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Abstract

A method that enables metabolomic profiling of single cells and subcellular structures is described
using capillary electrophoresis coupled to electrospray ionization time-of-flight mass spectrometry.
A nebulizer-free coaxial sheath-flow interface completes the circuit and provides a stable
electrospray, yielding a signal with a relative standard deviation of under 5% for the total ion
electropherogram. Detection limits are in the low nanomolar range (i.e., < 50 nM (< 300 amol)) for
a number of cell-to-cell signaling molecules, including acetylcholine (ACh), histamine, dopamine,
and serotonin. The instrument also yields high efficiency separations, e.g., ~600,000 for eluting ACh
bands. The utility of this setup for single cell metabolomic profiling is demonstrated with identified
neurons from Aplysia californica—the R2 neuron and metacerebral cell (MCC). Single cell
electropherograms are reproducible, with a large number of metabolites detected; more than 100
compounds yield signals of over 10% counts from the injection of only 0.1% of the total content from
asingle MCC. Expected neurotransmitters are detected within the cells (ACh in R2 and serotonin in
MCC), as are compounds that have molecular masses consistent with all of the naturally-occurring
amino acids (except cysteine). Tandem MS using a quadrupole time-of-flight tandem mass
spectrometer distinguishes ACh from isobaric compounds in the R2 neuron and demonstrates the
ability of this method to characterize and identify metabolites present within single cells.

Introduction

The field of comparative metabolomics is especially useful in medical and life science research.
More specifically, the ability to uncover and evaluate biochemical differences within healthy
and diseased organisms provides information as to the underlying cause(s) of disease, which
in turn suggests targets for pharmacological intervention.1=6 A variety of analytical platforms
have been developed to facilitate these and other types of metabolomics experiments.5+ 7712
For instance, capillary electrophoresis (CE), gas chromatography and liquid chromatography
(LC) have been coupled to MS detection methods in order to perform metabolomic profiling
of a variety of biological samples.3: 7 9: 10: 13-17

There are a number of investigative queries for which comparative metabolomics experiments
on a single selected cell would be particularly advantageous. For example, within the nervous
system, neighboring cells often exhibit different chemical compositions and functional roles

(see http://www.brainmap.org/). Thus, in order to characterize even the simplest neural circuit,
it is necessary to determine not only the connectivity between the relevant cells, but also the

signaling molecules used by each individual neuron (and perhaps the neighboring supporting
cells) within a neuronal network. Furthermore, although even adjacent neurons have distinct
signaling molecule and protein complements,18-21 differences in the cellular metabolome are
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less well studied. Clearly, an analytical platform capable of assaying the small molecule content
of single cells would be an invaluable tool for gaining insights into these areas.

Both CE21724 and LC23: 25 26 gre well-suited for single cell measurements. Using various
detectors with CE has been effective for characterizing chemical content and even release from
individual cells.22-24: 2731 There are a number of features of CE that make it a method of
choice for such analyses. For example, it is possible to simultaneously concentrate and separate
analytes.32734 |n addition, because the scaling laws of CE make it amenable to small-volume
sampling, it has been used extensively for single cell and even subcellular analyses, and is well-
suited as a separation method for use in metabolomics experiments.3°—37

MS has also been used to characterize the contents of individual neurons, with considerable
efforts devoted to characterizing their peptide complements. Many of these studies employed
direct MS profiling; however, pairing CE or LC to MS often leads to better analyte coverage.
For example, several studies have used off-line fractionation and matrix assisted laser
desorption/ionization in order to profile the peptide content of individual cells.18: 19, 38, 39

Electrospray ionization (ESI)-MS offers a number of capabilities that make it appropriate for
single cell applications. It is amenable to low flow-rate applications,40744 and enables the
detection of analytes of interest not readily detected by other methods. One such example is
the neurotransmitter acetylcholine (ACh), which is not directly electroactive, does not absorb
light appreciably, and cannot readily be derivatized by the fluorogenic reagents commonly
used in conjunction with laser-induced fluorescence detection methods. Furthermore, ESI
coupled with tandem MS (MS/MS) allows for the identification and/or characterization of
unknown or unexpected compounds, such as metabolites, via their mass-to-charge ratio (m/z)
and MS/MS fragmentation pattern, and complements the other detection schemes used for
single cell measurements.

