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We present a new method to analyze the cytoplasmic contents of single cells in large cell populations.

This new method consists of an array of microchambers in which individual cells are collected,

enclosed, and lysed to create a reaction mixture of the cytoplasm with extracellular detection agents.
This approach was tested for the analysis of red blood cells in 10 000 microchambers in parallel. Single
cells were routinely collected in more than 60% of microchambers, the collected cells were robustly (up
to 99%) lysed by electric fields, and the cytoplasm enclosed in each microchamber was analyzed with
fluorescence microscopy. Using a heterogeneous cell mixture, we verified that the new method could

distinguish individual cells by cytoplasmic composition and the analysis compared well with

conventional flow-cytometric evaluation of mixed cell populations. In contrast to flow-cytometry, the
new method monitored single cells over time, thus characterizing the distributions of caspase activities
of 5000 individual cells. This approach should be interesting for a variety of applications that would

benefit from the ability to measure the distribution of cytoplasmic compounds in complex cell

populations, including hematology, oncology, and immunology.

Introduction

Single-cell analysis has become an important tool for charac-
terizing cellular contents in cell populations.’* Unlike bulk
experiments that rely on averaging entire populations, single-cell
approaches analyze large numbers of individual cells and deter-
mine the distributions of cellular properties. Such distributions in
cell populations turn out to be a hallmark of physiology and
pathology,®* and have been defined with current techniques
including flow-cytometry,>”’ laser scanning cytometry,®*® and
automated microscopy.”''* However, these techniques are
mainly used to define cell surface markers,»® as only limited
probes are available that penetrate the cell membrane for
measurement of cytoplasmic compounds. For the detection of
other cytoplasmic compounds, cells need to be permeabilized!! or
modified>71*!* to express fluorescence, which changes the cell
physiology.® Methods based on single-cell lysis**?! have been
used to avoid these issues, but are impractical as a method to
measure a significant number of cells in a reasonable amount of
time for establishing statistically relevant distributions within
a large cell population. The measurement of enzyme activity in
single cells adds further complexity, as it requires monitoring of
substrate use over time under well-defined conditions.

To address these limitations, we present a novel approach using
large-scale arrays of microchambers to allow cytoplasmic char-
acterization of individual cells. As proof of principle, we use arrays
with approximately 10 000 microchambers (approximately 1000 fl
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each) in which individual red blood cells (90 fl) are lysed, leading to
a defined dilution of the cytoplasm in a reaction mixture of choice.
The concept is depicted in Fig. 1. Cells are collected into open
microwells, which are covered to form closed microchambers. The
isolated cells are electrically lysed, followed by measurement of
a chemical reaction in the microchambers.

Compared to previously reported single-cell arrays*®-10-12-22-27
and liquid-liquid droplet microfluidics,?®-! this method enables
lysis of individual cells in closed volumes. In contrast to other
microfluidic approaches,'’*5-21:32 this method offers the rapid
collection of cells from an out-of-plane (vertical) direction
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Fig. 1 Single-Cell Microchamber Array (SiCMA). In each micro-
chamber, an individual cell is collected, enclosed, and lysed to create
a reaction mixture of the cytoplasm with extracellular detection agents.
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without complex microfluidic channels and valves. The simplicity
of fully closed chambers sacrifices the ability of adding and
manipulating chemical reagents after closure, but offers rapid
measurements of a much larger cell number. By simply choosing
the array size, populations of 100 000 cells measured in parallel
are easily attainable. Analysis of such large numbers of cells can
be used to define the distribution of entities in cell populations
similar to flow-cytometry. As in flow-cytometry surface markers
can be defined, but in contrast to flow-cytometry a larger set of
cellular probes can be used to measure cytoplasmic compounds.
Moreover, individual cells can be measured over time, allowing
enzymology of single cells in large populations.

