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Abstract

Electrically addressable cell traps were integrated with capillary electrophoresis for the analysis of
the contents of single adherent cells. Electrodes composed of indium tin oxide were patterned on a
glass surface followed by formation of topographical cell traps using 1002F photoresist. Single cells
trapped in the holes could be lysed in less than 66 ms by applying a brief electric field (10 ms) across
the electrode beneath the cell and the ground electrode placed in the aqueous media above the cell
traps. The gas formed during cell lysis remained localized within the cavity formed by the 1002F
photoresist. The retention of the gas in the cell trap enabled the cell traps to be coupled to an overlying
capillary without blockage of the capillary. Single cells cultured in the traps were loaded with
fluorescein and Oregon Green and then electrically lysed. By simultaneous application of an electric
field to the capillary, the cell’s contents were loaded into the capillary and electrophoretically
separated. Orgeon Green and fluorescein from a single cell were fully resolved in less than two
minutes. The use of a single patterned electrode beneath the 1002F cell trap yielded a simple easily
fabricated design that was robust when immersed in aqueous solutions. Moreover, the design can
easily be scaled up to create arrays of adherent cells for serial analyses using a single capillary or for
parallel analysis by mating to an array of capillaries. Enhancing the rate of analysis of single adherent
cells would enable a greater understanding of cellular physiology.

Introduction

Chemical cytometry is defined as the use of high-sensitivity analytical tools, such as mass
spectrometry, electrochemistry and capillary or microfluidic separation methods, to
characterize single cells. Chemical cytometry employing an electrophoretic separation has
been used to measure a wide range of cellular properties; for example, quantifying proteins,
enumerating mitochondrial properties, identifying carbohydrate synthesizing enzymes and
glycosphingolipids, and detecting kinase activation in a single cell.1=10 while the
electrophoretic separation of a cell’s contents can be performed on a microfluidic device, to
date it has been performed predominantly using capillaries. One reason is that the capillary can
be transported to the location in which a cell is growing. This attribute is particularly important
since the vast majority of cells grow adherent to a surface and their physiology can be
substantially disrupted when the cells are detached from their growth surface. A second reason
for the greater application of capillaries in chemical cytometry is the ease of buffer exchange
with a capillary. Simply moving the capillary to a new solution vial accomplishes the transfer
of the cell from the high salt physiologic buffer to the electrophoretic buffer which is generally

TElectronic supplementary information (ESI) available: Extended Methods, Fig. S1, Fig. S2.



https://core.ac.uk/display/345214961?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

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

1duasnuey Joyiny vd-HIN

Marc et al.

Page 2

low in salt and contains cytotoxic agents such as detergents. However, a major weakness of
the capillary-based analysis of single cells is its low throughput, typically less than 20 cells
day-1. Strategies with the potential to increase the capillary-based analysis rate of single cells
via faster serial analyses or by parallel analysis would broaden the utility of capillary-based
cytometry in biomedical research.

Several steps in chemical cytometry using capillary electrophoresis are amenable to improved
throughput. Positioning of the capillary over the cell to be lysed and analyzed is often slow,
particularly when the cells are randomly located on a surface. Strategies for fast automated
lysis are also important; however, the lysis strategy must not interfere with the loading of the
cell’s contents into the capillary or the subsequent electrophoretic separation. Finally,
decreasing the electrophoretic time and subsequent capillary wash steps could dramatically
enhance throughput. Marc and colleagues recently reported a method to use a sheathed flow
around a capillary to rapidly move between physiologic and electrophoretic buffers, as well as
to eliminate capillary wash steps. 11 This method also possessed the advantage of using short
capillaries for electrophoresis and attained an analysis rate of 0.5 cells min-1 for single adherent
cells. However, the cells in this strategy were randomly located requiring long times to locate
cells between each analysis step. In addition, the method for cell lysis utilized a detergent,
making lysis times long and the process difficult to automate. The goal of this work was to
demonstrate the feasibility of combining the capillary-based electrophoretic separations with
electrical lysis of arrayed cells for faster cell location, as well as improved cell lysis.