CE-ESI-MS interface development has been an active area of investigation for over 20 years.
45-47 However, completing the electrical circuit required for CE in a manner that results in a
stable electrospray and suitable detection limits has been a challenge. System stability and
sensitivity are both essential in single cell metabolomic investigations. High sensitivity can be
the key to success, as sample preparation for single cell analysis inevitably involves some
dilution of the femtoliter to nanoliter cell volumes to levels that can be manipulated in the
laboratory. CE-ESI-MS analysis has been demonstrated with sufficient sensitivity to detect
proteins from within single cells.2> 48 49 |n addition to adequate sensitivity, a robust system
is required, so that run-to-run variations reflect real differences between samples and not
instabilities in instrument performance. Here, we describe a sensitive and robust CE-ESI-MS
system, and demonstrate its potential for single cell and subcellular metabolomics applications
using an ESI-TOF mass spectrometer and an ESI-Qg-TOF-tandem mass spectrometer, both
from Bruker Daltonics.

EXPERIMENTAL SECTION

Chemicals

Animals

Sigma-Aldrich (St. Louis, MO) was the source for all chemicals, unless stated otherwise.
Ultrapure deionized water was used for all solution preparation, and was obtained from an Elga
Purelab Ultra water system (U.S. Filter, Lowell, MA).

Adult Aplysia californica weighing 175-250 g were obtained from Charles M. Hollahan (Santa
Barbara Marine Bio., Santa Barbara, CA). Animals were maintained in constantly circulated,
aerated artificial seawater (Instant Ocean; Aquarium Systems, Mentor, OH), chilled to 14 °C.
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Sample Preparation

A. californica were anesthetized by injection into the vascular cavity of a solution containing
390 mM MgCl, dissolved in water, equal by mass to one-third of each animal’s body weight.
Ganglia and adjacent nerves were surgically dissected and placed in artificial seawater (ASW)
containing (in mM) 460 NaCl, 10 KCl, 10 CaCly, 22 MgCl,, 26 MgSQOy,, and 10 HEPES (pH
7.7) supplemented with antibiotics (100 units/mL penicillin G, 100 pg/mL streptomycin, and
100 pg/mL gentamicin). A 1% protease type 1X in ASW-antibiotics solution treatment for 60—
120 min (depending on animal size) at 34 °C was used to reduce adherence between cells. This
treatment also helps to remove connective tissue surrounding the ganglia and nerves and
improves the success of individual neuron isolation. After the protease treatment, ganglia were
washed in ASW and stored at 14 °C in the ASW-antibiotics solution until use. Isolation of
individual neurons was performed manually using sharpened tungsten needles under visual
control, assisted by a Leica MZ 7.5 high-performance stereomicroscope with a 7.9:1 zoom
(Leica Microsystems Inc., Bannockburn, IL). While the neuron size depends on the animal,
typical cell diameters for animals of this size are ~150 um for MCC neurons and ~300 pum for
R2 neurons.

Capillary Electrophoresis

Aliquots (100-500 nL) of standard solutions or cellular extracts were placed into a custom-
fabricated stainless steel nanovial. Approximately 6 nL of an aliquot was then injected into the
capillary hydrodynamically by maintaining a height difference of 15 cm between the capillary
inlet and outlet for 60 s. After sample injection, the CE inlet was placed into a stainless steel
buffer vial; the background electrolyte was 1% formic acid in water. A voltage of 20 kV was
applied across the capillary for CE separations using a Bertan high voltage power supply
(Valhalla, NY). The voltage was applied gradually, by manually ramping the voltage from 0
V to 20 kV over ~30 s. The injection equipment was enclosed in an acrylic box equipped with
safety interlocks. A 100 cm long, 40 um inner-diameter (ID), 105 um outer-diameter (OD)
fused silica capillary (Polymicro Technologies, Phoenix, AZ) was used for all separations.

