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Abstract

Understanding the cell-to-cell differences between cells is important for both
fundamental biology and in identifying normal and pathological functioning. Biogenic
amines, which include catecholamines and indolamines, are of particular interest due to
their presence throughout the central and peripheral nervous systems in many species, as
well as their association with a wide variety of higher order behaviors such as sleep,
memory formation, feeding, and mood; however, they are low abundance analytes since
they are present in localized regions of the nervous system in femtomole to attomole
guantities. Also, when sampling from the nervous system, the amines are often present
within a complex matrix of proteins, salts, lipids, and other common biological compounds,
which can complicate the detection and identification of trace levels of amines. This
combination prompts the use of technologies that enable single cell measurements. Single
cell measurements also provide insight into cell-specific metabolism, as different cell types
are both quantitatively and qualitatively unique. Cell-specific metabolism distinguishes a cell
that is morphologically similar to its neighbors but has a different molecular complement,
which may result in a different function or indicate a difference in cell status. Differences in
metabolism could also indicate potentially pathological behavior. The goal has been the
design, construction, and validation of analytical instruments to enable single cell
characterization.

The high sensitivity and low sample consumption of capillary electrophoresis (CE)
combined with the selectivity and sensitivity of laser-induced native fluorescence detection
(LINF) makes CE-LINF well suited to study single cells and even subcellular organelles;
however, the isolation and loading of such small samples into the CE system is challenging.
This issue is addressed by designing, constructing, and interfacing a single beam optical trap
with a laboratory-built CE system that uses multi-channel LINF detection, which has been
optimized for single cell analyses. The optical trap is formed by tightly focusing the output
of a Nd:YAG laser with a high numerical aperture objective. Once the cell is localized within

the trap, the capillary inlet is moved adjacent to the trapped cell using a combination of a
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computer-controlled micromanipulator and a microscope stage. The cell is then released
from the trap and pressure injected into the capillary. Cell lysis occurs within the capillary
and the cellular constituents are subsequently separated and detected. Detection takes
place using multi-channel LINF, which has been optimized for selective excitation and
detection of biogenic amines. Briefly, a 224 nm HeAg hollow cathode ion laser is used in
combination with a sheath-flow cuvette; the fluorescence emission is collected and
measured using three channel detection with each photomultiplier tube having its own
wavelength range selected with the appropriate dichroic mirror. This instrument allows
unambiguous identification of a variety of catecholamines and indolamines based on
differences in both their fluorescence emission profiles and migration times.

This system, both as a hyphenated instrument and as individual components, has
been used for several neurochemical applications, including detecting trace levels of
indolamines in microdialysis samples and in single pinealocytes, the indolamine-containing
cells of the pineal gland. These analyses highlight the ability of the system to isolate and
manipulate single cells and perform injections and separate and detect low abundance

analytes in samples with high concentrations of salts.
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Design is not just what it looks like and feels like. Design is how it works. — Steve Jobs
Designs of purely arbitrary nature cannot be expected to last long. — Kenzo Tange
I mean, if you decided to go out today and get you an instrument and do whatever it is that
you do, no one can tell you how you're going to do it but when you do it. — Ornette Coleman

At last a dream come true. The Instrument of Instruments. — Mick Fleetwood
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1 Introduction

1.1 Research motivation

Cells contain tens of thousands of compounds spread amongst numerous analyte
classes with concentrations that can range across more than nine orders of magnitude.
These concentrations can vary widely depending on the time of day, the animal’s age, and
the season, among other factors. When working with average values across a tissue sample
or homogenate, much of this important information is lost. This also places a large demand
on the dynamic range of the detection system, since analyte levels can range from mole to
yoctomole amounts within a tissue.

In order to retain this information content single cell analysis is critical. It provides
insight into cell-to-cell heterogeneity; for tissue samples with a mixture of different cell
types (such as neurons and glia), performing bulk chemical analysis would only result in
determining average values for the region and would be unsuitable for analysis of defined
cell types. Dilution of trace analytes by constituents common to all cells can also occur,
which can mask the effects of cells that appear morphologically similar but in fact have
distinctly different contents and therefore a different function. Differences in metabolism
could also indicate potentially pathological behavior. Performing single cell analysis
bypasses these issues by reducing analyte dilution, potentially decreasing the sample
complexity, and lowering the dynamic range necessary to detect the components present
within the cell.

There are a variety of methods that have been used to probe single cells, such as
electrophysiology and optical microscopy, and although they provide a plethora of useful
information, accurate quantitation of analytes within single cells is less common. One
method that has proven itself useful is for quantitating cellular contents is electrophoresis.
Electrophoresis involves the application of an electric field to a background matrix
containing ionized species of interest. Within the electric field, the molecules can be
spatially and temporally separated based on their effective charge. This analyte separation
reduces the complexity of the data and can assist in the identification of molecules that

possess similar characteristics. Also, electrophoretic methods can be paired with a variety of



sensitive detection methods such as fluorescence to enable analyses of low abundance
analytes.

Despite the number of techniques available for single cell analysis, effective sampling
can still be a challenge. The possibility of damaging the cell during handling or sampling can
be high, which can produce inaccurate data. Also, isolating and manipulating single cells
typically requires a skilled physiologist. The development of sampling techniques to enable
analytical measurements of single cells has broadened this topic beyond biology to
encompass several different fields, including analytical chemistry and physics. Combining a
sample handling instrument with a separation step and a sensitive, selective detection

method allows for effective and robust analysis of single cells.

1.2 Thesis overview

The remainder of this chapter will briefly cover the history of electrophoresis for
single cell analysis as well as an overview of catecholamines and indolamines, the analyte
classes that are studied using the techniques and instrumentation presented throughout
this thesis. Chapter 2 is a review of sampling techniques for single cell electrophoresis for
the time period 2008 to 2011. Chapter 3 covers the redesigning of and improvements to a
laboratory-built capillary electrophoresis-laser-induced native fluorescence instrument, to
increase reliability and robustness as well as to enable hyphenation to sampling
instrumentation. Chapter 4 details several capillary electrophoresis techniques that are
tested and optimized for analyzing low abundance indolamines within high salt-containing
sample matrices, specifically artificial cerebral spinal fluid used in microdialysis. Chapter 5
covers the design, construction, and testing of an optical trap with biological and non-
biological samples, and its hyphenation with the capillary electrophoresis-laser-induced
native fluorescence instrument mentioned in Chapter 3. Chapter 6 describes the analysis of
single pinealocytes, the cells of the pineal gland, using the hyphenated system detailed in

Chapter 5.



1.3 Historical review of electrophoresis for single cell analysis

Some of the earliest work done on electrophoresis for biological sample analysis was
in the late 1930s, primarily on mammalian sera and erythrocytes.” * The band boundaries
were identified optically, by measuring refractive index changes using the schlieren
method.? The idea behind much of this research was to see if different biological states
could be determined, categorized, and even induced based on separation profiles obtained
from electrophoretic experiments. For example, research was done on skin-sensitizing
antibodies which involved electrophoretically separating the components, using a Tiselius
apparatus, in the sera of allergic individuals and applying the isolated fractions to non-
allergic test subjects, to see if the proteins could sensitize their skin.* Another research area
that electrophoresis played a role in was identifying the physical characteristics of various
proteins. Work from as early as 1924 was done to determine the pl and mobility of sera
proteins and their interaction with quartz beads.””’

In the 1950s and 1960s, electrophoretic methods and instrumentation were
developed to isolate cellular components from lower volume samples. Microdisc
electrophoresis, paper electrophoresis, and starch-zone electrophoresis were techniques
commonly used to separate proteins from cell suspensions, small cell clusters, and
individual cells. In 1955 Smithies reported investigating sera proteins using starch-zone
electrophoresis and was able to identify three different classes of sera based on the
presence or absence of various unidentified compounds.® Hydén, Bjurstam, and McEwen
reported the electrophoretic separation of 10”7 to 10° grams of proteins from individual
neurons and cell clusters in 1966 using microdisc electrophoresis coupled with a laboratory-
built microdensiometer to record the protein bands.’ Five 200 pm-diameter glass capillaries
filled with polyacrylamide gel were used in parallel to separate a total of 17 protein bands
from 60 Deiters’ neurons. Sample isolation and manipulation was done by hand for this
work. Matioli and coworkers realized that instrumentation and analyses needed to be
scaled down to the single cell level for effective sampling; they performed polyacrylamide

gel electrophoresis on a single fiber to separate hemoglobin fractions from a single blood



10
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cell.™ Richel used a postage stamp-sized, ultrathin slab gel to isolate proteins from an

individual bag cell neuron from Aplysia.**

Interest in single cell electrophoresis intensified as new methods for analysis were
developed. Pioneering research by several groups began in the late 1980s to create and use
microelectrophoretic techniques such as capillary electrophoresis and microfluidic
electrophoretic devices to look quantitatively at the contents of single cells. Kennedy,

Jorgenson, and co-workers were among the first to perform microcolumn separations on

12-14

individual cells. The Ewing research group used 2 and 5 um inner diameter capillaries

and electrochemical detection to analyze cytoplasm from Planorbis corneus by inserting one

15, 16
l,

end of an etched electrophoresis capillary directly into a single nerve cel among other

17-19

single cell studies. Sweedler and co-workers have studied signaling molecules such as

20-23 24-27

nitric oxide and indolamines in single neurons using capillary electrophoresis with
laser-induced fluorescence detection. Dovichi and co-workers pioneered the used of the
sheath flow cell for post-column detection in capillary electrophoresis,”® coined the term
“chemical cytometry” to describe the analysis of the chemical contents of single cells, and

have performed a variety of single cell studies on cancer cells.?**

The Yeung research group
has contributed a number of papers in this field, using capillary electrophoresis paired with
native fluorescence to selectively detect biogenic amines, in addition to derivatized

32-35

fluorescence detection. The Arriaga research group has focused on analysis of

36, 37 38-41

subcellular components such as mitochondria and other organelles.

Sampling techniques to improve single cell analysis have become more necessary as
the sizes of the cells of interest decreased and as detection methods became more
sensitive, enabling trace analyte levels to be detected. There is still a need today to further
improve sampling methods, to facilitate high throughput analysis so that statistical
information can be more easily gathered and to allow a wider range of research to be
conducted. Manual, mechanical, and microfluidic manipulation are popular and effective

choices for sampling from single cells, as are optical methods such as laser lysis and optical

traps. Chapter 2 details recent progress in this field.



1.4 Catecholamines and indolamines in single cells

Among the analytes that are of interest in single cell research are the biogenic
amines, specifically catecholamines and indolamines. Catecholamines are derived from
tyrosine (e.g., epinephrine and dopamine) and indolamines from tryptophan (e.g., serotonin

and melatonin). They play roles in numerous physiological functions, including but not

42-44 45-47

limited to cardiac regulation, memory formation, mood,*® *° behavior,® satiation,”"

53-55 56-60

>2 sleep, and reproduction. Catecholamines and indolamines are also implicated in

61, 62 63-67

several degenerative and pathological diseases, such as Parkinson’s disease, and in

h.%8 ©> 668973 Thair presence and functions are well conserved

tumor inhibition and growt
throughout the animal kingdom, from insects to mollusks to mammals.

Their widespread functions make catecholamines and indolamines the subject of
much research, although they are considered low abundance analytes and are typically
synthesized and localized in specific areas or cell types, especially catecholamines. These
factors make catecholamines and indolamines ideal candidates for analysis in single cells. In
particular, capillary electrophoresis has been used to study single cell levels of
catecholamines and indolamines in a variety of animal models and cell types, such as the

27, 7% 25 sea hare R2 neurons,”® sea hare cerebral ganglion

sea hare metacerebral cells,
neurons,”> pond snail giant dopamine neurons,> ** ’® 77" 19 fresh water snail RPeD1 and
LPeD1 neurons,”® bovine adrenal medullary cells,®> and rat mast cells.> A variety of
schemes have been used to detect catecholamines and indolamines in single cells, including
fluorescence, electrochemical, and mass spectrometric detection. In this work, native
fluorescence is used to detect these analytes, since it simplifies sample preparation,

provides information about analyte identity, and allows for selective excitation, which

reduces the complexity of analysis.

1.5 Conclusions

Instrumentation for small volume samples and single cell analysis has been
designed, built, and optimized, employing a novel hyphenated optical trap-capillary
electrophoresis-laser induced native fluorescence system. This instrument isolates and

manipulates single cells, performs cell introduction into a capillary for lysing and separation

5



of analytes, and uses sensitive and selective native fluorescence detection specific for
catecholamines and indolamines to analyze the contents of single cells. Single pinealocytes,
the cells of the pineal gland, were analyzed for indolamine content under a variety of
conditions. Small volume samples were also analyzed for trace levels of indolamines under
high salt, physiological conditions, which required testing and optimization of a variety of
capillary electrophoretic methods. This work allows for the routine analysis of single cells

and small volume samples under physiological conditions.
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2 Sampling techniques for single cell electrophoresis
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2.1 Introduction

Cells contain hundreds of different compounds belonging to many analyte classes:
amino acids, proteins, lipids and sugars, among others. The concentration range of these
analytes can span from the millimolar to the picomolar, and can vary based on a number of
factors, such as an animal’s physiological state, season, and even the time of day. While
chemical differences between cell types are expected, even for so-called homogenous cell
populations, a surprising cell-to-cell heterogeneity exists. When working with
measurements that report average values for larger numbers of cells, much of this critical
information is lost.

Single cell analysis provides insight into cellular heterogeneity and oftentimes
retains the unique information present within individual cells. For example, if only one cell
out of 100 possesses an analyte of interest, assaying 100 cells dilutes the analyte of interest,
likely complicates detection due to signals from constituents common to all cells, and
therefore makes the measurements more challenging. This also places a large demand on
the dynamic range of the detection system, since analyte levels can range from millimole to
zeptomole amounts within a tissue. What types of samples are used for such
measurements? As examples, adjacent neurons can have different complements of

signaling molecules® and there is large stochastic variance in protein expression from
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supposedly identical bacterial cells.> Obviously, for heterogeneous samples where multiple
cell types are intertwined (like neurons and glia), performing bulk chemical analysis results
in average values for the region and does not provide information on defined cell types.
Performing single cell analysis bypasses these issues by reducing analyte dilution,
potentially decreasing the sample complexity, and lowering the dynamic range necessary to
detect the components present within the cell. While there are numerous potential
applications, the need for individual cell measurements in neuroscience, cancer research,
and stem cell biology have driven many studies.>*

There are different parameters used to describe a cell, including its morphology,
electrophysiology, transcriptome, and chemical constituents. Thus, numerous methods are
used to probe single cells, from optical microscopy, next generation sequencing,
electrophysiology, and a host of chemical characterization approaches. For small molecules
(e.g., the metabolome), separations such as electrophoresis have become widely
employed.® This analyte separation reduces the complexity of the data and can assist in the
identification of molecules that possess similar characteristics. The physical scaling laws for
electrophoresis favor miniaturization, and it has been applied to a broad range of single cell
experiments.® This review focuses on the recent applications of capillary electrophoresis to
single cell measurements.

While the separation and detection figures of merit are important, perhaps no area
determines the success of such measurements more than isolating and sampling the cells.
Hence, approaches for sampling cells and introducing them to the separation channel are
highlighted, with an emphasis on sampling strategies for single cell electrophoresis
developed from 2008-2011. The descriptions are not meant to be comprehensive, but to
highlight recent results, improvements and trends in single cell sampling applied to capillary
electrophoresis. Why highlight sampling? One of the challenges and unique aspects of
single cell analysis is effective sample handling. Selecting and isolating specific cells,
especially when rare, without affecting the cell contents requires either a skilled
physiologist or technologies for automated cell manipulations. Recent progress in isolating

and sampling cells, including optical traps, improved cell sorting, and microfluidic
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manipulations, are enabling a number of studies. The development of sampling techniques
to enable analytical measurements of single cells encompasses multiple different fields,

including analytical chemistry, biology and physics.

2.2 Historical overview of electrophoresis for single cell analysis

While electrophoresis has a long history,” applying it to individual cells is more
recent. In the 1950s and 1960s, electrophoretic methods and instrumentation were
developed to isolate cellular components from lower volume samples. Microdisc
electrophoresis, paper electrophoresis, and starch-zone electrophoresis were techniques
commonly used to separate proteins from cell suspensions, small cell clusters, and
individual cells. In 1955 Smithies reported investigating sera proteins using starch-zone
electrophoresis and was able to identify three different classes of sera based on the
presence or absence of various unidentified compounds.® Hydén, Bjurstam, and McEwen
reported the electrophoretic separation of 10”7 to 10° grams of proteins from individual
brain stem neurons and cortical cells, as well as low numbers of Deiters’ neurons and cell
clusters in 1966 using microdisc electrophoresis coupled with a laboratory-built
microdensiometer to record the protein bands.’ Five 200 um-diameter glass capillaries filled
with polyacrylamide gel were used in parallel to separate a total of 17 protein bands from
60 Deiters’ neurons. Sample isolation and manipulation was done by hand for this work.
The importance of downscaling the electrophoresis apparatus to match the scale of the
cells was recognized early; even before the advent of capillary electrophoresis, Matioli and
coworkers separations the hemoglobin fractions in an individual red blood cell via
polyacrylamide gel electrophoresis on a fiber'® and Richel used a postage stamp-sized,
ultrathin slab gel to isolate proteins from an individual bag cell neuron from Aplysia.**

Interest in single cell electrophoresis intensified as the figures of merit for small-
scale electrophoresis improved to allow a greater range of measurements. Pioneering
research done by the Jorgenson, Yeung, and Ewing groups as well as the Dovichi, Arriaga,
and Sweedler groups created and used microelectrophoretic techniques to look

quantitatively at the contents of single cells and organelles, including neurotransmitters,** ™"

22-26 27, 28

enzymes and proteins, sugars, and other small molecules.?®!

amino acids,?® %
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Improved and more flexible cell sampling approaches continue to evolve as the sizes of the
cells of interest decrease, detection methods become more sensitive, and separation
throughput increases. There is still a need today to further improve sampling methods to
facilitate high throughput analysis so that statistical information can be more easily

gathered and to allow a wider range of research to be conducted.

2.3 Present strategies for single cell separations

The development of capillary electrophoresis (CE), described by Jorgenson and
Lukacs in 1981,>* ** has enabled many groups to perform single cell research. The
components can be relatively inexpensive and a basic instrument is fairly simple to set up,
compared with the first electrophoresis work described previously. There are several
benefits associated with using CE for single cell analysis, such as its low sample volume
requirements, spatial dimensions, fast and efficient separations, and its versatility. These
attributes combine to make CE a popular choice for the analytical separation of the
contents within single cells.?% 2% 23437
Microfluidic chips coupled with CE have also been used for single cell

electrophoresis.>® ***!

The development of lab-on-a-chip techniques has broadened the
scope of the single cell studies and has impacted biology, chemistry, physics, and
engineering. The benefits of microfluidics as a basis for analytical platforms are numerous.
The small volumes, low cost of fabrication, portability, and design versatility all contribute
to the use of microfluidics for single cell analysis. Also, the ability to integrate multiple
experiment components (like sample preparation, separation, and detection) on one device
and potentially automate them is a main benefit especially for rapid, high-throughput
analysis. Finally, the typical materials used for devices are optically transparent in the visible
and ultraviolet region, which allows for hyphenation with a variety of optical instruments
and components like microscopes and detectors.

When analyzing samples whose content may be in the femtomole to zeptomole
range or lower, sensitive detection methods are necessary. For capillary electrophoresis, a

number of detection systems have been developed, including fluorescence,

electrochemical, mass spectrometric, radionuclide, NMR, and others.*? The first three
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(fluorescence, electrochemical, and mass spectrometric) are by far the most common . The
figures of merit of these detection systems impact the cell samples and sampling
approaches used for single cell applications, and so the detection systems are briefly
described within the context of single cell measurements.

Fluorescence is often used for single cell analysis due to its sensitivity to analyte
concentration, large linear dynamic range (10° orders of magnitude), low detection limits
(yoctomole amounts), and selectivity. The combination of these factors allows for both
common and trace analyte levels to be detected and quantitated. Laser-induced native
fluorescence (LINF) is a highly selective detection method, as relatively few biological
analytes are natively fluorescent. This selectivity can reduce the complexity of
electropherograms and wavelength-resolved information can provide additional
information about the analyte identity. In contrast, derivatization reagents are used to bind
a fluorophore to a non-fluorescent molecule (laser-induced fluorescence (LIF)). Although
there is a loss in selectivity and information content when using derivatization, there are a
wide variety of reagents available, which allows for detection to occur with a range of
instrumentation. Another benefit is the extremely low detection limits (zeptomole to
yoctomole) that are achievable due to the high quantum yields (typically > 0.9) of the
fluorophores. CE-LIF?> 3" ** % and CE-LINF'® *> *® have been used extensively to profile the
contents of single cells and organelles.

Electrochemistry (EC) is a popular alternative to fluorescence detection for single cell

analysis.*’*°

Instrumentation for EC measurements is relatively simple and low cost, and no
derivatization is necessary, which reduces sample preparation. The limits of detection for EC
are sub-attomole, comparable to fluorescence measurements. Three main types of EC
detection are used: amperometry, voltammetry, and conductivity. Amperometry is the
most commonly used EC detection technique, as it is highly sensitive but not selective.
Voltammetry is roughly 100-fold less sensitive than amperometry but can be more

selective. Finally conductivity is the least selective as it can measure signal generated by any

charged compound, but is the most universal of the three electrochemical approaches.
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Mass spectrometry (MS) has increasingly been used to profile the contents of single

035 There are several characteristics of MS that make it a valuable detection method

cells.
for single cell analysis. One is the large variety of analyte classes that are amenable to MS
detection, including small molecules, peptides, proteins, and sugars, as the main
requirement is that the analyte can be ionized in the gas phase. Another is the ability to
detect many different analytes simultaneously, providing data with high information
content for each sample that is analyzed. Structural information can be obtained which aids
in analyte identification and no derivatization or modification to the analytes is necessary
for detection. Mass detection limits are appropriate for single cell analysis, in the range of

nanograms to femtograms, and the low sample volumes typically encountered in CE and

microfluidics can readily be analyzed.

24 Sampling techniques

In the context of single cell measurements, one of the greatest benefits of CE is its
cell-sized sample volumes. On the surface, injecting picoliters to nanoliters of sample
appears well-matched to the needs of single cell analysis using additional sample handling;
however, typically only 0.03 to 1% percent of a given sample is usually injected into the
capillary for analysis. This low percentage provokes the question of whether an analyte is
not detected because it is not present in the cell or because it is present in too low an
amount so that injecting only a small fraction of the sample creates a measurement below
the instrumental detection limits. One way to increase the analyte concentration present
within the portion of the sample that is injected while retaining the low sampling volume is
to inject the entire cell. There are numerous sample manipulation strategies that have been
interfaced to CE and microfluidic instruments, some of which are detailed below.

It would be remiss not to mention the importance of flow cytometry in single cell

analysis.>®®

It is the classical method used for single cell measurements and uses
characteristics of cells such as morphology or fluorescence to sort cells for further
measurements. Many of the sampling strategies discussed in this review, regardless of their
heading, use modified forms of flow cytometry to automate the isolation of single cells or

cytometry-inspired detection cells for sensitive detection post-capillary. Given this
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widespread use, flow cytometry does not have a heading of its own, but its use is noted

where appropriate throughout the descriptions that follow.

2.4.1 Manual manipulation

Manual manipulations have enabled a variety of single cell studies to be performed.

In general, a number of optical, electrical, chemical, and physical tools have been used to

63-65 I 25, 26, 29, 66
’

remove cells from an organ or organism, isolate organelles from a cel and
sample directly from the cytoplasm,” ® among other things. Although manual
manipulations may take time and skill, advantages include flexibility and compatibility with
classical physiological and immunohistochemical approaches, which can allow studies to be
performed on cells that are not amenable to culturing or other handling procedures.
Representative examples of such applications are highlighted.

The Sweedler group has profiled single cell and subcellular metabolites using CE

53, 54

coupled to MS. In the first report, two different cell types from Aplysia californica were
individually isolated and disrupted using sharpened needles and contents were extracted
for analysis. The contents of a single R2 cell soma were also compared with the contents
from the same R2 cell’s neurite, and it was determined that different subcellular regions
contain different relative amounts of several metabolites. Nemes, Knolhoff, and others
profiled 50 Aplysia cells belonging to six different neuron types.>* More than 300 distinct ion
signals from endogenous metabolites were detected from a single neuron, 140 of which
were selected for chemometric data analysis. This profiling revealed quantitative and
qualitative chemical differences between individual neurons and neuronal types (Figure 1).
Lantz and co-workers have used whole-cell fluorescence in situ hybridization with
CE-LIF to rapidly identify microbial cells within heterogeneous populations of other
microbial cells®® and within whole blood.*® Using this technique, as few as three injected
cells of Salmonella Typhimurium were detected against a background of 300 injected
Escherichia coli cells, approaching the detection of single pathogens. This procedure and
analysis was rapid, did not experience band broadening, and is particularly useful for

identifying microbial cells that are similar and physiologically unable to be separated. In the

second report, single Candida albicans cells were detected and quantitated in lysed whole
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blood samples. The lysis of blood cells has a two-fold use: to remove potentially interfering
cells and to promote the natural aggregation of yeast cells. The stacked cells show a strong
correlation between cell concentration and signal, enabling quantitation. This sample
preparation and analysis technique has potential use in the food and pharmaceutical
industry.

Detection of nitric oxide in a variety of single cells was accomplished by Yang et al.”®
Single cells from four model cell systems for studying nitric oxide biochemistry and release
(Lymnaea stagnalis neurons, human ECV-304 cells, rat PC12 cells, and MDCK cells infected
with the highly pathogenic avian influenza virus (H5N1)) were analyzed by trapping nitric
oxide in vivo using fluorescent probes. Cells were incubated in proteolytic enzymes and the
connective cells were removed and dispersed manually. Prior to cell injection, a plug of
surfactant was introduced into the capillary to lyse the cell. A micromanipulator was used to
position the capillary above a single cell and negative pressure was applied to inject the cell.
Limits of detection were 42 amol for nitric oxide and the separation time was under three
minutes.

The Yeung group has developed a CE method that can quantitate attomole levels of
both NAD* and NADH within a single rat myoblast.”* Individual cells are contained within an
area on a microscope slide, injected into the capillary via pressure, and lysed using a Tesla
coil. After separation of NAD" and NADH, they were exposed to a cycling buffer and
guantitated using fluorescence. Concentrations were determined for cells exposed to
oxidative stress induced by peroxide and for non-stressed cells.

Overall, manual manipulation strategies are among the most used approach for single
cell sampling, as this term can encompass many different methods and its flexibility. An
important function of manual manipulation is the removal of the cells of interest from the
organism, as many of the sampling techniques described below are used only after the cells

are in suspension.
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2.4.2 Mechanical manipulation

Automated mechanical manipulations reduce user handling. In many cases one of
the slowest, more error-prone areas of analysis is sample handling, and mechanical
manipulation can reduce the time it takes to isolate and introduce cells to the separation
channel.

Parallel separation of the ganglioside metabolites of AtT-20 cells was performed by
Boardman and co-workers.”> An array of five capillaries was used to inject single cells from
etched nanoliter wells on a poly(2-hydroxyethyl methacrylate)-coated glass substrate with a
minimal amount of manual manipulation. A cell suspension was placed on the surface and
the cells were allowed to settle into the wells. The cell concentration and settling time were
chosen to ensure that approximately one cell was loaded per well, according to Poisson
statistics. The capillaries were held in place by an alignment block and the outlets were
threaded into a five-channel sheath flow cuvette for fluorescence detection. The capillary
array was controlled by a micromanipulator which, when coupled with the alignment block,
allowed for precise positioning of the array with respect to the cell-containing wells. Cells
were aspirated into the capillary by hydrodynamic pressure and the contents separated.
Approximately one nanoliter was injected into each capillary, and the single cell results
correspond well with bulk measurements.

Another advance in this field made by the Dovichi group uses an indium-tin oxide-
coated microfabricated device to isolate and capture individual NG-108 cells for analysis.”?
The device has 512, 500 um-diameter wells with 2 um high apertures that connect to a
central channel that is used for applying a vacuum (Figure 1). Cells within a suspension are
allowed to settle in each well under a vacuum, and once a cell has been drawn and trapped
at the 2 um high aperture, a rinsing step is employed to remove non-trapped cells. The
dimensions of the aperture prevent multiple cells from being trapped. A micromanipulator
was used to bring the capillary as close as possible to a trapped cell, and both hydrodynamic
and electrokinetic injections were performed simultaneously to lyse and inject the cell into

the capillary for analysis by LIF using a sheath flow cuvette for post-column detection.
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Future work for this device is to use multiple capillaries for simultaneous analysis of a large
number of single cells.

Marc and co-workers developed fast-lysis traps for single adherent cell analysis.”*
Rat basophilic leukemic cells, a mast cell tumor line, were loaded with Oregon Green and
fluorescein, introduced into the chambers, and allowed to settle into wells and incubate for
12 hours before analysis. To sample from a cell, the capillary inlet was positioned 10-40 um
above a cell prior to lysis. A physiologic buffer was flowed across the cell, and
simultaneously a voltage is applied below the cell for lysis, and to the capillary to initiate
injection. After two minutes, the capillary inlet is moved to the next cell location and the
process is repeated. This is one of the few technologies that is applicable for analyzing

adherent cells.

