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Mass spectrometry (MS) has allowed for the analysis of small molecules and metabolites with
high specificity and sensitivity. Capillary Electrophoresis mass spectrometry (CE-MS) is an
ultrasensitive analytical technique to process amount-limited samples. Robust high-throughput
ultrasensitive CE-MS methods and technologies are needed to be developed to comprehensively
study the metabolome or proteome of a sample with a limited amount of material. In this study,
we developed an enhanced-throughput multi field amplified sample stacking (M-FASS) method.
The resulting approach has a sample processing throughput of 5-10 time that of conventional CE
methods. FASS voltage duration and strength were optimized for peak area and peak resolution.
The M-FASS CE-MS method was then applied for single cell analysis (SCA) of metabolic
differences and gradients in the developing embryo of Xenopus Laevis. The statistical analysis:
PCA and Fuzzy-c means clustering analysis revealed cell-to-cell differences among D11, V11,
D12, and V12 cells and uncovered 6 distinct metabolite gradients between the four cells in X.

laevis 16-cell embryos. The findings showcase inherent metabolic gradients in the developing

embryo.
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Chapter 1: Background & Motivation

Section 1: Research Motivation, Significance & Overview

CE is an ultrasensitive technology that can be utilized to study cellular biology,
especially from the metabolomics perspective of the cell. For applications such as
single-cell analysis which require the analysis of many samples with high statistical
confidence for compound identification and quantification, it is important to develop
high-throughput methods. In this thesis work, | developed an enhanced-
throughput Multi-FASS (M-FASS) CE method, which has been applied to
explore metabolite gradients and cellular heterogeneity in X. laevis during early
embryonic development. In Chapter 2, | will discuss the analytical development and
optimization of the M-FASS method, and Chapter 3 will explore how it was applied
to study a developmental biology problem and uncovered inherent metabolite
gradients between adjacent cells at a particular stage of development. This novel and
scalable approach increased the throughput, sample processing, and analysis speed of
an ultra-sensitive custom-built CE system by 5-10x for volume-limited samples. This
can be adapted to many different cell types or biological samples. Advances in
throughput can allow for the analysis of many samples, which is an important
development for biological mass spectrometry single-cell analysis and allowed for the

discovery of spatial metabolite gradients in the developing embryo.



Section 2: Mass Spectrometry for Development and Metabolomics

Understanding and making sense of the molecular complexity of biological
cells, at the multi-omics level, is important to know about the state of the cell and its
associated dynamic processes. Having this knowledge will aid in a better
understanding of different biological processes, especially with regard to normal
embryonic development and diseases such as cancer and diabetes. Traditionally, there
is a plethora of knowledge concerning different kinds of genes, proteins, and
transcripts and their role in multiple processes biological in cell biology,
developmental biology, and pathological processes. However, understanding the
metabolome is important for studying molecular phenotypes. The metabolome refers
to the complete suite of metabolites that exist within an organism and can provide a
snapshot of its metabolic state, which is closely related to the molecular phenotype. A
main reason to study metabolomics is that metabolites are the best descriptor of the
molecular phenotype. Furthermore, the molecular architecture refers to a dynamic and
intricate network of molecular pathways and interactions that effect biological
functions. The metabolome represents many intermediates and final products in this
molecular architecture. Understanding the metabolome, at the single cell level, will be
key to gaining a more complete and robust understanding of human health, diseases,
and development.t,

Currently, the Human Metabolome database? states that there are over
114,000 small molecules that occupy a dynamic range between 7 to 10 log-order
concentration range®, which only represent a sliver of total molecules in the cells.

These metabolites are biologically relevant and endogenous small molecules, usually



with a molecular weight less than 1500 Da, that are involved in driving, regulating,
and propagating biological processes and pathways with many associated
intermediates®. Detecting metabolites has many challenges. They have a large
dynamic concentration range, diverse physiochemical properties, a large turnover
rate, and overall limited coverage from many analytical techniques*®. These aspects
make the general detection, quantification, and identification complex. Therefore, it is
imperative to have highly sensitive, reproducible, and high throughput technologies

and methods to analyze many cells for metabolite detection with high statistical

confidence.

Sample Collection

Metabolite Extraction

Analyte Separation

Mass Spectrometry

Identification

Data Analysis

Biological Insights

Figure 1.1: General Mass Spectrometry Workflow for Metabolomics
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Recent advances in Mass spectrometry (MS) have allowed for the detection
and identification of hundreds of different kinds of metabolites, lipids, and
biologically relevant small molecules in numerous animal model and sample types”®.
Fast metabolite analysis has been seen with frog®°, mouse!!, human??, and bovine!?
embryos and oocytes, with different ionization techniques, such as desorption
electrospray ionization (DESI)*® laser ablation electrospray ionization (LAESI), and
Electrospray lonization (ESI)**. Furthermore, MS techniques have been used to detect
and identify metabolites in tissues and single cells*>28,

Efficient sample preparation and processing is very important for metabolite
analysis from cells and tissues. The main way of extracting metabolites from cells and
tissues is the addition of cold organic solvents. The sample preparation should
involve limited transfer steps, since small molecules can stick to surfaces thereby
reducing number of metabolites in samples, especially volume limited samples®®.

