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Abstract
We report a system that allows the simultaneous aspiration of one or more cells into each of five
capillaries for electrophoresis analysis. A glass wafer was etched to create an array of 1 nL wells.
The glass was treated with poly(2-hydroxyethyl methacrylate) to control cell adherence. A
suspension of formalin-fixed cells was placed on the surface, and cells were allowed to settle. The
concentration of cells and the settling time were chosen so that there was, on average, one cell per
well. Next, an array of five capillaries was placed so that the tip of each capillary was in contact with
a single well. A pulse of vacuum was applied to the distal end of the capillaries to aspirate the content
of each well into a capillary. Next, the tips of the capillaries were placed in running buffer and
potential was applied. The cells lysed upon contact with the running buffer, and fluorescent
components were detected at the distal end of the capillaries by laser-induced fluorescence. The
electrophoretic separation efficiency was outstanding, generating over 750,000 theoretical plates
(1,800,000 plates/meter). In this example, AtT-20 cells were used that had been treated with TMR-
GM1. The cells were allowed to metabolize this substrate into a series of products before the cells
were fixed. The number of cells found in each well was estimated visually under the microscope and
was described by a Poisson distribution with mean of 0.95 cells/well. This system provides an
approach to high-throughput chemical cytometry.

Cytometry is the analysis of individual cells. Flow cytometry and image cytometry are powerful
tools that characterize large numbers of cells.1 However, these measurements can characterize
only a handful of specific target molecules. In contrast, chemical cytometry employs powerful
analytical tools to characterize the composition of single cells.2–24 While classic cytometry
is capable of analyzing a few components from a very large number of cells, most
instrumentation for chemical cytometry is capable of analyzing a large number of components
but at a much lower rate.

Most chemical cytometry studies have employed manual manipulation to select cells for
subsequent analysis. There have been several efforts to improve the sample throughput based
on continual lysis and analysis of cells distributed in a flowing stream. Ocvirk reported a
microfabricated device for the analysis of β-galactosidease activity in single HL-60 cells.25
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Cells were mixed with surfactant to effect lysis. The lysate was mixed with a fluorogenic
substrate that was enzymatically converted to fluorescent product, which was detected
downstream from the point of lysis. This system produced an analysis rate of perhaps 10 cells/
minute. However, this system did not employ a separation step and was able to resolve only
one component. Wang reported a similar system with a slightly different geometric design that
allowed analysis rates approaching 1 cell per second, but again measuring only one component.
26

Wu reported a microfluidic system that can capture a cell, lyse the cell, derivatize the lysate,
and separate the labeled components with fluorescence detection.27 In this example, amino
acids were determined from single cells. The separation efficiency of this system was limited
by the interface between the reaction and separation portions of the device and separation
efficiency appeared to be less than 15,000 plates.

We believe that the short separation distances found in microfabricated devices limits the
applied potential, and hence separation efficiency, in electrophoretic separations. This limited
efficiency is particularly important when chemical cytometry is used to analyze complex
cellular components, such as the proteome or complex metabolic pathways of a single cell. We
have focused on the use of conventional capillary electrophoresis systems for chemical
cytometry.17–24 These systems provide the very high efficiency typical of classical capillary
electrophoresis with convenient interface with high-sensitivity detection. Most importantly,
the availability of multiple-capillary systems, which were originally developed for high-
throughput DNA sequencing, may provide an avenue to high-throughput singe cell analysis.
28–30

There remains a significant challenge in employing multiple capillary electrophoresis for
chemical cytometry. In single capillary instruments, a capillary is moved with
micromanipulators over a cell of interest, which is aspirated into the capillary for lysis.22 While
practical for a single capillary instrument, such manual manipulations are unacceptable when
dealing with a multiple capillary instrument. In this paper, we report an interface that allows
the routine analysis of cells captured in 1-nanoliter wells located on a glass substrate. By
capturing cells in wells that are in registration with a capillary array, we are able to
simultaneously analyze a set of cells with minimal manual manipulations.

This system is applied to the analysis of ganglioside metabolism in AtT-20 cells.31 Cells are
incubated with a fluorescent substrate, TMR-GM1. These cells take up the substrate, which
undergoes catabolism to create a series of metabolites that retain the fluorescent tag. By
employing capillary electrophoresis with laser-induced fluorescence detection, we are able to
employ chemical cytometry for the analysis of metabolism at the single cell level.

