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Abstract We have developed a non-destructive imaging
flow cell-sorting system using an ultra-high-speed camera
(shutter speed of 1/10,000 s) with a real-time image anal-
ysis unit and a poly(methyl methacrylate) (PMMA )-based
disposable microfluidic chip for single-cell-based on-chip
cellomics. It has a 3-D micropipetting device that supports
fully automated sorting and collection of samples. The
entire fluidic system is implemented in a disposable plastic
chip, enabling biological samples to be lined up in a lam-
inar flow using hydrodynamic focusing. Its optical system
enables direct observation-based cell identification using
specific image indexes and phase-contrast/fluorescence
microscopy, real-time image processing. It has a non-
destructive, wider dynamic range, sorting procedure using
mild electrostatic force in a laminar flow; agarose gel
electrodes are used to prevent electrode loss and electrol-
ysis bubble formation. The microreservoir used for recul-
tivating collected target cells is contamination-free. An
integrated ultra-high-speed droplet polymerase chain
reaction measurement module is used for DNA/mRNA
analysis of the collected target cells. This system was used
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to separate cardiomyocyte cells from a mixture of various
cells. All the operations were automated using the 3-D
micropipetting device. The results demonstrate that this
imaging flow cell-sorting system is practically applicable
for biological research and clinical diagnosis.
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1 Introduction

In general, a cell is the minimum unit with self-determined
responses based on genetic and epigenetic information,
e.g., their interaction histories, and based on fluctuations in
its environmental conditions. If we are to understand such
things as the variations between cells with identical genetic
information, the inheritance of non-genetic information
from the previous cell generation, the adaptation of cells to
environmental change, and the community effect of cells,
we need to analyze, using identified single cells, their
epigenetic information, starting from twin complementary
viewpoints of cell regulation: as an ‘algebraic’ system with
emphasis on the temporal aspects, such as adaptation from
one generation to the next, and as a ‘geometric’ system
with emphasis on spatial aspects, such as the spatial pat-
tern-dependent community effect.

We are conducting a series of studies to analyze epi-
genetic information in sequential cell generations and in
the spatial structures of cell networks to expand our
understanding of how the fates of living systems are
determined. Our objective is the development of a system
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for disposable contamination-free recultivation that can be
operated simply and safely in both research and clinical
settings. To facilitate our efforts, we have developed an
on-chip microfabrication method that is based on a strat-
egy we call “on-chip cellomics.” As shown in Fig. 1, it
comprises three steps. First, cells from tissue are purified
one by one in a non-destructive manner (Yasuda 2000).
The cells are then cultivated and observed under fully
controlled conditions (i.e., the cell population, the network
pattern, and the nutrient conditions are controlled) using
an on-chip single-cell cultivation chip (Inoue et al. 2001a,
b, 2004; Wakamoto et al. 2001, 2003; Umehara et al.
2003; Takahashi et al. 2003; Hattori et al. 2003; Mat-
sumura et al. 2003a, b) or an on-chip agarose micro-
chamber system (Moriguchi et al. 2002, 2004; Hattori
et al. 2004; Sugio et al. 2004; Suzuki et al. 2004a,b;
Kojima et al. 2003, 2005). Finally, single-cell-based
genome/proteome analysis is performed using photother-
mal denaturation and single-molecule-level analysis
(Yasuda et al. 2000).

The purification of particular target cells from a crude
sample mixture of cells is the first and most important step
for on-chip experiments. Efficient and rapid purification of
cells has been accomplished with techniques such as
fluorescence-activated cell sorting (FACS) (Ogawa et al.
1994; Hulett et al. 1973; Bonner et al. 1972; Herzenberg
and Sweet 1976; Assenmacher et al. 1995; Johnson et al.
2007), magnetic-activated cell separation (MACS)
(Imamura et al. 1995; Owen and Sykes 1984; Zborowski
and Chalmers 2005, 2011), automated single-cell sorting
using dual-beam optical trapping (Grover et al. 2001),
differential adhesion cell sorting (Hsu et al. 2008), and
disposable microfabricated fluorescence-activated cell
sorting (WFACS) (Liu et al. 2011; Yoon et al. 2011; Azuma
et al. 2007). In addition, recent advancements in optofluidic
flow cytometry, in which optics and microfluidics are used
together to create novel functionalities on a small chip,
hold great promise for lab-on-a-chip flow cytometry
(Yasuda et al. 2006; Hatayama et al. 1994). The develop-
ment of a low-cost, compact, handheld flow cytometer and