To have the most accurate detection of metabolites, it is advised to couple the
mass spectrometer to a suitable separation technology. Integrating a separation
technology can lead to better IDs and deeper omics by limiting interferences of
isobaric species. Separation technologies can facilitate separating compounds prior to
detection by the MS and can provide additional information for identification, such as
migration or retention time®. Separation technologies can facilitate the seperation of
sample components by chemical and physical properties, which reduces the sample

complexity. This aids in the detection of compounds that are in low in abundance by



reducing the masking effect that would occur by the presence of more abundant
compounds. Additionally, the use of seperation technologies can improve peak
capacity or the number of resolved peaks, while reducing ion suppression and co-
elution. lon suppression occurs when signal from one compound is quenched or
reduce by the presence of different ions. Seperation technologies can reduce this
effect, which in turn increases sensitivity and more accurate quantification. The
reduction in co-elution of analytes can lead to better MS-MS fragmentation, which
can improve identification of compounds®. Notable separation technologies include
liquid chromatography (LC), capillary electrophoresis (CE), and gas chromatography
(GC), and ion mobility (IM). Each of these separation technologies have multiple
advantages and disadvantages and must be selected based on the overall application®.
GC-MS usually has very reproducible retention times and relatively high separation
efficiency, but require chemical derivatization for different kinds of molecules, which
could be difficult for some compounds such as polar metabolites®. LC-MS methods
have been used extensively in medicinal and biopharmaceutical chemistry
applications and have been tailored to analyze lipids®!, metabolites®?,%%, and
peptides'®. However, they require large sample volumes. CE-MS is a newer
technology that has high separation efficiency, especially for metabolites, and
requires only a small volume of sample?*. Advantages of CE are that it has a high
separation efficiency and relatively quick analysis time compared to other methods,
such as LC. Comparing CE and LC, CE has better separation efficiency since it
operates at higher flow rates with plug flow, therefore the contribution of longitudinal

diffusion to the plate height is smaller resulting in better separation efficiency.



Seperation is CE is done in a narrow capillary, which has limited interactions with the
capillary wall. This leads to sharp, symmetrical peaks with excellent peak resolution
and peak symmetry, which is in direct contrast to LC which has band broadening due
to the packed stationary phase.?* Therefore, CE is ideal for rare and volume-limited
samples, such as individual single cells. A deeper review of CE-MS will be covered
in the next section.

MS is a powerful analytical tool that can be used for metabolite identification
and quantification. Fast MS/MS with high m/z resolution can lead to better IDs. A
major strength of using this technology is that it has relatively high sensitivity, great
specificity, and detection can be used in a label-free manner'*. Many MS-centered
workflows for metabolomics analysis have very high reproducibility and can allow
for both very accurate relative and absolute quantification. The two main approaches
of MS workflows for metabolomics are untargeted or discovery based analysis and
targeted metabolomic analysis. In the former, a certain type of metabolite or a group
of metabolites in a pathway are preselected prior for analysis. This kind of analysis is
common in medicinal and pharmaceutical applications?®. Conversely, an untargeted
approach is ideal for maximizing the number of metabolites detected in unknown or
hypothesis generating studies. In single-cell metabolomics studies, the standard
workflow is cell isolation and sample preparation followed by MS-based detection
and identification of metabolites and data analysis®.

Another important consideration and bottleneck when running MS-
metabolomics is metabolite identification. Many metabolites and their intermediaries

have very similar mass-to-charge (m/z) ratio, which is the main parameter of



detection in MS?. Other information that can be used to identify is MS/MS
fragmentation data, migration time (in CE-MS) and retention time (in GC and LC),
and ion mobility values (in IM-MS)?. There is a plethora of metabolite identification
databases and software from MS and MS/MS data, such as the Human Metabolome
Database?, METLIN?’ and mzCloud?®. Additionally, a generally accepted minimum
reporting standards for metabolomics data has suggested and outlined in the
Metabolomics Standards Initiative (MS1)?%. For these reasons, MS is a robust choice

for analytical cellular biology and metabolomics.

Section 1.3: Sample Preparation for Metabolomics

Efficient sample preparation is need for ultrasensitive MS metabolomic
analysis. The most important first step in sample preparation is quenching or rapid
stopping of metabolic activity. This is usually done with the addition of cold organic
solvents. The extraction process should create an unvaried extract that is
representative of endogenous metabolite levels of the cell of tissues'®. Therefore,
minimally invasive metabolic perturbation during extraction process is preferred. For
biofluids, such as serum and urine, and cells and media, quenching happens with
introduction cold organic solvents.

