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ABSTRACT

Single cell chemical analysis pushes the limits of analytical measurements. Small volumes,
large dynamic range, and chemical complexity all contribute to the analytical challenge of
investigating single cell biology. To comprehensively study single cell chemistry, technologies
require low limits of detection, accurate quantitation, confident identity assignment, and ability to
process complex chemical mixtures. Heterogeneity in nucleic acids, proteins, peptides,
metabolites, lipids, and more result in functionally significant differences between cells within the
same tissue. Mass spectrometry (MS) has emerged as an effective tool for single cell chemical
analysis because of its versatility, sensitivity, and ability to distinguish analytes in complex
samples. Different MS approaches have various advantages and disadvantages for chemical
analysis; for instance, matrix-assisted laser desorption ionization (MALDI)-MS enables rapid
analysis but suffers in quantitation, whereas capillary electrophoresis—electrospray ionization
(CE-ESI)-MS has low limits of detection and quantitative capabilities, but is comparatively low-
throughput. Additionally, each method tends to be better suited for different chemical classes.
Improvements in technology are constantly evolving to address the limitations of individual MS
analyses, yet they tend to be limited in at least one dimension.

This thesis describes a strategy to bridge the gap between the advantages and disadvantages
of orthogonal analytical techniques by performing multiple measurements on the same single cell.
By taking advantage of material left behind after a sample isolation or analysis, we can expand
chemical coverage of single cell analysis, confidently classify cell types, and correlate different
chemical classes within the same cell. Our approach uses a liquid microjunction (LMJ) extraction
probe which extracts chemical content from a single cell off a microscope slide. We describe the

assembly, operation, and validation of the LMJ probe as a strategy for performing optically guided



single cell MALDI-MS profiling followed by CE-ESI-MS metabolite profiling. The first
demonstrated application of the device is the analysis of single cells from rat pancreatic islets of
Langerhans, which perform the canonical glucose-regulating function of the pancreas. Each cell
type within islets of Langerhans are defined by the peptide hormone complement contained therein
(e.g. a cells contain glucagon, B cells contain insulin), and cells can be rapidly profiled and
classified by their peptide content with MALDI-MS. By screening cells prior to extraction, we can
specifically target only the cells of interest for lower-throughput CE-ESI-MS analysis. After
MALDI-MS profiling, we use the LMJ probe to extract metabolites directly from the microscope
slide for follow-up CE-ESI-MS metabolite profiling.

After validating the LMJ probe, we further apply the technology to different chemical
measurements and biological systems. First, we describe application of the probe to CE-ESI-MS
metabolite profiling of single rat cerebral neurons and astrocytes. The gold standard in biological
differentiation and classification of neurons and astrocytes is immunocytochemistry (ICC), where
cells must be fixed and crosslinked for antibody incubation, which precludes follow-up MS
analysis. To circumvent this limitation, we extract metabolite content from the cell with the LMJ
probe prior to ICC. The neuron and astrocyte markers we selected are a transmembrane protein
and structural protein, respectively, which remain adhered to the microscope slide after extraction.
Thus, we can profile cells with CE-ESI-MS and later classify them as neurons or astrocytes after
ICC to correlate chemical content with cell type.

Second, we applied LMJ extraction to RNA, which has potential applications in both MS
and transcriptomics, a powerful tool for gene extrusion profiling. We designed a biphasic
extraction addition to the LMJ probe to enable RNA extraction from buccal ganglia from Aplysia

californica with simultaneous delivery of an aqueous and organic phase. The biphasic extraction



reduces the number of preprocessing steps, preventing sample loss, and successfully extracts
suitable amounts of RNA for MS analysis.

Finally, we applied field-amplified sample injection (FASI) to our CE-ESI-MS system to
improve limits of detection by 100-fold for single cell analysis. FASI is typically of limited use in
MS applications because it favors the injection of ionic salts into the capillary, which causes ion
suppression at the electrospray interface. We addressed this by incorporating a desalting step into
the sample preparation, which preserved metabolite material while precipitating interfering salts.
We expect this addition to our CE-ESI-MS toolkit to enable greater metabolite detection and

identifications in our single cell analyses.
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CHAPTER 1: INTRODUCTION

When exploring the complex chemistry behind the biological systems within and
surrounding us, detail in every dimension provides greater understanding of life, from behavior to
elements. Chemical investigation of biology reveals the fundamental principles behind behaviors
and events and provides us with the tools to address diseases and other problems in our constantly
changing world. The chemical questions we ask evolve as we expand our knowledge of biological
function and as we improve our ability to measure and analyze complex chemistries. With greater
ability to probe individual cells within organs or tissues, great interest has been in investigating
the roles that single cells play in biological function. A major avenue of inquiry has been in cellular
heterogeneity, or the differences between single cells within a system.! Heterogeneity defines
function in many biological systems, from organs like the brain? to organism development® to
disease.* Studying organisms and tissues on the single cell level has become increasingly crucial
to understanding the function of complex biological systems. The work presented here details new
strategies for chemical analysis of single cells and for expanding the chemical information we can
obtain from a single cell.

Single cell biology presents an exciting challenge for analytical chemists, and the
challenges of single cell analysis encapsulates many of the ongoing innovations in measurement
science. The most obvious of these challenges is a matter of scale: the concentrations of analytes
within a single cell can be vanishingly small, and within a volume of mere picoliters the prospect
of detecting the rarest molecules in a single cell is daunting. The field of analytical chemistry has
approached this challenge with rigor — there is an increasing number of techniques that can detect
as few as single molecules,® and low limits of detection using commercial instruments is well

within reach for non-experts.®



That said, the limit of detection for a given technique is an insufficient metric for analytical
performance when it comes to single cells due to their small volume. As our ability to detect fewer
molecules improves, the question arises: what conditions are required to make the measurement?
In the case of single cell analysis, an analytical method loses its utility if the volume required for
analysis is relatively high compared to the volume of a cell. Dilution is a major factor concerning
single cell analysis, and an ideal technique would not significantly dilute a single cell, especially
beyond the detection limitations of the method. As an example, the average concentration of the
amino acid serine in an R2 neuron of Aplysia californica is 2.1 mM,’” which, based on the 14 pL
volume of the cell, amounts to approximately 30 pmol of serine. While concentrations on the order
of millimolar seems relatively high, diluting the volume to only 10 uL would decrease the
concentration of the serine to 670 nM. With such small amounts of material many techniques
would only be capable of measuring the most abundant metabolites on the order of mM, leaving
out important analytes well below the limit of detection.

So, for single cell chemical measurements, we seek techniques that have low limits of
detection and require little sample dilution. Limiting sample dilution includes not only limiting the
minimum amount of sample volume or material required, but also reducing the amount of sample
preprocessing, where multiple rinsing steps, for example, will inherently result in sample loss. Any
sample loss when working with such small amounts of material can have a significant effect on
what is detected, identified, and measured in an experiment.

For decades, single cell analysis was mostly limited to spectral and optical analytical
techniques, including microscopy and immunocytochemistry. The development of laser
technology in particular was ideal for single cell analysis as laser footprints are well below the size

of typical cells, thus making fluorescence microscopy an obvious choice for exploring cell



morphology and chemistry. For the most part, however, such optical techniques are limited to the
chemical study of proteins and other large molecular structures for which antibodies and other
labels can be obtained.

The study of one chemical class with one method is insufficient considering the vast
chemical and function complexity contained within a single cell. Besides the varied molecular
classes (proteins, lipids, nucleic acids, and metabolites), their concentrations vary widely and can
fluctuate rapidly over time in functionally significant ways. Fortunately, in the recent past our
ability to chemically probe a single cell has expanded enormously — major advancements of single
cell chemical measurements range from mass spectrometry (MS),®° to chromatography and
electrophoresis,© to nuclear magnetic resonance,'**2 and more.

The Sweedler Lab has pioneered many mass spectrometry- and separation-based techniques
suited for single cell chemical measurements. The technology and methodologies developed in our
lab have enabled single cell analysis of many cell types and molecular classes,***°> while also
improving figures of merit (such as throughput® and mass resolution®®) for a greater understanding
of individual aspects of single cell chemistries. There remains, however, a gap in our ability to
probe single cell biology: gaining multiple dimensions of chemical information from one single
cell. For most analytical techniques, the processing of samples, the conditions of the experiment,
and the instruments themselves are often optimized for one chemical class, such as peptides, lipids,
or metabolites. Should we wish to understand the interplay between, for instance, metabolites and
proteins, we would require double the number of cells for analysis, which becomes problematic
when the cell in question is rare or difficult to identify. This thesis details versatile methods for
analyzing the same cell with multiple analytical techniques, which greatly increases our ability to

understand the specific chemistry of single cells.



Chapter 2 provides a fundamental overview of the analytical measurement techniques and
instrumentation used in the presented work. A basic knowledge of the varying approaches to
separations, mass spectrometry, and chemical analysis of biological samples is required to
understand the rationale behind hyphenating these different measurements and to justify the
selection of these techniques. Specifically, we discuss two mass spectrometry approaches for
chemical analysis of biological samples: electrospray ionization (ESI) MS and matrix-assisted
laser desorption/ionization (MALDI) MS. These two complementary techniques are well-suited
for biological studies and have both been established as indispensable for single cell analysis. We
also discuss our approach to targeting single cells on a surface for analysis, using a lab-build
software that uses optical microscopy and point-based registration to determine cell locations on a
microscope slide for analysis. Finally, we give an overview of capillary electrophoresis and
capillary electrophoresis (CE)-ESI-MS, which further expands the utility of ESI by incorporating
a chemical separation. CE is advantageous for single cell analysis specifically for its low volume
requirements, thus limiting sample dilution. Each technique discussed provides a large amount of
chemical information; and combining them will aid deeper exploration into single cell chemistry
and function.

Chapter 3 details the importance and scientific progress of analyzing single cells in
neurobiology. The brain and neurological systems are perhaps the most obvious target for single
cell analyses as neurological function is closely tied to the synaptic connections between single
cells, where the morphology and function of individual, and sometimes irreplaceable, cells are
intimately tied to nervous system function in organisms. The chapter focuses on metabolites, the
measurement of which poses an interesting and complex analytical challenge due to their small

masses, chemical diversity, and temporal variability. The work presented in this thesis is weighed



heavily toward metabolomics and studying the metabolic profiles of single cells. Most presented
studies in this thesis use CE-ESI-MS for metabolic profiling, which is particularly suited for
analysis of small molecules from small-volume samples. Metabolites most closely reflect the
phenotypic state of a cell at any given timepoint, which makes it crucial for a complete
understanding of cellular function. In neuroscience and the study of cellular communication, small
molecule analysis enables detailed study of the presence and release of many neurotransmitters.
Because CE-ESI-MS is a solution-based technique (which inevitably involves some sample
dilution and usually requires a large volume for analysis compared to the cell volume),
hyphenating this type of metabolic analysis with other chemical measurements is particularly
difficult, but would be useful if paired with an orthogonal technique. The context of the state of
single cell analysis and of small molecule metabolites is crucial for understanding the full potential
of hyphenating such measurements.

The central hyphenation approach of this work is a liquid microjunction (LMJ) extraction
probe described in Chapter 4. The LMJ probe is designed to hyphenate orthogonal measurements
for increased chemical coverage in single cell analyses. Importantly, the probe also enables cell
type identification prior to chemical profiling, which expands the pool of available models for
single cell investigations. Briefly, the probe comprises two concentric capillaries assembled within
a PEEK mount. An extraction solution is pumped via syringe through the outer capillary and is
then aspirated via vacuum through the inset inner capillary. A meniscus of extraction liquid forms
at the probe tip, which extracts relevant analytes when placed in contact with a sample. The
solution is then collected in a custom sample collection chamber. The probe enables extraction of
chemical content directly from a microscope slide. The first demonstration of this device’s

capabilities, as described in Chapter 4, is to perform optically-guided MALDI-MS on single cells



from dissociated rat islets of Langerhans prior to extraction of small molecule metabolites and
follow-up CE-ESI-MS.

The LMJ extraction probe is suited for a variety of analytical hyphenations. We
demonstrate two methods for applications in two additional model systems in Chapters 5 and 6. In
Chapter 5, we demonstrate hyphenation of CE-ESI-MS and immunocytochemistry (ICC) for
metabolite profiling and cell type classification of astrocytes and neurons in rat cerebral tissue.
Immunostaining is a gold-standard technique for classifying and identifying cell types. Antibody
targets are capable of distinguishing cells in functionally significant dimensions and exploring the
chemical profiles of these differing cells is of great interest. Unfortunately, conventional ICC
procedures require cell fixation, which crosslinks proteins, peptides, and other molecules,
precluding follow-up MS analysis. Former members of our group have successfully performed
MALDI-MS and ICC on the same single cells; here we describe a procedure to incorporate CE—
ESI-MS and ICC in the same experiment. We use the LMJ probe to extract metabolite content
from dispersed single cells, which leaves behind the lipid membrane and other structural features.
By selecting cell markers that are either transmembrane or structural proteins, we can perform ICC
after extraction. We then correlate cell types, specifically rat cerebral astrocytes and neurons, to
their metabolite profiles.

We also demonstrate the LMJ probe for extraction of RNA from A. californica buccal
ganglia. RNA extraction with the LMJ probe expands the potential applications to transcriptomics
and MS analysis of nucleic acids, but it requires different extraction conditions than for small
molecule metabolites. To replicate the conventional liquid-liquid RNA extraction procedure for
LMJ extraction, we developed an addition to the probe which enables biphasic extraction with an

aqueous and organic phase. We applied this extraction procedure to liquid chromatography-MS



analysis of endogenous RNA modifications in buccal ganglia of A. californica, and demonstrated
not only successful extraction of RNA, but an increased number of identified modified nucleosides
using the LMJ extraction procedure compared to conventional extraction.

Chapter 7 describes an addition to our CE-ESI-MS toolkit for sensitive analysis of small
molecules in single cells. CE-ESI-MS is well suited to single-cell assays because of its low
sample-volume requirements and low detection limits. After sample preparation the typical volume
of the lysed cell sample is on the order of a microliter; however, only nanoliters are injected into
the CE system, with the volume mismatch limiting analytical performance. We developed an
approach for the detection of intracellular metabolites from a single neuron using field amplified
sample injection (FASI) CE-ESI-MS. Through the application of FASI, we achieved 100- to 300-
fold detection limit enhancement compared to hydrodynamic injections. We also applied FASI
CE-ESI-MS to the untargeted profiling of metabolites of 4. californica pleural sensory neurons
with <50 um diameter cell somata. Our method will enable more sensitive profiling using CE—
ESI-MS for certain applications.

The approaches described in this thesis will be of great value as the field of single cell
chemical analysis moves toward multi-modal analysis of single cell samples. This work presents
one strategy for incorporating solution-based measurements into these multi-modal approaches.
Exploration of chemical heterogeneity will benefit from an increased amount of chemical
information, especially when correlating profiles of different chemical classes. Hyphenated
approaches like the ones presented here are a window into the future of single cell chemical

analysis.
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CHAPTER 2: MASS SPECTROMETRY TECHNIQUES FOR SINGLE CELL

ANALYSIS

2.1 MASS SPECTROMETRY (MS)

Mass spectrometry measures the mass-to-charge ratio (m/z) of gas-phase ions. The variety
of instrumentation, hyphenation, and sample preparation compatible with MS makes it a versatile
strategy for chemical analysis. MS is often referred to as a “molecular scale” because it measures
the mass of ions, either molecules or elements. Mass measurements are immensely useful for
molecular identification and structure elucidation.*® Importantly, MS distinguishes sample
components based on their m/z and thus can analyze the chemical content of complex samples in
a single experiment. This makes it an ideal tool for profiling the chemical content of biological
samples, where many molecules can be measured simultaneously. The exception to this is in the
case of isomeric compounds, which will not be separated or distinguished because they have an
identical m/z. Though MS is useful for many applications, its inability to distinguish isomers is
one significant limitation of the technique. Much research in the field is devoted to overcoming
this limitation, including tandem MS and hyphenated separations.*®

The basic anatomy of a mass spectrometer comprises three main components, where many
variations of each component exist for varying applications: an ion source, a mass analyzer, and a
detector (Figure 2.1).® The ion source (often referred to only as the source) ionizes molecules in
the sample; molecular species must be charged to be guided through the instrument via electronic
optics and for effective operation of both the mass analyzer and detector. The source often
simultaneously transfers a solid or liquid sample into the gas phase. Mass spectrometers can
analyze either positively or negatively charged ions; switching modes is mostly a matter of

changing the applied voltages within the instrument, though there are other considerations that are
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described elsewhere.”® Most of the presented work concerns positively charged ions, and thus the
instruments are operated in positive mode. Detailed description of two ionization methods relevant

to this work are described later in this chapter.

Transported via
electronic optics

lon Source > Mass Analyzer > Detector
Analytes are ionized Analytes are separated Analytes are quantified and
and enter the gas by their m/z information is converted to a
phase digital reading

Figure 2.1. Basic anatomy of a mass spectrometer. The ion source ionizes analytes and
converts them into the gas phase if needed. The mass analyzer separates analytes by their m/z.
The analytes then strike the detector, which produces a current proportional to the amount of
analyte. Information is then converted to a digital readout.

The mass analyzer performs the fundamental action of separating the sample components
based on their m/z ratios. There are many different types of mass analyzers most of which operate
on entirely different physical principles than one another. Most of the work presented in this thesis
uses a time-of-flight (TOF) mass analyzer for MS analysis. Complete descriptions of other mass
analyzers can be found elsewhere.® TOF-MS separates the ions by applying an equal force to a
packet of ions and measure the time it takes for the ions to travel from one end of a drift tube to a
detector at the other end. Based on the principle of kinetic energy, when an equal force is applied
to objects of differing masses, their velocities will differ as well. Practically speaking, ions of a
smaller mass will have a greater velocity and will reach the detector first, whereas ions of a larger
mass will reach the detector later. The time at which each ion reaches the detector through a drift
tube of known length is converted to the m/z of each ion.

A key component of this process, however, is the additional factor of charge. The gas-
phase ions are guided through the mass spectrometer using voltages, including the force applied
at the beginning of the TOF drift tube. Thus, the resulting velocity will also depend on the charge

of the ion — an ion with a greater charge will reach the detector faster than an ion with equal mass
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but less charge. The velocity resulting from the combination of an ion’s mass and charge ultimately
creates the measured quantity of m/z ratio instead of mass alone. This interdependence between
mass and charge for MS operation applies to all mass analyzers.

The final component of a mass spectrometer is the detector. The detector is often confused
for the mass analyzer; however, this component only detects the ions after being separated by m/z.
Here, the ion signal is converted to an electrical signal, which facilitates conversion to a digital
readout. Importantly, the detector is where the amount of ions of a certain m/z is measured,
resulting in the intensity axis of a mass spectrum. Most modern MS detectors are electron
multipliers, including those used in this work. An electron multiplier comprises a series of metal
plates which, when struck with an incoming ion, emits a number of electrons greater than the
original number of ions. The electrons are then accelerated via voltage to the next plate, where
another increased number of electrons is released. The electrons are multiplied in this way through
a series of plates which ultimately results in a current that is directly proportional to the original
number of ions which initially hit the detector. This current can then be converted to a digital
readout of ion intensity.

Selecting a mass spectrometer for an experiment will require considering primarily the
source and mass analyzer. The type of sample and its chemical complexity is also a significant
factor in selecting an instrument. Source selection will depend on the sample type (for instance,
whether it is in solution or a solid) and the class of molecules to be analyzed. Mass analyzer
selection is typically based on desired mass resolution and analysis time — prioritizing either factor
tends to result in a trade-off of the other. For instance, ion trap mass analyzers have a fast analysis
time but suffer in resolution; whereas Fourier transform-ion cyclotron resonance (FT-ICR) MS

can achieve the highest known mass resolution, but each analysis takes seconds or longer. It should
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be noted that higher-resolution instruments tend to be costlier as well. TOF-MS instruments are a
popular choice as a reasonable-cost option with a good balance between analysis time and

resolution.

2.1.1 Electrospray ionization (ESI) MS

Of the ionization methods suited for analysis of biological samples, perhaps none is more
popular than electrospray ionization (ESI).2 ESI transfers molecules in solution to the gas phase
while simultaneously transferring charge to the molecules. Crucially, ESI is what is known as a
“soft” ionization method; i.c., little to no fragmentation of the molecules occurs during ionization.
Soft ionization is particularly important when analyzing large molecules such as peptides and
nucleic acid chains, for instance — preserving the structure of the ions greatly simplifies analysis
of complex mixtures. That said, controlled fragmentation is often used in MS experiments to
elucidate the structures of molecules; this process is called tandem MS or MS/MS, where ions are
mass analyzed, fragmented, and analyzed again.

In positive-mode ESI, which is the primary focus of this work, an acidic solution containing
the sample flows through a hollow conductive needle with an applied positive voltage. The acidic
solution exits the needle due to the repulsive charge and forms a cone at the tip, where a stream of
charged droplets emerges. As the droplets traverse along the charge gradient between the needle
and the inlet of the MS, the solution evaporates creating charged droplets of decreasing size but
increasing charge density. At the point at which the charge density is so great it can no longer
persist as a single droplet (known as the Raleigh limit), the droplet will experience a “coulombic

explosion,” where concurrently the remaining liquid dissipates, charge is transferred to the
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molecules, and the molecules enter the gas phase. It is then that the sample enters the inlet is the
mass spectrometer and is guided via voltage optics to the mass analyzer(s) (Figure 2.2).

