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Abstract
Capillary electrophoresis (CE) is a promising technique for single-cell analysis, but its use in
biological studies has been limited by low throughput. This paper presents an automated platform
employing microfabricated cell traps and a three-channel system for rapid buffer exchange for fast
single-cell CE. Cells loaded with fluorescein and Oregon green were analyzed at a throughput of
3.5 cells/min with a resolution of 2.3 ± 0.6 for the fluorescein and Oregon green. Cellular protein
kinase B (PKB) activity, as measured by immunofluorescence staining of phospho-PKB, was not
altered, suggesting that this stress-activated kinase was not upregulated during the CE experiments
and that basal cell physiology was not perturbed prior to cell lysis. The activity of sphingosine
kinase (SK), which is often upregulated in cancer, was measured in leukemic cells by loading a
sphingosine-fluorescein substrate into cells. Sphingosine fluorescein (SF), sphingosine-1-
phosphate fluorescein (S1PF), and a third fluorescent species were identified in single cells. A
single-cell throughput of 2.1 cells/min was achieved for 219 total cells. 88% of cells possessed
upregulated SK activity, although subpopulations of cells with markedly different SK activity
relative to that of the population average were readily identified. This system was capable of
stable and reproducible separations of biological compounds in hundreds of adherent and
nonadherent cells, enabling measurements of previously uncharacterized biological phenomena.

INTRODUCTION
Upregulation of SK increases drug resistance in a number of cancers, including acute
myeloid leukemia (AML), the deadliest form of adult leukemia.1,2,3 SK converts
sphingosine to sphingosine-1-phosphate (S1P), a stimulator of cell growth, differentiation,
migration, and survival.4 Inhibitors of SK activity have been found to decrease
chemotherapeutic resistance, even in multi-drug resistant leukemic cells lines, and are
currently in preclinical and clinical trials.2,5 The cell-to-cell variability in SK-pathway
dependence has important implications for the success of SK inhibitors as cancer
therapeutics. Within a population of cells, a subset of cells may possess low SK activity and,
therefore, exhibit inherent resistance to SK inhibitors. Indeed, the activity of many
oncogenic kinases has been shown to vary drastically not only between the cancerous cells
of different AML patients, but also by as much as 100-fold between individual cells in the
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same tumor.6,7 Increasing evidence in other tumor systems suggests that the single-cell
heterogeneity in regulation of oncongenic signaling-pathways is a general feature of most
cancers.8,9,10 Therapeutic inhibitors of SK activity currently in active development may
have limited benefit if SK activity is highly variable among cells within a tumor. Thus,
strategies to measure SK activity in large numbers of single tumor cells would assist in the
characterization of cell-to-cell heterogeneity of this key signaling pathway while providing
avenues to formulate individualized drug therapy for AML patients.

Traditional measurements of SK activity involve extraction of sphingosine and S1P from
cell lysates comprised of millions of cells, labeling the molecules fluorescently or
radiometrically, and quantifying the amount of sphingosine and S1P using high-performance
liquid chromatography (HPLC),11,12 thin-layer chromatography (TLC),13 or fluorescence
spectroscopy.14 The detection limits of these technologies range from 0.3 pmol for HPLC-
MS to 10 nmol for TLC. However, the predicted amounts of sphingosine and S1P within a
single cell are (5 – 200) amol, below that of these analytical technologies. Capillary
electrophoresis (CE), a separation technique that utilizes laser-induced fluorescence to
achieve low limits of detection, has been used to perform single-cell measurements of lipids,
including phosphatidylinositol phosphates and glycosphingolipids.15,16 SK activity has been
detected in as few as 10 cells using a fluorescent substrate, but single-cell measurements
have not been achieved.17

Although traditional CE and chip-based CE (μCE) are powerful techniques for single-cell
analysis, a major impediment to wider implementation of single-cell CE has been low
throughput for biologically relevant analytes. Several strategies have been developed to
address this problem, with the fastest single-cell CE platforms separating fluorescent dyes
and biological analytes at rates of 1.8 cells/min18 and 0.25 cells/min19, respectively.20,21,22