Results and discussion

To test the concept, we designed and fabricated a single-cell
microchamber array (SiICMA) composed of a microwell array

(88 by 116, total 10 208 wells) and a glass cover with gold elec-
trodes (Fig. 1 and S17). The five-step working principle is illus-
trated (see Experimental and Fig. 2) using red blood cells (RBCs).
In the first step, cells were loaded by dropping a RBC suspension
on the top of the microwell array.*'>*>2* A simple flow of buffer
across the top removed cells not trapped in the microwells. As
shown in the optimization results (Fig. 3A), most microwells
(83.3 £ 3.0%) contained a single cell, while the remaining wells
were empty or showed the presence of more than one cell (see
Experimental and Fig. 3B). In the second step, a glass plate with
electrodes was placed on top of the wells to create closed micro-
chambers, where liquid solutions could be enclosed without leaks
for an hour.** The pitch of wells and electrodes was chosen such
that alignment was not needed. While the closing of the chambers
removed some cells from the wells, more than 60% of 10 208
chambers routinely contained single cells (see Experimental and
Fig. 3C). In the third step, automated image analysis defined the
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Fig. 2 The five-step operations illustrated by cartoon images (left) and microscopic images (right). (A) Cells are seeded on a microwell array. (B)
Microwells are covered to form closed microchambers. (C) Cells in each microwell are identified. (D) An electrical pulse is applied to lyse the cell and mix
its contents with the surrounding medium. (E) The ensuing chemical reaction is monitored by fluorescence.
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Fig.3 Single-cell collection in the microchamber array. (A) Cell occupancy as a function of microwell diameters after the cell loading. (B) Loaded cells
on the microwell array. 86.0% of 2552 wells (1/4 of a total area) contained single cells. (C) Captured cells in the microchamber array after the chamber-
closing. 67.1% of 2552 chambers (1/4 of a total area) contained single cells. Repeated measurements (10 times) showed the single-cell occupancy of 65.4 +
7.8% after the chamber-closing. (B) and (C) were visualized by the fluorescence microscopy of APC tagged cells.

presence of cells in each chamber (Fig. S2t). Thus, micro-
chambers with single cells can be differentiated from those with
no or multiple cells. Subsequently in the fourth step, a voltage
pulse was applied across the electrodes to disrupt the plasma
membrane and the cytoplasm mixed with the surrounding
medium (Movie S17). In the fifth and final step, the optical signal
resulting from the mixture of cytoplasm and detection agents was
recorded separately for each chamber (Fig. S31). The optical
signal represented the amount of target cytoplasmic compounds
in single cells. The concentration of the cytoplasmic compounds
can be obtained with additional fluorescence dyes that can
monitor the volume of single cells.

Fluorescence intensity al 519nm (AU)

Fluorescence intensity at 660nm (AU}

To verify the ability to measure cellular characteristics in
a heterogeneous population, we used a heterogeneous mixture of
RBC. One portion of RBC was labeled with the fluorescently red
labelled allophycocyanin (APC), and a second portion was
loaded with the fluorescently green calcium indicator Fluo-4. The
mixture of APC and Fluo-4 cells was suspended in a calcium-
containing buffer. Since the fluorescence of Fluo-4 is strongly
dependent on the calcium concentration, the low calcium
concentration inside normal RBC results in low green fluores-
cence of intact Fluo-4 cells. The lysis of Fluo-4 cells generates
strong green fluorescence due to the extracellular calcium. The
mixed cells were sub-optimally loaded in the array on purpose,
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Fig. 4 Multicolor single-cell analysis of a mixed cell population. (A) Image of 1/16 of the SICMA device (628 microchambers) showing red or green
fluorescence after lysis of the cells. (B) Dot plot of the fluorescence intensity in each of 10 208 microchambers. (C) Dot plot of the fluorescence intensity
after removal of microchambers with one or multiple cells from the data in (B). (D) Two-color flow-cytometric analysis of the same cell population.
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resulting in a significant number of chambers with either zero or
multiple cells. After closing of the microchambers, image analysis
in normal light determines the presence of cells in the chambers.
Sub-optimal loading allowed us to test the performance of the
image analysis software in its ability to distinguish the presence
and number of cells in each chamber. Fluorescence analysis
determined chambers that contained APC labeled cells (red) or
damaged Fluo-4 cells (green) before electrical disruption of the
membrane. Less than 0.1% of the chambers showed high green
fluorescence, indicating low cell damage during the loading and
closure procedures (Fig. S37). Fluorescence analysis after elec-
trical disruption of the membrane showed that chambers with
APC cells were still red, chambers with Fluo-4 cells turned green,
and chambers with both APC and Fluo-4 cells appeared yellow
(Fig. 4A). Histograms (Fig. S4+) and two-dimensional dot plots
(Fig. 4B) were generated based on fluorescence intensity of each
chamber (event). Fig. 4B shows a typical experiment with upper-
left (UL, green), upper-right (UR, yellow), lower-left (LL, dark),
and lower-right (LR, red) quadrants that contained 3702 (UL),
761 (UR), 3806 (LL), and 1939 (LR) events, respectively.