Fig. 1 On-chip cellomics: on-
chip single cell-based analysis
of cellular networks temporally
and spatially

Cell Sorting

Separation of different types of cells

No restriction on cell type
No-need for precultivation

HFACS system would have a significant impact on point-
of-care diagnostics and thereby improve health care.

In measurements using a conventional flow cytometer,
the target cells for FACS are usually labeled with fluo-
rescent dyes using specific antibodies or other molecules,
and the optical signals (angular light scattering or emitted
fluorescence) are detected and analyzed to identify indi-
vidual cells or biological samples. These tools greatly
facilitate the study of both the physical properties (e.g.,
size, shape) and biochemical properties (e.g., cell cycle
distribution, DNA contents) of biological samples such as
cells. Information about the cells of interest is obtained
optically in a non-destructive and quantitative manner
(Yamashita et al. 2007; Takahashi et al. 2006).

However, FACS can damage cells during droplet gener-
ation, and detection based on non-direct scattering in prin-
ciple carries the risk of poor cell recognition. If the cells are
to be used for cultivation after purification, cell damage due
to sorting must be minimized. MACS, e.g., enables cells to
be easily separated by incubating them with magnetic par-
ticles coated with antibodies against a particular surface
antigen. This incubation promotes the attachment of cells
expressing a specific antigen for the magnetic particles. The
cell solution is then transferred into a column placed in a
strong magnetic field. The cells attached to the particles
(expressing the antigen) remain in the column, while the
other cells (not expressing the antigen) flow out. While this
method is simple and economical, the attached antibodies are
difficult to remove from the cell surface and can change the
properties of the target cells. Other conventional techniques
also have disadvantages with respect to cost, efficiency,
response speed, separation resolution, and/or adaptability.

In contrast, WFACS offers several advantages, including
reduced sample volume, shorter handling time, smaller
space requirement, and less operational cost. In particular,
the smaller space required and potential lower cost of a
UFACS system would make it more portable and afford-
able, which are particularly important to individual labo-
ratories and point-of-care clinics. There are three core
components of a PFACS system that need to be

On-chip Cultivation Single-cell Expression Analysis
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miniaturized while maintaining performance: (1) the fluidic
system for introduction and placement of biological sam-
ples, (2) the optical system for illumination of samples and
collection of emitted light (both scattered and fluorescent),
and (3) the sorting system for collection of samples of
interest, which requires both real-time control and a rapid-
response actuation system. The key challenge to develop-
ing a high-performance HFACS system is to figure out how
to reduce the volume and cost of these three components
while maintaining adequate performance (e.g., detection
sensitivity and sorting throughput).

However, even if such a pyFACS system were developed,
it would be hard to apply it to non-invasive collection of
target cells due to its use of fluorescent antibodies for
labeling and identifying target cells. To achieve the above
advantages and to promote deeper penetration of current
flow cytometry technology into the clinical area, a detec-
tion method must be developed that does not rely on
fluorescence-based target detection so that cells can be
detected without seriously damaging them.

One approach to overcoming this labeling problem is to
use optical microscope images instead of fluorescent
intensities to identify target cells from the morphological
viewpoint. Various challenges have been met and over-
come, and target cells have been detected using optical
images without any labeling, both in vitro (Schonbrun et al.
2012) and in vivo (Golan et al. 2012). These studies were
limited in terms of imaging flow cytometry, i.e., a cell-
sorting function was not included, so the next step is to
develop an imaging cell-sorting system in which target
cells are recognized and sorted using morphological char-
acteristics like cell size for the collection of label-free
intact cells.

