dose via LC-MS/MS experiments. Taken
together, these data indicate that RTC13 is not a viable treatment option due to its
short-lived presence in the brain, and its build-up in the filtering organs, as well as lung,
at 8 h and 24 h after dosing; additionally, RTC13’s build-up at the site of injection further
indicates that it should not be pursued further.

216. While 216 was not observed to build-up at the site of injection, it was also not
found in any organs at any time points via MALDI-MSI experiments. Further LC-MS/MS
analysis of extracted brain homogenate at 2 h post-dose indicated 216 did cross the
blood-brain barrier. LC-MS/MS analyses of extracted brain homogenates at 8 h and 24
h post-dose, as well as all other extracted tissue homogenates at all time points did not
show presence of 216. This suggests that 216 is not a viable treatment option due to its
short-lived presence in the brain, and further suggests that it is cleared from the body
quickly.

216-3. As seen with the parent compound 216, derivative 216-3 did not build-up at the
site of injection. Intact 216-3 was not observed in any organs at any time points via
MALDI-MSI analyses. Initial LC-MS/MS analysis of extracted brain homogenate at 2 h

post-dose indicated 216-3 did not cross the blood-brain barrier. Further LC-MS/MS

251



analyses of extracted brain homogenates at 8 h and 24 h post-dose, as well as all other
extracted tissue homogenates at all time points (including the control) contained a
contaminating peak within 10 ppm of the protonated form of 216-3. The peak intensity
did not appear to be elevate in 216-3-treated organs compared to organs from control
C57BL/6 mice; and, these data preliminarily suggest that 216-3 does not cross the
blood-brain barrier, thus indicating it is not a viable treatment option.

CONCLUSION.

MALDI-MSI is a promising technology for the analysis of small molecules. lIts
advantages in speed, sample preparation, and lack of tagging over traditional methods
aim to reduce time and cost in quick screening of novel therapeutics. However,
improvements in sensitivity are necessary, as shown by the failure of MALDI-MSI to
detect RTC13 and 216 in the brain. Though LC-MS/MS chromatograms of RTC13
extracted brain, kidney, lung, and spleen homogenates and 216 extracted brain
homogenate indicated lower peak intensity compared to that of BZ16 extracted brain
homogenate, the same was not true of BZ6 extracted spleen homogenate and RTC13
extracted liver homogenate. This further indicates area for improvement in MALDI-MSI

analyses of small molecule therapeutics.
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Figure 1. (A) In some AT patients, a nonsense mutation in the DNA sequence of ATM
protein results in a premature TAG stop codon. Full-length ATM protein is no longer
produced, resulting in a truncated form of the protein. This truncated form is typically
degraded, thus functional ATM protein (involved in the repair of double stranded DNA
breaks) is no longer present. Symptoms attributed to this lack of ATM protein include
impaired cerebellum development, increased susceptibility to cancer, and adverse side
effects due to radiation exposure.*® (B) The 5 SMRT compounds utilized in this study

are shown here.
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Figure 2. A typical MALDI-MSI workflow is shown. Organs, or other tissue samples, are
sliced using a cryo-microtome at a thickness of 12 to 16 um and are thaw-mounted to a
slide with a conductive coating. A thin layer of matrix is applied using a fine-particle
aerosol mist generator. Software is used to establish an area of analysis within the
tissue section, specifying a spatial resolution. Hundreds to thousands of average
spectra are collected at rastering points across the tissue are, and are assigned (X, y, z)
coordinates. These spectra are compiled into one average spectrum, and the
coordinates are used to create a virtual map on the tissue section image of any selected

peak of interest within the average spectrum.
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Figure 3. The limit of detection of SMRT compound BZ6 off-tissue is shown above. (A)
BZ6 signal at a concentration of 50 mM in DMSO. The monosodiated form of BZ6 is the
most dominant. (B) BZ6 signal at a concentration of 500 uM. The monosodiated form of
BZ6 is still observed, although the signal intensity is low and the mass resolution is

poor. This was considered the lower limit of detection for BZ6.
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Figure 4. The limit of detection of SMRT compound BZ16 off-tissue is shown above. (A)
BZ16 signal at a concentration of 500 uM in DMSO. The monosodiated form of BZ16 is
the most dominant. (B) BZ16 signal at a concentration of 50 nM. The monosodiated
form of BZ16 is still observed, although the signal intensity is low and the mass

resolution is poor. This was considered the lower limit of detection for BZ16.

256



3 RTC13_1mA1_HCCA_LIFT338 0:K18 LIFT 338.0000 Bayy
#1500
1250
1000
750
500
250 241,080 76.826
128 852 145 889 171.935 21,00 276,826
0 aack Musswdarstoh A e Akrnsi Nl WA e PR S '™ PTRPPUTURL N NPT WP DAL N
3 800 174,40 RTC13_01 0:N11 MS Raw
]
600 |
400
337.474
200 { 133439 315.302
300.175
L 196816 l
wl l \ | " A " llA. (TS 4
0
T RTC13_100uM_HCCA_LIFT338 0:M18 LIFT 3383088 Raw
a FELLE
#1200 o
H
1000
800
600 |
400
200 )
123 728 15880 166.920 194,974
O, NPT | MMt Al A At AU AN st At T e
0+ T T T T T T T T T T T
140 160 180 200 220 240 260 280 300 320 240

miz

Figure 5. The limit of detection of SMRT compound RTC13 off-tissue is shown above.
(A) 216 signal at a concentration of 1 mM in DMSO. The monosodiated form of RTC13
is the most dominant. (B) RTC13 signal at a concentration of 500 uM. The
monosodiated form of RTC13 is still observed, although the signal intensity is lower. (C)
RTC13 signal at a concentration of 100 uM. The monosodiated form of RTC13 is still
observed, although the signal intensity is low and the mass accuracy has decreased.

This was considered the lower limit of detection for RTC13.
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Figure 6. The limit of detection of SMRT compound 216 off-tissue is shown above. (A)
216 signal at a concentration of 1 mM in DMSO. The monosodiated form of 216 is the
most dominant. (B) 216 signal at a concentration of 500 uM. The monosodiated form of
216 is still observed, although the signal intensity is lower. (C) 216 signal at a
concentration of 100 uM. The monosodiated form of 216 is still observed, although the

signal intensity is low. This was considered the lower limit of detection for 216.
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Figure 7. In general, a 30 s 70% ethanol wash lowered the baseline rise observed in a

liver tissue imaging experiments. (A) Shows the average spectrum for a given tissue

section prior to washing. (B) Shows the average spectrum for the same given tissue

section post-washing.

259



02 ~ — T~
— J\ B T U,/ N — -

T T T T T T T T T T T T T T
220 240 260 280 300 320 340 %0 380 400 420 440 460 480

Figure 8. BZ16 was spotted onto a control brain tissue section, with no matrix added,
and imaged prior to washing, and after washing for 30 s with 70% ethanol. Differences
in mass accuracy were miniscule, though washing enhanced the signal intensity and
detection capabilities with no delocalization. (A) Shows the average spectrum and
image for an unwashed tissue section. (B) Shows the average spectrum and image for

a washed tissue section.
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Figure 9. BZ6 was found to build-up at the site of injection. The solid yellow material

throughout the abdominal cavity was indicative of BZ6 precipitation.
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Figure 10. A unique peak was observed in heart excised from BZ6-treated C57BL/6
mice. The average spectrum is shown here, from unwashed sections, with the unique

peak at 626 m/z highlighted in pink. The resulting virtual image is shown on the right.
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Figure 11. A unique peak was observed in liver excised from BZ6-treated C57BL/6
mice. The average spectrum is shown here, from unwashed sections, with the unique

peak at 988 m/z highlighted in pink. The resulting virtual image is shown on the right.
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Figure 12. A unique peak was observed in lung excised from BZ6-treated C57BL/6
mice. The average spectrum is shown here, from unwashed sections, with the unique

peak at 749 m/z highlighted in pink. The resulting virtual image is shown on the right.
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Figure 13. A unique peak was observed in brain excised from BZ6-treated SCID mice.
(A) Shows the average spectrum from an unwashed cerebellum section, with the unique
peak at 84 m/z highlighted in pink, and the virtual image shown to the right. (B) Shows
the average spectrum from a washed cerebellum section, with the unique peak at 84
m/z highlighted in pink, and the virtual image shown to the right. (C) Shows the average
spectrum from an unwashed cerebrum section, with the unique peak at 84 m/z
highlighted in pink, and the virtual image shown to the right. (D) Shows the average
spectrum from a washed cerebrum section, with the unique peak at 84 m/z highlighted

in pink, and the virtual image shown to the right.
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Figure 14. A unique peak was observed in brain excised from BZ6-treated SCID mice.
(A) Shows the average spectrum from an unwashed cerebellum section, with the unique
peak at 183 m/z highlighted in pink, and the virtual image shown to the right. (B) Shows
the average spectrum from a washed cerebellum section, with the unique peak at 183
m/z highlighted in pink, and the virtual image shown to the right. (C) Shows the average
spectrum from an unwashed cerebrum section, with the unique peak at 183 m/z

highlighted in pink, and the virtual image shown to the right. (D) Shows the average
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spectrum from a washed cerebrum section, with the unique peak at 183 m/z highlighted

in pink, and the virtual image shown to the right.
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Figure 15. A unique peak was observed in brain excised from BZ6-treated SCID mice.
(A) Shows the average spectrum from an unwashed cerebellum section, with the unique
peak at 736 m/z highlighted in pink, and the virtual image shown to the right. (B) Shows
the average spectrum from a washed cerebellum section, with the unique peak at 736
m/z highlighted in pink, and the virtual image shown to the right. (C) Shows the average
spectrum from an unwashed cerebrum section, with the unique peak at 736 m/z

highlighted in pink, and the virtual image shown to the right. (D) Shows the average
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spectrum from a washed cerebrum section, with the unique peak at 736 m/z highlighted

in pink, and the virtual image shown to the right.
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Figure 16. A unique peak was observed in brain excised from BZ6-treated SCID mice.
(A) Shows the average spectrum from an unwashed cerebellum section, with the unique
peak at 763 m/z highlighted in pink, and the virtual image shown to the right. (B) Shows
the average spectrum from a washed cerebellum section, with the unique peak at 763
m/z highlighted in pink, and the virtual image shown to the right. (C) Shows the average
spectrum from an unwashed cerebrum section, with the unique peak at 763 m/z

highlighted in pink, and the virtual image shown to the right. (D) Shows the average
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spectrum from a washed cerebrum section, with the unique peak at 763 m/z highlighted

in pink, and the virtual image shown to the right.

