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Analysis of the intracellular materials of a small number of cancer cells at the single-cell level is important
to improve our understanding of cellular heterogeneity in rare cells. To analyze an extremely small number
of cancer cells (less than hundreds of cells), an efficient system is required in order to analyze target cells
with minimal sample loss. Here, we present a novel approach utilizing an advanced electroactive double-
well array (EdWA) for on-chip analysis of a small number of cancer cells at the single-cell level with mini-
mal loss of target cells. The EdJWA consisted of cell-sized trap-wells for deterministic single-cell trapping
using dielectrophoresis and high aspect ratio reaction-wells for confining the cell lysates extracted by lysing
trapped single cells via electroporation. We demonstrated a highly efficient single-cell arraying (a cell cap-
ture efficiency of 96 + 3%) by trapping diluted human prostate cancer cells (PC3 cells). On-chip single-cell
analysis was performed by measuring the intracellular B-galactosidase (B-gal) activity after lysing the
trapped single cells inside a tightly enclosed EdWA in the presence of a fluorogenic enzyme substrate. The
PC3 cells showed large cell-to-cell variations in $-gal activity although they were cultured under the same
conditions in a culture dish. This simple and effective system has great potential for high throughput
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Introduction

Single-cell analysis of a small number of cancer cells (i.e., cir-
culating tumor cells or cancer stem cells) is important to im-
prove our understanding of tumor heterogeneity, which
would contribute to various clinical applications, such as di-
agnosis, prognosis, and choice of therapy. For instance, iden-
tifying the circulating tumor cells' biological heterogeneity is
required in order to predict drug response and resistance,
and to monitor therapy response and the cancer recurrence
rate." A major issue with analyses of rare cells is that the tar-
get cells are extremely rare and mixed with other cell types.
For instance, only 1-100 circulating tumor cells exist in 10
mL of blood, mixed with 10" blood cells. Recently, micro-
fluidics has been successfully employed for high-throughput
and automatable isolation of rare cells by using the
physical,>® biochemical”® or dielectric properties” ™" of the
target cells. However, an efficient method for the analysis of
isolated target cells at the single-cell level has yet to be devel-
oped because of technical difficulties in manipulating an ex-
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tremely small number of target cells (less than hundreds of
cells). To analyze such a small number of target cells, a novel
method that enables high efficiency single-cell capture and
subsequent analysis of the intracellular materials of the cap-
tured cells needs to be developed.

Lab-on-a-chip technologies have been widely employed for
the manipulation and analysis of single cells to understand
the cellular heterogeneity in a cell population.'* The use of
cell-sized microwells in an array is the simplest method to ar-
ray single cells by using gravity.">'* Dielectrophoresis (DEP)
has been used for trapping and sorting individual cells.”>"’
Hydrodynamic single-cell arraying methods have been used
to observe cellular responses, allowing a rapid change of bio-
chemical reagents for various stimuli.'*° Recently, a signifi-
cant improvement in single-cell trapping yield (97%) has
been realized by optimizing the flow profiling.>' However,
these single-cell arraying techniques have only been applied
for observing cellular responses to chemical stimuli. A micro-
well array, utilizing electrostatic functions including DEP for
cell trapping and electroporation (EP) for cell lysis, was devel-
oped for arraying single Escherichia coli cells and lysing them
to get intracellular materials.>* However, the device could not
be used for the analysis of the intracellular materials from
single cells since confinement of the lysates of single cells
was not technically possible; cell membrane disruption was
immediately followed by diffusion of the cell lysates, causing

This journal is © The Royal Society of Chemistry 2016
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cross-contamination of the intracellular materials among
each cell. To directly analyze intracellular materials within
single cells, confinement of the intracellular contents is re-
quired to prevent cross-contamination and dilution of the
intracellular materials after cell lysis.