As a step towards achieving such a system, we have
developed an on-chip high-speed imaging cell-sorting
system for label-free collection of cells (Takahashi et al.
2004; Hattori and Yasuda 2010; Sawaki et al. 2007). The
developed system has five core features: (1) fully auto-
mated sorting and collection of samples using a 3-D mi-
cropipetting device, (2) arrangement of the entire fluidic
system in a disposable plastic chip, enabling biological
samples to be lined up in a laminar flow using hydrody-
namic focusing, (3) direct observation-based cell identifi-
cation using specific image indexes and an optical system
comprising phase-contrast/fluorescence microscopy and
real-time image processing, (4) non-destructive wider
dynamic range sorting using mild electrostatic force in a
laminar flow (agarose gel electrodes are used to prevent
electrode loss and electrolysis bubble formation), and (5)
contamination-free recultivation of collected target cells in
a microreservoir. The most important characteristics of this
system are real-time image processing and the sorting
of target cells on the basis of morphological indexes

(e.g., cellular area or perimeter). The system also has a
fluorescence detection unit, so cells can be sorted using a
combination of image processing and conventional fluo-
rescence detection. The cells are separated by applying a
mild electrostatic force to only those cells to be removed
for disposal; i.e., the targeted cells remain in the laminar
flow and do not receive any stimulation from the electro-
static force.

In this paper, we describe the concept and present a
complete picture of our automated imaging flow cell-sort-
ing system. We do this by summarizing previously reported
descriptions and data and presenting new descriptions and
data that together give an overall picture of the integrated
systems. We also discuss potential improvements that
overcome the limitations of existing technologies.

2 Fully automated on-chip imaging flow
cell-sorting system

Cell sorting is a target-cell purification technology con-
sisting of (1) sample cell preparation, (2) target cell iden-
tification, (3) target cell collection, and finally (4a)
recultivation of target cells or (4b) analysis of cells such as
by DNA/mRNA analysis, protein analysis, or functional
measurement (Fig. 2). Target cell identification and target
cell acquisition are two major areas in cell-sorting tech-
nology development. The post-cell-sorting procedures
(recultivation or analysis) should also be included in an
integrated cell-sorting system.

For the purpose of non-invasive target cell identification
and target cell acquisition, we have developed a fully
automated system for on-chip imaging flow cell sorting
(Hayashi et al. 2011a). As shown in Fig. 3, it comprises (1)
a cell-sorting chip attached to a cell-sorting chip holder, (2)
a holder for sample tubes and collection tubes, (3) an

le o

' (4a) Re-cultivation of
Collected target cells

DNA

(1) Sample cell
preparation

(2) Target cell

identification Cycle

(3) Target cell

collection (4b) Cell analysis

Fig. 2 Cell sorting procedure in fully automated on-chip imaging
flow cytometry system: / cells in a crude sample mixture are
dispersed and roughly purified using conventional preparation
method, 2 target cells are identified on the basis of their configuration
information, 3 identified cells are collected, and 4a identified target
cells are recultivated for further experimentation or 4b used for
analysis
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automatic 3-D motion pipetting device (60 x 20 cm
motion in x—y plane, and 20 cm motion in z axis), (4) a
holder for pipetting chips, (5) an ejection port for used
pipetting chips, (6) an air pressure unit connected to a
syringe pump, (7) an automatic alignment set of phase-
contrast/fluorescent optical microscopy modules, (8) an
image-processing unit consisting of a high-speed camera
and an image-processing and system control computer, and
(9) a switching DC power supply.