Experimental Section
Optical components

A version of the instrument has previously been described.32 We have made several
modifications to the optical components. A 10 mW 532 nm solid-state diode-pumped laser
(Lasermate) supplied the fluorescence excitation. Signal was passed through a 580 DF40
bandpass filter.

Injection block
The injection block was modified to inject cells simultaneously into five capillaries, Figure 1.
See supporting information for this manuscript for a detailed description. The design of the
multi-capillary injector was based on the single cell injector for an individual capillary.22 It is
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fabricated from Plexiglas so that cells can be visualized with the transmitted light on an inverted
microscope.

The capillaries were held in an alignment plate with five 375-µm diameter holes, Figure 2.
This plate was fit into the top injection block and held the capillaries in precise registration. A
set of five 365-µm OD, 160-µm ID fused silica capillaries were used as alignment sleeves and
were epoxied into the alignment plate. Finally, the 40-cm long, 148-µm OD, 25-µm ID fused
silica electrophoresis capillaries were glued to the alignment sleeves. The capillaries extended
approximately 5-mm from the injection block. The distal ends of the capillaries were threaded
into the five-channel sheath-flow cuvette.28

Microwell Array Glass Substrates
The glass well substrates were fabricated from three-inch borosilicate glass wafers (Erie
Scientific, Portsmouth, NH). The wafers were cleaned with a piranha etch and a 70 °C RCA-1
solution, after which 150 Å of chrome and 3000 Å of gold was thermally evaporated onto one
side of the glass surface. AZ1512 photoresist (Clariant Corporation, Sommerville, NJ) was
spun onto the wafers, which were then soft baked at 90 °C for one minute and exposed through
a transparency mask on an Oriel 3-inch aligner. The photoresist was developed in AZ300 MF
developer (Clariant) for 30 s and hard baked at 110 °C for five minutes. Gold was etched with
Gold Etch TFA (Creekside Technologies, Snohomish, WA) for 120 s and the chrome was
etched with Chrome Etch TFD (Transene Company, Danvers, MA) for 10 s. Remaining
photoresist was washed away with acetone. Blue-Tack (Semiconductor Equipment
Corporation, Moorpark, CA) was used on the backside of the wafers for protection during
subsequent hydrofluoric acid etching. Exposed glass was etched in 49% hydrofluoric acid
(VWR, San Francisco, CA) for the time required to achieve a microwell depth of approximately
50 µm. The lithography process was repeated for a second mask that creates 3 µm lips around
the outer edge of each well. Remaining gold and chrome were removed and the wafer was
cleaned sequentially in acetone, isopropanol, and deionized water. This fabrication process
resulted in chips with nine arrays of nine wells, 150 µm in diameter by 50 µm deep. The wells
were spaced on 400 µm centers (Figure 3). A dicing saw was used to cut the 1 × 1 cm chips
out of the wafer. The glass chips were evenly coated with 7.5% poly(2-hydrohyethyl
methacrylate) to reduce the cell’s tendency to stick to the surface of the glass.10

Cell Preparation
AtT-20 cells were grown in Dulbecco’s modified Eagle medium with 10% horse serum and
antibiotics to prevent bacterial contamination. They were incubated at 37 °C with 5 % CO2.
The synthesis of the tetramethylrhodamine-GM1 substrate was described elsewhere.33 Briefly,
tetramethylrhodamine-GM1 was added to the medium that also contained defatted bovine
serum albumin. The cells were then incubated for 50 hours in this medium. Following the
incubation, the cells were detached from the dish using 1× Trypsin/EDTA and washed five
times with phosphate-buffered saline (PBS).

After incubation, cells were fixed using a solution of 4% formaldehyde in PBS at room
temperature for 12 minutes. After removal of the formalin solution, the reaction was quenched
by adding PBS, which was supplemented with 10mM glycine, to the cell suspension. The
suspension were rinsed five times with fresh PBS and stored in the dark at 4 °C. Before each
experiment, the cells were rinsed twice with PBS.

Cell Seeding and Aspiration
The fixed AtT-20 cells were seeded at a concentration of 30,000 cells/mL. The cells were
allowed to settle into the wells for 2 hours. Longer settling time resulted in more cells per well.
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The cell seeded-substrate was placed on a glass slide that was placed on an inverted microscope.
A micromanipulator was used to place the capillary array on the array of wells. The supporting
information for this manuscript shows photographs of the aspiration of single cell from a well.
The cells were aspirated into the capillaries by exposing the sheath flow at the end of the
capillaries to an 87 cm water column for 1 s.22 After aspiration, the injection ends of the
capillaries were placed in a single microcentrifuge tube containing running buffer.