2.4.3 Microfluidic manipulation

The use of microfluidics for single cell analysis has gained momentum in the past few
years, due to its low cost and ability to be hyphenated to other instrumentation.

The Ramsey group has made several advances in using microfluidic electrophoretic
devices for single cell analysis. They created a high-throughput, monolithically integrated
device and interfaced it to ESI-MS detection to continuously analyze the protein content of
single human erythrocytes.” Cells were loaded into a reservoir and moved by applying
potentials to the four fluid reservoirs. Individual erythrocytes were manipulated into an
intersection where they were lysed by rapid buffer exchange and an increase in electric field
strength. The lysate was then directed into the separation channel and analytes (the
dissociated heme group and heme protein subunits) were subsequently separated and
detected. The average analysis rate was 12 cells per minute. This is the first time continuous
analysis of individual cells integrated with electrophoretic separation and MS detection has
been reported.

Omiatek and co-workers developed a capillary-based microfluidic platform to isolate
subcellular vesicles and then lyse them as they exit the capillary using a detergent-
containing sheath-flow interface. The lysate components were then detected using

amperometric EC detection.* Results were reported for large unilamellar vesicles, a model

20



system for secretory vesicles, which were loaded with the neurotransmitter dopamine.
Both analyte quantitation and liposome size were determined, with zeptomole amounts of
dopamine detected for each individual lysis event encapsulated within a mean liposome
radius of 80 + 18 nm.

Secretion of insulin from individual islets of Langerhans has been continuously
monitored and quantified by fluorescence on a microfluidic chip with 15 parallel
electrophoresis channels by Dishinger and co-workers (Figure 2).”® Multiplexed detection is
possible due to a radial microchannel design where all of the outlets converge at a shared
location. Islets were contained in perfusion chambers on-chip and different amounts of
glucose were introduced into the chamber. Insulin released from the islets was introduced
into the assay portion of the chip and reacted with FITC-insulin and human insulin antibody.
Small plugs of this mixture were introduced into the electrophoresis channels in 10 second
intervals. A total of 5400 serial immunoassays per hour can be performed, providing insight
into insulin secretion dynamics for single islets. This device was used to determine that
chronic fatty acid exposure eliminates pulsatile insulin secretion.

The Zare group has developed a microfluidic chip that can simultaneously perform
whole gene amplification and protein separation from approximately 10 cells (Figure 3).”’ In
particular, the content and composition of light-harvesting proteins from cyanobacterial
cells and their corresponding genes were analysed. Cell suspension was loaded into the
device and cell capture was performed by manipulating valves until the requisite number of
cells was contained in the lysing chamber. After lysis, the proteins were collected into an
injection plug for electrophoretic separation while the remaining cell lysate was directed
into another chamber for denaturing and subsequent gene analysis. Separation and
denaturing occur simultaneously on-chip. Native fluorescence detection was used to
identify the protein complexes. This is the first system that performs both of these analyses
on a single chip.

Xu and Yin have created a microfluidic chip that combines continuous cell
introduction, rapid dynamic lysis, and CE-LIF with a throughput of 38 cells/minute for the

analysis of reduced glutathione and reactive oxygen species in single erythrocytes.”® Cells
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were directed via sheath flow streams to the cross of the chip, where the cells were driven
into the separation channel by the application of voltage. Cells were rapidly lysed within 33
milliseconds at the entry of the separation channel by surfactant and the fluorescent
content separated and detected within a few seconds. The rate for introducing individual
cells into the separation channel is determined by the components’ electrophoretic
resolution, as the maximum rate of introduction (~150 cells/minute) can cause overlap of

the signals from individual cells and complicate analysis.

2.4.4 Laser lysis

Laser lysis, in combination with micromanipulation or microfluidics, represents a
strategy to lyse cells without detergent and quickly inject the lysate with a minimum of
sample dilution. Laser lysis employs a high intensity, short pulse length laser to generate a
cavitation bubble that mechanically lyses the cell in under 1 millisecond.”® This rapidity
prevents the cell from responding to the stress of lysis, which could lead to analyte
degredation or additional analytes present that are normally not in the day-to-day
functioning of the cell.

Brown and co-workers performed CE-LIF analysis on the enzymatic activity of single
live TF-1 cells and confirmed their results using bulk measurements from liquid

chromatography coupled to MS detection.®

Cell suspension was placed on a glass
microscope coverslip and a cell was selected. The capillary inlet was manipulated over the
cell and run buffer was deposited around the physiological buffer droplet surrounding the
cell. A high numerical aperture objective focused a single nanosecond laser pulse onto the
cell for lysis. The firing of the laser pulse triggered the high voltage power supply and the
lysate was immediately electrokinetically injected into the separation capillary for analysis.
Three different proteolytic fragments (~ 10’ fragments/cell) from the B-amyloid precursor
protein were separated and detected in addition to the native B-amyloid precursor peptide
peak in single cells.

Jiang, Sims, and Allbritton developed a capillary-based microelectrophoresis

platform using laser lysis to serially analyze single rat basophilic leukemia cells that were

loaded with fluorescein diacetate and Oregon green.?' The chip contains two channels, one
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for electrophoresis buffer and one for physiological buffer, and an array of microwells
where each cell resides once they are loaded onto the chip. The microwells provide an
address for the automatic positioning of the capillary for injection and separation of the
intercellular dyes following laser lysis. The capillary location remains constant and the chip
is translated so that the capillary inlet is positioned within the electrophoresis buffer
channel. Once analysis is complete, the chip is translated so that the next cell can be lysed
and injected. The throughput for this device was 1.8 cells per minute.

Allen and co-workers conducted high-throughput analysis of single B cell
mitochondria by labeling the acidic components prior to lysis with Oregon Green diacetate
succinimidyl ester, a membrane-permeable dye, and using a membrane-permeable base to
raise the intramitochondrial pH (Figure 4).%% Laser lysis on a glass microfluidic chip coupled
with fluorescence detection was used to lyse the mitochondria and separate and detect the
derivatized contents while preventing dilution of the sample. The targeted organelle was
selected from a group of mitochondria and centered in the focus region for lysis. After lysis
by a nanosecond UV laser pulse, the contents diffuse and are separated by on-chip

electrophoresis. Analyzed volumes were calculated to be one attoliter.

2.4.5 Optical trapping

Optical traps are a popular tool for cell manipulation. First used for biological work in
1987 by Ashkin et al.,** ®* the use of optical traps for cellular and subcellular manipulation
has grown. Samples that have been studied using optical traps include yeast,®® ® bacteria,®*

86 neurons,87 and spermatozoa.gg’ 89

Optical traps make use of the forces generated by light
interacting with a dielectric object through scattering and refraction.

Although optical traps are a widespread technique for single cell manipulation,
interfacing a trap to an electrophoresis instrument is less common. Prior to 2008, there are
only a few papers that demonstrate this for a capillary electrophoresis instrument, although

39,9093 Cecala and Sweedler

hyphenating a trap to a microfluidic device is more prevalent.
have created a hyphenated optical trap-CE-LINF instrument and have used it for the
manipulation and analysis of single pinealocytes, which are the cells of the pineal gland.

Several indolamines have been identified and quantified within single pinealocytes,
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including serotonin and N-acetylserotonin. The capillary is directed using a computer-
controlled micromanipulator toward the trap location, and a pinealocyte is located and
immobilized within the trap. External debris and other cells can be removed by using a
second capillary to remove untrapped objects or by using “outflow” from the separation
capillary prior to injection. Once the area around the trapped cell is clear, the cell is released
and injection into the separation capillary is performed hydrodynamically. The capillary is
moved to a grounded buffer vial, the cell is lysed within the capillary, and the cellular
contents are separated and detected using a three channel native fluorescence detection

system optimized for catecholamines and indolamines.

2.5 Conclusions and future work

Single cell electrophoretic analyses have expanded our knowledge of cell-to-cell
heterogeneity, allowed for the determination of statistically significant differences between
cells exposed to different environments, and enabled the physiological functions of several
compounds to be determined. Tracking cell-to-cell variability also promotes a deeper
understanding of biological function and has the potential to elucidate not only intercellular
information but also interactions within a local network.

Future developments in single cell measurements will focus on technological aspects
such as expanding the number of detectable compounds per sample by using multiple
fluorescent reagents to derivatize a larger variety of analyte types, or employing a
complimentary multiple detection method scheme on-chip, either in series or in parallel
(such as LIF coupled to MS). In terms of sampling, we expect more robust and automated
approaches to be developed. Hyphenation of microelectrophoretic techniques with a

number of other technologies, such as cell-sorting or manipulation techniques that rely on

94-96 97-99

magnetophoretic properties, optically-induced dielectrophoresis, optoelectronic

101-103 104, 105

traps,'® microvortices, or digital microfluidics will enable a number of exciting
studies. These technologies have already been paired with microfluidic devices for cell
manipulation and mechanical studies, and adding a separation step could further enhance

the information content gathered and allow for increased automation. These enhanced
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sampling approaches will be applied to a greater range of applications in neuroscience,

development and disease research.
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2.6 Figures
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Figure 2.1 (Left) A single R2 neuron removed from the abdominal ganglia of Aplysia

californica. Scale bar is 1 mm. (Right) Principle component analysis score plot revealed

chemical differences between individual neurons and neuron types. Each data point corre-

sponds to a different single cell. Adapted with permission from (54). Copyright 2011

American Chemical Society.

26



Islet chamber
Perfusion inlet

Common
waste
”

I Perfusion | { Perfusion flow +
slet insulin

L flow in

Figure 2.2 Channel layout and images of detailed portions of a microfluidic chip for
monitoring insulin secretion from 15 independent islets. (A) The channel network of the
entire device. Microfluidic channels are indicated by solid black lines, and circles represent
the fluidic reservoirs. Each type of fluidic reservoir (holding a different solution) is color-
coded for clarity. (B) Side-view representation (not to scale) of an islet perfusion chamber.
(C) CCD image of an on-chip flow-split that allows the fast flowing insulin sampling stream
to be compatible with the slower flow of the EOF-driven immunoassay reagents. Arrows
indicate direction and estimated magnitude of flow. (D) Brightfield image of the detection
area taken with the CCD camera. Flow from 15 separation channels enter the center portion
of the chip before flowing out through a single waste channel (bottom center in
photograph). Reprinted with permission from (76). Copyright 2011 American Chemical

Society.
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Figure 2.3 Mask design of the integrated microfluidic device. The channel and control layers
are depicted in red and blue, respectively. Reservoirs of the channel layer were opened for
reagent/cell access while reservoirs of the control layer (1-15) were connected to a
pressure controller for valve actuation. For laser-induced fluorescence detection, a 532-nm
laser beam was focused in the separation channel with position indicated by a red arrow
near the CE (-) reservoir. A zoom-in confocal micrograph shows the details of the core
microstructures in this microdevice. (For interpretation of the references to color in this
figure legend and the description in the text, the reader is referred to the Web version of

this article.). Reprinted from (77) with permission from Elsevier.
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Figure 2.4 (Left) A schematic diagram of the CE-LIF instrument, including the connections
among the modules and essential optics. Epi. indicates epifluorescence optics, Con.
indicates confocal optics, Obj. indicates objective lens. (Center) Schematics showing the
sequence of events in a capillary electrophoresis experiment, starting with a target aligned
in the UV laser focus, which caused the target to be lysed with a single nanosecond UV laser
pulse; the insets show the target (arrow) before and after lysis. The released components
are separated as they travel toward and across the probe volume (blue elliptical focus).
(Right)  Single-mitochondrion electropherograms obtained without the wuse of
benzylethanolamine (BEA) (top trace) and with BEA (bottom trace). Inset shows before and
after photolysis of a mitochondrion prior to capillary electrophoresis separation. Adapted

with permission from (82). Copyright 2011 American Chemical Society.
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3 Updates and improvements to the multi-channel capillary
electrophoresis-laser-induced native fluorescence instrument
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3.1 Introduction

Understanding cell-to-cell communication in the brain is important for identifying
normal and pathological brain functioning. Biogenic amines, which include catecholamines
(e.g., dopamine) and indolamines (e.g., serotonin), are of particular interest due to their
presence throughout the central and peripheral nervous systems of many species and
involvement in a range of vital biological functions such as sleep regulation, memory, and
mood, as well as their significance in varied pathologies like Parkinson’s disease and
Irritable Bowel Syndrome.” ® There are, however, several challenges involved in detecting
and identifying these compounds. Within a given sample, the analytes of interest are
typically both mass- and concentration-limited, with values generally in the femtogram
(attomole) range or lower. Also, the analytes reside in a complicated matrix of proteins,
lipids, salts, and other biological compounds, which can interfere with identification.
Another concern is the relatively rapid degradation of catecholamines and indolamines
compared to other biological molecules.” Several separation and detection techniques have
been used to study biogenic amines, such as high pressure liquid chromatography with

electrochemical detection®® and gas chromatography with mass spectrometric detection.’®
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12 One technique that alleviates the above concerns is capillary electrophoresis with laser-
induced fluorescence detection (CE-LIF).
Capillary electrophoresis (CE) is a separation technique well suited for studying trace

1315 CE is used to separate charged analytes, based on

analytes such as biogenic amines.
their mass-to-charge ratio, in the presence of an electric field (Figure 3.1). A typical CE set
up involves a fused silica capillary with each end immersed in a buffered solution. On the
inner walls of the fused silica capillary, ionized silanol groups attract positively charged
buffer molecules and form an electrical double layer. When a voltage is applied to the
capillary, a constant electric field is produced and bulk fluid flow is towards the cathode.
This bulk flow enables both positively and negatively charged analytes to be separated since
the electroosmotic flow should be greater than the molecules’ electrophoretic velocity.'®
There are several benefits associated with CE. It is amenable to mass- and volume-
limited samples, as a sample injection is typically in the low nanoliter range. It affords high
separation efficiencies and provides relatively rapid analysis times compared with

chromatography. CE is also compatible with biological environments. Furthermore, there is

a number of CE modes and methods that can be modified in order to separate a variety of

17-19 20, 21

analytes, such as micellar electrokinetic chromatography ", sample stacking, and

dynamic pH junction.?> %

Detection after separation can be accomplished by a variety of methods; three of

24-27 28-32

the most widely used are electrochemistry, mass spectrometry, and laser-induced

333> Fluorescence can be both a sensitive and selective technique that

fluorescence (LIF).
provides low limits of detection (LOD), with values in the nanomolar to picomolar (attomole
to zeptomole) range. Also, several classes of biological molecules, such as catecholamines
and indolamines, are natively fluorescent, which reduces sample preparation and allows for
analyte identification based on the unique spectral characteristics of the analytes. For
those molecules that are not natively fluorescent, many derivatization reactions exist that

can be used to attach a fluorescent moiety to the analyte of interest.****

Although there is a
loss of selectivity and chemical information when derivatizing, the LODs can be in the

femtomolar (yoctomole) range, due to the high quantum yields typical to synthetic

38



40, 41

fluorophores. Interfaced with CE, fluorescence detection has been used to detect
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amino acids,*” peptides,44 proteins,45' carbohydrates,46 nucleotides,*” and
pharmaceuticals*® within complex samples.

In order to effectively detect and identify trace levels of biogenic amines within
volume-limited samples, the Sweedler group has designed and constructed several
generations of CE-LINF instruments, with the first systems designed around a charge
coupled device detector and frequency-doubled lasers with their continuum sources.’®>> A
more recent instrument design built by Lapainis and Scanlan uses a metal vapor laser and a
series of photomultiplier tubes.® The multi-channel capillary electrophoresis-laser-induced
native fluorescence system (MC-CE-LINF) uses deep UV excitation to selectively excite
catecholamines and indolamines and detects the fluorescence emission across three
detectors, which provides wavelength-resolved information for analyte identification. This
instrument has been modified and updated to improve performance and to interface with
other instrumentation in order to enhance its sampling abilities, which are detailed in

Chapter 5.

3.2 Materials and methods

A list of abbreviations can be found in the Appendix.

3.2.1 Chemicals

Chemicals, unless otherwise noted, were from Sigma Aldrich (St. Louis, MO) and
were reagent grade or higher. Citric acid sheath buffer (25 mM, pH 2.25) was made by
dissolving 5.25 g of C¢HgO7,+H,0 in 1 L of ultrapure deionized water (Elga Purelab Ultra,
Siemens Water Technologies, Warrendale, PA). Electrophoresis buffers were made by
diluting a stock solution of 50 mM borate buffer, pH 8.8, which was prepared by dissolving
9.2 g of Na,B407-10H,0 and 3.0 g of B(OH); in 1 L of ultrapure deionized water or by dilution
and/or titrating the sheath buffer as noted. For surfactant-containing electrophoresis
buffers, 0.72 g of sodium dodecyl sulfate (SDS) was added to 50 mL of diluted borate buffer,
pH 8.8, sonicated for 2 min to dissolve, and filtered with a 0.22 um syringe filter (Nalgene,

Rochester, NY). Serotonin (5-HT) (Alfa Aesar, Ward Hill, MA), dopamine (DA), tyrosine (Tyr),
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tyramine (TyrA), tryptamine (TrpA), octopamine (OA), norepinephrine (NE), and epinephrine
(E) were dissolved in 2.5 mM citric acid, pH 5.5, and sonicated on ice for 30 min if needed.
Tryptophan (Trp), N-acetylserotonin (NAS), 5-hydroxyindole acetic acid (HIAA), melatonin
(MT), 5-hydroxytryptophan (HTP), 5-methoxytryptamine (MOT) (TCl America, Portland, OR),
and tryptophol (TOL) (Research Organics, Inc., Cleveland, OH) were dissolved in 2.5 mM
citric acid, pH 5.5, + 10% v/v acetone and sonicated on ice for 30-60 min. Standard buffers
were prepared by diluting the sheath buffer 1:10 with ultrapure deionized water and
titrating to pH 5.5 with 10 M NaOH (20 g of NaOH pellets dissolved in 0.05 L of ultrapure
deionized water). Sulphorhodamine-101 and fluorescein were prepared in ultrapure
deionized water. Standard stock solutions were diluted in either 1 mM borate buffer, pH 8.8
(1:50 dilution of stock borate electrophoresis buffer) or modified Grey’s balanced salt
solution (mGBSS), pH 7.2, which consisted of 1.5 mM CacCl;, (0.22 g), 4.9 mM KCl (0.37 g), 0.2
mM KH,PO, (0.03 g), 11 mM MgCl; (2.24 g), 0.3 mM MgS0O, (0.04 g), 138 mM NacCl (8.06 g),
27.7 mM NaHCO; (2.33 g), 0.8 mM Na,HPO, (0.11 g), 25 mM HEPES (5.95 g), and 10 mM
glucose (1.80 g) dissolved in 1 L of ultrapure deionized water. All buffers were filtered by a
0.45 um bottle-top filter system (Nalgene, Rochester, NY) and degassed under vacuum with
stirring for 30-60 min. NaOH (~0.1 M) was prepared by dissolving one pellet (~0.0025 g) in

0.025 L of ultrapure deionized water.

3.2.2 Animals

Animals were housed and cared for as described in animal protocols in full
compliance with NIH guidelines for the humane care and treatment of animals, approved by
IACUC and supervised by the Division of Animal Resources at the University of lllinois at

Urbana-Champaign.

The pineal glands were isolated from the central nervous systems of mice (YFPAG9B
WT, 5-8 mo old) and 3-4 glands were pooled for analysis. Sacrifice occurred at 10:45 AM
and pineal preparation and dissection was completed within 2 h. Glands were treated in
10% trypsin for 1 h before manual trituration and stored in acidified methanol (90:9:1

methanol:water:acetic acid) on ice until analysis.
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3.2.3 Biological samples

Biological samples were extracted using a solution of 90:9:1 methanol:water:acetic

acid and diluted 1:10 in 1 mM borate buffer, pH 8.8, + ~1900 nM sulphorhodamine-101.

3.2.4 Hydrofluoric acid etching

Hydrofluoric acid (HF) etching of the capillary inlet and outlet is used to shape the
ends into sharply tapered tips with a 40° angle (Figure 3.2).>° The fused silica capillary
dimensions are 50 um inner diameter, 360 um outer diameter, and 85-120 cm in length
(Polymicro Technologies, Phoenix, AZ). The ends are scored and snapped to provide a
relatively even surface for etching. Approximately 1 cm of the capillary’s polyimide coating
is burned off of each end and the tips cleaned with methanol. A container is filled to 5 mm
of depth with 48% HF and covered with isooctane to prevent HF fumes from rising. The
capillary tip is pushed through a FEP sleeve (Upchurch Scientific, Oak Harbor, WA) held
tightly in a customized Teflon holder, which maintains the tip position during etching, until
the tip touches the bottom of the container. The capillary has isooctane continuously
pumped through the non-submersed end via a syringe to prevent the inner walls of the
submerged end from being etched. After two hours, the etched tip is rinsed with
Na,B;07-10H,0 (Borax, Henkel Corp., Billerica, MA) and water and the process is repeated

for the other end.

3.2.5 Instrument design and construction

Unless otherwise noted, all laboratory-built and custom-built components have
been designed and fabricated in-house either within the laboratory or by the SCS Machine
Shop. The injection port (Figure 3.3A) for the instrument is housed on a non-conductive
breadboard platform on a microscope (AxioObserver Al, Carl Zeiss, Jena, Germany),
contained in a clear Plexiglas box. The capillary inlet has PEEK fittings (Upchurch Scientific,
Oak Harbor, WA) and a FEP sleeve attached to allow for fast and easy switching between
syringes and the capillary holder. The injection port consists of a stainless steel disk with
bored holes to hold the microvials used for sample injection and the buffer vials used for

electrophoresis. This disk is mounted to the breadboard platform on a T-shaped Plexiglas
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holder with a 2.5”, %”-20 screw that connects the disk and holder to the platform. This
allows the disk to rotate and the holder to translate a short distance, which is helpful for
quickly injecting sample and placing the capillary inlet in the buffer vial. The disk is
grounded to a copper grounding strap located above the optical table. The capillary is held
in place during electrophoresis by a capillary holder that consists of an alligator clip
mounted in an acetal resin block (Delrin, E. I. duPont de Nemours & Co., Wilmington, DE)
which is held in place by a U-shaped slot with set screws for manipulation. This is mounted
on a %’-20-tapped acetal resin post.

The capillary is held in place in the instrument by a custom-built acetal resin sheath
flow cell (Figure 3.3B). It enters at the top of the cell and is held in place by liquid-tight
fittings (Upchurch Scientific, Oak Harbor, WA). The sheath buffer enters the cuvette from
the right side with respect to the optical table and exits from the bottom of the sheath flow
cell. The quartz cuvette (Starna Cells, Atascadero, CA) used for excitation and detection of
eluents is open on both ends and is attached to the top and bottom pieces of the sheath
flow cell with Tra-Cast 3103 epoxy (Henkel Corp., Billerica, MA).

The current optical layout (Figures 3.4 and 3.5) was adapted from a previous
version.! Deep UV radiation (224.6 nm) from a HeAg hollow cathode ion laser (HeAg70,
Photon Systems Inc., Covina, CA) is spectrally filtered using a four-bounce mirror
configuration, attached to the front of the laser head. The beam is directed via two UV-
coated mirrors (Thorlabs, Newton, New Jersey) into a laboratory-built lightproof, non-
conductive box and breadboard, which houses the detection optics and protects against
spurious arcing. The collimated beam is nominally focused using a plano-convex lens
(OptoSigma, Santa Ana, CA) to a 50 um spot directly below the outlet of the capillary, which
has been HF-etched to a cone-shaped tip and is housed in a custom-built sheath flow cell, as
described above. As analytes elute from the capillary they are excited by the focused beam
and emit fluorescence, which is collected and collimated by a 15x all-reflective objective
(13596, Newport, Irvine, CA). The fluorescence is directed toward the three photomultiplier
tube (PMT) detectors (H6780-06, Hamamatsu, Middlesex, NJ) by two dichroic mirrors
(310dcxxr-haf #110258 and 400dcxru #111563, Chroma Technology, Rockingham, VT), with
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transition points at 310 nm and 400 nm, respectively. The first detector (PMT “blue”)
measures emission from 250-310 nm, the second detector (PMT “green”) measures
emission from 310-400 nm, and the third detector (PMT “red”) measures emission from 400
nm and above. The laser and PMTs are synchronized and controlled by software written in
LABView and provided by Photon Systems Inc. Posts, post holders, and other optical mounts
were purchased from Newport (Irvine, CA), Melles Griot (Albuquerque, NM), or custom-
built. Optical mounts for the focusing optic and the collection optic are coated in Vinyl
Liquid Electric Tape (Star Brite, Ft. Lauderdale, FL) and electrical tape (Scotch Super 88
electrical tape, 3M, St. Paul, MN) to reduce arcing from the capillary outlet and tubing to
the mounts.

Negative voltage for electrophoresis is applied to the sheath flow waste by a
stainless steel cylinder that is connected to a power supply (PS/MJ30N0400-11, Glassman
High Voltage, High Bridge, NJ) and laboratory-built control box. A 10 kQ resistor and a digital
multimeter (Fluke 76, Fluke Corp., Everett, WA) are part of the circuit and are used to
measure the current across the capillary.

Sheath buffer is gravity-driven and flow can be adjusted by a right angle switching
valve (Upchurch Scientific, Oak Harbor, WA). High purity Teflon PFA Plus tubing and
appropriate fittings were purchased from Upchurch Scientific. All tubing is further encased
within FEP-lined polyethylene tubing (McMaster-Carr, Elmhurst, IL) to reduce static
attraction and arcing during electrophoresis. Tubing between the optics box and the sheath
box is also surrounded by four 16 oz. polyethylene containers and electrical tape (Scotch

Super 88 electrical tape, 3M, St. Paul, MN).

3.2.6 Two power supplies

A goal was to increase the separation speed by increasing the voltage applied to the
capillary using two power supplies. In order to use two power supplies simultaneously, the
injection port ground is disconnected and high voltage wire with an eyelet on one end is
attached by two nuts to the 2.5” %-20 screw that connects the disk and holder to the
platform. This power supply (PS/MJ30P0400, Glassman High Voltage, High Bridge, NJ) and

control box are configured similarly to the set up used at the sheath flow waste outlet,
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except that the polarity is reversed from negative to positive so that the direction of

electroosmotic flow remains toward the cathode.

3.2.7 Electrophoresis

The sheath flow buffer was 25 mM citric acid, pH 2.25, and the flow rate was 0.2
mm/s for all experiments. The electrophoresis buffers and sample buffers varied as stated
in the text and figure captions. The voltage for all experiments was -30 kV unless otherwise
stated. The injection volume was 14.7 nL for a 30 s hydrodynamic injection, which was
performed by lowering the sheath flow waste outlet by 32.5 cm. The typical laser pulse
energy was between 1.5 pJ/pulse and 3 w/pulse.

The capillary was conditioned at the beginning of the day with 0.1 M NaOH for 15-20

min, followed by water for 5 min, and then electrophoresis buffer for a minimum of 5 min.

3.2.8 Serial injections

Serial injections of four to six sample injections per electrophoretic run were
performed. Each sample was injected for 30 s at 3 min intervals. The high voltage interlocks

were disrupted during each injection.

3.2.9 Data analysis

Data analysis was performed in IgorPro 5.05A (WaveMetrics Inc., Lake Oswego, OR).
An automated data analysis script was written that reduces the user input to a single
command. Output consists of four tables of calculated values with four corresponding color-
coded graphs displaying the raw data, 6-point boxcar averaged data, normalized (with
respect to the laser pulse energy) data, and both normalized and boxcar averaged data. The
baseline range (30 points, 10 s) with the lowest standard deviation is determined and used
to calculate the limits of detection (LOD) for each PMT channel. Ratiometric analysis
(calculating the intensity ratio between peak maxima in each of the PMT channels) is also

automated to aid in analyte identification.
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3.2.10 Limits of detection

LODs and concentration of analytes were determined by generating calibration
curves for each analyte under the appropriate conditions. Analyte concentrations ranged
from the micromolar to the low nanomolar, within physiological limits and at maximum an
order of magnitude greater than LODs. The criterion for calculating the LODs was three

times the standard deviation of the baseline.
3.3 Results and discussion

3.3.1 Improvements

The MC-CE-LINF instrument has a unique combination of features, and notable
aspects include deep UV excitation, synchronization between the laser and PMTs, multiple
detectors, a tapered outlet, post-column detection, and the ability to independently
optimize the separation and detection conditions.

Deep UV excitation specific for exciting biogenic amines allows for selective
excitation and reduces the complexity of electropherograms. Utilizing native fluorescence
also reduces sample preparation since no derivatization is necessary. Better LODs are
possible compared with similar instruments since the laser wavelength corresponds to an
absorption maximum for catecholamines®’ and is near indolamine absorption maxima.”® >°

This excitation and detection system is unique in that the laser and PMTs are
controlled through the proprietary circuit board design and control program provided by
Photon Systems Inc. The laser pulse length and the PMT on-time can be synchronized,
resulting in reduced dark noise and low background signal. The laser settings and each PMT
setting can also be changed as a run progresses, allowing for adjustments to be made in real
time.