271



Figure 17. A unique peak was observed in brain excised from BZ6-treated SCID mice.
(A) Shows the average spectrum from an unwashed cerebellum section, with the unique
peak at 801 m/z highlighted in pink, and the virtual image shown to the right. (B) Shows
the average spectrum from a washed cerebellum section, with the unique peak at 801
m/z highlighted in pink, and the virtual image shown to the right. (C) Shows the average
spectrum from an unwashed cerebrum section, with the unique peak at 801 m/z

highlighted in pink, and the virtual image shown to the right. (D) Shows the average
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spectrum from a washed cerebrum section, with the unique peak at 801 m/z highlighted

in pink, and the virtual image shown to the right.
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Figure 18. A unique peak was observed in brain excised from BZ6-treated SCID mice.
(A) Shows the average spectrum from a washed cerebellum section, with the unique
peak at 357 m/z highlighted in pink, and the virtual image shown to the right. (B) Shows
the average spectrum from a washed cerebrum section, with the unique peak at 357

m/z highlighted in pink, and the virtual image shown to the right.
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Figure 19. A unique peak was observed in brain excised from BZ6-treated SCID mice.
(A) Shows the average spectrum from a washed cerebellum section, with the unique
peak at 371 m/z highlighted in pink, and the virtual image shown to the right. (B) Shows
the average spectrum from a washed cerebrum section, with the unique peak at 371

m/z highlighted in pink, and the virtual image shown to the right.
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Figure 20. A unique peak was observed in brain excised from BZ6-treated SCID mice.
The above shows the average spectrum from an unwashed cerebrum section, with the

unique peak at 103 m/z highlighted in pink, and the virtual image shown to the right.
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Figure 21. A unique peak was observed in brain excised from BZ6-treated SCID mice.
The above shows the average spectrum from a washed cerebellum section, with the

unique peak at 789 m/z highlighted in pink, and the virtual image shown to the right.
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Figure 22. A unique peak was observed in heart excised from BZ6-treated SCID mice.
(A) Shows the average spectrum from an unwashed heart section, with the unique peak
at 103 m/z highlighted in pink, and the virtual image shown to the right. (B) Shows the

average spectrum from a washed heart section, with the unique peak at 103 m/z
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highlighted in pink, and the virtual image shown to the right. (C) Shows the average
spectrum from an unwashed heart section, with the unique peak at 183 m/z highlighted
in pink, and the virtual image shown to the right. (D) Shows the average spectrum from
a washed heart section, with the unique peak at 183 m/z highlighted in pink, and the

virtual image shown to the right.
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Figure 23. Several unique peaks were observed in heart excised from BZ6-treated

SCID mice. (A) Shows the average spectrum from a washed heart section, with the
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unique peak at 211 m/z highlighted in pink, and the virtual image shown to the right. (B)
Shows the average spectrum from a washed heart section, with the unique peak at 249
m/z highlighted in pink, and the virtual image shown to the right. (C) Shows the average
spectrum from a washed heart section, with the unique peak at 496 m/z highlighted in
pink, and the virtual image shown to the right. (D) Shows the average spectrum from a
washed heart section, with the unique peak at 523 m/z highlighted in pink, and the
virtual image shown to the right. (E) Shows the average spectrum from a washed heart
section, with the unique peak at 734 m/z highlighted in pink, and the virtual image

shown to the right.
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Figure 24. Several unique peaks were observed in heart excised from BZ6-treated
SCID mice. (A) Shows the average spectrum from an unwashed heart section, with the
unique peak at 22 m/z highlighted in pink, and the virtual image shown to the right. (B)
Shows the average spectrum from an unwashed heart section, with the unique peak at
71 m/z highlighted in pink, and the virtual image shown to the right. (C) Shows the
average spectrum from an unwashed heart section, with the unique peak at 85 m/z
highlighted in pink, and the virtual image shown to the right. (D) Shows the average
spectrum from an unwashed heart section, with the unique peak at 131 m/z highlighted
in pink, and the virtual image shown to the right. (E) Shows the average spectrum from
an unwashed heart section, with the unique peak at 161 m/z highlighted in pink, and the
virtual image shown to the right. (F) Shows the average spectrum from an unwashed
heart section, with the unique peak at 221 m/z highlighted in pink, and the virtual image
shown to the right. (G) Shows the average spectrum from an unwashed heart section,
with the unique peak at 616 m/z highlighted in pink, and the virtual image shown to the

right.
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Figure 25. A unique peak was observed in liver excised from BZ6-treated SCID mice.
(A) Shows the average spectrum from an unwashed liver section, with the unique peak
at 85 m/z highlighted in pink, and the virtual image shown to the right. (B) Shows the
average spectrum from a washed liver section, with the unique peak at 85 m/z
highlighted in pink, and the virtual image shown to the right. (C) Shows the average
spectrum from an unwashed liver section, with the unique peak at 103 m/z highlighted
in pink, and the virtual image shown to the right. (D) Shows the average spectrum from
a washed liver section, with the unique peak at 103 m/z highlighted in pink, and the

virtual image shown to the right.
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Figure 26. Several unique peaks were observed in liver excised from BZ6-treated SCID
mice. (A) Shows the average spectrum from an unwashed liver section, with the unique
peak at 38 m/z highlighted in pink, and the virtual image shown to the right. (B) Shows
the average spectrum from an unwashed liver section, with the unique peak at 183 m/z
highlighted in pink, and the virtual image shown to the right. (C) Shows the average
spectrum from an unwashed liver section, with the unique peak at 249 m/z highlighted
in pink, and the virtual image shown to the right. (D) Shows the average spectrum from
an unwashed liver section, with the unique peak at 455 m/z highlighted in pink, and the
virtual image shown to the right. (E) Shows the average spectrum from an unwashed
liver section, with the unique peak at 615 m/z highlighted in pink, and the virtual image

shown to the right.
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Figure 27. Several unique peaks were observed in liver excised from BZ6-treated SCID
mice. (A) Shows the average spectrum from an unwashed liver section, with the unique
peak at 619 m/z highlighted in pink, and the virtual image shown to the right. (B) Shows
the average spectrum from an unwashed liver section, with the unique peak at 764 m/z
highlighted in pink, and the virtual image shown to the right. (C) Shows the average
spectrum from an unwashed liver section, with the unique peak at 790 m/z highlighted

in pink, and the virtual image shown to the right.
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Figure 28. Several unique peaks were observed in liver excised from BZ6-treated SCID
mice. (A) Shows the average spectrum from a washed liver section, with the unique
peak at 145 m/z highlighted in pink, and the virtual image shown to the right. (B) Shows
the average spectrum from a washed liver section, with the unique peak at 161 m/z

highlighted in pink, and the virtual image shown to the right.
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Figure 29. Several unique peaks were observed in lung excised from BZ6-treated SCID
mice. (A) Shows the average spectrum from an unwashed lung section, with the unique
peak at 107 m/z highlighted in pink, and the virtual image shown to the right. (B) Shows
the average spectrum from an unwashed lung section, with the unique peak at 504 m/z

highlighted in pink, and the virtual image shown to the right.
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Figure 30. Several unique peaks were observed in lung excised from BZ6-treated SCID
mice. (A) Shows the average spectrum from a washed lung section, with the unique
peak at 87 m/z highlighted in pink, and the virtual image shown to the right. (B) Shows
the average spectrum from a washed lung section, with the unique peak at 768 m/z

highlighted in pink, and the virtual image shown to the right.
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Figure 31. Several unique peaks were observed in spleen excised from BZ6-treated
SCID mice. (A) Shows the average spectrum from an unwashed spleen section, with
the unique peak at 626 m/z highlighted in pink, and the virtual image shown to the right.

(B) Shows the average spectrum from a washed spleen section, with the unique peak at
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105 m/z highlighted in pink, and the virtual image shown to the right. (C) Shows the
average spectrum from a washed spleen section, with the unique peak at 226 m/z
highlighted in pink, and the virtual image shown to the right. (D) Shows the average
spectrum from a washed spleen section, with the unique peak at 254 m/z highlighted in

pink, and the virtual image shown to the right.
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Figure 32. BZ16 was found to cross the blood-brain barrier and enter the cerebellum.
(A) Shows an H&E stained cerebellum section, with BZ16 location indicated by the
white arrows and green spots. (B) Shows the average spectrum collected, from washed

sections, with the monosodiated BZ16 peak highlighted in green.
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Figure 33. BZ16 was found to cross the blood-brain barrier and enter the cerebellum.
(A) Shows the average spectrum from an unwashed cerebellum section, with the unique
peak at 338 m/z highlighted in pink. (B) Shows the average spectrum from a washed

cerebellum section, with the unique peak at 338 m/z highlighted in pink.
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Figure 34. BZ16 was found to cross the blood-brain barrier and enter the cerebrum. (A)
Shows an H&E stained cerebrum section, with BZ16 location indicated by the white
arrows and red spots. (B) Shows the average spectrum collected, from washed

sections, with the monosodiated BZ16 peak highlighted in red.
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Figure 35. One unique peak was observed in heart excised from BZ16-treated C57BL/6
mice. The average spectrum from an unwashed heart section, with the unique peak at

617 m/z highlighted in pink is shown, and the virtual image shown to the right.
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Figure 36. Several unique peaks were observed in liver excised from BZ16-treated
C57BL/6 mice. (A) Shows the average spectrum from a washed liver section, with the
unique peak at 278 m/z highlighted in pink, and the virtual image shown to the right. (B)
Shows the average spectrum from a washed liver section, with the unique peak at 776

m/z highlighted in pink, and the virtual image shown to the right.
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Figure 37. A unique peak was observed in brain excised from BZ16-treated SCID mice.
(A) Shows the average spectrum from an unwashed cerebellum section, with the unique

peak at 224 m/z highlighted in pink, and the virtual image shown to the right. (B) Shows
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the average spectrum from a washed cerebellum section, with the unique peak at 224
m/z highlighted in pink, and the virtual image shown to the right. (C) Shows the average
spectrum from an unwashed cerebrum section, with the unique peak at 224 m/z
highlighted in pink, and the virtual image shown to the right. (D) Shows the average
spectrum from a washed cerebrum section, with the unique peak at 224 m/z highlighted

in pink, and the virtual image shown to the right.
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Figure 38. Several unique peaks were observed in brain excised from BZ16-treated
SCID mice. (A) Shows the average spectrum from a washed cerebellum section, with
the unique peak at 75 m/z highlighted in pink, and the virtual image shown to the right.
(B) Shows the average spectrum from a washed cerebellum section, with the unique

peak at 810 m/z highlighted in pink, and the virtual image shown to the right.
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Figure 39. Several unique peaks were observed in brain excised from BZ16-treated
SCID mice. (A) Shows the average spectrum from an unwashed cerebellum section,
with the unique peak at 133 m/z highlighted in pink, and the virtual image shown to the
right. (B) Shows the average spectrum from an unwashed cerebellum section, with the

unique peak at 779 m/z highlighted in pink, and the virtual image shown to the right.
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Figure 40. Several unique peaks were observed in brain excised from BZ16-treated
SCID mice. (A) Shows the average spectrum from an unwashed cerebrum section, with
the unique peak at 98 m/z highlighted in pink, and the virtual image shown to the right.
(B) Shows the average spectrum from an unwashed cerebrum section, with the unique

peak at 126 m/z highlighted in pink, and the virtual image shown to the right. (B) Shows
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the average spectrum from an unwashed cerebrum section, with the unique peak at 142

m/z highlighted in pink, and the virtual image shown to the right.
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Figure 41. Several unique peaks were observed in heart excised from BZ16-treated
SCID mice. (A) Shows the average spectrum from an unwashed heart section, with the
unique peak at 116 m/z highlighted in pink, and the virtual image shown to the right. (B)
Shows the average spectrum from an unwashed heart section, with the unique peak at

165 m/z highlighted in pink, and the virtual image shown to the right.
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Figure 42. Several unique peaks were observed in heart excised from BZ16-treated
SCID mice. (A) Shows the average spectrum from a washed heart section, with the
unique peak at 138 m/z highlighted in pink, and the virtual image shown to the right. (B)
Shows the average spectrum from a washed heart section, with the unique peak at 504

m/z highlighted in pink, and the virtual image shown to the right.
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Figure 43. One unique peak was observed in kidney excised from BZ16-treated SCID
mice. The average spectrum from an unwashed kidney section, with the unique peak at

149 m/z highlighted in pink is shown, and the virtual image shown to the right.
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Figure 44. Several unique peaks were observed in liver excised from BZ16-treated
SCID mice. (A) Shows the average spectrum from an unwashed liver section, with the
unique peak at 104 m/z highlighted in pink, and the virtual image shown to the right. (B)

Shows the average spectrum from an unwashed liver section, with the unique peak at
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463 m/z highlighted in pink, and the virtual image shown to the right. (C) Shows the
average spectrum from an unwashed liver section, with the unique peak at 533 m/z
highlighted in pink, and the virtual image shown to the right. (D) Shows the average
spectrum from an unwashed liver section, with the unique peak at 626 m/z highlighted

in pink, and the virtual image shown to the right.
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Figure 45. Several unique peaks were observed in lung excised from BZ16-treated
SCID mice. (A) Shows the average spectrum from an unwashed lung section, with the
unique peak at 23 m/z highlighted in pink, and the virtual image shown to the right. (B)
Shows the average spectrum from a washed lung section, with the unique peak at 23

m/z highlighted in pink, and the virtual image shown to the right.
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Figure 46. Several unique peaks were observed in lung excised from BZ16-treated
SCID mice. (A) Shows the average spectrum from a washed lung section, with the
unique peak at 60 m/z highlighted in pink, and the virtual image shown to the right. (B)