Analysis of intracellular materials, such as nucleic acids
and proteins, in single cells is required to study the molecu-
lar characteristics of target cells and their diverse biological
functions. Multilayer polydimethylsiloxane (PDMS) micro-
fluidic devices,”*2®* water-in-oil droplets,”* and micro-
fabricated structures®® have been developed to confine and
directly analyze the intracellular materials of single cells. A
practical drawback of these approaches is the low throughput
nature of the single cell trapping and lysing process. To im-
prove the throughput, we developed an electroactive micro-
well array containing electrodes at the bottom of each micro-
well for trapping single cells by using DEP, followed by on-
chip single-cell analysis after lysing the trapped cells by using
EP.*"*? Similar approaches utilizing arrayed microwells were
developed for the analysis of intracellular materials of single
cells.** ¢ Although previous methods successfully demon-
strated the feasibility of on-chip single-cell analysis of intra-
cellular materials, it is difficult to utilize these systems to an-
alyze a small number of cells because of their exceedingly
low cell capture efficiency. For instance, methods utilizing
hydrodynamic cell traps have shown a low cell capture effi-
ciency of approximately 1% (ref. 34) or 5% (ref. 37) because
most cells were diverted around the trapping structure in-
stead of flowing directly into it. Our previous electroactive
microwell array’’?> utilizing DEP for cell trapping also
showed a low cell capture efficiency of 10% due to the rela-
tive thickness (15 um) and moderate aspect ratio (diameter
to thickness ratio) of the microwells. These factors prevented
efficient cell delivery to the bottom of the microwells, where
strong electric fields were formed. Because the number of tar-
get cells is extremely low in rare cancer cell analysis, improve-
ment in cell capture efficiency is required for reliable single-
cell analysis of the intracellular materials of a small number
of cancer cells.

Here, we present a novel method utilizing an electroactive
double-well array (EAWA) to achieve highly efficient single-
cell trapping, followed by confinement and on-chip analysis
of the intracellular materials from trapped single cells

Small number of
target cells

Highly efficient single-cell arraying
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(Fig. 1). The cell capture efficiency was significantly improved
by utilizing a high aspect ratio reaction-well fabricated on a
thin trap-well, which allowed efficient cell delivery to the bot-
tom of the well where the DEP force was the strongest. The
tightly enclosed double-wells efficiently confined the intracel-
lular materials from the single cells for subsequent on-chip
analysis. Here, we report the validation of the EAWA device
by performing electric and flow field simulations and evaluat-
ing the cell capture efficiency by trapping a small number of
prostate cancer (PC3) cells. The feasibility of the EdWA for an
on-chip single-cell analysis was demonstrated by measuring
the intracellular B-galactosidase ((3-gal) activity of the trapped
single PC3 cells.

Working principles and design of the
device
Dielectrophoresis for cell trapping

The electroactive microwells employed DEP to trap the target
cells into electrodes patterned at the bottom of each micro-
well. The DEP force (Fpgp) acting on a spherical cell with a ra-
dius of a can be approximated by

Fppp = 2me.a’Re[K2nf)|V|E.|?, 1)
£~ E.

K(2nf) = el —Ze_ 2

( f) gccll +2€c ( )

where ¢, f, and E. are the permittivity, the frequency, and the
amplitude of the electric field, respectively. The subscripts
cell and e represent the cell and the suspending medium,

and &€ =&+—J is the complex permittivity, where ¢ is the

2nf
conductivity and j = (-1)". Re[K(2nf)] is the real part of the
polarization factor, called the real part of the Clausius-
Mossotti (CM) factor. When the real part of the CM factor is
larger than 0, cells are attracted toward the strong electric
field (positive DEP (pDEP)). Conversely, when the real part of
the CM factor is less than 0, cells are directed away from the
strong electric field (negative DEP (nDEP)). The CM factor
can be controlled by adjusting the conductivity of the exter-
nal medium and the frequency of the applied electric fields.

Cell lysis followed by on-chip analysis

Fig. 1 A schematic illustration of the analysis of intracellular materials from single cells. A small number of cells were arrayed at the single-cell
level with minimal target cell loss using DEP. The arrayed single cells were isolated inside tightly enclosed microreactors with assay reagents. Iso-
lated single cells were lysed using EP and cell lysates were available to react with the assay reagents. Intracellular materials from the single cells
were analyzed by measuring the signals from the reaction.
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PDEP is widely used for the manipulation of mammalian
cells due to the simple electrode design and strong DEP force
that can be applied to the target cells. However, mammalian
cells suspended in a culture medium typically show an nDEP
response due to a high culture medium conductivity. In the
present study, a sucrose-based low conductivity buffer was
used to decrease the medium conductivity and to adjust the
osmotic pressure. A high magnitude and positive real part of
the CM factor was achieved at a megahertz-order electric field
(Fig. S1t). Several demonstrations using a low conductivity
buffer’® showed no effect on cell viability during cell culture
following cell trapping with pDEP.