The use of electrical fields to induce cell lysis has been well documented.12-14 1n most
instances, the electrical break down of the outer lipid bilayer of mammalian cells occurs at
field strengths of >1 kV cm-1.14-20 Ejectrical lysis of cells has been accomplished on
microchip devices typically using a total voltage across the electrodes from 6 V to 1.4 kV
depending on the intra-electrode distance.13:14,16,21-24 \when the electric potential of the
electrodes surgasses 2.06 V, electrolysis of water occurs, resulting in the formation of gas at
the electrode.2 This gas formation can rapidly obstruct a microchannel leading to
electrophoretic failure in both microfluidic and capillary-based electrophoresis.22v26 To
reduce or eliminate gas generation, many investigators have turned to AC fields or very short
pulses of a DC voltage. These strategies eliminate or greatly reduce gas formation and blockage
of nearby microchannels. However, for AC fields, the probability of cell lysis is a function of
the field strength, field frequency, and the cell type.27 Therefore, it can be difficult to find a
common set of AC parameters to efficiently lyse all cell types. In contrast, brief DC pulses
producing high field strengths£>10 kV cm1) result in the breakdown of the plasma membrane
of virtually all nucleated cells. 8-30 Thus, electrical pulses of millisecond duration may prove
to be an effective and robust method of lysing a broad range of cell types while minimizing
gas formation.

Numerous methods to pattern cells on microchip formats have been developed, including the
use of micro-wells to retain cells.31-40 A variety of materials, such as glass, poly
(dimethylsiloxane), photoresist, and po!%/(ethylene glycol) have been used to fabricate arrays
of micro-wells for cell localization.34-41 Rettig and Folch reported an array of micro-wells
composed of poly(dimethylsiloxane) with high cell occupancies (>70%) and with the
propensity to trap gas.®* The phenomenon of trapped gas in microstructures has been well
documented in other fields, such as the micropatterning of living cells on micro pallets.42_
45 Arrays of micro wells with the appropriate surface properties have the potential to both
pattern cells and trap the residual gas formed during electrical Iysis.26v

The goal of this work was to demonstrate the feasibility of combining the electrical lysis of
adherent cells held in micro-wells with capillary-based chemical cytometry. Cell traps or
micro-wells composed of two photoresists, SU-8 and 1002F, were evaluated as well as the use
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of electrodes patterned within the micro-well for cell lysis. The rate of lysis of cells within the
micro-wells and the ability of the micro-wells to retain gas generated by the electrode were
measured. The cell traps were modeled using finite element analysis to understand how the
electric field varied within the trap and in regions adjacent to the trap. Multiple cell traps on a
single electrode were fabricated and tested. The cell traps were then coupled to a capillary to
determine whether the microstructures could eliminate gas release into the overlying capillary
during cell lysis. The ability to couple cell entrapment and lysis in a micro-well with the
subsequent separation of the cell’s contents by capillary electrophoresis was also demonstrated.

Experimental

Materials

Pre-cleaned glass slides (75 x 25 x 1 mm) were purchased from Corning Glass Works (Corning,
NY, USA). Oregon Green 488 carboxylic acid diacetate (6-isomer) and fluorescein diacetate
(mixed isomers) were purchased from Invitrogen (Carlsbad, CA, USA). Tissue culture
materials were obtained from Gibco BRL (Gaithersburg, MD, USA). The Sylgard 184 silicone
elastomer kit (poly(dimethylsiloxane)) was purchased from Dow Corning (Midland, Ml,
USA). Shipley 1827 and 1808 photoresist, MF 319 developer, SU-8 photoresist, and SU-8
developer (1-methoxy-2-propyl acetate) were obtained from MicroChem Corp. (Newton, MA,
USA). Gamma-butyrolactone was purchased from Sigma—Aldrich (St. Louis, MO, USA),
EPON resin 1002F (phenol, 4,4'-(1-ethylethylidene)bis-, polymer with 2,2"-[(1-
methylethylidene) bis(4,1-phenyleneoxymethylene bis-[oxirane]) was obtained from Miller-
Stephenson (Sylmar, CA, USA). Indium tin oxide-coated glass (75 mm x 25 mm, 8-12 ohms
per sq) was purchased from SP1 (WestxChester, PA, USA). All other reagents were purchased
from Fisher Scientific (Pittsburgh, PA, USA).