The image analysis software (see Experimental) was programmed
to identify “no cell”, “single cell”, and “multiple cell” events based
on microchamber images captured before the cell lysis. Applying
the image analysis effectively removed events in the LL (no cell) and
UR (both Fluo-4 and APC cells) quadrants (Fig. 4C and S57). Of
the 4567 events in the LL and UR quadrants, only 187 or 4% were
not removed by image recognition, and manual analysis of these
events showed that the majority were empty chambers or chambers
with multiple cells recognized incorrectly due to unwanted shadows
of electrodes or other defects (events d and e, Fig. S2D and S2Ef¥).
Similarly, multi-cell events were effectively removed from the UL
and LR quadrants leaving 2133 and 864 events, respectively. Only
in 19 events (0.6%), cells were not lysed (event f, Fig. S2F) under
the electrical conditions chosen.

These results show that, even with sub-optimal loading, statis-
tically relevant data can be collected on cell populations using
image analysis. Flow-cytometric analysis of the same population
was also performed after incubation with the calcium ionophore
A23187 (Sigma), generating strong green fluorescence in the Fluo-4
loaded cells. The flow-cytometric data (Fig. 4D) indicated a 1 to
2.46 ratio of APC to Fluo-4 cells in this mixture, which correlated
well with the SICMA data (1 : 2.47 ratio). Together, these experi-
ments indicate that this new method is able to distinguish

individual cells in mixed populations, is able to detect cytoplasmic
compounds, and that the analysis compares well with well-
established flow-cytometric evaluation of mixed cell populations.

In contrast to flow-cytometry, this approach can readily
monitor single cells over time, allowing the measurement of
enzyme activities by definition of substrate breakdown or product
formation. To illustrate this, we measured caspase 3 activity with
a fluorogenic substrate (Z-DEVD-R110, Molecular Probes).
Caspase activity leads to the breakdown of this substrate and an
increase in fluorescence at 520 nm. RBCs in which caspase 3 was
activated were loaded into microchambers in a buffer containing
Z-DEVD-R110. Fluorescence intensities were compared between
microchambers with no and single cells after electrical disruption
of the RBC membranes (Fig. 5A). Immediately after the cell lysis,
both empty chambers and chambers with a single cell exhibited
low fluorescence (235 + 193 and 308 + 304 AU, respectively),
indicating low substrate breakdown. While empty microchambers
maintained low fluorescence, microchambers with lysed single cells
generated an increase in fluorescence over time, as the breakdown
of the substrate by caspase released from the cytoplasm progressed
(Fig. 5A and S67). Analysis of fluorescence increase in each
microchamber allowed us to define enzyme activity of single cells
in cell populations (examples shown in Fig. 5B). Under the
conditions chosen, fluorescence increase was linear in virtually all
microchambers over the 30 minutes of measurement. A histogram
of the fluorescence increase rates during the 30 min incubation
(Fig. 5C) represents the distribution of the relative caspase activity
in single cells in the total cell population (5102 cells).

In conclusion, we present a novel approach to analyze the
cytoplasm of single cells in heterogeneous cell populations. We
envision that the single-cell microchamber array or SICMA can
be used in a variety of applications that would benefit from the
ability to measure the distribution of cytoplasmic compounds or
enzyme activities in complex cell populations, including hema-
tology, oncology, and immunology.