3 Cell-sorting chips
3.1 Design

We tested two previously reported types of cell-sorting
chips made of PMMA-based plastic (Hayashi et al. 2011a;
Hattori et al. 2011; Takahashi et al. 2004): a two-way outlet
chip (Fig. 4a—) and a three-way-outlet chip (Fig. 4d—f).
Both types have inlet pathways for the sample and buffer
flows, hydrodynamic-focusing pathways, a cell-sorting
area where the sample and buffer flows join together
while maintaining their respective boundaries, gel channels

Fig. 3 Fully automated on-
chip imaging flow cytometry

system with disposable (a) /
contamination-free plastic
recultivation chip: a schematic
diagram, b photograph
(reproduced from Hayashi et al.
2011a)
Automatic 3-D motion
pipetting device
(b)
Micropipette

chip reservoir
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(a pair of agarose microelectrode storage spaces) attached
to the cell-sorting area, and outlet pathways for the target
samples and waste samples. The cell-sorting area was
50 pm wide by 25 pm high. The two agarose microelec-
trode storage spaces were filled with 1 % sol-state agarose
containing 0.5 M NaCl as electrolyte. The use of this
electroconductive solvent to form the electrodes prevented
electrolysis bubble formation. The layer of PMMA film on
the bottom of each chip was 100 pm thick (which is within
the depth of focus of a x 100 objective lens) and was
attached to the chip by heat bonding.

The agarose was injected into the gel inlets immediately
before each trial. Small acrylic tubes were attached to both
the sample inlet and outlet for chip collection, and large
acrylic tubes were attached to the inlet area upstream and
to the outlet area downstream to serve as a buffer reservoir
(Fig. 4g-h). In the two-way-outlet chip, a raw sample was
introduced from the sample reservoir into one of the two
microfluidic pathways fabricated in the chip, and a voltage
was applied to the gel microelectrode storage spaces to
shift the cells to the other buffer pathway. In the three-way-
outlet chip, a raw sample was introduced from the sample
reservoir into the center pathway, and an appropriate

Dc power\.slupply

:UW

Cell-sorting ' i
chip ,\

objective lens | . .
mage-processing unit

Sample
injection

7

Microscopic optical system un:\ High-speed camera
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Fig. 4 Two- (a—c) and three- (d—f) way-outlet cell-sorting chips. Photographs (a and d), schematic images (b and e), and magnified images
(c and f) of chips. g Overall view and h side view of a recultivation chip (reproduced from Hayashi et al. 2011a; Hattori et al. 2011)

voltage was applied to the gel electrodes to shift the cells to
the left or right laminar buffer flow.

3.2 Fabrication

We selected poly(methyl methacrylate) (PMMA) as the
base material for both types of cell-sorting chips due to its
visible light transparency, low self-fluorescence, easy dis-
posability after use, compatibility with glue-free heat
bonding, ability to be flexibly formed by heat, hydrophi-
licity in a microfluidic pathway, and cost efficiency. As
shown in Fig. Sa—c, PMMA has a high transmittance
(~90 %) in the range of visible light from 400 to 600 nm,

which is approximately the same as that of a glass slide and
a polycarbonate culture dish.

We first investigated the use of hot embossing to mold
the chips. As shown in Fig. 5d, the fabricated microchan-
nels had rounded edges and did not reflect the detailed edge
structures of the microfluidic pathways in microscopic
resolution. This was because the PMMA was not soft
enough to permeate into the edges of the square-shaped
microchannels at the temperature used in the hot emboss-
ing process. Then, as an alternative, we investigated the use
of injection molding for the same microchannel design
used for the hot embossing. The edge structures of the
microchannels were improved—they had a sharp square
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Fig. 5 Transmittance of a a glass slide, b a polystyrene culture dish,
and ¢ a PMMA sample plate | mm thick. Magnified images of
PMMA-based cell-sorter chip fabricated by d hot embossing molding

shape. However, the melted PMMA resin did not permeate
into the thin wall structure at the junction of the flow
channels and gel channels (Fig. Se). We thus redesigned
the injection mold to thicken the wall structure by adding
narrow channels (15 pm wide; 45 pum long) between the
flow channels and gel channels (Fig. 5f). This enabled the
PMMA resin to permeate deep into the walls around all the
microchannels, resulting in junctions with a fine structure.
This new design was used for the cell-sorter chips. The
flow channel in the cell-sorting area was 50 pm wide and
25 pm high. The molded PMMA plate was sealed with a
thin PMMA sheet (100 pm thick) by hot lamination
without glue.