Fabrication of cell traps from SU-8 with two underlying electrodes

A titanium (500A) and gold (2500A) layer were sequentially deposited on a glass slide with
an E-beam evaporator. Shipley 1808 photoresist was spin-coated over the metal layers and
then soft baked. The photoresist was then exposed to a collimated UV source (Karl Suss Model
MJB3) through an iron oxide mask. After developing with MF 319 developer the glass slides
were hard baked. The gold layer was then etched with a potassium iodide solution and the
titanium layer was etched with hydrofluoric acid. After the fabrication of the electrodes, an
SU-8 layer (20 um thickness) was spin-coated on the metal/glass surface. The SU-8 was then
soft baked, and exposed to a collimated UV source (Karl Suss Model MJB3) through an iron
oxide mask. The unpolymerized SU-8 was removed using SU-8 developer. The slides with
electrodes and SU-8 cell traps were baked for 30 min in a 95 °C oven.

Fabrication of cell traps from 1002F with one underlying electrode

Cell culture

ITO-coated glass was spin-coated with Shipley 1827 photoresist and then soft baked. The
photoresist was exposed to an Oriel UV light (365 & 405 nm), and MF 319 developer was used
to remove the unpolymerized photoresist. After baking the glass slides, the electrodes were
etched using hydrochloric acid. 1002F photoresist (20 um thick) was then spin-coated on the
glass/electrodes. The 1002F was soft baked, and exposed to MA6 UV light source (365 nm).
The upolymerized 1002F was then removed with SU-8 developer and the glass slides with
electrodes and 1002F cell traps were then baked for 30 min.

Rat basophilic leukemic (RBL) cells, a mast cell tumor line, were grown at 37 °C and 5%
COy, in Dulbecco’s modified eagle medium (DMEM) supplemented with 10% fetal bovine
serum, .-glutamine (584 mg L™1), penicillin (100 units mL1)and streptomycin (100 pg

Lab Chip. Author manuscript; available in PMC 2009 May 1.



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

1duasnuey Joyiny vd-HIN

Marc et al.

Page 4

mL™1). The cells were grown in custom-made chambers. The bottom of the chamber was a
75% 25 mm glass slide. The chamber dimensions were 5 x 50 mm and the walls were composed
of poly(dimethylsiloxane). Prior to cell culture, the chambers were washed three times with 1
mL of ECB buffer (NaCl, 135mM; KCI, 5mM; MgCl,,1mM;CaCl,,1 mM; Hepes, 10 mM, pH
7.4). Cells were loaded into the chamber at a density of 100 cells mm™2. After a 15 min
incubation, the chamber was slowly tilted 30-45° and the buffer with excess cells (not in cell
traps) was removed from the chamber with a pipette. Tissue culture media was added to the
chamber and the process repeated three times to insure the removal of all cells not in a cell
trap. Sixty percent of the traps were occupied with single cells. The remaining forty percent of
the traps were either vacant or possessed multiple cells. However, higher occupancy ratios are
gossible using the methods described by Folch and colleagues or Toner and collaborators.34
7 Occasionally, cells (~1 cell per 30 mm? of surface) were present on the 1002F beween the
traps. The chamber with cell traps was then placed in an incubator for 12 h prior to use.

Modeling of the electric field strength

Estimation of the electric field generated in the cell trap was performed using the finite element
method (FEM) software from COMSOL (Version 3.3, COMSOL, Burlington, MA, USA).
Lagrange quadratic equations were used to generate a two dimensional DC model in a
conductive media. The model was comprised of a cell trap (20 um deep, 30 um diameter) in
the center of the lower boundary. The lower and upper boundaries were 1 mm in length. The
distance from the upper to lower boundary was 0.8 mm. The ground electrode was 0.1 mm
long and centered along the upper boundary. All of the boundary conditions were
nonconductive except for the base of the cell trap, which was held at 100 V potential.