Shows the average spectrum from a washed lung section, with the unique peak at 784

m/z highlighted in pink, and the virtual image shown to the right.
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Figure 47. Several unique peaks were observed in spleen excised from BZ16-treated
SCID mice. (A) Shows the average spectrum from an unwashed spleen section, with
the unique peak at 88 m/z highlighted in pink, and the virtual image shown to the right.
(B) Shows the average spectrum from a washed spleen section, with the unique peak at

88 m/z highlighted in pink, and the virtual image shown to the right.
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Figure 48. Several unique peaks were observed in spleen excised from BZ16-treated
SCID mice. (A) Shows the average spectrum from an unwashed spleen section, with
the unique peak at 75 m/z highlighted in pink, and the virtual image shown to the right.
(B) Shows the average spectrum from an unwashed spleen section, with the unique

peak at 232 m/z highlighted in pink, and the virtual image shown to the right. (C) Shows
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the average spectrum from an unwashed spleen section, with the unique peak at 254
m/z highlighted in pink, and the virtual image shown to the right. (D) Shows the average
spectrum from a washed spleen section, with the unique peak at 786 m/z highlighted in

pink, and the virtual image shown to the right.
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Figure 49. Several unique peaks were observed in liver excised from RTC13-treated
C57BL/6 mice. (A) Shows the average spectrum from a liver section, with the unique
peak at 196 m/z highlighted in pink, and the virtual image shown to the right (present in
2 h and 8 h timepoints). (B) Shows the average spectrum from a liver section, with the
unique peak at 209 m/z highlighted in pink, and the virtual image shown to the right
(present in 2 h, 8 h, and 24 h timepoints). (C) Shows the average spectrum from a liver
section, with the unique peak at 212 m/z highlighted in pink, and the virtual image

shown to the right (present in 2 h and 8 h timepoints). (D) Shows the average spectrum
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from a liver section, with the unique peak at 239 m/z highlighted in pink, and the virtual

image shown to the right (present in 2 h and 8 h timepoints).
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Figure 50. Several unique peaks were observed in spleen excised from RTC13-treated
C57BL/6 mice. (A) Shows the average spectrum from a spleen section, with the unique
peak at 154 m/z highlighted in pink, and the virtual image shown to the right (present in
the 2 h timepoint). (B) Shows the average spectrum from a spleen section, with the
unique peak at 191 m/z highlighted in pink, and the virtual image shown to the right

(presentin 2 h, 8 h, and 24 h timepoints).
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Figure 51. BZ6 was detected in an extracted spleen homogenate from a BZ6-treated
C57BL/6 mouse. (A) XIC of a 216-5 spiked standard. (B) XIC of BZ6. (C) TIC of the

extracted spleen homogenate (mouse 11). (D) Mass spectrum of BZ6.
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Figure 52. An MS/MS spectrum was collected using a MALDI-TOF/TOF, fragmenting
peak 338 m/z from a washed section of BZ16-treated C57BL/6 mouse cerebellum.

When compared to the BZ16 standard, this fragmentation confirmed this peak’s identity

as the monosidated form of BZ16.
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Figure 53. A chromatographic run shows the presence of BZ16 in an extracted brain
homogenate of BZ16-treated C57BL/6 mouse brain when compared to a standard BZ16

run.
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Figure 54. An LC-MS/MS spectrum shows the presence of BZ16 in an extracted brain
homogenate of BZ16-treated C57BL/6 mouse brain when compared to a standard BZ16

MS/MS experiment.
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Figure 55. RTC13 was detected in an extracted brain homogenate from a RTC13-
treated C57BL/6 mouse sacrificed at 2 h. (A) XIC of RTC13. (B) Mass spectrum of

RTC13 in extracted brain homogenate. (C) Mass spectrum of RTC13 standard.
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Figure 56. RTC13 was detected in an extracted kidney homogenate from a RTC13-
treated C57BL/6 mouse sacrificed at 8 h. (A) XIC of a 216-5 spiked standard. (B) XIC of
RTC13. (C) TIC of the extracted kidney homogenate (8hM1). (D) Mass spectrum of

RTC13.
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Figure 57. RTC13 was detected in an extracted liver homogenate from an RTC13-
treated C57BL/6 mouse sacrificed at 24 h. (A) XIC of a 216-5 spiked standard. (B) XIC
of RTC13. (C) TIC of the extracted liver homogenate (24hM1). (D) Mass spectrum of

RTC13.
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Figure 58. RTC13 was detected in an extracted lung homogenate from a RTC13-
treated C57BL/6 mouse sacrificed at 24 h. (A) XIC of a 216-5 spiked standard. (B) XIC
of RTC13. (C) TIC of the extracted lung homogenate (24hM1). (D) Mass spectrum of

RTC13.
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Figure 59. RTC13 was detected in an extracted spleen homogenate from a RTC13-
treated C57BL/6 mouse sacrificed at 24 h. (A) XIC of a 216-5 spiked standard. (B) XIC
of RTC13. (C) TIC of the extracted spleen homogenate (24hM1). (D) Mass spectrum of

RTC13.

331



10°11 216-treated Brain '[216 + H]*
!

0.0051.01520253.0354.04550556.0657.07.58085909510010511.011.512.012513.013.514.014515.0

Time (min)

"I 216-treated Brain | [216 +H
g 3
w
5]
E 10"‘ |
2 '"| 216 standard | [216+ H]*
w i
S
14

4354 4355 4356 4357 4358 4350 4360 4361 4362 4363 4364 4365 4366 4367
miz

Figure 60. 216 was detected in an extracted brain homogenate from a 216-treated
C57BL/6 mouse sacrificed at 2 h. (A) XIC of 216. (B) Mass spectrum of 216 in extracted

brain homogenate. (C) Mass spectrum of 216 standard.
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Protein Coronae Composition of Mesoporous Silica Nanoparticles Dependent
Upon Surface Modifications and Biological Material
Carly N. Ferguson, Rolando E. Yanes, Angela A. Hwang, Jie Lu, Dyna I. Shirasaki,
Jeffrey |. Zink, Joseph A. Loo, Fuyu Tamanoi

ABSTRACT

Diagnostic medicine is a major factor in preventative medicine, often made difficult by
conflicting symptoms and invasive tests. Successful cancer treatments largely rely on
early, reliable diagnoses; however, early warning signs are not always readily apparent.
Recently, we as well as others have developed mesoporous silica nanoparticle (MSNs)
drug delivery vehicles that are targeted specifically to cancer cells." Studies have shown
promise of MSNs as potent drug systems; however, the MSNs cancer cell-targeting
abilities are being further explored as a method of diagnosis. We are utilizing a
proteomic approach to analyze MSNs-bound proteins extracted from cancer cells in
order to develop these nanoparticles as a diagnostic tool. Four particle surface
modifications were studied: polyethylene imine (PEI), phosphonate (Phos), amine, and
non-modified. MSNs with an iron oxide core (for collection by a magnet) were
endocytosed by three different cell lines (A549, HFF, or MCF7), isolated, and subjected
to a modified trypsin digest. UPLC-MS/MS was used to analyze the samples. Negatively
charged particles possess a more extensive network of proteins within their protein
corona regions when incubated with cancerous cell lines. This is beneficial when
designing differential diagnoses, allowing for a more complex and specific profile. The
greater negative charge on the surface of Phos-MSNP particles is likely responsible for

the larger number of bound proteins, and this was shown to contribute to a greater
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propensity for exocytosis. While positively charged MSNs-Amine particles maintained
an extensive corona, the highly positive PEI-MSNP particles were not shown to have a
significant corona in cancerous cell lines. This may be an issue of steric hindrance, as
shown to occur for PEG-coated particles. MSNs coated in smaller, covalently bonded
surface modifiers may be more useful as diagnostic tools. Unique proteins were
identified from MSNs incubated with cancer cell lines (A549 and MCF7) versus MSNs
incubated with normal cell lines (HFF). Ultimately, these data indicate the promising
potential of MSNs as diagnostic tools due to the varying composition of their protein

coronas attributed to the different cell lines.
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INTRODUCTION

The field of nanotechnology has expanded and overlapped with multiple areas of
science over recent years, spanning such diverse areas from computer science to
medicine. Within medicine, particular interest lies in the utilities of nanoparticles (NP),
small inorganic molecules on the nanometer scale. They possess many promising
features, including highly customizable synthesis reactions, biocompatibility, and
efficient clearance. Manipulation of NP chemical properties via customized synthesis, as
well as the variety of inorganic materials used to create NP, allow for alteration of
physical and biological properties that provide NP unique advantages as potential drug
delivery vehicles.

Mesoporous silica nanoparticles (MSNs) are a particularly exciting
nanotechnology and have thus far been shown effective in many applications. MSNs
chemistry has been well developed to allow the customization of both MSNs surface
and internal packaging, yielding marked success as drug delivery vehicles. The use of
multiple surface modifications, such as phosphonate and polyethylenimine (PEI) have
allowed for dual-delivery functions: internal packaging of anti-cancer drugs and surface-
tethering of siRNA to target multi-drug resistant cancer cells.®®> MSNs utility as drug
delivery vehicles has been shown effective in vitro and in vivo in multiple studies
ranging from tumor suppression to treatment of multi-drug resistant cancers.>>%
Surface modifications also allow for cell-specific targeting of MSNs, as shown by Lu et
al in folate receptor-targeting of cancer cells by conjugation of MSNs and folic acid.**
Additionally, unique packaging and release chemistries allow for incorporation of

molecules, such as membrane-impenetrable proteins and DNA, for delivery across
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previously unreachable areas of the cell.”®*® MSNs have also been employed as
imaging markers due to their easily modified surface chemistry, allowing the inclusion of
fluorescent dyes such as fluorescein isothiocyanate.®’

As MSNs are further developed for clinical use, interest in their uptake pathway,
release, and overall biological effects has increased. Of particular interest is the idea of
a protein corona, or the layer(s) of proteins that interact and bind to the nanoparticle
surface upon introduction to a biological sample.®® There is existing concern that this
corona may interfere with nanoparticle functions, such as cell targeting and drug
delivery.® Other groups have addressed these concerns, and it was observed that
protein binding does have an effect on nanoparticle distribution.’® Whether these
effects are positive or negative is still under debate. Positive effects such as enhanced
blood-brain barrier (BBB) crossing abilities have been identified, but consequences
such as more rapid clearance by filtering and excretory organs are known to exist, as
well."®'% Further studies have looked at myriad of NP types and probed corona
composition in correspondence with nanoparticle size and surface composition, finding
significant effects on corona composition attributed to differences in each of these
properties. Gref et al observed that increasing the length (or MW) of poly(ethylene
glycol) (PEG) chains on the surface of NPs resulted in a reduction in protein adsorption,
prevention of uptake by cells, and overall, changing the wt % PEG resulted in some
alteration in protein corona composition.'® Lundqvist et al (2008) found that increasing
the diameter of the nanoparticle itself can alter the protein corona.'®

Recently, groups have suggested differences in the layers within the protein

corona when a nanoparticle is exposed to multiple biological fluids, identifying a longer-
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lived “hard” corona as well as a loosely attached layer of proteins.'®'%” This hard
corona contains information from the biological fluid the NP is first exposed to, while
proteins from the second biological fluid are identified as well.'”” These studies have
indicated the potential importance of these findings in terms of uptake pathway and
efficacy effects; however, we propose an alternative use for protein corona composition
analysis that takes advantage of these distinct differences.

In this study, MSNs of varied surface modifications were incubated with distinct
human cell lines. Proteomic analyses confirmed that, while many proteins are present in
the coronas of MSNs incubated with different cell lines, there are clear differences in the
protein coronas composition that are unique to each cell line. Additionally, we found that
there are differences in corona composition dependent upon surface modification (both

specific modifications and generalized zeta-potential classes) within a given cell line.
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METHODS

Materials. Acetonitrile (ACN), ammonium bicarbonate (ABC), anhydrous toluene,
cetyltrimethylammonium bromide (CTAB), deoxycholic acid (DCA), dithiothreitol (DTT),
ethanol, ethyl acetate (EA), fetal bovine serum (FBS), formic acid (FA), iodoacetamide
(IAN), L-glutamine, methanol, penicillin, phosphate-buffered saline (PBS), polyethylene
imine (PElI 1.8 kDa), streptomycin, tetraethyl orthosilicate (TEOS), and 3-
(trihydroxysilypropyl)methylphosphonate  were  purchased from  Sigma-Aldrich.
Ammonium nitrate and hydrochloric acid (HCI) were purchased from Fisher Scientific.
Trypsin (Porcine) was purchased from Promega. N-(2-aminoethyl)3-aminopropyl
trimethoxysilane was purchased from Gelest.