ESI is a useful technique for
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structures.® ESI is also suitable for a large mass range, from small molecules to kilodalton-size
proteins. Finally, ESI can be easily hyphenated to separation techniques such as liquid
chromatography and capillary electrophoresis. Hyphenated separation addresses many of the
limitations of the mass analyzer, including sample complexity and dynamic range. A detailed
description of one such hyphenation, capillary electrophoresis mass spectrometry, is described in
a later section.

Solution-phase ionization, however, has its drawbacks. Specifically, dilution of the sample
may occur, which can be particularly problematic for single cell analysis. In some applications the
charge of the resulting ions can be difficult to control, and this unpredictability can confound
results.’® When hyphenated with separation methods or other sample preparation techniques,

analysis time per sample can be long — up to an hour in some cases. Despite these limitations, ESI

14



serves as a versatile ionization method to probe the chemical complexity of biological samples,
including single cells. Some of the strategies to adapt ESI to single cell analysis are described in

Section 2.3.

2.1.2 Matrix-assisted laser desorption/ionization (MALDI) MS

Matrix-assisted laser desorption/ionization (MALDI) MS is a useful complement to ESI as
an ionization technique for biological samples. As a fast, solid-phase ionization, MALDI
overcomes many of the disadvantages from which ESI suffers.

The basis of MALDI is the laser ablation of a sample within a crystallized matrix.® The key
ingredient for this process is the matrix, which is selected to absorb the incoming laser wavelength.
When the laser (typically in the ultraviolet range) strikes the plate, the matrix mixture ablates into
a plume containing gas-phase matrix molecules and sample molecules, matrix clusters, and
nanodroplets. The gas-phase ions can then be directed for mass analysis (Figure 2.3). At some
point during this process, sample molecules are charged in a transfer of either protons or electrons
with the matrix molecules. In the case of positive-mode MS, the most common transfer is that of

a proton addition to the sample
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process — it strongly absorbs the UV light and transfers that energy in the form of ablation and
ionization to the analyte.*? The matrix is selected based on its ability to absorb the laser wavelength
and ionize the analytes, and they typically feature extensive conjugation. The most common
matrices for biomolecule analysis are 2,5-dihydroxybenzoic acid (DHB) and a-cyano-4-
hydroxycinnamic acid (CHCA) for positive mode and 9-aminoacridine (9AA) for negative mode.

Most samples for MALDI analysis are prepared in one of two ways: the sample can be
mixed with the matrix in solution before spotting onto a conductive MALDI plate or slide to dry
before analysis, or the sample can be placed on the plate and the matrix coated thereon via
airbrushing or sublimation. The latter method is particularly useful for biological preparations
because it preserves the structural and spatial distribution of the sample, enabling mass
spectrometry imaging and single cell profiling. Coating also minimally dilutes the sample,
especially compared with solution-based ionizations.

Like ESI, MALDI is a soft ionization technique, but it less frequently imparts more than a
couple of charges to a sample. This can be advantageous when seeking less complex spectra
containing only singly or doubly charged ions, but requires involved optimization if the analytes
are large. The mass range can also be limited at the lower end; matrices tend to be hundreds of
Daltons and can cause interference in that mass range. MALDI is extremely fast compared to ESI
— a handful of laser shots takes fractions of a second, thus profiling single cells rapidly become
feasible. Because the incorporation of analytes into the crystalline matrix depends on many
competing factors, no-linear effects such as ion suppression can occur, which complicates
guantitative measurements. Finally, MALDI is inconvenient to hyphenate to separation
techniques, creating a challenge in data analysis. Combining the advantages of both MALDI and

ESI for single cell analysis would be ideal for in-depth single cell characterization.
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2.1.3 Single cell targeting with microMS

The application of MS for single cell analysis is constantly evolving and improving.
Though great strides have been made in the field, challenges remain, mostly regarding sample
preparation. Because of their microscopic size, single cells are difficult to collect and target
individually. For an overview of single cell sampling techniques, see Chapter 3. The conventional
strategy for single cell MALDI-MS measurements in the Sweedler lab was to manually isolate
cells and place them on specific locations on the target.® The work presented here tackles single
cell analysis by randomly distributing many cells onto a target, then using a software package
developed in the Sweedler lab which uses optical microscopy to guide single cell targeting.** The
software (called microMS) is suitable for diverse applications, from laser targeting with MALDI
and Raman spectroscopy to extraction with capillary-based probes.

microMS approaches the problem of small sample size by using optical and fluorescence
microscopy to determine cell locations on a microscope slide, then loads those locations into the
program used for controlling the probe (either laser, ion beam, or extraction probe). The probe can
then target the cells individually without precise sample placement or whole-slide mass
spectrometry imaging.

The software uses fiducial-based registration to determine cell locations. Briefly, the
perimeter of a microscope slide is etched with X’s using a diamond-tipped pen. These marks serve
as the fiducial markers to transfer image information between sampling regimes. The sample is
then added to the slide within the fiducials — for single cell analysis, this is usually done by
dispersing the sample in solution and pipetting it onto the slide. The cells must be stained with a
nuclear dye for the microscopy; most protocols call for Hoechst 33342. Fluorescence and bright-

field images are then taken of the slide.
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At this point, the cells to be analyzed must be selected for analysis. Importantly, fluorescent
debris and extracellular material must be removed from the pool of analyzable cells. microMS
includes functionalities that automatically perform cell finding based on user-selected parameters
such as circularity and size. After cell finding, the image and cell locations can be loaded into the
instrument of choice. To correlate the microscopy image and cell locations to the image, the
fiducials must be registered into the instrument software. Now the instrument has a “map” of the
cell locations to target and can analyze or collect the cells systematically.

The first application of this software was for rapid single cell profiling with MALDI-MS.
Using this method, hundreds to thousands of cells can be profiled in an hour. The Sweedler group
has demonstrated multiple uses of this technology,®?" and this work presents one further

application of the software for single cell extraction in Chapter 4.

2.2 CAPILLARY ELECTROPHORESIS

Capillary electrophoresis (CE) is a useful tool for separation of samples and additionally
benefits from a diverse selection of detection techniques, including MS. The operating principle
of CE is the application of a voltage across a narrow capillary to induce a separation of a sample
based on the size to charge ratio of its constituents.*® The small volume of the capillary and fast
separations makes CE particularly useful for single cell analysis.®

In CE, a high voltage (on the order of kilovolts) is applied across a capillary to facilitate
the migration of a buffered solution and its constituents.'® Each molecule will have a distinct
electrophoretic mobility which depends upon the molecule’s charge, size, and shape. In addition
to electrophoretic transport through the capillary, the voltage induces movement of the buffer itself
through the capillary (called electroosmotic flow, or EOF), which transports neutral molecules and

some constituents of opposing charge.
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Multiple detection strategies can be used for analysis after CE separation, including
fluorescence spectroscopy, electrochemistry, and MS, among others. The outlet end of the
capillary in each case is modified to facilitate the detection regime of choice. In hyphenating CE
to MS (the focus in this thesis), the outlet of the separation capillary serves as an ESI source in
most cases. The ESI source-end can be constructed with a coaxial sheath flow to form a larger and
more stable Taylor cone or with a sheathless source that uses only the end of the capillary itself as
the ESI needle.?® A shealthless ESI source offers the highest sensitivity and lowest limits of
detection because it does not further dilute the sample and limits stochastic gas-phase loss, but it
tends to suffer in stability and is more difficult to operate.

Capillary electrophoresis is an excellent option for single cell-scale analysis because the
small scale of the experiments more closely matches the volume requirements of individual cell
samples. Capillaries used for CE are typically 100 um or less in inner diameter, and depending on
the length, range from nL to pL in volume. The small volumes inherent to CE analysis impart
minimal sample dilution, which is ideal for single cell analysis. CE is also suitable for separating
a wide range of analytes, such as metabolites, proteins, lipids, and others. The fused-silica capillary
walls can be easily functionalized to facilitate separation of the analytes of interest and prevent
issues such as clogging (an important consideration especially when analyzing proteins, which

tend to aggregate).

2.2.1 Capillary Electrophoresis—Electrospray lonization-Mass Spectrometry

The CE-ESI-MS system used for the work in this thesis was developed in the Sweedler
lab for small volume MS analysis.?! A 65-75 cm capillary with an inner diameter/outer diameter
of 40/150 um with an ESI emitter is assembled and mounted to the mass spectrometer. We use a

sheath flow interface to balance sensitivity with electrospray stability. The emitter comprises an
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IDEX MicroTee Mounting Assembly with Mounting Hole (IDEX Health & Science, Oak Harbor,
WA, Part # P-875) through which the capillary is thread, a 90/10 platinum/iridium hollow needle
on the emitter end to serve as the sheath for ESI (Johnson Matthey Inc., Wayne, PA, Part # 29910E)
and a perpendicular capillary for delivery of sheath liquid through the platinum needle (Figure
2.4A). The electrospray is monitored with a microscope camera (Figure 2.4B).

A plexiglass box, designed to protect the user from electrical hazards, houses the apparatus
for sample injection into the capillary. The box contains a vertically mobile platform which
contains the sample and buffer (or background electrolyte, BGE) vials (Figure 2.4C). The custom
injection vials (nanovials) are stainless steel cylinders with a 2mm diameter containing an
indentation at one end. The nanovials can contain between 0.3-2 pL of solution. Because only 300
nL of sample is required for injection, sample dilution is greatly limited. State-of-the-art
commercial instruments require about 5 L. minimum for sample injection — our system improves

sensitivity in this parameter alone by 10-fold.
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cone ‘4 = capillary
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Figure 2.4. The Sweedler Lab CE—
ESI-MS system. (A) Diagram of ESI
emitter. (B) Microscope image of
emitter in operation. (C) Diagram of
separation setup. At the injection
end, a platform contains buffer and
sample vials to which high voltage is
applied to induce migration of buffer
and analytes through the capillary.
The platform can be raised and
lowered for injection. At the
electrospray end, the emitter is
mounted to an XYZ stage for
accurate positioning in front of the
MS inlet. The emitter is grounded to
complete the circuit, and the
electrospray is initiated by a negative
voltage applied at the MS inlet.
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Separation is induced via application of a high voltage (£10-20 kV, though most
experiments concern cations and thus we apply a positive voltage) to the injection end of the
capillary. The voltage is delivered through a 10 kQ resistor, across which a multimeter is connected
in parallel to monitor current, then to a stainless steel inset in the injection platform. Current travels
from the stainless steel platform to the inset stainless steel vials and through the buffers therein to
the injection end of the capillary. The ESI emitter is grounded at the other end of the capillary.

The injection platform is capable of two types of sample injection — the selection of which
will vary based on the experiment. The first, and most common for the following experiments, is
hydrodynamic injection, where a pressure differential prompts buffer migration into the capillary.
We can inject a sample plug by raising the injection platform to create a siphoning effect to the
emitter end of the capillary. The platform is then lowered to the same height as the source. Using
this method, we can inject 5-20 nL of solution into the capillary for separation.

The second type of injection is electrokinetic, where high voltage is applied when the
capillary is placed in the sample vial and analytes enter the capillary via electrophoresis. On our
system, this method is more user-friendly and typically results in a greater number of analytes
entering the capillary in a comparable amount of time. However, electrokinetic injection is heavily
biased toward more charged analytes. This can create several problems such as injecting salts that
can cause interference and reducing the amount of less-charged and neutral analytes — a real
disadvantage when performing untargeted profiling. Additionally, it is impractical to calculate the
number of moles of any given molecule injected, which limits some applications. Electrokinetic
injection can also cause electrolysis of certain analytes (the neurotransmitter serotonin, for
example), which confounds results. Overall, hydrodynamic injection tends to be the optimal choice

for our metabolomic profiling applications, though electrokinetic can be considered when higher
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sensitivity is needed, for instance. We address some of the challenges of electrokinetic injection
in Chapter 6, where we incorporated field-amplified sample stacking into our protocol.
CE-ESI-MS is used in most of the applications described here because of its utility in
single cell profiling. Particularly, we are interested in studying metabolite profiles as a snapshot of
a cell’s phenotype. Chapter 3 goes into further detail on the importance of metabolomic studies for
neurobiology and compares techniques, including CE-ESI-MS and other mass spectrometry

approaches.

2.3 CONCLUSIONS

Mass spectrometry can provide an incomparable level of chemical detail when profiling
biological samples. Applying MS to single cell analyses is an ongoing challenge, though great
strides have been made in the past few decades. MS is now the go-to method for omics
investigations; scaling down such experiments is the new frontier. Chapter 3 will go into detail on
how MS has been applied to single cells for metabolomic analysis — since the inception of such
approaches, the field has flourished and expanded in creative ways. The purpose of the work
presented in later chapters is to push the bounds of single cell analyses by combining multiple
strategies into the same experiment. Importantly, the hyphenation approach described here is not
instrument or method-specific; that is, its utility expands beyond MS alone. Such combinations
can address instrument limitations and expand knowledge of the chemical complexity of single

cells.
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CHAPTER 3: SINGLE CELL NEUROMETABOLOMICS
This chapter is an update of an invited review for a special issue in ACS Chemical
Neuroscience, 2018, (DOI: 10.1021/acschemneuro.7b00304) on precision medicine in brain

cancer with coauthors M. Qi, N. Yang, and J.V. Sweedler.

3.1 INTRODUCTION

Cellular heterogeneity is integral to most central nervous system physiological processes,
including memory, neuronal network formation, function, and cellular homeostasis. Distinct cell
types, such as neurons, astrocytes, and oligodendrocytes, are intertwined at the cellular scale. As
a result, tissue measurements that provide information on an average set of metabolites in a region
may not reflect the actual levels found in the cells of interest. Within the brain, even closely located
cells can have distinct cellular and synaptic connections, and protein and metabolite profiles; these
differences can be important for function. Investigation of chemical cellular heterogeneity is an
expanding field of inquiry, with relevance to understanding the mechanisms of both health and
disease.1

Explorations of heterogeneity at the level of the transcriptome, proteome, peptidome,
lipidome, and metabolome provide key insights into brain function and dysfunction on the cellular
level.>® Single cell metabolomics is of particular interest to neuroscience due to the diverse
functions of neuronal cells that are correlated to the small-molecule metabolite profiles of cell
types and disease states.”® The metabolites of interest range from amino acids, classical
neurotransmitters, fatty acids and lipids, and small peptides to a variety of precursor and
intermediate molecules. The ability to detect and quantify this diverse set of molecules enables an
enhanced understanding of neurochemical pathways and dysfunction related to disease. Each of

the available measurement approaches has unique advantages and disadvantages that must be
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considered when adapted to the level of an individual cell. The challenges of single cell
measurements involve cell isolation, sample processing, the metabolomics measurement process,
and the integration of the data with other disparate data sets.

We begin with a discussion of single cell sampling techniques, followed by the mass
spectrometry (MS)-based approaches that are suitable for single cell neurometabolomics,
including a brief overview of some other single cell methods. Next, we turn our attention to
highlighting specific applications of metabolomics to single cell investigations, concluding with

some thoughts about the future of the field.

3.2 SAMPLING FOR SINGLE CELL ANALYSIS

Proper sampling is the prerequisite for a successful chemical analysis, especially when
collecting volume-limited samples like single cells. First, careful attention needs to be paid to
sampling accuracy so that only the selected individual cells or cellular components of interest are
isolated. Second, although it is difficult to perform sampling without coisolation of any
extracellular content, effort should be made to minimize the effects of these interfering materials.
Additionally, cell metabolism quenching or stabilization should be performed whenever applicable
so that the samples to be measured reflect the real metabolic status of normally functioning
cells.1®! A recent review by Gallion, et al., *2 explores specific strategies to preserve the chemical
profile of a single cell at the time and location of sampling.

Sampling techniques can vary from manual manipulations to automated methods. Manual
sampling can be a simple and convenient means to isolate cells and collect samples. Experience
and good practice directly affect sample quality and are integral to ensuring experimental success.
Manual isolation of large neurons from invertebrates, like Aplysia californica, has been reported

using surgical scissors, sharp tungsten needles, and fine-tip glass capillaries.***®> Manual sampling
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of smaller neurons and even subcellular organelles is also possible.*®*8 Micromanipulators and
glass pipettes have been utilized collectively to isolate fluorescently labeled mammalian neurons
from brain slices. For example, the use of a patch clamp/MS-based platform enabled the direct
correlation of electrophysiological recordings to the metabolite content of single cells from rodent
brain slices.'® Recently, in situ microsampling from live single cells in developing Xenopus laevis
embryos eliminated the need for dissection and cell isolation, addressing the technical gap between
live single cell analysis and comprehensive untargeted metabolomics.?’ Another recent study
demonstrated the use of fluid force microscopy, a modification of atomic force microscopy, to
collect live-cell extracts for MS-based metabolomic analysis.?*

Two sampling methods that require less manual handling, laser capture microdissection
(LCM) and optical trapping (OT), use microscopy-guided approaches to sample cells. In LCM,
cell- or region-specific physical features of a target sample area are visually identified using a
microscope, and then the cell(s) are removed via laser surgery. LCM has been used to isolate
neurons from various brain structures, including the cortex, cerebellum, suprachiasmatic nucleus,
and pituitary.?>-% In OT, the cell is moved by a laser under the gradient force present between the
high-intensity region of a focused light beam and the cell itself. Our group developed an approach
that combines OT with capillary electrophoresis (CE), sampling single neurons for downstream
indolamine and catecholamine measurement through fluorescence.?® Hosokawa et al.?’
demonstrated successful trapping of synaptic vesicles in a hippocampal neuron using an infrared
laser, supporting the feasibility of using OT to manipulate subcellular features.

Microfluidic devices enable cells to be isolated and sampled using a variety of approaches,
as reviewed recently.?®2° Due to the ability to reduce fluidic volumes to the size of cells and control

the laminar flow in microfluidic devices, in most cases, cells can be transported one-by-one
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through the device. Oil droplet-based single cell isolation has been accomplished with microfluidic
devices, in which individual cells are contained in a stream of droplets and segregated by the
immiscible solvent from other cell-containing droplets.®®3? Some microfluidic devices use a
pneumatic membrane valve to control the passage of individual cells and isolate them from
others.®® Selected neurons have been cultured in a capillary, allowing efficient collection of cell
release for follow-up MS characterization.®*

While less commonly used for single cell metabolomic studies, fluorescence-activated cell
sorting (FACS) and magnetic-activated cell sorting (MACS) also serve as efficient methods to
select single cells of interest. FACS often is based on the interaction between a fluorescently
labeled antibody and marker expressed on the surface of target cells. The fluorescently labeled
antibodies are added into a cell suspension, and the cells in the suspension are sorted based on their
fluorescence signal and other properties, for example, size. Multiple research groups have used
FACS to sort different types of cells in various brain regions for mRNA and protein analysis.**
MACS relies on magnetic beads coated with an antibody, streptavidin, or other molecules that can
specifically interact with proteins on target cells. After cell binding to coated magnetic beads, a
magnetic field is applied so that only targeted or unwanted cells are retained and separated from
other cells. In one example, MACS was used to sort cells and generate cultures of mammalian
neuronal restricted progenitors, which later differentiated into neurons.3’” Proper sample collection
is important for most measurements and becomes even more crucial as sample sizes are reduced
to the single cell level.

With single cell metabolomics, preserving the endogenous state of metabolites contained
within the cells and minimizing their distortion becomes critical. A common strategy is to keep

cells in their original microenvironment as long as possible and shorten the time spent on
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operations that can interrupt and change ongoing cellular activities.? For some techniques, such as
microfluidics and electrophysiological recording, isolated cells can be placed and cultured under
conditions closer to their physiological state. When cell culturing is not feasible, other approaches
can be used, for example, shock freezing and rapid cellular activity quenching using cold organic

solvents.383°

3.3 CHARACTERIZATION METHODS IN SMALL-VOLUME NEUROMETABOLOMICS

Large-scale metabolomic measurements oftentimes use a number of preprocessing and
sample conditioning steps, such as salt removal or extraction, to isolate specific analyte classes.
These processes increase the robustness of the measurements; however, they often result in sample
loss. Thus, to enhance metabolite detection, most single cell metabolomic methods usually use less
sample cleanup.

After the cells are isolated and prepared, the chemical measurements are performed. The
two most common metabolomic approaches are CE or liquid chromatography (LC) coupled with
MS and nuclear magnetic resonance (NMR). However, because NMR requires larger sample
volumes and masses than single cells, NMR-based metabolomic studies are more commonly
performed with tissue samples or bodily fluids and so are not covered here.

MS is the most commonly used technique in small-volume metabolomics, due to its low
detection limits and high chemical information capacity.*° For single cell measurements via MS,*
we have organized the discussion according to the ionization method used, as it often dictates other

aspects of the measurement.