For tissues, it is recommended to have quick excision coupled with snap
freezing via liquid nitrogen followed by addition of extraction solvent. Freeze
clamping may be needed for bulky tissues to ensure proper tissue freezing®®.
Capillary microsampling, where a glass capillary is attached to a vacuum, can be used
to aspirate contents of a living cell. Two advantages of this approach are that it is a

minimally invasive sampling approach with minimal perturbation to the cell and the
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cells are sampled in the natural spatiotemporal environment?®. The aforementioned
conditions must be considered when deciding on sample preparation techniques for

metabolomics MS analysis.

Section 1.4: Capillary Electrophoresis

Capillary Electrophoresis (CE) is a separation method where under the
application of an electric field charged analytes move and migrate within a capillary.
It has been used as a powerful separation method between different types of
compounds such as biological macromolecules, peptides, vitamins, dyes, proteins,
etc®. The primary mechanism of CE separation lies in electric field (E) induced ion
velocities (v) differences, as seen in Eq. 1. The Factors that influence the ion
electrophoretic mobility (u.), as described in Eq. 2., are the buffer viscosity () and

charge-to-radius ratio®!.

v= p1E (Eq. 1)
pe =2 (EQ. 2)

This means that charged and smaller molecules will have higher ion mobilities
as compared to lesser charged, neutral, and larger molecules. Another factor that CE
separation is electroosmotic flow (EOF). The EOF is liquid bulk flow inside the
separation capillary, which is determined by the surface charge inner capillary wall of
the fused silica capillary (FSC). The surface charge can change with the pH.
Therefore, the amount of EOF can be adjusted by changing the coating of the inner
capillary wall, the buffer’s ionic strength, and or the pH buffer within the capillary.

Depending on the charge of the inner wall, positively and negatively charged ions



will migrate differently to the anode or cathode. However, because of the EOF, all
charged and neutral molecules will move in EOF direction towards the detector, if the
electrophoretic velocity is less than EOF. Conversely, the ions will move in the
opposite direction from the EOF, if the electrophoretic velocity is greater than the
EOF. In our study, analyte migration would be the cathode due to the use of a low pH
background electrolyte and resulting negative inner capillary charge. As opposed to
LC, which has a laminar flow profile, EOF in CE has a relatively flat flow velocity
profile, which allows for separations that are very efficient®2. The efficiency of
separations is based on number of theoretical plate numbers and plate height values.
Separations that are very efficient have a high number of theoretical plates and low
plate height values. CE, which has limited peak broadening, has an estimated 1
million theorical plate number, as opposed to ~10x less plates in LC®,
Chromatographic efficiency can be defined by the theoretical plate height (H) through
the Van Demeter equation®* (Eq. 3). With no solute-wall interactions or column
packing, both the eddy diffusion (A) and mass-transfer term (C), the only influence

on the plate height in CE would be longitudinal diffusion (B) term.
H=A+2+Cu(Eq.3)
There are various methods to concentrate the sample on-line through velocity
gradient techniques. This is used to increase sensitivity and lower detection limits.
Four main kinds of on-line sample concentration techniques are stacking, sweeping,

dynamic pH junction, and transient isotachophoresis (ITP) and electrokinetic

supercharging®.



For stacking, there are three major approaches. These are field amplified
sample stacking (FASS), Large Volume Sample Stacking (LVSS), and pH-mediated

stacking®®.

Figure 1.2: Diagram of Capillary Electrophoresis with a representative CE-MS
chromatogram
FASS method is considered one of the easiest techniques for online sample
concentration, where the sample is made in a matrix with low-conductivity, and the
background electrolyte (BGE) has high-conductivity. The sample is injected in a
capillary that is already filled with BGE. Then, a high positive voltage is applied,
there is a larger electric field that allows the ionic analytes to move more quickly

towards the sample zone and BGE boundary. Then, the electric field decreases greatly
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making migration slower. This makes the sample ions concreated on the boundaries.
As the EOF mobility is greater than of the ionic analytes and the EOF is greater than
the electrophoretic velocity, all the analytes will go towards the detection window,
with cations migrating at a quicker rate than anions. The analytes will be separated in
capillary zone electrophoresis (CZE) mode. The volume of injected sample is
between 1-3% of capillary length, since a larger sample volume would make focusing
difficult and have limited length for CE separation®®. FASS has been used for a wide
range of detection applications from alkaloids®’ and metabolites®, with 10-10,000x
sensitivity. LVSS is like FASS, but the polarity of the electrode is reversed to create
a reversed EOF. When a negative polarity is applied to a capillary filled with high-
conductivity BGE and injected with sample, EOF is moving towards the inlet.
Anionic analytes will migrate towards the outlet and detection end and stack towards
the sample zone and BGE boundary. Conversely, the neutral species and cations will
migrate towards the inlet injection end. Two downsides with this method are that both
anions and cations cannot be separated simultaneously and can be only used with low
mobility analytes. Both in the LVSS and FASS approaches, the sample is prepared in
a low conductivity buffer, but certain samples, such as ones containing urine or blood,
have salts and high conductivity, which would limit the effectiveness of stacking. To
combat this, pH-mediated stackings methods can be employed. In this approach,
samples are made within a medium which has high-ionic strength and then injected
electrokinetically to the separation capillary. This is followed by an electrophoretic
injection of a strong acid, which is then applied with positive voltage. This creates a

greater electric field along the neutral zones thereby increasing ion migration.
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Consequently, the analytes were concentrated and stacked on the boundary between
the BGE and the titrated zone. This is then followed by separation in CZE mode®®.