Capillary electrophoresis of cell contents

Cell lysis

A capillary (15 cm length, 360 um O.D., 50 um 1.D.) possessing a surrounding tube or sheath
which supplied the electrophoretic buffer was used to separate the contents of single cells as
described previously.11 To sample a cell, the inlet end of the capillary was positioned 10-40
um above the cell just prior to cell lysis. A physiologic buffer solution flowed across the cell
to prevent exposure of the cell to electrophoretic buffer. Simultaneously, a voltage (100 V for
10 ms) was applied to the electrode below the cell, the electrophoretic buffer through the sheath
was initiated, and a voltage (9 kV, CZE1000R, Spellman, Plainview, NY, USA) was applied
across the capillary. Electrophoresis was continued for 2 min during which time the fluorescent
analytes (Oregon Green and fluorescein) from the lysed cell passed through the detection
window of the capillary. After this time the sheath flow and voltage applied to the capillary
were terminated. The capillary inlet was then manually moved to the next cell and the process
reinitiated to analyze another cell.

Other experimental parameters were as follows. The composition of the physiologic buffer
was ECB cell buffer (NaCl, 135 mM; KCI, 5 mM; MgCI2, 1 mM; CaCl2, 1 mM; Hepes, 10
mM). The electrophoretic buffer was comprised of sodium dodecy! sulfate (20 mM), and
sodium tetraborate (10 mM, pH 9.3). The flow rate of the physiologic buffer moving across
the cell prior to its lysis was 2 mm s™1. The flow rate of the electrophoretic buffer through the
tube surrounding the capillary was 0.7 mm s~1. The total length of the capillary was with a
window for fluorescence detection 12 to 14 cm from the inlet. Fluorescence detection was as
described previously.11

A pulse generator (214B, Hewlett Packard, Palo Alto, CA, USA) was used to generate DC
pulses. The pulse shape and voltage were measured using an oscilloscope (TDS1002,
Tektronix, Richardson, TX, USA) and directed to the electrodes on the glass chip.
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Fluorescent image analysis

Images were acquired using an inverted microscope with a camera (XC-ST70, Sony, Park
Ridge, NJ, USA) and recorded using a digital video recorder (PVVR2000 PCI, Leadtek, Taipei,
Taiwan). Image J software from the National Institute of Health (http://rsb.info.nih.gov/ij/)
was used to measure the fluorescent image intensities of the recorded images. The background
fluorescence was subtracted from all images. See the electronic supplementary informationt
for the techniques used to culture and load cells with the fluorescent compounds.

Results & discussion

Design and fabrication of traps for fast cell lysis

To facilitate visualization by microscopy, the traps were fabricated on a glass surface and the
walls of the traps were composed of the photoresist SU-8. The initial design employed two
electrodes to address each cell trap (Fig. S1).1 For adequate adhesion of the electrodes, a layer
of titanium was initially plated onto the glass followed by a gold layer. The photoresist was
then overlaid and patterned to yield the circular cell traps, each with a diameter of 30 um. This
design suffered from multiple weaknesses. The cell traps required precise placement over the
electrodes, making alignment difficult and prone to failure. In addition, the electrodes were
not transparent, so that portions of the cell could not be viewed. Lastly, when an aqueous
solution was placed around the cell traps the SU-8 delaminated from the glass surface over a
2-8 h time period (Fig. S2).t To correct these weaknesses, a new design was developed
employing a single electrode at the base of the cell trap (Fig. 1A). The second electrode was
placed in the aqueous media surrounding the cell trap and was used as a common ground for
both the cell lysis and electrophoretic separations performed in later experiments. This design
permitted a rapid fabrication with wide tolerances in alignment. An indium tin oxide (ITO)-
coated slide was purchased and regions of the ITO removed leaving electrodes of 0.75 mm
width. The cell traps could then be located in any region directly above an electrode, greatly
facilitating alignment of the electrode layer and cell-trap layer. In addition, half as many
electrodes and corresponding electrical access points were required compared to the initial
design. The single patterned electrode at the base of the trap is therefore capable of supporting
a higher density of electrically addressable cell traps. To eliminate layer delamination, the SU-8
photoresist was replaced with 1002F photoresist to form the cell traps.47 1002F photoresist
has greater adhesion to glass than SU-8 and did not delaminate when exposed to aqueous
solutions over several days. An added benefit of the 1002F photoresist is its ten-fold lower
fluorescence in the visible wavelengths relative to that of SU-8. An asset of this design is that
multiple traps could be fabricated per electrode (Fig. 1B). Therefore, all electrodes will likely
address at least one cell, even if the trap occupancy rate by cells is less than 100%. Since this
single electrode design was simpler to fabricate and more stable in an aqueous solution than
the two-electrode design, the single patterned electrode was used for all subsequent
experiments.