Multiple detection channels enable unambiguous identification. The net intensity
for a given peak is determined in each channel and used to calculate three different ratios
(green/blue or G/B, blue/red or B/R, and green/red or G/R) (Figure 3.6). These ratios
provide information on the unique spectral characteristics of the analytes and, when

combined with migration time information, can allow for identification without using a
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complimentary technique or sample spiking, as one would have to do with a traditional
single channel system. Ratiometry is also useful for distinguishing between co-eluting peaks.
For example, under certain conditions serotonin and dopamine co-elute, as does dopamine
and octopamine. Determining the ratio of the signals can distinguish whether one, both, or
neither analyte is present and provide the concentration of the analytes.

An HF-etched capillary outlet reduces background signal from scattering off of the
edge of the capillary wall and changes the sheath flow profile around the outlet. This allows
for the excitation beam to be focused closer to the outlet, which further improves the net
signal since the analytes have not diffused as much into the sheath buffer.

Post-column detection has been used for CE-LIF since the 1980s.°> * For deep UV
excitation, post-column detection is critical for suitable detection levels as light scattering is
proportional to A™*. Also, metal impurities within the fused silica capillary can luminesce in
the UV, which can interfere with the detected signal. Another benefit of post-column
detection is the ability to independently optimize the separation and detection conditions.®
This is useful as maximal fluorescence for biogenic amines is under acidic conditions but the
highest resolution separation conditions are typically neutral or basic.

Other miscellaneous improvements to the instrument include determining the
appropriate adhesive for the sheath flow cell, redesigning some of the optical mounts and
the sheath flow cell, and updating the electrical insulation.

Several adhesives were rigorously tested for chemical resistance (organic, aqueous,
and acidic conditions) and longevity, and the only one that was found to be suitable was
Tra-Cast 3103 epoxy, followed by Torr Seal (Varian, Lextington, MA). None of the cuvettes
that have been sealed with Tra-Cast 3103 have leaked, even after three or more years of
continuous use with acidic buffer. Previously, the cuvettes would begin leaking after 3-6
months of continuous use and would either have to be replaced or sealed, both of which
require realignment of the instrument.

The first-generation MC-CE-LINF instrument experienced significant signal instability,
primarily from the focusing optic and collection optic mounts, as well as the sheath flow cell

mount. The xyz location of the mounts would shift over time due to compression of the
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post holder pads from the combined weight and extended center-of-mass of the optics and
mounts (both optics are mounted in 5-axis mounts and extend several inches along the
optical axis). The optics would not only shift but also twist away from ideal alignment. The
tip and tilt controls on the 5-axis mounts were another source of instability. Adjustments to
these axes would not result in smooth angular motion but would require monitoring over
the course of 30-60 min or more to ensure that the axes had reached a stable location. To
resolve this, several designs were tested and the final solution was to update the mounts
and replace the posts and post holders with x, y, and z translation stages and stainless steel
mounting blocks. The translation stages provide a sturdy base for the optics and mounts
and allow for finer control of the xyz location of the optics. Alignment of the optics is also
easier due to the larger distances that can be traveled (1”-2” in the x, y, and z directions)
without unscrewing the mounts and the stability of the translation stages can be greater
than that of the xyz axes on the mounts.

The sheath flow cell was also redesigned to improve stability and ease of alighment.
The original sheath flow cell was mounted on xy and z translation stages with a right angle
adaptor bracket and four posts. Alignment of the sheath flow cell to the mount required
using an Allen wrench and gently adjusting all four post set screws until the sheath flow cell
was straight, which was time-consuming and unreliable. The cell was redesigned to mount
to a magnetic kinematic base, providing repeatability of less than 100 prad. It can be
snapped into place and removed without requiring extensive optical realignment.

A significant change between the first-generation instrument and the current is the
location of the high voltage line. The original instrument applied high voltage at the capillary
inlet on the injection port. Given the desire to hyphenate the front end of the MC-CE-LINF
to other instrumentation, the high voltage line was moved to the sheath flow waste outlet
(Figure 3.4). An unforeseen consequence of this modification was that arcing occurred
between the sheath flow tubing and nearby objects (including the optics). Several steps
were taken to resolve this. All of the sheath flow tubing was encased in FEP-lined
polyethylene tubing, which is characterized as an electrical insulator and can resist at

minimum 500 V/0.001” of material thickness. As the wall thickness is 0.063”, this translates
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into a breakdown voltage of 31.5 kV. Areas that were particularly prone to arcing or static
build up were further enclosed by 16 oz. polyethylene cups and Scotch Super 88 electrical
tape, which has a dielectric strength of 10 kV. Finally, several coats of Vinyl Liquid Electrical
Tape (which has a dielectric strength of 1778 V/0.001” thickness) were painted on the
stainless steel mounting blocks beneath the optics’ translation stages. Areas that were
unable to be painted were wrapped several times with Scotch Super 88 electrical tape. In

combination, these steps reduced the likelihood of arcing during electrophoresis.

3.3.2 Performance

LODs for this instrument are either similar or improved compared to the first-
generation system (Table 3.1). Improvements are primarily due to HF-etching the capillary
outlet, more stable optical mounting, and a different alignment scheme. Compared to other
instruments with similar excitation wavelengths, the MC-CE-LINF demonstrates superior
performance, especially for catecholamines. This is primarily due to the close overlap
between the laser wavelength (224.6 nm) and the S, = Sp transition in catecholamines,
which has a larger absorption cross-section compared with the S; = Sy transition. Overall
the best LODs obtained are 700-900 pM for serotonin and 2-4 nM for its metabolites.
Typical LODs for serotonin are 1-3 nM. Typical catecholamine LODs are in the 10 nM to 45
nM range, which is a roughly 200-fold improvement over other instruments.

Representative electropherograms are shown in Figures 3.7 and 3.8. The instrument
is capable of separating and detecting a wide range of indolamines and catecholamines in a
single run. Within 30 min, 11 analytes of interest were well resolved without any overlap
under these conditions, which mimic biological sample conditions. Table 3.2 lists the LODs
and standard deviations for the standards in Figure 3.7. Notable are the physiologically
relevant LODs (low nanomolar levels for most analytes) and relatively narrow peak widths
(4-8 s full width at half maximum net intensity (FWHM)), given the conductivities of the
sample matrix (19-21 mS/cm) versus the electrophoresis buffer (2.8 mS/cm). Typically, ideal
conditions for trace analyte detection require that the sample have a lower conductivity
than the background electrolyte, which enables field-amplified sample stacking (FASS)*"

to occur. FASS makes use of differences in conductivity to effect concentration of analytes.
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The sample is contained within a lower conductivity buffer (typically 10-fold lower), relative
to the higher conductivity electrophoresis buffer. When voltage is applied, the sample plug
experiences greater electric field strength compared to the electrophoresis buffer. The
analytes’ electrophoretic velocity is increased until the boundary between the lower
conductivity sample plug and the higher conductivity BGE is reached. Here, the analytes
experience a significant change in electric field strength and are slowed and concentrated
into a narrow plug. This results in a net concentration or analytes and band narrowing
during electrophoresis. This technique is demonstrated for a biological sample in Figure 3.8.

In order to reduce the sample run time and further improve LODs, another power
supply and control box was added to the instrument. Typically, the breakdown voltage of air
under ambient conditions is approximately 33 kV/cm, and many of the power supplies used
for electrophoresis have an upper limit of £30 kV. The unique design of the MC-CE-LINF is
ideal for testing multiple high voltage sources on the same instrument. By combining
positive polarity on the capillary inlet and negative polarity at the capillary outlet, the total
voltage drop across the capillary was increased. A total of 42 kV was applied to the capillary
without arcing and used to successfully perform a series of runs to compare migration time
differences as a function of voltage (Figure 3.9). Compared with the usual separation
voltage of -30 kV, a 55% reduction in migration time was observed when applying 42 kV,
although the net intensity of the peak remained the same in all runs. For analytes that
experience band broadening, using a higher voltage drop should also result in narrower
peak widths and higher net intensities and therefore better LODs. The location of the
second high voltage line also enables easy and quick removal to prevent interference with
other sensitive instrumentation within the injection box.

Serial injections were also investigated as a means to reduce total run time. Figure
3.10 shows a series of four injections of 780 nM serotonin, run under field-amplified sample
stacking conditions. Compared with single injection runs, the net intensity for the serially
injected peaks increases for the later peaks relative to the first peak. Overall, the peak
FWHMs for the serially injected samples are also ~24% larger compared with single sample

injection. Peak areas were calculated by triangulation for easier comparison. Calculating the
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net intensities and the peak areas result in a similar finding: the later peaks in the series
have a higher intensity in spite of a larger FWHM and a larger peak area, compared with
both earlier peaks in the series and peaks from single injection runs. This is unexpected as
one would expect either that the serially injected peaks would have similar values as the
singly injected peaks or have larger FWHM and lower intensity compared with the singly
injected peaks. The average net intensity for singly injected peaks is in between the lowest
and highest net intensities measured for serially injected peaks of the same concentration.
The average serotonin LODs for single runs is 2.63 = 0.49 nM versus 2.64 £ 0.26 nM
for serial injections, when normalized for differences in standard deviation of the
background. The increase in net intensity for later peaks is possibly due to the number of
previous injections experienced by the peaks in question. The voltage is disabled each time
an injection is performed, so field-amplified sample stacking is halted for each peak that has
already been injected. In this case, the first sample plug experiences three subsequent
broadening periods and has an increased FWHM and the lowest intensity of the series. The
increase in FWHM could also be ascribed to the significantly later migration times for the

serially injected peaks, compared with single injection.

3.4 Conclusions and future work

The MC-CE-LINF instrument has been updated to increase robustness, improve
performance, and enable front-end hyphenation to other instrumentation. Since the
improvements have been completed, instrument failure requiring re-alignment of the optics
has been reduced to zero. Instrument realignment now only occurs to replace the capillary.
Performance has also been improved, which is beneficial for detecting trace analytes within
complex sample matrixes. Hyphenation is now possible since the high voltage line has been
moved to the sheath flow waste outlet, away from any sensitive equipment that would be
near the injection port. Two methods for improving performance during electrophoresis
were also tested, and both appear promising for reducing run time and acquiring lower
LODs.

Future work on this instrument could include installing a second hollow cathode ion

laser with a wavelength of 248.6 nm that uses the same PMTs and circuit boards (NeCu30,
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Photon Systems Inc., Covina, CA), so that one could painlessly switch the excitation
wavelength. This wavelength is more optimal for exciting indolamines compared to 224.6
nm, based on absorption spectra. Work could also be done to test and verify the PMT
boards’ performance, as there are several versions of the circuit boards available with
different designs. Further improvements to the electrical insulation and design would be
beneficial as well as potentially enabling higher voltages to be achieved using two power

supplies.
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3.5 Tables
revised MC- | original MC-CE-
analyte CE-LINF (224 LuﬁF (224nm) | €CP (257 nm) | PMT (266 nm)

nm) LOD, nM LOD, nM LOD, nM LOD, nM
serotonin 0.9 10 6 250
dopamine 46 40 120 N.D.
norepineprine 27 44 4500 N.D.
epinephrine 32 N.D. 64 N.D.
octopamine 9 11 42 N.D.
tryptamine 2 N.D. 4 60
tryptophan 0.9 N.D. 12 N.D.
tyrosine 2 N.D. 49 N.D.
N-acetyl serotonin N.D. 9 N.D.
tyramine 10 N.D. N.D. N.D.

Table 3.1 This table compares the current MC-CE-LINF with the first-generation MC-CE-LINF,
a similar system in our laboratory which uses a frequency doubled Ar® laser and a CCD
detector, and a system from another group that uses a single PMT detector and a frequency
quadrulpled Nd:YAG laser. All of the analyte LODs for the MC-CE-LINF are either similar or

lower than what was reported for these instruments.
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analyte average LOD, nM standard deviation, nM
epinephrine 61 16
norepinephrine 87 22
5-hydroxytryptophan 5.4 1.0
tryptophan 11 3.6
N-acetylserotonin 11 2.6
5-hydroxyindole acetic acid 6.3 1.5
tryptophol 4.6 1.2
melatonin 4.7 1.2
serotonin 10 2.9
5-methoxytryptamine 4.8 0.9

Table 3.2 LODs and standard deviations for the analytes separated in Figure 3.7. These
conditions are typical of biological samples, where the sample matrix consists of a high salt

solution. Note the physiologically relevant LODs for many of the analytes.
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3.6 Figures

Figure 3.1 The separation capillary is filled with a uniform buffer solution and the
application of a voltage in the longitudinal direction produces an electric field of constant
strength. Analytes are separated according to differences in charge and size.

Electroosmotic flow (EOF) is towards the cathode.
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Figure 3.2 An HF-etched capillary tip with a 40° angle. The inner diameter is preserved to

reduce the effects of a non-uniform electric field during electrophoresis.
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Figure 3.3 (A) The injection port, where the sample is introduced into the capillary. Samples
are injected hydrodynamically from the microvial by lowering the sheath flow waste
container. The capillary inlet is manually moved to the buffer vial to complete the circuit. (B)

The sheath flow cell, which houses the capillary outlet.
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Figure 3.4 (cont.) (A) The current optical train schematic for the MC-CE-LINF. Emission from
the HeAg laser is focused 0.5-1 mm below the outlet of the capillary. Fluorescence is
collected orthogonal to excitation by an objective, which collimates and directs the
emission to two dichroic beam splitters. The beam splitters separate the emission into three
wavelength ranges: 250-310 nm, 310-400 nm, and 400 nm and above. Three detectors are

used to collect the emission. (B) An image of the current instrument.
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Figure 3.5 (A) An image of the detection optics. The laser enters the focusing optic on the
left and fluorescence is detected orgothonal to excitation. (B) The mounting for the focusing
optic. Translation stages provide increased stability and improve alignment. (C) A close-up

image of the focusing optic, cuvette, and collection optic.
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NAN
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Figure 3.6 Shown are the green/blue (G/B) ratios for tyrosine, dopamine, tryptophan, and
serotonin. These ratios, combined with migration time, allows for unambiguous
identification of analytes of interest. Ratiometry is also useful for distinguishing between co-

eluting peaks.
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Figure 3.7 An example of a standard MC-CE-LINF run. Within 30 minutes, 11 analytes of
interest can be separated and identified. Conditions are: 20 mM borate buffer, pH 8.8, + 50
mM SDS (electrophoresis buffer), mGBSS (sample buffer), 25 mM citric acid buffer, pH 2.25
(sheath buffer), -30 kV (separation voltage), 20 pA (current), 3 Hz (laser repetition rate), 100
us (laser pulse length), 8 A (laser current), 420 V (laser BUSS voltage), 470 pF (PMT gain),

64% (gain voltage), 110 us (PMT integration time).
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Figure 3.8 An example of a biological sample electropherogram. Sample was an extraction
from four pooled pineal glands. Conditions are: 20 mM borate buffer, pH 8.8, + 50 mM SDS
(electrophoresis buffer), 1:10 diluted extraction solution (sample solution), 25 mM citric
acid buffer, pH 2.25 (sheath buffer), -30 kV (separation voltage), 17 YA (current), 3 Hz (laser
repetition rate), 100 us (laser pulse length), 8 A (laser current), 420 V (laser BUSS voltage),
470 pF (PMT gain), 64% (gain voltage), 110 ps (PMT integration time).

62



Intensity (arbitrary units)

42 kV

36 kV

"
o 3

I I I I I
400 500 600 700 800

Time (seconds)

Figure 3.9 Three electropherograms of 4.4 uM sulphorhodamine-101, using two power
supplies simultaneously to increase the voltage drop across the capillary. A 55% difference
in migration time is observed between 42 kV and -30 kV. Conditions are: 50 mM borate
buffer, pH 8.8 (electrophoresis buffer), water (sample solution), 25 mM citric acid buffer, pH
2.25 (sheath buffer), -30 kV (separation voltage), 30 A (current), 3 Hz (laser repetition
rate), 100 us (laser pulse length), 8 A (laser current), 420 V (laser BUSS voltage), 470 pF
(PMT gain), 64% (gain voltage), 110 us (PMT integration time).
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Figure 3.10 Four serial injections of 780 nM serotonin. Conditions are: 25 mM citric acid
buffer, pH 5.5 (electrophoresis buffer), 2.5 mM citric acid buffer, pH 3.0 (sample buffer), 25
mM citric acid buffer, pH 2.25 (sheath buffer), -27 kV (separation voltage), 40 pA (current),
3 Hz (laser repetition rate), 100 us (laser pulse length), 8 A (laser current), 420 V (laser BUSS
voltage), 470 pF (PMT gain), 64% (gain voltage), 110 us (PMT integration time).
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4 Analyzing high salt samples for low abundance indolamines using
capillary electrophoresis with laser-induced native fluorescence
detection
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4.1 Introduction

Indolamines (e.g. serotonin) are present throughout both the central and peripheral
nervous systems. As a cell-to-cell signaling molecule, serotonin is involved in a range of
biological functions such as sleep, memory formation, and feeding and its misregulation
appears to be a part of diseases such as depression and Parkinson’s disease. The detection

and identification of these molecules is difficult because they are often both mass- and
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concentration-limited (attomole to zeptomole range within specific cells) and present
within a complex matrix of proteins, salts, and other biological compounds. As highlighted
in Chapter 2, capillary electrophoresis with laser-induced native fluorescence possesses
several characteristics that make it well suited for analyzing indolamines, such as low
sample volume requirements, a selective and sensitive detection method, no required
sample derivatization, and low limits of detection (LODs).

One of the challenges in directly analyzing biological samples with capillary
electrophoresis is that the samples’ matrix interferes with on-column concentration,
separation, and identification, due to the high levels of inorganic salts present (typically 150

mM for mammalian samples).

4.1.1 Measuring trace levels of indolamines in high salt-containing samples

Numerous techniques have been developed within the analytical community to
overcome the deleterious effects of high salt-containing samples, such as field-amplified

4, 5, 8-10

sample stacking,'® field-amplified sample injection,” micellar electrokinetic

20-25, 6 23, 21, 26-

chromatography,*™® dynamic pH junction, and pH-mediated sample stacking.

2% % These techniques make use of different electrolyte properties between the sample and
the background electrolyte (BGE), such as conductivity, pH, and additive concentration and
interactions, to enhance separations under both ideal and physiological conditions.

Field-amplified sample stacking (FASS) (Figure 4.1) makes use of differences in
conductivity to effect concentration of analytes. The sample is contained within a lower
conductivity buffer (typically 10-fold lower), relative to the higher conductivity BGE. When
voltage is applied, the sample plug experiences greater electric field strength compared to
the BGE. The analytes’ electrophoretic velocity is increased until the boundary between the
lower conductivity sample plug and the higher conductivity BGE is reached. Here, the
analytes experience a significant change in electric field strength and are slowed and
concentrated into a narrow plug. Although this is one of the simplest techniques to employ,
enhancement is only about 10- to 20-fold.

Field-amplified sample injection (FASI) (Figure 4.2) operates similarly to FASS. In

FASI, the sample is prepared in a low conductivity buffer and is electrokinetically injected
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into the capillary. The low conductivity of the sample creates a point of higher electric field
strength and more analytes are injected than would be with hydrodynamic injection.
Typically a short plug of water is hydrodynamically injected before the sample to ensure
that field-amplified stacking conditions exist. Much larger increases in enhancement are
observed in FASI compared to FASS (100- to 1000-fold increases or more), but analyte bias
can occur due to electrokinetic injection.

Micellar electrokinetic chromatography (MEKC) was first demonstrated by Terabe
and co-workers in 1984 and was initially developed as a means to separate neutral analytes
in CE (Figure 4.3)." 2 MEKC involves using surfactant micelles in the BGE to create a
pseudostationary phase. The analytes reversibly complex with the micelles, and can be
separated according to their differential affinity. This technique can also be used to resolve
charged species that co-elute, and can increase the resolution of chiral separations.
Enhancement can range from several-fold to 20-fold.

A dynamic pH junction (Figure 4.4) manipulates the charge state of the analytes to
enhance separation. The capillary is filled with high pH BGE and a large plug of low pH
sample is injected. When voltage is applied, a dynamic pH boundary moves through the
sample zone. Analytes, depending on their pK,s, are converted from one charge state to
another and their net migration velocities change. This leads to a net focusing of the analyte
bands within the capillary. One hundred- to two hundred-fold enhancements have been
reported for this technique.

Another technique that manipulates pH and conductivity is pH-mediated sample
stacking (Figure 4.5). It involves titrating a high conductivity sample to lower conductivity,
which creates concentrated bands of analytes. The charge of the analytes determines
whether “acid stacking” (cations) or “base stacking” (anions) is used. Samples are injected
electrokinetically, and sample ions are replaced by “titrable” BGE ions. The sample plug is
followed immediately by an electrokinetic injection of either acid or base, depending on
whether “acid stacking” or “base stacking” is employed, respectively. The BGE ions are
titrated by the acid or base, creating a zone of low conductivity where field amplification

can occur. Enhancements of up to 200-fold have been demonstrated for pH-mediated
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sample stacking. A limitation of this technique is that a significant portion of the separation
capillary is used for the stacking process, leaving little capillary available for separation of
analytes.

The instrument used for these analyses employs a label-free native laser-induced
fluorescence detector system that has been optimized for detection of indolamines
(detailed in Chapter 3). Briefly, a 224 nm HeAg hollow cathode ion laser is combined with a
sheath-flow cuvette; the fluorescence emission is collected and measured using three
photomultiplier tubes (dichroic beamsplitters select the appropriate wavelength range for
each detector). This detector, when combined with a capillary electrophoresis system,
allows unambiguous identification of indolamines based on each peaks' unique
fluorescence emission profile and migration time. The ability to efficiently concentrate,
separate, and detect serotonin and its catabolites under biological conditions are
highlighted. The methodology can also be applied to other biogenic amines such as

catecholamines and amino acids.

4.1.2 Biological measurements of indolamines from the rat brain

The analytical measurement goals have been outlined above. The aim of this project
was to determine the function of the neural projections that connect the homeostatic brain
stem sites, which reports fatigue, with the suprachiasmatic nucleus (SCN), which
communicates time-of-day. To do this, discrete electrical stimulation of the homeostatic
sleep centers was coupled with analytical measurements of intra-SCN microdialysates in
mice. The biological measurement goals were to quantitate the indolamines present in
microdialysis samples. In order to measure serotonin (5-HT) and related indolamines, we
used the analytical approaches described above and adapted them to work with brain
dialysates. More specifically, the above techniques have been adapted and evaluated for
the concentration, separation, and detection of trace indolamines within artificial cerebral
spinal fluid. These techniques were also applied for the analysis of over 200 mouse
microdialysis samples collected before, during, and after electrical stimulation of the
homeostatic sleep centers in the brain. Over 75% of microdialysis samples had detectable

levels of indolamines present, and these measurements were used to demonstrate that
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acetylcholine and glutamate release at the SCN was specific to the stimulation of
homeostatic sleep centers and not from nearby areas such as the serotonergic median
raphe nucleus (MRN). The MRN was stimulated and the SCN dialysate was analyzed for 5-
HT, acetylcholine, and glutamate (neither of which is synthesized in the MRN). As expected,
stimulation of the serotonergic median raphe significantly increased 5-HT at the SCN and no

significant increase in acetylcholine or glutamate was observed.

4.2 Materials and Methods

A list of abbreviations can be found in the Appendix.

4.2.1 Chemicals

Chemicals, unless otherwise noted, were from Sigma Aldrich (St. Louis, MO) and
were reagent grade or higher. Citric acid sheath buffer (25 mM, pH 2.25) was made by
dissolving 5.25 g of C¢HgO7,+H,0 in 1 L of ultrapure deionized water (Elga Purelab Ultra,
Siemens Water Technologies, Warrendale, PA). Electrophoresis buffers were prepared as
follows: (1) by using or diluting a stock solution of 50 mM borate buffer, pH 8.8, which was
prepared by dissolving 9.2 g of Na,B;07-10H,0 and 3.0 g of B(OH); in 1 L of ultrapure
deionized water, (2) by using or diluting a stock solution of 50 mM phosphate buffer, pH
8.8, which was prepared by dissolving 0.07 g of NaH,PO, and 7.0 g of Na;HPO,4 in 1 L of
ultrapure deionized water, (3) by dissolving an appropriate amount of sodium dodecyl
sulfate (SDS) in phosphate buffer, or (4) by dissolving 31.5 g of CsHgO7+H,O in 1 L of
ultrapure deionized water to make 150 mM citric acid, pH 1.9. Please see Table 4.1 for more
information. Serotonin (5-HT) (Alfa Aesar, Ward Hill, MA), tryptophan (Trp), N-
acetylserotonin (NAS), 5-hydroxyindole-3-acetic acid (HIAA), 5-hydroxyindole thiazoladine
carboxylic acid (HITCA) (National Institute of Mental Health Chemical Synthesis and Drug
Supply Program), and serotonin-O-sulfate (5-HT sulfate) (National Institute of Mental Health
Chemical Synthesis and Drug Supply Program) were dissolved in either 1 mM borate buffer,
pH 8.8 (1:50 dilution of stock borate electrophoresis buffer) or ultrapure deionized water
and 10% v/v acetone and sonicated on ice as needed for 30-60 min. Sulphorhodamine-101

(SR-101) was prepared in ultrapure deionized water. Standard stock solutions were diluted
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in either 1 mM borate buffer, pH 8.8, or artificial cerebral spinal fluid (aCSF) buffer, pH 7.4,
which consisted of 130 mM NaCl, 4 mM KCI, 0.75 mM NaH,PO4, 2 mM Na,HPO,;, 1 mM
dextrose, 2 mM MgCl,, and 1.7 mM CaCl,. All buffers were filtered by a 0.45 um bottle-top
filter system (Nalgene, Rochester, NY) and degassed under vacuum with stirring for 30-60
min. HCI (0.1-0.5 M) was diluted from 12 M stock in ultrapure deionized water as needed.
NaOH (~0.1 M) was prepared by dissolving one pellet (~0.0025 g) in 0.025 L of ultrapure
deionized water.

Buffer ionic strengths (I, M) were calculated according to | = %ZX(ciz)), where c;
represents the concentration of each ionic species and z; represents the numerical value of
the charge state of each ionic species. Buffer conductivities (K, mS/cm) were experimentally

determined by a conductivity meter (model 122, Thermo Scientific (Orion), Waltham, MA).

4.2.2 Animal protocols

The animal and dialysate experiments were performed within the Gillette
laboratory. The male C57BL/6J mice were obtained at 5 wk of age from Jackson
Laboratories (Bar Harbor, ME). Animals were housed and cared for as described in animal
protocols in full compliance with NIH guidelines for the humane care and treatment of
animals, approved by IACUC and supervised by the Division of Animal Resources at the

University of lllinois at Urbana-Champaign.

Surgeries on mice were performed > 1 wk after animals arrived (18-23 g). Mice were
anesthetized with sodium pentobarbital (80 mg/kg i.p.). A microdialysis guide (CMA/7,
CMA/Microdialysis, North Chelmsford, MA) was implanted in the suprachiasmatic nucleus
(SCN), and a bipolar stimulating electrode (MS303/1, Plastics One, Inc., Roanoke, VA) was
implanted into the laterodorsal tegmental (LDTg) nuclei, pedunculopontine tegmental
(PPTg) nuclei, or median raphe nucleus (MRN) using a stereotaxic apparatus (Stoelting,
Wood Dale, IL). Cannulae were secured with small machine screws (0-80 x 1/16”, Plastics

One, Inc., Roanoke, VA) and cranioplastic cement (Plastics One, Inc., Roanoke, VA).

Mice were housed individually in cages (30 x 17 x 22 cm) equipped with running

wheels (14.5 cm diameter) that were placed inside ventilated light-tight wooden boxes (171
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x 41 x 34 cm). Wheels were locked on the first day to minimize novel wheel-induced phase
shifts, which can increase the time necessary for entrainment. For light-dark cycles, lights
were kept at 100 lux for 12 h, followed by 12 h of darkness, regulated by computer. Up to
six mice could be housed in each box. For experimental procedures, animals were placed in
light-tight circadian activity monitoring systems (CAMS) and maintained in darkness under

constant conditions.

For microdialysis procedures, animals were gently restrained, a microdialysis probe
(CMA/7, CMA/Microdialysis, North Chelmsford, MA) was inserted into the dialysis guide
aimed at the SCN and was attached to the animal using a head-block tether system (Harvard
Apparatus, Holliston, MA). Connecting cables for stimulation (305-305 TT2, Plastics One,
Inc., Roanoke, VA) also were attached at this time. Animals were placed into CAMS
designated for stimulation experiments, where they were attached to fluid (Instech,
Harvard Apparatus, Holliston, MA) and electronic swivels (Plastics One, Inc., Roanoke, VA).
Placing animals in CAMS for the duration of the experiment allowed experiments to be
performed on a freely-behaving, undisturbed animal, under controlled environmental
conditions.