LVSS method has been used for anions®® and peptides*.

Before High I —

Voltage G)@ O ©
Addition O O ©

High-conductivity buffer Low-conductivity sample

After High -
Voltage Q%g
Addition o0

Stacked Analyte

Figure 1.3: Diagram of Field Amplified Sample Stacking (FASS)

Another sample concentration approach in CE is dynamic pH junction. A pH
junction is between sample zone and BGE. The separation capillary is filled with
BGE solution with a higher pH than the sample solution. The interface between these
sections creates a pH junction. In alkaline solution, the analytes gain a negative
charge, whereas in an acidic solution the analytes are neutral. When a large positive
voltage is applied, there is a creation of a discontinuous electrolyte zone. Negative
ions will migrate to the sample zone, while the EOF will move in the opposite
direction towards the BGE solution zone. Consequently, the sample analytes are
focused on the pH junction area and are then separated by CZE model. Factors that

affect the focusing and analyte local velocity in the different segments are the pH,
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concentrations, and pKa values of the BGE and sample®. This method has been used
recently to improve sensitivity for analysis of single mouse neurons*. Two
downsides of this approach are the that only one sample can be theoretically injected,
thereby limiting the overall throughput capability, and that it cannot be used for
cationic analytes®. These preconcentration methods coupled with the sensitivity
robustness of CE for volume-limited samples make it especially attractive for

biomolecule analysis, especially for single cells.

Section 1.5: Single Cell MS

In recent years, analysis of single cell has been pivotal in understanding the
intricacies of cellular molecular programming and how that relates to functional
differences between cells. An advantage of looking at the single-cell level is that
analysis at this level can provide novel insights that would be not seen by traditional
approaches due to signal averaging of pool samples of many cells. Characterizing the
metabolome at the single-cell resolution presents many analytical challenges. With
more than 100,000 known molecules, metabolites have a broad range of
physicochemical properties, are very dynamic, and have abundance ranges that span
many orders of magnitude®. Furthermore, single cells come in many shapes, sizes,
and morphologies, and vary immensely even intraorganismically and offer very
limited amounts of sample to analyze. Therefore, analysis of volume-limited samples
requires specialized techniques that have very high molecular specificity, are
ultrasensitive, and are fast to examine quick metabolic changes.

Single-cell mass spectrometry (SC-MS) is a primer technology that is used in

metabolite characterization at the single-cell resolution. SC-MS technologies have
13



been refined to have their measurements scalable, have large molecular coverage,
and/or preserve biologically relevant, spatial-temporal resolution parameters. Several
review papers outline an overview of SC-MS*>°, Usually, SC-MS is paired with
various separation methods to broaden the single-cell metabolome coverage. Liquid
phase separation (CE & LC) provides additional compound-dependent identification
information, as retention time in LC and migration time in CE. It also facilitates
interference removal during the generation of ions and subsequent spectral detection.
A gas-phase-based separation within an ion mobility analyzer facilitated the reduction
of spectral inferences. This approach resulted in the detection of roughly 400 ion
signals and identification of 23 lipids and metabolites from A. thaliana cells®®.
Trace-sensitive CE-MS has several advantages for single cell analysis. CE
requires only a small amount of sample (~nL), which is compatible with the volume-
limited samples that are acquired from single cells. It has excellent separation peak
capacity, which can, also differentiate between isobaric species*’. Several groups'®°>
* including the Nemes Lab!*17%° have devised workflows that coupled CE to
electrospray ionization (ESI)-MS, which has allowed for the detection of hundreds of

molecular features from single cell samples.

Section 1.6: Research Model: Xenopus Laevis for MS-Based Metabolomics

There are many different models for studying cellular biology, especially with
respect to developmental biology. The South African clawed frog (Xenopus laevis) is
a popular model to study developmental biology due to numerous experimental
advantages. Since evolutionary speaking, frog and humans are very similar, findings

from X.laevis studies can be translated into a clinical context>®. Furthermore, Xenopus
14



laevis have standard and well-known and described cell-fate maps®’°8. From an
experimental standpoint, the stereotypical embryos have large cell size (90 uM),
which aids in direct cellular manipulation and extraction without the aid of
microscope. The cells also have noticeable natural pigmentation difference between
different kinds of cells®®. The timespan for cellular differentiation is quick, and the
frog mating produces many eggs, hundreds to few thousands, externally, which
facilitates with sample collection®®. Since the cell-fate maps are well established, MS-
based metabolomics with X. laevis give a unique opportunity to see how the cellular
metabolome changes in the developing embryo, which is important in understanding
normal and disease development. The Nemes Lab has previously shown there is
inherent metabolite heterogeneity between different cell types and that enrichment of
metabolites in the developing embryo can alter a cell’s fate change!®. For example,
methionine and acetylcholine were enriched in V11 (midline ventral animal) cell,
which is epidermically fated, while threonine and histidine were enhanced in D11
(midline dorsal animal) cell, which is neuronally fated. Interestingly, however,
neuronally fated D11 cell became epidermally-fated tissue after injecting
acetylcholine and methionine®. Understanding inherent metabolite-gradients can be
very helpful in understanding in the dynamic changes to the metabolome that give

rise to cellular differentiation.
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Chapter 2: Development of High-Throughput Single Cell
CE-ESI-MS (M-FASS)