Sheath Flow Interface

The capillary outlet was secured into a PEEK tee by using an FEP sleeve and a 10-32 one-
piece fitting; this PEEK tee served as the body of the sheath flow interface. Fluidics
components, unless otherwise noted, were obtained from Upchurch Scientific (Oak Harbor,
WA). A 1" long segment of HTX-33X stainless steel hypodermic tubing (0.0083"” OD, 0.0065
ID; Small Parts, Inc., Miramar, FL), which served as the sheath flow tube and electrospray
needle, was secured to the port of the PEEK tee opposite the port in which the CE capillary
was secured, also using an FEP sleeve and 10-32 one-piece fitting. The tip of the ESI needle
was polished using 12 um diamond lapping paper (3M, St. Paul, MN). The sheath liquid, which
consisted of 50/50 (v/v) methanol/water with 0.1% (by volume) formic acid, was supplied
through the remaining port of the tee. A PHD 22/2000 syringe pump (Harvard Apparatus,
Holliston, MA), in combination with a 2.5 mL Gastight syringe (Hamilton, Reno, NV),
delivered the sheath liquid. The luer-lock-tipped syringe was connected to a ~1 meter length
of PEEK tubing (1/16" OD, 0.005" ID) via a PEEK luer-to-fitting adapter and a 10-32 one-
piece fitting. This tubing was then secured into the final port of the PEEK tee via another 10—
32 one-piece fitting.

Mass Spectrometry

Two mass spectrometers were used—a micrOTOF ESI-TOF-MS and a maXis ESI-Qqg-TOF-
MS/MS (Bruker Daltonics, Billerica, MA). Both instruments used the same nanospray
interface and feature a grounded needle design; the ESI needle (the outlet end of the coaxial
sheath-flow sprayer) was connected to ground using a copper wire. The metal inlet orifice of

Anal Chem. Author manuscript; available in PMC 2010 July 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lapainis et al.

Page 4

the mass spectrometer was held at —1700 V and 180 °C. A 3-axis translation stage (Model H
RH, Line Tool Co., Allentown, PA) was used to optimize the position of the ESI needle in
order to provide a stable electrospray, and to optimize the amount of the plume sampled by the
mass spectrometer. The ion optics were tuned for the mass range of 50-500 m/z using lithium
formate clusters from a direct infusion of 100 pg/mL lithium formate in water at 1 pL/min.
The lithium formate solution was also infused after completed CE-ESI-MS runs and used for
mass calibration. MS/MS analysis was carried out using the maXis, where argon was used as
a collision gas to fragment precursor ions via collision-induced dissociation prior to mass
analysis. A suitable collision energy for small molecule fragmentation was found by
maximizing intensity of the 87 m/z fragment generated from the dissociation of ACh. This was
accomplished by spiking the sheath liquid with 7.5 uM ACh and infusing it through the CE-
ESI-MS interface at 1 pulL/minute.

RESULTS AND DISCUSSION
CE-ESI-MS Interface Design and Characterization

Several strategies for coupling CE and ESI-MS have emerged—the direct coupling or
sheathless interface, and the coaxial sheath-flow interface.5% 51 Each of these approaches has
an associated set of benefits and challenges. We selected the sheath-flow interface because it
allows the independent optimization of the background electrolyte in the CE capillary and the
sheath liquid; typically, the solution characteristics that provide optimal separation and
electrospray performance are quite different from one another. Moreover, the use of a sheath
flow allows the flow rate of the system to be optimized in order to provide a stable electrospray,
which is beneficial since the flow rate through the CE capillary due to electroosmaotic flow
alone is often too low to maintain a stable Taylor cone.