Synthesis of Magnetic MSNs (Mag@MSNSs). As previously reported by Yanes et al,
silica nanoparticles with zinc-doped iron oxide cores were synthesized (Mag@MSNSs).
Briefly, CTAB (25 mg) was dissolved in NaOH solution (85 pL, 2 M) and H,O (11 mL)."%®
Once the mixture was heated to 80 °C, TEOS (100 uL) was added and aged for 2 h.
The particles were collected by centrifugation and washed with ethanol. The surfactant
was subsequently removed by refluxing in a solution of ammonium nitrate (15 mg) and
ethanol (5 mL) for 30 min, and washed with ethanol.

Synthesis of Amine Mag@MSNs. Mag@MSNs (100 mg) were suspended in
anhydrous toluene and N-(2-aminoethyl)3-aminopropyl trimethoxysilane (55 pL) was
added. The solution was heated to 80 °C and left to react overnight. Materials were
washed twice with each toluene, methanol, and water.

Synthesis of Phosphonate Mag@MSNSs. For the phosphonate coating, nanoparticles

(100 mg) were suspended in water and (trihydroxysilylpropyl)methylphosphonate (300
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pML) was added to the solution to react overnight. The particles were collected via
centrifugation and washed in water.

Synthesis of Polyethylenimine (PElI) Mag@MSNSs. For the electrostatic PEI coating,
as-synthesized nanoparticles (30 mg) were suspended in a 3 mL solution of PEI (weight
1.8 kD) and ethanol (2.5 mg/mL). Particles were stirred for 30 min and washed three
times with ethanol to remove excess PEI.

Cell Culture. Human fibroblast cell line HFF, human lung cancer cell line A549, and
human breast cancer cell line MCF7 were purchased from American Type Culture
Collection. Each line was grown and maintained in Culbecco’s modified Eagle’s medium
(DMEM; GIBCO) with 10% FBS, 1% L-glutamine, 1% penicillin, and 1% streptomycin.
Nanoparticle-Cell Incubation. Cells were seeded at a confluency of 400,000 cells in 2
mL of media per well in 6-well plates and incubated overnight. Zn-doped iron oxide core
MSNs (bare, amine, phosphonate or PEI coated) were added to the cells at 80 ug/mL
and incubated for 2 h. Media was removed and treated for nanoparticle isolation. Cells
were washed twice with PBS, suspended in fresh growth media, and further incubated
for 24 h to allow nanoparticle exocytosis. Media was collected, with three 6-well plates
used for each MSNs coating within each of the three cell lines for a total of 36 mL.
Mag@MSNs isolation was conducted by utilizing a neodymium magnet in a 25 mL cell
culture flask for each sample condition. From each 36 mL solution, 6 mL were incubated
with the magnet for 1 h, followed by careful extraction of media, avoiding perturbance of
the magnet. This was repeated until nanoparticle isolation was completed on all 36 mL
of media. Nanoparticles were washed two times with PBS, resuspended in 1 mL PBS,

isolated with a magnetic rack, and resuspended in 50 uL PBS.
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Protein Digest. Samples of Mag@MSNs in 50 uL PBS were placed in a magnetic rack
to isolate protein-bound particles at room temperature (RT). After 20 min, 50 uL PBS
were pipetted out, avoiding disturbance of isolated particles. Particles were
resuspended in 90 uL mass spectrometry (MS)-grade H>O for further washing, and
placed into a magnetic rack for 20 min at RT. After 20 min, 90 uL MS-grade H,O were
pipetted out, avoiding disturbance of isolated particles. Particles were resuspended in
90 uL 200 mM ABC and 0.1% DCA in MS-grade H,0.

Reducing agent DTT, at a concentration of 30 mM in 200 mM ABC and 0.1%
DCA, was added to particle solutions to a final concentration of 3 mM DTT, and sample
solutions were incubated at 95 °C for 30 min in the dark with moderate mixing (300
rpom). Alkylating agent IAN, at a concentration of 100 mM in 200 mM ABC and 0.1%
DCA, was added to particle solutions to a final concentration of 7.4 mM IAN, and
sample solutions were incubated at 37 °C for 1 h in the dark with moderate mixing (300
rom). To quench the reaction, 30 mM DTT in 200 mM ABC and 0.1% DCA was added
to the solutions to a final concentration of 4 mM DTT. A quantity of 200 mM ABC and
0.1% DCA was added to bring the final reaction concentrations to 3.7 mM DTT and 6.5
mM IAN. Lyophilized trypsin was suspended in 10 mM HCI to a final concentration of
0.5 ug/uL Trypsin. Trypsin was added to sample solutions in a ratio of 1 ug trypsin : 100
ug protein and incubated overnight at 37 °C in the dark with moderate mixing (300 rpm).
Sample solution tubes were placed into a magnetic rack at RT for 20 min to isolate
particles from the digested peptide mixture. Digest volume without Mag@MSNs was

pipetted into a new tube.
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Prior to MS analysis, DCA was removed from sample solutions. A volume of 125
uL 95.5% EA and 0.5% FA was added to the sample solution, lightly vortexed for 5 s,
and a subsequent volume of 800 uL 100% EA was added. The solution was strongly
vortexed for 10 s and centrifuged at 13,200 rpm for 10 min at RT. The top organic layer
was removed, avoiding disturbance of the bottom aqueous layer. This procedure was
repeated twice. The residual aqueous solution was dried down under vacuum at RT for
10 min in a Thermo Scientific SpeedVac®. Samples were subsequently resuspended in
50 uL 50% methanol in MS-grade H,O. This procedure was repeated twice. Samples
were resuspended in 40 uL 0.5% FA in MS-grade H,O.
Mass Spectrometry. All samples were run on a Waters nanoACQUITY nano ultra-
performance liquid chromatography (nanoUPLC) system (Manchester, UK). Separation
was conducted with a UPLC symmetry C18 180 wm x 20 mm trap column and a
nanoACQUITY UPLC BEH C18 75 um x 150 mm reversed phase (RP) analytical
column. MS-grade H,O and 0.1% FA comprised the aqueous mobile phase (A). ACN
and 0.1% FA comprised the organic mobile phase (B). A total of 5 uL per sample were
injected onto the trap column, subjected to a 97% A and 3% B wash for 5 min, followed
by injection onto the analytical column in 3% B. A 70 min 3-50% B gradient was used,
followed by a 3 min 50-95% B gradient. A 15 min rinse with 95% B was followed by a 20
min re-equilibration period with 97% A.

The nanoACQUITY unit was interfaced with a Waters Xevo quadruopole time-of-
flight (QTOF) mass spectrometer. Data acquisition was conducted in a data-
independent (MSF), positive ion mode over a 100-8000 m/z range. MSE involves a non-

selective and continuous process alternating between low and high collisional energies
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per second, allowing for observation of resulting precursor and associated fragment ion
spectra and maximizing protein identification.

Data Analysis. Waters ProteinLynx Global Server 2.5.2 (PLGS) was used to process
data. All data were searched against UniProtKB-SwissProt Homo sapiens (Human)
database for protein identifications. Parameters were set to a minimum of 7 peptides
per protein identification, 2 missed cleavages, 4% false positive rate, fixed
carbamidomethyl modification of cysteine residues, and variable modifications,
including: oxidation of methionine residues, deamidation of asparagine and glutamine
residues, and acetylation of lysine residues and the N-terminus.

Western Blot. HFF, A549 and MCF7 Cells incubated in appropriate media were
collected and cell lysates were separated with gel electrophoresis on a polyacrylamide
gel containing sodium dodecy! sulfate and then transferred to nitrocellulose membranes.
The membranes were blocked with Tris-buffered saline (TBS) containing 5% (w/v)
skimmed milk. After being washed with TBS containing 0.1% Tween 20 (Sigma), the
membranes were incubated overnight at room temperature with MAPK125 antibody
(santa cruz Biotechnology) diluted with TBS. After being washed, the membranes were
incubated for 2 h at room temperature with the second antibody (Santa Cruz
Biotechnology). Bands were detected with an ECL system (Amersham Pharmacia

Biotech).
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RESULTS AND DISCUSSION

Surface Modification Effects on Protein Binding. Particles were grouped based on
the overall surface charge, or C-potential. Bare MSNs have a negative C-potential of 16
mV. Phosphonate-coated MSNs (phos-MSNP) have a negative C-potential of 33 mV.
Amine-coated MSNs (amine-MSNP) have a positive C-potential of 31 mV.
Polyethylenimine-coated MSNs (PEI-MSNP) have a positive T-potential of 50 mV.

Bare MSNs. A total of 30 proteins were identified from negatively charged bare MSNs
incubated with HFF cells, as shown in Table 1. A total of 68 proteins were identified
from negatively charged bare MSNs incubated with A549 cells, as shown in Table 2. A
total of 31 proteins were identified from negative charged bare MSNs incubated with
MCEF7 cells, as shown in Table 3.

Phos-MSNP. A total of 44 proteins were identified from negatively charged phos-MSNP
incubated with HFF cells, as shown in Table 1. A total of 97 proteins were identified
from negatively charged phos-MSNP incubated with A549 cells, as shown in Table 2. A
total of 1 protein was identified from negative charged phos-MSNP incubated with
MCEF7 cells, as shown in Table 3.

amine-MSNP. A total of 39 proteins were identified from positively charged amine-
MSNP incubated with HFF cells, as shown in Table 1. A total of 49 proteins were
identified from positively charged amine-MSNP incubated with A549 cells, as shown in
Table 2. A total of 2 proteins were identified from positively charged amine-MSNP
incubated with MCF7 cells, as shown in Table 3.

PEI-MSNP. A total of 94 proteins were identified from positively charged PEI-MSNP

incubated with HFF cells, as shown in Table 1. A total of 6 proteins were identified from
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positively charged PEI-MSNP incubated with A549 cells, as shown in Table 2. A total of
3 proteins were identified from positively charged PEI-MSNP incubated with MCF7
cells, as shown in Table 3.

HFF Cells. A total of 82 unique proteins were identified from positively charged amine-
and PEl-coated MSNs incubated with HFF cells. A total of 20 unique proteins were
identified from negatively charged bare and phos-MSNP incubated with HFF cells. A
total of 34 proteins were identified from both positively and negatively charged MSNs
incubated with HFF cells. These data are shown in Table 1.

Several actin, hemoglobin, and histone isoforms were identified bound to all four

MSNs types, with no apparent difference in histone identification from positively versus
negatively charged particles. Several elongation factors were found buond to three
MSNs types (amine-, bare-, and phos- MSNs); and, two POTE ankyrin isoforms (E and
F) were found bound to amine- and phos- MSNs.
Ab49 Cells. A total of 8 unique proteins were identified from positively charged amine-
and PEl-coated MSNs incubated with A549 cells. A total of 61 unique proteins were
identified from negatively charged bare and phos-MSNP incubated with A549 cells. A
total of 47 proteins were identified from both positively and negatively charged MSNs
incubated with A549 cells. These data are shown in Table 2.

Several actin and histone isoforms were identified bound to three MSNs types
(amine-, bare-, and phos- MSNs). Only one protein was identified from PEI-MSNP
incubated with A549 cells. While actin was equally present on each of the three surface
modified particles, histones were much more abundant on the negatively charged

nanoparticles. This is likely due to the positively charged characteristics of the histone
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proteins. Lactate dehydrogenase, pyruvate kinase, and glyceraldehyde-3-phosphate
dehydrogenase were detected in digests from both positively and negatively charged
particles. Additionally, several elongation factors and POTE ankyrin protein isoforms
were detected in all three particle types as well. These POTE isoforms were not the
same as those identified from HFF cells.