Section 2.1: Introduction

CE-MS has many advantages for the analysis of single cells. Single cells
produce small workable sample volumes. Suitable analytical technologies for single
cell need to be very sensitive and work well with limited volumes. CE-MS is both
ultrasensitive and only requires very small amount of sample, such as nanoliters.
Analyzing many different single cells are important in order to make statistically
relevant conclusions regarding their composition. Having more samples from more
cells will make the analyses more robust and account for variation between biological
and technical replicates. Our custom-built microanalytical CE-ESI-MS, is highly
sensitive with a ~25 amol lower limit of detection for metabolites*®. One limitation
with the platform is that it is relatively low throughput with roughly 1 sample/hr
injected and analyzed. One of the bottle necks for single cell CE-MS is the ability to
measure samples in a high-throughput manner. Here we explored various methods of
injecting multiple sample plugs in one CE-MS runs to increase throughput of the
workflow, as described in Figure 2.1, which was validated and optimized with an

amino acid mixture.
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Figure 2.1: Figure Ultrasensitive Multi-Plug CE-MS workflow

Section 2.2: Methods & Materials

Chemicals and Materials

Water, formic acid (FA), acetic acid, isopropanol, and methanol were LC-MS
grade from Fisher Scientific (Fair Lawn, NJ). All other chemicals were reagent grade
or higher and from Sigma Aldrich (St. Louis, MO). All Samples were prepared with
EPPS and HEPES (99% purity) as an internal standard. The amino acid standards
include acetylcholine, alanine, arginine, asparagine, aspartic acid, glutamic acid,
glutamine, glycine, histidine, isoleucine, leucine, lysine, phenylalanine, proline,
serine, tyrosine, and valine were from Sigma Aldrich (St. Louis, MO). 100 cm fused
silica capillary (130/260 pum inner/outer diameter) was used as CE separation
capillary and from Polymicro Technologies (Phoenix, AZ). The ESI lon source
components, such as ferrules, T-unions, and sleeves were sourced from IDEX
Corporation (Lake Forest, IL). The stainless metal emitter (130/260 um inner/outer
diameter) were from Hamilton Company (Reno, NV).

Solutions
17



The CE background electrolyte (BGE) contained 1% v/v formic acid (FA) in
LC-MS grade water (measured pH 2.1). The CE-ESI sheath solution was made of
0.1% v/v FA in 50% MeOH (measured pH 3.2).

CE-ESI-HRMS

The single-cell metabolite extracts were measured on a custom-built
microanalytical CE-ESI platform that was identical to the platform that was
previously reported*®. An ~10 nL of an amino acid standard, was electrophoresed in a
BGE-filled 1-meter-long fused silica capillary (40/105 um inner/outer diameter) at
+21 kV (applied at the capillary inlet), yielding ~7.5 pA CE current. Multiple sample
plugs were injected with varying spacers at varying potentials during method
development. The CE separation capillary was connected to a CE-ESI interface. The
ion source was operated in the cone-jet regime for maximal ion production under the
following conditions: co-axial sheath liquid, 600 nL/min; ESI potential -1,700 VV
(applied to front plate of the mass spectrometer); ESI-to-mass spectrometer distance
was ~ 2 mm. The generated ions were detected and identified using a quadrupole
time-of-flight high-resolution mass spectrometer equipped with a collision-induced
dissociation cells (HRMS; Impact HD, Bruker, Billerica, MA). MS measurements
employed the following operational conditions: dry gas, 2 L/min nitrogen at 100 °C;
survey scan rate, 2 Hz; mass range (MS* and MS?), m/z 50-550; collision-induced
dissociation, 18-20 eV in nitrogen. The mass spectrometer was mass-calibrated to <5
ppm accuracy using sodium formate clusters, which were formed by injecting 100

mM NaCl and electrospray ionization. Hydrodynamic injection of by raising sample
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and BGE into the capillary by physically lifting up a sample loading stage 15 cm, for
approximately 60 seconds for a 10 nL injection and 30 seconds for a 5 nL injection.
Data Analysis

The primary MS data was processed using Compass DataAnalysis 4.3
(Bruker). To identify standard metabolites, molecular features were searched
manually, and relative migration time-warping analysis and accurate mass was used.
Under-the-peak-area was manually integrated via Compass Data Analysis 4.3

(Bruker).