3.3.1 Electrospray-ionization (ESI) mass spectrometry
Samples are typically introduced to an ESI source by direct infusion or following a

separation. Much of the single cell work done via ESI-MS has involved CE-MS. CE, which
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separates molecules based on their electrophoretic mobility, offers the advantages of high
separation efficiency and low sample volumes and is well suited to characterizing many of the
charged molecules in a single cell. For thorough perspectives on CE-MS-based metabolomics, the
reader is directed to several recent reviews.*>-44

Neurometabolomic analyses using CE-MS have been used to characterize a broad range of
metabolites, such as nucleotides and nucleotide derivatives® and neurotransmitters.*® Nemes et
al.” profiled and quantified metabolites contained in single freshly isolated and overnight cultured
A. californica neurons and found a significant change in the metabolome between the two sample
preparation methods for B1 neurons. They noted the presence of over 300 cell-related ion signals
and identified a fraction as relevant metabolites. Employing a whole-cell patch clamp technique
following electrophysiology measurements, Aerts and colleagues*® analyzed approximately 1-3
pL of sample extracted from individual rat thalamic cells, correlating the metabolic profiles of
single cells to electrical activity. An advantage of CE-MS is that the separation can be tailored to
allow characterization of a broad range of analytes over a wide dynamic range.

CE-MS- and LC-MS-based measurements offer a number of advantages, including the
ability to characterize complex, large dynamic-range samples. While they tend to be lower
throughput compared to direct MS measurements, usually only a few cells per hour, there have
been reports of higher-throughput methods for CE-MS. One of the more recent examples is
multisegment injection, which can increase throughput by several fold.*” The capillaries can also
be embedded in devices to allow higher-speed separations. Mellors and colleagues*® fabricated a
microchip for automated analysis of single human erythrocytes, which combined on-chip cell lysis,

cellular constituent separation, and ESI-MS detection. Their method enables automated, real-time
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CE-MS analysis and has the additional benefit of being relatively high-throughput at 12 cells per
minute, as compared to traditional CE-MS methods.

Additionally, direct infusion into an ESI-MS platform has been accomplished for
metabolomic analysis, including modification of the ESI interface for improved single cell
analysis. Wei et al.*® recently introduced one such modification to extend the analysis time of
small-volume samples. Instead of a continuous electrospray, the electrospray was pulsed and
synchronized to the frequency of the mass analyzer. They were able to extend the analysis time of
a picoliter sample to several minutes, allowing the collection of tandem MS (MS/MS) spectra of
multiple compounds from a single sample. Moreover, this method requires no or minimal sample
dilution. As a result, low-abundant molecules at zeptomole levels in single HelLa cells were
detected. The benefits of such a development are twofold: the reduction of detection limits due to
low sample dilution and the ability to identify unknown molecules using MS/MS.

In another example using ESI, Gong et al.>® inserted a tungsten probe into target single
cells for metabolite enrichment, then immediately positioned it at the MS inlet with voltage
applied. With the help of a solvent spray, metabolites enriched on the probe could be detected with
about 30-fold increased sensitivity when compared with a traditional method in which enriched
analytes are first eluted and then subjected to nanoESI-MS. The same group has more recently
expanded this technology to be compatible with droplet-based microextraction.>*

Probe-based ESI was also designed to enable in situ single cell metabolite analysis. The
Yang group®>°? fabricated a three-component integrated probe, composed of a dual-bore quartz
needle for sampling, a silica capillary for solvent delivery, and a nanoESI emitter (Figure 3.1).5?

Once positioned into single cells of interest, cellular content was directly guided into the emitter
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biological environment, including
cells within live tissue and cells

circulating in biofluids.>* Use of the

single probe has expanded in recent years to numerous applications. In an early example, single
mitochondria were identified in live cells with fluorescent probes and selectively isolated with a
single probe for ESI-MS analysis.>® The single probe has also expanded to ambient imaging

applications in recent years.>®

3.3.2 Matrix-assisted laser desorption/ionization mass spectrometry

Direct single cell measurement via MALDI-MS analysis has a long history, especially for
peptides within individual cells.’” MALDI-MS offers many advantages for single cell
metabolomics, including good tolerance for salts, simple sample preparation, and attomole

detection limits with little sample consumption.5®°° One caveat is that MALDI matrix interference
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can limit the observation of many metabolites. A few early MALDI-MS-based studies revealed
neuropeptide profiles in single neurons of invertebrates such as A. californica, Lymnaea stagnalis,
Periplaneta americana, and Cherax destructor.’”%%% Many novel neurohormones in single
invertebrate neurons have been discovered by MALDI-MS. %68

These earlier studies isolated the cells manually. With the advent of improved automated
sampling and instrumentation, the application of MALDI-MS has been extended to larger numbers
of smaller cells. Ong and co-workers®” dispersed rat pituitary cells on a microscope slide and
recorded the coordinates of individual cells, with the locations used to perform automated MALDI-
MS measurements of thousands of targeted cells. They successfully determined major
subpopulations of pituitary cells and even found rare cells containing unique features in the
neuropeptide mass range. In a follow-up study, cell heterogeneity within islets of Langerhans and
between different regions of the pancreas were investigated using a similar method.%®

In addition to peptides, lipids are also well suited for single cell MALDI-MS because this
mass range is not affected by matrix interference. Comi, et al.®® improved the throughput of single
cell MALDI-MS analysis by developing an open-access software package that enables image-
guided single cell MALDI-MS. After acquiring whole-slide microscopy images, the software uses
point-based registration to direct laser shots only to slide locations containing a single cell.
Following MALDI-MS screening of a large cell population, rare or representative cells with
signals of interest, lipids in this case, were further analyzed by Fourier transform-ion cyclotron

resonance (FT-ICR) MS for high-resolution detection (Figure 3.2A).%° This work also points to an
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important trend: improvements in time-of-flight (TOF) mass analyzers and development of
interfaces that couple MALDI with FT-ICR and Orbitrap MS have greatly improved the data
obtained from tissues and cells by providing accurate mass measurements (resolution <5 ppm).”®

2 A recent publication from Neumann, et al.,” illustrations the benefits of combining rapid single
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Figure 3.2. Sequential analysis of the same individual cell with two separate MS systems. Once
a cell has been located in the optical image (top), its location remains fixed through multiple
analyses, allowing two instruments to probe the same set of selected cells. (A) MALDI-TOF MS
(middle) of a rat cerebellum-derived cell followed by MALDI-FT-ICR MS (bottom). MALDI-
TOF MS provides high throughput screening of thousands of cells to highlight rare or
representative individuals. Here, FT-ICR MS provides high mass resolution and high mass
accuracy for unequivocal elemental composition of selected cellular contents. (B) SIMS
profiling (middle) followed by MALDI-TOF MS (bottom) with a DHB-coated, SCN-derived
cell. SIMS provides information on small molecule compounds while MALDI-TOF MS
effectively detects larger species, such as lipid dimers and peptides. The insets demonstrate
overlap of intact lipid coverage from each modality.%®
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cell profiling and high resolution MS using microMS: they profiled 30,000 single cells with

MALDI-FT-ICR-MS and categorized biologically relevant subtypes by their lipid profiles.

3.3.3 Secondary ionization mass spectrometry (SIMS)

The throughput of MALDI-MS is exciting, but as noted earlier, matrix interferences tend
to limit its application for metabolomics measurements. An alternative and widely used matrix-
free ionization technique is SIMS, in which a focused beam of primary ions bombards the sample
surface, producing secondary ions from the analyte. Though fragmentation of large biological
molecules is common, SIMS works well for smaller analytes, including many metabolites and
lipids. SIMS also has a higher spatial resolution, oftentimes smaller than a micrometer, which can
enable subcellular profiling.”*" While most SIMS instruments do not obtain MS/MS information,
newer instrumentation has become available’®"® that greatly facilitates metabolite identification.
Though SIMS is often used in lipidomic’® and targeted analyses, as described further below, it is
less common for comprehensive metabolomic analyses. A 2013 study by the Vickerman group®
evaluated TOF-SIMS specifically for metabolomics and demonstrated its ability to complement
more traditional methods of metabolomic analysis. The authors found that LC-MS/MS and SIMS
spectra for the same metabolite standards tended to correspond well, suggesting it is possible to
use LC-MS databases to aid in metabolite identification with TOF-SIMS. In the aforementioned
study by Comi and colleagues,®® SIMS was used in combination with MALDI-MS. Image-guided
SIMS and MALDI-MS analysis uncovered small molecules, lipids, and peptides from the same
individual cell, highlighting the benefits of obtaining both high-throughput and high-molecular
information content from selected cells, as illustrated in Figure 3.2B.%°

SIMS has been successfully employed to investigate lipid and fatty acid distribution and

abundance changes in tissue sections and single cells.88 As one example, distribution of vitamin
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E on the cell membrane of individual A. californica neurons was uncovered using TOF-SIMS .83
Metabolite visualization through SIMS has also been extended into the 3D spatial world. Lipids
and lipid fatty acid side chain distributions were revealed as a function of depth in isolated X. laevis
oocytes, perhaps the first demonstration of 3D biomolecular imaging in a real biological system.®*
Our group has also implemented both MALDI and SIMS together with optical microscopy to

perform high-throughput profiling of neurons.®”8

3.3.4 Other matrix-free ionization approaches

Several other ionization methods have been applied to individual cell measurements,
including direct desorption electrospray ionization (DESI), laser ablation electrospray ionization
(LAESI), and nanophotonic ionization, all with different measurement capabilities and
advantages. At present, DESI is rarely applied to individual cell measurements,®87 partly because
of spatial resolution and detection sensitivity issues, but we expect its application to increase.

LAESI is a variant of MS that is useful for metabolomics; a mid-IR laser ablates a sample
in situ, the plume from which is then intercepted by an electrospray for MS analysis.®® LAESI
allows in situ metabolite sampling directly from tissue and single cells. In addition, LAESI has a
clear chemical background that is analogous to ESI. The technique has been shown to distinguish
subcellular features in lipid profiles between the vegetal and animal poles of X. laevis eggs, while
detecting 52 small metabolites and 92 various lipids.®® Despite being a relatively new ionization
method, LAESI has the potential to make great contributions to small-scale metabolomics as the
technology improves. The in situ capabilities in particular make LAESI an ideal technique for
experiments on cultured brain tissue, though without single cell resolution.

Nanophotonic ionization using nanoscale silicon materials to perform surface-assisted

laser desorption/ionization MS enables matrix-free analysis of small molecules with low detection

37



limits. The architecture of the silicon structures has been shown to have a significant effect on
ionization efficiency® and sensitivity.® The technique’s applicability to single cell analysis was
demonstrated by the Vertes lab;%? using nanophotonic ionization to analyze individual yeast cells
deposited on a nanopost array chip, they achieved detection of analytes in the zeptomole range.
The same group demonstrated the technique’s metabolomic capabilities by screening more than

600 metabolite standards.*®

3.3.5 Mass spectrometry imaging (MSI)

The approaches discussed thus far are used to assay a user-selected sample, such as a single
cell, for its metabolomic content. Methods that sample a location on a surface can be adapted to
an imaging mode where the sampling location is rastered across the surface, building an image of
a sample one location at a time (there are other modes of acquiring an image, but this is the most
common). This approach has been used since the 1960s with SIMS and was adapted to MALDI
and other ionization methods to form the collection of measurement techniques known as MSI.
MSI has been used to study tissues down to the individual cell level, although when the cells are
not separated, the information obtained will be from a blend of cells; in the brain, for example,
astrocytic processes, oligodendrocyte extensions, and nerve terminals can be within the same
micrometer field of view of a focused laser. Thus, even when several micrometer resolution is
achieved, below the size of many cells, multiple cells may be sampled. However, MSI has the
advantage of measuring many metabolites while simultaneously preserving spatial information.

Differences between MSI and conventional MS measurements of a cell involve data
collection and processing. For example, during MALDI-MSI, the spectrum at each location across
the sample is recorded along with the (X, Y) coordinates, defining the location being analyzed.

Signals from different mass-to-charge ratios (m/z) at each analyzed position are extracted and
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processed to construct the distribution map of each m/z, with intensity shown in a false color scale.
An area of rapid growth is the development of approaches to improve the spatial resolution.
Common spatial resolutions achieved with MALDI-MSI are between 10 and 200 um, which
hinders accurate measurement of single cells from tissues. However, higher spatial resolutions at
2—10 um have been reported,’®°*% with recent work from the Spengler group®® achieving 1.4 pm
resolution while detecting lipids, peptides, and other metabolites within individual cells. Recent
work by Neumann, et al.,*” improved MSI resolution through chemical pan sharpening after
multimodal imaging with MALDI-MS and infrared spectroscopic imaging. Data fusion of the two
images resolved anatomical structures within hippocampal tissue that could not be discriminated
by either technique alone.

An alternative way to improve the spatial resolution of MSI is to use SIMS instead of
MALDI. SIMS has a reported spatial resolution of 50 nm to 1 pm,*! with different molecular
information obtained across this range. In all cases, there is a trade-off between detection limits
and resolution; as the sample probe diameter is decreased, the number of molecules within the
probe decreases. For example, decreasing a probe beam from 50 to 5 um should reduce the number
of molecules 100-fold; at some point, the measurement becomes limited by instrumental detection
limits and not the probe beam geometry, a situation common in SIMS with its smaller probe

diameters.

3.4 SINGLE CELL METABOLOMIC ANALYSES

3.4.1 Enhancing metabolite coverage in single cells
Metabolites within an individual cell account for a vast array of functionalities, but the
analytes are present over many orders of magnitude, at levels ranging from millimolar to less than

nanomolar. One issue is that nanomolar levels of a molecule in a picoliter volume sample are
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present at zeptomole amounts, which are not usually characterizable. Because of the analyte
amounts, an individual cell’s metabolomic measurement uncovers fewer metabolites than larger-
volume measurements. As highlighted previously, the specific fraction of the metabolome
characterized depends on sample properties as well as the figures of merit for the measurement
approach used. Our group has demonstrated metabolic heterogeneity in neuronal cell types from
both A. californica and rat, with more than one hundred chemical features putatively identified
with CE-MS.34 We have also been able to detect metabolic differences between subcellular
regions of single cells.%® Onjiko et al.*® used CE-MS to distinguish more than 80 molecular features
in X. laevis embryonic cells and were able to metabolically distinguish cell fates of the
differentiated cells.

Efforts to improve metabolite coverage require enhanced sampling approaches; for
example, the mismatch between collected sample volumes and the injected volumes used in CE
needs to be addressed. One approach is to inject more analyte onto the capillary via analyte
stacking. This involves concentrating metabolites into a narrow zone at the entrance to the
separation capillary. Liu et al.*® used a large-volume sample stacking method to improve the
detection of endogenous nucleotides in an individual A. californica neuron. They detected 51 fg
of material, which is 200 times less than in previous studies. CE-MS stacking has also been used
for detection of drugs and metabolites in urine samples, with limits of detection as low as 2
ng/mL.1%° We in the Sweedler group have also applied field-amplified sample injection to CE-MS
analysis and developed an approach to avoid inorganic salt interference. This method will be
discussed further in Chapter 7 of this thesis.

Additional improvements to metabolome coverage can also be made by developing

metabolite-specific CE-MS conditions. Although in cases where methods that successfully
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increase metabolome coverage are not initially demonstrated on individual cells, these approaches
could be adapted to small-volume sample measurements. For instance, in one study, a fused silica
capillary was coated with poly(N,N,N’,N’-tetraethyldiethylenetriamine, N-(2-hydroxypropyl)
methacrylamide) to shorten separation time and enhance signal intensity for metabolites suffering
from poor negative-mode MS response.?* The authors reported detection of 87 metabolites in
orange juice and 142 metabolites in red wine, demonstrating the method’s ability to expand the
detectable metabolite pool.

Sheathless CE-MS interfaces have also been reported to enhance metabolite coverage.
Ramautar et al.'%? used a porous tip sprayer as a CE-MS interface to eliminate the need for a sheath
liquid. Due to the improved ionization efficiency, they were able to detect three times more
molecular features, improve sensitivity by 2 orders of magnitude, and expand metabolome
coverage for polar ionogenic metabolites in human urine samples. Other recent works have also
demonstrated the use of sheathless CE-MS in enhancing anionic metabolite profiling, although
still in bulk samples as opposed to single cells.2%*1% While metabolome coverage is inherently
limited in single cell analysis due to the low concentration of many small molecules in single cells,

such advancements will prove useful when paired with improvements in CE-MS sensitivity.

3.4.2 Mapping the single cell metabolome

As highlighted above, one goal of MSI is to characterize the metabolites that are present
and their localization and abundance. In a rat cerebral ischemia reperfusion model, MALDI-MSI
was used to obtain diverse metabolite profiles in both single mammalian cells and brain sections.
The density, intensity, and distribution of over 30 metabolites covering nucleotides, cofactors,
sugars, amino acids, lipids, and carboxylic acids were revealed.*%® Another study used quantitative

MALDI-MSI together with CE-MS and visualized a spatiotemporal behavior of adenylates and
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NADH regulated by ischemia reperfusion.' Application of SIMS for single cell measurements
from tissue slices has been reported. Karlsson et al.*?” used high-resolution SIMS to probe the
biochemical changes in situ altered by neurotoxin-induced brain pathology. In addition to
endogenous metabolites, MSI can be used to study drugs, nutrients, and their related metabolites
in cells, toward a fundamental understanding of in vivo distribution and metabolism of drugs.181%°
Fernandez-Lima and colleagues'®® employed a 3D TOF-SIMS system to investigate the delivery
and distribution of a chemotherapeutic drug in single cells with 250 nm spatial resolution.
Chemical maps of molecular markers indicated the presence of the drug on the cell surface instead
of the nucleus.

In addition to profiling metabolites at cellular or subcellular resolution across tissue slices,
MALDI and SIMS imaging have also been used directly on dispersed cells. Lanni et al.”® created
a MALDI/SIMS dual source instrument with 5-250 pm resolution. Using the hybrid instrument,
they imaged cultured A. californica neurons and neuronal networks (Figure 3.3).”® Recently, an
atmospheric pressure MALDI-MSI instrument was reported with 1.4 pum lateral resolution, over
100000 mass resolution, and an average accuracy below 2 ppm.®® The authors were able to localize
220 peptides, lipids, and metabolites in cilia and oral grooves in a single Paramecium caudatum.
The highest spatial resolution MSI so far uses nanoSIMS; Lovri¢ et al.}*® employed nanoSIMS
and correlated the MS data with transmission electron microscopy. By combining these two

techniques, they measured the distribution and dynamics of newly synthesized dopamine across

single nanometer neuroendocrine vesicles in neuron-like cells.

3.4.3 Targeted metabolite analysis
The goal of many omics measurements is untargeted analysis; however, there are a number

of important targeted metabolic single cell assays. While omics scale measurements lead to insight
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into function and disease states, complementary targeted analysis provides critical information for
many studies. There are also some metabolites that are difficult to characterize using traditional
MS-based metabolomic methods. For instance, d-amino acids have been established as being
present at biologically relevant concentrations and, in the case of d-serine, shown to have
functional significance in the human brain.''* Many metabolites, such as both I- and d-amino acids,
can be differentiated and detected after derivatization, followed by CE with laser-induced
fluorescence (LIF) detection. Thus, CE-LIF is effective for chiral measurements from single
neurons and other cells, 11114

Metabolite-specific probes have also been employed. Fluorescent probes designed for
cysteine, glutathione, and hydrogen peroxide were used in a microfluidic electrophoresis platform
for single cell analysis; 12 fmol, 840 amol, and 0.49 amol of cysteine, glutathione, and hydrogen
peroxide, respectively, were quantified through a multichannel fluorescence detector.!*® Heath et
al.1® successfully utilized immunoreactivity-based probes, implemented them in a barcode chip,
and achieved simultaneous guantitation of metabolites such as cyclic adenosine monophosphate,

cyclic guanosine monophosphate, glutathione, and proteins in single cells.

m/z 184.08 — PC m/z 430.39 — a-tocopherol

O |

Figure 3.3. Distribution of metabolites in cultured A. californica buccal neurons was performed
by Ceo-SIMS imaging. Cells were cultured on silicon tiles and stabilized with glycerol. Ceo-
SIMS ion images revealed that phosphocholine (PC) and a-tocopherol showed different
locations in neurons. Cell bodies and processes are apparent in the PC image (m/z 184.08, 0—
200 counts), while a-tocopherol accumulated almost exclusively within the cell bodies (m/z
430.39, 0-50 counts).”®
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An important targeted approach for studying selected metabolites within single cells is
electrochemical detection. Easily oxidizable neurotransmitters, such as dopamine and
norepinephrine, are well suited for electrochemical-based approaches as they offer nano- to
micromolar detection limits and can be used to assay selected cells, cellular release, and individual
exocytosis events, as reported in several recent studies. Mao and colleagues®'’ fabricated a carbon
fiber microelectrode and achieved the first measurement of exocytosis of endogenous ascorbate
from cultured adrenal chromaffin cells via single cell amperometry. A gold-ring pipet electrode
was used to successfully detect catecholamines released from individual single chromaffin cells.®
In addition, to measure release from living cells, electrochemistry has been used to uncover single
cell spatial behavior. Ewing and co-workers'*® packed over 60 thin film microelectrodes into an
array and measured chemicals released from different locations over a single cell surface during
exocytosis. Further details on many of the recent advancements in the use of single cell

electrochemistry for neuroscience research can be found in a variety of recent reviews.20-12

3.4.4 Integrating metabolomics with other omics-scale measurements

Investigations in the different omics disciplines have greatly enhanced scientists’
understanding of specific biological systems, such as DNA, RNA, proteins, peptides, metabolites,
and lipids. A trend but also a challenge is to integrate the omics fields of study, gain access to
complementary information from different classes of molecules, and obtain a more comprehensive
insight on processes occurring in biological systems as a whole. Early work in this field was not
on the single cell scale but did include small volume analyses. Knolhoff, et al.** combined CE-
MS metabolomics and gene array transcriptomics to study small caudal hippocampal samples in
mice with a mas cell mutation. Combined analysis of the transcriptomic and metabolomic data led

to the notation of pathways altered due to the loss of mast cells, which were evident from both
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analyses. In another example, zebrafish embryos subjected to metabolomic analysis using NMR,
LC-MS, and transcriptomic revealed metabolism dynamics and underlying gene expression
during development.!?® More recently, Do, et al.,*?® profiled single cells from rat dorsal root
ganglia (DRG) with high-mass and low-mass MALDI-TOF-MS for proteins, peptides, and lipids.
They then performed LC-MS and ESI-FT-ICR-MS on DRG extracts to confidently identify the

present molecules and classify cell types.