These systems performed serial analysis by sequentially injecting individual cells and then
separating the cellular contents so that the analyte bands of sequential cells did not overlap
at the detection window. These methods assessed a limited number of cells (≤30 cells) but
incorporated important features such as facile switching between cell and electrophoretic
buffers. Higher throughputs have been achieved using microfluidic-based electrophoresis,
the fastest of which separated glutathione and reactive oxygen species at a throughput of 38
cells/min for a total of 76 cells.23 Microfluidic devices have also separated fluorescent dyes
in as many as 600 total cells.24 However, to date, μCE has been used for limited biological
applications due to the difficulty in analyzing adherent cells and adapting devices for
electrophoretic separations of biological analytes. This is primarily due to the difficulty in
exchanging the cellular contents from a physiologic buffer into an appropriate
electrophoretic buffer for separation.25 Although many single-cell CE and μCE systems
expose cells to potentially stress-inducing phenomena such as electric fields, shear stress,
and/or electrophoretic buffer, no systems have been characterized for their effect on cell
homeostasis. This poses a potential challenge for this technology, as alterations in
homeostasis have been shown to change basal cell physiology and can affect measurements
of metabolic pathways and protein signaling cascades.

Here, we present the design and optimization of a fully automated single-cell CE system
capable of analyzing both adherent and nonadherent cells. The maximum throughput of the
system for single-cell analysis was determined by separating the model dyes fluorescein and
Oregon green. The separation performance of these analytes was compared to that
performed with previously published single-cell CE and microfluidic systems. Activation of
protein kinase B (PKB) was measured in cells to determine whether the experimental steps
prior to cell lysis altered stress-related biological pathways, potentially altering the outcome
of kinase measurements. The single-cell CE system was then used to measure the
phosphorylation of a fluorescent reporter for SK in the U937 human myeloid leukemia cell
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line. The peak efficiencies, resolution, and rate of single-cell separations of SF and S1PF
were quantified. Over 200 cells were analyzed and the heterogeneity of SK activity between
single cells was characterized.

EXPERIMENTAL SECTION
Materials

Sphingosine fluorescein (SF) and sphingosine 1-phosphate fluorescein (SF1P) labeled with
the 5′ and 6′ isomers of fluorescein were purchased from Echelon Biosciences Inc. (Salt
Lake City, UT) and were greater than 95% pure. Additional materials are listed in the
Supporting Information.

Channel System Fabrication
Channels to contain the electrophoretic and physiologic buffers were fabricated from
poly(dimethylsiloxane) (PDMS) (Sylgard 184). The length, width and depth of the
electrophoretic buffer channel were 3 cm, 0.5 cm, and 1.5 mm, respectively. The channel
containing physiologic buffer (135 mM NaCl, 5 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 10
mM HEPES, 10 mM glucose, pH 7.4) was 3.5 cm in length. The width of the narrowest
region was 0.3 cm and the circular reservoirs at both ends of the channel were 1 cm in
diameter. The electrophoretic and physiologic buffer channels were connected by an air-
filled perpendicular channel 0.5 cm long and 1 mm wide. The PDMS channel system was
bonded to a 1002F-coated coverslip and an array of cell traps fabricated into the 1002F was
placed within the physiologic channel.26 Each trap in the 10×10 array was 30 μm in
diameter and20 μm in depth, and the distance between the centers of adjacent traps was 100
μm. The cell traps were fabricated as described previously.21 The cell trap array was placed
in the center of the physiologic buffer channel, in line with the air-filled channel.