Design of the electroactive double-well array

The EAWA was composed of a trap-well array for single-cell
trapping and a reaction-well array for the confinement and
analysis of lysates from single cells (Fig. 2A). Transparent
electrodes were patterned on a glass substrate to induce
electrostatic forces, including DEP and EP. The distance be-
tween electrodes was 8 pm, which was smaller than the target
cell diameter (15 um). To achieve single-cell resolution for
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DEP trapping, thin trap-wells (20 um in diameter) were fabri-
cated on the electrodes using a photoresist, and aligned with
the electrodes in order to place a pair of electrodes (anode
and cathode) at the bottom of the trap-wells. The trap-well ar-
ray structure efficiently blocked the electric fields except for
the area where the trap-wells were patterned. Additionally,
high aspect ratio reaction-wells (11 pm in height) were fabri-
cated on the trap-wells using a photoresist to prevent collapse
of the trapped cells during the double-well closing process.
Tightly enclosed double-wells efficiently confined the intra-
cellular materials from single cells after lysis using EP
(Fig. 2B). The high aspect ratio of the reaction-well allowed
efficient target cell delivery towards the bottom of the
double-wells where the DEP force was the strongest.

To improve the cell capture efficiency, the double-wells
were obliquely-arranged and the cells were focused at the
center stream using the sheath flow that was generated in
the microfluidic channel (Fig. 2C). In the present EdWA, only
the cells flowing to the double-wells could be trapped in the
double-wells since the electric fields formed on the double-
wells and were efficiently blocked between the double-wells
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Fig. 2 Design of the EdWA and the fabricated device. (A) A schematic illustration of the device. Each double-well had patterned electrodes at the
bottom of the trap-well to induce DEP for cell trapping. Thin trap-wells and high aspect ratio reaction-wells were fabricated on the patterned
electrodes. The trap-wells had a diameter comparable to that of the cells, which allowed deterministic single-cell trapping. (B) Confinement of
intracellular materials from single cells. The double-wells were tightly enclosed by pressing a PDMS membrane onto the EAWA. The reaction-well
protected the trapped single cells from collapsing during the well-closing process. The trapped single cells were lysed using EP and the intracellu-
lar materials from the cells were confined to the enclosed EAWA for a downstream on-chip assay. (C) A photo of the fabricated EDWA. The EAWA
substrate was assembled with a PDMS microfluidic channel that had an access port for sample injection and side channels to focus injected cells
into the center of the EAWA with sheath flow. The double-wells were obliquely-arranged to efficiently trap cells that flowed over the EDWA. The
array contained 1464 double-wells inside a 17 mm? area.
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by an insulation layer. By arranging the double-wells
obliquely in an array, the cells efficiently flowed onto the
double-wells. Moreover, the cells flowing between the EAWA
and the side walls of the microfluidics channel could not be
trapped since there were no electrodes between the EdWA
and the side walls of the microfluidic channel. To solve this
problem, the sheath flow was induced by the flow from the
side channels to focus the cells at the center stream of the
microfluidic channel.

Materials and methods
Device fabrication

The EdWA was fabricated using conventional photolithogra-
phy and etching processes.’’ First, the shape of the
electrodes was patterned on an indium tin oxide (ITO)-coated
glass substrate (GEOMATEC Co., Japan) by using a positive-
type photoresist (S1813; Shipley Far Ltd., USA). S1813 was de-
posited onto the clean ITO glass using a spin coater. Here,
the photoresist was spread onto the ITO glass at 500 rpm for
10 s and then increased to 4000 rpm at an acceleration of
700 rpm per second. The ITO glass substrate was then soft-
baked at 120 °C for 2 min. After baking, a chromium photo-
mask, which was patterned for the interdigitated electrode,
was applied to the photoresist-coated ITO glass and exposed
to ultraviolet light. Subsequently, the resist was developed
using a developer (AZ developer; AZ Electronic Materials) for
2 min, and the ITO glass was rinsed with deionized water.
The ITO was etched with an etchant (ITO-02; KANTO
KAGAKU Co., Japan) for 5 min at 40 °C. Afterwards, the sub-
strate was cleaned and rinsed with acetone and isopropyl al-
cohol to remove the photoresist layer that remained on the
substrate. To fabricate a trap-well array on the patterned
electrodes, the patterned ITO electrodes were coated with a
negative-type photoresist (SU-8 3005; MicroChem Co., USA).
Here, SU-8 3005 was spread onto the electrode substrate at
500 rpm for 10 s and then raised to 4000 rpm at an accelera-
tion of 700 rpm per second, to a thickness of 4 um. To fabri-
cate thick trap-wells for the evaluation of thickness-
dependent cell capture efficiency, a negative-type photoresist
SU-8 3010 (MicroChem Co., USA) was spread at 500 rpm for
10 s and then increased to 3000 and 1000 rpm to fabricate
the 9 and 17 um trap-wells, respectively. The photoresist-
coated electrode substrate was then soft-baked at 95 °C for 2
min. A chromium photo-mask patterned for the trap-well ar-
ray was aligned with the patterned ITO electrodes and ex-
posed to ultraviolet light. The substrate was then post-
exposure baked at 95 °C for 1 min, and was subsequently de-
veloped for 2 min using an SU-8 developer (propylene glycol
monomethylether acetate; GODO Co. Ltd., Japan) and rinsed
with isopropyl alcohol (Wako Pure Chemical Industries, Ltd.,
Japan). To fabricate additional reaction-wells on the trap-
wells, the trap-well substrate was coated with SU-8 3010 by
spreading it at 500 rpm for 10 s, which was then increased to
2800 rpm at an acceleration of 460 rpm per second, to a
thickness of 11 um. The substrate was then soft-baked at 95