3.3 Spontaneous filling of agarose solution

To enable filling of the agarose into the microchannels, the
chip was preheated on a hot plate at 42 °C for 5 min. A
melted solution of 1 % agarose and 0.5 M NaCl was then
loaded into the gel inlets. Unlike with the poly(dimethyl-
siloxane) (PDMS)-based microfluidics chip previously
reported (Hattori and Yasuda 2010; Sawaki et al. 2007), the
melted gel spontaneously permeated into the gel channels
due to capillary action—additional pressure was not
required. The injected solution flowed around the junctions
of the flow channels and gel channels, permeated the nar-
row channel structure, and stopped flowing at the tip of the

@ Springer
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channels between flow channels and gel channels (adapted from
Hayashi et al. 2011a)

I
50 um

Fig. 6 Filling of agarose electrode gel in microelectrode structure.
Agarose was labeled with fluorescent dye (Rhodamine B) for clear
visualization, and a fluorescent image of the cell-sorting area was
captured (reproduced from Hayashi et al. 2011a)

narrow channel. The agarose solution became a gel as it
cooled at room temperature, and the gel remained filled to
the edges of the flow channels (Fig. 6). This spontaneous
permeation is attributed to the PMMA having higher wet-
tability than PDMS.

Channel length was an important factor in the complete
filling of the agarose solution to the flow channel edges.
Channels that were 70 pum or shorter were completely filled
(Fig. 7a, b), while those that were longer than 70 pm had
portions that were not filled (Fig. 7c).
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By X

Fig. 7 Effect of flow channel length on precise control of gel electrode edge position: a 30 pm, b 70 pum, and ¢ 90 pm. Yellow arrows indicate
tips of agarose gel electrodes in gel channel. Scale bar 100 pm (reproduced from Hattori and Yasuda 2010)

®
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Fig. 8 100-step gel electrode array in microfluidic flow channel on a
chip. a Array overview. In three-way-outlet sorting chip (see Fig. 4d—f),
a 100-step gel electrode array was arranged on both side walls of a
microfluidic pathway. b, ¢ Continuous shift of cell flow pathway using
the array. Time-course movements of human promyelocytic leukemia
cells (HL60) were taken and overlapped. Cell flow pathways are shown

The technique described above for forming gel elec-
trodes in the microfluidic flow channels can be easily
expanded for use in forming an array of electrodes to
increase the effective area of electrostatic force irradiation.
As shown in Fig. 8, 100 pairs of 15-um wide gel electrodes
were arranged with a 35-um interval in a three-way-outlet
sorting chip. The pathway of flowing living cells was
continuously shifted by sequential application of electro-
static force to the electrode array (Fig. 8c).

3.4 Cell-sorting process
The cell-sorting process begins with cell separation. An

electric field created by DC voltage is used to generate
electrostatic force in the cell-sorting area, causing cells to

as white lines. ¢ When 10 V DC was applied to gel electrodes, cells
shifted to anode gel electrode array wall because cell surface had a
negative charge in general. Agarose gel containing 0.5 M NaCl formed
electrolyte. Width of electrode was 15 um, and gap between electrodes
was 35 pm. Scale bar 200 pm

move from one laminar flow to another. As cells usually
are charged negatively in water, the plus charge gel elec-
trode is set at the cell collection streamline side. The use of
agarose gel electrodes enables a high voltage to be applied
between a pair of electrodes without bubble formation due
to electrolysis. However, heat generation in an agarose gel
electrode is problematic because its melting point is about
80 °C. Application of a high voltage to the gel electrodes
could cause them to melt. This means that selection of the
electrolyte component is important.