Automation
An inverted microscope (Ti-E, Nikon (Melville, NY)) was fitted with a computer-controlled
motorized stage (Ti-SER, Nikon). The channel system containing trapped cells was mounted
on a temperature controlled stage insert, which was maintained at 37 °C. The address of
each cell trap in the 10×10 array was calculated based on the manually determined positions
of the four corner wells using customized software written in Python (Wolfeboro Falls, NH).
The Python software also interfaced with the software controlling stage movement
(Micromanager software, Vale Lab, UCSF) and single-cell electrophoresis system
(LabVIEW, National Instruments, Austin, TX). The coordinates of each cell trap containing
a single cell were manually identified, recorded, and used to readdress that cell. A
customized program (TestPoint, Measurement Computing, Norton, MA) was used to
measure analyte fluorescence at the capillary-detection window as well as the current across
the capillary.

Capillary Electrophoresis
CE separation of fluorescein and Oregon green dyes was conducted at a field strength of 510
V/cm using a borate-SDS buffer (45 mM borate and 20 mM SDS at pH 9.4). Separations of
SF and S1PF were performed at 450 V/cm using a phosphate-propanol buffer (27 mM
sodium phosphate and 10% 1-propanol at pH 7.3). Fused-silica capillaries (Polymicro
Technologies, Pheonix, AZ) with an inner and outer diameter of 30 and 360 μm,
respectively, were used for the electrophoresis. The total length of the capillary was 35 cm
and the length from the inlet to the detection window was 4 cm. The short effective length of
the capillary was made possible by mounting a custom-built epifluorescence detection
system on the microscope stage, as has been described previously.18
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Cell Culture
PC12 rat pheochromocytoma cells were grown in Roswell Park Memorial Institute (RPMI)
medium containing 15% FBS and 1% penicillin/streptomycin and were used for assay of
phosphorylated PKB. Rat basophilic leukemia (RBL) cells were cultured in Dublecco’s
Modified Eagle Medium (DMEM) with 10% FBS and 1% penicillin/streptomycin and were
used for the fluorescein/Oregon Green experiments. Phosphorylation of sphingosine was
measured in U937 human acute myeloid leukemia cells grown in RPMI media with 10%
FBS and 1% penicillin/streptomycin. All cells were maintained at 37 °C in a humidified 5%
CO2 environment.

Cell Loading with Fluorescent Reagents
RBL cells were loaded in cell traps in the channel system as described previously18 and then
incubated at 37 °C in 5% CO2 for 2–3 h. Prior to CE analysis, RBL cells were incubated in
physiologic buffer containing 250 nM Oregon green diacetate and 50 nM fluorescein
diacetate for 25 min. The cells were then washed 5x with physiologic buffer and analyzed
by CE.

Nonadherent U937 cells were incubated in physiologic buffer containing freshly diluted SF
(5 μM) for 8 min, centrifuged for 3 min at 800g, washed 5x with physiologic buffer, and
then loaded into the cell traps.

Single-Cell CE
For automated serial single-cell analysis, a trapped cell was moved directly under the inlet of
the capillary, which was positioned 50 μm above the plane of the cells. The physiologic
buffer (1 mm/s flow velocity, 35 °C) and the electrophoretic buffer (2 mm/s flow velocity,
25 °C) were held at ground potential throughout the experiment. Excess buffer from both
channels was removed by placing a vacuum line at the channel outlet ends. To analyze the
contents of a cell, the cell was placed under the capillary and lysed by a focused laser pulse,
as described previously.27 The cell contents were electrokinetically injected into the
capillary by applying −5 kV to the capillary outlet for 1 s. The voltage across the capillary
was then set to zero for 1 s and the capillary was transferred through the air gap to the
electrophoretic buffer. During buffer exchange, the capillary remained stationary and the
channel system mounted on the microscope stage was moved. For the fluorescein/Oregon
green analysis, a separation voltage of −18 kV was applied to the capillary outlet for either
14 s, for maximum throughput serial separations, or 52 s for low throughput serial
separations. The separation voltage was −16 kV for 25 s for the SF/S1PF separation. The
voltage was then set to zero for 1 s to move the capillary back to the physiologic buffer and
position it at the address of the next single cell to be analyzed. This process was repeated
under computer control until all single cells in the array were analyzed.