This journal is © The Royal Society of Chemistry 2016
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°C for 4 min. A chromium photo-mask patterned for the
reaction-well array was aligned with the trap-well array sub-
strate and exposed to ultraviolet light. The substrate was then
post-exposure baked at 95 °C for 2 min, and subsequently de-
veloped for 4 min using an SU-8 developer and rinsed with
isopropyl alcohol.

The microfluidic channel for the EdWA was fabricated by
using PDMS (Silopt 184; Dow Corning Toray Co. Ltd.)
through a standard replica molding process. A mold master
was fabricated with a negative-type photoresist (SU-8 3035,
MicroChem Co., USA). SU-8 3035 was spread onto a silicon
wafer at 500 rpm for 10 s, which was then increased to 2000
rpm at an acceleration of 400 rpm per second, to a thickness
of 50 um. The wafer was then soft baked at 95 °C for 15 min.
A chromium photo-mask patterned for the fluidic channel
was applied to the silicon wafer and exposed to ultraviolet
light. The wafer was then post-exposure baked at 95 °C for 5
min, and subsequently developed for 8 min using an SU-8 de-
veloper and rinsed with isopropyl alcohol. To allow easy re-
lease of the PDMS replica, the mold master was exposed to
CHF; plasma and coated with a fluorocarbon layer using a
reactive-ion etching machine (RIE-10NR; Samco Co., Japan).
A PDMS prepolymer was mixed with a curing reagent (at a
10:1 mass ratio) and poured into the mold master. The mix-
ture was incubated in a desiccator at approximately 0.02 MPa
for 30 min to remove bubbles from the PDMS prepolymer.
Subsequently, the PDMS was cured at 75 °C for 2 h and poly-
merized PDMS was then removed from the mold. The height
and width of the microfluidic channel were 50 and 3600 um,
respectively. Thereafter, holes were made to serve as access
ports to the flow channels.

The PDMS channel and the EDWA substrate were exposed
to O, plasma using a reactive-ion etching machine and
bonded together. Before use, the device was washed with eth-
anol and water to prevent air bubbles in the double-wells;
subsequently, the wells were filled with a low conductivity
buffer.

Cells and reagents

The PC3 human prostate cancer cell line (obtained from the
RIKEN Bio Resource Center, Japan) was used for this demon-
stration. The PC3 cells were cultured in a humidified incuba-
tor (37 °C in an atmosphere of 5% CO,). The culture medium
was RPMI 1640 (Invitrogen, USA) supplemented with fetal bo-
vine serum (10%; Gemini Bio-products, USA) and penicillin-
streptomycin (1%; Sigma Chemical Co., USA). To adjust the
conductivity of the cell suspension medium, a low conductiv-
ity buffer (10 mM HEPES, 0.1 mM CacCl,, 59 mM p-glucose
and 236 mM sucrose) was used. Bovine serum albumin (BSA;
Sigma Chemical Co., USA) was added to the low conductivity
buffer to block nonspecific cell adhesion (2% w/v). The final
conductivity of the buffer was 22.4 mS m™". An enzymatic as-
say for intracellular -gal was carried out using a fluorogenic
B-gal substrate, fluorescein-di-p-p-galactopyranoside (FDG;
Marker Gene Technologies, Inc, USA).

Lab Chip, 2016, 16, 2440-2449 | 2443
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Experimental setup

The device was placed on an x-y translational stage located on
an inverted microscope (IX 71; Olympus, Japan). Cells trapped
in the device were monitored with a digital CCD camera
(ORCA-R2; Hamamatsu Photonics, Japan) installed on the
microscope. Electric potentials for DEP trapping and EP lysis
were applied to the ITO electrodes by using a function gener-
ator (WF1948; NF Corp., Japan) through an amplifier
(HSA4101; NF Corp., Japan). The EAWA was closed tightly by
applying a pressure to the PDMS membrane by using a
rounded plastic tip connected to a motorized stage (SGAM20;
Sigma Koki Co. Ltd., Japan) controlled by a stage controller
(SHOT-202AM; Sigma Koki Co. Ltd., Japan). Gastight glass sy-
ringes (Hamilton Company, USA), connected to the outlet or
the side channel, were mounted on precisely controlled syringe
pumps (MFS-SP1; Microfluidic System Works Inc., Japan).