Section 2.3:BGE Spacer Gap Approach

The original way of using the CE-ESI-MS platform is to hydrodynamically
inject 10nL of sample (~30 seconds) followed by 5nL plug BGE for FASS, which
would 60 seconds and 30 seconds respectively. Then CE high voltage is applied to
the capillary and analytes are separated then fed into the MS for detection. We first
tried BGE spacer gap approach by loading 5 samples of an amino acid mixture
consecutively (10 nL each) in one CE-MS run using the original method resulted in
peaks of the same species that did not fully resolve. The BGE spacer gap was
expanded to 1.5 min (15 nL) and 3 min (30 nL) between injections. With the 3 min
BGE spacer, the peaks between different injections in the same run were resolved.
However, having 3 min BGE spacer separation yielded a long total injection period,
(i.e., for 5-plug sample would have total 20-25 min injection time, which is time

prohibitive.)
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Section 2.4: M-FASS Approach

To cut down on the injection period to improve throughput, we sought instead
to use a multi-FASS (M-FASS) approach, where a FASS voltage was applied in
between sample injection in a multi-plug run. 30s FASS voltage coupled with a 30 s
BGE spacer provided good resolution between peaks of multiple CE sample intrarun
injections with a >50% reduction in injection time as compared to the large BGE
space gap approach. Figure 2.2 shows a 5-multi plug injection with and without M-
FASS application. With the M-FASS, peaks were able to be resolved with the same
sample (10nL) and BGE spacer length (5nL), thereby reducing the total injection
volume and length of the sample loading zone, making the process much more time

efficient as compared to the Long BGE Spacer Gap Approach.
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Figure 2.2: A) 5-multiplug standard FASS injection

B) 5-multiplug M-FASS injection

Section 2.5: Analytical Validation and Optimization of M-FASS Method

Analyzing different FASS KV application and duration settings were

examined to optimize peak area and resolution. The M-FASS voltage application of

0, 5, 10, 15, and 20 KV was tested in between injections in a 5-plug multi-injection

for a standard amino acid mixture. Two conditions of 5kV and 15 kV M-FASS

voltage are shown as an example in Figure. 2.3.
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The signal-to-noise (S/N) ratio for most compounds increased greatly from 0
to 10 KV then had steady increases thereafter (Figure 2.4). The peak separation
resolution increased with increasing FASS voltage up until the 10-15 KV range then
subsequently decreases (Figure 2.5). We further tested the effect of FASS duration
on S/N and separation resolution, we found 10 s, 20 s, and 30s had no major
difference. Therefore, we chose a 30s M-FASS duration. With these considerations
along with better intra-run peak-to-peak resolution, a M-FASS voltage of 15 kV was
chosen. After optimizing M-FASS parameters, up to 7-10 samples could be
comfortably loaded in one run, thereby increasing throughput by 7-10x as compared

to the original method.
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Figure 2.4. Effect of Increasing FASS Voltage to Peak S/N Ratio
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The analytical performance of this M-FASS method for the CE-UESI-MS was
evaluated by metabolite standards and biological embryonic extracts. Specifically, we
evaluated the lower limit of detection, linear dynamic range of peak area, and
quantification reproducibility for amino acid standards.

A calibration curve (Figure. 2.6) was generated using a concentration series
of a mixture of standard amino acids (0.5 nM, 1 nM, 10 nM, 25 nM, 50 nM, 100 nM,
250 nM, and 500 nM).

The lower limit of detection was determined to be the concentration of tested
metabolite when signal to noise ratio (S/N) equals to 3. The signal to noise ratio was
the root mean square ratio of the peak height to signal noise (Fig. 2.6). The S/N of
acetylcholine was 3 at 10 nM (~70 amol), so the lower limit of detection (LLOD) was

10 nM. Small molecules (as indicated in Fig. 2.6) such as histidine and arginine had
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similar LODs, while other metabolites like proline had a higher LLOD, around 100
nM. This validated that this method could be used for high-throughput measurements
of low-abundant metabolites in volume limited samples single cells (where the

endogenous concentration ranges from 100 uM to 2 mM).
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Figure 2.6. Calibration curve of selected metabolites in a 5-plug M-FASS CE Run
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The reproducibility of peak areas between multiple injections for multiple metabolites
in the same run, ranged from 6 — 27% RSD for a run of chemical standards. The peak
area RSD of intrarun metabolite peak areas in a 5-plug M-FASS CE of whole 16-cell
X.laevis embryo extract was 21.4% and followed a normal distribution (Figure 2.7).
This demonstrated the capability of the developed M-FAAS method for quantitative
analysis of complex biological sample. In summary, these results demonstrate the
analytical robustness and sensitivity of this method and platform, which is suitable for

the single-cell metabolomics applications and analysis.
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Chapter 3: Uncovering Spatiotemporal Metabolic Heterogeneity
and Gradients in a 16-cell Embryo

Section 3.1:Introduction

The purpose of increasing throughput through the M-FASS approach was to
develop an ultrasensitive CE-ESI-MS method to study multiple volume-limited
biological samples in a shorter period of time. To demonstrate the power and
scalability of the M-FASS approach, a SCA study with applications to developmental
biology was chosen, where many single cells were studied in a relatively short period
of time. Previous studies were limited to studying 2 or 3 different cell types due to
long run time to analyze many technical and biological replicates one-by-one 6°:61.62
which hindered the ability of the original single injection method to study spatial
metabolic differences and trends among many kinds of adjacent cells in the
developing embryo.