Even with the inherent benefits of the sheath flow interface, achieving spray stability is, in
practice, still difficult at flow rates that are low enough to provide acceptable detection limits.
This is due in part to the fact that the dimensions of commonly-used CE capillaries require that
the diameter of the sheath-flow needle be much larger than is optimal for stable ESI plume
generation at sufficiently low flow rates. Confronting this challenge, we developed a sheath-
flow sprayer that accommodates a capillary with a reduced OD (105 um versus the more typical
365 um).

Unfortunately, the performance of the initial scaled-down interface was negatively affected by
bubbles that formed at the needle tip due to solvent boiling and the generation of gaseous
electrolysis products. To prevent bubble formation, several further modifications were made.
The tip of the sprayer needle was polished with 12 um diamond lapping paper in order to reduce
the number of available nucleation sites for bubbles. In addition, the CE current was restricted
by reducing the ID of the capillary from 50 um to 40 um and operating the CE system at a
relatively low voltage (20 kV); it was also found that gradually ramping the voltage over 30 s
to its final value was helpful in preventing initiation of bubbling. Finally, a heated desolvation
chamber was omitted in our interface design. As a result of these modifications, a stable
electrospray can be achieved (defined as a relative standard deviation of the baseline under
5%) with flow rates of 250 nL/min up to ~2 pL/min (versus 4-10 pL/min with commercial
interfaces); 1 uL/min is typically used, and represents a compromise between enhanced
sensitivity at lower flow rates and the ability to use higher electric fields without bubble
formation at increased flow rates.

The use of a nanospray interface also enhances sensitivity in that it enables the sprayer position
to be optimized so as to maximally sample analytes from the ESI plume. As a result, limits of
detection on the order of <50 nM (< 300 amol) were achieved for 6 nL hydrodynamic injections
of a variety of analytes, including dopamine (20 nM), serotonin (5-HT) (35 nM), ACh (5 nM),
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and histamine (15 nM). Figure 1 shows the CE-ESI-MS analysis of a 6 nL injection of a standard
solution containing 75 nM each of histamine, ACh, DA, and 5-HT (450 amol of each injected),
and demonstrates the sensitivity of the method. These detection limits are sufficient to carry

out metabolomic profiling at the single cell level. A linear MS detector response is observed

as a function of analyte concentration (R2~ 0.99) from low nM to tens of uM concentrations,
thus allowing quantitative measurements to be made.

One issue associated with the use of a sheath-flow interface for CE-ESI-MS is the potential
for a reduction in separation quality. Many sheath-flow interfaces use a nebulizer gas in order
to facilitate droplet formation and subsequent evaporation. This nebulizer gas can induce
siphoning, resulting in a parabolic flow profile within the separation capillary, which leads to
band broadening. Our sprayer does not require a nebulizer for operation, as it relies on the
formation of a stable Taylor cone to generate an electrospray plume, making high column
efficiencies possible. For example, the peak efficiency is ~600,000 for ACh peaks.

Single Cell and Subcellular Analysis

In order to evaluate the suitability of the CE-ESI-MS system for performing single cell
metabolomic profiling, several identified neurons from the well-studied neurobiological model
A. californica were selected for analysis. The R2 is an identifiable cholinergic neuron, and the
extensively studied metacerebral cell (MCC) uses 5-HT as its neurotransmitter.52754 After
isolation, cells were quickly rinsed with a 1 pL aliquot of ultrapure water to remove excess
extracellular inorganic salts, and then placed at the bottom of a 200 pL vial. This water rinse
facilitates online analyte enrichment via sample stacking, which is dependent on maintaining
low conductivity in the sample plug.32 A5 pL aliquot of an extraction and preservation solution
consisting of 49/50/1 (v/viv) water/methanol/acetic acid was then added to each cell. The acid
content of this solution also served to protonate chargeable metabolites, thereby facilitating
CE separation and ESI-MS detection. The cells were disrupted using a sharp tungsten needle
in order to enable metabolite extraction.