To select a suitable electrolyte, we estimated the resis-
tance ({/mm) of an agarose gel electrode containing var-
ious types of 0.5 M electrolyte (Fig. 9). The resistance of a
gel electrode filling a 1-mm-diameter capillary tube was
measured with an impedance analyzer (Agilent 4294A). An
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Fig. 9 Resistance of 1 % 10°
agarose gel electrode containing ’é“ 1 -
various electrolytes with 0.5 M = =1 e =3
concentration (reproduced from 2o B
Hattori and Yasuda 2010) c
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50 pm

Fig. 10 Laminar flow generated by three-forked sheath structure.
Sheath buffer containing red ink was used as sample solution. Flow
velocity was 1 mm/s (reproduced from Hayashi et al. 2011a)

agarose gel containing CoCl, had the lowest resistance, and
ones containing CaCl, and FeCl; had relatively low
resistances. Although one containing NaCl did have
slightly higher resistance, we selected NaCl as the elec-
trolyte in consideration of the possible effects of current
carrier ions on cells during cell sorting. For example, Na™*
and CI™ do not stimulate cells as do other types of ions
such as Cu*", K*, Ca®>", and Mg”". Furthermore, agarose
containing high-ionic-strength electrolytes, such as
MgS0O,, CaCOs3, or ZnSQOy, is not suitable as a gel electrode
because it tends not to harden at room temperature.

@ Springer

3.5 Focusing technology

3.5.1 Hydrodynamic focusing of buffer streams
in microchannel of PMMA-based cell-sorting chip
for lining up samples

To examine the efficacy of laminar flow generation in the
microchannel of a PMMA-based cell-sorting chip for lining
up biological samples, we loaded a solution containing red
ink into the sample inlet and clear buffer into the buffer
inlets (Fig. 10). The stream of sample solution was nar-
rowed from 50 to 5 pm using a hydrodynamic-focusing
mechanism created by hydrodynamic-focusing inlets on
both sides of the sheath stream, as described in previous
reports (Takahashi et al. 2004; Sawaki et al. 2007; Hattori
and Yasuda 2010; Hattori et al. 2011). The laminar flows of
the sample and sheath solutions were observed without
turbulence or intermixture at the flow velocity in the cell-
sorting area (0.1-200 mm/s; Reynolds number 0.005-10.0)
(data not shown). The velocity of the microfluidic flow was
measured by tracing 2-pm polystyrene spheres in the
laminar flow using a sequence of camera images taken at
1/200-1/10,000 s. The flow velocity in the cell-sorting area
was about ten times that in the sample inlet channel, and
the linear density of the sample particles in the cell-sorting
area was ten times lower than in the sample inlet channel
because the ratio of the widths of the laminar flow between
the sample channel and the sheath channels was 1:10
(Sawaki et al. 2007), i.e., the width of the central stream-
line was less than the size of a cell. The PMMA-based cell-
sorting chip, thus, had microchannels shaped well enough



Microfluid Nanofluid (2013) 14:907-931

915

(@) (b) (c)
200 200
180 | 180 [ il
160 [ 160 [ B
140 140 |-
flow 120 | 120 |
100 f 100 f
80 [ 80 [
60 [ 60 [
40 | 40 |
20 | 20 |
100 pm 0 0
© 0 5 10 15 20 ) 0 5 10 15 20
(%]
@ 200 200
O 180 | 180 | N
£ 60 160 [
('U L L —
o 140 140
G« 120 | 120 |
O 100 | 100 |
| -
o 80 f 80 [
O g | 60 |
g 40 | 40
Z 20 20 |
0 P A
(h) 0 5 10 15 20 0 0 5 10 15 20
| |
600 [ | | 600 [ X X
| | | |
500 | | | 500 | : :
| |
400 | : : 400 | : :
| |
300 f | | 300 . |
| | | |
200 [ I I 200 [ : :
| |
100 ! ! 100 | |
0 ....ﬂ'I-I-nﬂ'Iﬂﬂ'lTHT'rrrrrthHTHﬂn'l...... 0 Y N T
(k) 0/10/ 20 30 \47\50 (1) 0 10 20 30 4050
600 [ 600 [ M
500 | 500 |
400 [ 400 [
300 | 300 |
200 | 200
100 | 100 F
0 o e e s o e 0 L1111 Ll
0 5 10 15 20 0 5 10 15 20