MCEF7 Cells. A total of 2 unique proteins were identified from positively charged amine-
and PEl-coated MSNs incubated with MCF7 cells. A total of 30 unique proteins were
identified from negatively charged bare and phos-MSNP incubated with MCF7 cells. A
total of 3 proteins were identified from both positively and negatively charged MSNs
incubated with MCF7 cells. These data are shown in Table 3.

Protein Localization. A subcellular localization prediction database, WoLF PSORT
was used to determine potential locations of identified proteins within the cell. The
percentage of proteins identified in each of the subcellular locations (cytoplasm,
cytoskeleton, endoplasmic reticulum, mitochondrion, nucleus, secreted, and
transmembrane) were calculated. Isoelectric point (pl) was also examined, however, no
significant difference in average protein pl was found between the various particle types
or cell types.

HFF Cells. Cytoplasmic proteins comprised 38% of total identified proteins from
positively charged amine-MSNP and PEI-MSNP incubated with HFF cells. Cytoskeletal
proteins comprised 20% of total identified proteins from positively charged amine-MSNP
and PEI-MSNP incubated with HFF cells. Endoplasmic reticulum-associated proteins
comprised 2% of total identified proteins from positively charged amine-MSNP and PEI-

MSNP incubated with HFF cells. Mitochondrial proteins comprised 2% of total identified
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proteins from positively charged amine-MSNP and PEI-MSNP incubated with HFF cells.
Nuclear proteins comprised 20% of total identified proteins from positively charged
amine-MSNP and PEI-MSNP incubated with HFF cells. Secretory proteins comprised
18% of total identified proteins from positively charged amine-MSNP and PEI-MSNP
incubated with HFF cells. No transmembrane proteins were identified from positively
charged amine-MSNP and PEI-MSNP incubated with HFF cells. These data are shown
in Table 1.

Cytoplasmic proteins comprised 21% of total identified proteins from negatively
charged bare MSNs and Phos-MSNP incubated with HFF cells. Cytoskeletal proteins
comprised 21% of total identified proteins from negatively charged bare MSNs and
Phos-MSNP incubated with HFF cells. Mitochondrial proteins comprised 1.9% of total
identified proteins from negatively charged bare MSNs and Phos-MSNP incubated with
HFF cells. Nuclear proteins comprised 27% of total identified proteins from negatively
charged bare MSNs and Phos-MSNP incubated with HFF cells. Secretory proteins
comprised 23% of total identified proteins from negatively charged bare MSNs and
Phos-MSNP incubated with HFF cells. No endoplasmic reticulum-associated proteins or
transmembrane proteins were identified from negatively charged bare MSNs and Phos-
MSNP incubated with HFF cells. These data are shown in Table 1.

Ab549 Cells. Cytoplasmic proteins comprised 38% of total identified proteins from
positively charged amine-MSNP and PEI-MSNP incubated with A549 cells. Cytoskeletal
proteins comprised 20% of total identified proteins from positively charged amine-MSNP
and PEI-MSNP incubated with A549 cells. Endoplasmic reticulum-associated proteins

comprised 2% of total identified proteins from positively charged amine-MSNP and PEI-
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MSNP incubated with A549 cells. Mitochondrial proteins comprised 2% of total identified
proteins from positively charged amine-MSNP and PEI-MSNP incubated with A549
cells. Nuclear proteins comprised 20% of total identified proteins from positively charged
amine-MSNP and PEI-MSNP incubated with A549 cells. Secretory proteins comprised
18% of total identified proteins from positively charged amine-MSNP and PEI-MSNP
incubated with A549 cells. No transmembrane proteins were identified from positively
charged amine-MSNP and PEI-MSNP incubated with A549 cells. These data are shown
in Table 2.

Cytoplasmic proteins comprised 46% of total identified proteins from negatively
charged bare MSNs and Phos-MSNP incubated with A549 cells. Cytoskeletal proteins
comprised 12% of total identified proteins from negatively charged bare MSNs and
Phos-MSNP incubated with A549 cells. Mitochondrial proteins comprised 2% of total
identified proteins from negatively charged bare MSNs and Phos-MSNP incubated with
A549 cells. Nuclear proteins comprised 32% of total identified proteins from negatively
charged bare MSNs and Phos-MSNP incubated with A549 cells. Secretory proteins
comprised 7% of total identified proteins from negatively charged bare MSNs and Phos-
MSNP incubated with A549 cells. Transmembrane proteins comprised 0.7% of total
identified proteins from negatively charged bare MSNs and Phos-MSNP incubated with
A549 cells. No endoplasmic reticulum-associated proteins were identified from
negatively charged bare MSNs and Phos-MSNP incubated with A549 cells. These data
are shown in Table 2.

MCF7 Cells. Cytoplasmic proteins comprised 40% of total identified proteins from

positively charged amine-MSNP and PEI-MSNP incubated with MCF7 cells.
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Cytoskeletal proteins comprised 20% of total identified proteins from positively charged
amine-MSNP and PEI-MSNP incubated with MCF7 cells. Secretory proteins comprised
40% of total identified proteins from positively charged amine-MSNP and PEI-MSNP
incubated with MCF7 cells. Endoplasmic reticulum-associated proteins, mitochondrial
proteins, nuclear proteins, and transmembrane proteins were not identified from
positively charged amine-MSNP and PEI-MSNP incubated with MCF7 cells. These data
are shown in Table 3.

Cytoplasmic proteins comprised 56% of total identified proteins from negatively
charged bare MSNs and Phos-MSNP incubated with MCF7 cells. Cytoskeletal proteins
comprised 6% of total identified proteins from negatively charged bare MSNs and Phos-
MSNP incubated with MCF7 cells. Mitochondrial proteins comprised 6% of total
identified proteins from negatively charged bare MSNs and Phos-MSNP incubated with
MCF7 cells. Nuclear proteins comprised 6% of total identified proteins from negatively
charged bare MSNs and Phos-MSNP incubated with MCF7 cells. Secretory proteins
comprised 25% of total identified proteins from negatively charged bare MSNs and
Phos-MSNP incubated with MCF7 cells. Endoplasmic reticulum-associated proteins and
transmembrane proteins were not identified from negatively charged bare MSNs and
Phos-MSNP incubated with MCF7 cells. These data are shown in Table 3.

A549 Cell Line Associated Proteins. A total of 116 proteins were identified from all
particles incubated with A549 cells. A total of 12 proteins were identified only in particles
incubated with A549 cells. Of these 12 proteins, 3 were found to be disease-associated
based on literature searches: organic solute carrier partner protein (OSCP1), POTE

ankyrin protein (POTEI and POTEJ), and pyruvate kinase (KPYM).
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Though preliminary, OSCP1 has been indicated to be involved in interactions

associated with several cancer types.'® POTEI and POTEJ (POTE2p) have both been
found to be expressed in lung cancer, though no mechanism has be implicated.'™
KPYM, a glycolytic enzyme, has been shown to be upregulated in lung tumors.’" This
indicated overactive glycolysis processes, a hallmark of cancerous cells. Though none
of these have been indicated as prognostic markers, their differential identification from
A549 cells over other cell types indicate their potential.
MCF7 Cell Line Associated Proteins. A total of 34 proteins were identified from all
particles incubated with MCF7 cells. A total of 15 proteins were identified only in
particles incubated with MCF7 cells. Of these 15 proteins, 4 were found to be disease-
associated based on literature searches: ADP/ATP translocase (ADT2 and ADT3),
anterior gradient protein (AGR2), phosphatidylinositol kinase (PI14K2A), and vimentin
(VIME).

ADT2 and ADT3 are ADP/ATP translocase enzymes, facilitating ADP/ATP
exchange across the inner membrane of the mitochondria. ADT2, or ANTZ2, has been
specifically shown as indicative of levels of cancer aggression, with increased levels
associated with enhanced glycolysis.""? This leads to proliferation, unlike the
overexpression of ADT3, which leads to apoptosis.'’*''* ADT2 was found to be
upregulated in MCF7 cell lines, and knockdown of this enzyme resulted in cell death.'"
AGR2 has been previously shown to be associated with breast cancer tumors as well
as many other cancers, specifically with lower grade, less aggressive tumors.'® It was
also shown to induce metastasis, and is present in higher concentrations in malignant

tumors versus benign tumors.''® Previous studies have suggested AGR2 as a
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prognostic marker in breast cancer due to its association with unfavorable patient
survival.'"” PI4K2A has previously been shown to be upregulated in many cancer cell
lines, including MCF7."® Though not conducted in breast cancer patients, a recent
study detected upregulation of PIK42A in liver cancer patients and has been suggested
as a prognosis marker."® VIME has been shown to be associated with breast cancer,
as well, and is suggested to be involved in enhancement of invasive capabilities.?*'?’
Mitogen-Activated Protein Kinase. One protein was identified in MSNs incubated with
both A549 and MCF7 cells. This protein was mitogen-activated protein kinase 12
(MAPK12), identified from amine-MSNP in A549 cells and phos-MSNP in MCF7 cells. A
Western blot analysis confirmed the presence of MAPK12 in both A549 and MCF7 cells,
with a higher intensity band in MCF7 cells indicating it is present in higher
concentrations, as shown in Figure 2. Also of note, MAPK12 was detected by Western
blot analysis in HFF cells; however, MAPK12 was not identified from MSNs incubated
with HFF cells.

MAP kinases in general are involved in complex signaling cascades, involving
p38, ERK1, and ERK2."?* They have largely been associated with cancer processes,
and points along the MAPK pathway have been targeted in cancer therapeutic
development.'?*'?* MAPK12 upregulation has been implicated as an effector in gastric,
pancreatic, breast, and bladder cancers, among others; and, other MAP kinases have
been suggested to be included as part of prognostic panels in various types of
cancers.'®"'?® The selective binding of MAPK12 by MSNs incubated with A549 and

MCF7 cells suggests further exploration is necessary, as this could be a promising

prognostic marker.
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Fetal Bovine Serum Protein Identification. Previous studies have suggested
nanoparticles can be incubated with one biological sample, transferred to another
biological medium, further incubated, and analyzed for protein content that will yield
identifications characteristic of both the first and second sample.'®'%” Digested protein
coronae from MSNs incubated with HFF cells were found to contain 163 proteins
(amine-MSNP), 44 proteins (bare-MSNP), and 66 proteins (PEI-MSNP). No FBS-
associated proteins were identified from phos-MSNP incubated with HFF cells. Digested
protein coronae from MSNs incubated with A549 cells were found to contain 9 proteins
(amine-MSNP), 20 proteins (bare-MSNP), 19 proteins (phos-MSNP), and 17 proteins
(PEI-MSNP). Digested protein coronae from MSNs incubated with MCF7 cells were
found to contain 74 proteins (amine-MSNP) and 1 protein (phos-MSNP). No FBS-
associated proteins were identified from bare-MSNP or PEI-MSNP incubated with
MCF7 cells. These data are shown in Table 4.
CONCLUSIONS

MSNs incubated with varied cell types resulted in the identification of several cell
line-specific proteins. When compared to MSNs incubated with normal cells (HFF),
those MSNs incubated with two diseased cell lines (A549 and MCF7) were found to
contain distinct protein coronae. These data suggest that cell lines are distinguishable
based on the proteins that adhere to endocytosed nanoparticles. Previous experiments
have shown that, when incubated with two different biological samples sequentially,
nanoparticles retain proteins from both the first and second medium. This was observed
due to the presence of FBS-associated proteins in protein coronae analyzed from MSNs

incubated with various cell lines.
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The presence of disease-associated proteins in the protein coronae of
nanoparticles incubated with A549 and MCF7 cell lines suggests that particles are able
to bind to a large number of proteins, not just those that are most abundant.
Furthermore, these data indicate MSNs as promising tools for prognostic and diagnostic
tests. Biocompatibility and fast clearance from the body have been shown in animal
models when utilizing MSNs as drug delivery vehicles, thus MSNs utility as diagnostic

tools should be further explored.