Figure 2 shows the TIE resulting from the injection of 6 nL of the cellular extract, corresponding
to 0.1% of the total content, of a single R2 neuron (in this case, using the micrOTOF mass
spectrometer). In the base peak electropherogram (Figure 2, inset), a larger number of peaks
are evident, as is the quality of the CE separation—many peaks are either baseline resolved or
nearly so. As a preliminary evaluation of the capability of the system to perform metabolomic
profiling, the R2 CE-ESI-MS data was screened for signals corresponding to ACh and the
naturally occurring amino acids. A putative ACh signal was detected, and peaks with m/z
consistent with all of the amino acids except cysteine were observed.

In order for variations in the data to be correlated with differences in the samples being
analyzed, it is important for the method to be reproducible. Figure 3 compares a subset of
extracted ion electropherograms (XIE) generated from two different MCC neurons. Although
the time scales have been normalized in order to account for slight differences in the migration
times due, in part, to manually ramping the voltage when the separation is initiated, the overall
qualitative features of the analyses are similar. The presence of peaks with m/z consistent with
5-HT and all of the naturally-occurring amino acids (except cysteine) was confirmed in the
MCC data as well. In addition, over 100 substances gave rise to signals greater than 10 counts,
which is encouraging, given that only 0.1% of each cell was injected, and that the MCC neurons
are ~4 fold smaller by volume than the R2 neurons.

The use of a Bruker MicrOTOF mass spectrometer allows for the generation of high quality

mass spectral data. For example, Figure 4 shows the mass spectrum obtained by summing the
scans that were performed as the ACh band from an R2 neuron eluted. The method generates
relatively clean mass spectra, with background ions present at or below the 10% level (the peak
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at 175 m/z is a co-eluting compound, and not present in the background). A mass resolution of
over 11,000 is achieved for ACh, with a signal-to-noise ratio of over 1300. Preliminary data
acquired using a Bruker maXis mass spectrometer displays even higher resolving power,
>20,000 for ACh. The measured m/z for ACh in the R2 data presented in Figure 4 is 146.1181
(M/ztheory = 146.1181). The observed mass accuracy for metabolites varies (average < 25 ppm)
and depends on a number of variables, including peak intensity, data acquisition rate, m/z,
quality of calibration, and presence of background interferences. Nonetheless, low-ppm mass
accuracies are possible with these systems.

Comparative metabolomic profiling of subcellular structures is also made possible by this
method, and is dependent on the ability to isolate these structures. Figure 5 compares the XIEs
obtained for 146 m/z from a single R2 cell soma with that obtained from the same R2 neurite.
It is evident from the trace that the different subcellular regions contain different relative
amounts of several metabolites.

Analyte Identification

There are a number of approaches that can be used to confirm the identity of an analyte,
including the use of analytical standards for a comparison of molecular mass and migration
time information. Figure 6(a) shows a comparison of an XIE generated at 177 m/z from the
analysis of an MCC neuron to that generated from a 7.5 pM 5-HT standard solution. The high
degree of similarity of these parameters between the MCC sample and the 5-HT standard
confirms the presence of 5-HT in the neuron. However, if the XIE has several isobaric peaks,
and/or there is enough of the single cell sample remaining, then the sample can be spiked with
the putative analyte in order to increase the confidence of the identification; this has been done
in the case of ACh in the R2 neurons (data not shown), as several isobaric compounds appear
in the 146 m/z XIE from the R2.

MS/MS can also be used to characterize or identify metabolites

The Bruker maXis tandem mass spectrometer provides sufficient sensitivity to enable MS/MS
characterization of analytes present in single cells. The identification of ACh within an R2
demonstrates this capability. As mentioned above, there are a number of compounds in the R2
with m/z similar to ACh that appear in the electropherograms at different migration times. CE-
ESI-MS/MS analysis enables the fragmentation spectra of these isobaric compounds to be
compared; several representative examples are presented in Figure 6(b). The first peak in the
XIE yields an MS/MS spectrum with a fragment at 87 m/z, consistent with the fragmentation
profile of ACh. However, the other compounds selected for MS/MS analysis either do not
fragment appreciably, or give rise to fragments that are inconsistent with the fragmentation
pattern of ACh. Thus, MS/MS data supports the identity of the 15! peak in the XIE as ACh—
a conclusion that has been confirmed with spiking experiments (data not shown).