Fig. 11 Laminar flow generated by three-forked sheath structure.
Sheath buffer containing red ink was used as sample solution. Flow
velocity was 1 mm/s. Evaluation of shapes of two side sheath flow
channels. a Micrograph of trial microfluidic chip used to evaluate effect
of side sheath flows. Widths of sample channel and sheath flow channels
were 20 um. b Distribution of horse red blood cells in sample channel at
A in a. ¢ Distribution of red blood cells at B in a. d Micrograph of
another trial microfluidic chip in which width of two side sheath flow
channels changed smoothly from 200 to 20 um before reaching

Position (pum)

junction. e Distribution of red blood cells at C in d. f Distribution of red
blood cells at D in d. g Micrograph of proposed cell-sorting chip in
which width of two side sheath flow channels changed smoothly from
200 to 20 pm before reaching junction. h Distribution of 2-um
polystyrene beads at E in g. i Distribution of 2-pm polystyrene beads at
F in g. j Phase-contrast image of 2-um polystyrene beads in image
recognition area of g. k Distribution of 2-pum beads for 20-pum range in
h. 1 Distribution of 2-pm beads for 20-pum range in i. Scale bar 100 pm
(reproduced from Hattori et al. 2011)
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<« Fig. 12 Use of DEP force to focus microparticles. a—e Schematic
images of DEP focusing. Section views a, b, ¢ and top views d, e of
microchannel equipped with V-shaped electrode arrays (gray rectan-
gles). Solid lines in a, b, and ¢ represent electric flux lines. Direction
of flow is from left to right. Circles represent microparticles with
positive (black) or negative (white) DEP force applied. Arrows
indicate resultant force (white arrows), fluid friction (black arrows),
and DEP force (gray arrows). f-h Detail of geometry for fabricated
V-shaped electrode array. Scale bar 500 pm. i, j Focusing of Bacillus
spores using V-shaped electrode arrays. Images when AC voltage was
i not applied and j applied are shown. Scale bar 100 pm. k—p
Experimental results for PS bead focusing using DEP force generated
by a V-shaped electrode array. k, 1 AC voltage was not applied to
electrodes; n, 0 AC voltage was applied. m Distance of particle from
bottom of microchannel was estimated by pattern matching of
defocused microscopic images using standard images. Scale bar
100 pm for k and n and 20 pm for 1, m, and o. p Z-positions of PS
beads before (filled circles) and after (open circles) flowing through
V-shaped electrode array (reproduced from Hayashi and Yasuda
2010; Hayashi et al. 2011b)

for on-chip cell sorting that was exact as that with a PDMS-
based chip.

We also examined the effectiveness of hydrodynamic
focusing combined with hydrodynamic-focusing side
sheath inlets quantitatively. First, we examined the hydro-
dynamic focusing with three simple equal-flow stream
lines, as shown in Fig. 11a—c, in which a 25-pum sample
flow stream line was confined by two 25-um flanking sheath
flow lines, resulting in a combined 25-um flow line. A width
of 25 um is exactly that needed to fit the width of the
microfluidic pathways. Comparison of the cell distributions
in the flow lines upstream (Fig. 11b) and downstream
(Fig. 11c) showed that a distribution of red blood cells
(diameter 5 pm) was successfully focused within a 10 um
width, which is twice the sample size.

Next, we examined the contribution of accelerated
hydrodynamic focusing using a wider flow line with less
flow capillary resistance (Chip design B) (Fig. 11d—f). The
design of the hydrodynamic-focusing inlets was changed to
increase the widths of the side sheath flow channels from
25 to 200 pm and focused again to 20 um immediately
before focusing. We found that the distribution of cells at
the center streamline was further narrowed to 5 um in the
merged lower streamline (Fig. 11e—f). As this width mat-
ches the size of the target cells (5 um), the differential flow
velocity of the hydrodynamic focusing is sufficiently

Table 1 Comparison of two focusing methods investigated

effective to prevent particles from lining up perpendicular
to the flow direction. It should be noted that we simply
needed to use a single common pressure at the inlets of the
center streamline and the two side streamlines to generate
differential flow velocities at the hydrodynamic-focusing
point because we can generate relative differences in flow
velocity among streamlines using the hydrodynamic-
focusing inlets. The flow velocity depends on the capillary
tube’s width and height. Hence, we adjusted the shape of
our three-way-outlet cell-sorting chip, as shown in Fig. 4.