Before each experiment, the microdialysis probe was placed in a standard solution
containing 20 nM acetylcholine and 20 nM choline for 20 min to determine the recovery
rate of the probe.

Probes were continuously perfused at a rate of 1 mL/min with aCSF containing 500
nM neostigmine, a cholinesterase inhibitor. Animals were allowed to equilibrate for at least
1 h before samples were collected. For experiments performed during the animal’s dark
period, the microdialysis probe was attached during the light period and animals were
perfused with aCSF until 2 h before the first collection, at which point the perfusion fluid
was switched to aCSF containing 500 nM neostigmine. This allowed all probes to be
attached during the light period, while standardizing the length of time each animal was
exposed to neostigmine. After ~1 h for equilibration, baseline samples were collected every

20 min for 1 h. Animals were then stimulated, and microdialysis sample collection
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continued every 20 min for an additional 100 min. Samples were split for analysis, and kept

at -80 °C until analysis.

4.2.3 Instrumentation

The instrument used for these analyses is the multi-channel capillary
electrophoresis-laser-induced native fluorescence (MC-CE-LINF) system (Chapter 3). Deep
UV radiation (224.6 nm) from a HeAg hollow cathode ion laser (HeAg70, Photon Systems
Inc., Covina, CA) is directed via two UV-coated mirrors (Thorlabs, Newton, NJ) into a
laboratory-built lightproof, non-conductive box and breadboard, which houses the
detection optics and protects against spurious arcing. The collimated beam is nominally
focused using a plano-convex lens (OptoSigma, Santa Ana, CA) to a 50 um spot directly
below the outlet of the capillary (Polymicro Technologies, Phoenix, AZ), which has been HF-
etched to a cone-shaped tip and is housed in a custom-built acetal resin sheath flow cell
(Delrin, E. I. duPont de Nemours & Co., Wilmington, DE). As analytes elute from the capillary
they are excited by the excitation beam and emit fluorescence, which is collected and
collimated by a 15x all-reflective objective (13596, Newport, Irvine, CA). The fluorescence is
directed toward the three photomultiplier tube (PMT) detectors (H6780-06, Hamamatsu,
Middlesex, NJ) by two dichroic mirrors (310dcxxr-haf #110258 and 400dcxru #111563,
Chroma Technology, Rockingham, VT), with transition points at 310 nm and 400 nm,
respectively. The first detector (PMT “blue”) measures emission from 250-310 nm, the
second detector (PMT “green”) measures emission from 310-400 nm, and the third detector
(PMT “red”) measures emission from 400 nm and above. The laser and PMTs are
synchronized and controlled by software written in LABView and provided by Photon
Systems Inc.

Negative voltage for electrophoresis is applied to the sheath flow waste by a
stainless steel cylinder that is connected to a power supply (PS/MJ30N0400-11, Glassman
High Voltage, High Bridge, NJ) and laboratory-built control box. Sheath buffer is gravity-
driven and flow can be adjusted by a right angle switching valve (Upchurch Scientific, Oak

Harbor, WA).
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4.2.4 Electrophoresis

The sheath flow buffer was 25 mM citric acid buffer, pH 2.25, and the flow rate was
0.2 mm/s for all experiments. The electrophoresis buffers and sample buffers varied as
stated in the text (Table 4.1 and figure captions). The voltage for all experiments was -30 kV
unless otherwise stated. The typical laser pulse energy was between 1.5 u/pulse and 2
w/pulse. The capillary dimensions were 50 um inner diameter, 360 um outer diameter, and
71.5 cmin length.

The capillary was conditioned at the beginning of the day with 0.1 M NaOH for 15-20

min, followed by water for 5 min, and then electrophoresis buffer for a minimum of 5 min.

4.2.5 CE methods

Please see Table 4.1 for more information on buffer composition for each technique.

Hydrodynamic (HD) injection: HD injection was performed by lowering the sheath

flow waste outlet by 32.5 cm for a set period of time.

Electrokinetic (EK) injection: EK injection was performed by applying voltage while

the capillary inlet was submersed in a sample for a set period of time.

Field-amplified sample stacking (FASS): The sample was diluted with ultrapure

deionized water + sulphorhodamine-101, used as an internal standard. The sample was
introduced by either HD or EK injection.

Field-amplified sample injection (FASI): The sample was diluted with ultrapure

deionized water + sulphorhodamine-101. A plug of ultrapure deionized water was HD
injected into the capillary, followed by either a HD or EK injection of sample.

Micellar electrokinetic chromatography (MEKC): The sample was used without

dilution and introduced into the capillary by HD injection.

Dynamic pH junction: The sample was diluted with ultrapure deionized water +
sulphorhodamine-101 and introduced into the capillary by HD injection. The pH of the
sample was ~7.4, and the pH of the electrophoresis buffers were 1.9, 2.4, and 8.8.

pH-mediated sample stacking: The sample was diluted with ultrapure deionized

water + sulphorhodamine-101. The sample was either HD or EK injected, followed by a plug

of 0.1 — 0.5 M HCl, which was also introduced to the capillary by either HD or EK injection.
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These conditions were the same for all runs performed: 25 mM citric acid, pH 2.25
(sheath buffer), 3 Hz (laser repetition rate), 100 us (laser pulse length), 8 A (laser current),
420 V (laser BUSS voltage), 470 pF (PMT gain), 64% (gain voltage), 110 us (PMT integration

time).

4.2.6 Microdialysis samples

After thawing the samples, 1 ulL of the microdialysate sample was diluted with 2.5 plL
of 7.5 uM sulforhodamine-101, used as an internal standard, and 6.5 pL of ultrapure
deionized water for a total volume of 10 yuL. The final conditions used for analyzing these
samples were: 40 mM borate, pH 8.8 (electrophoresis buffer), 10x aCSF (sample buffer), 25
mM citric acid, pH 2.25 (sheath buffer), -30 kV (separation voltage), 25 pA (current), 3 Hz
(laser repetition rate), 100 us (laser pulse length), 8 A (laser current), 420 V (laser BUSS
voltage), 470 pF (PMT gain), 64% (gain voltage), 110 us (PMT integration time). The injection
volume was 14.7 nL for a 30 s hydrodynamic injection, which was performed by lowering
the sheath flow waste outlet by 32.5 cm. Samples were run randomly and blind to prevent
any analysis bias, with the identities of the samples unblinded after measurements were

completed.

4.2.7 Data analysis

Data analysis was performed in IgorPro 5.05A (WaveMetrics Inc., Lake Oswego, OR).
An automated data analysis script was written that reduces the user input to a single
command. Output consists of four tables of calculated values with four corresponding color-
coded graphs displaying the raw data, 6-point boxcar averaged data, normalized (with
respect to the laser pulse energy) data, and both normalized and boxcar averaged data. The
baseline range with the lowest standard deviation is determined and used to calculate the
limits of detection (LOD) for each PMT channel. Ratiometric analysis (calculating the
intensity ratio between peak maxima in each of the PMT channels) is also automated to aid

in analyte identification.
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4.2.8 Limits of detection and quantitation

LODs and concentration of analytes were determined by generating calibration
curves for each analyte under the appropriate conditions. Analyte concentrations ranged
from the micromolar to the low nanomolar, within physiological limits and at maximum an
order of magnitude greater than LODs. The criterion for calculating the LODs was three

times the standard deviation of the baseline.

4.2.9 Statistics for biological samples

Data were analyzed with either one-way analysis of variance (ANOVA) with Tukey

post hoc comparison, or by Student’s t-test, using SigmaStat analysis software.

4.3 Results and discussion

Several different concentration techniques were applied to the analysis of trace
levels of indolamines within high salt sample matrices, namely aCSF. This sample matrix has
an ionic strength of 0.163M and a conductivity of 15.7 mS/cm. Although the ionic strength
was comparable to the electrophoresis buffers used (Table 4.1), the buffer conductivities
were significantly lower. This mismatch between conductivities can cause analyte
destacking to occur during separation, which degrades resolution and signal intensity.
Comparing the signal intensity and peak shape for the mixture of indolamine standards in
Figure 4.6 under different conductivity pairs, it was evident that the high salt sample matrix
negatively impacts detection, although using the higher conductivity phosphate buffer
provides better results than borate buffer even at a lower separation voltage. The pH of
both buffers was the same, pH 8.8, to ensure that differences due to electroosmotic flow
(EOF) effects are minimized.

A factor that was considered was separation speed; given that a large number of
samples were separated and analyzed for their indolamine content, the concentration
technique needed to allow for relatively rapid separations of the analytes of interest. The
EOF is maximized at pHs of 8.8 or above, leading to the separation of several common
indolamines within 10 min or less. Another concern was the collection efficiency of

microdialysis probes for small molecules: we have observed a 10% to 15% collection
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efficiency for 5-HT, which means that the indolamine concentrations are reduced by 6.7- to
10-fold before CE analysis. Combining this with the challenges of performing efficient
separations under high salt conditions, it was imperative that a sensitive and robust
concentration method be used for analysis.

HD injections were also compared with EK injections. EK injections can bias sample
introduction by preferentially introducing the most highly charged analytes first, making
accurate quantitation within a sample difficult. If the analyte of interest is highly charged,
however, EK injection can enrich the amount of that analyte within the injected sample.

FASS conditions were tested for several different combinations of buffers and aCSF
dilution factors (Figures 4.7 and 4.8). Comparing borate and phosphate buffers again,
phosphate buffer is unable to resolve NAS from Trp and HITCA from HIAA within a standard
indolamine mixture. In borate buffer, the analyte peaks appear relatively sharp and
Gaussian in shape. In Figure 4.7 (B) the net peak intensities appear lower but without band
broadening compared to the same sample concentrations under ideal conditions. The
relative conductivities for the sample matrix and the electrophoresis buffer in (B) are 1:10,
typical for FASS. Better net signal intensity, however, is obtained for a 1:2 relative
conductivity ratio, as is shown in Figure 4.8 (A).

For FASI experiments, FASS was combined with FASI to determine if the
enhancement ratio would be additive. The electrophoresis buffer and sample matrix were
held constant (2.4:1.5 conductivity ratio, respectively) and water plug injection lengths were
varied from 20 s to 90 s. The sample injection amount and method were also held constant
for several runs, to more easily calculate the enhancement factor for each run compared
with a FASS control. Figure 4.9 shows the results for a variety of conditions. Based on the
ratios of net intensities calculated for each analyte, little enhancement was seen for any of
the combined FASS-FASI conditions. There may have been enhancement due to FASI alone
if the sample matrix was not previously diluted, but based on these results it would have
been equilvalent to FASS and not nearly as high as had been reported (100- to 1000-fold
enhancement). Even after dilution, the sample matrix conductivity was still elevated and

additional enhancement would have been beneficial.
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MEKC was tested as a concentration technique for 5-HT. As shown in Figure 4.10, 5-
HT did not elute under two different MEKC conditions. Once the high voltage was shut off, a
syringe was attached to the capillary inlet and buffer forced through the capillary manually.
The intensities in all three channels increased, and what appears to be 5-HT elutes from the
capillary around 2850 s. The large difference in net intensities in the 5-HT peak in (B) and (C)
could be attributed to degredation of 5-HT within the capillary due to Joule heating. The
higher conductivity of the buffer in (C) (0.450 mS/cm versus 0.330 mS/cm for (B)) makes
Joule heating more likely to occur and increases in current, a sign of Joule heating, were
observed. Based on previous work (not shown), a possible reason for the inability of 5-HT to
elute within a reasonable time frame under MEKC conditions is the composition of the
sample matrix. Another possible reason was the combination of phosphate buffer with SDS;
although this recipe has been used in the literature, | was unable to replicate the results.
Given the results, MEKC was not further pursued as a possible technique for analysis of
microdialysate samples.

Dynamic pH junction was tested on indolamine standards to determine if it was a
viable concentration technique for these analytes. Figure 4.11 details the results. Compared
with FASS control conditions, dynamic pH junction failed to elute analytes within a
reasonable time frame and the analyte bands that did elute were very broad and
misshapen. One electropherogram, (C), shows how a syringe was used to mechanically
force buffer through the capillary after the high voltage was disabled. The background
intensities in all three channels increase substantially, but no peaks elute and the relative
increases are not consistent with signal ratios for citric acid or for indolamines. A reason for
the greatly increased migration times was the reduced EOF experienced when lower pH
buffers are used for separation. The peak shape and broadening could be attributed to a
combination of buffer interactions and incomplete titration. Dynamic pH junction was not
further investigated for enhancing the separation of indolamines.

A technique that demonstrated potential was pH-mediated sample stacking. HD and
EK injection were compared for efficacy in concentrating 5-HT, shown in Figure 4.12. The

sample was undiluted and phosphate buffer was used as the electrophoresis buffer. The
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most successful conditions were EK injection of the sample, followed by EK injection of 0.1
M HCI. Enhancement was approximately 5-fold on average, with a high value of 11-fold
enhancement. Interestingly, these experiments were repeated for borate buffer, but no
enhancement was observed (data not shown). It is possible that the shorter migration time
(approximately 250 s, about half of the 5-HT migration time in phosphate buffer) did not
allow enough time for enhancement to occur. Figure 4.13 details different conditions for
pH-mediated sample stacking.

HCI concentrations were varied from 0.1 M to 0.5 M, but enhancement ratios varied
from approximately 1.5- to 8-fold and appear random (data not shown). Best results were
obtained for 0.1 M HCI; however, enhancement ratios for 0.1 M HCI injections were also
inconsistent across multiple separations, ranging from around 2-fold to 12.5-fold
improvement in signal. Occasionally the EK injection of HCl would “fail”, as the current
during injection would drop rapidly to close to zero; sometimes during the separation the
current would rebound and the separation would occur, and other times it remained at zero
and the injection would have to be repeated. To reduce these failures, the capillary needed
to be conditioned with 0.1 M NaOH between every run. Although the enhancement was
greater than most of the other concentration techniques, the unpredictable nature of pH-
mediated sample stacking made it unacceptable for routine use.

Post-stimulation dialysate was compared under different conditions as well, to see if
the results obtained with standard indolamine mixtures were repeatable for biological
samples. Undiluted and diluted samples were compared in both borate and phosphate
buffers, for both HD and EK injected samples. The best results were obtained in trace (C),
under FASS conditions.

Based on all of the above results, FASS using 10x diluted aCSF as the sample matrix
and 40 mM borate, pH 8.8, as the electrophoresis buffer, and HD injection was chosen as
the technique for analyzing microdialysis samples. Fast elution times, effective
concentration of analytes, and high temporal resolution was obtained using FASS, in
addition to high repeatability. The buffer concentration was lowered from 50 mM to 40 mM

to reduce the likelihood of Joule heating and subsequent analyte degradation. A
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representative electropherogram is shown in Figure 4.15. Two indolamines, 5-HT and Trp,
are detected, identified, and quantitated within this electropherogram. Table 4.2 details the
figures of merit under FASS conditions for analyte identification and the LODs, which are
appropriate for trace analyte analysis.

These conditions were used to separate, concentrate, detect, identify, and
guantitate trace indolamine levels in over 200 mouse microdialysis samples; greater than
75% of samples had detectable levels of indolamines. Figure 4.16 displays the statistical
results of the 5-HT analysis in microdialyate samples. Electrical stimulation of the MRN
resulted in increases in 5-HT release but not in acetylcholine and glutamate, which were
analyzed by HPLC with electrochemical detection and CE-LIF, respectively. Mice were
surgically implanted with a stimulating electrode aimed at the MRN and a microdialysis
cannula aimed at the SCN. For each experiment, baseline samples were collected for 1 h,
then animals were stimulated for 20 min, represented by the black square. Samples were
then collected every 20 min, for 100 min following stimulation. These results indicate that
5-HT release is independent of acetylcholine and glutamate release during stimulation.
These measurements demonstrate that acetylcholine and glutamate release at the SCN was
specific to the stimulation of homeostatic sleep centers and not from nearby areas such as

the serotonergic MRN.

4.4 Conclusions and future work

Several concentration techniques were tested for analyzing low levels of
indolamines within high salt sample matrices. Only FASS was able to provide fast separation
times, efficient concentration of analytes, and sufficient resolution for the analysis of over
200 mouse microdialysis samples.

Another effective concentration technique was pH-mediated sample stacking;
however, the degradation of indolamines within the capillary and current stability during
injection need to be addressed for biological samples before this technique can be adopted
for routine use.

Future work for analyzing high salt samples could include testing base stacking in

pH-mediated sample stacking, FASI combined with MEKC, MEKC using different
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electrophoresis buffers and surfactants, large volume sample stacking, and reversing the pH
gradient of the sample buffer and the electrophoresis buffer in dynamic pH junction.

To summarize this project, significant acetylcholine and glutamate release was found
at the SCN when the homeostatic sleep centers were stimulated and, concomitantly, the
behavioral circadian rhythms were reset. These results establish modes of neurochemical
communication from brain regions controlling homeostatic sleep states to the SCN, with
behavioral consequences. They suggest a basis for dynamic integration across brain systems
that regulate vigilance states, and a potential vulnerability to altered communication in sleep
disorders. This data provides a unique glimpse of dynamic neurotransmitters within the

mammalian brain during sleep-wake cycling and hints how such behaviors are controlled.
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4.5 Tables

buffer or solution use I,M K, mS/cm
aCSF, pH 7.4 sample buffer 0.163 15.7
40 mM borate, pH 8.8 eIectrophorem:,HFASS, FASI, dyn 0.207 538
50 mM borate, pH 8.8 electrophoresis, FASS 0.260 3.00
10 mM phosphate, pH 8.8 electrophoresis, FASS 0.060 0.97
50 mM phosphate, pH 8.8 electrophoresis, FASS, pH-med 0.300 7.33
50 mM phosphate, pH 8.8, + .
30 mM SDS electrophoresis, MEKC 0.330 9.03
50 mM phosphate, pH 8.8, + .
150 mM SDS electrophoresis, MEKC 0.450 115
25 mM citric acid, pH 2.4 | Sneath buffer, electrophoresis, 0.025 0.67
dyn pH
150 mM citric acid, pH 1.9 electrophoresis, dyn pH 0.150 4.02

Table 4.1 A list of buffers and solutions, the separation mode they were used for, their ionic

strengths (I), and their conductivities (K). FASS = field-amplified sample stacking, FASI =

field-amplified sample injection, MEKC = micellar electrokinetic chromatography, pH-med =

pH-mediated sample stacking, dyn pH = dynamic pH junction
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analyte | BEWESR L vime, s G/B B/R G/R LOD, nM
101, s

5-HT 114 170 8.25 2.80 23.2 1.9
NAS 64 220 115 0.40 4.90 3.2
Silf'ge 42 242 5.30 1.00 5.50 0.9
Trp 27 258 9.30 0.60 5.00 2.2
SR-101 0 285 0.30 0.12 0.04 N.D.
HITCA 56 340 8.90 3.75 336 6.7
HIAA 71 355 8.20 0.80 6.50 1.6

Table 4.2 Analyte figures of merit under the final conditions selected (40 mM borate, pH 8.8
(electrophoresis buffer), 10x aCSF (sample buffer), -30 kV (separation voltage)). The column
heading, At wrt SR-101, represents the average difference in migration time between the
analyte in question and sulphorhodamine-101, an internal standard. This figure is used as
additional confirmation of analyte identity. The LODs are appropriate for trace analyte
analysis. Over 200 samples were analyzed, and greater than 75% of samples had detectable
indolamine levels. 5-HT = serotonin, NAS = N-acetylserotonin, 5-HT sulfate = serotonin-O-
sulfate, Trp = tryptophan, SR-101 = sulforhodamine-101, HITCA = 5-hydroxyindole

thiazoladine carboxylic acid, HIAA = 5-hydroxyindole-3-acetic acid

85



4.6 Figures
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Figure 4.1 Schematic of field-amplified sample stacking (FASS). The low conductivity sample
plug experiences a stronger electric field than the high conductivity background electrolyte
(BGE). Once the analytes reach the boundary between the sample plug and BGE, they

“stack” into a concentrated band. Adapted with permission.*
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detector

Figure 4.2 (A) Hydrodynamic injection of water after conditioning the capillary with BGE. (B)
Electrokinetic injection of sample following the water plug. (C) The voltage is shut off, the
sample vial is replaced by another BGE vial, and voltage is applied at negative polarity again.
Analytes stack at the concentration boundary (B). (D) Focused bands separate within the

capillary. Reprinted with permission from (14). Copyright 2011 American Chemical Society.
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Figure 4.3 Evolution of micelles and neutral analyte molecules during sweeping in the

presence of high electroosmotic flow and a high-salt- concentration matrix.
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Figure 4.3 (cont.) (A) Starting situation: injection of sample S prepared in a matrix having a
conductivity greater than that of the BGE; (B) application of voltage at positive polarity,
micelles emanating from the cathodic side stack at the interface between S and BGE (I.) and
sweep the analyte molecules; (C) the injected analyte zone is assumed to be completely
swept; (D) the stacked micelles leave the S zone and destack at (l,) while swept analyte
zones broaden; (E) swept analyte zones completely leave the S zone. Other abbreviations
are: a,: anionic analytes, a.: cationic analytes, mc,: micelles at the anodic end, mc.: micelles
at the cathodic end, d(mc): distance travelled by the micelles at the cathodic end, d(ac):
distance travelled by the cationic analytes. Reprinted with permission from (11). Copyright

2011 American Chemical Society.
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Figure 4.4 A diagram describing dynamic pH junction. (A) A large sample plug of a low-pH
electrolyte is first injected into the capillary that is filled with a high-pH BGE (pH junction).
(B) Focusing of some analytes occurs as a dynamic pH junction sweeps through the sample
zone, whereas other analytes continue to migrate as a wide sample plug. (C) separation of
the analytes by normal zone electrophoresis. Reprinted with permission from (20).

Copyright 2011 American Chemical Society.
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Figure 4.5 Diagrams depicting pH-mediated sample stacking. (A1) Sample is injected
hydrodynamically. (A2) NaOH is injected hydrodynamically and the sample zone is pushed
farther into the capillary. (A3) High voltage is applied and BGE cations replace sample
cations; sample zone is titrated to low conductivity. Tailing also occurs in this mode as
already described. (B1) Electrokinetic sample injection begins and anionic analytes travel
towards the anode; BGE cations move toward cathode and replace sample cations. (B2)
NaOH is injected electrokinetically and BGE cations in the sample zone are titrated by
hydroxide ions to create a zone of low conductivity (shaded gray). Adapted and reprinted

with permission from Wiley.**

91



(A) I mM borate/50 mM borate, 30 kV
5-HT (1) Trp (3) (B) aCSF/50 mM borate, 30 kV
(C) aCSF/50 mM phosphate, 20 kV
NAS (2) l HIAA (4)
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Figure 4.6 Comparing low salt and high salt matrix effects on the separation of indolamines.
(A) The typical conditions used on this instrument, utilizing FASS to enhance the peaks. (B)
The sample stock prepared in aCSF, a high salt matrix (see Table 4.1). (C) Same sample as
(B), using a different electrophoresis buffer and voltage. [5-HT] = 734 nM, [NAS] = 792 nM,
[Trp] =340 nM, [HIAA] =776 nM

92



(A) I mM borate/50 mM borate, 30 kV
(B) 50x aCSF/50 mM borate, 30 kV
HIAA (4) () aCSF/50 mM phosphate, 20 kV

5-HT (1) .
)

v NAS (2) /
|

WM WW (A)

I 2 3 4
(B)
7 1 3
|
2?
(©)
A P — A %
IIIIIIIII|IIIIIIIII|IlII|IIII|IIIIIIIII|IIIIII
200 300 400 500 600
Time, s

Figure 4.7 Comparing FASS conditions. (A) The optimized conditions used on this instrument
for standards, which utilizes FASS and a very low salt sample matrix. (B) The sample matrix
was 50-fold diluted aCSF. Note the Gaussian peak shape, but lower intensity compared with
(A). (C) The sample was prepared in undiluted aCSF. Note the top hat peak shape, compared
with the Gaussian-shaped peaks above. [5-HT] = 243 nM, [NAS] = 156 nM, [Trp] = 482 nM,
[HIAA] =414 nM
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(A) 10x aCSF/50 mM borate, 30 kV
(B) 10x aCSF/10 mM phosphate, 20 kV
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Figure 4.8 Comparing FASS conditions. The phosphate buffer concentration was reduced, to
eliminate differences due to the much higher conductivity of phosphate buffer, compared
to borate buffer (Table 4.1). The sample was prepared in 10-fold diluted aCSF. (A) The
sample separated in borate buffer. (B) The sample separated in phosphate buffer. Note the
unresolved peaks and poor peak shape for later eluents. [5-HT] = 472 nM, [NAS] = 406 nM,
[Trp] = 800 nM, [HIAA] = 756 nM, [HITCA] =350 nM
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Figure 4.9 Comparing FASS-FASI conditions. The sample was prepared in 10-fold diluted
aCSF and the electrophoresis buffer was 40 mM borate buffer, unless otherwise noted. The
separation voltage was -30 kV. (A) Control, 30 s HD injection under FASS conditions. (B) 30 s
HD injection of water, followed by 3 s EK injection of sample at -30 kV. (C) 20 s HD injection
of water, followed by 3 s EK injection of sample at -30 kV. (D) 30 s HD injection of water,
followed by 30 s HD injection of sample. (E) 40 s HD injection of water, followed by 3 s EK
injection of sample at -30 kV. (F) 50 s HD injection of water, followed by 3 s EK injection of
sample at -30 kV. (G) 60 s HD injection of water, followed by 3 s EK injection of sample at -
30 kV. (H) 90 s HD injection of water, followed by 3 s EK injection of sample at -30 kV. (I) 60
s HD injection of water, followed by 3 s EK injection of undiluted aCSF sample at -30 kV. [5-
HT] =289 nM, [Trp] = 246 nM, [SR-101] = 1887 nM, [HIAA] =398 nM
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(A) aCSF/50 mM phosphate, pH 8.8

(B) aCSF/50 mM phosphate + 30 mM SDS, pH 8.8
(C) aCSF/50 mM phosphate + 150 mM SDS, pH 8.8
[5-HT] = 4208 nM
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Figure 4.10 Comparing MEKC conditions. Sample (~4200 nM 5-HT) was prepared in
undiluted aCSF. (A) Control conditions without surfactant in electrophoresis buffer. (B)
MEKC conditions with a “low” concentration of surfactant. The intensity in all three
channels peaked around 2800 — 2900 s, after the high voltage (HV) was turned off and a
syringe used to mechanically force the eluent out of the capillary. (C) MEKC conditions with
a “high” concentration of surfactant. The intensity in all three channels increased after the
high voltage (HV) was turned off and a syringe used to mechanically force the eluent out of

the capillary. A much less intense peak, compared with (B), appears around 2850 s.
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Figure 4.11 Comparing conditions for dynamic pH junction. The sample was prepared in 10-

fold diluted aCSF. (AA) The sample separated in borate buffer, under FASS conditions. All

the analytes elute within 400 s. (AB) The sample separation performed under dynamic pH

junction conditions. No peaks eluted. (AC) The sample separated utilizing the principles of

dynamic pH junction, in a higher pH, lower conductivity buffer. Note the broad peak shape,

reduced intensity, and significantly increased migration time for 5-HT. (B) Traces (AB) and

(AC) from 1400 s to 1700 s. (C) Trace (AB) 2600 s to 3100 s. The high voltage (HV) was

turned off at ~2800 s and a syringe used to mechanically force the eluents out of the

capillary. The background intensities in all three channels increase, but no peaks elute and

the signal intensity does not decrease.
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(A) 30 s EK, 20 kV;30 s EK 0.1 M HCI, 20 kV
(B) 30 s EK, 20 kV

(C) 30 s HD; 30 s HD 0.1 M HCI

(D)30 s HD

[5-HT] = 1000 nM

aCSF/50 mM phosphate, 20 kV {\
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Figure 4.12 Comparing HD versus EK injection under pH-mediated sample stacking
conditions. The sample (1000 nM 5-HT) was prepared in undiluted aCSF and the
electrophoresis buffer was 50 mM phosphate buffer, pH 8.8. The separation voltage was -20
kV. (A) 30 s EK sample injection, followed by a 30 s EK HCl injection. Note the Gaussian peak
shape and intensity. (B) 30 s EK sample injection. No focusing of the peak occurred. (C) 30 s
HD sample injection, followed by a 30 s HD HCl injection. Note the partially resolved pair of
peaks. (D) 30 s HD sample injection. The control sample for comparison was barely detected

under these conditions without enhancement.
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Figure 4.13 Comparing conditions for pH-mediated sample stacking. The sample was
prepared in 10-fold diluted aCSF and the electrophoresis buffer was 40 mM borate buffer,
pH 8.8, unless otherwise noted. The separation voltage was -30 kV. (A) Control, 30 s HD
sample injection. (B) 2.5 s EK sample injection at -30 kV. (C) 2.5 s EK sample inject at -30 kV,
followed by 2.5 s EK injection of 0.1 M HCl at -30 kV. (D) 2.5 s EK sample injection at -30 kV,
followed by 2.5 s EK injection of 0.1 M HCI dissolved in 40 mM borate buffer, pH 8.8 at -30
kV. (E) 3 s EK sample injection at -25 kV, followed by 3 s EK injection of 0.1 M HCIl at -25 kV.
[5-HT] = 289 nM, [Trp] = 246 nM, [SR-101] = 1887 nM, [HIAA] =398 nM
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Figure 4.14 Comparing post-stimulation dialysate under different conditions. The sample
was introduced into the capillary by 30 s HD injection and the separation voltage was -30
kV, unless otherwise noted. (A) The sample was prepared in undiluted aCSF and the
electrophoresis buffer was 50 mM borate buffer, pH 8.8. (B) The sample was prepared in
undiluted aCSF and the electrophoresis buffer was 50 mM phosphate buffer, pH 8.8. (C) The
sample was diluted by 10-fold and the electrophoresis buffer was 50 mM borate, pH 8.8. (D)
The sample was diluted by 100-fold and the electrophoresis buffer was 50 mM borate, pH
8.8. (E) The sample was diluted by 10-fold and the electrophoresis buffer was 50 mM
borate, pH 8.8. The sample was introduced by 3 s EK injection at -30 kV.
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Figure 4.15 A representative microdialysis sample run. The final conditions used for
analyzing these samples were: 40 mM borate, pH 8.8 (electrophoresis buffer), 10-fold
diluted aCSF (sample buffer), 25 mM citric acid, -30 kV (separation voltage). Both Trp and 5-

HT were detected and quantitated, along with several unidentified indolamines.
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Figure 4.16 Electrical stimulation of the median Raphe nucleus (MRN) increases 5-HT
release but not acetylcholine (Ach) or glutamate (Glu) release in the suprachiasmatic
nucleus (SCN). (A) Parameter 1 (150 pA, 10 Hz, 2 msec pulse duration). (B) Parameter 2 (40
WA, 0.2 Hz, 0.2 msec pulse duration). (C) Parameter 3 (400 pA, 60 Hz, 0.2 msec pulse
duration, applied as a 1 sec train every min). (D) Sham stimulation. Figure courtesy of

Jennifer M. Arnold, Gillette group.
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5 Building and interfacing an optical trap with a capillary electrophoresis-
laser-induced native fluorescence instrument for single cell sampling
and analysis
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5.1 Introduction

Single cell analysis is becoming more routine, as cell-to-cell heterogeneity has been
acknowledged even within “homogenous” cell populations.” > Cells contain hundreds of
compounds spread amongst numerous analyte classes (e.g. amino acids, proteins, lipids),
with concentrations that can span at least nine orders of magnitude. These concentrations
can also vary widely depending on the time of day, the animal’s satiation level, the animal’s
age, and the season, among other factors. When working with average values across a
tissue sample or homogenate, much of this important information is lost. This prompts the
use of technologies that enable single cell measurements, in order to reduce dilution of the
analytes of interest and to simplify analysis. Capillary electrophoresis with laser-induced
fluorescence detection (CE-LIF) is particularly appropriate for single cell analysis, as detailed
in previous chapters.