Cell trapping

Cultured PC3 cells were stained with a blue fluorescent probe
(CellTracker Blue CMAC; Invitrogen, USA) or a green fluores-
cent probe (Calcein AM; Wako Pure Chemical Industries Ltd.,
Japan) and subsequently harvested. Before cells were injected
into the device, the culture medium was gently removed fol-
lowing centrifugation at 190 x g for 3 min, and the low con-
ductivity buffer was added to adjust the conductivity of the
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cell suspension medium in order to induce a positive DEP. A
wide range of cell concentrations, from 2.7 x 10* to 2.2 x 10°
cells per mL, was used for this demonstration. To calculate
the cell capture efficiency, 2 uL of the cell suspension was
taken using a pipet and dropped onto a microscope glass
slide. Cells on the slide were counted, and 53-433 cells were
used for the study. The same volume of cell suspension was
loaded into the device trough the access port. Cells were de-
livered into the microfluidic channel by applying a negative
pressure induced by the syringe connected to the micro-
fluidic channel outlet. To generate the sheath flow, a positive
pressure was induced by using the syringe connected to the
side channel. Cells were trapped into the electroactive micro-
wells by applying electric potentials to the ITO electrodes.
Fluorescence images for the microwells were acquired after
cell trapping, and the trapped cells were counted.

Results
Trap-well array for high cell capture efficiency

To improve the inherent cell capture efficiency of the electro-
active microwells, we investigated the DEP force magnitude
dependence on the microwell thickness. Commercially avail-
able codes (Comsol Multiphysics, COMSOL group, USA) were
used to simulate electric fields forming in the electroactive
microwells. Fig. 3A shows the simulated electric field
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Fig. 3 Single-cell trapping using a trap-well array. (A) Simulated contours of the electric field (E.) and vectors of the electric field gradient (V|Ee|2).
Electric potentials were assigned at the electrode boundaries. The V|E.|? vectors were directed towards the inside of the well and the magnitude
of V|Ee|2 decreased with increased distance from the electrodes. (B) The magnitude of effective Fpep,, as a function of well thickness. The effective
Fpep,, significantly decreased with increased microwell thickness. In the current study, 4, 9, and 17 um-thick microwells were investigated. (C) A
fluorescence image of a 4 um trap-well array following cell trapping. Here, 433 cells were introduced and 405 cells were trapped in the trap-well
array, where 27% of the microwells were occupied by the cells. Scale bar is 300 um. The inset shows the dependence of cell capture efficiency on
the thickness of the trap-well array. Cell capture efficiency decreased with increased trap-well thickness.
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strength (E.) contours and gradient of the electric field
strength (V|E.|*) vectors. The magnitude of V|E.|?, which is
proportional to the magnitude of the DEP force, decreased
with increased distance from the electrodes. To evaluate the
DEP force acting on a cell, we accounted for the effective

Fpgp,y, which is defined by
[a‘EJZ]
ds
Q ay

effective Fygp , =_[

where @ represents the area of a white dotted rectangle above
the microwell in Fig. 3A. The effective Fpgp,, represents the
magnitude of the attractive DEP force acting on a cell when it
flowed over the microwells. Microwell thicknesses of 4, 9,
and 17 um were investigated. The effective Fpgp, dramatically
decreased with the microwell thickness (Fig. 3B). Simulation
results indicated that a cell flowing over the thin trap-wells
was exposed to a strong V|E.|?, allowing efficient cell trapping
using DEP.

To investigate the effect of well thickness on cell trapping,
we trapped PC3 cells by using a trap-well array with various
thicknesses of (4, 9, and 17 pm). Diluted PC3 cells were intro-
duced into the access port of the microfluidic device and de-
livered using a negative pressure at a flow rate of 2 pL min".
To focus the cells to the center of the microwell array with
sheath flow, a positive pressure was applied to the side chan-
nel at a flow rate of 0.5 uL min~". The cells were trapped in
the trap-well using a positive DEP by applying a sinusoidal
electric potential (peak-to-peak voltage, Vpp = 4 V and f =
8 MHz) to the electrodes. An improved cell capture efficiency
(a percentage ratio of the number of trapped cells to the
number of cells introduced) of 95 + 2.1% was obtained using
the 4 um trap-well array (Fig. 3C). However, the cell capture
efficiency decreased with the increase in trap-well thickness,
where the cell capture efficiency was 33 + 13% and 0 + 0%
for the 9 and 17 um trap-wells, respectively. Even though a
high electrical potential of 15 V was applied, a cell capture ef-
ficiency of only 19 + 8.9% was obtained for the 17 um trap-
well. These results indicate that the thin trap-well array is ef-
fective for obtaining efficient DEP trapping because the cells
are exposed to a strong DEP force as they flow over the thin
trap-well array.