The specific biological application chosen to demonstrate the capability of the
M-FASS method was to explore spatial metabolic differences between adjacent left-

sided dorsal and ventral cells (V11, V12, D11, and D12) in a developing embryo.

Section 3.2: Methods & Materials

Chemicals, Materials, Solutions

All solvents were LC-MS grade from Fisher Scientific (Fair Lawn, NJ). All
other chemicals were reagent grade or higher and from Sigma Aldrich (St. Louis,
MO). All Samples were prepared with EPPS and HEPES (99% purity) as an internal

standard. Same materials for CE-MS as described in 2.2 were used.
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The metabolite extraction solution included 40% v/v acetonitrile (ACN) and
40% v/v methanol (MeOH) in and LC-MS grade water with 2.5 uM EPPS and
HEPES. The CE background electrolyte (BGE) contained 1% v/v formic acid (FA) in
LC-MS grade water (measured pH 2.1). The CE-ESI sheath solution was made of
0.1% v/v FA in 50% MeOH (measured pH 3.2). For embryology, 2% cysteine
solutions for dejellying and Steinberg’s solution (SS) embryos were prepared
following established protocols.

Animal Care and Embryology.

Adult Xenopus laevis frogs from Nasco (Fort Atkinson, WI) were maintained
in a breeding colony. Protocols related to humane handling, use, and care of the frogs
were conducted under approval by the University of Maryland Institutional Animal
Care and Use Committee (approval no. R-FEB-21-07). Embryos were obtained
through gonadotropin-induced natural mating following established protocols®®. The
embryos were dejellied in 2% cysteine (pH 8) and cultured in 100% SS. Two-cell
stage embryos exhibiting stereotypical cleavage and pigmentation were cultured to
the 16-cell stage in 50% SS solution. Cells on the left side of the 16-cell embryo were
identified based on pigmentation and reproducible cell-fate maps®e.

Single-Cell Metabolomics.

The content of each identified cell, ~40 nL per cell, was collected from a
different embryo using capillary microsampling. For each cell, a clean (unused)
microfabricated borosilicate capillary was used to avoid chemical cross-
contamination between subsequent sampling events. Each single-cell aspirate was

individually processed in a microvial (Eppendorf). Metabolites from the collected
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samples were extracted in 10 pL of metabolite extraction solution (4 °C) and vortex-
mixed for 30s. The extracts were stored at —80 °C until analysis. To account for
biological variability and enhance statistical power, n = 5 biological replicates were
collected for each cell type, each from a different embryo. Each single-cell extract
was analyzed in 5 technical replicates within one separation experiment using M-
FASS.
M-FASS CE-ESI-MS

Using the M-FASS method and same CE-ESI-MS parameters described in
Chapter 2, 5 technical replicates (10nL) and 5 BGE spacers (5nL) of a particular cell
sample were injected in the same run. A 15kV M-FASS voltage was selected to
optimize for S/N and peak resolution.
Data Analysis

The primary MS data was processed using Compass DataAnalysis 4.3
(Bruker). Molecular features were searched using semi-automatic method following a
previously established protocol®. To identify molecular features, relative migration
time time-warping analysis and accurate mass was used. Under-the-peak-area was
manually integrated via Compass Data Analysis 4.3 (Bruker).
Statistics

Using DataAnalysis, selected-ion electropherograms were generated and the
under-the-curve area was manually integrated for each peak. The peak areas were
log-transformed and median-normalized in MetaboAnalyst 5.0%4. Statistical data
analysis employed ANOVA with an adjusted p-value (FDR) < 0.05 from a Fisher's

LSD post-hoc analysis marking statistical significance of the selected metabolites for
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analysis. Hierarchical cluster analysis (HCA) was performed to create heatmaps
(Figure 3.1) using Euclidean distance measure and Ward method as the cluster
method. The measured patterns of cell-by-cell metabolite abundances were grouped
using Fuzzy-C clustering in VSClust®. Mfuzz software, which is based on-source
statistical language R from Bioconductor repository, was used for fuzzy-c means
clustering analysis to group statistically significant samples together in clusters based

on peak area information.

Section 3.3: Application to Assess Metabolic Heterogeneity in the Developing

Embryo

Using the peak area information of 36 molecular features from all the M-
FASS runs, principal component analysis (PCA) showed differential clustering of the
four different cell types. These 36 molecular features were selected because of limited
interference from isobaric and interfering species when inspecting the EIC and their
identities were identified via dynamic time warping analysis. Furthermore,
unsupervised hierarchical cluster analysis (HCA) from statistically significant
molecular features was performed and the corresponding dendrogram (Figure 3.1)
showed differential clustering of the 4 different cell types as well. One challenge of
this strategy was the overlapping of isobaric species interference for peaks of similar
m/zs, which rendered some EICs unusable for quantitative analysis.