Modeling of the electric field in cell traps with a single underlying electrode

A necessary requirement for electrical lysis of cells within the trap is that all regions of the cell
(or cell trap) be exposed to similar field strengths so that the entire cell is lysed. In addition,
nearby cells on non-activated electrodes should not experience substantial electric fields. To
determine whether the cell trap/electrodes could meet these needs, the electric field generated
in the cell trap during application of a voltage to the underlying electrode was modeled using
finite element methods. The 2-D model possessed a circular cell trap 30 um in diameter and
20 um in depth. The electrode at the base of the cell trap was held at 100 V while the ground
electrode was placed 0.8 mm above the cell trap and was 0.1 mm in width (Fig. 2). The
dimensions were chosen to mimic standard electrode spacing parameters. Similar results were
found with models when the electrode size and spacing was varied. The model demonstrates

Lab Chip. Author manuscript; available in PMC 2009 May 1.


http://rsb.info.nih.gov/ij/

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

1duasnuey Joyiny vd-HIN

Marc et al.

Page 6

that the electric field in the cell trap is homogeneous except at the uppermost edges of the trap.
With a voltage of 100 V at the base of the trap, the field strengths within the trap are in excess
of 10 kV cm™1, which is sufficient to lyse all types of mammalian cells. In addition, the field
strength falls off rapidly at the top of the cell trap. Within 430 um of the cell trap, the field
strength is less than 0.1 kV cm™L. In addition, non-targeted cells contained in nearby cell traps
would be out of the current pathway and thus experience even lower field strengths than if not
in the cell trap. Thus in situations where non-targeted cells can not be exposed to electric fields
prior to lysis, the cell traps could be patterned as close as 500 um to each other. It is important
to note that the field strength applied to the cell will vary from this idealized model. This is
partially due to the difference in conductance between the cell and the physiologic buffer.
However, the steady state solution of the electric field across the cell trap provides a useful
view of the field strengths generated during lysis.

Measurement of the rate of cell lysis within cell traps

Determining the speed of cell lysis is important in understanding the types of analytes within
cells that can be accurately measured using electrophoretic-based methods. For example, the
concentrations of second messengers or the phosphorylation state of proteins can change on
the time scale of a second.#8:49 Cell lysis on this same time scale can result in alterations in
these analytes, obscuring their true concentration or state at the moment of lysis. Therefore,
accurate measurement of rapidly changing analytes requires cell lysis times of much less than
1 s to avoid the introduction of artifacts. To determine the rate of cell lysis in the traps, RBL
cells were loaded into cell traps, cultured for 12 h, and then loaded with a mixture of fluorescein
and Oregon Green.

Prior to delivery of the electrical pulse, the cells appeared intact by transmitted light microscopy
and were brightly fluorescent (Fig. 3A,B). The cells were then imaged by fluorescence
microscopy during and after application of 100 V for 10 ms. Images were acquired at 33 ms
intervals and the electrical pulse was applied at random times with respect to the image
acquisition times. The time for the loss of the fluorescent dye from the cell was used as a
measure of how fast cell lysis occurred. Cells in traps that did not receive a voltage pulse did
not exhibit a loss of fluorescence during the imaging time.