Single cell trapping with EAWA

Confinement of intracellular materials from single cells after
lysis is required for direct analysis of the cellular contents. Al-
though the 4 um trap-well array showed an impressive cell
capture efficiency, the trapped cells were ruptured during the
well closing process because the PDMS membrane was di-
rectly pressing on the trapped cells. This caused mechanical
lysis of the cells prior to closing (data not shown). To protect
the trapped cells and confine the intracellular materials from
each cell, a high aspect ratio reaction-well was fabricated on
the trap-wells. The high aspect ratio of the reaction-well
allowed efficient delivery of the target cells to the bottom of
the microwells, where the DEP force was the strongest. Flow

This journal is © The Royal Society of Chemistry 2016
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field dependency on the aspect ratio of the microwells was in-
vestigated by performing 2D simulations of flow fields by
using commercially available codes. Fig. 4A shows simulated
velocity field contours and streamlines. Streamlines for the
high aspect ratio microwells penetrated the microwell and
few reached the bottom of the microwell. The simulation re-
sult indicated that the target cells flowing over the high as-
pect ratio microwells were exposed to a strong attractive DEP
force because they penetrated and reached the bottom of the
microwell where the electrodes were patterned.

The cell capture efficiency of the EOWA was evaluated by
trapping a small number of PC3 cells in reaction-wells of
varying diameters (40, 80, and 160 um) and fixed thickness
(11 pm), which were fabricated on the 4 pum trap-wells. Di-
luted PC3 cells were introduced into the device at a flow rate
of 2 uL min™. No cells were trapped inside the double-wells
in the absence of DEP force. Cells were trapped in the EAWA
system by applying a sinusoidal electric potential (Vpp =5 V
and f= 8 MHz) to the electrodes. The EAWA required slightly
higher electric fields than the trap-well array for efficient sin-
gle cell trappings. The trap-wells were gradually occupied by
single cells from the upstream microfluidic channel (Fig. 4B
and Supplementary moviet). The diameter of the trap-wells
(20 um) was comparable to that of the target cells (15 um);
therefore, when a trap-well was occupied with a single cell, a
second cell was prevented from entering due to space restric-
tions. The EAWA showed good cell capture efficiencies of 96
+ 2.8%, 95 + 2.1%, and 83 + 4.4% for reaction-wells 160, 80,
and 40 um in diameter, respectively (Fig. 4C). The wide
reaction-well array showed a slightly improved cell capture ef-
ficiency because the cells were more efficiently delivered to
the bottom of the double-wells.

Confinement of intracellular materials from single cells

Trapped single cells were lysed inside the tightly enclosed
EdWA microwells to confine the intracellular materials from
the trapped single cells for downstream analysis. The EAWA
was closed to prevent cross contamination during the cell ly-
sis process by gently pressing the PDMS membrane against
the double-well array substrate by using a motorized manipu-
lator. When the PDMS membrane was in contact with the
double-well array, the image of the double-well array started
to lose its focus. Then, we further pushed the PDMS mem-
brane for another 50 pm to tightly enclose the EdWA. The
trapped cells emitted a clear fluorescence signal inside the
tightly enclosed EAWA with no extracellular fluorescence
leakage observed (Fig. 5A), indicating an intact cell mem-
brane inside the EAWA. The trapped cells were lysed by ap-
plying a series of bipolar pulses (Vpp = 100 V and f = 100
KHz) for 10 ms. Subsequently, cell membrane disruption was
visualized by observing the release of fluorescent molecules
from the cell (Fig. 5A). The fluorescence signal from each cell
was confined to the tightly enclosed double-wells. Normal-
ized fluorescence intensities significantly decreased (91 *
4%) after pulsing (Fig. 5B), indicating that the trapped cells
were efficiently lysed using EP due to pDEP-mediated
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Fig. 4 Single-cell trapping using an EdWA. (A) Simulated contours of the flow velocity and streamlines of moderate and high aspect ratio
microwells. Streamlines of a moderate aspect ratio microwell did not penetrate the microwell whereas those of a high aspect ratio microwell did.
(B) Time-lapse images of an EdWA during PC3 trapping (a part of the Supplementary moviet). Yellow and gray dashed-circles indicate the positions
of the trap- and reaction-wells, respectively. Cells flowing onto the EDWA were attracted to the electrodes at the bottom of the trap-wells (yellow
dotted circles) by a positive DEP force. When a cell occupied a trap-well, a second cell was prevented from entering the same well due to space
restriction. Scale bar is 100 um. (C) Cell capture efficiency as a function of the reaction-well diameter (D). The cell capture efficiency gradually
increased with increased D, because cells were more efficiently delivered to the bottom of the wide reaction-wells.