Activation of Cells with Nerve Growth Factor (NGF)
Glass coverslips or cell traps were treated with 1 M NaOH for 1 h, washed, and treated with
100 ng/mL poly-D-lysine for 1 – 12 h. PC12 cells were seeded on the treated coverslips or
cell traps, and then incubated in RPMI media with 10% FBS and 5% FCS (24 h) and
subsequently serum starved in RPMI media with 0.1% FBS (36 h). Cells were then
stimulated with 100 ng/mL nerve growth factor (Millipore, Billerica, MA) for 15 min, as
described previously.28

Immunofluorescence Assay for Phosphorylated PKB
The primary antibody used for the immunofluorescence assay was a phospho-PKB (Ser 473)
rabbit mAb and the secondary antibody was a goat anti-rabbit IgG tagged with an Alexa
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Fluor 488 conjugate, both purchased from Cell Signaling Technology (Danvers, MA).
Blocking buffer (phosphate buffered saline (PBS) with 1% BSA) was purchased from
Thermo Scientific (Waltham, MA). PC12 cells were fixed with 4% paraformaldehyde for 25
min and permeabilized by incubation in 0.1% Triton in PBS for 20 min. The samples were
then incubated in blocking buffer (30 min), primary antibody diluted 1:200 in blocking
buffer (1 h), blocking buffer (1 h), and finally in secondary antibody diluted 1:1000 in
blocking buffer (45 min). Between incubations, the samples were washed 2x with PBS.
Quantitative single-cell analysis of phospho-PKB (the average fluorescence intensity of a
cell) was performed using fluorescence imaging, as previously described.17

RESULTS AND DISCUSSION
Design of a CE System for Single-Cell Analysis

To increase the throughput of single-cell CE while maintaining cell health, an automated CE
system was designed and optimized (Figure 1A). An array of 100 microfabricated cell-sized
wells was used to trap adherent or nonadherent cells at known addressable positions (Figure
1B). The cell trap array was positioned in an open PDMS channel where cells were
continually exposed to fresh physiologic buffer (Figure 1C). Electrophoretic buffer was
contained in a channel parallel to the physiologic buffer channel to prevent cell exposure to
the cytotoxic electrophoretic buffer. These two channels were connected by a perpendicular
channel filled with air that prevented mixing of the two buffer systems. The air was stably
contained within the connecting channel because the surface tensions of the buffers were
greater than the critical surface tension of the hydrophobic PDMS channel, which prevented
wetting of the air channel. During analysis, cells were positioned under the capillary inlet,
lysed, and electrokinetically injected into the capillary. The capillary then traversed the air
channel to the electrophoretic buffer and separation of cellular contents was initiated by
application of a voltage across the capillary. The channel remained in the electrophoretic
buffer during electrophoresis, after which time, the capillary returned to the physiologic
buffer channel to the address of another cell to be analyzed. The process was then repeated.
Capillary movement and alignment over a new cell required less than 1 s.