Experimental
Device fabrication

PDMS (polydimethylsiloxane) microwell arrays and glass covers
with electrodes were fabricated using conventional micro-
molding and micromachining techniques. Masters for the
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Fig. 5 Caspase 3 activity of single cells. (A) Fluorescence signals in time in empty microchambers (@) and microchambers with single cells (). (B)
Three examples of fluorescence signals in individual microchambers with single cells. Caspase activity expressed as an increase rate of fluorescence in
time is indicated. (C) Distribution of caspase 3 activity in all microchambers with single cells.
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microwell arrays were made from photolithographic patterns of
SUS8-2010 (MicroChem) on silicon wafers. PDMS was poured
over the master and then degassed before curing. After curing,
the PDMS microwell arrays were peeled off. Glass covers with
Cr/Au electrodes were fabricated with a lift-off process. Photo-
resists, LOR-10A (MicroChem) and S1818 (Rohm and Haas),
were patterned on a glass wafer, and then Cr/Au layers (10nm/
120nm) were thermally evaporated on the wafer. Finally,
photoresist removal defined Cr/Au patterns for electrodes on the
glass wafer. The PDMS microwell arrays were treated with
a high frequency generator (BD-10AS, Electro-Technic Prod-
ucts) to avoid trapping of air bubbles in microwells. The
microwell arrays were blocked with 0.5 mg mL~' bovine serum
albumin and rinsed with Hepes-buffered saline (HBS) before use.

Sample preparation

Whole blood from healthy volunteers was drawn in acid citrate
dextrose (ACD) after obtaining informed consent using an IRB
approved protocol. Red blood cells were separated by centrifu-
gation and washed with Hepes-buffered saline (HBS, 10 mM
Hepes, pH 7.4, and 145 mM NacCl) by repeated centrifugation
and aspiration of the supernatant. The red blood cells were re-
suspended at 5% hematocrit in buffer HBSF (10 mM Hepes, pH
7.4, 145 mM NacCl, 0.15 mM MgCl,, 5 mM glucose, and 5 mM
inosine) and stored at 4 °C until use within 48 h. Before use, cells
were suspended in buffer at room temperature to a cell concen-
tration as indicated.

Cell loading

A drop of a red blood cell suspension (0.2% hematocrit) was
applied to the top of a microwell array, resulting in the entrap-
ment of cells in microwells as previously reported.®'***2* After
allowing the cells to settle for 15 min, a simple flow of buffer
across the top removed cells not trapped in the microwells. In
order to maximize the single-cell occupancy in microwells, we
tested microwells that had various diameters (9, 11, 13, and 15
um) and a fixed depth (11 um). For each kind of microwell
arrays, 10 prototypes of 100 microwells were observed with
optical microscopy after the cell loading. As indicated in Fig. 3A,
microwells with diameters of 9 um and 11 pm showed high single-
cell occupancies of 85.0 £ 4.0% and 83.3 £ 3.0%, respectively.
These results coincided well with that of the previous research
achieved with the single-cell occupancies of 80-90% in 20 000—
30 000 microwells.®'>*22* For the simple fabrication, we chose
a larger diameter and performed further analysis with microwells
whose diameter was 11 pm. Fig. 3B shows an example of the cell-
loading results on a large-scale (2552 wells) array of microwells.

Chamber closing

The PDMS microwell array was placed in a Petri dish before the
cell loading as shown in Fig. 2. After the cell loading, a buffer
solution with detection agents was added to the Petri dish so that
the microwell was immerged in the buffer. A glass cover with the
electrode pattern was attached to a microstage and placed on top
of the microwell. For the attachment, we used a thick (I cm)
PDMS block between the cover and the stage. This soft block
enabled perfect enclosure of all chambers even if the microwell

array and the cover were not parallel. Then, we moved down the
glass cover gently with the microstage to close the microwells.
The cover was pressed and hold with a pressure of 10 + 5 kPa to
avoid leakage from the chambers. After this chamber-closing
step, the microchambers were ready to be analyzed.

As indicated in Results and discussion, the closing of the
chambers removed some cells from the microwells that contained
cells. This effect was quantified with microscopic observations
before and after the chamber closing. From 10 repeated
measurements with 100 microwells, we verified that 21.3 4+ 10.0%
of cells were removed from the microwells, and finally 65.4 +
7.8% of the closed microchambers contained single cells. This
level (~60%) of the single-cell occupancy was also achieved in
large-scale arrays, as shown in Fig. 3C. Thus, by simply
increasing the array size to 20 000 microwells, populations of
10 000 single cells are easily attainable. Such numbers allow the
measurement of distribution curves in large cell populations.