3.5 FUTURE PERSPECTIVES

As one of the important omics used in systems biology, metabolomics applies analytical
tools coupled with bioinformatic approaches to determine the identity, abundance, flux, pathways,
and even distribution of small molecular metabolites in biological systems. Metabolites are
changed by a pathogenic status; accordingly, their comprehensive study helps to uncover
mechanisms of action and facilitate the diagnosis of devastating diseases such as cancer. In brain
cancer, for example, several investigations of serum and tumor tissue metabolomics using NMR
or MS have been performed for tumor diagnosis, grade determination, type differentiation, etc.'?~
129 \With further improvements to single cell measurement approaches, which promise to lead to
new insights in the diagnosis and treatment of brain tumors, it becomes feasible to understand the
cell-by-cell transition from a normal to cancerous state.

The potential of single cell metabolomics has been recognized at the national level, as both
metabolomics and single cell analysis were early foci of the National Institutes of Health’s
Common Fund Initiatives.** While a number of approaches have been outlined here that provide
details on the chemical content of individual cells, this is a rapidly evolving measurement field,
and further enhancements to performance are needed. Future technologies will boost the ability to

probe the single cell brain metabolome. Obvious advances that are still needed include more
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complete metabolome coverage, the addition of details on metabolite localization through MSI, 3!

and improvements in small-scale sampling.®® Perhaps the most important goal involves integration
of the cellular omics, including transcriptomics, peptidomics, and proteomics. As our
understanding of how gene transcription, translation, protein modifications, and metabolites
interact to determine cell phenotype and fate, the integration of the data obtained will allow the
most complete and accurate understanding of individual cells and their role in health and disease.
The resulting single cell information will require improved approaches for processing the unique
and large individual cell data sets. Collaborative efforts have resulted in shared data and common
data formats for MSI, but these standards have yet to be applied to single cell data.

The metabolic content of cells, tissues, organs, and beyond reflect the phenotypic state of
an individual at that time, in good or poor health. The evolving field of metabolomics will be
crucial to precision medicine,'* especially as we scale down to understanding disease on the single

cell level.
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CHAPTER 4: MALDI-MS GUIDED LIQUID MICROJUNCTION EXTRACTION FOR
CAPILLARY ELECTROPHORESIS-ELECTROSPRAY IONIZATION MS ANALYSIS
OF SINGLE PANCREATIC ISLET CELLS

This chapter is adapted with permission from an original research article published in
Analytical Chemistry 2017, DOI: 10.1021/acs.analchem.7b01782 coauthored by T.J. Comi, M.A.
Makurath, S.S. Rubakhin, and J.V. Sweedler. M.C. Philip performed single cell extraction, LMJ
validation, single cell capillary electrophoresis-mass spectrometry, and data analysis. T.J. Comi
performed MALDI-MS, data analysis, wrote control software, isolated islets, and assisted with
extractions. M.A. Makurath designed the initial extraction system and performed radiography
experiments. Dr. Ta-Hsuan Ong is acknowledged for help with initial testing and Dr. Meng Qi for
assistance with data analysis. We thank the UIUC School of Chemical Sciences machine shop for
their expertise in designing and machining components of the vacuum chamber and stage. This
work was financially supported by the National Institutes of Health, Award Number P30
DA018310 from the National Institute on Drug Abuse, and the National Institutes of Mental Health

Award Number 1U01 MH109062.

4.1 INTRODUCTION

Assessing the cellular chemical heterogeneity of biological tissues is an ongoing challenge
in many research fields.'* Frequently, the analysis of bulk homogenates masks unique features of
individual cells by averaging the molecular content of cell populations.® While a biological organ
or tissue requires many distinct cells to function properly, a malfunction can manifest from small
cellular subpopulations or even a single cell.®” Furthermore, cells that are morphologically
indistinguishable may possess unique intracellular chemistries and, therefore, physiologies.

Mass spectrometry (MS) is among the most commonly used analytical methods for
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nontargeted single-cell analysis.* Matrix-assisted laser desorption/ionization (MALDI) MS,8°
electrospray ionization (ESI)-MS,1%12 and secondary ion MS (SIMS)**" are well-suited for
multiplexed analysis of a wide range of biological molecules.*® Measurements are typically label-
free and often consume only a fraction of surface-available analytes. Page and Sweedler utilized
radiography to demonstrate that, even after the MALDI-MS signal is fully depleted, about 30% of
a protein standard is removed.*® The recent progress in single-cell MS can be attributed to advances
in sensitivity, mass resolution, and sample throughput of modern mass spectrometers, as well as
hyphenation of MS to other approaches. For example, optical microscopy combined with single-
cell MALDI-MS allows rapid characterization of dispersed cell populations.?’ By locating cells
with optical microscopy, the analysis can proceed at an acquisition rate of approximately 1 Hz.?
Using this approach, differential peptide processing was detected in y cells derived from islets of
Langerhans located in the dorsal and ventral regions of the rat pancreas.?? This finding supports
the view that the chemical cellular heterogeneity of different organs is neither well-understood nor
well-characterized. As another example, flow cytometry and transcriptomic analyses of insulin-
secreting B cells identified up to four B-cell subtypes in humans with significantly different
glucose-stimulated insulin secretion.?® Motivated by these examples, islet cells were chosen as a
single-cell sample system in an attempt to discover previously unknown heterogeneity or chemical
messengers.

MALDI-MS is well-suited to detecting peptides and lipids as their high molecular masses
minimize interference from the MALDI matrix; however, many smaller metabolites are not
detectable. A complementary method for single-cell analysis is capillary electrophoresis (CE)-
ESI-MS, which is well suited for metabolomics measurements as it can quantitatively identify

metabolites from individual cells.!?4?> Sample preparation for CE-ESI-MS typically involves
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manual cell isolation, microfluidic cell sorting, or collection of cell cytoplasm using a patch-clamp
pipette.?52” Metabolite detection using CE-ESI-MS generally requires injection of the sample
content from an entire cell.?® In contrast to MALDI-MS, CE-ESI-MS has relatively low
throughput and is limited to a few cells per hour, a time constraint that precludes the cell-by-cell
analysis of even modestly sized populations.

Preliminary classification of the most informative individual cells in a population via
MALDI-MS facilitates targeted CE-ESI-MS analysis of rare and representative cells from among
hundreds to thousands of cells. Previous attempts to combine MALDI-MS and CE-ESI-MS
utilized microfluidic®®*° and hydrodynamic®-3 interfaces. Although the same sample was
analyzed with both instruments, the methods had relatively low throughput due to the lack of
automated target collection, which therefore required excessive manual sample handling. To reveal
chemical heterogeneity in large populations of cells, it is important that the interface method is
capable of collecting small sample volumes with high efficiency.

With that goal in mind, we developed a semiautomated, microscopy-guided liquid
microjunction probe system for collection of analytes from single cells that have been classified
by their MALDI-MS profiles. The first coupling of CE and MALDI worked in the reverse of the
system described here in that the CE effluent was deposited onto a membrane or MALDI target
for analyte detection after the CE separation.3%3334 In our approach, the MALDI measurement is
performed first, and then samples are collected from the target for CE separation and analysis. The
collection probe utilizes two coaxial capillaries, similar to previous designs from our lab,*? and
liquid microjunction surface sampling probes.*%

Single-cell targeting is achieved with precise motion in three axes of linear freedom

controlled by a lab-built graphical user interface that allows microscopy-guided cell targeting. The
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software, microMS," is an extension of software we originally developed for microscopy-guided
MALDI-MS? and SIMS,*® which directly controls the extraction probe. While MALDI-MS is not
required for performing liquid extraction, it can complement the microscopy information by
providing label-free classification of large populations. By interfacing two powerful analytical
tools for small-volume samples, the combined data obtained from CE-ESI-MS and MALDI-MS
were used to successfully classify and analyze six a and five B cells. Each cell was identified by
MALDI-MS as a standard histological class by the detection of glucagon and insulin, respectively.
Small molecules detected with CE-ESI-MS include 18 proteinogenic amino acids as well as
dopamine. While the enzymes for dopamine synthesis suggest the presence of dopamine in 3
cells,®*40 jt appears that dopamine has not been directly characterized at the single-cell level in

either a or B cells.

4.2 EXPERIMENTAL

4.2.1 Chemicals
All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) and used without

further purification.
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4.2.2 Isolation of islets of Langerhans and single-cell preparation

A 1.5-month-old, male Sprague—Dawley outbred rat (Rattus norvegicus) was housed on a
12 h light cycle and fed ad libitum. Animal euthanasia was performed in accordance with the
appropriate institutional animal care protocols (the Illinois Institutional Animal Care and Use
Committee), and in full compliance with federal guidelines for the humane care and treatment of
animals. Islets of Langerhans were manually isolated from an enzymatically digested and
mechanically treated pancreas, as previously reported.?? Briefly, the pancreas is injected through
the bile duct with 2 mL of 1.4 mg/mL collagenase P in modified Gey’s balanced salt solution
(mGBSS) supplemented with 5 mM glucose and 1% (w/v) bovine serum albumin (BSA). The
mGBSS contained 1.5 mM CaClz, 4.9 mM KCI, 0.2 mM KH2POs, 11 mM MgCl;, 0.3 mM MgSQsg,
138 mM NaCl, 27.7 mM NaHCO3, 0.8 mM NaH2POa, and 25 mM HEPES dissolved in Milli-Q
water (Millipore, Billerica, MA), with the pH adjusted to 7.2. The pancreas was then surgically
dissected and placed into 8 mL of the collagenase P solution. Solutions were incubated in a
recirculating water bath for 20-30 min at 37 °C with agitation to dissociate bulk tissue. Excess
collagenase P was washed from the resulting tissue with mGBSS containing glucose and BSA and
centrifuged for 3 min at 300g. The resulting tissue pellet was dispersed into mGBSS, and islets
were manually isolated with a micropipette. Single islets were incubated in 20 puL of 40% (v/v)
glycerol and 60% mGBSS with glucose, BSA, and 0.1 mg/mL Hoechst 33342. This step resulted
in staining of cell nuclei while mechanically stabilizing cellular morphology.** After 30 min, single
cells were dissociated onto clean indium-—tin oxide (ITO)-coated glass slides by gentle trituration
in the staining solution and allowed to adhere to the slides overnight. Prior to imaging, excess

glycerol was aspirated and the surface rinsed with 150 mM ammonium acetate (pH 10).
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4.2.3 Optically guided single cell profiling

The next step in the experimental workflow, as outlined in Scheme 4.1, is to locate cells
by optical microscopy. ITO-coated glass slides were prepared for optically guided single-cell
profiling by marking the perimeter of dissociated cells with ~20 fiducial marks. Each mark
consisted of an etched “x” (see Figure 4.6A), which remained visible during MALDI-MS
acquisition and liquid microjunction extraction. The locations of fiducials and cells were
determined by whole-slide bright-field and fluorescence microscopy using an Axio Imager M2
(Carl Zeiss, Jena, Germany). Images were acquired with a 10x objective and tiled to cover the
entire region of interest. Florescence imaging of Hoechst 33342 utilized an X-CITE 120 mercury
lamp (Lumen Dynamics, Mississauga, Canada) and a 31000v2 DAPI filter set (Chroma
Technology, Irvine, CA).

Whole-slide images were utilized for optically guided single-cell profiling with
microMS.%” Before MALDI-MS acquisition, the pixel locations of each fiducial were correlated
to their physical positions in the mass spectrometer. A point-based similarity registration was then
used to map cell locations on the image to their corresponding physical locations.

After optical imaging, samples were coated with MALDI matrix, using an artist’s airbrush,
containing 50 mg/mL 2,5-dihydroxy-benzoic acid (DHB) in 1:1 (v/v) ethanol/water with 0.1%

trifluoroacetic acid (TFA), nebulized with 40 psi nitrogen. Coating thickness was assessed

Locate Cell Select Target Extract
Nuclei Cells Metabolites
Single Cell > Optical Optically Guided Liquid Microjunction > CE-ESI-MS
Isolation Microscopy g MALDI MS s Extraction of Extracts

Scheme 4.1. Overview of the MALDI-MS Guided Liquid Microjunction Extraction Approach.
Islets of Langerhans are isolated from a rat pancreas and dissociated onto an ITO-coated glass
slide. MALDI-MS is used to assay the hormone profile of individual cells from a large
population to identify extraction targets. The liquid microjunction probe collects cell contents
from specified locations on the ITO-coated glass slide for follow-up CE-ESI-MS analysis.
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optically during matrix application, with typical thicknesses of 0.2-0.4 mg/cm2. Samples were

stored at room temperature (~22 °C) in a nitrogen drybox until analyzed.

4.2.4 MALDI-MS

Pancreatic cell populations were rapidly profiled with MALDI-MS to stratify the
population into traditional histological classes. Specifically, the o and 3 cells were identified based
on the detection of glucagon (monoisotopic m/z 3481.6) or insulin-1 C peptide (m/z 3259.8). To
prevent detection of the cellular content of several cells simultaneously, as well as collection of
multicellular content during follow-up analyte extraction, cell coordinates were first passed
through a 300 um distance filter. From a single islet dispersed on an ITO-coated glass slide,
approximately 200-400 pancreatic cells satisfied the sample analysis criteria.

Mass spectra were acquired on a ultrafleXtreme MALDI TOF/TOF mass spectrometer with
a frequency tripled Nd:YAG solid-state laser (Bruker Daltonics, Billerica, MA). Each cell was

profiled with 1000 shots using a 1 kHz laser repetition rate with the “Ultra” laser setting (spot
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Figure 4.1. MALDI-MS classification of pancreatic islet cells. (A) A single dorsal pancreas
islet is composed primarily of glucagon-containing a cells (blue) and insulin-containing f cells
(red). Classifications are based on a threshold signal abundance to identify cell types for
follow-up CE-ESI-MS analysis. Cell identities correspond to labeling of cell number for the o
and P cells. (B) Spectra of single pancreatic cells identified in panel A, parts 1 and ii.

73



diameter ~100 pum). The resulting spectra were read into MATLAB 8.6.0 with the readbrukermaldi
function (https://github.com/AlexHenderson/readbrukermaldi). Data from molecular mass
windows containing signals from the peptide hormones of interest were extracted and signal
intensities were plotted, as shown in Figure 4.1. Cells were classified based on their spectral
profiles as a or B using signal intensities at m/z 3483.9 and m/z 3259.8, respectively. For each
mass channel, a threshold value for signal intensity was manually determined to identify cell types
with high confidence. Because of the stringent filter values, fewer than 100 cells were successfully
classified by this approach for each islet. Images of classified cells were then examined to ensure

the analyte extraction area contained no adjacent cells.

4.2.5 Liquid microjunction extraction probe system

The liquid microjunction extraction probe utilizes two coaxial capillaries. The inner and
outer fused-silica capillaries are 100 pm/170 pm and 250 um/350 pm in diameter, respectively
(Polymicro Technologies, Phoenix, AZ). Fluid flow is directed via an IDEX MicroTee Assembly
with Mounting Hole (IDEX Health and Science Part # P-875). The inner diameter of the MicroTee
is approximately 150 um; to accommodate the inner extraction capillary (O.D. 170 um), a 0.008
in diameter circuit board drill (Hertel via MSC, Part # 74458720) was used to expand the through-
hole. MicroTight sleeves to accommodate the capillaries are IDEX Health and Science Part # F-
183 and Part # F-185. Extra MicroTight ferrules are IDEX Health and Science Part # F-172. The
probe position was monitored in real time with a digital video camera (Sony, Park Ridge, NJ; P/N
DFW-X700). Extraction liquid was delivered with a PHD 2000 syringe pump (Harvard Apparatus,
Holliston, MA) and aspirated with 7-10 in Hg of vacuum, supplied with a diaphragm
vacuum/pressure pump (Cole-Parmer, Vernon Hills, IL). The liquid microjunction was positioned

with three linear stages (Zaber Technologies, Vancouver, BC, Canada) controlled with the in-
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house written software, microMS.3” Samples collected by the probe were dried using a Mi-Vac
sample concentrator (SP Scientific, Warminster, PA) and stored at =20 °C prior to CE-ESI-MS

analysis.

4.2.6 Radioactive material and radiation detection

Tritiated (3H) angiotensin 11, with the specific activity of 50 Ci/mmol at 1 mCi/mL, was
purchased from American Radiolabeled Chemicals (St. Louis, MO). Radioactivity experiments
were performed in accordance with the Illinois Radiation Protection Act under the University of
Illinois at Urbana—Champaign Type A Broad Scope Radioactive Materials License issued by the
Illinois Emergency Management Agency.

Radioactive material deposition and extraction was visually monitored using a Wild M3Z
stereomicroscope (Leica, Buffalo Grove, IL). The pre- and postextraction radioactivity of the
deposited sample was determined with a storage phosphor screen (BAS-IP TR 2025 E Tritium
Screen, Sigma-Aldrich) exposed to the sample for 6 h. Developing the screen with a
phosphorimager (Phosphorimager SI, Molecular Dynamics, Sunnyvale, CA) allowed for relative
quantitation of the sample/analyte removal. Image processing was performed with custom
MATLAB scripts. The fraction of material removed was determined by the background-corrected,

normalized intensity at each pixel, before and after extraction.

4.2.7 CE-ESI-MS analysis

Each cell extract was dried and resuspended in 1 pL of 1% formic acid in liquid
chromatography—MS grade water. CE-ESI-MS was performed as reported previously using a
micrOTOF mass spectrometer (Bruker Daltonics).?” Analyses were conducted in positive ion
mode using a 70.7 cm long CE fused-silica capillary (Polymicro Technologies), a separation

potential of 17 kV, and a sample injection volume of ~15 nL. Extracted ion electropherograms
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were exported using custom scripts in Bruker DataAnalysis version 4.4. Compounds were
identified from the electropherograms by matching the migration order and mass-to-charge (m/z)
values with standards. In MATLAB, each extracted ion electropherogram was baseline-subtracted
and smoothed with a seven point moving average filter. Analyte migration times were aligned to
corresponding analyte migration times in a reference mass electropherogram (al), as shown in
Figure 4.2. The alignment used a linear regression between migration times of a set of amino acids
found in each sample (i.e., glycine, alanine, threonine, leucine/isoleucine, histidine,
phenylalanine). To confirm the presence of dopamine, a standard mix of 10 uM glycine, alanine,
threonine, leucine, histidine, and phenylalanine in 1% formic acid in water was analyzed with a 68

cm long CE capillary at 10 kV with and without the addition of 10 uM dopamine.
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Figure 4.2. Extracted ion electropherograms (EIEs) of compounds utilized for migration time
alignment. (A) The migration time of each signal with a particular m/z value is determined from
the raw EIEs. The migration times are mapped to one sample (a1) to determine a linear regression
between the time scales of reference and additional EIEs. The resulting equation is used to
calculate (B) a new set of aligned migration times.
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4.3 RESULTS AND DISCUSSION

il | i lTl

i 111 1 LAJ

S\V/

Figure 4.3. The liquid microjunction extraction system. (A) The system consists of a syringe
pump (1) to deliver analyte extraction solution (2) through the liquid supply side (3) of the liquid
microjunction probe (B). The position of the sample and manifold are controlled through an xyz
system of linear actuators (4 and 5, y axis not shown). Solution is delivered to the target surface
(C) to extract from target locations before being aspirated through the capillary (6) attached to
the collection chamber (7 and D) held at vacuum. (B) Expanded view of the liquid
microjunction extraction probe. i) The extraction solution is delivered through the inlet capillary
to the outer capillary. Solution aspirated from the surface is drawn through the t-joint to the
collection chamber. ii) The inner capillary is slightly withdrawn from the outer capillary. (C)
Overview of the interaction with the target surface. Several x marks (fiducials) are positioned
around the perimeter of a field of cells to correlate stage positions with optical images. i) The
probe is moved over the top of a cell of interest and lowered to begin extraction. ii) After 60 s,
the probe is retracted and solution continues to flush the capillaries and transfer extracts to the
collection tube. (D) A custom vacuum chamber aspirates extract solution from the surface into
microcentrifuge tubes covered with Parafilm M. The collection carousel accommodates eight
tubes with indexed positions to simplify alignment. i) Parafilm M prevents droplets on the
capillary from transferring between samples but must be open to aspirate the extraction solution.
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4.3.1 Liquid microjunction extraction probe system

As shown in Figure 4.3, the liquid microjunction extraction system consists of a lab-built,
concentric capillary probe coupled to a three-axis linear actuator positioning system. The single-
cell collection setup was designed to transfer cell metabolites from an ITO-coated glass slide into
a 200 puL microcentrifuge tube. The basic operating principle is similar to a liquid microjunction
surface sampling probe except the solution is aspirated by vacuum pressure instead of an
electrospray. The diameters of the probe capillaries were selected to be larger than the diameter of
individual pancreatic cells to ensure complete extraction, prevent clogging, and accommodate the
stage accuracy. The sizes of the inner and outer capillaries were 100 um/170 um and 250 um/350
um in diameter, respectively; the diameter of pancreatic cells is ~10-15 um.*? Sample carryover
may result in cross-contamination of samples; therefore, ~5 mm of the polyimide coating was
thermally removed at the ends of both capillaries.*® Following each sample collection, the probe
was immersed in extraction solution to thoroughly wash out its interior.