355



H,N*

o 2
P
N

0‘/ o)

o
Si

MSNP MSNP-Phos MSNP-Amine MSNP-PEI

H

=
— N

Figure 1. Structures of MSNs (A) Bare (B) Phos-MSNP (C) amine-MSNP (D) PEI-

MSNP.

356



Particle Protein | Protein Name Subcellular
Type ID Localization
amine- ACTA Actin_ aortic smooth muscle Cytoplasm
MSNP

amine- ACTB Actin_ cytoplasmic 1 Cytoplasm
MSNP

amine- ACTBL Beta-actin-like protein 2 Cytoplasm
MSNP

amine- ACTBM | Putative beta-actin-like protein 3 Cytoplasm
MSNP

amine- ACTC Actin_ alpha cardiac muscle 1 Cytoplasm
MSNP

amine- ACTG Actin_ cytoplasmic 2 Cytoplasm
MSNP

amine- ACTH Actin_ gamma-enteric smooth muscle Cytoplasm
MSNP

amine- ACTS Actin_ alpha skeletal muscle Cytoplasm
MSNP

amine- ATPA ATP synthase subunit alpha_ Cytoskeleton
MSNP mitochondrial

amine- CEP89 Centrosomal protein of 89 kDa Cytoskeleton
MSNP

amine- DESM Desmin Cytoskeleton
MSNP

amine- EF1A1 Elongation factor 1-alpha 1 Cytoskeleton
MSNP

amine- EF1A2 Elongation factor 1-alpha 2 Cytoskeleton
MSNP

amine- EF1A3 Putative elongation factor 1-alpha-like 3 | Cytoskeleton
MSNP

amine- ENPL Endoplasmin Cytoskeleton
MSNP

amine- H4 Histone H4 Nucleus
MSNP

amine- HBA Hemoglobin subunit alpha Nucleus
MSNP

amine- HS71L Heat shock 70 kDa protein 1-like Cytoplasm
MSNP

amine- HS90A Heat shock protein HSP 90-alpha Cytoplasm
MSNP

amine- HS90B Heat shock protein HSP 90-beta Cytoplasm
MSNP

amine- HSP71 Heat shock 70 kDa protein 1A/1B Cytoplasm
MSNP

amine- HSP72 Heat shock-related 70 kDa protein 2 Cytoplasm
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MSNP

amine- HSP76 Heat shock 70 kDa protein 6 Cytoplasm
MSNP

amine- HSP77 Putative heat shock 70 kDa protein 7 Cytoplasm
MSNP

amine- HSP7C | Heat shock cognate 71 kDa protein Cytoplasm
MSNP

amine- NUCL Nucleolin Secretory
MSNP

amine- POTEE | POTE ankyrin domain family member E | Secretory
MSNP

amine- POTEF | POTE ankyrin domain family member F | Secretory
MSNP

amine- RL40 Ubiquitin-60S ribosomal protein L40 Secretory
MSNP

amine- RS27A Ubiquitin-40S ribosomal protein S27a Secretory
MSNP

amine- TBA1A Tubulin alpha-1A chain Secretory
MSNP

amine- TBA1B Tubulin alpha-1B chain Secretory
MSNP

amine- TBA1C Tubulin alpha-1C chain Secretory
MSNP

amine- TBA3C Isoform 2 of Tubulin alpha-3C/D chain Secretory
MSNP

amine- TBAS3E Tubulin alpha-3E chain Secretory
MSNP

amine- TBB5 Tubulin beta chain Secretory
MSNP

amine- UBB Polyubiquitin-B Secretory
MSNP

amine- UBC Polyubiquitin-C Secretory
MSNP

amine- VTNC Vitronectin Secretory
MSNP

bare- ACTA Actin_ aortic smooth muscle Cytoplasm
MSNP

bare- ACTB Actin_ cytoplasmic 1 Cytoplasm
MSNP

bare- ACTBL Beta-actin-like protein 2 Cytoplasm
MSNP

bare- ACTBM | Putative beta-actin-like protein 3 Cytoplasm
MSNP

bare- ACTC Actin_ alpha cardiac muscle 1 Cytoplasm
MSNP
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bare- ACTG Actin_ cytoplasmic 2 Cytoplasm
MSNP

bare- ACTH Actin_ gamma-enteric smooth muscle Cytoplasm
MSNP

bare- ACTS Actin_ alpha skeletal muscle Cytoplasm
MSNP

bare- AL3A2 Isoform 2 of Fatty aldehyde Cytoskeleton
MSNP dehydrogenase

bare- APOA1 Apolipoprotein A-I Cytoskeleton
MSNP

bare- APOE Apolipoprotein E Cytoskeleton
MSNP

bare- EF1A1 Elongation factor 1-alpha 1 Cytoskeleton
MSNP

bare- EF1A2 Elongation factor 1-alpha 2 Cytoskeleton
MSNP

bare- EF1A3 Putative elongation factor 1-alpha-like 3 | Cytoskeleton
MSNP

bare- GELS Gelsolin Cytoskeleton
MSNP

bare- H4 Histone H4 Nucleus
MSNP

bare- HBA Hemoglobin subunit alpha Nucleus
MSNP

bare- HBAZ Hemoglobin subunit zeta Nucleus
MSNP

bare- HBB Hemoglobin subunit beta Nucleus
MSNP

bare- HBD Hemoglobin subunit delta Nucleus
MSNP

bare- HBE Hemoglobin subunit epsilon Nucleus
MSNP

bare- HBG1 Hemoglobin subunit gamma-1 Cytoplasm
MSNP

bare- HBG2 Hemoglobin subunit gamma-2 Cytoplasm
MSNP

bare- IBP2 Insulin-like growth factor-binding protein | Secretory
MSNP 2

bare- POTEE | POTE ankyrin domain family member E | Secretory
MSNP

bare- POTEF | POTE ankyrin domain family member F | Secretory
MSNP

bare- QCR7 Cytochrome b-c1 complex subunit 7 Mitochondria
MSNP

bare- SNAI3 Zinc finger protein SNAI3 Secretory
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MSNP

bare- VTNC Vitronectin Secretory
MSNP
bare- WIPF3 WAS/WASL-interacting protein family Secretory
MSNP member 3
PEI-MSNP | ACTA Actin_ aortic smooth muscle Cytoplasm
PEI-MSNP | ACTB Actin_ cytoplasmic 1 Cytoplasm
PEI-MSNP | ACTBL Beta-actin-like protein 2 Cytoplasm
PEI-MSNP | ACTBM | Putative beta-actin-like protein 3 Cytoplasm
PEI-MSNP | ACTC Actin_ alpha cardiac muscle 1 Cytoplasm
PEI-MSNP | ACTG Actin_ cytoplasmic 2 Cytoplasm
PEI-MSNP | ACTH Actin_ gamma-enteric smooth muscle Cytoplasm
PEI-MSNP | ACTS Actin_ alpha skeletal muscle Cytoplasm
PEI-MSNP | ALBU Serum albumin Cytoskeleton
PEI-MSNP | ANR35 | Ankyrin repeat domain-containing Cytoskeleton
protein 35
PEI-MSNP | APOA1 | Apolipoprotein A-l Cytoskeleton
PEI-MSNP | APOE Apolipoprotein E Cytoskeleton
PEI-MSNP | GOGSI Golgin subfamily A member 8| Cytoskeleton
PEI-MSNP | H2A1 Histone H2A type 1 Cytoskeleton
PEI-MSNP | H2A1A Histone H2A type 1-A Cytoskeleton
PEI-MSNP | H2A1B Histone H2A type 1-B/E Cytoskeleton
PEI-MSNP | H2A1C Histone H2A type 1-C Nucleus
PEI-MSNP | H2A1D Histone H2A type 1-D Nucleus
PEI-MSNP | H2A1H Histone H2A type 1-H Nucleus
PEI-MSNP | H2A1J Histone H2A type 1-J Nucleus
PEI-MSNP | H2A2A Histone H2A type 2-A Nucleus
PEI-MSNP | H2A2B Histone H2A type 2-B Nucleus
PEI-MSNP | H2A2C Histone H2A type 2-C Nucleus
PEI-MSNP | H2A3 Histone H2A type 3 Nucleus
PEI-MSNP | H2AJ Histone H2A.J Nucleus
PEI-MSNP | H2AV Isoform 2 of Histone H2A.V Nucleus
PEI-MSNP | H2AX Histone H2A.x Nucleus
PEI-MSNP | H2AZ Histone H2A.Z Nucleus
PEI-MSNP | H2B1A Histone H2B type 1-A Nucleus
PEI-MSNP | H2B1B Histone H2B type 1-B Nucleus
PEI-MSNP | H2B1C Histone H2B type 1-C/E/F/G/I Nucleus
PEI-MSNP | H2B1D Histone H2B type 1-D Nucleus
PEI-MSNP | H2B1H Histone H2B type 1-H Nucleus
PEI-MSNP | H2B1J Histone H2B type 1-J Nucleus
PEI-MSNP | H2B1K Histone H2B type 1-K Nucleus
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PEI-MSNP | H2B1L Histone H2B type 1-L Nucleus
PEI-MSNP | H2B1M | Histone H2B type 1-M Nucleus
PEI-MSNP | H2B1N Histone H2B type 1-N Nucleus
PEI-MSNP | H2B10O | Histone H2B type 1-O Nucleus
PEI-MSNP | H2B2E Histone H2B type 2-E Nucleus
PEI-MSNP | H2B2F Histone H2B type 2-F Nucleus
PEI-MSNP | H2B3B Histone H2B type 3-B Nucleus
PEI-MSNP | H2BFS Histone H2B type F-S Nucleus
PEI-MSNP | H31 Histone H3.1 Nucleus
PEI-MSNP | H31T Histone H3.1t Nucleus
PEI-MSNP | H32 Histone H3.2 Nucleus
PEI-MSNP | H33 Histone H3.3 Nucleus
PEI-MSNP | H4 Histone H4 Nucleus
PEI-MSNP | HBA Hemoglobin subunit alpha Nucleus
PEI-MSNP | HBB Hemoglobin subunit beta Nucleus
PEI-MSNP | HBD Hemoglobin subunit delta Nucleus
PEI-MSNP | HBE Hemoglobin subunit epsilon Nucleus
PEI-MSNP | HBG1 Hemoglobin subunit gamma-1 Cytoplasm
PEI-MSNP | HBG2 Hemoglobin subunit gamma-2 Cytoplasm
PEI-MSNP | ITIH2 Inter-alpha-trypsin inhibitor heavy chain | Secretory
H2
PEI-MSNP | KCD18 BTB/POZ domain-containing protein Secretory
KCTD18
PEI-MSNP | MBB1A | Myb-binding protein 1A Secretory
PEI-MSNP | NPM Nucleophosmin Secretory
PEI-MSNP | NUSAP | Nucleolar and spindle-associated protein | Secretory
1
PEI-MSNP | PGS1 Biglycan Secretory
PEI-MSNP | POTEE | POTE ankyrin domain family member E | Secretory
PEI-MSNP | POTEF | POTE ankyrin domain family member F | Secretory
PEI-MSNP | PRRX2 | Paired mesoderm homeobox protein 2 Secretory
PEI-MSNP | RED Protein Red Secretory
PEI-MSNP | RL40 Ubiquitin-60S ribosomal protein L40 Secretory
PEI-MSNP | RLA1 60S acidic ribosomal protein P1 Secretory
PEI-MSNP | RLA2 60S acidic ribosomal protein P2 Secretory
PEI-MSNP | RN214 RING finger protein 214 Secretory
PEI-MSNP | RS27A Ubiquitin-40S ribosomal protein S27a Secretory
PEI-MSNP | TBA1A | Tubulin alpha-1A chain Secretory
PEI-MSNP | TBA1B Tubulin alpha-1B chain Secretory
PEI-MSNP | TBA1C | Tubulin alpha-1C chain Secretory
PEI-MSNP | TBA4A | Tubulin alpha-4A chain Secretory
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PEI-MSNP | THRB Prothrombin Secretory

PEI-MSNP | UBB Polyubiquitin-B Secretory

PEI-MSNP | UBC Polyubiquitin-C Secretory

PEI-MSNP | VTNC Vitronectin Secretory

PEI-MSNP | VWA3A | von Willebrand factor A domain- Secretory
containing protein 3A