entrapment of cells on the edge of the electrodes where the
electric field strength was the greatest.
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Fig. 5 Cell lysis inside a tightly enclosed EAWA. (A) Time-lapse images
of an EdJWA during PC3 cell lysis. The EDWA was tightly closed follow-
ing cell trapping by pressing a PDMS membrane against the EQWA sub-
strate. The reaction-well effectively protected the trapped cells during
the well closing process. The trapped cells were lysed by applying
strong electric potentials to the electrodes. The tightly enclosed
reaction-well confined the intracellular materials from the single cells
in a small volume without cross contamination from other wells. Scale
bar is 100 um. (B) Changes in fluorescence intensity due to cell lysis.
The fluorescence intensity values were obtained along the indicated
yellow lines inside the closed EAWA shown in A. The fluorescence
intensities were normalized to local maxima.
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The high aspect ratio reaction-wells on trap-wells physically
protected the trapped cells during the EAWA closing process
without affecting the cell capture efficiency. This feature
allowed highly efficient single cell trapping, followed by con-
finement of the intracellular materials with minimal sample
loss. The reaction volume for the downstream single-cell analy-
sis can be easily adjusted by changing the reaction-well diame-
ter. The reaction-well diameter determines the dilution of intra-
cellular materials when cells are lysed inside the EdWA. A
large reaction-well diameter would decrease the number of
available double-wells within the limited area. Hence, the size
of the reaction-well should be determined by accounting for
the amount of target cells needed for the analysis as well as
intracellular material dilution for downstream analysis.

Intracellular enzymatic assay at the single-cell level using the
EdWA

A direct analysis of the individual cellular contents within the
EdWA was demonstrated by measuring the intracellular p-gal
activity in the single cell lysates. Diluted PC3 cells were
stained with a fluorescent probe, CellTracker Blue, and were
introduced into the device and trapped within the EAWA.
The low-conductivity buffer was replaced by a buffer
containing a fluorogenic B-gal substrate (FDG; 1 mM). After
closing the EAWA by pressing the PDMS membrane, the

This journal is © The Royal Society of Chemistry 2016
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electric fields for DEP were turned off, and the trapped cells
were lysed by applying a series of bipolar pulses (Vpp = 100 V
and f= 100 KHz) for 10 ms. The pulses did not appear to af-
fect B-gal activity (Fig. S21). Cell membrane disruption caused
by the EP pulses released the intracellular B-gal that subse-
quently reacted with FDG, resulting in increased fluorescein
fluorescence intensity (emission at 515 nm) from each
enclosed double-well containing PC3 cell (Fig. 6A). No in-
crease in fluorescence intensity was observed in empty dou-
ble-wells. Leakage of fluorescein to the outside of the closed
double-wells was not observed, as any leakage would have
resulted in a homogeneous fluorescence intensity of the ar-
ray. This result indicated that the EdAWA was tightly closed
and intracellular materials from single cells were efficiently
isolated. The fluorescence intensity from each double-well
was tracked over the course of a 25 min period and plotted
(Fig. 6B). The B-gal enzymatic activity in the cell lysates was
calculated from the slope of the plot. Fig. 6C shows the distri-
bution of the intracellular -gal activity in a PC3 cell popula-
tion. We determined the double-wells that were vacant or oc-
cupied by two cells by observing images taken immediately
before cell lysis, and excluded them from the analysis. The
PC3 cells showed large cell-to-cell variations in intracellular
B-gal activity, despite being cultured under the same
conditions.

The EAdWA allowed highly sensitive measurement of intra-
cellular B-gal activity in the lysates of single cells. The tightly
enclosed EAWA was able to confine intracellular B-gal mole-
cules within an ultra-small volume (56 pL) and prevent cross
contaminations with intracellular materials from other cells.
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Moreover, because fluorescein molecules accumulated within
the homogeneous and small volume of the EdAWA, highly sen-
sitive detection and measurement of the intracellular B-gal
activity were permitted, even from single cells.