The extraction solution consisted of 1:1 methanol/water with 0.5% acetic acid (v/v), which
was previously shown to facilitate
metabolite extraction and detection
with CE-ESI-MS.?’ As shown in

Figure 4.4, a small meniscus forms at

the probe tip during operation. [geEES 100 um

Collections can be performed Figure 4.4. Micrographs of the liquid microjunction
probe. (A) While operating, the extraction solution forms
sequentially without having to open  ameniscus at the probe tip, indicated with a white arrow.
(B) When the probe touches the surface, solution flow
the vacuum chamber. The number of  remains constant, without air entering the capillary. (C)
The inner capillary is withdrawn from the edge of the
collections corresponds to the number  outer capillary by ~50 pum for stable flow.
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lowers the probe to the surface. The  Figure 4.5. Results of CE-ESI-MS analysis on method
blank samples. EIEs are presented with mass channels

software records the z-axis position  used for sample analysis and varying intensity scales.

at the slide surface to enable automatic analyte extraction. The probe position is monitored in real
time with a digital video camera. Next, coordinates from the whole-slide image and linear actuator
positions are correlated with a point-based similarity registration utilizing more than 18 etched
fiducial marks. Choosing a targeted cell on the image activates the motion of the x,y-translation
stage, moving it into position for analyte extraction. The user initiates semiautomatic extractions
by signaling the microMS software with a key press. During extraction, the probe is lowered to
the slide for 60 s and then retracted. Alternatively, analytes from a population of cells may be
sequentially extracted and pooled into a single collection vial. Following either collection scheme,
the probe is returned to the home position and submerged into a reservoir of extraction solution
for 90 s to rinse the probe exterior, flush the inner capillary, and prevent carryover between
samples. As seen in Figure 4.5, blanks acquired from locations adjacent to cells between

extractions contained negligible background signal.
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The cell content collected at each A
coordinate travels from the MALDI sample plate
(e.g., ITO glass slide), through the inner capillary
of the coaxial system, and into one of the
microcentrifuge tubes contained in the vacuum
chamber. Inside the wvacuum chamber, the

microcentrifuge tubes are covered with a thin strip

of Parafilm M to prevent extraction solution from
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without breaking vacuum in the chamber. ) ) )
Figure 4.6. Representative extractions for

determining target localization error.
Target points were positioned around
°C prior to CE_ESI-MS analysis. fiducial marks placed in the center of a
glass slide. (A) Overlay of microscope

o o image with the position of target locations

4.3.2 Determination of target localization error (green) and extraction areas (red). (B) Box
o plot of the accuracies over four trials of

To ensure that each analyte extraction is  fjqycial registration. The registration trial
L ) was the only confounding variable found to

from the expected cell, it is imperative t0  gjgnificantly affect target localization error.

Individual samples were dried and stored at —20

determine the target localization error. Analyte
extraction locations were visualized and characterized by the removal of MALDI matrix from the
sample plate. Image registration of fiducial markers allowed the spatial correlation of requested

target points and realized analyte extraction positions (Figure 4.6).
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A glass slide was etched with 18 fiducial marks for point-based registration, similar to
typical cell extractions. An additional six etched marks were placed within these fiducials to assist
with image registration, as they remain visible after MALDI matrix application and extraction.
Eight target locations were manually placed around each of the six, interior etched marks in pairs
to assess the effect of repeated registrations. The slide was then coated with DHB and placed into
the liquid extraction stage as before. Two users each performed two sets of extractions with 12
targets spread over the six etched marks. This experimental design allowed evaluation of the
influence of the user, registration, and location on the target localization error. Each target was
extracted for 5 s, and the probe was washed for 60 s after each set of 12 extractions.

Following extraction, the sample was imaged again to locate target etched marks and
extraction locations. Extraction centers and diameters were manually annotated. A custom
MATLAB script was utilized to assess the target localization error of each extraction. Regions
surrounding each etched mark were cropped from the whole-slide image. Several locations on each
mark were utilized to overlay the pre- and postgxtr}action images. Iarget Iocqtjgps on j_[he pre-

& A . ¥4 %
extraction image were then mapped to the & - " &

s
postextraction image with the same coordinate |

transformation. The pixel distances between the . -
target and actual positions were scaled to
micrometers. A three-way linear analysis of

variance (ANOVA) was utilized to assess the :

» 250 um

effect of each confounding variable. While the  Figure 4.7. Montage of extraction areas.
) ) Each spot is the result of a 5 s extraction time
operator and target spot location did not  from a DHB-coated microscope slide. The

o _ o extraction profile is roughly circular, with an
significantly influence the target localization  ayerage radius of 206.3 + 1.7 pm.
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error (p = 0.15 and 0.06, respectively), there was a significant effect from performing replicates
with the same sample and images (p = 0.004). This highlights that the accurate determination of
fiducial locations has the largest influence on target localization error. The overall target
localization error was determined as 42.8 + 2.3 um (£SEM, n = 48; range 3.9-88.5 um), which is
well within the average extraction radius of 206.3 £ 1.7 um, as determined by measurement of the
size of the spot of removed DHB from the surface (Figure 4.7). Therefore, it is assumed that each
extraction would contain only the target cell when a cell-to-cell distance filter is set to be larger
than 250 um. This approach ensures that the collection of single-cell samples is free from cross-

contamination by neighboring cells.

4.3.3 Characterization of analyte removal efficiency

3H-angiotensin Il was spotted onto an ITO-coated glass slide to determine the extraction
profile and analyte removal efficiency. Five spots of ~1 pL of 1000 pCi of *H-angiotensin Il in
mGBSS supplemented with 5 mg/mL Fast green were deposited onto the surface of an ITO-coated
glass slide and allowed to dry for 24 h at room temperature (~22 °C). Liquid microjunction
extraction of the radioactive material was performed as described above, with minor adjustments
to minimize the possibility of radioactive contamination of the equipment. To replicate single-cell
extraction conditions, each *H-angiotensin 11 spot was extracted for 60 s. The removal efficiency
was estimated by fitting the two-dimensional distribution to a general Gaussian function, as

described in Table 4.1.
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Table 4.1. Summary of fitting values for determining the fraction of 3H-angiotensin Il removed.
The fraction removed was modeled as a general, two-dimensional Gaussian distribution centered
on each sub-image. The model equation is:

f(x,y) =Aexp (— (a(x —w)? = 2b(x — ) (y — ) +c(y — uy))>

Where A is the fraction removed at the center, e.g., (X,y) = (Ux, Hy) and (ux, Hy) is the
center of the distribution. The variables a,b,c are further defined as:

cos?6@ sin?6

a= +
207 203
_ sin 260 4 sin 260
407 40}
sin?8 cos?6
C =

202 * 203
Where gy, 0,, are the standard deviation of the distribution and & is the rotation in radians.
With the constraints that A € [0,2], py, 1, € [—s,s], oy, 0y € [0,s],0 € [0,2] where s is half

the subregion size, 500 um. Reported values represent the 95% confidence intervals for each
parameter.

Spot A Hx (Hm) Hy (Um) O (radians) ox (Lm) oy (LmM)
1 0.889+0079  15+10 189+79 151+025 884+79  114+10
2 0.91 +0.14 24 +15 9+13  5.08+0.72 77+13 91+ 15
3 0.908 +0.094 4412 35+11  568+090 11512 106 + 11
4 0.904+0.099 0£12 165+9.0 3.04+024  112+12  822+9.0
5 0.92 +0.13 20+ 13 241+89 0.09+0.24 96 + 13 64.9+8.9

Fitting results (Figure 4.8) provide an estimated removal efficiency of 90.6 + 0.6% (Table
4.1). While the extraction efficiency may be dependent on the target analyte, the high removal
efficiency found with angiotensin suggests that the solvent composition and extraction time are
suitable for collecting small and intermediate-sized polar compounds, such as the amino acids. The
extraction footprint was found to be elliptical, with a major diameter of 422 = 21 um and minor
diameter of 335 &+ 27 um. The estimated diameter from optical measurements of DHB removal

falls within the range of the minor and major diameters. The eccentricity of the extraction footprint
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is likely due to imperfect fabrication of the probe tip or stochastic wetting of the rough, matrix-

covered surface.

4.3.4 Profiles of small molecules

CE-ESI-MS complements MALDI-MS analyses by identifying small molecules from a

single cell. We present example extracted ion electropherograms with corresponding MALDI mass

spectra in Figure 4.9. All collected electropherograms and corresponding MALDI mass spectra

are provided in Figure 4.11.

Detected compounds include the majority of the proteinogenic amino acids, precursor

molecules, and endocrine signaling molecules. In contrast to characteristic peptide signatures, no

obvious differences were found between a and B cells in their metabolite profiles. However,

A O O O O O e
1
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Figure 4.8. Measurement of removal efficiency
of 3H-angiotensin. A phosphorimager was
utilized to measure angiotensin distributions
pre- and post-extraction, shown in panels A and
B, respectively. (C) Sample analysis of the left-
most spot. Subregions surrounding each
extraction (i and ii) are utilized to determine the
distribution of the fraction of radioactivity
removed (iii). The distribution is fit to a general
two-dimensional Gaussian (iv) to determine the
fraction removed. Residuals of the fit (v) are
nonstructured, indicating the model is
appropriate. (D-H) Complete set of subregions and
Gaussian fits for determination of analyte removal
efficiency using Phosphorimager scans of 3H-
angiotensin Il samples. Each column of images
corresponds to a single extraction from spot #1 (left)
to #5 (right), with the columns representing the data
from the various spot images. (A) Normalized
intensity distribution prior to extraction. (B) Same
region after extraction. (C) Background-corrected,
fraction-removed signal intensity. (D) Two-
dimensional Gaussian fit of image in (C). (E)
Absolute, residual signal intensity scaled the same as
(C). All scale bars are 500 pm.
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Figure 4.9. Single pancreatic islet cell analysis using MALDI-MS and CE-ESI-MS interfaced
with the off-line liquid microjunction extraction system. (A) Representative single-cell MALDI-
MS profiles of single a and B cells. (B) Corresponding CE-ESI-MS extracted ion
electropherograms of the same cells showing signals of amino acids with high intensities and
(C) signals of amino acids with lower signal intensities.

increasing the number of replicates and performing quantitative measurements (e.g., including a
labeled standard for metabolites of interest) may allow identification of subtle heterogeneity
between each population. Improvements in CE-ESI-MS sensitivity would facilitate detection of
minor metabolites. An interesting observation was the presence of dopamine in all a and B cells
(Figure 4.10). Previously, endogenous dopamine has been detected in single islets via an enzyme-
linked immunosorbent assay (ELISA) assay,* but to our knowledge, not in single cells. B cells are
known to have the required enzymes for synthesis, metabolism, and storage of dopamine, such as

tyrosine hydroxylase** and vesicular monoamine transporter type 2;% thus, it is generally accepted
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that dopamine is produced in B cells.*® Dopamine within a cells is less studied, and whether
dopamine is endogenous to a cells has not yet been investigated. We report direct detection of
dopamine in single a and B cells, illustrating the unique capabilities of the presented methodology

and small-scale analyses.
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Figure 4.10. Extracted ion electropherograms for m/z 154.09 + 0.01. The peak with m/z and
migration time matching dopamine standard is shaded in each electropherogram: (A) a cells;
(B) B cells. Dopamine was detectable in every cell analyzed. The peak at ~16 min is attributed
to sodiated leucine. Single-cell samples analyzed with technical replicates are annotated with
decimals, e.g., a6.1. (C) EIEs for dopamine and amino acid standards compared with extracted
ion electropherograms obtained from a-cell #1. Signal intensities of all ions are normalized to
the signal intensity of phenylalanine in each sample. The peak with migration time at ~12 min
is identified as dopamine.

4.4 CONCLUSIONS

We developed a semiautomated method that couples high-throughput single-cell chemical
profiling with MALDI-MS, followed by in-depth analyses of representative cellular types with
CE-ESI-MS metabolomics. The approach leverages the low sample consumption of MALDI-MS,

which enables the follow-up analysis of the same sample by CE-ESI-MS. By hyphenating the two
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methods, we identified cell types by their peptide profiles, and detected most amino acids and the
signaling molecule dopamine, a difficult task for either technique alone. While pancreatic islet cell
types were the focus of this study, the methodology is suitable for a broad range of single-cell
analyses of dissociated tissues. Future work will leverage the unique capabilities to examine

heterogeneity within the nervous and endocrine systems.
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4.5. COMPILED RESULTS OF MALDI-MS AND CE-ESI-MS ANALYSIS
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Figure 4.11. Results of single cell MALDI-MS and CE-ESI-MS analysis. MALDI mass
spectra and corresponding extracted ion electropherograms (EIES) are presented for each of
the presented cells. (A) Single cell MALDI mass spectra, (B) EIEs for amino acids with high
signal intensity, (C) EIEs for amino acids with lower signal intensity, and (D) EIEs for
selected metabolites and background signals. The cell identities are displayed in panel (A)
and match the annotated points in Figure 1 of the main text. In the following panels, each cell
assayed is given a number; for some, technical replicates of CE-ESI-MS, where cell extracts
were analyzed repeatedly, are indicated as decimals after the cell identity, e.g., a6.1 and 06.2.
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CHAPTER 5: HYPHENATION OF IMMUNOCYTOCHEMICAL CELL-TYPE
IDENTIFICATION AND CE-ESI-MS CHEMICAL PROFILING
This work was performed in collaboration with Dr. Joanna F. Ellis, Dr. Elizabeth K.
Neumann, Prof. Stanislav S. Rubakhin, and Prof. Jonathan V. Sweedler. M.C.P performed
extractions, CE-ESI-MS, and data analysis. J.F.E. performed optical imaging, cell-finding with
microMS, immunostaining, and wrote MATLAB scripts for data visualization and statistical
analysis of data sets. E.K.N performed optical imaging, cell-finding, MALDI-FT-ICR-MS, and
immunostaining for section 5.3.3. S.S.R. prepared rat brain samples. This work was supported by

the American Diabetes Association Award # 1-18-VVSN-19.

5.1 INTRODUCTION

Cell type classification is crucial to single cell analysis — without knowing the identity of a
cell of interest, correlating chemical profiles to biological function becomes extremely difficult.
This difficulty is compounded as we move toward study of diminishingly small samples, such as
single cells. Great strides have been made in single cell analysis and classification, especially in
the realm of transcriptomics'—but only recently has the field been explored using mass
spectrometry (MS).%3

Cell types are in many ways as diverse as the models from which we collect the cells. When
selecting a target for single cell analysis, the ease of collecting and classifying the cell of interest
can be as important a consideration as the biological question one wishes to answer. Cell size,
accessibility, and confident identification are among some of the challenges one must address
when choosing and preparing samples.

Many single cell analysis approaches circumvent these challenges by thoughtfully

choosing a model in which the cells are relatively easy to identify. In several neurological models,
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such as the mollusk Aplysia californica, the electrophysiology of many cells in the nervous system
are well-characterized.* Many of the neurons are also large enough to be identified visually based
on size and location.® Patch-clamp electrophysiology has also been used to identify cells in rodent
models for cell type identification prior to chemical analysis.® The developmental model Xenopus
laevis is another excellent option for single cell chemical analysis because the cells within the
embryo are transparent and large (on the order of millimeters). The development of X. laevis is
well-characterized — each cell in the embryo (which conveniently and predictably differ in color)
has a distinct cell fate that can be followed through development.’s

In these instances, whether identifying a cell visually or by patch-clamp electrophysiology,
the cell can be identified and collected without loss of chemical content. Of course, not all cell
types can be classified visually or with lossless analysis techniques. For most cell type
classifications, two methods are the gold-standard in identifying and classifying cells:
immunocytochemistry (ICC) and transcriptomics, the latter of which is covered in more detail in
Chapter 6.

Immunochemistry is a powerful tool for cell type classification — the antibody targets and
fluorescence microscopy detection results in highly specific and sensitive cell identification.®
Antibodies are versatile for chemical detection and enables targeting of many molecules that can
distinguish cell types.’® Though useful for classification, ICC can detect at most only a few
analytes in one experiment. To pair ICC with an untargeted chemically profiling approach would
enable the correlation of observed heterogeneity with canonical cell types and possibly the
discovery of new cell subtypes.

The process of most ICC experiments, however, precludes MS analysis because tissue must

be fixed before antibody incubation. Fixation crosslinks proteins and peptides and permeabilizes
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the tissue, causing leeching of small molecules.!* Thus, proteomics, peptidomics, and
metabolomics are difficult to perform following the procedure, though it has been accomplished
in a few cases.*? An ideal hyphenation would perform chemical profiling prior to or simultaneously
with ICC.

Our group successfully performed ICC following MALDI-MS analysis.? Our goal in this
study is to expand this type of hyphenation with solution-phase chemical profiling. Here, we
present a method which enables hyphenation of ICC cell-type classification with capillary
electrophoresis—electrospray ionization-MS (CE-ESI-MS) chemical profiling using the liquid

microjunction (LMJ) extraction probe presented in Chapter 4.

5.2 EXPERIMENTAL

5.2.1 Chemicals

2,5-dihydroxybenzoic acid (DHB), bovine serum albumin (BSA), Tween 20, and ethanol
were purchased from MilliporeSigma (St. Louis, MO). 4% paraformaldehyde (PFA) in phosphate
buffered solution (PBS) was purchased from Affymetrix (Santa Clara, CA). Anti-GFAP (mouse
MAB360) and anti-NF-L chain (rabbit AB9568) were purchased from EMD Millipore (Billerica,
MA). Daylight 550 secondary antibody (goat anti-mouse) was purchased from Thermo Scientific
(Hudson, NH). Alex Fluor 488 secondary antibody (goat anti-rabbit), PBS, Hoechst 33342, and
10% normal goat serum were purchased from Life Technologies (Gaithersburg, MD).

Solvents for CE-ESI-MS analysis were purchased from Honeywell (Charlotte, NC). All
remaining chemicals, including formic acid and metabolite standards, were purchased from Sigma-

Aldrich (St. Louis, MO).
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5.2.2 Isolation of biological samples

All procedures related to animal handling and euthanasia were performed in accordance
with approved by the Illinois Institutional Animal Care and Use Committee protocol as well as
local, state, and federal regulations. 2.5-3 month-old Sprague-Dawley outbred male rats (Charles
Rivers Laboratories, Wilmington, MA) were euthanized using slow asphyxiation with CO..
Animal blood was partially removed by brief transcardial perfusion with 60 ml of ice cold mGBSS
containing (in mM): 1.5 CaCly, 4.9 KCI, 0.2 KH2POg4, 11 MgCl,, 0.3 MgSOs, 138 NaCl, 27.7
NaHCOs, and 0.8 Na;HPO4, and 25 HEPES, pH 7.2. The hippocampal area was surgically
dissected and placed in equilibrated with 95% 02:5%CO; solution containing 20 units/ml papain
and 0.005% DNase (papain dissociation system LK003150, Worthington Biochemical, Lakewood,
NJ). 2 hours treatment of tissues at 34° C under 95% 02:5%CO, atmosphere followed. Tissues
were mechanically dissociated after several washes with mGBSS. Cells were plated onto ITO glass
slides in droplets of mGBSS and incubated for 10-20 min. Samples were washed with 33%
glycerol in mGBSS with aspiration of most of solution. Boxes filled with nitrogen gas were used

as storage of the samples at 23° C until use.