CONCLUSIONS

The CE-ESI-MS/MS-based approach described herein enables a new volume regime to be
probed, allowing investigation of the metabolome of individual cells and subcellular structures.
The sensitivity of the ESI-TOF-MS and an ESI-Qg-TOF-MS/MS systems, when combined
with the CE interface presented here, allows an important set of the cell metabolome to be
characterized. The mass and concentration LODSs reported here for neurotransmitters and other
small molecules analyzed via a CE-MS interface are among the best reported to date for this
platform and enables single cell measurements.5%: 56 Improved CE sampling interfaces, such
as using an optical trap or smaller nanovials, will allow a larger fraction of individual cell
contents to be used for these measurements, therefore increasing the depth of metabolome
coverage and/or enabling smaller structures to be characterized. Future work involves
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termining the intercellular signaling molecules at work in feeding, defensive, and

reproductive neuronal networks, as well as identifying changes in the metabolome of these

ne

urons in an activity-dependent manner. The combination of this analytical platform with the

study of well-defined functional networks will allow changes in the cellular metabolome to be
related to cell function.
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Figure 1.

Sensitivity of the CE-ESI-MS method. Analysis of a 6 nL injection of a standard solution
containing 75 nM each of histamine, acetylcholine, dopamine, and serotonin (450 amol of each
injected). Extracted ion electropherograms with m/z ranges corresponding to the masses of the
expected compounds show clear peaks for each analyte, demonstrating the low nM detection
limits that can be achieved with the method. Data was processed using a Gaussian smoothing
algorithm with a 3-point window.
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Figure 2.

Metabolomic profiling of a single R2 neuron using CE-ESI-MS. An injection of 0.1% of a
single R2 neuron yields a TIE with numerous well-defined peaks. The base peak
electropherogram also shows a high-quality separation, with a number of peaks that are either
base-line separated or nearly so.
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Figure 3.

Repeatability of single cell CE-ESI-MS metabolomic profiling. Composite extracted ion
electropherograms from two different Aplysia californica MCC neurons are highly similar.
Time axes have been normalized to account for variations in migration time caused, in part,
by manually ramping the CE voltage at the beginning of CE runs.
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Figure 4.

Page 12

Generation of high quality mass spectra from single cell samples. Mass spectrum showing ACh
from a single R2 neuron. The ACh peak at m/z = 146 has a signal-to-noise ratio of ~1300 and

a mass resolution of >11,000.
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Figure 5.

Different subcellular regions of the R2 neuron (neurite versus soma) yield different metabolite
profiles. In this case, compounds with m/z = 146 +/— 0.5 Da are compared in the extracted ion
electropherograms shown. Inset: Image of an isolated Aplysia R2 neuron and neurite.
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Figure 6.

Analyte characterization and identification by single cell CE-ESI-MS. (a) Confirmation of 5-
HT in a single MCC neuron. Migration time and mass information for the putative 5-HT peak
in an MCC neuron matches the information obtained from analyzing a 5-HT standard solution.
(b) Metabolite characterization via MS/MS. Different isobaric compounds (m/z = 146.1)
present in a single R2 neuron are subjected to MS/MS analysis as they elute from the CE
capillary using a Bruker maXis mass spectrometer. The peak at 15.4 min yields a fragment at
87 m/z, which is consistent with ACh, while other compounds either do not fragment
appreciably, or yield fragments that are inconsistent with ACh. The peak corresponding to ACh
was also confirmed by sample spiking (data not shown).
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