PEI-MSNP | ZBT25 Zinc finger and BTB domain-containing Secretory
protein 25

PEI-MSNP | ZC3HD | Isoform 2 of Zinc finger CCCH domain- | Secretory
containing protein 13

Phos- ACTA Actin_ aortic smooth muscle Cytoplasm

MSNP

Phos- ACTB Actin_ cytoplasmic 1 Cytoplasm

MSNP

Phos- ACTC Actin_ alpha cardiac muscle 1 Cytoplasm

MSNP

Phos- ACTG Actin_ cytoplasmic 2 Cytoplasm

MSNP

Phos- ACTH Actin_ alpha cardiac muscle 1 Cytoplasm

MSNP

Phos- ACTS Actin_ cytoplasmic 2 Cytoplasm

MSNP

Phos- AL3A2 Actin_ gamma-enteric smooth muscle Cytoskeleton

MSNP

Phos- APOE Actin_ alpha skeletal muscle Cytoskeleton

MSNP

Phos- CCD50 | Coiled-coil domain-containing protein 50 | Cytoskeleton

MSNP

Phos- CLIC2 Chloride intracellular channel protein 2 Cytoskeleton

MSNP

Phos- EF1A1 Elongation factor 1-alpha 1 Cytoskeleton

MSNP

Phos- EF1A2 Elongation factor 1-alpha 2 Cytoskeleton

MSNP

Phos- EF1A3 Putative elongation factor 1-alpha-like 3 | Cytoskeleton

MSNP

Phos- GELS Gelsolin Cytoskeleton

MSNP

Phos- H2A1 Histone H2A type 1 Cytoskeleton

MSNP

Phos- H2A1B Histone H2A type 1-B/E Cytoskeleton

MSNP

Phos- H2A1C Histone H2A type 1-C Nucleus

MSNP

Phos- H2A1D Histone H2A type 1-D Nucleus
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MSNP

Phos- H2A1H Histone H2A type 1-H Nucleus
MSNP

Phos- H2A1J Histone H2A type 1-J Nucleus
MSNP

Phos- H2A2A Histone H2A type 2-A Nucleus
MSNP

Phos- H2A2C Histone H2A type 2-C Nucleus
MSNP

Phos- H2A3 Histone H2A type 3 Nucleus
MSNP

Phos- H2AJ Histone H2A.J Nucleus
MSNP

Phos- H33 Histone H3.3 Nucleus
MSNP

Phos- HBA Hemoglobin subunit alpha Nucleus
MSNP

Phos- HBB Hemoglobin subunit beta Nucleus
MSNP

Phos- HBD Hemoglobin subunit delta Nucleus
MSNP

Phos- HBE Hemoglobin subunit epsilon Nucleus
MSNP

Phos- HBG1 Hemoglobin subunit gamma-1 Cytoplasm
MSNP

Phos- HBG2 Hemoglobin subunit gamma-2 Cytoplasm
MSNP

Phos- HRG Histidine-rich glycoprotein Cytoplasm
MSNP

Phos- IBP2 Insulin-like growth factor-binding protein | Secretory
MSNP 2

Phos- PDESA | High affinity cGMP-specific 3'_5'-cyclic Secretory
MSNP phosphodiesterase 9A

Phos- POTEE | POTE ankyrin domain family member E | Secretory
MSNP

Phos- POTEF | POTE ankyrin domain family member F | Secretory
MSNP

Phos- SEMG1 | Semenogelin-1 Secretory
MSNP

Phos- SSH1 Protein phosphatase Slingshot homolog | Secretory
MSNP 1

Phos- VTNC Vitronectin Secretory
MSNP

Phos- ZNHI2 Zinc finger HIT domain-containing Secretory
MSNP protein 2
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Table 1. Human proteins identified from MSNs incubated with HFF cells.
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Particle Protein | Protein Name Subcellular
Type ID Localization
amine- ACTA Actin_ aortic smooth muscle Cytoplasm
MSNP

amine- ACTB Actin_ cytoplasmic 1 Cytoplasm
MSNP

amine- ACTBL Beta-actin-like protein 2 Cytoplasm
MSNP

amine- ACTC Actin_ alpha cardiac muscle 1 Cytoplasm
MSNP

amine- ACTG Actin_ cytoplasmic 2 Cytoplasm
MSNP

amine- ACTH Actin_ gamma-enteric smooth muscle | Cytoplasm
MSNP

amine- ACTS Actin_ alpha skeletal muscle Cytoplasm
MSNP

amine- AL1A1 Retinal dehydrogenase 1 Cytoplasm
MSNP

amine- ALDH2 | Aldehyde dehydrogenase_ Mitochondria
MSNP mitochondrial

amine- ANXA1 Annexin A1 Nucleus
MSNP

amine- EF1A1 Elongation factor 1-alpha 1 Cytoskeleton
MSNP

amine- EF1A2 Elongation factor 1-alpha 2 Cytoskeleton
MSNP

amine- EF1A3 Putative elongation factor 1-alpha-like | Cytoskeleton
MSNP 3

amine- ENOA Alpha-enolase Cytoplasm
MSNP

amine- ENOA Alpha-enolase Cytoplasm
MSNP

amine- G3P Glyceraldehyde-3-phosphate Cytoplasm
MSNP dehydrogenase

amine- H12 Histone H1.2 Nucleus
MSNP

amine- H13 Histone H1.3 Nucleus
MSNP

amine- H14 Histone H1.4 Nucleus
MSNP

amine- KPYM Pyruvate kinase isozymes M1/M2 Cytoplasm
MSNP

amine- LDHA L-lactate dehydrogenase A chain Mitochondria
MSNP

amine- MK12 Mitogen-activated protein kinase 12 Cytoplasm
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MSNP

amine- OSCP1 Protein OSCP1 Transmembrane
MSNP

amine- POTEE | POTE ankyrin domain family member | Secretory
MSNP E

amine- POTEF | POTE ankyrin domain family member | Secretory
MSNP F

amine- POTEI POTE ankyrin domain family member | | Secretory
MSNP

amine- POTEJ POTE ankyrin domain family member J | Secretory
MSNP

amine- PROF1 Profilin-1 Cytoplasm
MSNP

amine- TBA1A Tubulin alpha-1A chain Secretory
MSNP

amine- TBA1B Tubulin alpha-1B chain Secretory
MSNP

amine- TBA1C Tubulin alpha-1C chain Secretory
MSNP

bare- ACTA Actin_ aortic smooth muscle Cytoplasm
MSNP

bare- ACTB Actin_ cytoplasmic 1 Cytoplasm
MSNP

bare- ACTBL Beta-actin-like protein 2 Cytoplasm
MSNP

bare- ACTBM | Putative beta-actin-like protein 3 Cytoplasm
MSNP

bare- ACTC Actin_ alpha cardiac muscle 1 Cytoplasm
MSNP

bare- ACTG Actin_ cytoplasmic 2 Cytoplasm
MSNP

bare- ACTH Actin_ gamma-enteric smooth muscle | Cytoplasm
MSNP

bare- ACTS Actin_ alpha skeletal muscle Cytoplasm
MSNP

bare- AK1BA | Aldo-keto reductase family 1 member | Cytoplasm
MSNP B10

bare- AL1A1 Retinal dehydrogenase 1 Cytoplasm
MSNP

bare- ALDH2 | Aldehyde dehydrogenase__ Mitochondria
MSNP mitochondrial

bare- ANXA1 Annexin A1 Nucleus
MSNP

bare- ANXA2 | Annexin A2 Nucleus
MSNP
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bare- AXA2L Putative annexin A2-like protein Nucleus
MSNP

bare- EF1A1 Elongation factor 1-alpha 1 Cytoskeleton
MSNP

bare- EF1A2 Elongation factor 1-alpha 2 Cytoskeleton
MSNP

bare- EF1A3 Putative elongation factor 1-alpha-like | Cytoskeleton
MSNP 3

bare- ENOA Alpha-enolase Cytoplasm
MSNP

bare- G3P Glyceraldehyde-3-phosphate Cytoplasm
MSNP dehydrogenase

bare- H2B1A Histone H2B type 1-A Nucleus
MSNP

bare- H2B1B Histone H2B type 1-B Nucleus
MSNP

bare- H2B1C Histone H2B type 1-C/E/F/G/I Nucleus
MSNP

bare- H2B1D | Histone H2B type 1-D Nucleus
MSNP

bare- H2B1H Histone H2B type 1-H Nucleus
MSNP

bare- H2B1J Histone H2B type 1-J Nucleus
MSNP

bare- H2B1K Histone H2B type 1-K Nucleus
MSNP

bare- H2B1L Histone H2B type 1-L Nucleus
MSNP

bare- H2B1M | Histone H2B type 1-M Nucleus
MSNP

bare- H2B1N Histone H2B type 1-N Nucleus
MSNP

bare- H2B10 | Histone H2B type 1-O Nucleus
MSNP

bare- H2B2E Histone H2B type 2-E Nucleus
MSNP

bare- H2B2F Histone H2B type 2-F Nucleus
MSNP

bare- H2BFS | Histone H2B type F-S Nucleus
MSNP

bare- H4 Histone H4 Nucleus
MSNP

bare- H90B3 Putative heat shock protein HSP 90- Cytoplasm
MSNP beta-3

bare- HS71L Heat shock 70 kDa protein 1-like Cytoplasm
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MSNP

bare- HS90A Heat shock protein HSP 90-alpha Cytoplasm
MSNP

bare- HS90B Heat shock protein HSP 90-beta Cytoplasm
MSNP

bare- HSP71 Heat shock 70 kDa protein 1A/1B Cytoplasm
MSNP

bare- HSP72 Heat shock-related 70 kDa protein 2 Cytoplasm
MSNP

bare- HSP7C | Heat shock cognate 71 kDa protein Cytoplasm
MSNP

bare- KPYM Pyruvate kinase isozymes M1/M2 Cytoplasm
MSNP

bare- KPYR Pyruvate kinase isozymes R/L Cytoplasm
MSNP

bare- LDHA L-lactate dehydrogenase A chain Mitochondria
MSNP

bare- LDHB L-lactate dehydrogenase B chain Mitochondria
MSNP

bare- POTEE | POTE ankyrin domain family member | Secretory
MSNP E

bare- POTEF | POTE ankyrin domain family member | Secretory
MSNP F

bare- POTEI POTE ankyrin domain family member | | Secretory
MSNP

bare- POTEJ POTE ankyrin domain family member J | Secretory
MSNP

bare- PROF1 Profilin-1 Cytoplasm
MSNP

bare- TBA1A | Tubulin alpha-1A chain Secretory
MSNP

bare- TBA1B Tubulin alpha-1B chain Secretory
MSNP

bare- TBA1C | Tubulin alpha-1C chain Secretory
MSNP

bare- TBB5 Tubulin beta chain Secretory
MSNP

bare- UBB Polyubiquitin-B Secretory
MSNP

bare- UBC Polyubiquitin-C Secretory
MSNP

bare- VIME Vimentin -
MSNP

PEI-MSNP | ALBU Serum albumin Cytoskeleton
Phos- 4F2 Isoform 4 of 4F2 cell-surface antigen Secretory
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MSNP heavy chain