5.2.3 Slide preparation and liquid microjunction extraction

Dissociated tissue was dispersed onto glass slides as described in Chapter 3. Briefly, glass
slides were prepared for optically guided single-cell profiling by marking the perimeter of
dissociated cells with ~20 fiducial marks. The locations of fiducials and cells were determined by
whole-slide bright-field and fluorescence microscopy using an Axio Imager M2 (Carl Zeiss, Jena,
Germany). Images were acquired with a 10x objective and tiled to cover the entire region of
interest. Florescence imaging of Hoechst 33342 utilized an X-CITE 120 mercury lamp (Lumen

Dynamics, Mississauga, Canada) and a 31000v2 DAPI filter set (Chroma Technology, Irvine, CA).
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The liquid microjunction extraction probe described in Chapter 3 was used for extraction
of prepared single cells.*®* Modifications of the protocol included an increase in the length of the
outer coaxial capillary to 3.5 cm, increase of the extraction solution flow rate to 2 uL/min, and an
increase in the aspiration vacuum to 12-15 in Hg. Samples collected by the probe were dried using
a Mi-Vac sample concentrator (SP Scientific, Warminster, PA) and stored at —20 °C prior to CE—
ESI-MS analysis. The slide was promptly removed after extraction for immunocytochemical

staining.

5.2.4 Immunocytochemistry

ICC was performed as described previously.? After extraction, cells were fixed in
paraformaldehyde for 10 min followed by a 3 min wash in PBS buffer. The slides were then
incubated in a blocking buffer (50 mg/mL BSA, 10% (v/v) goat serum, and 0.5% (v/v) Tween-20
in PBS), followed by another 3 min PBS rinse. Antibody controls were isolated with a hydrophobic
pen. Fixed cells were immunostained with primary antibodies against GFAP for neurons and/or
NF-L for astrocytes for 2 d at 4 °C in antibody buffer (1% BSA and 0.5% Tween-20 in PBS;
1:1000 dilution of each antibody). Cells were then stained over another 2-d incubation period with
fluorescently labelled secondary antibodies in antibody buffer at 1:100 dilution. Slides were
washed in PBS three times for 3 min after each antibody incubation. Stained samples were imaged

using the Axio M2 imager as described above.
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5.2.5 CE-ESI-MS profiling

Each cell extract was dried and resuspended in 1 uL of 1% formic acid in liquid
chromatography—MS grade water containing 1 uM of a quinine internal standard (for
hydrodynamic injection), or 10 uL of a 0.1 pM quinine in 90% methanol, 0.01% formic acid
solution (for electrokinetic injections). CE-ESI-MS was performed as reported previously using a
maXis Qq-TOF-MS/MSmass spectrometer (Bruker Daltonics).'** Analyses were conducted in
positive ion mode using a 72.6 cm long CE fused-silica capillary (Polymicro Technologies) and a
separation potential of 20 kV. Two injections types were performed, hydrodynamic and
electrokinetic. Hydrodynamic injection was performed by raising the injection platform 13 cm for
90 s and injects ~ 10 nL of material. Electrokinetic injection was performed as described later in
Chapter 7, with field-amplified sample injection (FASI), by applying 20 kV of high voltage for 30
s. Extracted ion electropherograms were exported using custom scripts in Bruker DataAnalysis

version 4.4. Compounds were identified as described previously.™

5.3 RESULTS AND DISCUSSION

5.3.1 Immunocytochemistry following extraction

Prior to performing metabolite profiling, we needed to ensure that enough cell material
remained on the slide after extraction to immunostain. Single cells from rat hippocampal tissue
dispersed onto a microscope slide were extracted using the LMJ probe. The slide was then
immediate immunostained to assess whether immunostaining was successful and to confirm that

extraction did not dislocate the cells.
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Bright field and fluorescence images were taken before and after LMJ extraction and
immunostaining (Figure 5.1). The images show that the cells remained in place after extraction
and immunostaining — we can confidently assume that we are analyzing the same cell in each
analysis. We also get clear immunostaining of astrocytes after extraction. The extraction solution,
50% methanol, 0.5% acetic acid in water, extracts mobile metabolites via diffusion of soluble
analytes. This method of extraction is relatively gentle and preserves the structural integrity of the
cell. We hypothesize that what remains is the lipid membrane, transmembrane proteins, and
insoluble structural proteins. The success of a post-extraction ICC experiment depends upon the

extraction solution used and the selection of a structural or transmembrane marker.

5.3.2 Hyphenating ICC to CE-ESI-MS

Before extraction §C

GFAP after —_—

Hoechst after ___

: Overlaid
* After extraction

Figure 5.1. Immunostaining of rat hippocampal astrocytes before and after extraction. Cells
were stained with nuclear dye Hoechst 33342 (blue) and imaged for registration of cell
locations. Following extraction, cells were immunostained for GFAP (red) and imaged again.
(A) Hoechst 33342 before extraction. (B) Hoechst 33342 and GFAP after extraction. (C)
GFAP and Hoechst 33342 staining separately after extraction, and brightfield image of the
same cell before extraction. (D) overlaid image of images in C, demonstrating that cells are
not dislocated during extraction or immunostaining. Scale bar denotes 10 pm.
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We performed LMJ extraction of single cells as described previously.®® After tissue
dissociation and staining with Hoechst 33342, cells were subject to a 250 um distance filter in
microMS, then manually selected for shape and size quality and visual similarity to astrocytes (a
star-like shape with radial processes) or neurons (a linear shape with bidirectional processes). We
modified the LMJ probe to have a 3.5 cm outer capillary, which provided more give to the capillary
when positioning the probe to contact the slide. The flow rate and vacuum aspiration were
increased to maximize extraction of content from the cells.

We experimented with CE-ESI-MS protocols to maximize signal from the single cell
content. We performed both hydrodynamic injections and electrokinetic injections. Electrokinetic
injections (which additionally employed field-amplified sample stacking as described in Chapter
7) were performed to increase signal, but this method biases injection toward more highly charged
metabolites and can cause unwanted chemistries where sample buffer contacts the stainless-steel
injection vials. With this method it is also prohibitively difficult to calculate the absolute amount
of each metabolite injected. Though hydrodynamic injection does not bias injection of material,
less material is injected overall, limiting signal. We noted that, unlike experiments performed on
single cells from pancreatic islets of Langerhans,*® signal of even common metabolite such as
amino acids was limited with hydrodynamic injection (Figure 5.2). We hypothesize that this is due
to the smaller size of the cells, where even a few pm difference in diameter (as is the case between
islet cells and cerebral cells) amounts to an order of magnitude difference in volume and total cell
material.

From the samples with which we performed FASI, we detected approximately 50

metabolites per cell, whereas with hydrodynamic injection we detected half as many metabolites
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Figure 5.2. Representative electropherograms of single cell
samples. (A) A cell analyzed with FASI injection. Though many
metabolites were detected, separation was poor, with many coeluting
peaks. (B) A cell analyzed with FASI injection. A similar number of
analytes was detected with better separation. (C) A cell analyzed
with hydrodynamic injection. About half as many metabolites were
detected, and with much poorer signal. (D) A blank collected from a
clean portion of the microscope slide. The presence of some
metabolites indicate contamination; however, cell samples produced
more metabolites with higher signal.

with lower signal. However, we confirmed via both injection methods that we successfully
extracted metabolite content from single cells by comparing electropherograms with blanks.
Though some metabolites signals appear in the blanks, we detected multiple metabolites that did
not appear in the blanks, such as the amino acids arginine, valine, serine, leucine/isoleucine,
threonine, phenylalanine, tyrosine, proline, and glutamic acid, which we expect to appear in every

cell.

110



We experience several issues when applying FASI to this system, despite the signal
enhancement. As demonstrated in Figures 5.2A and 5.2B, we could not consistently separate
metabolites under high voltage. We also observed band broadening and poor peak shapes for some
metabolites, possibly due to salt interference. Further work is being performed in the Sweedler lab
to improve the use of FASI for this application and adapt the method to an automated

microfabricated instrument.

Immunostaining

single Cell Optical Optically Guided | __ [ Liquid Microjunction of slide
Isolation Microscopy MALDI-MS Extraction CE-ESI-MS
of Extracts

Scheme 5.1. Overview of the hyphenation of MALDI-MS, CE-ESI-MS, and ICC. Rat cerebral
tissue was dissected and dissociated onto an ITO-coated glass slide. MALDI-MS is used to
assay the lipid profile of individual cells. The liquid microjunction probe collects cell contents
from specified locations on the ITO-coated glass slide for follow-up CE-ESI-MS analysis and
simultaneous ICC for astrocytes and neurons.

5.3.3 Incorporating MALDI-MS analysis

Incorporating MALDI-MS into the LMJ workflow for ICC is straightforward as MALDI-
MS and LMJ hyphenation was previously established as described in Chapter 4, and MALDI-MS
and immunostaining have been performed on the same samples in previous work.? In this case, we
demonstrated the method presented in Scheme 5.1 as a successful hyphenation of MALDI-MS,
CE-ESI-MS, and ICC for analysis of the same single cell.

The results are presented in Figure 5.3, where a single rat hippocampal neuron was profiled
for lipids using Fourier transform-ion cyclotron resonance (FT-ICR)-MS, profiled for metabolites

with CE-ESI-MS, and immunostained for NF-L with ICC.
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Figure 5.3. Representative results from analysis of a single rat cerebral neuron
with hyphenated MALDI-MS, CE-ESI-MS, and immunocytochemistry. (A)
Fluorescence image of cell stained with NF-L, a neuron marker. (B) CE-ESI-
MS metabolite profile. (C) High-resolution MALDI-FT-ICR-MS profiling of
lipids performed prior to LMJ extraction. Arrow indicates zoomed profile of
762.6221 m/z peak, likely a phosphatidylcholine, illustrating high mass
resolution of 240,000. Scale bar denotes 10 pum.

5.4 CONCLUSIONS

We have successfully applied the liquid microjunction extraction probe to the extraction of
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single rat cerebral cells and demonstrated our ability to hyphenate CE-ESI-MS, MALDI-MS, and
immunocytochemistry on the same single cell. Introducing ICC into mass spectrometry
experiments enables positive cell type classification in biological analyses, which widens pool of
model systems for chemical analysis to those for which the standard of cell type identification and
classification is destructive, such as ICC. Comparing the profiles of astrocytes and neurons will
lead to insight into the differing functions of these neighboring cell types. Importantly, this
technology will enable further exploration into astrocyte heterogeneity and their biological role
beyond serving as support for neurons. This work is still ongoing with continuing members of the

Sweedler lab who will optimize the analysis conditions for successful FASI and increase




throughput for CE—ESI-MS analysis with a commercial instrument. This technology will enable

investigation into the interplay between biological and chemical function in single cells.
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CHAPTER 6: LIQUID MICROJUNCTION EXTRACTION OF RNA FOR MASS
SPECTROMETRY AND TRANSCRIPTOMICS ANALYSIS
The work in this chapter was done in collaboration with Dr. Kevin D. Clark. M.C.P.
developed the biphasic extraction modification and initial extraction protocol. K.D.C. prepared A.
californica samples, optimized extraction for RNA isolation, and performed subsequent chemical
analyses including spectrophotometry and LC-MS. This work was supported by the American
Diabetes Association Award # 1-18-VSN-19 and the National Institute on Drug Abuse Award #

P30 DA018310.

6.1 INTRODUCTION

Besides immunochemistry, transcriptomics has become a gold-standard technique for cell
type classification and identification.! Not only does transcriptomics not require cell fixation, it is
capable of profiling thousands of transcripts to build multidimensional cell-type classification as
opposed to basing identification on at most a handful of antibody targets. Performing orthogonal
transcriptomics with mass spectrometry (MS)-based chemical measurements can expand our
ability to probe biochemical pathways by connecting genetic data with metabolic profiles, which
has been previously demonstrated by the Sweedler group in bulk analyses.? Scaling these
measurements to the single cell level will yield more detailed information on cellular heterogeneity
and enable correlation of transcriptional changes to cellular neurochemistry.

The scope of RNA analysis extends beyond transcriptomics. An expanding field of study
is interested in exploring modified nucleic acids, which do not change DNA or RNA sequences
but do play a significant role in the biochemical function of nucleic acids.® Well-known and
characterized examples of DNA chemical modifications include cysteine methylation, for

instance, which contributes to gene expression.* However, more than 150 nucleic acid
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modifications in DNA and RNA are known to exist, and the number continues to grow.®> Chemical
modification are not often characterized with traditional amplification-based techniques for
nucleic acid analysis (though some features of nucleic acid amplification have been smartly
utilized to detect individual modifications®), so attention has turned to MS as a label-free strategy
to profile many nucleic acid modifications in a single experiment.>"# We are interested in using
liquid chromatography (LC)-MS analysis to study RNA nucleoside modifications in small volume
samples and single cells. These small samples pose an interesting analytical challenge in sample
preparation and RNA extraction. The methods presented here will also serve as a useful strategy
to apply orthogonal transcriptomics to single cell chemical analyses.

Isolation of RNA from biological samples is typically accomplished using a series of liquid
processing and extraction steps. The most common liquid-liquid extraction (LLE) protocol for
RNA employs a phase separation between an aqueous and organic phase.® Specifically, RNA is
suspended in an aqueous solution with TRIzol (a phenol-based reagent) and guanidine
hydrochloride, which solubilizes biological material and halts enzymatic activity through protein
denaturization.'® Upon the addition of chloroform, RNA remains in the aqueous phase, protein is
extracted into the organic phase, and DNA accumulates at the interface. These liquid
manipulations typically occur on the milliliter-scale for analysis of bulk samples (tissues or
biological fluids, for example). Sample loss during LLE is expected and negligible in most cases
with such large sample volumes — whereas sample loss becomes a significant challenge when
scaling down to single cells and other small volume samples.

Adapting an LLE protocol to a liquid microjunction (LMJ) extraction procedure benefits
small volume analyses of RNA two-fold: first, a simultaneous biphasic extraction will reduce the

number of pre-processing steps and thus reduce sample loss, and second, semi-automation of the
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extraction procedure will streamline the otherwise burdensome task of isolating and processing

single cell and small volume samples. With these goals in mind, we developed a biphasic

extraction protocol for the LMJ probe, which we applied to RNA extraction from buccal ganglia

from Aplysia californica.

6.2 DESIGN OF BIPHASIC LIQUID MICROJUNCTION EXTRACTION PROBE FOR RNA

The LMJ probe was operated as described previously*' with modifications described in

Chapter 5 and an additional modification designed for biphasic extraction with an aqueous and

organic phase. The modification uses an IDEX MicroTee fluidic connection (IDEX Health &

Science, Part # P-890) to combine the aqueous and organic phases into a single fluid line into the

LMJ probe (Figure 6.1A). Using the same syringe pump, differing syringe sizes can be used to

Organic

To vacuum

Figure 6.1. Biphasic extraction diagram. The LMJ
probe operates as described previously,'! with the
addition of (A) modification to LMJ system which
enables biphasic extraction. The two extraction
phases are pumped via syringe into a T-junction,
where they combine to flow into the LMJ probe for
extraction. The phases exhibit laminar flow and do
not combine. (B) Diagram illustrating flow profile at
probe tip, where both phases extract from the sample
simultaneously and experience slight mixing due to
vacuum aspiration.
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adjust phase proportions (eg. a 1 mL
syringe for aqueous and a 0.5 mL
syringe for organic to achieve a 2:1
ratio of aqueous to organic).

The flow profile of two joining
solutions via a T-junction is
laminar*?*® and thus unlikely to mix to
any significant degree within the LMJ
system. Slight mixing will occur at the
probe tip, where both phases will
interact with the sample
simultaneously (Figure 6.1B). This

coinciding contact with the sample will
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(b) dissolves RNA, (c) halts enzymatic activity, (d) does not clog the probe, (e) is UV-transparent,

and (f) is compatible with LC-MS analysis. Results are presented in Table 6.1, in which a 10%

Table 6.1. Investigation of RNA extraction solvents. All extractions were
performed with a 1:1 ratio of aqueous phase to chloroform.  Not applicable due to
capillary clogging, ® No RNA detected by Nanodrop UV spectrophotometry.

tRNA recovered % tRNA Extractions
Solvent (1g) Recovery carryover before clogging
6 M GuHCI na? na na? 0
1 M GuHCI na? na na? 0
Milli Q water, 51+£0.4 37.8+2.8 nd® >9
10% MeOH 4.2+0.6 31.1+4.4 nd® >9
20% MeOH 2.7+0.8 20+5.9 0.3+0.4 >9
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methanol solution adequately denatured proteins while extracting an optimal amount of RNA

without clogging the capillaries or causing sample carryover between extractions.

6.3 LC-MS ANALYSIS OF NEURONAL CELL CLUSTERS

6.3.1 Experimental

A. californica weighing ~150g were purchased from the National Institutes of
Health/University of Miami National Resource for Aplysia and maintained at 14 °C in an aquarium
filled with Instant Ocean (Aquarium Systems Inc.). Before being dissected, animals were injected
(40% volume/body weight) with a solution of 74 g/L MgCl,-6H>0 to anesthetize, after which the
buccal ganglia were dissected. One ganglion was reserved for conventional LLE and one buccal
ganglion was deposited on a microscope slide. Spots for LMJ extraction were manually selected.
Conventional LLE was performed as directed in the user guide of Invitrogen TRIzol Reagent
(Catalog Numbers 15596026 and 15596018).

For extraction, two 1 mL syringes were filled with 10% methanol and chloroform,
respectively, and delivered into fused silica capillaries at a rate of 1.5 pL/min using a syringe
pump. Flow of the immiscible solvents was directed into the LMJ probe as described in Chapter
5. Vacuum pressure of ca. 10-16 in Hg was drawn through the inner capillary to aspirate the
extraction solvents into a collection tube. Samples were extracted for 120 s then washed for 30s
with 10% methanol. Collected RNA was quantified usinga NanoDrop UV spectrophotometer and
subsequently digested for LC-MS analysis.

LC was carried out on an Ultimate 3000 Nano-RSLC system (Thermo Fisher Scientific)
coupled to a Bruker Impact quadrupole time-of-flight mass spectrometer operated in positive

ionization mode.
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6.3.2 Results and Discussion

The developed LMJ extraction protocol was compared to conventional LLE protocol for
RNA extraction from buccal ganglia from A. californica. The methods were evaluated on their
ability to extract and detect RNA modifications. Preliminary results from the comparative LC-MS
analyses are presented in Figure 6.3. Not only does the LMJ extraction protocol successfully
extract suitable amounts of modified RNA for LC-MS analysis, it appears to result in extraction
of a greater number of detectable RNA modifications. The conventional LLE protocol used
resulted in the detection of unmodified nucleosides and 2 + 0 modified nucleosides across 6

samples. The LMJ extraction demonstrated detection of unmodified nucleosides and 6 + 1

buccal ganglion
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Figure 6.3. LC-MS analysis of RNA extracts from A. californica buccal ganglia using
conventional liquid-liquid extraction and liquid microjunction extraction. LMJ extraction
produced a greater number of identified RNA modifications.
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modified nucleosides across the same 6 samples,
all with a comparatively higher signal-to-noise
ratio. Specifically, the LMJ extraction enabled
detection of three different methylated adenosine
bases and one methylated guanosine that were not
detected using conventional LLE. The increased
S/N for all detected RNA bases implies that this
method will work well for smaller samples such as
single cells. The amount of extracted RNA is
suitable for tandem MS analysis of these detected
nucleosides (Figure 6.4), enabling confident

assignment of structures especially for isomeric

modified RNA bases.

6.4 CONCLUSIONS

We have developed a biphasic protocol for
extraction of RNA from small volume samples for
subsequent LC-MS analysis using our liquid
extraction have

microjunction system. We
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Figure 6.4. Representative MS/MS spectra
of 3 modified nucleosides. (A) MS? of 1-
methyladenosine (m!A), observed parent
mass m/z 282.1240, mass error = 13.5 ppm.
(B) MS? of inosine, observed parent mass
m/z 269.0925, mass error = 14.5 ppm. (C)
MS?  of 2’-O-methyladenosine  (Am),
observed parent mass observed m/z
282.1257, mass error = 20.2 ppm.

demonstrated our protocol to achieve superior detection ability of modified nucleosides compared

to conventional liquid-liquid extraction from A. californica buccal ganglia. This protocol will be

used to study and quantify biologically and functionally relevant RNA modifications in animal

models, eventually scaling the protocol to single cell samples. The tree-fold increase in detected

modified RNA bases demonstrates the importance of using an optimized sampling approach.
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Preliminary experiments have also shown the collected samples to be suitable for
polymerase chain reaction (PCR) amplification of the extracts (data not shown), which is a
promising sign of this method’s applicability to transcriptomic analysis. These experiments are
being passed on to future group members in collaboration with the Eberwine laboratory; these
early experiments demonstrate the utility of the LMJ probe in hyphenating MALDI-MS to
transcriptomics on the same cells. The overarching goal of this work is to correlate transcriptomics
to peptide, protein, and metabolite profiles. Our use of the LMJ device across multiple extraction
protocols and for varying biomolecules demonstrates this technology’s potential for more

streamlined, user-friendly, and orthogonal chemical analyses of small volume samples.
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CHAPTER 7: ENHANCED SIGNAL IN SINGLE CELL CE-ESI-MS METABOLOMICS
WITH FIELD AMPLIFIED SAMPLE INJECTION

This chapter is adapted with permission from an original research article published in
Analytica Chimica Acta, 2020, DOI: 10.1016/j.aca.2020.04.028 with coauthors H.W. Liao, S.S.
Rubakhin, and J.V. Sweedler. H.W.L. performed most of the conceptualization, experimental
work, and data analysis. M.C.P. contributed to development of the methodology, data analysis,
and data presentation. S.S.R. performed biological sample isolation and preparation. Funding was
provided by the National Science Foundation by Award No. CHE-1606791 and the National
Institute on Drug Abuse by Award No. P30 DA018310. This study was also supported by the
Ministry of Science and Technology of Taiwan (MOST 106-2917-1-564-054). The National

Resource for Aplysia (Miami, FL) is funded by PHS grant No. P40 OD010952.