Capillary Electrophoresis
Separations were performed using 40 cm long, 25 µm ID, 148 µm OD uncoated fused-silica
capillaries. The polyimide coating was removed with a gentle flame from both ends of the
capillaries. The running buffer contained 35 mM sodium deoxycholate, 10 mM sodium
tetraborate, and 5 mM methyl-β-cyclodextrin and the running voltage was 16 kV.

Results and Discussion
The inverted microscope was used to estimate the number of cells loaded in each well, Figure
4. The number of cells observed per well ranged from 0 to 9, with an average of 0.98 cells/
well. The distribution followed a Poisson distribution (smooth curve in Figure 4), with the
exception of two outliers that contained 7 and 9 cells. Those cases may reflect clumping of the
cells.

In operation, the capillaries were placed over five of the nine wells in an array, and the contents
of those wells were aspirated into the capillary for analysis. Based on the Poiseulle equation,
roughly 1 nL of solution was aspirated from each well.22 Figure 5 presents a set of high-
efficiency separations obtained from one experiment. Peaks were identified based on the
migration time of standard compounds.31,35-36 The data were aligned using a two-point
algorithm based on the migration time of Cer and GM1.35 The cell-to-cell profiles are quite
similar, as expected for cells obtained from the same cell line. Two wells contained no cells
and three wells contained a single cell. The electrophoresis patterns observed from the single
cells are similar to that observed in our earlier work,31 except that there was no evidence for
expression of LacCer or GlcCer, which generated low amplitude peaks in our earlier
experiments. The fixed cells used in this proof-of-principle experiment were stored for several
months at 4 °C, and it is likely that the low molecular weight compounds leaked from the cells
during storage. The observation of Cer in the empty wells supports this hypothesis; that
compounds is present in high abundance in our cells and likely contaminated the cellular
supernatant. Differences in amplitude of the Cer peak between capillaries reflect differences
in the photodetector sensitivities and in the optical alignments of the sample streams.

The GM1, GM2, and Cer peaks from the top three traces were fit with a Gaussian function using
non-linear regression. The resulting plate counts ranged from 600,000 to 950,000 plates, with
an average of 800,000 ± 140,000, which is much higher than that observed with microfabricated
devices that are employed for chemical cytometry. The high efficiency likely reflects two
factors. First, we employ high potential for the separation, leading to improved plate counts.
Second, the running buffer must efficiently lyse cells when the buffer front sweeps past the
cell, leading to sharp initial analyte zones.

This system provides an attractive means of introducing cells into an array of capillaries for
high throughput chemical cytometry. However, the system has one clear limitation: the number
of cells contained in each well is not controlled and instead is governed by Poisson statistics.
By adjusting the average number of cells per well to one, roughly 40% of the wells will contain
a single cell. It is necessary to visually inspect the wells before analysis to determine the number
injected. A delivery system will ultimately need to be developed to ensure deposition of a single
cell in each well.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Multi-capillary single cell injection block fabricated from Plexiglas. 1, five-capillary array; 2,
platinum electrode; 3, nitrogen gas channel; 4, buffer reservoir.
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Figure 2.
Capillary array. The alignment plate had five 375-µm diameter holes. 365-µm OD 160-µm ID
alignment sleeves were made from fused silica capillary and epoxied to the plate. Finally, the
148-µm OD 25-µm ID separation capillaries were threaded through the plate.
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Figure 3.
Diagram (left) and photograph (right) of the etched glass surface with the array of 1-nL volume
wells.
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Figure 4.
Histogram of the number of cells found in a well. A total of 55 wells were inspected with a
microscope and the number of cells was counted visually. The smooth curve is the unweighted
least-squares fit of a Poisson distribution to the distribution; the mean of the Poisson
distribution was 0.98 cells/well.
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Figure 5.
A set of five electropherograms generated simultaneously from a cell suspension aspirated
from an array of one-nanoliter wells. The top three traces were generated from capillaries that
aspirated a single cell from a well while the bottom traces were generated by capillaries that
aspirated from an empty well. The peak identification is based on migration pattern of
standards, and the nomenclature is that used in reference 31. Un1, Un2, and Un4 are unknown
peaks that do not co-migrate with our standards.
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