Phos- ACTA Actin_ aortic smooth muscle Cytoplasm
MSNP

Phos- ACTB Actin_ cytoplasmic 1 Cytoplasm
MSNP

Phos- ACTBL Beta-actin-like protein 2 Cytoplasm
MSNP

Phos- ACTBM | Putative beta-actin-like protein 3 Cytoplasm
MSNP

Phos- ACTC Actin_ alpha cardiac muscle 1 Cytoplasm
MSNP

Phos- ACTG Actin_ cytoplasmic 2 Cytoplasm
MSNP

Phos- ACTH Actin_ gamma-enteric smooth muscle | Cytoplasm
MSNP

Phos- ACTN1 Alpha-actinin-1 Cytoplasm
MSNP

Phos- ACTN4 | Alpha-actinin-4 Cytoplasm
MSNP

Phos- ACTS Actin_ alpha skeletal muscle Cytoplasm
MSNP

Phos- AK1BA | Aldo-keto reductase family 1 member | Cytoplasm
MSNP B10

Phos- AK1C3 | Aldo-keto reductase family 1 member | Cytoplasm
MSNP C3

Phos- AN36A Ankyrin repeat domain-containing Cytoplasm
MSNP protein 36A

Phos- AN36C | Ankyrin repeat domain-containing Cytoplasm
MSNP protein 36C

Phos- ANXA1 Annexin A1 Nucleus
MSNP

Phos- CA173 Uncharacterized protein C1orf173 -
MSNP

Phos- CCD30 | Coiled-coil domain-containing protein Secretory
MSNP 30

Phos- CEP89 Centrosomal protein of 89 kDa Cytoplasm
MSNP

Phos- DAAM2 | Disheveled-associated activator of -
MSNP morphogenesis 2

Phos- DAPLE | Protein Daple Cytoplasm
MSNP

Phos- EF1A1 Elongation factor 1-alpha 1 Cytoskeleton
MSNP

Phos- EF1A2 Elongation factor 1-alpha 2 Cytoskeleton
MSNP
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Phos- EF1A3 Putative elongation factor 1-alpha-like | Cytoskeleton
MSNP 3

Phos- EGFLA | Pikachurin Secretory
MSNP

Phos- ENPL Endoplasmin Secretory
MSNP

Phos- F184A Protein FAM184A -
MSNP

Phos- FYCO1 FYVE and coiled-coil domain- Secretory
MSNP containing protein 1

Phos- G3P Glyceraldehyde-3-phosphate Cytoplasm
MSNP dehydrogenase

Phos- GRIN1 G protein-regulated inducer of neurite | Transmembrane
MSNP outgrowth 1

Phos- GRP78 | 78 kDa glucose-regulated protein Mitochondria
MSNP

Phos- GSTA4 | Glutathione S-transferase A4 Cytoplasm
MSNP

Phos- GUAD Isoform 2 of Guanine deaminase -
MSNP

Phos- H12 Histone H1.2 Nucleus
MSNP

Phos- H13 Histone H1.3 Nucleus
MSNP

Phos- H14 Histone H1.4 Nucleus
MSNP

Phos- H2A1 Histone H2A type 1 Cytoskeleton
MSNP

Phos- H2A1A Histone H2A type 1-A Cytoskeleton
MSNP

Phos- H2A1B Histone H2A type 1-B/E Cytoskeleton
MSNP

Phos- H2A1C Histone H2A type 1-C Nucleus
MSNP

Phos- H2A1D | Histone H2A type 1-D Nucleus
MSNP

Phos- H2A1H Histone H2A type 1-H Nucleus
MSNP

Phos- H2A1J Histone H2A type 1-J Nucleus
MSNP

Phos- H2A2A Histone H2A type 2-A Nucleus
MSNP

Phos- H2A2B Histone H2A type 2-B Nucleus
MSNP

Phos- H2A2C Histone H2A type 2-C Nucleus
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MSNP

Phos- H2A3 Histone H2A type 3 Nucleus
MSNP
Phos- H2AJ Histone H2A.J Nucleus
MSNP
Phos- H2AV Isoform 2 of Histone H2A.V Nucleus
MSNP
Phos- H2AX Histone H2A.x Nucleus
MSNP
Phos- H2AZ Histone H2A.Z Nucleus
MSNP
Phos- H2B1A Histone H2B type 1-A Nucleus
MSNP
Phos- H2B1B Histone H2B type 1-B Nucleus
MSNP
Phos- H2B1C Histone H2B type 1-C/E/F/G/I Nucleus
MSNP
Phos- H2B1D | Histone H2B type 1-D Nucleus
MSNP
Phos- H2B1H Histone H2B type 1-H Nucleus
MSNP
Phos- H2B1J Histone H2B type 1-J Nucleus
MSNP
Phos- H2B1K Histone H2B type 1-K Nucleus
MSNP
Phos- H2B1L Histone H2B type 1-L Nucleus
MSNP
Phos- H2B1M | Histone H2B type 1-M Nucleus
MSNP
Phos- H2B1N Histone H2B type 1-N Nucleus
MSNP
Phos- H2B10 | Histone H2B type 1-O Nucleus
MSNP
Phos- H2B2E Histone H2B type 2-E Nucleus
MSNP
Phos- H2B2F Histone H2B type 2-F Nucleus
MSNP
Phos- H2B3B Histone H2B type 3-B Nucleus
MSNP
Phos- H2BFS Histone H2B type F-S Nucleus
MSNP
Phos- H31 Histone H3.1 Nucleus
MSNP
Phos- H31T Histone H3.1t Nucleus
MSNP
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Phos- H32 Histone H3.2 Nucleus
MSNP

Phos- H33 Histone H3.3 Nucleus
MSNP

Phos- H3C Histone H3.3C Nucleus
MSNP

Phos- HO0B2 Putative heat shock protein HSP 90- Cytoplasm
MSNP beta 2

Phos- H90B3 Putative heat shock protein HSP 90- Cytoplasm
MSNP beta-3

Phos- H90B4 Putative heat shock protein HSP 90- Cytoplasm
MSNP beta 4

Phos- HS71L Heat shock 70 kDa protein 1-like Cytoplasm
MSNP

Phos- HS90A Heat shock protein HSP 90-alpha Cytoplasm
MSNP

Phos- HS90B Heat shock protein HSP 90-beta Cytoplasm
MSNP

Phos- HSP72 Heat shock-related 70 kDa protein 2 Cytoplasm
MSNP

Phos- HSP7C | Heat shock cognate 71 kDa protein Cytoplasm
MSNP

Phos- KIF15 Kinesin-like protein KIF15 Nucleus
MSNP

Phos- KIF5C Kinesin heavy chain isoform 5C Nucleus
MSNP

Phos- KlZ Centrosomal protein kizuna Nucleus
MSNP

Phos- KPYM Pyruvate kinase isozymes M1/M2 Cytoplasm
MSNP

Phos- KPYR Pyruvate kinase isozymes R/L Cytoplasm
MSNP

Phos- MAP2 Microtubule-associated protein 2 Cytoplasm
MSNP

Phos- MYH7B | Myosin-7B Cytoplasm
MSNP

Phos- PCM1 Pericentriolar material 1 protein Cytoplasm
MSNP

Phos- PLIN4 Perilipin-4 -
MSNP

Phos- POTEE | POTE ankyrin domain family member | Secretory
MSNP E

Phos- POTEF | POTE ankyrin domain family member | Secretory
MSNP F

Phos- POTEI POTE ankyrin domain family member | | Secretory
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MSNP

Phos- POTEJ POTE ankyrin domain family member J | Secretory
MSNP

Phos- PRDX1 Peroxiredoxin-1 Cytoplasm
MSNP

Phos- RL40 Ubiquitin-60S ribosomal protein L40 Cytoplasm
MSNP

Phos- RRBP1 Ribosome-binding protein 1 Cytoplasm
MSNP

Phos- RS27A Ubiquitin-40S ribosomal protein S27a | Cytoplasm
MSNP

Phos- RS6 40S ribosomal protein S6 Cytoplasm
MSNP

Phos- SPRR3 | Small proline-rich protein 3 Cytoplasm
MSNP

Phos- SREK1 Splicing regulatory glutamine/lysine- -
MSNP rich protein 1

Phos- TARA Isoform 4 of TRIO and F-actin-binding -
MSNP protein

Phos- TBA1A Tubulin alpha-1A chain Secretory
MSNP

Phos- TBA1B Tubulin alpha-1B chain Secretory
MSNP

Phos- TBA1C Tubulin alpha-1C chain Secretory
MSNP

Phos- TBA3C Isoform 2 of Tubulin alpha-3C/D chain | Secretory
MSNP

Phos- TBAS3E Tubulin alpha-3E chain Secretory
MSNP

Phos- TBA4A | Tubulin alpha-4A chain Secretory
MSNP

Phos- TBAS8 Tubulin alpha-8 chain Secretory
MSNP

Phos- TBB2A Tubulin beta-2A chain Secretory
MSNP

Phos- TBB2B Tubulin beta-2B chain Secretory
MSNP

Phos- TBB3 Tubulin beta-3 chain Secretory
MSNP

Phos- TBB4A | Tubulin beta-4A chain Secretory
MSNP

Phos- TBB4B Tubulin beta-4B chain Secretory
MSNP

Phos- TBB5 Tubulin beta chain Secretory
MSNP
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Phos- TBB6 Tubulin beta-6 chain Secretory
MSNP

Phos- THOC2 | THO complex subunit 2 Nucleus
MSNP

Phos- UBB Polyubiquitin-B Secretory
MSNP

Phos- UBC Polyubiquitin-C Secretory
MSNP

Phos- XXLT1 Xyloside xylosyltransferase 1 -
MSNP

Phos- ZC3HD | Isoform 2 of Zinc finger CCCH domain- | Secretory
MSNP containing protein 13

Table 2. Human proteins identified from MSNs incubated with A549 cells.
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Particle Protein | Protein Name Subcellular
Type ID Localization
amine- ALBU Serum albumin Secretory
MSNP

amine- FETUA | Alpha-2-HS-glycoprotein Cytoskeleton
MSNP

bare- ACTA | Actin_ aortic smooth muscle Cytoplasm
MSNP

bare- ACTB | Actin_ cytoplasmic 1 Cytoplasm
MSNP

bare- ACTC | Actin_ alpha cardiac muscle 1 Cytoplasm
MSNP

bare- ACTG | Actin_ cytoplasmic 2 Cytoplasm
MSNP

bare- ACTH | Actin_ gamma-enteric smooth muscle Cytoplasm
MSNP

bare- ACTS | Actin_ alpha skeletal muscle Cytoplasm
MSNP

bare- ADT2 ADP/ATP translocase 2 Cytoplasm
MSNP

bare- ADT3 ADP/ATP translocase 3 Cytoplasm
MSNP

bare- AGR2 | Anterior gradient protein 2 homolog Secretory
MSNP

bare- ALBU Serum albumin Secretory
MSNP

bare- BIRC5 | Isoform 2 of Baculoviral IAP repeat- Cytoskeleton
MSNP containing protein 5

bare- CH10 10 kDa heat shock protein_ Cytoskeleton
MSNP mitochondrial

bare- CH60 60 kDa heat shock protein_ Mitochondria
MSNP mitochondrial

bare- HBB Hemoglobin subunit beta Cytoplasm
MSNP

bare- HBD Hemoglobin subunit delta Cytoplasm
MSNP

bare- HBE Hemoglobin subunit epsilon Cytoplasm
MSNP

bare- HBG1 Hemoglobin subunit gamma-1 Cytoplasm
MSNP

bare- HBG2 | Hemoglobin subunit gamma-2 Cytoplasm
MSNP

bare- HS902 | Putative heat shock protein HSP 90- Cytoplasm
MSNP alpha A2

bare- HXD9 | Homeobox protein Hox-D9 Cytoplasm
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MSNP

bare- PI4K2A | Phosphatidylinositol 4-kinase type 2- Secretory
MSNP alpha

bare- PODN | Isoform 2 of Podocan Secretory
MSNP

bare- RL40 Ubiquitin-60S ribosomal protein L40 Secretory
MSNP

bare- RS27A | Ubiquitin-40S ribosomal protein S27a Secretory
MSNP

bare- S2546 | Solute carrier family 25 member 46 Mitochondria
MSNP

bare- UBB Polyubiquitin-B Secretory
MSNP

bare- UBC Polyubiquitin-C Secretory
MSNP

bare- UHMK1 | Isoform 2 of Serine/threonine-protein Cytoplasm
MSNP kinase Kist

bare- VIME Vimentin Cytoplasm
MSNP

bare- ZN616 | Zinc finger protein 616 Nucleus
MSNP

bare- ZN655 | Isoform 3 of Zinc finger protein 655 Nucleus
MSNP

PEI- HBB Hemoglobin subunit beta Cytoplasm
MSNP

PEI- HBD Hemoglobin subunit delta Cytoplasm
MSNP

PEI- VTNC | Vitronectin Secretory
MSNP

Phos- MK12 Mitogen-activated protein ki