Within 33 ms of delivery of the voltage, gas was generated at the electrode and the fluorescence
of the cell was substantially decreased (Fig. 3C). This suggests that the plasma membrane was
breached and that the fluorescent dye had exited from the cell. By 66 ms, the cell was nearly
nonfluorescent, indicating nearly complete loss of the dye from the cell. When the cell trap
was imaged by transmitted light microscopy following application of the electrical pulse, a
large gas bubble occupied the cell traps and remnants of the cell were frequently visible
surrounding the cell trap (Fig. 3D,E). Itis likely that as the gas was produced at the underlying
electrode, the cell was sheared loose from its attachments to the electrode surface and may
have been lysed by a combination of electrical and mechanical forces. To quantitate the rate
of lysis, the fluorescence of cells in cell traps was measured during and after application of the
electrical pulse (10 ms, 100 V). The normalized cell fluorescence was plotted over time for 8
cells (Fig. 4). All cells were lysed by the voltage pulse irrespective of whether the cells were
over electrodes with single or multiple traps (Fig. 1B). Every trap was completely filled with
abubble following voltage delivery. The average fluorescence decrease at the 33 ms time point
was 40+ 20% and 0 + 1% at the 66 ms time point. The time required for the cell to become
nearly nonfluorescent was a measurement of the time for cell lysis plus the time for the dyes
to diffuse from the cell into the extracellular solution. Thus, 33—-66 ms represents an upper limit
for the time to lyse the cell. These data suggest that a very brief (10 ms) increase in the electric
field strength was sufficient to lyse cells in less than 33-66 ms, times sufficiently fast for the
measurement of almost every cellular analyte. These experiments were performed without
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capillary electrophoresis in order to demonstrate the role of the electrical pulse in cell lysis. In
addition, the multiple cell traps on a single electrode may be of utility in simultaneously loading
arrays of capillaries with the contents of single cells

Integration of cell trap-based lysis with capillary electrophoresis

Han and colleagues demonstrated the ability to lyse cells electrically and then load their
contents into a capillary for electrophoretic separation.26 The method, however, was not robust
since it employed a tapered, gold-plated capillary as an electrode. The small capillary tip was
easily fractured and delamination of the gold layer from the capillary was frequent. To
determine whether the cell traps might offer a more robust method of electrical lysis when
paired with capillary electrophoresis, the lumen of a capillary was centered 20 um above a cell
trap (Fig. 5A). An electrical pulse (10 ms, 100 V) was delivered to the electrode at the base of
the cell trap. Simultaneously, a voltage was applied across the capillary. The outlet end of the
capillary was maintained at 9 kV while the inlet of the capillary above the cell trap was held
at ground potential. The cell trap was then immediately examined by microscopy. The bubble
was retained within the cell trap and did not enter into the capillary (Fig. 5B,C). The ability of
the cell traps to retain the gas formed during the voltage pulse was most likely due to the
hydrophobicity of the 1002F as well as the geometry of the cell trap. Thus, the surface tension
of the overlying aqueous fluid, the surface energy of the 1002F, and the geometné of the trap
are such that a lower energy state is attained when air remains in the cavity.50‘5 After the
voltage pulse and initiation of the electrophoretic voltage, the capillary was translocated away
from the cell trap and the current through the capillary monitored for two minutes before the
voltage across the capillary was turned off. The current through the capillary remained within
20% of the average capillary current for the 57 traps tested from 3 different arrays. These data
suggested that the gas bubble did not enter the capillary when the gas was formed during cell
lysis. In a second set of experiments, the capillary remained over the cell trap during the two
minute electrophoresis time. In this instance, 2 of 58 tested traps resulted in a greater than 20%
current drop through the capillary. Implementation of automated capillary translocation
following cell lysis and loading of the cells contents into the capillary may enable the sequential
analysis of large numbers of single adherent cells.

Analysis of cells using capillary electrophoresis coupled to cell traps

To determine whether the contents of cells cultured and lysed within a cell trap could be loaded
into a capillary and electrophoretically separated, cells were cultured in a trap and then loaded
with a mixture of fluorescein and Oregon Green. The lumen of a capillary was positioned above
the cell (Fig. 6A). An electrical pulse (10 ms, 100 V) was applied to the electrode below the
cell trap. Simultaneously, electrophoretic buffer flow was initiated through a sheath tubing
surrounding the capillary11 and a voltage was applied across the capillary to initiate
electrophoresis (Fig. 6B). Within two minutes, two fully resolved fluorescent peaks were
observed on the electrophoretic trace (Fig. 7). The migration time of the first peak corresponded
to that of a standard of fluorescein, while the migration time of the second peak corresponded
to that of an Oregon Green standard. Lysis and separation of additional cells yielded similar
results (n =5 cells). The peak area and heights for Oregon Green and fluorescein were similar
to that attained previously when the contents of dye-loaded cells were electrophoretically
separated following detergent Iysis.ll Thus single cells can be rapidly lysed in a cell trap, the
cellular contents loaded into an overlying capillary, and Oregon Green and fluorescein from a
cell successfully separated and detected.