While CE-LIF has the sensitivity to characterize low abundance analytes within
individual cells and subcellular components, the sample handling required to isolate and
inject such small samples is problematic. One way to address this issue is to interface a

sampling system to enable precise, controlled manipulation and sampling of single cells.
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There are numerous methods available for sampling single cells (Chapter 2),

including manual®® and mechanical®** manipulation, microfluidics,*> ** " ** 1> |aser lysis,'®

19-26 27-31

% and optical trapping. Optical trapping was first demonstrated by Ashkin in 1970

and since has become an invaluable technique for studying micrometer- and nanometer-
sized objects in physics, chemistry, and biology.**>*

Optical traps make use of radiation pressure, which is the force that is exerted by
light on matter through scattering, absorption, emission, or refraction. This force may be
regarded as the transfer of momentum from photons to the objects being irradiated. This
force can be separated into two components, the scattering force and the gradient force.
The scattering force arises from the reflection of photons off of the irradiated object and is
in the direction of light propagation. In opposition to the scattering force there is the
gradient force, which is due to the gradient in spatial light intensity. For a Gaussian beam,
the highest intensity is in the center of the beam. As these rays are refracted and exit the
object, the net force that is generated directs the object towards the beam focus. Once the
object is within the beam focus, the net force is toward the lens, canceling the force due to
scattering. Fluctuations in position will result in the object being directed back into the
trap. Figure 5.1 contains a schematic of the gradient force acting on an object.

Optical traps were first used on single bacteria, viruses, and cells in 1987 by Ashkin>>
*® and since then the use of optical traps for studying biological entities has grown

dramatically. Optical traps have several advantages over other techniques for manipulating

single biological objects. They enable fine control over the manipulation and movement of

37-40 41, 21, 42-44, 20, 40

single cells, organelles, and even single biological molecules like DNA* and

proteins,46’ 47

and these biological entities can be trapped without catastrophic damage.
Optical traps are also considered a non-contact method, since they minimize outside
interference that could affect the measurements in question, and they allow high resolution
probing of the cellular microenvironment. There are also a variety of optical trap types and
modifications that can be done to optimize the instrument for a particular use or sample

type. The most common type of trap, the single beam optical trap, uses one laser beam and

a high numerical aperture objective to form a trap at the objective’s focal point. There also
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48-51 52,53

exists dual beam and ring-shaped traps, optical vortices,”" and holographic traps,”*

*® to name a few, as well as the related techniques of laser microdissection/surgery,? >

laser ablation,”® and catapulting.”” Optical trap designs lend themselves to hyphenation

58, 59, 55, 60 61, 62

with other technologies, such as microfluidics, and Raman and fluorescence

®3%¢ Overall, optical traps are a versatile technique that can be used to study,

spectroscopy.
isolate, and manipulate single cells and subcellular organelles on the micron scale with a
minimum of interference.

The Sweedler group has designed, constructed, utilized, and modified a range of

67795 71 The efforts described here

instruments and techniques to enable single cell analysis.
involves designing and building an optical trap and interfacing it to a laboratory-built
capillary electrophoresis-laser-induced native fluorescence instrument, called the optical
trap-multi-channel capillary electrophoresis with laser-induced native fluorescence
detection (OT-MC-CE-LINF) system. Combining an optical trap and a CE-LIF instrument has
been demonstrated previously;”” > however, the combination is most often used on a

2226 Native fluorescence detection reduces sample preparation and

microfluidic platform.
enables high selectivity, as well as allowing for unambiguous identification of the analytes of
interest.

The OT-MC-CE-LINF instrument has several advantages. It enables single cell analysis
to be performed with a minimum of sample handling and disruption, provides a separation
step to reduce complexity, separate similar analytes, and potentially concentrate analytes,
and utilizes native fluorescence detection optimized for catecholamines and indolamines.
The optical trap is formed by tightly focusing the output of a near infrared (NIR) laser with a
high numerical aperture objective. Once the cell is localized within the trap, the capillary
inlet is moved adjacent to the trap using a computer-controlled micromanipulator and
microscope combination. The cell is released from the trap and quickly injected into the
capillary, where it is chemically lysed and its chemical components are separated and
detected. The multi-channel capillary electrophoresis-laser-induced native fluorescence

instrument is optimized for the native fluorescence detection of catecholamines and

indolamines (Chapter 3). Briefly, a 224 nm HeAg hollow cathode ion laser is used in
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combination with a sheath-flow cuvette; the fluorescence emission is collected and
measured using three channel detection (each detector has its own wavelength range
selected with appropriate dichroic beamsplitters). This instrument allows unambiguous
identification of a variety of catecholamines and indolamines based on differences in their
fluorescence emission profiles, as well as their migration times. The ability of the system to
perform injections and CE-LINF separations of individual cells is highlighted, including the
range of samples that the optical trap can accommodate and the CE-LINF detection

performance.

5.2 Materials and methods

A list of abbreviations can be found in the Appendix.

5.2.1 Chemicals

Chemicals, unless otherwise noted, were from Sigma Aldrich (St. Louis, MO) and
were reagent grade or higher. Citric acid sheath buffer (25 mM, pH 2.25) was made by
dissolving 5.25 g of C¢HgO7,+H,0 in 1 L of ultrapure deionized water (Elga Purelab Ultra,
Siemens Water Technologies, Warrendale, PA). Electrophoresis buffers were made by
diluting a stock solution of 50 mM borate buffer, pH 8.8, which was prepared by dissolving
9.2 g of Na;B407,°10H,0 and 3.0 g of B(OH); in 1 L of ultrapure deionized water. For
surfactant-containing electrophoresis buffers, 0.72 g of sodium dodecyl sulfate (SDS) was
added to 50 mL of diluted borate buffer, pH 8.8, sonicated for 2 min to dissolve, and filtered
with a 0.22 um syringe filter (Nalgene, Rochester, NY). Serotonin (5-HT) (Alfa Aesar, Ward
Hill, MA) and tyrosine (Tyr) were dissolved in 2.5 mM citric acid, pH 2.5. Tryptophan (Trp),
N-acetylserotonin (NAS), 5-hydroxyindole acetic acid (HIAA), melatonin (MT), 5-
hydroxytryptophan (HTP), 5-methoxytryptamine (MOT) (TCI America, Portland, OR), and
tryptophol (TOL) (Research Organics, Inc., Cleveland, OH) were dissolved in 2.5 mM citric
acid, pH 2.5, + 10% v/v acetone and sonicated on ice for 30-60 min. Standard buffers were
prepared by diluting the sheath buffer 1:10 with ultrapure deionized water. Fluorescein was
prepared in ultrapure deionized water. Standard stock solutions were diluted in either 1

mM borate buffer, pH 8.8 (1:50 dilution of stock borate electrophoresis buffer) or in high
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Ca*?/high Mg** modified Grey’s balanced salt solution (high salt mGBSS), pH 7.2, which
consisted of 3.0 mM CaCl, (0.44 g), 4.9 mM KCl (0.37 g), 0.2 mM KH,PO,4 (0.03 g), 22 mM
MgCl, (4.47 g), 0.6 mM MgS0O, (0.07 g), 138 mM NaCl (8.06 g), 27.7 mM NaHCOs (2.33 g),
0.8 mM Na;HPO,4 (0.11 g), 25 mM HEPES (5.95 g), and 10 mM glucose (1.80 g) dissolved in 1
L of ultrapure deionized water. All buffers were filtered by a 0.45 um bottle-top filter
system (Nalgene, Rochester, NY) and degassed under vacuum with stirring for 30-60 min.
NaOH (~0.1 M) was prepared by dissolving one pellet (~0.0025 g) in 0.025 L of ultrapure

deionized water.

5.2.2 Animals

Animals were housed and cared for as described in animal protocols in full
compliance with NIH guidelines for the humane care and treatment of animals, approved by
IACUC and supervised by the Division of Animal Resources at the University of lllinois at

Urbana-Champaign.

The pineal glands were isolated from the central nervous system of rats. Sacrifice
occurred in the morning and pineal dissection and preparation was completed within 30

min. Glands were manually triturated and stored in high salt mGBSS on ice until analysis.

5.2.3 Biological samples

Human cheek, saliva, and blood samples were volunteered and obtained with full
consent from myself (Christine Cecala), in accordance with the regulations outlined by the
University of lllinois at Urbana-Champaign Institutional Review Board for the Protection of
Human Subjects. Cheek cells were obtained by scraping the inside of the cheek, and blood
samples by removing blood from a finger using a sterile disposable needle. Samples were
diluted in phosphate buffered saline, pH 7.2 (BioWhittaker, Lonza, Walkersville, MD).

Rat pineal samples were split into two groups: incubated and non-incubated.
Incubated samples were incubated at room temperature with a total concentration of 200
MM HTP, dissolved in high salt mGBSS, for 60 min before analysis. Non-incubated samples
had an equal volume of high salt mGBSS added and were treated at room temperature for

100 min before analysis.
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5.2.4 Hydrofluoric acid etching

Hydrofluoric acid (HF) etching of the capillary inlet and outlet is used to shape the
ends into sharply tapered tips with a 40° angle (Figure 3.2).”* The fused silica capillary
dimensions were either 10 um, 20 pum, or 50 um inner diameter, 360 um outer diameter,
and 85-120 cm in length (Polymicro Technologies, Phoenix, AZ). The ends were scored and
snapped to provide a relatively even surface for etching. Approximately 1 cm of the
capillary’s polyimide coating is burned off of each end and the tips cleaned with methanol.
A container is filled to 5 mm of depth with 48% HF and covered with isooctane to prevent
HF fumes from rising. The capillary tip is pushed through a FEP sleeve (Upchurch Scientific,
Oak Harbor, WA) held tightly in a customized Teflon holder, which maintains the tip position
during etching, until the tip touches the bottom of the container. The capillary has
isooctane continuously pumped through the non-submersed end via a syringe to prevent
the inner walls of the submerged end from being etched. After two hours, the etched tip is
rinsed with Na,B;07-10H,0 (Borax, Henkel Corp., Billerica, MA) and water and the process is

repeated for the other end.

5.2.5 Tapering capillary tips

Capillary tips were tapered using a CO, laser-based capillary puller (P-2000, Sutter
Instrument Co., Novato, CA), which can be used on fused silica. The capillary dimensions
were either 10 um or 20 um inner diameter, 360 um outer diameter, and 85-120 cm in
length. The ends were scored and snapped to provide a relatively even surface for etching.
Approximately 1 cm of the capillary’s polyimide coating is burned off of each end and the
tips cleaned with methanol prior to pulling. Settings for pulling were: 400 (heat), O (fil), 127
(vel), 200 (del), and 150 (pull).

5.2.6 Optical trap design and construction

Unless otherwise noted, all laboratory-built and custom-built components have
been designed and fabricated in-house either within the laboratory or by the SCS Machine
Shop. Several optical trap designs and prototypes were built and tested. For all optical

trains, the optical axis is parallel to the optical table at a height of 20 cm until the beam is
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directed 90° vertically by a dichroic mirror. All optical trap optics, components, and mounts
are from Thorlabs (Newton, New Jersey) and all optics are IR-coated unless otherwise
specified. The NIR beam was viewed with IR viewing cards (VC-1550 and F-IRC-HP) and an IR
viewer (IRV1-1700, Newport Corp., Irving, CA).

L7577 and used a

The first design (Figure 5.2A) was based off of several publications,
continuous wave 300 mW NIR diode (L980P300J) that emitted radiation at 980 + 10 nm and
had beam divergences of O(parallel) = 7° £ 3° and O(perpendicular) = 30° £ 5°. The diode
was controlled by a driver (LDC210C) and was housed in a temperature-controlled mount
(TCLDM9 and TED200C). The beam was collimated by a mounted aspheric lens (C230TME-
B), which threaded into the front faceplate of the diode mount. The beam passed through a
pair of plano-convex cylindrical lenses (LJ4147-B, focal length = 500 mm and LJ1695L1-B,
focal length = 300 mm), mounted in kinematic mounts (KM100C)), which were used to
correct astigmatism. An anamorphic prism pair (4x, PS883-B) was used to circularize the
beam and was mounted using a post, clamp, bracket, and v-clamp (P12, PB4, PF175, and
C1503, respectively). The beam was directed by a gold-coated mirror (PF10-03-M01) into
the first of two telescope configurations created by a pair of plano-convex lenses (LA1509-B,
focal length = 100 mm). The first telescope lens pair was used to expand the beam diameter
to match the back aperture of the objective. The beam entered the second telescope
configuration (also created with two plano-convex lenses (LA1509-B, focal length = 100
mm), used to steer and parfocalize the beam, after making a U-shaped turn with two other
gold-coated mirrors (PF10-03-MO01). Adjustments to one of these lenses generate
corresponding movements in the laser trap. After exiting the second telescope lens pair, the
beam passed through an aperture (ID12Z) and entered the epi-fluorescence port of a
microscope (AxioObserver Al, Carl Zeiss, Jena, Germany), which had all of its fluorescence
optics removed. The beam was directed into the back aperture of a high numerical aperture
(N.A.) objective (Objective C-Apochromat 63x/1.2 W Corr, 441777-9970-000, Carl Zeiss,
Jena, Germany) by a custom-coated dichroic mirror (Z900DCSP, Chroma Technology,

Rockingham, VT) centered at 980 nm. The objective specifications are: 1.2 N.A., 63x
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magnification, water immersion, apochromatic correction, and ~ 55% transmission at 1064
nm.

The second design (Figure 5.2B) used an Ar" laser (Innova 300 FrED, Coherent Inc.,
Santa Clara, CA) emitting 3 W of 514 nm radiation. The uncorrected beam passed through a
Pellin-Broca prism (Newport Corp., Irving, CA) and was directed into a 5x beam expander
(09LBX001, Melles Griot, Albuquerque, NM). The expanded beam then entered a pair of
plan-convex lenses (LA1509-B, focal length = 100 mm) set up in a 1:1 telescope
configuration, used to steer and parfocalize the beam. The beam was then directed into the
epi-fluorescence port of the microscope and directed into the back aperture of the
objective by a dichroic mirror centered at 514 nm (Z514rdc, Chroma Technology,
Rockingham, VT).

The third design made use of a 540 nm HeNe laser (Electro Optics Division, Particle
Measuring Systems, Boulder, CO). The beam passed through an iris, used to block satellite
beams, and a pair of plano-convex lenses in a telescope configuration. The expanded beam
was then directed by mirror into the epi-fluorescence port of the microscope and directed
into the back aperture of the objective by a dichroic mirror centered at 514 nm (Z514rdc,
Chroma Technology, Rockingham, VT).

The fourth design employed a 50 mW green laser pointer emitting 532 nm radiation
from a frequency-doubled Nd:YAG crystal. The laser was mounted using the v-clamp and
post system from the anamorphic prism pair and the “on” button was depressed using a zip
tie and a piece of optical board to enable “continuous” emission. The beam entered a
plano-convex lens pair set up in a telescopic configuration with a pinhole located at the
minimum focal point. The beam was then directed into the epi-fluorescence port and
directed into the back aperture of the objective by a dichroic mirror centered at 514 nm
(Z514rdc, Chroma Technology, Rockingham, VT).

The fifth and final design (Figure 5.3), based on several publications,”*®® uses a 1064
nm diode-pumped solid state Nd:YAG laser (Compass 1064-2500MN, Coherent Inc., Santa
Clara, CA) with a maximum output of 2.5 W. The laser operates in TEMy, mode and has a

wavelength stability of < 1 cm™. The beam has a nominal diameter of 0.4 mm, a divergence
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of < 3.5 mrad, a pointing stability of < £ 5%, and an ellipticity of < 1.1. It is air-cooled and
turn-key operated. The beam is expanded by a 20x high energy beam expander (HB-20X,
Newport Corp., Irving, CA) and directed by a pair of gold-coated mirrors into a set of plano-
convex lenses (SPX029, Newport Corp., Irving, CA) in a 1:1 telescope configuration, used to
steer and parfocalize the beam. The beam expander is housed in a precision gimbal optic
mount (605-4, Newport Corp., Irving, CA), and translated in the x-, y-, and z-directions by a
translation stage (UMR12.40, Newport Corp., Irving, CA) and a heavy duty optical lab jack
(L490). Plano-convex lens 1 is mounted in a 3-axis optical mount (LP-1A-XYZ, Newport Corp.,
Irvine, CA) located 1000 mm from the back aperture of the objective and plano-convex lens
2 is mounted in a 2-axis mount (LP-1A-XY, Newport Corp., Irvine, CA) located 500 mm from
the back aperture of the objective. This set up can be generalized as the distance between
the back aperture of the objective and the steering optic is equal to 4f, where f is the focal

length of the lens.?"®*

In this case, the focal lengths of both of the plano-convex lenses are
250 mm. The beam was then directed into the epi-fluorescence port of the microscope and
directed into the back aperture of the objective by a dichroic mirror centered at 1064 nm
(950dcsp-laser, Chroma Technology, Rockingham, VT).

Polystyrene beads (1 um (PS04N/5749) and 10 um (PSO6N/6955) diameters, Bangs
Laboratories, Fishers, IN), diluted 10-fold to 100-fold in ultrapure deionized water, were
used to optimize the optical trap. The beads were contained on a coverslip (2735-246,
Corning Inc., Corning, NY) by a grease ring, made with vacuum grease (Silicon High Vacuum

Grease, Dow Corning, Midland, MI). Laser power measurements were taken with a PM10

sensor and a LabMax-TOP meter (Coherent Inc., Santa Clara, CA).

5.2.7 Multi-channel capillary electrophoresis-laser-induced native fluorescence

instrument (MC-CE-LINF) design and construction

Unless otherwise noted, all laboratory-built and custom-built components have
been designed and fabricated in-house either within the laboratory or by the SCS Machine
Shop. The injection port for the instrument is housed on a non-conductive breadboard
platform on a microscope, contained in a clear Plexiglas box. The capillary inlet has PEEK

fittings (Upchurch Scientific, Oak Harbor, WA) and a FEP sleeve (Upchurch Scientific, Oak
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Harbor, WA) attached to allow for fast and easy switching between syringes and the
capillary holder.

The capillary is held in place in the instrument by a custom-built acetal resin (Delrin,
E. I. duPont de Nemours & Co., Wilmington, DE) sheath flow cell. It enters at the top of the
cell and is held in place by liquid-tight fittings (Upchurch Scientific, Oak Harbor, WA). The
sheath buffer enters the cuvette from the right side with respect to the optical table and
exits from the bottom of the sheath flow cell. The quartz cuvette (Starna Cells, Atascadero,
CA) used for excitation and detection of eluents is open on both ends and is attached to the
top and bottom pieces of the sheath flow cell with Tra-Cast 3103 epoxy (Henkel Corp.,
Billerica, MA).

The current optical layout was adapted from a previous version.®”> Deep UV radiation
(224.6 nm) from a HeAg hollow cathode ion laser (HeAg70, Photon Systems Inc., Covina, CA)
is spectrally filtered using a four-bounce mirror configuration, attached to the front of the
laser head. The beam is directed via two UV-coated mirrors (Thorlabs, Newton, New Jersey)
into a laboratory-built lightproof, non-conductive box and breadboard, which houses the
detection optics and protects against spurious arcing. The collimated beam is nominally
focused using a plano-convex lens (OptoSigma, Santa Ana, CA) to a 50 um spot directly
below the outlet of the capillary, which has been HF-etched to a cone-shaped tip and is
housed in a custom-built sheath flow cell, as described above. As analytes elute from the
capillary they are excited by the focused beam and emit fluorescence, which is collected
and collimated by a 15x all-reflective objective (13596, Newport Corp., Irvine, CA). The
fluorescence is directed toward the three photomultiplier tube (PMT) detectors (H6780-06,
Hamamatsu, Middlesex, NJ) by two dichroic mirrors (310dcxxr-haf #110258 and 400dcxru
#111563, Chroma Technology, Rockingham, VT), with transition points at 310 nm and 400
nm, respectively. The first detector (PMT “blue”) measures emission from 250-310 nm, the
second detector (PMT “green”) measures emission from 310-400 nm, and the third detector
(PMT “red”) measures emission from 400 nm and above. The laser and PMTs are
synchronized and controlled by software written in LABView and provided by Photon

Systems Inc. Posts, post holders, and other optical mounts were purchased from Newport
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Corp. (Irvine, CA), Melles Griot (Albuquerque, NM), or custom-built. Optical mounts for the
focusing optic and the collection optic are coated in Vinyl Liquid Electric Tape (Star Brite, Ft.
Lauderdale, FL) and electrical tape (Scotch Super 88 electrical tape, 3M, St. Paul, MN) to
reduce arcing from the capillary outlet and tubing to the mounts.

Negative voltage for electrophoresis is applied to the sheath flow waste by a
stainless steel cylinder that is connected to a power supply (PS/MJ30N0400-11, Glassman
High Voltage, High Bridge, NJ) and laboratory-built control box. A 10 kQ resistor and a digital
multimeter (Fluke 76, Fluke Corp., Everett, WA) are part of the circuit and are used to
measure the current across the capillary.

Sheath buffer is gravity-driven and flow can be adjusted by a right angle switching
valve (Upchurch Scientific, Oak Harbor, WA). High purity Teflon PFA Plus tubing and
appropriate fittings were purchased from Upchurch Scientific. All tubing is further encased
within FEP-lined polyethylene tubing (McMaster-Carr, Elmhurst, IL) to reduce static
attraction and arcing during electrophoresis. Tubing between the optics box and the sheath
box is also surrounded by four 16 oz. polyethylene containers and electrical tape (Scotch

Super 88 electrical tape, 3M, St. Paul, MN).

5.2.8 Interfacing the optical trap and MC-CE-LINF instrument

The optical trap and the MC-CE-LINF system are interfaced at the microscope stage
(Figure 5.4). The trap is located at the focal point of the objective, approximately 0.28 mm
from the objective surface, including the coverslip thickness (0.13-0.16 mm). The capillary
inlet is controlled by a computer-controlled motorized micromanipulator (MP-285, Sutter
Instrument Co., Novato, CA), which has 1” of travel in all three axes, two step sizes (coarse,
0.2 um/step and fine, 0.04 um/step), and a maximum speed of 2.9 mm/s. It has a tabletop
controller and a rotary optical encoder for manual control. Programmable robotic control is
also available. The micromanipulator is mounted on a non-conductive optical breadboard,
which is stabilized by two %-28” tapped beams that attach to the microscope stand on
either side of the stage. The capillary is held in the micromanipulator by an acetal resin
cylinder, which is 6” long and has a 1/16” diameter hole drilled in the center. This holder

reduces the chance of arcing to the micromanipulator motors. The clamp that came with
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the micromanipulator for holding a pipette was removed and an acetal resin one machined
and used in its place for holding the cylinder.

The sample is held on a coverslip holder, machined out of polycarbonate, with a lip
to rest the coverslip edges on and a 30° angled oval hole for holding the electrophoresis
buffer vial, which consisted of an Eppendorf tube (Hamburg, Germany) that had its top
quarter removed at an angle. A platinum grounding wire (California Fine Wire Co., Grover
Beach, CA) is placed in contact with the electrophoresis buffer, completing the circuit.

Trapping, manipulation, and injection were recorded by a monochrome CMOS
camera (NT59-365, EO-1312M, Edmund Optics, Barrington, NJ) that is attached to the

microscope housing with a 1x C-mount (Carl Zeiss, Jena, Germany).

5.2.9 Second micromanipulator and capillary

A second micromanipulator (Narishige Scientific Instrument Lab, Tokyo, Japan) was
placed to the left of the microscope and a HF-etched capillary (50 um inner diameter, 360
um outer diameter, and ~ 50 cm in length) was held by an acetal resin cylinder, similar to
the one describe above. PEEK fittings and a FEP sleeve were used to connect the capillary
outlet to a syringe filled with high salt mGBSS. The pressure on the syringe was controlled
by a syringe pump (model 601553, KD Scientific, Holliston, MA), located on top of the

injection box.

5.2.10 Single cell injections

Single pinealocytes were injected into the capillary for analysis. A 2.5 ulL droplet of
sample was pipetted onto the coverslip. A cell was selected and trapped. The capillary inlet
was directed into the cell’s proximity by the micromanipulator, which was programmed to
stop near the trap location and further position refinement was performed manually using
the rotary optical encoder. Once the capillary was in place, the cell was released from the
trap and hydrodynamic injection of the cell was performed by lowering the sheath waste
outlet. Once injection was complete, the micromanipulator was used to bring the capillary
inlet to the buffer vial, and the voltage and detectors were turned on. Injections were

recorded using the CMOS camera on the microscope.
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5.2.11 Electrophoresis

The sheath flow buffer was 25 mM citric acid, pH 2.25, and the flow rate was 0.2
mm/s for all experiments. The electrophoresis buffers and sample buffers varied as stated
in the text and figure captions. The voltage for all experiments was -30 kV unless otherwise
stated. The injection volume varies as stated, but for bulk injections the volume was 14.7 nL
for a 30 s hydrodynamic injection, which was performed by lowering the sheath flow waste
outlet by 32.5 cm. The typical laser pulse energy was between 1.5 pJ/pulse and 2 w/pulse.

The capillary was conditioned at the beginning of the day with 0.1 M NaOH for 15-20

min, followed by water for 5 min, and then electrophoresis buffer for a minimum of 5 min.

5.2.12 Data analysis

Data analysis was performed in IgorPro 5.05A (WaveMetrics Inc., Lake Oswego, OR).
An automated data analysis script was written that reduces the user input to a single
command. Output consists of four tables of calculated values with four corresponding color-
coded graphs displaying the raw data, 6-point boxcar averaged data, normalized (with
respect to the laser pulse energy) data, and both normalized and boxcar averaged data. The
baseline range (30 points, 10 s) with the lowest standard deviation is determined and used
to calculate the limits of detection (LOD) for each PMT channel. Ratiometric analysis
(calculating the intensity ratio between peak maxima in each of the PMT channels) is also

automated to aid in analyte identification.