Analyzing 36 different metabolites in the loadings plot generated by
MetaboAnalyst, 4 major predominated gradient patterns emerged (Figure 3.2). In Q1
(16 metabolites), a midline apex pattern shows, where the metabolite concentration is

high near midline and decreases in cells further away from midline. Conversely, Q4
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(4 metabolites) shows a midline nadar pattern, where the metabolite concentration

decreases as it gets closer to the midline. Q2 (11 metabolites) shows a pattern where

there is a metabolic sink at the V12 cell, while Q3 (5 metabolites) shows a metabolic

source (enrichment) from the V11 cell. The findings suggest there are inherent

metabolic gradients in the developing embryo.

D1l

VL

Figure 3.1 HCA heatmap shows the clustering V11, V12, D11, and D12 cell types

and suggests that there is cellular heterogeneity between the 4 cell types.
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peak area

To better analyze trends of higher resolution and statistical certainty between the

different cell types and their biological replicates, fuzzy-c clustering analysis, via

Mfuzz software, was utilized for the 36 identified metabolites in order to cluster

metabolites into statistically significant clusters based on metabolite peak area

information. With this analysis, as seen in Figure 3.3, it was determined 6 distinct

metabolite trends emerge. 12 metabolites had a source from one cell (8 for V12, 4 for

V11). 8 metabolites had cell sink trends (5 with V12 sink and 3 with D12 sink).

Lastly, there was 15 metabolites with a sink at the midline, where the V12 and D12
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cell meet. Identified metabolites allowed for pathway enrichment analysis. 36

metabolites were mapped via the KEGG metabolic database. Several different

pathways were deemed to be enriched to levels of statistical significance (p<0.05).

For example, all cell types exhibited aminoacyl-tRNA biosynthesis and arginine

biosynthesis with high statistically significance. However, V11 had high match rate

for glutathione metabolism, while V12 and D12 had high match for arginine and

proline metabolism. Furthermore, D11 had strong match for phenylalanine, tyrosine,

and tryptophan biosynthesis.
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Figure 3.3 Cell-by-cell analysis of metabolite distribution.

Fuzzy-C means cluster

analysis uncovered different spatial metabolite gradient trends.
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In conclusion, the M-FASS method was successfully used to measure multiple
samples, at a 5x throughput rate as compared to more traditional methods, in a short
time frame (20 runs instead of 100 for this study). We were able to collect data and

found cell heterogeneity among 4 different cells with different cell fate type in a

living embryo and discover spatial metabolite gradients.
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Chapter 4: Summary & Future Directions

Section 4.1: Summary

Through this investigation, we further advanced CE-ESI-MS technology to
enable enhanced throughput analysis of single cells by developing a multiplug
injection method called M-FASS. This was applied to metabolite analysis in single
embryos. Microprobe sampling allowed for direct whole cell sampling from
developing embryos. Multiple samples were loaded and separated via a M-FASS
method in the CE capillary. Optimization of FASS Voltage (15kV) and duration (30s)
allowed for good peak area and peak resolution. The resulting workflow was able to
identify metabolites reproducibly with trace sensitivity in the sub nM range, which
would be necessary for volume-limited samples and single-cell analyses.

The resulting CE-ESI-MS workflow allowed for analysis of the measurement
of 100 samples from 20 single cells in 20 M-FASS CE runs, reducing MS run time by
80% from ~150 hours to ~30 hours. This resulted in the discovery of 6 metabolite
gradient patterns between 4 adjacent cells. Developing enhanced-throughput methods
is important for single-cell analysis because it would allow for more measurements in
a short period of time, which would allow for more different kinds of biological and
technical replicates to be ran and the discerning results could be held with higher

statistical confidence.

Section 4.2: Future Directions

The M-FASS approach integrated with the in-situ microprobe sampling

improved the analytical ability of CE-MS for single-cell biological studies, as it
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allows for an increased number of processed samples to be analyzed. The resulting
metadata from this approach can improve both the quantification and identification of
metabolites and small molecules from volume limited biological samples. Future
studies using the M-FASS enhanced-throughput approaches could include analyzing
the metabolome of all the cells in the embryo as it develops from 2-cell to later cell
stages or perturbing the developing cell chemically and seeing how the metabolite
gradients differ in abnormal vs normal development. This kind of microprobe M-
FASS CE-ESI-MS can be scalable to different cell types of thereby furthering cell
biology and single cell analysis for many different kinds of applications. The method
can also be used for other purposes such as environmental monitoring and
pharmaceutical research applications in addition to cell biology. Small metabolites
can be found using this higher throughput approach in challenging, complex samples
like soil or water. This can be used to study drug metabolism and pharmacokinetics
studies relating to drug discovery and development. This robust method can be used
to monitor many samples in an ultrasensitive with a decent throughput and has

implications in many different areas of research.
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