7.1 INTRODUCTION

Despite significant advances in single cell chemical analysis, signal enhancement remains
a challenge. In single cell metabolomics with CE-ESI-MS, improved signal will provide more
molecular features, greater ability to identify metabolites, and improved quantitation of low-
abundance metabolites. Though CE-ESI-MS is a powerful and sensitive analytical technique,
some figures of merit are limited by MS detection. CE with different detection strategies, such as
laser-induced fluorescence (LIF) and electrochemical detection, tend to be more versatile in
employing various separation conditions. As an example, surfactants are often used in CE to adjust
separation between analytes.** Such strategies preclude MS detection as surfactants often impede
ESI performance, contaminate MS sample inlets, and have even been known to damage mass

spectrometers.
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CE analyses often employ on-line sample concentration for signal enhancement, including
pH junctions,®® sweeping,'® isotachophoresis,’’ and the combination of different on-line
concentration methods.'® Stacking is an approach that utilizes the difference of an analyte’s
electrophoretic velocities in different environments, leading to its accumulation at the boundary of
the sample matrix and a separation buffer.'® With the optimization of the conductivities of sample
matrix and buffer, analytes can be stacked, resulting in improved detection sensitivity.?® Large
volume sample stacking (LVSS) and field amplified sample injection (FASI) are two common
techniques used in CE.?! Sensitivity enhancements of 100-fold have been reported with LVSS CE—
ESI-MS,?? and it has successfully been applied to both untargeted and targeted single-cell
metabolomics.??* FASI has also demonstrated similar enhancements up to 1000-fold?* and has
been previously applied with CE-ESI-MS for targeted analysis.?

Here we report efficient and sensitive FASI CE-MS, sample desalting, and low-volume
manipulations that combine to optimize the measurements of single-cell metabolites. The
described approach successfully addresses several classic FASI-associated issues, including salt
interference, leading to migration time shifts and analyte competition during sample loading. To
demonstrate the capabilities of the FASI CE-MS approach, metabolites in small pleural sensory

neurons of the sea slug Aplysia californica have been detected, characterized, and quantified.

7.2 EXPERIMENTAL

7.2.1 Chemicals
Stock solutions (25-100 mM) of metabolite standards were prepared using LC-MS grade
water and methanol and stored at —20 °C until use. Most chemicals were purchased from

MilliporeSigma (St. Louis, MO) unless otherwise specified. Methanol, isopropanol, formic acid
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(FA), and acetonitrile (ACN) were obtained from Thermo Fisher Scientific (Waltham, MA).

Sample extracts were kept in polymerase chain reaction tubes from MidSci (St. Louis, MO).

7.2.2 Animals and single-neuron isolation

Adult Aplysia californica (180-250 g) were purchased from the National Resource for
Aplysia (Rosenstiel School of Marine & Atmospheric Science, University of Miami, FL), and kept
at 14 °C in continuously circulated and aerated aquarium filled with sea water prepared in house
using Instant Ocean Sea Salt (Instant Ocean Spectrum Brands, Blacksburg, VA). Before
dissection, animals were anesthetized by injecting 390 mM MgCl. solution into the vascular
cavity. The injection volume of the MgCl> solution was equal to approximately one-third of each
animal’s body weight. The central nervous system was surgically isolated and placed into artificial
seawater (ASW) comprising: 460 mM NaCl, 10 mM KCI, 10 mM CaClz, 22 mM MgCl, 26 mM
MgSOg, and 10 mM 4-(2-hydroxyethyl)-1-piperazineethane-sulfonic acid, and supplemented with
100 U/mL penicillin G, 100 pg/mL streptomycin and 100 pg/mL gentamicin, pH 7.8. Ganglia and
adjacent nerves were dissected and treated in 1% protease type IX in ASW-antibiotic solution for
60-100 min (depending on animal size) at 34 °C. After treatment and wash in fresh ASW-
antibiotic solution, the sensory neurons were manually isolated from the pleural ganglia using
sharp tungsten needles (World Precision Instruments, Inc., Sarasota, FL). The isolated single
neurons were quickly (2-5 s) washed with deionized water to minimize transfer of extracellular
inorganic salts from the ASW into final samples. Washed single neurons were placed into 10 uL.
of methanol to facilitate analyte extraction and quench enzymatic processes occurring ex vivo. The
samples were stored in the solution at —20 °C until analysis. Before analysis, the samples were
dried in a SpeedVac vacuum concentrator (Genevac, Ipswich, Suffolk, UK) and resuspended in 50

pL of a mixture containing isopropanol and ACN (0.8:0.2, v:v) providing analyte solubilization as
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well as further extraction of metabolites. The samples were centrifuged for 5 min at 16000 x g,
and the supernatant was further dried in the SpeedVac vacuum concentrator. Finally, the samples

were reconstituted in 50 pL. of a solution containing 95% methanol, 5% water, and 0.01% FA.

7.2.3 FASI-CE-MS platform and single-neuron analysis

Standard- and single cell-containing samples were assayed using an in-house assembled
CE platform hyphenated to a high-resolution mass spectrometer (QTOF maXis 4G, Bruker Corp.,
Billerica, MA) through a custom-built coaxial sheath-flow ESI source.?*? The ESI source
consisted of a micro-tee assembly (part P-875, IDEX Health & Science, Oak Harbor, WA) with a
platinum alloy emitter (10% iridium, 0.0055” ID % 0.003°* wall x 1°* length, part 29910E, Johnson
Matthey Inc., Wayne, PA). The sheath liquid (50% methanol in water solution with 0.1% FA) was
supplied through the emitter at a 750 nL/min flow rate using a syringe pump (Pump 11 Elite,
Harvard Apparatus, Holliston, MA) and a fused silica delivery capillary for the sheath flow (75
um ID, 363 um OD, Polymicro Technologies, Phoenix, AZ). The CE separation was performed
on 75-80 cm, 40 um ID, and 105 um OD fused silica capillary (part TSP040105, Polymicro
Technologies,) with a separation voltage of 20 kV. The background solution was 1.0% FA in
water. FASI was performed by electrokinetic injection of the sample solution at 20 kV for 30 s.
The emitter was grounded, and the capillary voltage of the mass spectrometer was set at 2000 V
to establish the cone-jet spray. The dry gas was set at 180 °C with a flow rate of 3 L min™. The
mass spectrometer was calibrated regularly in the mass range of m/z 50-500 by infusing sodium
formate (15 mM) via the ESI source. Recalibration of acquired data sets was performed offline
with endogenous sodium formate clusters. Migration time was corrected in reference to two

dipeptide internal standards, alanine-alanine and proline-leucine.

129



Tandem MS experiments were accomplished with 20 to 40 eV collision energies to
facilitate the molecular identifications. To determine the molecular features, the obtained data were
first processed by the XCMS? package written in R using the following settings: 30 ppm mass
error, signal-to-noise ratio equal to 3, and filtered with an arbitrary threshold of 1000 counts.
Signals related to the analyte’s isotopic distribution and background interference were manually
eliminated. The detected accurate molecular masses were matched to data available at online
metabolite databases (METLIN,3 the Human Metabolome Database,®? and MycompoundID33)
with an allowed error of 5 ppm. Identified molecular features are presented in Table 7.1.

Quantification was based on metabolite standards with a dynamic range of approximately
5 nM to 1000 nM. The repeatability of our measurements was evaluated using fresh 10 nM
standard mixtures examined on four consecutive days. These experiments revealed that the

analytical repeatability of the method had an RSD of 1542 %.

7.3 RESULTS AND DISCUSSION

7.3.1 FASI

Qualitative and gquantitative measurements of low amounts of metabolites in a single cell
are challenging. Cell diameters span the range of a few micrometers to hundreds of micrometers
and corresponding cell volumes vary from fL to nL, which is a million-fold volume range. The
wide range of analyte concentrations in different cells adds to the technical demands of the
analysis. Therefore, single-cell measurements require a sensitive analytical approach that offers a
wide dynamic range.

Here, we optimized FASI to improve the detection limits in single-cell ESI-MS analysis.
Because analyte stacking efficiency is determined by the conductivity difference between the

background solution and sample matrix, the percent composition of organic solvents and FA in
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the solutions differ.342¢ Generally, increasing the organic solvent percentage and decreasing the
FA content improves detection sensitivity because this reduces conductivity. However, this also
leads to increased Joule heating, and an increased likelihood of air bubble formation. After method
optimization, we found that a 0.01% FA, 4.99% water, and 95% methanol solution was the most
effective. This solution was used in experiments comparing the FASI approach to the classic
hydrodynamic sample injection method. In these measurements, ~6 nL of a standard mixture
containing lysine, histidine, and arginine (all at 100 nM) was loaded onto a CE column by a 60 s
hydrodynamic injection and analyzed. The standard mixture, diluted to 10 nM for all analytes, was
loaded during 60 s by FASI. We observed that 307-, 191-, and 215-fold detection sensitivity
enhancement was achieved for lysine, histidine, and arginine, respectively, by FASI CE-ESI

analysis of the more diluted samples (Figure 7.1).
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Figure 7.1. Comparison of hydrodynamic injection and FASI for CE-MS analysis of a lysine,
histidine, and arginine mixture. (A) System schematic. (B) The extracted ion electropherograms
of lysine, histidine, and arginine standards with (i) 6 nL of 100 nM lysine, histidine, and
arginine solution injected via the hydrodynamic approach and (i1) 10 nM lysine, histidine, and
arginine standard solution with FASI.
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7.3.2 Inorganic salt interference in single-cell CE-MS analysis

Inorganic salts present

inside single cells and the

, ~€ m || m
associated extracellular 70 oy |

Pleural sensory neuron

physiological saline solutions

Organic solvent

. Salt precipitation
extraction

impact FASI performance, Scheme 7.1. Salt precipitation of a single pleural sensory
neuron approximately 50 um in diameter.

especially when working with

cells collected from a marine organism with cation concentrations reaching ~500 mM. Sodium and

potassium can be at concentrations greater than 100 mM, are found both inside and outside the

cell, and impact sample stacking, ionization efficiency, and metabolite detection.” A quick wash

of the single cell with deionized water is helpful in reducing sample salt content, and accordingly,

ion competition during electrokinetic injection.?® Because the volume of the extracellular liquid

£350
2300
< 250
2200 "
"‘E 150
‘E 100 L L I L
E 50
=}
Z 0
L & & & & &> & &
& & & & S $ &
T & & & =
v N \\G’Q &dQ é\q’
& 3
o
N

1.0:0 m08:02 =0.6:04 =0:1.0 (IPA:ACN)

Figure 7.2. The normalized signal abundances for 100
nM standards of 10 amino acids in 2 mM sodium chloride
solution, and analyzed after extraction using different
organic solvent mixtures. Mixtures of IPA to ACN are
used as extraction solution and their ratios are listed. Data
for each amino acid are normalized to signal abundance
values for the same amino acid compared to IPA with a
0.8 : 0.2 ratio.
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depends on the operator’s skills
during cell isolation, washing is an
important step that helps increase
the repeatability of measurements
between cells. Cell membrane
stability should be considered
during this quick hypoosmotic
washing step to prevent cell lysis.
However, because the FASI
approach requires high sample

purity, without salts, which cannot



be achieved by the cell rinse alone, we introduced a salt precipitation step (Scheme 7.1). The
solubility of sodium chloride differs with the solvents used.* For example, isopropanol (IPA) and
ACN are poor solvents for NaCl;*® therefore, IPA and ACN were tested as analyte extraction
solvents that can also precipitate and remove inorganic salts. Generally, inorganic salt solubility
in ACN is lower than in IPA, resulting in improved detection sensitivity for metabolites with lower
mobility. However, a decrease in detection sensitivity for some polar metabolites with higher
mobility, such as lysine, arginine, and histidine, was observed (Figure 7.2), likely due to their poor
solubility in ACN. Considering these results and the solubility of the amino acids and inorganic
salts, as well as salt-related analyte injection competition, a 4:1 mixture of IPA to ACN was
chosen. To evaluate the effect of salt precipitation on the detection of endogenous lysine, histidine,
and arginine, we used samples containing single pleural sensory neurons. As a result of

incorporating this step, the signal intensity of these metabolites increased 4.5- to 6-fold (Figure
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Figure 7.3. The extracted ion electropherograms of lysine, histidine, and arginine
detected from the same pleural sensory neuron: (top row) without salt precipitation,
and (bottom row) with salt precipitation.
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7.3.3 FASI CE-MS metabolite detection and quantification in single-cell samples

To demonstrate the FASI
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Figure 7.4. FASI CE-MS analysis of individual pleural
sensory neurons. Extracted ion electropherograms of several
detected metabolites. Inset: pleural sensory neuron with a
~50 um diameter cell body.

pleural sensory cluster. These

neurons have 10- to 1000-fold

less cell body volume compared
to A. californica left pleural 1 (LPI1) and R2 neurons exhibiting diameters of somata ranging
between 150 to 500 pum, previously analyzed and characterized by CE-MS.?” We detected and
identified 37 metabolites in the sensory pleural neurons (Figure 7.4).

We used FASI CE-MS to quantify selected metabolites inside individual neurons (Figure
7.5). Among these metabolites, tyramine is a neuromodulator in A. californica,® and it showed a
surprisingly high concentration of 67 £ 25 mM, higher than others we measured. The results of the
product ion scan for tyramine are shown in Figure S3. Dopamine was also detected in several
neurons at 3 £ 1 mM. Both tyramine and dopamine are important neurotransmitters / modulators
in A. californica.*>*! Neither automated or manual examination of the electropherograms revealed

other transmitters / neuromodulators, such as y-aminobutyric acid (GABA), and serotonin (Figure
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Figure 7.5. Quantitative FASI CE-MS analysis of metabolites in individual pleural sensory
neurons. (A) Box plot demonstrating absolute concentrations of different metabolites in 6
pleural sensory neurons. (B) Representative extracted mass electropherograms of common
neurotransmitters and metabolites detected in studied neurons. Red arrows indicate
localization of metabolite signal matching by migration time and accurate m/z to signal of
corresponding standard. The EICs showed no serotonin or GABA signals.

7.5B). Arginine (1.2 £ 1.3 mM) and citrulline (<LOQ) were also detected in some of the pleural
sensory neurons (Figure 7.5A). Similar results were obtained using other approaches for an entire
pleural sensory cluster previously characterized.*>** These findings corroborate with data

demonstrating the presence of the nitric oxide synthase pathway in the pleural sensory neurons.*?-

44

7.4 CONCLUSIONS

We created a robust and reproducible FASI CE-MS approach to characterize and quantify
the cationic metabolites present in neurons. The use of FASI in CE-ESI-MS analysis improves
metabolite detection, providing enhanced sensitivity (100- to 300-fold) and repeatability.

Additionally, with the introduction of a sample pretreatment using a 0.8:0.2 IPA:ACN solvent
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mixture the negative impact of inorganic salts on analyte detection and characterization was
reduced. These experimental advances were further enhanced by two IS normalization of analyte
migration times occurring due to run-to-run changes in analyte electrophoretic mobilities. FASI
CE-MS was applied to the detection, characterization, and quantification of metabolites in single
neurons from A. californica. The observation of several functionally important metabolites, such
as the tyramine, arginine, and citrulline, in the pleural sensory neurons demonstrate the capabilities
of this microanalysis approach.

Because the number of detected signals in a single cell could not be identified with
reasonable confidence, further improvement in the sensitivity of the FASI CE-MS system is
needed for analyte fragmentation and identification in smaller and more chemically complex
neuron samples. We anticipate that an optimized FASI CE-MS approach can be applied to analysis
of other cell types, including mammalian and insect neurons. Future advances in cell sampling,
e.g., microjunction analyte extraction as well as automated sample injection, are expected to

further enhance the throughput and accuracy of single-cell FASI CE-MS analysis.

7.5 SUPPLEMENTARY INFORMATION

Table 7.1. Structural characterization and, in some cases, identification of molecular features
detected in the pleural sensory neurons. * 1: Identified by matching accurate molecular masses and
migration times of endogenous analyte and its standard. 2: Identified by matching detected
endogenous analyte’s accurate molecular masse and fragmentation pattern to information available
in METLIN (https://metlin.scripps.edu). 3: Identification by matching detected and reported in
METLIN accurate molecular masses. 4: Identified using information present in literature.

Charged Theoretical | Measured | ppm | Migration | MS/MS
No. Name Formula Identification*

form m/z m/z error |time (min)| fragments
1 |DEA/Butylamine C4H11IN [M+H]+ 3 74.0964 74.0962 | -2.70 15.0
2 |Glycine C2H5NO2 [M+H]+ 1 76.0393 76.0391 | -2.63 22.0
3 |Fragment of histidine 3 83.0604 83.0603 -1.20 16.8
4 |Fragment of lysine 3 84.0809 84.0806 -3.57 15.8
5 |Piperidine C5H11IN [M+H]+ 2 86.0964 86.0962 | -2.32 148 69.0699
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Table 7.1. (con’t)