5.2.13 Limits of detection

LODs and concentration of analytes were determined by generating calibration
curves for each analyte under the appropriate conditions. Analyte concentrations ranged
from the micromolar to the low nanomolar, within physiological limits and at maximum an
order of magnitude greater than LODs. The criterion for calculating the LODs was three

times the standard deviation of the baseline.
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5.3 Results and discussion

5.3.1 Optical trap construction and performance

Several optical trap designs were designed, built, and tested. In order to successfully
trap and manipulate objects, the trapping laser should have a symmetric beam profile
(usually Gaussian TEMgg, but other spatial modes can be used), low beam divergence, low
ellipticity, and high pointing stability. Many of these characteristics can be found natively in
certain types of lasers (e.g. gas ion and diode-pumped solid state lasers), but some of these
characteristics can be improved in non-ideal light sources by using optical manipulation.

The original design (Figure 5.2A) was based around a NIR diode operating at 980 nm.
®L 7>77 Diodes are inexpensive light sources that come in a wide range of wavelengths
compared with traditional lasers. This wavelength was chosen based on published results
demonstrating that one of the wavelength ranges for minimal damage to biological
specimens was located around 980 nm.®® 8" The NIR as a whole (from ~ 700 nm to 1300 nm)
has reduced rates of damage compared with the visible and UV ranges due to the lack of
NIR radiation absorption by water, but non-linear absorption by chromophores leads to
some discrete wavelength ranges that are more ideal than others. The first diode tested had
irregularities in the beam profile and dust inside of the window housing the diode, so it was
replaced by another of the same model. This diode’s beam divergences exceeded the
specifications by several degrees total (O(parallel) = 11° and O(perpendicular) = 42°,
calculated assuming the diode was a point source and from measurements), and it emitted
non-symmetrically, which led to using a tip/tilt mount at the base of the optics holder for
correction. The aspheric collimating lens was overfilled (N.A. 0.55), and this led to loss of
light, beam distortions, and changes in the observed divergence angles. The appropriate
N.A. lens for this system (N.A. = 0.83) was unavailable for purchased, so experiments were
performed to determine whether the presence of the collimating optic was beneficial or
detrimental to the trap’s performance. Unfortunately, without the collimating optic, the
cylindrical lenses were too small and part of the beam was cut off, also leading to loss of
light and beam distortions. Another pair of cylindrical lenses were tested, without the

collimating lens, and showed some success in reducing the beam’s astigmatism. The
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anamorphic prism pair was used to further circularize the beam by magnifying the elliptical
beam in one dimension. This was also moderately successful. The beam profile remained
non-symmetrical and was subject to diffraction patterns and other abnormalities that were
unable to be fully corrected, even with spatial filtering. One suggestion was that dust inside
of the lens’ housing was causing the patterns to occur. This beam was expanded to ~ 8 mm
to match the back aperture of the objective, which ensures that the steepest gradient in
light intensity is achieved. A variety of optical designs were tested using these components,
given the unusual nature of the beam, and the beam was aligned with the objective and
focused. Despite this, no trapping was observed under any circumstances with the diode
laser. In addition to all of the challenges that arose with the diode, the initial power was not
great enough to overcome the light loss at each optical interface. Although it has been
reported that one can trap biological specimens with as little as 5 mW of incident power,
this has not been the case with any of the objects | have trapped.

The second design (Figure 5.2B) employed a gas ion laser that emitted at 514 nm.
This laser had many of the necessary characteristics for use as a trapping laser: low beam
divergence, a TEMgo profile, sufficient pointing stability, and relatively low ellipticity. The
wavelength is non-ideal for biological specimens, as 514 nm is within the range of the
strongest absorption by a variety of biochemicals and other cellular constituents, but the
visible wavelength is beneficial for alignment. This optical train was composed of optical
elements already present in our laboratory, including the laser. Satellite beams were
present in the main output beam, so a Pellin-Broca prism was used to further disperse the
wavelengths. Far-field diffraction patterns and multiple beams were observed exiting the
plano-convex telescope, due to the IR anti-reflective coating. Uncoated plano-convex lenses
were found and used, which reduced these issues. Unfortunately, the laser was retired
before trapping was tested.

The third and fourth designs were both based off of the previous design using the
Ar* laser and created using components already present in the laboratory. The green HeNe
laser had an unusual beam profile that may have been composed of multiple higher-order

modes, but it was symmetrical and the beam shape was circular. Satellite beams were
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observed and blocked by an iris before the beam entered the plano-convex telescope. Weak
trapping was observed for 1 um and 10 um polystyrene beads, where the beads would
congregate in a particular location but not remain within the trap. The frequency-doubled
Nd:YAG laser pointer has a greater power output than the HeNe laser, which should enable
a stronger trap to exist. One concern was that the laser pointer emission is pulsed, which
would lead to fluctuations in trap strength and potentially releasing the object of interest.
Another concern was the mounting, which was unstable for long-term (i.e. > 1-3 h) use.
Multiple beams were observed, so a pinhole was used to spatially filter the emission. The
power output fluctuated greatly, from pW to mW. No trapping was observed likely due to
the combined instabilities in mounting, continuous operation, and power.

Based on these previous experiences, the fifth and final design (Figure 5.3) was

created and constructed.”®®

An Nd:YAG laser with 1064 nm emission was selected, which
fulfilled the ideal requirements for a trapping laser. No beam correction was needed, and
the beam was expanded by a factor of 20 to 8 mm, to fill the back aperture of the objective.
The 1:1 telescope configuration was set up with the steering optic (plano-convex lens 1)
located at a distance of 4f (1000 mm) from the back aperture, and all other optics were

located with respect to that figure.?*®*

Translations in this lens correspond to movements in
the trap location, which can be used to direct trapped objects to specific locations. The
optical throughput of this system was experimentally determined to be 32% of the initial
power, with the highest loss occurring at the objective. To initially demonstrate trapping
and locate the trap on camera, the initial power was set to 1.5 W (incident power = ~ 500
mW) and the sample was 100-fold diluted 10 um polystyrene beads. Beads began moving
quickly off camera, indicating that the trap was located outside the field of view of the
camera and not along the optical axis. Using this, the trap’s location and alignment could be
further refined and centered in the field of view. Once this was done, the initial power used
to trap 10 um polystyrene beads in water was typically 90 mW (incident power =~ 30 mW,
power density = ~ 6.5 x 10° W/cm? for a trap size of 1 um). It is easy to distinguish whether

a bead is trapped, as its focal position changes with respect to untrapped beads (Figure 5.5).

This may seem counterintuitive, since the objective is used simultaneously for magnifying
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the sample and creating the trap, but it can be understood as the trap existing as a
continuum within an area instead of as a point. The bead is resting in a location of minimal
energy with maximum stability under the conditions of trapping. This location is “above”
the focal point of the objective, where the trap occupies a larger area than at the focal point
but the trap is also weaker since the power density is lower. For objects that are larger than
the trap (e.g., a 10 um bead) a weaker trap across a larger area is more stable than a
stronger trap across a smaller area. This phenomenon is not observed with 1 um beads,
where the trap size and the bead size are essentially identical.

The next experiment determined how to translate a trapped object. Originally, the
trap was designed to be moveable by adjusting the position of the steering lens (plano-
convex lens 1). While this works, there are two disadvantages: it is difficult to reach the lens
controls in the current optical set up, and the distances that the trap can be moved are
limited. These challenges were easily overcome by gently translating the microscope stage,
although the trapped object is subject to being prematurely ejected from the trap due to
the variable nature of the movement. A motorized stage would greatly reduce this
likelihood, if the step size and speed were sufficiently low. It is also interesting to note that
optical alignment prior to the objective is noticeably skewed when the trap appears

centered in the objective.

5.3.2 Trapping cells

Biological samples were next tested to see how they respond to trapping,
manipulation, and interacting with the capillary. Cheek cells, obtained by scraping, and
saliva were first tested. The cheek cells adhered to the slide, and trapping was unsuccessful.
Saliva did not possess enough material for trapping. Red and white blood cells were tested
next. Dilution in phosphate buffered saline was necessary to successfully trap and move
cells, as the cell density was too high otherwise. Higher powers were also used with
biological samples as the trap appeared to be weaker compared to the bead work. This
could be attributed to the slightly higher refractive index of the saline solution (n ~ 1.34 to
1.37)®®® compared to water (n = 1.33), and also the lower refractive index of cells (n ~ 1.39

to 1.40)° ** compared to beads (n = 1.57). Larger refractive index differences lead to
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stronger traps, as the gradient force generated depends on the amount of refraction that
the beam experiences. Although this is a gross simplification, cells are mostly salt and water,
and do best in an environment that is also composed of salt and water, leading to a smaller
refractive index change when the beam travels from the solution to the cell.

Cells could also be translated while in the trap by using the microscope stage. No
damage was observed during any of the trapping experiments, including cells that were
contained within the trap for 5-10 min. The changes in focal position observed for trapped
beads was not as obvious for trapped cells, although it was still detectable. This may be due
to the smaller size of the cells compared to the beads (4-7 um versus 10 um, respectively).
Interestingly, red blood cells, when contained in the trap, turn 90° and remain in that
position until they are released from the trap. Red blood cells have a biconcave shape and
look discoid. The dimensions for red blood cells in mammals are typically 5-7 um in
diameter and 2-3 um in thickness. The lowest energy position with the greatest stability is
along the long axis for red blood cells, making it easy to tell when one is trapped since,

when free in solution, the cells settle with their long axis facing the coverslip.

5.3.3 Interfacing the optical trap and the MC-CE-LINF instrument

The MC-CE-LINF possesses a unique combination of elements (deep UV excitation,
wavelength-resolved detection, post-column detection, the ability to independently
optimize separation and detection conditions, and an sharply tapered inlet and outlet) that
make it compatible with detecting low abundance analytes within single cells. Hyphenating
this instrument to an optical trap increases its abilities to sample from single cells, and
enables smaller cells to be effectively studied on a single cell level.

Experiments were performed to first determine the ideal conditions for introducing
the capillary to trapped objects. To test the interaction between the trapped bead and the
capillary, the capillary was controlled by the micromanipulator using the rotary optical
encoder with both coarse and fine step sizes. The initial powers used were 130 mW, 320
mW, and 1300 mW (corresponding to incident powers of 42 mW, 102 mW, and 416 mW
and power densities ranging from 10° W/cm® to 10’ W/cm?). Electrostatic attraction was

observed between the beads and the capillary. The trap with an initial power of 1300 mW
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was able to contain the bead while the capillary was moved into position adjacent to the
bead. The trapped bead was able to withstand both in-flow and out-flow from the capillary
(created by lowering or raising the sheath waste reservoir, respectively), even when
untrapped beads collided with the trapped bead as they entered the capillary. When
untrapped beads exited the capillary during out-flow, the trapped bead could be released
from the trap prematurely if the untrapped beads collided with it. The lower powers were
able to trap beads but were less successful in preventing premature release of the beads
within the trap while the capillary was moving within the sample droplet. At an initial power
of 130 mW, it was difficult to trap an object that was near the capillary tip, once the
capillary was in place adjacent to the trap. Results were improved when the
micromanipulator was programmed to approach the trap location, as opposed to manually
directed.

Introducing the capillary to a trapped blood cell was less successful than to
introducing it to a trapped bead. Many of the untrapped cells adhered to the capillary, and
the trapped cell was easily damaged if the capillary came into contact with it. Higher initial
powers were also necessary to prevent the cell from being ejected from the trap when the
capillary was being moved into position.

These observations led to modifications to the trapping procedure designed for
single cell trapping and injection: the cell would have to be released before injection, adding
another step and potentially complicating the process. On a positive note, other cells and
cellular debris could be “removed” from the vicinity of the trapped cell by using capillary
out-flow to clear a path for injection, provided that the buffer in the capillary is compatible
with the cellular environment.

Different capillary inner diameters were also tested, since the inner diameter of the
capillary dictates the size of the cells that can be injected, the likelihood of injecting multiple
cells simultaneously, and also how much dilution occurs after lysis. The outer diameter was
held constant, to prevent changing the fitting assemblies on the instrument and in the
capillary holder for the micromanipulator. With smaller inner diameters, the LODs are

expected to increase, but the mass amounts that are detected should decrease. There were
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challenges with aligning the detection optics with both the 20 um and 10 um inner diameter
capillaries; the 20 um inner diameter capillary could be aligned after much adjustment but
the 10 um inner diameter was unable to be successfully integrated into the instrument.
There were issues with clogging within the capillaries and also with continuous, steady flow
eluting from the outlet when syringes were used, making alighnment and conditioning for
routine use difficult. Figure 5.6 shows the differences in the electropherograms obtained
when using the 20 um inner diameter capillary and the typical 50 um inner diameter
capillary. Although the injection volumes are different (1.9 nL versus 14.7 nL, respectively,
which is a 7.7-fold difference), the number of moles of serotonin detected were 6.6 fmol in
the 20 um inner diameter capillary and 51 fmol in the 50 um inner diameter capillary, also a
7.7-fold difference, which is expected. The LODs for these measurements were 111 nM in
the 20 um inner diameter capillary and an average of 3.3 nM in the 50 um inner diameter
capillary, a 34-fold difference. Experiments were also performed with 300 s injections in the
20 um inner diameter capillary, and the average LOD for those measurements was 58 nM
for 5-HT, an 18-fold difference, with the lowest LOD measured equal to 32 nM for an
individual experiment. These discrepancies in the LODs between 20 um and 50 um inner
diameter capillaries are only partially explained by the lower mass amounts and by peak
broadening, which is minimized by the use of field-amplified sample stacking, a technique
that concentrates the analyte band within the capillary. The full width at half maximum
intensity is 4 s on average for all of the 20 um inner diameter capillary measurements, and
is 5 s on average for the 50 um inner diameter capillary measurements. The baseline values
were similar for all electropherograms as well. Based on these results and observations, the
50 um inner diameter capillary was used for all further experiments.

HF-etched capillary tips were also compared with pulled tips for use as the capillary
inlet (Figure 5.7). A tapered inlet tip is necessary to reach the trapped sample, since the
capillary is held at 35° to 45° in the micromanipulator. A flat tip, when the outer diameter is
360 um and it is held in the micromanipulator, does not allow the capillary opening to get
close enough to the trap to sample effectively. Moving the trap axially can alleviate some of

this, but the distance between the trap and the opening is still too large.
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Both etching and pulling have advantages and disadvantages. HF etching is time-
consuming (4 h for both ends to be etched, plus set up and clean up) and potentially
hazardous, but HF-etched tips preserve the inner diameter of the capillary and are relatively
robust. Pulling fused silica requires the use of a laser-based capillary puller and is quick (5
min total for preparation and pulling), but there are more parameters to adjust and it does
not preserve the capillary inner diameter. Pulled tips, due to their much smaller dimensions
and elongated tip, are less robust and require gentle handling to avoid snapping them.
Interfacing a pulled tip with the MC-CE-LINF was attempted using two different unions, one
of which was a “zero-dead volume” union, in order to merge a new inlet with an existing
capillary outlet that was aligned with the detection optics. This process would have allowed
the capillary inlet to be easily changed when damaged without requiring extensive
realignment of the optics. Fluid flow was observed for two short capillary pieces that were
connected by a union. On a larger scale, when voltage was applied across the instrument
capillary while a union was in use, the current was 5- to 6-fold lower than it was without the
union. Also, a continuous stream of fluorescein was used to determine if there was flow
between the capillary inlet, the union, and the outlet aligned to the detection optics; no
fluorescein was observed exiting the capillary by eye and no fluorescence was observed
with the detectors. It is possible that the smaller dimensions of the pulled tip prevented the
capillary from filling within a reasonable amount of time.

Another concern about pulled tips is that the change in inner diameter results in a
change in electric field strength along that portion of the capillary, which may affect the
injection and separation of samples, especially if electrokinetic injection is used to introduce
samples into the capillary. Parabolic flow profiles are also possible due to the change in
diameter, instead of the plug flow profile that is inherent to capillary electrophoresis, which
would lead to band broadening and poorer LODs. Given these difficulties, pulled tips and
unions were not further investigated. A modified HF etching procedure was developed to
etch the capillary inlet within the injection box, which prevents having to realign the MC-CE-

LINF instrument each time the capillary tip snaps.
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5.3.4 Sampling from single cells

Figure 5.8 is an electropherogram of a single pinealocyte that has been incubated in
5-hydroxytryptophan, the precursor to serotonin. Pinealocytes are the cells of the pineal
gland, which is involved in circadian rhythm and reproduction. The mammalian pineal gland
is known to contain several indolamines, including serotonin and melatonin, in high

concentrations.”>®*

The cells were incubated with non-physiological amounts of 5-
hydroxytryptophan to increase production of indolmines within the cells. This ensures that
the sample preparation and handling steps do not damage the cells or prevent the cells
from synthesizing the analytes of interest. Several peaks were detected in the single cell,
including serotonin and tryptophan, and the serotonin concentration (~ 3300 nM) was
elevated by approximately a factor of 10 compared with the native levels detected in non-
incubated samples (data not shown). Multiple single cell experiments can be performed in
a single day, allowing for day-to-day variations to be determined.

Challenges that arose during single pinealocyte trapping and injection include
adhesion to the coverslip and multiple cells and/or debris entering the capillary
simultaneously. Adhesion will be covered in Chapter 6, as the degree to which it occurred
appears to be unique to pinealocytes. Multiple cells or debris entering the capillary can be
prevented by using capillary out-flow (to push the untrapped objects away from the
capillary inlet), but only when the buffer is compatible with the sample. Typically the
electrophoresis buffer used for these experiments contains a surfactant to lyse the cell once
it is within the capillary. Using capillary out-flow under these conditions lyses all of the cells
in the vicinity, including the trapped cell. Results from injecting a lysed cell and the solution
around it were not positive.

A potential solution to this is to use a second capillary, housed in and controlled by a
second micromanipulator to flush the area before injection (Figure 5.9). The second
micromanipulator was manually adjusted and the second capillary’s outlet was fitted to a
syringe filled with high salt mGBSS and placed in a syringe pump. This worked under ideal
conditions, although the movements of the second capillary were not smooth and the

capillary experienced vibration and delayed movement, which made trapping more difficult.
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The flow from the syringe pump on the lowest setting was fast enough to push the trapped
cell out of the trap at times. More optimization is needed before this can be used as a

solution.

5.4 Conclusions and future work

Multiple optical trap designs were built, tested, and optimized, both non-biological
and biological samples were trapped and manipulated, and hyphenation was successful.
Single cells were trapped, isolated, and injected into the capillary and analyzed; analytes
from single pinealocytes were detected, identified, and quantified. A number of
improvements can be made to the hyphenated instrument, including better optical
alignment for the optical trap, more testing of smaller inner diameter capillaries, and
refining the second micromanipulator/capillary combination. Better optical alignment will
enable lower powers to be used for trapping. Using smaller inner diameter capillaries will
reduce the likelihood of injecting multiple cells or debris simultaneously and greatly reduce
dilution, enabling lower concentrations to be detected. Using a second micromanipulator
and capillary to clear the area around a trapped cell can ensure that a single cell is injected
for analysis. All of these factors are important for improving the instrumentation so that
more difficult analyses (lower abundance analytes, smaller cells) can be routinely

performed.
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5.5 Figures

Light intensity profile

Figure 5.1 A diagram of the gradient forces acting on the irradiated object. The gradient
force in the z-direction directs the object towards the beam focus along the optical axis. The
gradient force in the x- and y-directions directs the object towards the center of the beam
focus, where the highest intensity is located. The net force is toward the beam focus, in
opposition to the scattering force. Adapted with permission from (79). Copyright 2011

American Institute of Physics.
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Figure 5.2 Schematics of two optical trap prototypes. (A) A NIR diode laser is used as the
trapping laser. The beam is collimated, circularized, and expanded before entering the epi-
fluorescence port of the microscope. (B) A gas ion laser is used as the trapping laser. The
beam does not require correction and is expanded before entering the epi-fluorescence

port.
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Figure 5.3 (A) A schematic of the final optical trap design. The beam is expanded 20x (to 8

mm nominally) before entering the telescope configuration. (B) A picture of the optical

train.
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Figure 5.4 Interfacing the optical trap and the MC-CE-LINF instrument. (A) An overview of
the micromanipulator holding the capillary in position in the buffer vial. (B) A close up view

of the sample holder.

131



trapped bead

Figure 5.5 Comparing trapped and untrapped beads. Scale bar is 10 um.
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Figure 5.6 (A) An electropherogram obtained using a 20 um inner diameter capillary. Figures
of merit are: 3.5 UM serotonin, 150 s hydrodynamic injection. (B) An electropherogram
obtained using a 50 um inner diameter capillary. Figures of merit are: 3.5 uM serotonin, 30
s hydrodynamic injection. Conditions for both experiments are: 50 mM borate buffer, pH
8.8 (electrophoresis buffer), 1 mM borate buffer, pH 8.8 (sample buffer), 25 mM citric acid
buffer, pH 2.25 (sheath buffer), -30 kV (separation voltage), 3 Hz (laser repetition rate), 100
us (laser pulse length), 8 A (laser current), 420 V (laser BUSS voltage), 470 pF (PMT gain),

64% (gain voltage), 110 ps (PMT integration time).
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Figure 5.7 (A) A HF-etched capillary tip. Inner diameter is 50 um and outer diameter at the

non-etched portion is 360 um. (B) A pulled capillary tip. Original dimensions were 20 um
inner diameter and 360 um outer diameter. Notice how the inner diameter is not

preserved.
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Figure 5.8 An electropherogram of a single pinealocyte that has been incubated in 5-
hydroxytryptophan, showing all three channels. Conditions are: 20 mM borate buffer, pH
8.8, + 50 mM SDS (electrophoresis buffer), high salt mGBSS (sample buffer), 25 mM citric
acid buffer, pH 2.25 (sheath buffer), -30 kV (separation voltage), 3 Hz (laser repetition rate),
100 us (laser pulse length), 8 A (laser current), 420 V (laser BUSS voltage), 470 pF (PMT

gain), 64% (gain voltage), 110 us (PMT integration time).
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Figure 5.9 (A) The location of the two micromanipulators with respect to the microscope.
(B) The two capillaries; capillary 1 is used for injection and capillary 2 is used for removing

nearby cells and debris.
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6 Analyzing single pinealocytes for indolamine content using an optical
trap-capillary electrophoresis-laser-induced native fluorescence
instrument
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6.1 Introduction

The pineal gland has been known since the early Greeks, and was largely thought of
a brain region without much function until the discovery of melatonin in the pineal gland in
1958." Melatonin is an indolamine hormone that is most often associated with sleep and
circadian rhythm,”’ but has other physiological functions including regulating seasonal
reproduction®*! and acting as an anti-oxidant and protective chemical within the immune

system.lz'17

Most of the melatonin present in the body is synthesized in and secreted from
the pineal gland, which in humans is located in a central position between the cerebral
hemispheres. The precursor to melatonin is tryptophan, which is converted to serotonin in
two steps (Figure 6.1). Serotonin is N-acetylated to form N-acetylserotonin, which is then O-
methylated to form melatonin. The formation of melatonin follows a unique pattern, in that

it only occurs at night during darkness (Figure 6.2)."%2°

At night the suprachiasmatic nucleus
signals the postganglionic neurons in the pineal gland to release norepinephrine, which
mediates a cascade of signal transduction events that culminate in the conversion of

serotonin to melatonin. Melatonin is secreted by the pineal gland into the blood and
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cerebral spinal fluid and circulates throughout the body for a period of time determined by
the length of darkness. If light exposure occurs, melatonin levels can drop rapidly and
synthesis can be disrupted.

The pineal gland is composed of pinealocytes, which are neuroendocrine cells, and
interstitial glial cells that may assist with the secretion of melatonin into the blood stream.

Rat pinealocytes are 10 um to 15 um in diameter, which corresponds to picoliter volumes,

21-23

and spherical in shape. There is some evidence that pinealocytes display heterogeneity

in their morphology or even their synthesis and secretion of melatonin,®**° but little is
known about variations in analyte concentration across cell types within the pineal gland.
An interesting facet of this is the number of indolamine products that can be produced
within the pineal gland.?® Furthermore, although the role, synthesis, and secretion of

melatonin are widely conserved within multiple phyla, it is known that the onset of N-

18,5

acetylserotonin and melatonin production varies by species and breed (Figure 6.3).” " It has

also been shown that different breeds of mice and rats can have widely varying levels of

32-35

pineal indolamines. In humans and other animals melatonin levels are known to

36-40

decrease with age, which can be related to insomnia and other disorders in older

41-43

adults. These variations in pineal indolamines have been well studied on a bulk level,*>®

M but there is a dearth of research on single cell indolamine concentrations.
Understanding pinealocyte heterogeneity will provide a deeper understanding of
indolamine synthesis and secretion, provide insight into indolamine-related dysfunctions,
and pave the way for indolamine-based treatments, several of which are already in use.””™*

Successfully performing single cell analysis requires instrumentation that is
amenable to volume-limited samples, compatible with biological conditions, possesses a
sensitive detection method, and is able to perform low volume sampling. Capillary
electrophoresis with laser-induced fluorescence detection (CE-LIF) is particularly
appropriate for single cell and subcellular analysis, as it possesses three of the conditions

listed.”*>®

Sample injection is typically in the low nanoliter to picoliter range, relatively rapid
high resolution separations are possible, and there are numerous methods available to

separate a wide variety of analyte types. Fluorescence detection is often used for single cell
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analysis due its sensitivity, selectivity, versatility, and low limits of detection appropriate for
trace analyte analysis in single cells.

While CE-LIF has the sensitivity to characterize low abundance analytes within
individual cells and subcellular components, the sample handling required to isolate and
inject such small samples is challenging. One way to address this issue is to interface a
sampling system to enable precise, controlled manipulation and sampling of single cells.

Optical traps make use of radiation pressure, which may be regarded as the transfer
of momentum from photons to the objects being irradiated. Ashkin published experimental

results from optical traps in the 1970s,>"°

and their use for trapping and manipulating
biological entities was first reported for single bacteria, viruses, and cells in 1987.5" % There

are several advantages to using optical traps. They enable fine control over the

63-65 66-70

manipulation and movement of single cells, organelles, and even single biological

molecules’*”?

and these biological entities can be trapped without catastrophic damage.
Optical traps are also considered a non-contact method and they allow high resolution
probing of the cellular microenvironment. Overall, optical traps are a versatile technique
that can be used to study, isolate, and manipulate single cells and subcellular organelles on
the micron scale with a minimum of interference.

To enable single cell analysis, a hyphenated optical trap-capillary electrophoresis-
laser-induced native fluorescence (OT-MC-CE-LINF) instrument was designed and
constructed (Chapter 5). It enables single cell analysis to be performed with a minimum of
sample handling and disruption, provides a separation step to reduce complexity, separate
similar analytes, and potentially concentrate analytes, and utilizes native fluorescence
detection optimized for catecholamines and indolamines. The optical trap is formed by
tightly focusing the output of a near infrared (NIR) laser with a high numerical aperture
objective. Once the cell is localized within the trap, the capillary inlet is moved adjacent to
the trap using a computer-controlled micromanipulator and microscope combination. The
cell is released from the trap and quickly injected into the capillary, where it is chemically
lysed and its chemical components are separated and detected. The multi-channel capillary

electrophoresis-laser-induced native fluorescence instrument is optimized for the native
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fluorescence detection of catecholamines and indolamines (Chapter 3). Briefly, a 224 nm
HeAg hollow cathode ion laser is used in combination with a sheath-flow cuvette; the
fluorescence emission is collected and measured using three channel detection (each
detector has its own wavelength range selected with appropriate dichroic beamsplitters).
This instrument allows unambiguous identification of a variety of catecholamines and
indolamines based on differences in their fluorescence emission profiles, as well as their
migration times.

This instrument has been used to identify and quantitate indolamines, including
serotonin, N-acetylserotonin, and melatonin, in single pinealocytes from rats. Comparisons
between day and night levels and incubation versus native levels are made. Incubation is
used to ensure the viability of samples, by forcing non-physiological amounts of
indolamines to be synthesized from excess precursor compounds that are added to the cell
suspensions. Incubation also provides information on enzymatic pathways in the pineal
gland, detailed in Figure 6.1. A number of unusual indolamines such as substituted
tryptophols and O-methylated versions of the more common indolamines were identified
within single pinealocytes and also in multiple cell experiments, under both incubated and
untreated conditions. The concentration range that was measured for the common
indolamines (e.g. serotonin, N-acetylserotonin, 5-hydroxytryptophol) in single pinealocytes
alone was mM; however, given the volume of a single pinealocyte, mM concentrations
correspond to fmol to amol levels of analytes. The lower level indolamines (including the
rare indolamines listed above, but also 5-hydroxyindole-3-acetic acid) were present in uM
levels in single pinealocytes. The chemical profiles of incubated and untreated samples are
also compared, as well as day versus night differences in profiles. Overall, few day and night
differences in chemical profile are observed incubated samples; however, in untreated
samples there appears to be distinct differences between the chemical profiles of single

pinealocytes collected during the day versus ones collected at night.