Characterization of Separation Performance in the Absence of Cells
This system was designed for the repeated injection of cellular contents, which required
multiple plugs of cellular contents to coexist within the capillary, all undergoing separation
simultaneously. However, physiologic buffers possess high salt concentrations, in contrast to
optimized electrophoretic buffers, which often feature low salt concentrations to minimize
capillary current. Low ionic strength buffers enable efficient separations at maximal field
strengths, but the differences in ionic strengths between the electrophoretic buffer and the
physiologic buffer were expected to lead to destacking of the analyte plug, causing
significant peak broadening. To determine how the presence of multiple high-salt plugs
within the capillary impacted separation performance, an equimolar mixture of fluorescein
and Oregon green in physiologic buffer was repeatedly injected into the capillary and
separated. To fully mimic the events during cell analysis, the dyes were placed in the
physiologic buffer channel. A buffer plug (1.6 nL) was loaded into the capillary, which was
then moved into the electrophoretic buffer channel, and electrophoresis was initiated. After
10 s, the capillary was moved back into the physiologic buffer channel, a second plug
injected, and the process repeated. Serial analyte injections were performed in this manner at
a rate of 5.5 injections/min. Under these conditions, 23 high-salt analyte plugs were present
simultaneously in the capillary (0.7 plugs/cm capillary). For each plug loaded, two peaks
were visualized on the electropherogram, one of which co-migrated with fluorescein and the
other with Oregon green (Figure S1, Table S1, Supporting Information). The resolution was
3 ± 0.5 and the peak efficiencies were 7,000 ± 1,000 (4-cm effective capillary length) for the
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fluorescein peak and 2,300 ± 900 for the Oregon green peak. For comparison, a single plug
of the fluorescein/Oregon green mixture loaded into the capillary and electrophoresed
exhibited peak efficiencies for fluorescein and Oregon green of 8,300 ± 600 and 4000 ± 400,
respectively with a resolution of 8.2 ± 0.4. As expected, deterioration in separation
performance occurred due to the multiple high ionic-strength plugs within the low-ionic-
strength electrophoretic buffer. The separation performance of Oregon green was more
markedly decreased than that of fluorescein, likely due to the higher charge of Oregon
green, which made it more susceptible to destacking.29 However, robust separation of the
two dyes remained possible with good peak area (0.78 ± 0.02 for fluorescein and 1.09 ± 0.03
for Oregon green) and migration time (29.2 ± 0.3 s for fluorescein and 34.1 ± 0.2 s for
Oregon green) reproducibility. These results suggested that separation of fluorescein and
Oregon green from single cells would be possible with this system. Importantly, this simple
test strategy could be utilized to predict which buffer/analyte combinations could be
employed successfully with this single-cell analysis platform.

Separation of Fluorescein and Oregon Green from Single Cells
To determine whether the model dyes could be separated from single cells, cells were
preloaded with the dyes and single-cell analysis was performed in an automated fashion at
1.2 cells/min and with 5 sample plugs in the capillary (0.1 plugs/cm). The
electropherograms obtained from the single cells exhibited two fluorescent peaks with
migration times corresponding to that of fluorescein and Oregon green (Figure S2, Table S2,
Supporting Information). The migration times of the fluorescein and Oregon green peaks
were not stable for the first 5 cell-lysate plugs loaded into the capillary with times of 28.5 ±
2 s and 34 ± 5 s (n= 5), respectively (Figure S3, Supporting Information). This was most
likely due to the changing local field strengths within the capillary as more high-salt buffer
plugs were introduced. After the first 5 plugs, the reproducibility in migration time
improved: 26.3 ± 0.3 and 30.9 ± 0.5 s for fluorescein and Oregon green (n= 7), respectively.
When the capillary was pre-loaded with 10 plugs of physiologic buffer prior to single-cell
analysis, the migration times were 26.3 ± 0.3 and 31.4 ± 0.6 s, respectively (Figure S3,
Supporting Information). The peak efficiencies of fluorescein and Oregon green peaks were
2000 ± 800 and 3000 ± 1000, respectively, with a resolution of 1.8 ± 0.5. Thus, the presence
of the cellular constituents decreased separation performance relative to that of the dyes
dissolved in the physiologic buffer solution. This was most likely due to binding of the dyes
to cellular components and adsorption of cellular debris onto the capillary walls.30

To determine whether a higher single-cell analysis rate could be attained without degrading
separation performance, cells were injected and separated at a rate of 3.5 cells/min, which
corresponded to 15 sample plugs present simultaneously within the capillary (0.4 plugs/cm).
For these experiments, the capillary was pre-loaded with 15 physiologic buffer plugs and
then single-cell CE was initiated. The efficiency, migration times and resolution were
similar to that attained at the lower rate of single-cell analysis (Table 1). Thus, the
throughput of the automated system could be increased to 3.5 cells/min without
compromising the system performance. The separation quality and cell throughput was
compared to the separation performance of previously published serial-analysis capillary
and microfluidic systems (Table 1).18,31 Remarkably, this system brings the capillary-based
approach close to the throughput of the microfluidic system with similar separation
performance but with a much greater flexibility in the electrophoretic buffer utilized.