Image acquisition

The device was mounted on an inverted fluorescence microscope
(Olympus IX 70) equipped with a Photometrics Coolsnap FX
camera (1 M pixel CCD). Sixteen bright-field images of 628
microchambers were captured to cover entire 10208 micro-
chambers for cell identification. Each microchamber was shown in
a 20 by 20 pixel image, with the minimum resolution for the current
cell-identification software. For opto-chemical analysis, four fluo-
rescence images of 2552 microchambers were captured. Each of the
four quadrants of the device has its own electrodes, which made it
possible to individually lyse the cells in each quadrant and follow
fluorescence changes in time after the electrical cell lysis.

Cell identification with image analysis

We developed a simple program to identify cells in micro-
chambers (Fig. 2) with MATLAB (The Mathworks).>* This
program used the bright-field images of the microchamber arrays
that were captured before the cell lysis. First, periodic patterns of
electrodes and microchambers were recognized and excluded in
the analysis. Subsequently, cell areas (pixels) were defined based
on dark or yellow colors using the image segmentation by
optimum global thresholding.>* From these pixels, cell areas and
area moments of inertia (MOI) were calculated. The cell areas
defined the presence of cells or empty chambers, and the MOIs
differentiated microchambers with single cells from those with
multiple cells. In some cases, shadows from electrodes interfered
in the recognition process in the low-resolution images. In order
to evaluate the program, we manually counted cells in the
microchambers and compared the result with that of the image
analysis program. The 8 repeated comparisons of 29 micro-
chambers showed that 16.4 £+ 8.4% of events were misidentified.
In addition, most of these misidentified events were excluded in
the final result. Only 3.0 £+ 3.9% of events remained and gener-
ated errors since they were no-cell or multi-cell events that were
misidentified as single-cell events.

Cell lysis

A 0.2 second pulse of a 36.8 Vpp, 2 MHz AC signal was applied
to the 3 um gap electrodes. Cells were attracted to the electrodes
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by positive DEP (dielectrophoretic) force®-*7 within the first 0.1 s
and lysed at the position of the maximum electric field. The two
buffers in our test have conductivities of 1.535 mS cm™! (10 mM
Hepes, pH 7.4, 190 mM sucrose, 0.5 mg mL~' BSA, 8 mM NaCl,
and 1 mM CaCl,) and 1.521 mS cm~! (10 mM Hepes, pH 7.4, 190
mM sucrose, 0.5 mg mL~' BSA, 9 mM NaCl, 5 mM DTT
(dithiothreitol), and 25 uM Z-DEVE-R110 (Molecular Probes/
Invitrogen)), respectively, optimal for lysis of red blood cells in
this electrical field.*2!-3%37-40

APC labeling*!

Allophycocyanin (APC) tagged cells were prepared by labeling
with APC streptavidin of red blood cells biotinylated by incu-
bation for 15 min at 37 °C with 0.9 mM EZ-link Sulfo-NHS-LC-
biotin (Pierce) at 5% hematocrit in HBSF. After three washes in
HBSF, the biotinylated cells were incubated with APC-conju-
gated streptavidin (Molecular Probes/Invitrogen) at 0.25 pg
mL~'. The APC tagged RBCs were washed and resuspended at
0.2% hematocrit in working buffers.

Fluo-4 loading*'

Red cells were resuspended at 0.4% hematocrit in buffer B (10
mM Hepes, pH 7.4, 70 mM NaCl, 80 mM KCl, 0.15 mM MgCl,,
0.1 mM EGTA, 10 mM inosine, and 5 mM pyruvic acid) to
preserve ATP levels during the Fluo-4 loading procedure. Fluo-4
AM (Molecular Probes/Invitrogen) was added at a final
concentration of 2.5 uM and the cells were incubated for 1 h at
37 °C, followed by two wash steps in HBSF.

Calcium loading*!

Red blood cells were incubated for 10 min at 37 °C with 400 nM
calcium ionophore A23187 (Sigma) in 1 mM calcium. The
suspensions were then placed at room temperature in the dark
and evaluated within 20 min by flow-cytometry.

Flow-cytometry

Flow-cytometric analysis was performed on a FACS Calibur
flow cytometer (Becton Dickinson). Flowjo software (FlowJo)
was used for data analysis.

Caspase 3 activation in RBC*

Caspase 3 in red blood cells was activated by #-BHP (tert-
butylhydroperoxide) treatment. Red blood cells (5% hematocrit)
were treated with 3 mM ¢-BHP for 60 min. The cells were washed
three times in a five-fold volume of HBS, resuspended in the
working buffer, and kept on ice for further analysis.
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