6.2 Materials and methods

A list of abbreviations can be found in the Appendix.
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6.2.1 Chemicals

Chemicals, unless otherwise noted, were from Sigma Aldrich (St. Louis, MO) and
were reagent grade or higher. Citric acid sheath buffer (25 mM, pH 2.25) was made by
dissolving 5.25 g of C¢HgO,+H,0 in 1 L of ultrapure deionized water (Elga Purelab Ultra,
Siemens Water Technologies, Warrendale, PA). Electrophoresis buffers were made by
diluting a stock solution of 50 mM borate buffer, pH 8.8, which was prepared by dissolving
9.2 g of Na;B40,°10H,0 and 3.0 g of B(OH); in 1 L of ultrapure deionized water. For
surfactant-containing electrophoresis buffers, sodium dodecyl sulfate (SDS) was added to
50 mL of diluted borate buffer, pH 8.8, sonicated for 2 min to dissolve, and filtered with a
0.22 um syringe filter (Nalgene, Rochester, NY). Serotonin (5-HT) (Alfa Aesar, Ward Hill,
MA), dopamine (DA), tyrosine (Tyr), norepinephrine (NE), and epinephrine (E) were
dissolved in 2.5 mM citric acid, pH 2.5, and sonicated on ice for 30 min if needed.
Tryptophan (Trp), N-acetyl serotonin (NAS), 5-hydroxyindole acetic acid (HIAA), melatonin
(MT), 5-hydroxytryptophan (HTP), 5-methoxytrytophol (MTOL), 5-methoxytryptamine
(MOT) (TCI America, Portland, OR), tryptophol (TOL) (Research Organics, Inc., Cleveland,
OH), 5-methoxyindole acetic acid (MIAA) (Gold Biotechnology, St. Louis, MO), and 5-
hydroxytryptophol (HTOL) (Gold Biotechnology, St. Louis, MO) were dissolved in 2.5 mM
citric acid, pH 2.5, + 10% v/v acetone and sonicated on ice for 30-60 min. Standard buffers
were prepared by diluting the sheath buffer 1:10 with ultrapure deionized water.
Fluorescein was prepared in ultrapure deionized water. Standard stock solutions were
diluted in Ca™-free modified Grey’s balanced salt solution (Ca*’-free mGBSS), pH 7.2,
modified Grey’s balanced salt solution (mGBSS),pH 7.2, or in high Ca**/high Mg** modified
Grey’s balanced salt solution (high salt mGBSS), pH 7.2. The solutions were prepared by
dissolving the appropriate salts and other compounds in 1 L of ultrapure deionized water
(Table 6.1). Glycerol solutions were prepared by adding the appropriate volume of glycerol
to mGBSS. All buffers were filtered by a 0.45 um bottle-top filter system (Nalgene,
Rochester, NY) and degassed under vacuum with stirring for 30-60 min. NaOH (~0.1 M) was
prepared by dissolving one pellet (~0.0025 g) in 0.025 L of ultrapure deionized water. NaOH
(10 M) was prepared by dissolving 20 g of pellets in 0.05 L of ultrapure deionized water.
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6.2.2 Animals

Animals were housed and cared for as described in animal protocols in full
compliance with NIH guidelines for the humane care and treatment of animals, approved by
IACUC and supervised by the Division of Animal Resources at the University of lllinois at

Urbana-Champaign.

The pineal glands were isolated from the central nervous system of Long
Evans/Blugill rats, which were demonstrated to be genetically homogeneous by high density
genome scan. Sacrifice occurred during the day (CT 3:00 or CT 5:00) or during the night (CT
20:00 or 22:00) and pineal dissection and preparation was completed within 30 min. Glands
were manually triturated and stored in Ca**-free mGBSS, mGBSS, mGBSS + glycerol, or high
salt mGBSS on ice until analysis. Samples isolated under red light (during the night) were
analyzed in the dark.

The olfactory bulb and cerebellum were isolated from the central nervous system of
rats. Sacrifice occurred during the day (CT 3:00) and dissection and preparation was
completed within 30 min. Manual trituration was used to separate the cells from the

connective tissue. Samples were stored in mGBSS on ice until analysis.

6.2.3 Biological samples

Daytime pineal samples were split into two groups: HTP-incubated and non-
incubated. Incubated samples were incubated at room temperature with a total
concentration of 200 uM HTP, dissolved in high salt mGBSS, for 60 min before analysis. Non-
incubated samples had an equal volume of high salt mGBSS added and were treated at
room temperature for 60 min before analysis.

Nighttime pineal samples were split into three groups: HTP-incubated, 5-HT-
incubated, and non-incubated. Incubated samples were incubated at room temperature
with a total concentration of 200 uM HTP or 200 uM 5-HT, dissolved in high salt mGBSS, for
60 min before analysis. Non-incubated samples had an equal volume of high salt mGBSS

added and were treated at room temperature for 60 min before analysis.
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6.2.4 Hydrofluoric acid etching

Hydrofluoric acid (HF) etching of the capillary inlet and outlet is used to shape the
ends into sharply tapered tips with a 40° angle (Figure 3.2).”* The fused silica capillary
dimensions were either 10 um, 20 pum, or 50 um inner diameter, 360 um outer diameter,
and 85-120 cm in length (Polymicro Technologies, Phoenix, AZ). The ends were scored and
snapped to provide a relatively even surface for etching. Approximately 1 cm of the
capillary’s polyimide coating is burned off of each end and the tips cleaned with methanol.
A container is filled to 5 mm of depth with 48% HF and covered with isooctane to prevent
HF fumes from rising. The capillary tip is pushed through a FEP sleeve (Upchurch Scientific,
Oak Harbor, WA) held tightly in a customized Teflon holder, which maintains the tip position
during etching, until the tip touches the bottom of the container. The capillary has
isooctane continuously pumped through the non-submersed end via a syringe to prevent
the inner walls of the submerged end from being etched. After two hours, the etched tip is
rinsed with Na,B;07-10H,0 (Borax, Henkel Corp., Billerica, MA) and water and the process is

repeated for the other end.

6.2.5 Optical trap design and construction

Unless otherwise noted, all laboratory-built and custom-built components have
been designed and fabricated in-house either within the laboratory or by the SCS Machine
Shop. The trapping laser is a 1064 nm diode-pumped solid state Nd:YAG laser (Compass
1064-2500MN, Coherent Inc., Santa Clara, CA) with a maximum output of 2.5 W. The beam
is expanded by a 20x high energy beam expander (HB-20X, Newport Corp., Irving, CA) and
directed by a pair of gold-coated mirrors into a set of plano-convex lenses (SPX029,
Newport Corp., Irving, CA) in a 1:1 telescope configuration, used to steer and parfocalize the
beam. Plano-convex lens 1 is mounted in a 3-axis optical mount (LP-1A-XYZ, Newport Corp.,
Irvine, CA) located 1000 mm from the back aperture of the objective and plano-convex lens
2 is mounted in a 2-axis mount (LP-1A-XY, Newport Corp., Irvine, CA) located 500 mm from
the back aperture of the objective (Objective C-Apochromat 63x/1.2 W Corr, 441777-9970-
000, Carl Zeiss, Jena, Germany). The beam was then directed into the epi-fluorescence port

of the microscope (AxioObserver Al, Carl Zeiss, Jena, Germany) and directed into the back
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aperture of the objective by a dichroic mirror centered at 1064 nm (950dcsp-laser, Chroma
Technology, Rockingham, VT). More details on the optical trap design and construction can
be found in Chapter 5.

Polystyrene beads (10 um (PSO06N/6955) diameter, Bangs Laboratories, Fishers, IN),
diluted 100-fold in ultrapure deionized water, were used to optimize the optical trap daily

for experiments.

6.2.6 Multi-channel capillary electrophoresis-laser-induced native fluorescence

instrument (MC-CE-LINF) design and construction

The injection port for bulk analysis is housed on a non-conductive breadboard
platform on a microscope contained in a clear Plexiglas box. The bulk injection port consists
of a stainless steel disk with bored holes to hold the microvials used for sample injection
and the buffer vials used for electrophoresis. This disk is mounted to the breadboard
platform on a T-shaped Plexiglas holder with a 2.5”, %4”-20 screw that connects the disk and
holder to the platform. The capillary is held in place during electrophoresis by a capillary
holder which consists of an alligator clip mounted in an acetal resin block (Delrin, E. I.
duPont de Nemours & Co., Wilmington, DE) which is held in place by a U-shaped slot with
set screws for manipulation. The capillary is held in place in the instrument by a custom-
built acetal resin sheath flow cell. It enters at the top of the cell and is held in place by
liquid-tight fittings (Upchurch Scientific, Oak Harbor, WA).

The current optical layout was adapted from a previous version.”” Deep UV radiation
(224.6 nm) from a HeAg hollow cathode ion laser (HeAg70, Photon Systems Inc., Covina, CA)
is directed via two UV-coated mirrors (Thorlabs, Newton, New Jersey) into a laboratory-built
lightproof, non-conductive box and breadboard, which houses the detection optics and
protects against spurious arcing. The collimated beam is nominally focused using a plano-
convex lens (OptoSigma, Santa Ana, CA) to a 50 um spot directly below the outlet of the
capillary, which has been HF-etched to a cone-shaped tip and is housed in a custom-built
sheath flow cell, as described above. As analytes elute from the capillary they are excited by
the focused beam and emit fluorescence, which is collected and collimated by a 15x all-

reflective objective (13596, Newport Corp., Irvine, CA). The fluorescence is directed toward
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the three photomultiplier tube (PMT) detectors (H6780-06, Hamamatsu, Middlesex, NJ) by
two dichroic mirrors (310dcxxr-haf #110258 and 400dcxru #111563, Chroma Technology,
Rockingham, VT), with transition points at 310 nm and 400 nm, respectively. The first
detector (PMT “blue”) measures emission from 250-310 nm, the second detector (PMT
“green”) measures emission from 310-400 nm, and the third detector (PMT “red”)
measures emission from 400 nm and above. The laser and PMTs are synchronized and
controlled by software written in LABView and provided by Photon Systems Inc.

Negative voltage for electrophoresis is applied to the sheath flow waste by a
stainless steel cylinder that is connected to a power supply (PS/MJ30N0400-11, Glassman
High Voltage, High Bridge, NJ) and laboratory-built control box. A 10 kQ resistor and a digital
multimeter (Fluke 76, Fluke Corp., Everett, WA) are part of the circuit and are used to
measure the current across the capillary. Sheath buffer is gravity-driven and flow can be
adjusted by a right angle switching valve (Upchurch Scientific, Oak Harbor, WA). More

information about this instrument can be found in Chapter 3.

6.2.7 Interfacing the optical trap and MC-CE-LINF instrument

The optical trap and the MC-CE-LINF system are interfaced at the microscope stage.
The trap is located at the focal point of the objective approximately 0.28 mm from the
objective surface, including the coverslip thickness (0.13-0.16 mm). The capillary inlet is
controlled by a computer-controlled motorized micromanipulator (MP-285, Sutter
Instrument Co., Novato, CA). The micromanipulator is mounted on a non-conductive optical
breadboard, which is stabilized by two 74-28" tapped beams that attach to the microscope
stand on either side of the stage. The capillary is held in the micromanipulator by an acetal
resin cylinder, which is 6” long and has a 1/16” diameter hole drilled in the center.

The sample is held on a coverslip holder, machined out of polycarbonate, with a lip
to rest the coverslip edges on and a 30° angled oval hole for holding the electrophoresis
buffer vial, which consisted of an Eppendorf tube (Hamburg, Germany) that had its top
quarter removed at an angle. A platinum grounding wire (California Fine Wire Co., Grover

Beach, CA) is placed in contact with the electrophoresis buffer, completing the circuit.
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Trapping, manipulation, and injection were recorded by a monochrome CMOS
camera (NT59-365, EO-1312M, Edmund Optics, Barrington, NJ) that is attached to the

microscope housing with a 1x C-mount (Carl Zeiss, Jena, Germany).

6.2.8 Coverslip coatings and additives

Glass coverslips (2735-246, Corning Inc., Corning, NY) were used for all experiments
except where noted. Several coatings and additives were tested to reduce adhesion of cells
to the coverslip surface. Treated coverslips were stored at ambient temperature and
humidity in Parafilm M (Pechiney Plastic Packaging Inc., Chicago, IL)-covered glass dishes,
unless otherwise noted, until use.

Tests were performed by pipetting 2.5 uL to 5 pL of cell suspension (pinealocytes,
olfactory bulb cells, or cerebellum cells) in mGBSS onto the treated coverslip or pipetting
the additive solution into an aliquot of the cell suspension and transferring that onto a
coverslip. The optical trap was operated at 1.3 W to 1.5 W initial power, and the capillary
was controlled by the micromanipulator (MP-285, Sutter Instrument Co., Novato, CA). Video
was recorded for all tests using a monochrome CMOS camera (NT59-365, EO-1312M,
Edmund Optics, Barrington, NJ).

Bovine serum albumin (BSA): (1) Coverslips were sonicated with isopropyl alcohol

for 10 min, rinsed with ultrapure deionized water, and dried. BSA was dissolved in
phosphate buffered saline (BioWhittaker, Lonza, Walkersville, MD) (0.01 g/mL). Coverslips
were soaked in BSA solution for 10 min. Excess BSA was rinsed off with phosphate buffered
saline and the coverslip dried using compressed air. (2) Coverslips were sonicated in 25%
w/v NaOH (200 mL) + 95% ethanol (600 mL) for 10 min, rinsed by dipping into five individual
containers of ultrapure deionized water, and dried in a 45°C oven. BSA (10 mg/mL) was
dissolved in 80 mM PIPES (piperazine-N,N’-bis(2-ethanesulfonic acid), 6.05 g dissolved in
250 mL ultrapure deionized water, titrated to pH 6.8 with 10 M NaOH) and filtered by a 0.22
um syringe filter (Nalgene, Rochester, NY). The coverslips were coated with the BSA solution
and immediately rinsed by dipping into five individual containers of ultrapure deionized

water.
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Parafilm M: Coverslips were washed with Alconox, rinsed with ultrapure deionized
water and methanol, and dried. Parafilm M (Pechiney Plastic Packaging Inc., Chicago, IL) was
stretched over the surface of the coverslip.

Plastic coverslips: Plastic coverslips were used without cleaning or treatment.

Glass Free: Coverslips were washed with Alconox (Powdered Precision Cleaner,
Alconox Inc., White Plains, NY), rinsed with ultrapure deionized water and methanol, and
dried. Coverslips were submerged in Glass Free (National Diagnostics, Atlanta, GA) for 5 min
in a ventilation hood, then rinsed with toluene followed by methanol. The coverslips were
gently buffed with a paper towel until dry and stored in a plastic bag, interleaved with paper
until use.

Poly(2-hydroxyethyl methacrylate) (pHEMA): Coverslips were washed with Alconox,

rinsed with ultrapure deionized water and methanol, and dried. pHEMA solution (2.5 %
w/v) was prepared by dissolving 6 g of pHEMA in 50 mL of 95% ethanol, stirred overnight at
37°C, and filtered by a 0.22 um syringe filter (Nalgene, Rochester, NY) before use. pHEMA
solution was pipetted onto coverslips and allowed to evaporate to dryness.

Sigmacote: Coverslips were washed with Alconox, rinsed with ultrapure deionized
water and methanol, and dried. Sigmacote (Sigma-Aldrich, St. Louis, MO) was applied to the
coverslips and allowed to dry. Dried coverslips were rinsed with ultrapure deionized water

before use.

Ethylenediaminetetraacetic acid (EDTA): EDTA solution (5 mM) was prepared by
dissolving 0.018 g EDTA in 10 mL mGBSS. The final concentration of EDTA in the cell
suspensions was 2.5 mM.

Nanodiamonds: Nanodiamond (ND98, Dynalene Inc., Whitehall, PA) suspensions

were prepared by adding 5% w/v of nanodiamonds to 1 mL of mGBSS and sonicating for 60
min. The final concentration of nanodiamonds in cell suspensions was 2.5% w/v.

Ethylene glycol: Ethylene glycol solution (~10% v/v) was prepared by adding 1 mL of

ethylene glycol to 9.5 mL of mGBSS. The final concentration of ethylene glycol in cell

suspensions was 5% v/v.
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6.2.9 Single cell injections

Single pinealocytes were injected into the capillary for analysis. A 2.5 uL droplet of
sample was pipetted onto the coverslip. A cell was selected and trapped using 1.3 W of
initial power (incident power ~ 433 mW). The capillary inlet was directed into the cell’s
proximity by the micromanipulator, which was programmed to stop near the trap location
and further position refinement was performed manually using the rotary optical encoder.
Once the capillary was in place, the cell was released from the trap and hydrodynamic
injection of the cell was performed by lowering the sheath waste outlet. Once injection was
complete, the micromanipulator was used to bring the capillary inlet to the buffer vial, and
the voltage and detectors were turned on. Injections were recorded using the CMOS

camera on the microscope.

6.2.10 Electrophoresis

The sheath flow buffer was 25 mM citric acid, pH 2.25, and the flow rate was 0.2
mm/s for all experiments. The electrophoresis buffers and sample buffers varied as stated
in the text and figure captions. The voltage for all experiments was -30 kV unless otherwise
stated. The injection volume varies as stated, but for bulk injections the volume was 14.7 nL
for a 30 s hydrodynamic injection, which was performed by lowering the sheath flow waste
outlet by 32.5 cm. The typical laser pulse energy was between 1.5 p/pulse and 2 w/pulse.

The capillary was conditioned at the beginning of the day with 0.1 M NaOH for 15-20

min, followed by water for 5 min, and then electrophoresis buffer for a minimum of 5 min.

6.2.11 Data analysis

Data analysis was performed in IgorPro 5.05A (WaveMetrics Inc., Lake Oswego, OR).
An automated data analysis script was written that reduces the user input to a single
command. Output consists of four tables of calculated values with four corresponding color-
coded graphs displaying the raw data, 6-point boxcar averaged data, normalized (with
respect to the laser pulse energy) data, and both normalized and boxcar averaged data. The
baseline range (30 points, 10 s) with the lowest standard deviation is determined and used

to calculate the limits of detection (LOD) for each PMT channel. Ratiometric analysis
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(calculating the intensity ratio between peak maxima in each of the PMT channels) is also
automated to aid in analyte identification.

Single cell analyte concentrations were calculated as follows: the ratio of the
injection lengths between a sample analyzed under cell lysing conditions and the same
sample analyzed under non-cell lysing conditions was used to normalize the analyte
concentrations in the non-cell lysing conditions. These normalized values were used to
calculate equivalent background concentrations, which were subtracted from the
concentrations calculated under cell lysing conditions. These values were then adjusted

based on an assumed cell volume of 4 pL to represent the concentration within the cell.

6.2.12 Limits of detection

LODs and concentration of analytes were determined by generating calibration
curves for each analyte under the appropriate conditions. Analyte concentrations to
generate calibration curves ranged from the micromolar to the low nanomolar, within
physiological limits and at maximum an order of magnitude greater than LODs. The criterion

for calculating the LODs was three times the standard deviation of the baseline.

6.3 Results and discussion

This section covers experiments performed to reduce pinealocyte adhesion and to
optimize conditions for trapping, separation, and detection. Multiple cell injections
(referred to throughout the text as “bulk”) and single cell injections and experiments are

also discussed.

6.3.1 Coverslip coatings and additives to reduce cell adhesion

Pinealocytes can adhere to the surface of the glass coverslip within 3 min or less,
which makes selecting and trapping a cell for injection time-sensitive and wastes valuable
sample. Once the cells are adhered, trapping is ineffective and moving the cells is difficult,
even when using the capillary inlet to “push” them around the surface. Pinealocytes are
robust and adhesion is strong; typically pinealocytes do not lyse when they forcefully come

into contact with the capillary inlet. Several coverslip coatings and solution additives were
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tested with pinealocytes to determine the best method to reduce adhesion. Efficacy was
determined by three figures of merit: how easily a cell could be trapped and manipulated,
and how long it took for cells to adhere to the coverslip.

Bovine serum albumin (BSA) was first tested as a coverslip coating, using two
different preparation methods. BSA is commonly used as an all-purpose 'blocking' agent; it
is used to occupy the majority of sites that other proteins and molecules would bind to on a
surface, preventing cellular adhesion. Pinealocyte adhesion was tested, and BSA-coated
coverslips were found to be ineffective. Cells could be loosened more easily using the
capillary inlet on BSA-coated coverslips, but pinealocytes still adhered within a few minutes
and trapping was unable to be performed.

Diluting the pinealocyte suspension by a factor of two with mGBSS did not lessen the
adhesion, reinforcing the fact that it was due to the covalent interaction of the cells’
membrane proteins with the glass surface. Plastic coverslips were used to see if the
covalent interactions would be lessened; this was not the case. Parafilm M was also tested,
and it was effective in eliminating pinealocyte adhesion; however, the film interfered with
the use of the optical trap.

Since pinealocytes were not responding to any of the above methods to reduce
adhesion, cells from two other brain regions were also tested to determine if the degree of
adhesion observed with pineal cells was unique or common to brain cells, since previous
experiments with blood cells did not display this behavior (Chapter 5). Cerebellum cells (e.g.
Purjinke cells, glia, granular cells) and olfactory bulb cells (e.g. mitral cells, periglomerular
cells, granular cells) were used for comparison, and cells from all three brain regions were
exposed to a variety of coatings and additives. Olfactory bulb and cerebellum cells were first
monitored on untreated glass coverslips; both exhibited little to no response to the optical
trap or the capillary inlet within minutes of exposure to the surface. Cerebellum cells were
slightly more responsive to capillary in-flow and out-flow after adhesion than olfactory bulb
cells and pinealocytes.

Silicon-based solutions were tested next. Glass Free, a silanizing agent, is typically

used to coat glass casting plates for easy release of polyacrylamide gels. Sigmacote is a
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silicone solution in heptane that readily forms a covalent, microscopically thin film on glass
and is used to prevent clotting of blood plasma on surfaces and is water repellent. Glass
Free was mildly effective in reducing adhesion of olfactory bulb cells and pinealocytes but
not cerebellum cells; trapping and manipulation was still challenging. Sigmacote noticeably
reduced adhesion for olfactory bulb and cerebellum cells and both of these samples could
be trapped and manipulated for several minutes. Pinealocyte adhesion appeared reduced,
but not as much as for the other brain regions’ cells and pinealocytes demonstrated little
response to the optical trap.

pHEMA is a polymer that is used in soft contact lens, forms a hydrogel in water, and
has been shown to reduce adhesion of brain cells on glass surfaces.”® The response to
pHEMA-coated coverslips was positive; all three brain regions’ cells displayed reduced
adhesion and were able to be trapped and manipulated for several minutes. Pinealocytes
were the most affected, demonstrating greater mobility compared to olfactory bulb and
cerebellum cells.

Several different additives were tested, which included ETDA, a nanodiamond
suspension, and ethylene glycol. These additives were tested on untreated coverslips and
pHEMA-coated coverslips. EDTA is a chelating agent and is used in tissue culture for, among
other actions, detaching adherent cells for passaging. EDTA had no effect on pinealocyte
adhesion but it was very effective in eliminating adhesion of cerebellum and olfactory bulb
cells to uncoated coverslips. Olfactory bulb cells in particular were easy to trap and
manipulate. The nanodiamond suspension consisted of 5 nm nanodiamonds (potentially
carbon nanotubes) in powered form, and according to the manufacturer’s website its uses
range from drug delivery to separations to biologically-resistant coatings. Pinealocyte
adhesion was slightly improved and some response to the trap was observed on uncoated
coverslips; reduced adhesion was observed for the other cell types and trapping and
manipulation could be performed. On pHEMA-coated coverslips, the nanodiamond
suspension reduced adhesion for all cell types, and, interestingly, clustering was observed

for pinealocytes. Trapping and manipulation could be performed on all cells.
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Ethylene glycol can be used as an alternative to formaldehyde for preserving
samples and may reduce interactions between cells and surfaces. It had very little effect on
pinealocytes, and no effect on cerebellum or olfactory bulb cells on untreated coverslips;
however on pHEMA-coated coverslips, ethylene glycol reduced adhesion noticeably for all
cells and made trapping and manipulation possible. Part of this response (and the responses
observed in previous additive experiments) may be due to reduced viscosity, as it is easier
to trap objects in less viscous solutions, although this was not observed for diluted
pinealocytes on untreated coverslips. To further explore this phenomenon, suspensions of
olfactory bulb and cerebellum cells were 2-fold diluted with mGBSS and mGBSS + 5 mM
EDTA and observed on uncoated coverslips and pHEMA-coated coverslips. Cells that were
diluted with mGBSS were easier to trap and manipulate on pHEMA-coated coverslips
compared with undiluted suspensions, and mGBSS + EDTA-diluted suspensions on pHEMA-
coated coverslips were actually a little more difficult to trap but still improved compared
with undiluted suspensions. Diluted suspensions on uncoated coverslips were easier to trap
and manipulate compared with undiluted suspensions on uncoated coverslips as well. This
discrepancy in behavior between pinealocytes and other brain cells is only partially
explained by viscosity, since pinealocyte suspensions exhibit low viscosity compared with
olfactory bulb and cerebellum cell suspensions but still adhere strongly to untreated and
treated coverslips, regardless of dilution.

Based on the results of the above experiments, pHEMA-coated coverslips were

subsequently used for experiments.

6.3.2 Buffers for prolonging sample viability

Different buffers were tested to prolong sample viability for multi-day testing.
mMGBSS was the basis for all buffers used. Glycerol is a common component in buffers for
biological samples, since it stabilizes cell membrane proteins and can prevent breakdown of
tissue. Pinealocyte viability was tested by triturating glands in mGBSS, mGBSS + 5% v/v
glycerol, or mGBSS + 33% v/v glycerol and determining the number of cells in suspension
and trapping efficiency over a period of two days. Cells in 33% v/v glycerol buffer were

unable to be trapped at any power (the maximum initial power tested was 2 W). No
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clustering or manipulation was observed. The refractive index of water-glycerol solution is
1.34 for 6% w/w glycerol (equivalent to 5% v/v glycerol) and 1.39 for 42% w/w glycerol
(equivalent to 33% v/v glycerol).”” Given that the refractive index of saline (or mGBSS) is

similar to water,”® "

these values can be used as approximations for the refractive index of
the mGBSS-glycerol solutions. Since the approximate refractive index of a cell is 1.39 to
1.40,%% 3 and the difference in refractive indicies between the object and its surround
medium is what allows for trapping, it is understandable that the 33% v/v glycerol sample
buffer was not compatible with trapping.

Cells in the 5% v/v glycerol buffer could be trapped with an initial power of 1.6 W,
compared with 1 W to 1.3 W for cells in mGBSS alone. The increase in trapping power can
be explained by the change in viscosity. The viscosity of 6% w/w glycerol (equivalent to 5%
v/v glycerol) is ~ 1.15 mPa-s at 20°C,%*> compared with 0.890 mPa-s for water at 20°C* and
0.903 mPa-s for 143.5 mM NaCl at 20°C®* (the main component in mGBSS is NaCl, with a
concentration of 138 mM). The relatively large change in viscosity between water or mGBSS
and 5% glycerol buffer could negatively affect trapping, since it would take a stronger trap
to hold and manipulate objects in a higher viscosity solution. To compare, the viscosity of
42% w/w glycerol (equivalent to 33% v/v glycerol) is ~ 4.17 mPa-s at 20°C.* The 0.3 W to
0.6 W increase in trapping power necessary to hold and manipulate pinealocytes in 5% v/v
glycerol buffer could potentially lead to a loss of cell viability and damage. The cells
appeared equally viable in mGBSS and in mGBSS + 5% v/v glycerol, and glycerol can
negatively affect separations even at low concentrations. For these reasons, mGBSS + 5%
v/v glycerol was not used further as a sample buffer.

Buffers of varying salt concentrations were tested next. Ca*>-free mGBSS, which has
2 mM of EGTA added to chelate any trace levels of Ca*?, was selected since Ca* can induce

8589 which would reduce or eliminate the

release of neurochemicals from some cell types,
amount of indolamines within the pinealocytes and prevent accurate quantitation of the
levels present within individual cells. High Ca**/high Mg** mGBSS (referred to as high salt
mGBSS) was selected because high Ca** and Mg*? levels can also inhibit release in certain

90-96

cell types. It was unknown which would be effective for pinealocytes, so both extremes
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were tested. Bulk pinealocyte samples were analyzed under Ca*’-free and high salt
conditions over the course of three days (day 0, 1, 2). Indolamine levels were compared as a
function of sample buffer composition and time, under both cell lysing (micellar
electrokinetic chromatography) and non-cell lysing (traditional CE) conditions which are
detailed below.

Analytes identified in the bulk pineal samples include 5-hydroxytryptophan (HTP),
serotonin (5-HT), 5-hydroxyindole-3-acetic acid (HIAA), tryptophan (Trp) and possibly N-
acetylserotonin (NAS). Concentrations of 5-HT were 148% higher in high salt mGBSS
compared with Ca*’-free mGBSS, regardless of which day was compared. HIAA, an
enzymatic product of 5-HT, was only observed on days 1 and 2 and a concentration
decrease of 54% was seen in high salt mGBSS. This inverse in concentration levels seen for
5-HT and HIAA could be due to the production of HIAA from 5-HT under conditions that
promote cell release or lysis, in this case Ca*’-free mGBSS. HTP is the precursor to 5-HT and
several other indolamines, and it was measured on all days. In high salt mGBSS, HTP levels
also decreased by 54% compared with Ca*>-free mGBSS. NAS levels did not change between
the two conditions, and Trp levels decreased by 24% in high salt mGBSS. Although several
indolamines showed decreases under high salt mGBSS, 5-HT was noticeably higher and NAS
levels remained the same under both conditions. Since 5-HT and NAS are both part of the
enzymatic pathway that produces melatonin (MT), conditions that are optimal for their
preservation take precedence over other indolamines. Given this, high salt mGBSS was used

as the sample buffer for single cell experiments and for subsequent bulk sample analyses.