Measurement of Phosphorylated PKB (Phospho-PKB) in Cells Prior to Assay
Accurate measurement of model dyes from cells is possible irrespective of the cell’s
condition as long as the cell’s membrane is intact so that the dyes remain intracellular.
However, accurate measurement of many cellular properties, for example, kinase activation,
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requires that the cell remain unperturbed until cellular reactions are terminated at the
moment of lysis. Many enzymes, including SK, are activated in response to stresses placed
on a cell, such as hypotonic-buffer exposure, shear forces, and chemical insult.32 Thus, it
was important to assess cell health following exposure to potential insults such as epoxy
photoresist contact, adjacent cell lysis, electrophoretic buffer contamination, and other
factors during the assay process. Phosphorylated PKB was measured as a marker for cell
stress since phosphorylation is altered in response to a diverse array of cellular stresses
including oxidative, hyperosmotic, hypoosmotic,33 and nonphysiologic chemical
exposure.34,35,36 The cellular stressors introduced by this system were assayed by measuring
alterations in single-cell basal phospho-PKB during: i) culture in the 1002F cell traps, ii)
incubation in low concentrations of electrophoretic buffer, and iii) a mock single-cell CE
assay, where cells were exposed to the full conditions of the assay prior to lysis, including
the effect of laser-based cell lysis on nontargeted, adjacent cells.

1002F photoresist has previously been shown to be biocompatible in that cells can grow and
divide when cultured on a 1002F surface.26 However, more subtle effects on cellular health,
such as induction of cell stress responses, have not been examined. Cells were cultured on
glass surfaces or in 1002F cell traps for 60 h and phospho-PKB was measured by
immunofluorescence. Cellular fluorescence, or phospho-PKB levels, were indistinguishable
on the two surfaces (Figure S4, Supporting Information). As a positive control, cells on the
two surfaces were stimulated using nerve growth factor (NGF), which is known to activate
PKB. Phospho-PKB levels were identical in cells grown on the different surfaces (Figure
S4, Supporting Information). These data demonstrate that culturing cells in 1002F traps do
not elevate cell stress relative to culture on a glass surface.

Electrophoretic buffers generally possess non-physiological chemicals, low ionic strengths,
and non-neutral pH, all of which might alter cellular physiology and activate stress
pathways. As the capillary is withdrawn from the electrophoretic buffer solution for transfer
back to the physiologic buffer, a meniscus forms on the capillary end due to surface
tension.37 Therefore, small amounts of electrophoretic buffer were expected to be
transported by the capillary into the physiologic buffer as the capillary was moved back and
forth between the two buffer channels. To quantify the amount of liquid that the capillary
transferred, the electrophoretic buffer channel was filled with a trypan blue solution and the
physiologic buffer channel was filled with water. The capillary was repeatedly moved
between these two solutions and the amount of trypan blue in the water-filled channel was
measured using its absorbance at 607 nm. Each movement of the capillary between the
channels transferred 8 ± 1 nL of electrophoretic buffer into the physiologic buffer channel
(Figure S5, Supporting Information). For a physiologic buffer volume of 400 μL, 100
capillary movements would yield a 0.2% (vol/vol) contamination of electrophoretic buffer in
the physiologic buffer.