6 |Fragment of isoleucine 3 86.0964 86.0962 -2.32 29.5
7 |Fragment of leucine 3 86.0964 86.0962 -2.32 29.9
8 |Fragment of acetylcholine 3 87.0448 87.0439 |-10.34 16.4
9 C4HINO [M+H]+ 3 88.0757 88.0757 0.00 13.8
10 [Fragment of diethanolamine 3 88.0757 88.0755 -2.27 16.5
11 C4HINO [M+H]+ 3 88.0757 88.0756 -1.14 18.2
12 (Sarcosine C3H7NO2 [M+H]+ 3 90.0550 90.0549 | -1.11 15.8
13 |Fragment of Ala-Ala (IS) 3 90.0550 90.0547 | -3.33 219
14 |Alanine C3H7NO2 [M+H]+ 1 90.0550 90.0549 -1.11 245
15 C4H11INO [M+H]+ 3 90.0913 90.0915 2.22 14.6
16 C4H11INO [M+H]+ 3 90.0913 90.0912 | -1.11 15.8
17 C4H11INO [M+H]+ 3 90.0913 90.0913 0.00 17.0
18 |Fragment of histidine 3 93.0451 93.0447 -4.30 16.8
19 |Fragment of urocanic acid 3 93.0451 93.0447 | -4.30 18.5
20 |Fragment of urocanic acid 3 93.0451 93.0448 | -3.22 19.4
21 |Fragment of Histidine 3 95.0605 95.0600 -5.26 16.8
22 |Fragment of urocanic acid 3 95.0605 95.0600 | -5.26 18.5
23 C6HIN [M+H]+ 3 96.0808 96.0807 | -1.04 135
24 C6H11N [M+H]+ 3 98.0964 98.0964 0.00 135
25 C6H11N [M+H]+ 3 98.0964 98.0964 0.00 15.9
26 C6H11N [M+H]+ 3 98.0964 98.0963 | -1.02 18.0
27 C6H11N [M+H]+ 3 98.0964 98.0964 0.00 194
28 C6H11N [M+H]+ 3 98.0964 98.0962 | -2.04 21.9
29 C6H11N [M+H]+ 3 98.0964 98.0959 | -5.10 413
30 |Cyclohexylammonium C6H13N [M+H]+ 2 100.1121 100.1120 | -1.00 16.8 83.0854
31 |Triethylamine C6H15N [M+H]+ 2 102.1277 102.1275 | -1.96 16.4 74.0962
32 |Fragment of carnitine 3 103.0395 103.0388 | -6.79 19.1
33 |y-Aminobutyric acid C4HINO2 [M+H]+ 3 104.0706 104.0706 0.00 16.7
34 C4HINO2 [M+H]+ 3 104.0706 | 104.0706 | 0.00 175
35 C4HINO2 [M+H]+ 3 104.0706 | 104.0704 | -1.92 275
36 |Choline C5H13NO [M+H]+ 3 104.1070 | 104.1070 | 0.00 144
37 [Serine C3H7NO3 [M+H]+ 1 106.0499 | 106.0497 | -1.89 29.6
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38 |Diethanolamine C4H11NO2 [M+H]+ 2 106.0863 106.0861 | -1.89 16.5 88.0759
39 |Fragment of histidine 3 110.0711 110.0712 | 0.91 16.8
40 C6H10N2 [M+H]+ 3 111.0917 | 111.0917 | 0.00 135
41 |Fragment of lysine 3 112.0757 112.0758 | 0.89 15.8
42 C6HINO [M+H]+ 3 112.0757 112.0755 | -1.78 21.6
43 |Histamine C5HIN3 [M+H]+ 2 112.0869 112.0863 | -5.35 9.1 95.0605
44 |2-1mino-4-methylpiperidine C6H12N2 [M+H]+ 2 113.1073 | 113.1072 | -0.88 135 96.0807
45 C6H12N2 [M+H]+ 3 113.1073 | 113.1074 | 0.88 15.2
46 |Creatinine C4H7N30 [M+H]+ 3 114.0662 114.0661 | -0.88 15.6
47 |Fragment of arginine 3 115.0851 115.0864 | 11.30 16.4
48 |Fragment of ornithine 3 115.0866 115.0864 | -1.74 15.6
49 |Fragment of ornithine 3 116.0706 116.0706 | 0.00 15.6
50 |Fragment of arginine 3 116.0706 116.0705 | -0.86 16.4
51 |Proline C5HINO2 [M+H]+ 1 116.0706 | 116.0706 | 0.00 35.9
52 C4HIN30 [M+H]+ 3 116.0818 | 116.0808 | -8.61 154
98.0964,
53 |Trimethylaminoacetone C6H13NO [M+H]+ 2 116.1070 116.1069 | -0.86 135
100.0753
N-(2-
54 C6H13NO [M+H]+ 2 116.1070 116.1071 0.86 14.9 74.0965
Methylpropyl)acetamide
98.0964,
55 |Trimethylaminoacetone C6H13NO [M+H]+ 3 116.1070 116.1070 | 0.00 15.9
100.0753
56 C7H17N [M+H]+ 3 116.1434 116.1433 | -0.86 18.0
57 C7H17N [M+H]+ 3 116.1434 116.1433 | -0.86 18.4
58 |Fragment of tryptophan 3 118.0643 118.0647 | 3.39 32.6
59 C8H7N [M+H]+ 3 118.0643 | 118.0647 | 3.39 344
60 C8H7N [M+H]+ 3 118.0643 | 118.0647 | 3.39 35.0
61 Valine C5H11INO2 [M+H]+ 1 118.0863 118.0860 | -2.54 29.1
62 |Glycine betaine C5H11NO2 [M+H]+ 3 118.0863 118.0860 | -2.54 40.1
100.1124,
63 |2-Diethylaminoethanol C6H15NO [M+H]+ 2 118.1226 118.1228 1.69 135
86.0966
64 C6H15NO [M+H]+ 3 118.1226 118.1227 0.85 174
65 |Fragment of tyrosine 3 119.0494 119.0487 | -5.88 35.0
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66 |Threonine C4HINO3 [M+H]+ 1 120.0653 120.0653 0.00 31.8
67 |Fragment of phenylalanine 3 120.0806 120.0804 | -1.67 344
68 |Fragment of urocanic acid 3 121.0395 121.0395 | 0.00 18.5
69 |Fragment of urocanic acid 3 121.0395 121.0395 | 0.00 19.4
70 C8H80 [M+H]+ 3 121.0648 121.0645 | -2.48 35.0
71 |Fragment of tyramine 3 121.0666 121.0648 |-14.87 18.5
72 C5H120S [M+H]+ 3 121.0682 | 121.0684 | 1.65 318
73 C5H13FSi [M+H]+ 3 121.0843 | 121.0839 | -3.30 34.4
74 |Fragment of thiamine 3 122.0715 122.0712 | -2.46 13.5
75 |Tromethamine (Tris) C4H11INO3 [M+H]+ 2 122.0812 122.0810 | -1.64 185 104.071
76 C8H11N [M+H]+ 3 122.0964 | 122.0963 | -0.82 171
77 |Fragment of tyrosine 3 123.0444 123.0438 | -4.88 44.0
78 C6HBN202 [M+H]+ 3 123.0550 | 123.0552 | 1.63 18.5
79 C6H8N202 [M+H]+ 3 123.0550 | 123.0550 | 0.00 194
80 C6HIN3 [M+H]+ 3 124.0869 | 124.0868 | -0.81 135
81 C6HIN3 [M+H]+ 3 124.0869 124.0868 | -0.81 17.3
82 |Melamine C3H6N6 [M+H]+ 3 127.0727 127.0729 157 16.3
83 |Fragment of lysine 3 129.1007 129.1020 | 10.07 15.8
84 C6H12N20 [M+H]+ 3 129.1022 | 129.1020 | -1.55 15.2
85 |Fragment of lysine 3 130.0861 130.0865 | 3.07 15.8
86 C6H11NO2 [M+H]+ 3 130.0863 | 130.0861 | -1.54 309
87 C8H19N [M+H]+ 3 130.1590 | 130.1589 | -0.77 18.8
88 C8H19N [M+H]+ 3 130.1590 | 130.1588 | -1.54 20.0
89 [N-Acetylputrescine C6H14N20 [M+H]+ 2 131.1179 131.1178 | -0.76 9.5 114.0912
90 C5HINO3 [M+H]+ 3 132.0655 | 132.0653 | -1.51 43.0
91 [Creatine C4HIN302 [M+H]+ 3 132.0768 | 132.0767 | -0.76 224
92 |Fragment of tryptophan 3 132.0805 132.0806 | 0.76 32.6
93 C6H13NO2 [M+H]+ 3 132.1019 132.1020 0.76 149
94 C6H13NO2 [M+H]+ 3 132.1019 132.1020 0.76 15.6
95 C6H13NO2 [M+H]+ 3 132.1019 | 132.1020 | 0.76 17.8
96 |Fragment of trolamine 3 132.1019 132.1020 | 0.76 18.2
97 C6H13NO2 [M+H]+ 3 132.1019 132.1020 0.76 19.9
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98 |Isoleucine C6H13NO2 [M+H]+ 1 132.1019 132.1017 | -1.51 29.5
99 [Leucine C6H13NO2 [M+H]+ 1 132.1019 132.1017 | -1.51 29.9
100|B-Alanine betaine C6H13NO2 [M+H]+ 3 132.1019 132.1018 | -0.76 46.2
101 C7H17NO [M+H]+ 3 132.1383 | 132.1384 | 0.76 18.2
102 C7H17NO [M+H]+ 3 132.1383 132.1384 0.76 18.4
103 C2H4N403 [M+H]+ 3 133.0356 133.0343 | -9.77 111
104|Asparagine C4H8N203 [M+H]+ 1 133.0608 | 133.0607 | -0.75 319
115.0863,
105|Ornithine C5H12N202 [M+H]+ 2 133.0972 | 133.0971 | -0.75 15.7
116.0705
106 C15H27N30 [M+2H]2+ 3 133.6150 133.6151 0.75 17.3
107|Aspartic acid C4H7NO4 [M+H]+ 1 134.0448 134.0443 | -3.73 495
108 C5H11NO3 [M+H]+ 3 134.0812 134.0809 | -2.24 33.8
109 C6H15N02 [M+H]+ 3 134.1176 134.1176 0.00 16.3
110 C6H15N02 [M+H]+ 3 134.1176 134.1176 0.00 17.8
111 C6H15N02 [M+H]+ 3 134.1176 134.1176 0.00 19.4
112 C5H1002S [M+H]+ 3 135.0474 135.0474 0.00 17.8
113|Fragment of tyrosine 3 136.0747 136.0754 | 5.14 35.0
114 C9H13N [M+H]+ 3 136.1121 | 136.1118 | -2.20 343
115|Proline C5HINO2 [M+Na]+ 3 138.0525 | 138.0531 | 4.35 35.9
116|Tyramine C8H11NO [M+H]+ 1 138.0913 | 138.0913 | 0.00 18.5
117|cis-urocanic acid C6HB6N202 [M+H]+ 4 139.0502 | 139.0502 | 0.00 18.5 121.0395
121.0395,
118|trans-urocanic acid C6H6N202 [M+H]+ 4 139.0502 139.0503 | 0.72 19.4
95.0605
119|Valine C5H11INO2 [M+Na]+ 3 140.0682 140.0679 | -2.14 29.1
120|Glycine betaine C5H11INO2 [M+Na]+ 3 140.0682 140.0679 | -2.14 40.1
121 C6H8N202 [M+H]+ 3 141.0659 | 141.0658 | -0.71 185
122 C6H8N202 [M+H]+ 3 141.0659 | 141.0658 | -0.71 194
123|Fragment of tryptophan 3 144.0808 144.0805 | -2.08 326
1-
124| Aminocyclohexanecarboxylic| C7H13NO2 [M+H]+ 3 144.1019 1441019 | 0.00 18.3
acid
125|Proline betaine C7H13NO2 [M+H]+ 3 1441019 1441019 0.00 41.4
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126|Fragment of tryptophan 3 146.0589 146.0598 | 6.16 32.6
127 C5H11N302 [M+H]+ 3 146.0924 146.0922 | -1.37 18.4
128|Acetylcholine C7H15NO2 [M+H]+ 1 146.1176 | 146.1174 | -1.37 16.4 87.044
129 C7H15NO2 [M+H]+ 3 146.1176 | 146.1174 | -1.37 17.9
130 C7H15NO2 [M+H]+ 3 146.1176 146.1174 | -1.37 18.8
131 C7H15NO2 [M+H]+ 3 146.1176 146.1174 | -1.37 195
132 C7H15NO2 [M+H]+ 3 146.1176 | 146.1174 | -1.37 20.3
133 C8H19NO [M+H]+ 3 146.1539 | 146.1542 | 2.05 14.7
134|Fragment of tyrosine 3 147.0429 147.0438 | 6.12 35.0
135|Glutamine C5H10N203 [M+H]+ 1 147.0764 147.0764 0.00 33.0
136|Lysine C6H14N202 [M+H]+ 1 147.1128 147.1127 | -0.68 15.8
137|Glutamic acid [M+H]+ 1 148.0604 148.0603 | -0.68 33.7
138 C6H13NO3 [M+H]+ 3 148.0968 | 148.0968 | 0.00 51.7
139 C5H11NO2S [M+H]+ 3 150.0583 | 150.0581 | -1.33 26.1
133.0337,
140|Methionine C5H11INO2S [M+H]+ 1 150.0583 | 150.0581 | -1.33 328
104.0524
132.102,
141|Trolamine C6H15NO3 [M+H]+ 2 150.1125 150.1124 | -0.67 18.2
114.0915
142 C9H13NO [M+H]+ 3 152.1075 | 152.1069 | -3.94 343
143|N-Methyltyramine C9H13NO [M+H]+ 3 152.1075 152.1068 | -4.60 35.1 121.0645
144(B-Alanine betaine C6H13NO2 [M+Na]+ 3 154.0838 154.0837 | -0.65 46.2
145|Dopamine C8H11NO2 [M+H]+ 1 154.0868 154.0863 | -3.24 19.8
146|Octopamine C8H11NO2 [M+H]+ 1 154.0868 154.0863 | -3.24 19.8
147|Glycine betaine C5H11INO2 [M+K]+ 3 156.0421 156.0417 | -2.56 40.1
148|Histidine C6HIN302 [M+H]+ 1 156.0768 | 156.0767 | -0.64 16.8
149 C9H17NO [M+H]+ 3 156.1383 | 156.1381 | -1.28 19.6
150 C9H17NO [M+H]+ 3 156.1383 | 156.1381 | -1.28 21.9
2,2,6,6-Tetramethylpiperidin- 140.1434,
151 C9H20N2 [M+H]+ 2 157.1699 157.1700 0.64 12.9
4-amine 84.0808
152|Fragment of citrulline 3 159.0764 159.0763 | -0.63 335
153|Fragment of tryptophan 3 159.0927 159.0914 | -8.17 32.6
154 C7H13NO3 [M+H]+ 3 160.0968 | 160.0967 | -0.62 195
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155 C7H13NO3 [M+H]+ 3 160.0968 160.0967 | -0.62 20.2
156 C7H13NO3 [M+H]+ 3 160.0968 160.0967 | -0.62 245
157 C7H13NO3 [M+H]+ 3 160.0968 | 160.0967 | -0.62 44.0
158 C7H13NO3 [M+H]+ 3 160.0968 | 160.0967 | -0.62 49.7
159 C7H13NO3 [M+H]+ 3 160.0968 160.0967 | -0.62 515
160 C7H13NO3 [M+H]+ 3 160.0968 160.0967 | -0.62 52.6
161|Ala-Ala (1S1) C6H12N203 [M+H]+ 1 161.0921 | 161.0919 | -1.24 21.9
162| Tryptamine C10H12N2 [M+H]+ 1 161.1073 | 161.1086 | 8.07 18.0
85.0285,
163|Carnitine C7H15NO3 [M+H]+ 2 162.1125 162.1122 | -1.85 19.1
103.0394
164 C19H38N4 [M+2H]2+ 3 162.1621 | 162.1623 | 1.23 12.6
165|Fragment of tyrosine 3 165.0533 165.0547 | 8.48 35.0
166|Proline betaine C7H13NO2 [M+Na]+ 3 166.0838 166.0835 | -1.81 41.4
167|Phenylalanine C9H11INO2 [M+H]+ 1 166.0863 166.0861 | -1.20 34.4
168 C9H13NO2 [M+H]+ 3 168.1019 | 168.1017 | -1.19 35.1
169|Fragment of C10H20N20 3 168.1383 168.1379 | -2.38 21.6
96.0679,
170|1-methylhistidine C7H11N302 [M+H]+ 2 170.0924 170.0924 0.00 17.3
109.0758
1,3-Bis(2,2,6,6-tetramethyl-
171 C19H38N40 [M+2H]2+ 3 170.1596 170.1597 0.59 17.3
4-piperidyl)urea
3-Acrylamidopropyl
172 C9H18N20 [M+H]+ 2 171.1492 171.1486 | -3.51 24.4 112.0752
trimethylammonium
173|Fragment of COH21NO3 3 174.1488 174.1485 | -1.72 21.9
174|Arginine C6H14N402 [M+H]+ 1 175.1190 175.1189 | -0.57 16.4
175|Citrulline C6H13N303 [M+H]+ 1 176.1030 | 176.1029 | -0.57 335
176|Serotonin C10H12N20 [M+H]+ 1 177.1022 177.1022 | 0.00 19.7
177 C10H15N3 [M+H]+ 3 178.1339 | 178.1338 | -0.56 18.6
178|Tyrosine C9H11NO3 [M+H]+ 3 182.0812 182.0809 | -1.65 35.0
179|Ala-Ala (1S1) C6H12N203 [M+Na]+ 3 183.0737 | 183.0738 | 0.55 21.9
180 C10H20N20 [M+H]+ 3 185.1648 | 185.1646 | -1.08 21.6
181 C12H27N [M+H]+ 3 186.2216 186.2214 | -1.07 23.6
182|Phenylalanine C9H11INO2 [M+Na]+ 3 188.0682 188.0677 | -2.66 344
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170.0602,
183|Fragment of tryptophan 3 188.0706 188.0704 | -1.06 32.6
118.0643
184 C7H16N402 [M+H]+ 3 189.1345 | 189.1346 | 0.53 12.0
185|N6,N6,N6-trimethyl-lysine C9H20N202 [M+H]+ 4 189.1598 189.1599 0.53 16.7
186 C9H19NO3 [M+H]+ 3 190.1438 190.1434 | -2.10 21.7
187 C21H38N402 | [M+2H]2+ 3 190.1570 | 190.1570 | 0.00 175
188 C6H10N205 [M+H]+ 3 191.0662 | 191.0660 | -1.05 40.3
189 C9H21NO3 [M+H]+ 3 192.1594 192.1592 | -1.04 215
190 C9H21NO3 [M+H]+ 3 192.1594 192.1592 | -1.04 21.9
191 C9H21NO3 [M+H]+ 3 192.1594 | 192.1592 | -1.04 22.6
192 C10H13NO3 [M+H]+ 3 196.0968 | 196.0967 | -0.51 214
193 C9H15N302 [M+H]+ 3 198.1237 198.1233 | -2.02 19.3
194 C9H15N302 [M+H]+ 3 198.1237 198.1235 | -1.01 245
195 C26H38N20 | [M+2H]2+ 3 198.1565 | 198.1548 | -8.58 17.8
196 C22H42N402 | [M+2H]2+ 3 198.1727 198.1729 1.01 18.4
197 C11H22N20 [M+H]+ 3 199.1805 199.1803 | -1.00 23.2
198 C10H21N30 [M+H]+ 3 200.1757 200.1753 | -2.00 22.3
199 C11H23NO2 [M+H]+ 3 202.1802 | 202.1801 | -0.49 215
200|Ala Leu C9H18N203 [M+H]+ 2 203.1390 | 203.1391 | 0.49 224 132.0767
201 C9H18N203 [M+H]+ 3 203.1390 203.1391 0.49 24.4
202|Spermine C10H26N4 [M+H]+ 2 203.2235 203.2232 | -1.48 10.0 129.1385
85.0288,
203|Acetylcarnitine C9H17NO4 [M+H]+ 2 204.1230 204.1234 1.96 20.9
145.05
204|Tryptophan C11H12N202 [M+H]+ 1 205.0972 | 205.0969 | -1.46 326
205 C9H21NO4 [M+H]+ 3 208.1543 208.1541 | -0.96 22.6
206|Kynurenine C10H12N203 [M+H]+ 1 209.0921 | 209.0920 | -0.48 28.7
207 C12H24N20 [M+H]+ 3 213.1961 213.1961 0.00 241
208 C11H22N202 [M+H]+ 3 215.1754 215.1753 | -0.46 17.8
209 C11H22N202 [M+H]+ 3 215.1754 215.1753 | -0.46 20.1
210 C11H22N202 [M+H]+ 3 215.1754 215.1750 | -1.86 22.7
211 C11H22N202 [M+H]+ 3 215.1754 215.1750 | -1.86 234
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85.03,
212|Propionylcarnitine C10H19NO4 [M+H]+ 2 218.1387 218.1385 | -0.92 21.8
159.064
213 C12H27NO2 [M+H]+ 3 218.2115 | 218.2111 | -1.83 233
214 C12H27NO2 [M+H]+ 3 218.2115 | 218.2111 | -1.83 23.9
215 C13H19NO2 [M+H]+ 3 222.1485 | 222.1486 | 0.45 215
216|Cys Thr C7H14N204S1 | [M+H]+ 3 223.0747 | 223.0741 | -2.69 30.2
217|Sodium formate 1 226.9534 | 226.9534 | 0.00 10.2
Fragmentation of
218 3 228.1702 | 228.1702 | 0.00 234
valerylcarnitine
219 C11H21N302 [M+H]+ 3 228.1707 | 228.1701 | -2.63 17.8
220 C11H20N203 [M+H]+ 3 229.1547 | 229.1544 | -1.31 231
221|Pro-Leu (1S2) C11H20N203 [M+H]+ 1 229.1547 | 229.1547 | 0.00 245
Butyryl-L- 85.0285,
222 C11H21NO4 [M+H]+ 2 232.1543 | 232.1540 | -1.29 22.3
carnitine/Isobutyryl carnitine 173.0813
Butyryl-L- 85.0285,
223 C11H21NO4 [M+H]+ 2 232.1543 | 232.1540 | -1.29 22.6
carnitine/Isobutyryl carnitine 173.0813
224|Dimer of glycine betaine 3 235.1647 235.1647 | 0.00 40.1
225|HEPES C8H18N204S [M+H]+ 4 239.1060 | 239.1061 | 0.42 23.9
226|Cytidine C9H13N305 [M+H]+ 1 244.0928 | 244.0926 | -0.82 22.6
Valerylcarnitine/2-
227 C12H23NO4 [M+H]+ 2 246.1700 | 246.1699 | -0.41 231
Methylbutyroylcarnitine
Valerylcarnitine/2- 85.0285,
228 C12H23NO4 [M+H]+ 2 246.1700 | 246.1699 | -0.41 234
Methylbutyroylcarnitine 187.0969
229 C13H24N203 [M+H]+ 3 257.1860 | 257.1862 | 0.78 245
230|Hexanoylcarnitine C13H25N0O4 [M+H]+ 3 260.1856 260.1853 | -1.15 24.2
144.0476,
231|Thiamine C12H16N40S [M+H]+ 2 265.1118 | 265.1119 | 0.38 14.2
122.0711
232|Heptanoylcarnitine C14H27NO4 [M+H]+ 3 274.2012 2742010 | -0.73 24.5
233 C16H35N02 [M+H]+ 3 274.2741 | 2742735 | -2.19 324
234 C16H15N302 [M+H]+ 3 282.1237 | 282.1227 | -3.54 23.7
235|Dimer of proline betaine 3 287.1965 287.1957 | -2.79 41.3
236|Potassium formate 1 290.8500 290.8477 | -7.91 7.3
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237|Argininosuccinic acid C10H18N406 [M+H]+ 4 291.1299 2911291 | -2.75 26.3
238 C10H18N40O7 [M+H]+ 3 307.1248 307.1226 | -7.16 24.3
239 C12H12N209 [M+H]+ 3 329.0616 329.0605 | -3.34 245
240 C19H38N40 [M+H]+ 3 339.3118 339.3121 | 0.88 18.8
241 C17H35N904 [M+H]+ 3 430.2885 430.2907 | 5.11 41.3
242 C20H35N506 [M+H]+ 3 442.2660 442.2691 | 7.01 39.8
243 C22H37N506 [M+H]+ 3 468.2817 468.2846 | 6.19 41.0
244 C19H31IN9O7S | [M+H]+ 3 530.2140 530.2132 | -1.51 41.3
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