6.3.3 Pineal analysis

Single pinealocyte analysis was performed using the OT-MC-CE-LINF system, and
bulk cell suspension was analyzed by the MC-CE-LINF without use of the optical trap
(detailed in Chapter 3). As mentioned above, two different CE conditions were used for
analysis: micellar electrokinetic chromatography (MEKC) and traditional CE. MEKC involves
using surfactant micelles (SDS in this case) in the electrophoresis buffer to create a
pseudostationary phase. The analytes reversibly complex with the micelles, and can be

separated according to their differential affinity. This technique can be used to resolve
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charged species that co-elute, increase the resolution of chiral separations, and separate
neutral analytes. There are benefits to using two different modes of CE. One is that the
MEKC electrophoresis buffer also acts as the cell lysing solution, which simplifies the
injection process since a plug of lysing solution does not need to be injected before or after
the sample. Several of the indolamines of interest, under the traditional CE conditions
described, co-elute; MEKC allows confirmation of identity since it is able to separate the co-
eluting species. Another benefit is that identification of analytes is doubly confirmed, since
the two separation modes operate under different principles. The migration times and
fluorescence ratios differ under both conditions, so independent verification of analytes can
be accomplished. Finally, using both MEKC and traditional CE methods allows for the
guantification of analytes present within single cells, since the traditional CE method
provides the analyte levels present in the media alone, regardless of whether a cell is
injected or not since no lysing solution is present under those conditions.

97103 9nd based on

Several buffer systems were tested for MEKC and traditional CE,
resolution and separation time two set of buffers were selected: 20 mM borate buffer, pH
8.8 + 50 mM SDS for MEKC and 40 mM borate buffer, pH 8.8 as the CE buffer, or 15 mM
borate buffer, pH 8.8 + 37.7 mM SDS for MEKC and 30 mM borate buffer, pH 8.8 as the CE
buffer. The conductivities of the each buffer pair were matched (~ 2.8 mS/cm for the first
pair and ~ 2.2 mS/cm for the second pair) to prevent large changes in current when
switching between electrophoresis buffers throughout the day. The capillary was replaced
between experiments and the buffer system had to be re-optimized, which is why there are
two sets of electrophoresis buffers used. LODs did not significantly change between buffer
sets (data not shown).

To ensure that the samples were viable after preparation and transport, suspensions
were split into two or three aliquots and incubated with either HTP, 5-HT, or high salt
mGBSS. Incubation with non-physiological amounts of HTP or 5-HT promotes cellular uptake

194 |f other indolamines are not

and synthesis of detectable amounts of indolamines.
produced, it may mean that the cells were damaged and are not viable for analysis. It also

provides information on day/night differences in indolamine production, since it is well
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known that NAS and MT levels increase dramatically at night, but less is known about the
lower abundance indolamines that are produced in the pineal gland, such as the
tryptophols. Since these analytes may be present in single cells at levels that are below the
instrument detection limits (Table 6.2), incubation can provide information and further
confirm identification. Incubation can also provide insight into enzymatic pathways and
kinetics of indolamine production in the pineal gland.

A set of images of the capillary tip approaching and injecting a pinealocyte is shown
in Figure 6.4; the capillary inner diameter is comparable to the diameter of the pinealocyte.
Injections can be a short as 2 s, corresponding to 1.15 nL. The volume of an average

2123 is 4 pL, which is approximately a 280-fold

pinealocyte, assuming a 10 um diameter,
dilution. Most single cell injections range from 2 s to 15 s.

Example electropherograms from single pinealocytes and bulk injections from HTP-
incubated samples and untreated samples from a rat sacrificed at night are shown in
Figures 6.5 and 6.6, respectively. HTP (4.6 mM), 5-HT (9.3 mM), NAS, and Trp (77 uM) were
observed in the HTP-treated single cell, compared with 5-HT (970 uM), HIAA, Trp, and Tyr
(1.5 mM) observed in the untreated single cell, which was from the same animal and
analyzed on the same day. NAS, HIAA, and Trp were unable to be definitively quantitated
within the cells shown here because their concentrations were higher in the media,
determined under non-cell lysing conditions; the concentration of NAS measured was 76
nM within 300 pL and the concentrations of HIAA and Trp were 116 nM and 246 nM within
12.6 nL, respectively, under cell lysing conditions. This situation is common for HIAA and
NAS; when samples are analyzed under non-cell lysing conditions, it is typically several
hours or more after incubation was initiated. Both of these analytes are 5-HT enzymatic
products, so incubation with non-physiological amounts of HTP or 5-HT could increase their
production by enzymes free in solution, which would skew the amounts measured over
time. A way to solve this in future work would be to analyze samples under non-cell lysing
conditions soon after incubation.

Bulk sample analysis further confirms the single cell measurements (Figures 6.5B

and 6.6B). In HTP-incubated samples, two analytes are potentially observed that are not

161



seen in single cell analysis: 5-methoxytryptophan (MTrp) and MT. MTrp is the O-methylated
analogue to HTP and is synthesized from HTP by the enzyme hydroxyindole-O-
methyltransferase (himot) (Figure 6.1). This enzyme is used in a number of indolamine
reactions within the pineal gland, including the conversion of NAS to MT. The net
concentration of MTrp (the difference between the concentration under cell lysing
conditions and the concentration under non-cell lysing conditions for bulk analyses) is 1.7
UM, which means that MTrp is being synthesized within pinealocytes as opposed to in free
solution by enzymes from lysed cells or through non-enzymatic means.

MT is expected in this sample, since this animal was sacrificed at night (CT 20:00);
however, it is not confirmed in this sample or in any of the other samples for several
reasons. The possible MT peak co-elutes with a series of broad peaks, making it challenging
to calculate the fluorescence ratio accurately. Additionally, the peak is usually low intensity,
so fluorescence ratios are unable to be calculated at times. It is also difficult to confirm MT
using the non-cell lysing conditions, since it co-elutes with NAS under traditional CE
conditions; since NAS is the precursor to MT, any samples run under non-cell lysing
conditions should have both analytes present. The net concentration of MT is unable to be
calculated for this sample since the concentration is higher in media (similar to NAS and
HIAA, as mentioned previously), which may point to production in free solution and not
within pinealocytes, if this peak is identified as MT. Any one of these reasons alone would
not prevent identification, but taken together it is challenging to unambiguously identify MT
in these samples. From a biological standpoint it is unusual since MT should be present in
sufficiently high concentrations that it can be detected on a single cell level.

Figures 6.7 and 6.8 detail the analyte concentrations measured in single pinealocytes
and bulk pinealocyte suspensions, respectively, as a function of time of sacrifice (day versus
night) and treatment (HTP-incubated, 5-HT incubated, and untreated). Table 6.3 displays
the number of single pinealocytes injected and analyzed under the described conditions.

In single pinealocytes, HTP- and 5-HT-incubation results in significant increases in 5-
HT, as expected. Bulk samples show a similar trend, but there is no significant difference

observed between bulk untreated day and night samples.
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HIAA, which is the enzymatic degradation product of 5-HT, is seen in relatively low
levels compared to 5-HT, and only in HTP-incubated single cell samples. Although only a few
measurements have been performed, levels of HIAA appear to be higher at night. This may
indicate greater activity by monoamine oxidase (mao) and aldehyde dehydrogenase (ad),
the enzymes involved in the conversion of 5-HT to HIAA, at night (Table 6.1). In bulk
samples, as mentioned previously, some of the net concentrations are negative, indicating
that media levels were higher than the amount lysed from cells due to the offset in analysis
time versus incubation initiation.

5-Hyroxytryptophol (HTOL), an uncommon indolamine, is seen in single cells and in
bulk measurements under incubation. It has only been observed under cell lysing
conditions, which indicates that it is only produced within pinealocytes and not freely in
solution.

HTP is only observed in HTP-incubated single cells, but is observed in all sample
categories in bulk measurements. HTP is synthesized from Trp (Table 6.1).

5-Methoxyindole-3-acetic acid (MIAA) is the O-methylated version of HIAA. It was
identified in one single pinealocyte sample (5 uM), but was observed in a few bulk samples
with nM concentrations including in one untreated sample. MIAA is produced directly from
HIAA by hiomt or from a multistep enzymatic degradation of MTrp or 5-methoxytryptamine
(MOQOT) (Table 6.1). Different enzymes are used in all of these reactions; however, given the
prosaic nature of HIAA and the less common occurrences of MTrp and MOT, the majority of
MIAA identifications occur when HIAA is present (data not shown).

MOT was only confidently identified once in all of the samples under non-cell lysing
conditions; it is synthesized by hiomt from 5-HT (Table 6.1). The sample was from an animal
sacrificed during the day. It was present in an untreated sample, which is somewhat
surprising since one would expect to see uncommon indolamines under incubation
conditions in addition to untreated samples.

MT was potentially identified in two single cell samples; both were collected on the

same day, but from two different animals. Several potential identifications were made in
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bulk night samples, as well, with values ranging widely. It is difficult to know if these
identifications are correct, given the challenges mentioned before.

5-Methoxytryptopol (MTOL) and MTrp were not identified in single pinealocytes, but
were each confirmed once in HTP-incubated, bulk night samples under non-lysing
conditions in the tens of nM range. MTOL is produced from HTOL by hiomt, and MTrp is
produced from HTP by hiomt (Table 6.1). Both are O-methylated versions of the original
compounds.

NAS was identified in HTP-incubated single cells and in bulk samples. Surprisingly, it
was identified multiple times during the day in single cells, but not in bulk samples. The
enzyme that synthesizes NAS from 5-HT, N-acetyltransfersase, is 15- to 100-fold higher

105, 20, 106

during the night and is 180° out of phase with the 5-HT rhythm. Furthermore,
during the day this enzyme is folded into an inactive form in pinealocytes, so that NAS
synthesis is curtailed until signals from the suprachiasmatic nucleus indicate that night had
fallen.

Tryptophol (TOL) was only detected twice, in an untreated single pinealocyte and a
bulk sample from animals sacrificed during the day. It was only observed under cell lysing
conditions, similarly to HTOL, supporting the idea that it is only produced within
pinealocytes and not in solution.

Trp and Tyr are both ubiquitous, as expected, with levels measured in the mM range
for single pinealocytes.

Table 6.4 compares estimated concentrations obtained in this work with literature
values for a variety of indolamines found in the pineal gland. The estimation was performed
by multiplying the experimentally determined number of pinealocytes present in a rat
pineal gland (2.4 x 10° cells/mm? volume of the rat pineal gland experimentally
determined to be approximately 1 mm?®)'®’ by the number of mol of analyte present in a
single pinealocyte under untreated conditions and from samples collected at night. The
literature values are from rat pineal glands (Mills et al. do not specify the breed used for
their analyses, but the other two columns of data are from Wistar rats) that were

homogenized and extracted using perchloric acid. Mills et al. collected their samples two h
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after dark and after stressing the rats, Beck et al. collected their samples in the morning,
and Chen et al. do not specify what time the samples were collected. Both Mills et al. and
Chen et al. stored the samples at -80 °C until analysis, which in the case of Mills et al. was 18
mo after collection. Despite all of these variables, the measurements in the literature for
concentrations of indolamines in the pineal gland are at least three orders of magnitude
lower than that estimated from single pinealocytes in this work. Several factors may
contribute to this disparity. One is the assumption of pinealocyte size (10 um) used in this
work, based on literature measurements and also estimated roughly by sight. Measuring
the diameter of each pinealocyte injected for analysis could potentially reduce some of the
variability in concentrations; this can be done after the fact since all of the single
pinealocyte injections are recorded. This assumption, however, does not account for all of
the differences between the values measured in this work and the literature. The different
rat breeds and collection times used could account for some of the differences as well,
although not for orders of magnitude differences in all analytes measured. Storage
conditions likely play a role, since dissolved oxygen in solution can still oxidize indolamines
at subzero temperatures, leading to inaccurate measurements in terms of physiological
relevance.'® It is likely that much of the difference can be attributed to partial extraction of
analytes compared with values determined from direct injection of single cells. In order to
directly compare these values, an extraction from a rat pineal homogenate should be

analyzed using the MC-CE-LINF.

6.4 Conclusions and future work

The OT-MC-CE-LINF instrument was used to analyze single pinealocytes and bulk
samples. Quantitation was performed, and several uncommon indolamines, in addition to
common ones, were identified within both single cell and bulk measurements. MT was not
unambiguously identified, due to a variety of factors. Its potentially low levels are
surprising, given the large increase in MT concentration at night that has been reported
since it was discovered in the 1950s; however, MT production begins approximately 60 min
after the 5-HT surge at night.'® The timing of this surge varies based on differences at the

individual, breed, and species level. It is likely that the appropriate sacrifice time has not
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been found for the breed of rats used for the night experiments, although a puzzling factor
is that once MT synthesis begins, it continues for several hours. Given the sacrifice times
selected (n = 2 for CT 20:00 (7 h after darkness onset) and n = 1 for CT 22:00 (9 h after
darkness onset)), it was expected that MT would be present regardless of the timing of the
5-HT surge since that typically occurs earlier in the night. More samples are needed overall
and more sacrifice times need to be sampled to verify this, possibly by microdialysis
sampling over the course of several days and nights.

It is also possible, since the rat breed used in these analyses is not well characterized
in terms of pineal indolamine concentrations, that this breed produces low amounts of MT
relative to other rat breeds; this is well documented in inbred mice strains although it has
not been reported for rats. Given that the only synthesis pathway for MT in the pineal gland
is from NAS via the enzyme hiomt, it is possible that this breed has low levels of hiomt;
however, many of the unusual indolamines can be produced via hiomt as well as by other
enzyme pathways. It is interesting to speculate whether hiomt is actively produced other
indolamines instead MT at night or that hiomt has low activity and the other indolamines
are produced by the other pathways described in Table 6.1. This could explain the
challenges in detecting MT in these samples. It is also possible that the enzyme that
synthesizes NAS from 5-HT is present in lower than expected levels; this is less likely as NAS
is unambiguously detected under a variety of conditions. Future work can focus on
identifying MT in pineal samples, both in single cells and in bulk. Capillary electrophoresis
with mass spectrometric detection can be used to verify the identity of MT in pineal sample,
as well as further strengthen the identities of the unusual indolamines.

The identification and quantitation of uncommon indolamines (HTOL, MTOL, TOL,
MOT, MTrp, and MIAA) in both single cells and in bulk samples, under both incubated and
untreated conditions, is interesting. Most of these analytes are produced from HTP, if not
directly, then over multiple steps and they all can use the enzyme hiomt as part of the
synthesis, although there are multiple pathways present to produce these compounds.
These analytes have been identified before in pineal samples.!® 1% 31 4 ¢ The O-

methylated idolamines display antioxidant properties, which may suggest an
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immunoprotective role, and have effects on reproduction. These roles are also
performed by melatonin in the body, so it is unsurprising that closely related
methoxyindoles also have similar functions. The sporadic detection of these compounds is
likely due to their low abundance in pinealocytes; typically it is probably below the
detection level, except in rare cases. More experiments need to be performed to further
understand the day and night differences in these compounds.

Both single cell and bulk concentrations can vary widely for many of the analytes
detected. This variability could be due to individual biological differences or unanticipated
differences in sample preparation, among other possibilities. As more experiments are
performed, variability may decrease. Future experiments should include homogenate
analysis to verify that the variability measured is due to cell-to-cell differences and not bulk

biological variability. Extracts from homogenates should also be analyzed, to determine why

such large differences exist between the values determined here and the literature.
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6.5 Tables

component Ca*’-free mGBSS, mM mGBSS, mM high salt mGBSS, mM
CaCl, 0 1.5 3
KCI 4.9 4.9 4.9
KH,PO,4 0.2 0.2 0.2
MgCl, 11 11 22
MgSO, 0.3 0.3 0.6
NaCl 138 138 138
NaHCO3 27.7 27.7 27.7
Na,HPO,4 0.8 0.8 0.8
HEPES 25 25 25
glucose 10 10 10
EGTA 2 0 0

Table 6.1 Concentrations of components used to make the sample buffers. HEPES = 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid, EGTA = ethylene glycol tetraacetic acid
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analyte MEKC conditions, nM CE conditions, nM
5-hydroxyindole-3-acetic acid, HIAA 3.5 2.8
5-hydroxytryptophan, HTP 5.4 1.6
5-hydroxtryptophol, HTOL 2.6 6.7
5-methoxyindole-3-acetic acid, MIAA 3.4 2.0
5-methoxytryptamine, MOT 14 9.5
5-methoxytryptophan, MTrp NA 1.3
5-methoxytryptophol, MTOL 35 3.0
melatonin, MT 14 2.8
N-acetylserotonin, NAS 5.1 3.7
serotonin, 5-HT 14 14
tyrosine, Tyr 39 17
tryptophan, Trp 6.0 1.6
tryptophol, TOL 2.5 2.6

Table 6.2 Limits of detection (LODs) for indolamines and tyrosine under micellar
electrokinetic chromatography (MEKC, 20 mM borate buffer, pH 8.8 + 50 mM SDS or 15 mM
borate buffer, pH 8.8 + 37.7 mM SDS) and traditional CE (40 mM borate, pH 8.8 or 30 mM

borate, pH 8.8) conditions.
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n = number of

. HTP-incubated 5-HT-incubated untreated
single cells analyzed
day n=9%* N.A. n=4
night n=13 n=14 n=11

Table 6.3 Table showing the number of single cells analyzed under different treatments and

time of sacrifice. The asterisk (*) represents several multiple cell injections where the

number of cells injected

measurements were used for analysis.
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untreated,

analyte estimated Mills et al.,31 Beck et al.,44 Chen et Cll.,99
nmol/gland pmol/gland pmol/gland pmol/gland
5-HT 10 40+ 0.10 N.D. 73
HIAA N.D. 7.5+£0.16 N.D. N.D.
HTOL N.D. 0.73+£0.22 N.D. N.D.
HTP N.D. 0.28 £0.39 N.D. 7.7
MIAA 0.05 0.63+£0.36 N.D. N.D.
MOT N.D. 0.4510.48 0.04 N.D.
MT 5.0£5.0 0.94+0.14 0.61 8.2
MTOL N.D. 0.64+£0.31 N.D. N.D.
MTrp N.D. N.D. N.D. N.D.
NAS 1.0 N.D. N.D. N.D.
TOL N.D. 0.68 £ 0.62 N.D. N.D.
Trp 0.30 11+0.11 N.D. 14
Tyr 10£2.5 37+0.19 N.D. N.D.

Table 6.4 A comparison of literature values for analytes detected in the pineal gland. The
column labeled “untreated, estimated nmol/gland” is data collected in this work and
represents estimated values from analytes identified in single pinealocytes from samples
collected at night under untreated conditions, as described in the text. The other three

columns represent values reported in the literature for homogenated pineal glands

extracted with perchloric acid. The error is standard error of the mean for all columns.
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6.6 Figures
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Figure 6.1 Indolamine synthesis pathways in the pineal gland. The melatonin synthesis

pathway is boxed in red. Tryptophan (TRP) is converted to 5-hydroxytryptophan (S5HTRP) by
tryptophan hydroxylase (tph), and serotonin (5HT) is produced from 5HTP by L-aromatic
amino acid decarboxylase (adc). 5HT is converted to N-acetyl serotonin (NAS), the precursor
to melatonin (MEL), by N-acetyltransferase (nat). MEL is formed from of NAS by
hydroxyindole-O-methyltransferase (hiomt). Other analytes detected are boxed in blue.
Enzyme abbreviations: ad = aldehyde dehydrogenase, adc = L-aromatic amino acid
decarboxylase, ar = aldehyde reductase, dc = decarboxylase, h = hydroxylase, hiomt =
hydroxyindole-O-methyltransferase, mao = monoamine oxidase, nat = N-acetyltransferase,
ta = transaminase, tph = tryptophan hydroxylase; compound abbreviations: 5HIAA = 5-
hydroxyindole-3-acetic acid, 6HMEL = 6-hydroxymelatonin, 5HT = 5-hydroxytryptamine,
5HTOL = 5-hydroxtryptophol, 5HTRP = 5-hydroxytryptophan, 5MIAA = 5-methoxyindole-3-
acetic acid, 5SMT = 5-methoxytryptamine, 5SMTOL = 5-methoxytryptophol, SMTRP = 5-
methoxytryptophan, HIAL = 5-hydroxyindole-3-acetaldehyde, HIP = 5-hydroxyindole-3-
pyruvic acid, IAA = indole-3-acetic acid, IAL =indole-3-acetaldehyde, IP = indole-3-pyruvic
acid, MIAL = 3-methoxy-4-hydroxymandelic aldehyde, MIP = 5-methoxyindole-3-pyruvic
acid, NAS = N-acetylserotonin, NATRP = N-acetyltryptophan, TAM = tryptamine, TOL =
tryptophol, TRP = tryptophan. Adapted from (31) with permission from Elsevier.
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Figure 6.2 (A) Secretion profiles of serotonin (5-HT), N-acetylserotonin (NAS), and melatonin
from pineal microdialysis of a rat. All three compounds display marked circadian rhythms in
both light and dark (LD) and constant dark (DD) conditions with nocturnal increase in
secretion. (B) The total 5-HT output displays marked circadian rhythm with high levels at
night. The total 5-HT is calculated as the sum of 5-HT, NAS, and melatonin. Adapted with

kind permission from Springer Science + Business Media from (5).
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Figure 6.3 (A) Comparison of serotonin (5-HT) (upper panel) and melatonin (lower panel)
secretion profiles from outbred animals. Data from Sprague Dawley (SD) rats (red), Wistar
rats (green), and hamsters (blue) are superimposed to show the relative timing of 5-HT and
melatonin secretion. (B) Comparison of serotonin (5-HT) (upper panel) and melatonin
(lower panel) secretion profiles from four strains of rats: Sprague-Dawley (SD) (red), Wistar
(green), PVG (yellow), and Lewis (LEW) (blue) rats. (C) Comparison of the relative timing of
serotonin onset (5HT-on) and melatonin onset (MT-on). The 5HT-on represents the intervals
between the dark onset and the early 5-HT surge at 80% of the nocturnal maximum levels.
The MT-on indicates the time interval between the dark onset and the melatonin onset at
20% of the nocturnal maximum levels. (D) Inter-individual and inter-species variation of
melatonin onset timing. Three Degus rats (red dots), 5 Sprague Dawley (SD) rats (purple
dots), and 7 Wistar rats (green dots) are shown. The onset timing is defined as when
melatonin reaches 20% of daily maximum level, which is marked by the dashed line.
Adapted with kind permission from Springer Science + Business Media from (5). Adapted

with permission from (18).
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Figure 6.4 (A) The capillary inlet approaches a single pinealocyte. (B) The pinealocyte is

injected hydrodynamically into the capillary for analysis.
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Figure 6.5 (cont.) Electropherograms from HTP-incubated pinealocytes. (A) A single

pinealocyte analyzed under cell lysing (MEKC) conditions. (B) A bulk sample (14.7 nl)

analyzed under cell lysing (MEKC) conditions. (C) A 5 nL sample analyzed under non-cell

lysing (traditional CE) conditions. Conditions for (A) and (B) are: 15 mM borate buffer, pH

8.8 + 37.4 mM SDS (electrophoresis buffer); conditions for (C) are 30 mM borate buffer, pH

8.8 (electrophoresis buffer). Conditions common to all samples are: high salt mGBSS

(sample buffer), 25 mM citric acid buffer, pH 2.25 (sheath buffer), -30 kV (separation

voltage), 3 Hz (laser repetition rate), 100 us (laser pulse length), 8 A (laser current), 420 V

(laser BUSS voltage), 470 pF (PMT gain), 64% (gain voltage), 110 us (PMT integration time).

5-HT = serotonin, HIAA = 5-hydroxyindole-3-acetic acid, HTP = 5-hydroxytryptophan, MT =

melatonin, MTrp = 5-methoxytryptophan, NAS =

N-acetylserotonin, SR-101 =

sulforhodamine-101 (internal standard), Trp = tryptophan, Tyr = tyrosine
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Figure 6.6 (cont.) Electropherograms from untreated pinealocytes. (A) A single pinealocyte
analyzed under cell lysing (MEKC) conditions. (B) A bulk sample (14.7 nL) analyzed under cell
lysing (MEKC) conditions. (C) A 5 nL sample analyzed under non-cell lysing (traditional CE)
conditions. Conditions for (A) and (B) are: 15 mM borate buffer, pH 8.8 + 37.4 mM SDS
(electrophoresis buffer); conditions for (C) are 30 mM borate buffer, pH 8.8 (electrophoresis
buffer). Conditions common to all samples are: high salt mGBSS (sample buffer), 25 mM
citric acid buffer, pH 2.25 (sheath buffer), -30 kV (separation voltage), 3 Hz (laser repetition
rate), 100 us (laser pulse length), 8 A (laser current), 420 V (laser BUSS voltage), 470 pF
(PMT gain), 64% (gain voltage), 110 us (PMT integration time). 5-HT = serotonin, HIAA = 5-
hydroxyindole-3-acetic acid, HTP = 5-hydroxytryptophan, NAS = N-acetylserotonin, SR-101 =

sulforhodamine-101 (internal standard), Trp = tryptophan, Tyr = tyrosine
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Figure 6.7 Histograms comparing the average concentrations of analytes observed in single
pinealocytes as a function of treatment (A, B) and time of sacrifice (C, D). All concentration
units are mM and error bars are standard error of the mean. Columns without error bars
represent measurements that were only made once for a given analyte under the
conditions listed. The y-axis is logarithmic to more easily show the differences in
concentration between analytes. n = 5 for night sacrifice, n = 2 for day sacrifice; 5-HT =
serotonin, HIAA = 5-hydroxyindole-3-acetic acid, HTOL = 5-hydroxtryptophol, HTP = 5-
hydroxytryptophan, MIAA = 5-methoxyindole-3-acetic acid, MOT = 5-methoxytryptamine,
MTOL = 5-methoxytryptophol, MTrp = 5-methoxytryptophan, NAS = N-acetylserotonin, TOL
= tryptophol, Trp = tryptophan, Tyr = tyrosine
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Figure 6.8 Histograms comparing the average concentrations of analytes observed in bulk
cell suspension measurements from pinealocytes as a function of treatment (A, B) and time
of sacrifice (C, D). All concentration units are uM and error bars are standard error of the
mean. Columns without error bars represent measurements that were only made once for a
given analyte under the conditions listed. The y-axis is logarithmic to more easily show the
differences in concentration between analytes. n = 5 for night sacrifice, n = 2 for day
sacrifice; 5-HT = serotonin, HIAA = 5-hydroxyindole-3-acetic acid, HTOL = 5-
hydroxtryptophol, HTP = 5-hydroxytryptophan, MIAA = 5-methoxyindole-3-acetic acid, MOT
= 5-methoxytryptamine, MTOL = 5-methoxytryptophol, MTrp = 5-methoxytryptophan, NAS
= N-acetylserotonin, TOL = tryptophol, Trp = tryptophan, Tyr = tyrosine
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Appendix

Abbreviations

5-HT = serotonin

5-HT sulfate = serotonin-O-sulfate

aCSF = artificial cerebral spinal fluid

BGE = background electrolyte

CE = capillary electrophoresis

CE-LIF = capillary electrophoresis-laser-induced fluorescence

CE-LINF = capillary electrophoresis-laser-induced native fluorescence

HD = hydrodynamic

dyn pH = dynamic pH junction

EK = electrokinetic

EOF = electroosmotic flow

FASI = field-amplified sample injection

FASS = field-amplified sample stacking

HF = hydrofluoric acid

HIAA = 5-hydroxyindole-3-acetic acid

HITCA = 5-hydroxyindole thiazoladine carboxylic acid

HTOL = 5-hydroxtryptophol

HTP = 5-hydroxytryptophan

LIF = laser-induced fluorescence

LINF = capillary electrophoresis-laser-induced native fluorescence

LOD = limit of detection

MC-CE-LINF = multichannel capillary electrophoresis-laser-induced
fluorescence

MEKC = micellar electrokinetic chromatography

MIAA = 5-methoxyindole-3-acetic acid

MOT = 5-methoxytryptamine

MRN = median raphe nucleus
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MTOL = 5-methoxytryptophol

MTrp = 5-methoxytryptophan

NAS = N-acetylserotonin

OT-MC-CE-LINF = optical trap-multichannel capillary electrophoresis-laser-induced
native fluorescence

pH-med = pH-mediated sample stacking

SCN = suprachiasmatic nucleus

SDS = sodium dodecyl sulfate

SR-101 = sulforhodamine-101

TOL = tryptophol

Trp = tryptophan

Tyr = tyrosine
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