To characterize the impact of low-level electrophoretic buffer contamination in the
physiologic buffer, phospho-PKB was measured in cells incubated in physiologic buffer
containing 0 – 1% electrophoretic buffer. Three common electrophoretic buffers with a
variety of chemical constituents: Tris (100 mM Tris at pH 7.4), borate-SDS, and phosphate-
propanol were assessed. Borate-SDS and phosphate-propanol buffer were additionally
chosen because they were used for the fluorescein/Oregon green and SF/S1PF separations,
respectively. The number of cells exhibiting phospho-PKB levels greater than 3x the
standard deviation of the average phospho-PKB level in untreated cells was calculated.
Increasing electrophoretic buffer contamination led to greater numbers of cells with
increased phospho-PKB levels for all three buffers (Figure 2A). The borate-SDS buffer
system yielded the highest levels of phospho-PKB at each of the concentrations tested,
increasing phospho-PKB levels relative to untreated cells with as little as 0.1%
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contaminating electrophoretic buffer. The phosphate-propanol buffer caused the smallest
increase in phospho-PKB, requiring at least 1% buffer contamination to increase phospho-
PKB amounts in the cells. These experiments suggest that exposing cells to even very low
concentrations of electrophoretic buffer can alter signaling pathways. Although the
separation performance of single-cell CE and μCE systems can be improved by injecting
cells in electrophoretic buffer to prevent destacking, as several systems have previously
done,19,38 measurements made in these systems may not accurately reflect basal cellular
physiology.

Laser-based cell lysis acts by creating an expanding and collapsing cavitation bubble that
mechanically disrupts cells.27 While bubble size is limited, fluid movement around the
bubble is initiated and could impact nearby cells. To assess the effects of laser-based lysis of
targeted cells on the adjacent nontargeted cells in cell traps, as well as the other possible
stressors during the assay (electric fields during electrokinetic injection, shear stress from
buffer flow, and electrophoretic buffer contamination) phospho-PKB was measured in cells
during a mock cell-assay protocol. The capillary was positioned 100 μm from a trapped cell
(over an empty well) and a focused laser pulse was delivered below the capillary, as would
be performed for actual cell lysis. A voltage was applied to the capillary to load a buffer
plug and the capillary was moved to the electrophoretic buffer channel. This process was
repeated for each cell on the array that was adjacent to an empty cell trap. The mock assay
had no detectable effect on phospho-PKB activity, compared to control cells without
exposure to a nearby laser pulse or capillary (Figure 2B, 2C, and 2F). To test for phospho-
PKB inhibition, a group of positive control cells were stimulated with NGF and the cells
divided into a control and mock-assay group. These NGF-stimulated cells exhibited
increased phosphorylation of PKB, with the control and test groups demonstrating similar
numbers of cells with elevated phospho-PKB (Figure 2D, 2E, and 2F). These results
suggested that the single-cell assay did not increase cell stress levels nor did the assay
procedures inhibit appropriate cellular responses to stimuli prior to cell lysis.

Measurement of S1PF Formation in Single U937 Cells
Once a fast cell assay-system was designed and characterized, formation of S1PF could be
measured in large numbers of cultured U937 cells, a myeloid leukemia cell line. Cells were
incubated with SF, washed, and then loaded into the cell traps. Single cells were then
serially assayed for fluorescent SF metabolites. The separation voltage was applied for 25 s
after the contents of a single cell were loaded into the capillary, yielding a throughput of 2.1
cells/min for a total of >200 cells. The electropherograms of each cell possessed 1, 2 or 3
peaks (Figure 3A). A peak with an average migration time of 30 ± 1 s co-migrated with SF
and a peak that migrated at 41 ± 2 s co-migrated with S1PF. A third peak, present in 7% of
cells, migrated at 35.0 ± 0.9 s, between the SF and S1PF peaks. The resolution between the
SF and S1PF peaks was 3 ± 1.5 and the efficiency of the SF and S1PF peaks was 1300 ±800
and 2000 ± 1000, respectively. The molar amounts of SF, S1PF, and the unknown
compound in cells, calculated by comparing peak areas measured in cells to those measured
using a standard solution with known concentrations of SF and S1PF, varied from
approximately 0.1 – 10 amol with an average of (0.5 ± 2) amol and (6 ± 8) amol for SF and
S1PF, respe ctively (Figure 3B). The percent of phosphorylated reporter (S1PFmoles/(SFmoles
+ Unknownmoles+ S1PFmoles)) in a cell ranged from 0 to 100% with an average of 90 ± 30%
and did not depend on the total amount of reporter loaded into the cells (R2 = 0.003) or the
time of the measurement (R2 = 0.06) (Figure 3B and Figure S6, Supporting Information).
Thus, most cells demonstrated a large capacity to convert SF to S1PF without saturating SK.
A comparison of the percent of SF phosphorylated in single cells revealed that population
average did not capture the distinct subpopulations of cells present (Figure 3C). The
majority of cells (83%) had greater than 80% S1PF. 11% of the cells possessed 1 to 80%
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phosphorylation, and another 6% demonstrated less than 1% phosphorylation. These
categories were also independent of the amount of SF loaded into the cell and the time of the
measurement. Thus, significant heterogeneity existed amongst the cells in terms of S1PF
formation as well as the amount of total reporter loaded. The high levels of S1PF formation
in the majority of these cultured cells is consistent with prior work demonstrating that SK
inhibitors can decrease AML cell survival.2 However, the existence of cell subpopulations
with low to moderate SK activity indicate that SK inhibitors might not be equally effective
on all cells, suggesting that alternative therapies may be necessary to target AML cell
populations not dependent on increased SK activity.