Discussion

Microfluidic approaches have been widely utilized in the
analysis of intracellular materials from single cells by confin-
ing cellular contents in small reaction volumes. Arraying indi-
vidual cells at predefined positions, the first and critical step
of the isolation process, has been accomplished by using ad-
ditional forces such as hydrodynamic force®**>*” and grav-
ity.*® However, previous systems showed low cell capture effi-
ciencies because these methods were not able to actively
attract target cells to the predefined positions. For instance,
Eyer et al. utilized hydrodynamic cell traps; however, they
achieved low cell capture efficiency because most cells did
not flow straight into the trapping structure but were diverted
around it.>**> Another method using gravity, introduced by
Lee et al., also showed a low cell capture efficiency because a
significant number of cells settled down between the micro-
wells and were flushed out.>* Our method, which employs
electroactive double-wells, was able to actively attract target
cells because the DEP force was highly localized towards the
bottom of the wells. This active trapping strategy, together
with an optimized microwell design, allowed us to obtain
high cell capture efficiency.

A significant improvement in the cell capture efficiency of
the EAWA was achieved by separating the geometry of the

t =20 min t =30 min

0 2 4 6 8 10
Intracellular B-Gal activity (a.u./min)

Fig. 6 Single cell enzymatic assay of PC3 cells by using an EAWA. (A) Representative fluorescence images of the single-cell enzymatic assay. A fluo-
rescence image of trapped cells in an enclosed EAWA was acquired using a blue emission filter (466 nm) before cell lysis to determine the presence
of a cell inside the EdJWA. The trapped cells were lysed inside the tightly enclosed EdWA in the presence of FDG, a fluorogenic substrate of B-gal.
Post-lysis fluorescence images of the EDWA were acquired using a green emission filter (515 nm) to monitor the presence of the fluorescent product
(fluorescein) from FDG hydrolysis by intracellular 3-gal. (B) Kinetics of the average fluorescence intensity from each double-well. (C) Distribution of
the intracellular B-gal activity from each cell. Intracellular B-gal activities of single cells were determined from slopes of the plot shown in B.
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microwells into a set of trap- and reaction-wells according to
their functions—single-cell trapping and confinement of cell
lysates. The cell-sized diameter of the microwell was required
to achieve single-cell resolution of DEP cell trapping. The
thickness of the microwell should be larger than the diame-
ter of the target cells to protect the cells during the microwell
closing process. In the previous version of electroactive
microwells,**? both functions were performed using a single
microwell; therefore, the diameter and thickness of the
microwell were comparable to the diameter of the target cell.
However, this moderate aspect ratio of the microwells
resulted in low cell capture efficiency because the cells were
not efficiently delivered to the bottom of the microwells. In
the present EAWA, functions of the microwells were segre-
gated by using a double-well strategy—trap-wells for trapping
single cells and reaction-wells for confining the cell lysates.
This separation allowed us to optimize the size of each
microwell; the trap-well thickness was optimized to improve
the DEP force, whereas the reaction-well diameter was opti-
mized for efficient cell delivery. These optimizations led to
improved cell capture efficiency using a high aspect ratio
reaction-well on a thin trap-well.

Further improvement in the cell capture efficiency can be
achieved by actively recruiting cells to the surface of the
double-well array. Since the DEP force significantly decreases
with an increase in distance from the electrodes, it is impor-
tant to control the cell's vertical position in the channel to
maximize the DEP force acting on the cell. In the present sys-
tem, cells loaded through an access port settled to the bot-
tom of the channel by gravity as they flowed in. The use of
an additional mechanism, such as using a vertical sheath
flow to push the cell stream down,*® may further improve the
cell capture efficiency by effectively decreasing the cell-
electrode distance.

The unique features of the EdAWA would be beneficial for
addressing a critical issue in the analysis of clinical samples.
Due to limitations of clinical samples (i.e., limited circulating
tumor cell numbers and the ability to grow them in culture),
more target cells need to be analyzed to detect the population
heterogeneity and for successful implementation in clinical
applications such as diagnosis, prognosis, and choice of ther-
apy. We believe that our system is broadly applicable for the
analysis of low-abundance clinical samples, due to its ability
to confine and analyze intracellular materials from single
cells with minimal target cell loss. To further assess the feasi-
bility of the device, we plan to integrate a cell-concentrating™’
or cell-sorting microfluidic system directly upstream of the
EdWA device to concentrate and isolate specific cell
populations from blood based on their physical properties.

Conclusions

In this report, we have presented a microfluidic device that
uses an EAJWA for an on-chip analysis of intracellular mate-
rials from single cells with minimal sample loss. The feasibil-
ity of the EOWA device was demonstrated by arraying a small

2448 | Lab Chip, 2016, 16, 2440-2449
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number of cancer cells with high cell capture efficiency
followed by an intracellular enzymatic assay at the single-cell
level. We believe that the EAWA can be efficiently used for
the analysis of rare cells by addressing a critical issue in rare
cell analysis: the loss of low-abundance cells. The combina-
tion of the EAWA with comprehensive analytical assays will
assure highly sensitive and parallel analyses of rare cells for
basic studies as well as clinical applications.
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