Conclusion

A platform for the electrical lysis of adherent cells followed by the electrophoretic separation
of introduced cytoplasmic constituents has been demonstrated. The use of traps enables the
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patterning of the cells in a regular array as well as the retention of gas formed at the electrode
surface during cell lysis. Cell lysis is fast, occurring in 33—66 ms, so that rapidly changing
analytes in cells could be measured with this method. The platform could be further enhanced
by optimization of the electrical pulse shape and height as well as the geometry of the cell trap
and position of the overlying capillary. When serially analyzing cells, the rate of cell lysis is
ultimately limited by peak overlap between sequentially lysed cells. For Oregon Green and
fluorescein, the width of the peaks plus the time between the peaks was 30 s. Therefore, one
cell could be analyzed every 30 s without peak overlap between consecutively lysed cells. This
translates into a maximal cellular analysis rate of ~120 cells h~1. This compares favorably to
the current analysis rate of 20 cells day 1 using capillary electrophoresis. Thus, full integration
and automation of cell lysis with electrophoretic separation could permit greatly increased rates
of analysis of single adherent cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(A) Depiction of the electrode fabrication process. A 1002F cell trap is patterned over an indium
tin oxide electrode. (B) Depiction of the 3 cell trap electrode patterns tested with 1, 2, or 3 cell
traps per electrode.
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Fig. 2.

(A) The results of a 2-D finite element model of a cell trap on a single electrode. A conductive

media with a 100 V potential between the cell trap electrode and the ground electrode was

used. (B) Enlarged view of the cell trap. Note that the majority of the electric field strength

generated in the cell trap is greater than 10 kV cm™2.
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Fig. 3.

Electrical lysis of single cells in cell traps. (A) Shown is a bright field image of single cells in
a cell trap (marked with an asterisk) prior to application of a voltage pulse. The cells were
previously loaded with fluorescein and Oregon Green. (B) Shown is a fluorescence image of
the cells in panel A. (C) Image of the cells in panel B, 33 ms after application of a voltage pulse
(100 V for 10 ms). (D) Image of the cells in panel C after another 33 ms. (E) A bright field
image of the gas contained in the cell traps shown in panels A—D following cell lysis.
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Fig. 4.

Time course of cell lysis. The fluorescence of the cell as a percentage of that prior to the voltage
pulse is shown on the y axis. The voltage pulse was applied at time 0. Data was acquired for
eight cells. Each data point at a given time represents the data for one cell.
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Fig. 5.

Images of a capillary over a cell in a trap. (A) Before cell lysis. A cell marked by the small
arrow is centered beneath the lumen of the capillary. The lumen (50 um diameter) of the
capillary is visualized as the lighter area immediately surrounding the cell. The edge of the
outer capillary wall (360 um diameter) is marked by the large arrow in the lower right hand
corner. (B) Image of the capillary and trap in panel shown in (A) but 66 ms after application
of a voltage pulse. The cell has been lysed and is no longer present. Instead a gas bubble is
seen within in the cell trap. (C) Image of the capillary and trap in panel (B) but the trap has
been translocated laterally with respect to the capillary lumen. The arrow marks the gas bubble
retained in the trap. The capillary and its lumen are seen to the right of the trap.
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Fig. 6.

Cell traps coupled with a capillary electrophoresis system. (A) Shown is a schematic of the
side view of a capillary electrophoresis system over a cell cultured in a cell trap before lysis
of the cell. (B) Shown is the same system in (A) but at the moment of when the electric field
isappliedto lysis the cell in the cell trap. Simultaneous with cell lysis, the electrophoretic buffer
flow is initiated so that the capillary tip and cell are surrounded by electrophoretic buffer. A
voltage is also applied across the capillary initiating electroosmotic fluid flow into the capillary.
The buffer flows toward an outlet placed in the cell chamber to the right of the capillary. (C)
A schematic of the residual bubble in the cell trap is shown following cell lysis. The contents
of the cell have moved into the capillary. Please see ref. 11 for a fuller description of capillary
electrophoresis using a sheath-flow system to supply electrophoretic buffer.
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Fig. 7.
Electrophoretic separation of the contents of a single cell loaded with Oregon Green and
fluorescein.
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