CONCLUSION
A robust, fully automated system for serial single-cell CE was developed and characterized.
The system presented here performs faster analyses of fluorescent dyes and biologically
relevant analytes than any prior capillary-based designs. The flexibility in electrophoretic
buffer selection opens the door for the analysis of a wide range of biological compounds in
single cells without stimulating a cell stress-response. The system was sufficiently robust to
analyze >200 cells and to identify subpopulations of SK activity in the cultured U937 cells.
This examination of heterogeneity in SK upregulation at the single-cell level adds to existing
evidence that indicates SK inhibition could be an effective method for treating leukemia,
although it also suggests that for total annihilation of leukemia cells, combination therapies
will be important. Our long-term goal is to enable targeted drug therapy for AML patients
with upregulated SK activity. Additionally, this single-cell CE system will enable higher
throughput measurements of a wide range of biological compounds in future studies.
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Figure 1.
System for serial assay of single cells. (A) Schematic of the channel system with 9 of 100
cell traps shown in the inset. (B) Bright-field image of 9 cell traps of which 8 are loaded
with cells. The lower left trap is empty. (C) Image of the channel system with both channels
filled with a trypan blue solution. The capillary is positioned over the cell traps. (D)
Electropherogram of serial single-cell analysis of 59 cells pre-loaded with fluorescein (*)
and Oregon green (**). The inset shows an expanded region of the electropherogram
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Figure 2.
Measurement of phospho-PKB in cells. (A) The percent of cells with elevated phospho-PKB
when varying concentrations (0–1%) of electrophoretic buffers were intermixed with
physiologic buffer. Each bar is the average of 3 experiments consisting of ≥ 50 cells each.
The error bars represent the standard deviation. “Borate” represents the borate-SDS buffer
while “Phosphate” describes the phosphate-propanol buffer. (B) Bright-field and
fluorescence images of cells incubated in 1002F cell traps. (C) Bright-field and fluorescence
images of cells incubated at a distance of 100 μm from regions in which a focused laser
pulse was fired and a buffer plug was electrokinetically loaded into the capillary. (D) Cells
treated as in panel B but with prior exposure to NGF. (E) Cells treated as in panel C but with
prior exposure to NGF. (F) The percent of cells with elevated phospho-PKB corresponding
to the experimental conditions shown in panels B to E. Each bar is the average of 3
experiments consisting of 100 cells. The error bars represent the standard deviation.
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Figure 3.
Measurement of SK activity in single U937 cells. (A) Typical electropherogram of the serial
separation of SF (*), S1PF (**), and an unknown (?) in 35 single cells. (B) Percent of
phosphorylated reporter (S1PFmoles / (SFmoles + S1PFmoles + Unknownmoles)) plotted
against the total moles of reporter loaded into the cell (SFmoles + S1PFmoles +
Unknownmoles) for each cell (n = 219). (C) Histogram of the percent of cells with different
levels of phosphorylated reporter (S1PFmoles / (SFmoles + S1PFmoles + Unknownmoles)).
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