Finally, we applied Chip design B to our original 50-pm
wide two-way-outlet cell-sorting chip (Fig. 11g-1). We
used 50-um wide sample flow lines for practical applica-
tion (Fig. 4). Although the width of the sample flow lines
was twice that of the original chip, the width of the sample
distribution after hydrodynamic focusing reached 5 pm
even when another sheath flow was attached to the sample
flow line in the cell-sorting area (see Fig. 11j). Hence,
combining two chips with design B did not affect each set
of streamlines, meaning that multiple chips with design B
can potentially be combined.

3.5.2 Focusing of microparticles by dielectrophoretic
force using V-shaped electrode array

In addition to particle focusing using a sheath flow, another
method based on dielectrophoretic (DEP) force (Hayashi
and Yasuda 2010; Hayashi et al. 2011b) was also exam-
ined. The DEP force, Fpgp, acting on a particle in a non-
uniform electric field is given by the following equations
(Hughes 2002):

FDEP = (7TD38mR€[fCM}VE2)/4, (l)
fou = (e = en) /(o5 + 220 (2)

where D is the particle diameter, &, is the permittivity of
the medium, fcy, is the Clausius—Mossotti (CM) factor, E is
the applied electric field, and ¢ and 8; are the complex

permittivities of the medium and the particle, respectively.
The complex permittivity is defined as

& =¢— (io)/o, (3)

where ¢ is the electric permittivity, ¢ is the electric con-
ductivity, and w is the angular frequency of the applied

Focusing method Durability for Capability for Anti-dilution Ability of Control of
long-term measurement high-flow velocity of samples concentration flow velocity

Sheath flow focusing O O X X X

DEP focusing O X O O ©)

O suitable, X unsuitable
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Fig. 13 Particle separation
using two- and three-way outlet
cell-sorter chips. Switching
mechanism using
electrophoresis of gel
electrodes: a, b two-way type
and d-g three-way type chip.

¢ Color codes for charge state of
sample particles and buffers.

a, d Without DC voltage
application, sample particles
flowed along path marked by
red line. b, e, £ Application of
DC voltage switched the outlet
channel depending on particle’s
charge and DC voltage polarity.
g Mixed particles with negative,
positive, or no charge were
sorted correctly. Tracks of
20-pm polystyrene particle on
two-way outlet chip h without
and i with DC voltage applied
between gel electrodes.
Separation of 2-um polystyrene
particles (green track) and
fluorescein (red track) j without
and k with DC voltage applied
between gel electrodes.
Dependence of sorting
efficiency on 1 DC voltage
between gel electrodes and

m flow velocity. Tracks of a
2-um polystyrene particle on
three-way outlet chip n without
and o, p with DC voltage
applied in opposite directions
between gel electrodes.
Direction of electric field is
indicated by plus and minus
icons. Flow direction in all
figures was from top to bottom
(reproduced from Hayashi et al.
2011a)
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electric field. When the real part of the CM factor is
positive, a particle moves toward stronger electric fields,
and when the real part is negative, it moves toward weaker
ones.

To focus microparticles including cells toward the
center of a microfluidic channel using the DEP force, a
V-shaped electrode array was placed at the center of the
microchannel, as shown in Fig. 12 (Hayashi and Yasuda
2010; Hayashi et al. 2011b). An electrode array was placed
on the bottom of the microfluidic channel, and alternate
electrodes were connected to the opposite terminals of an
alternating current (AC) power supply. The principle of
particle focusing is as follows. Application of a voltage
causes a non-uniform electric field to form. The strongest
region is at the edge of the electrodes at the bottom of the
channel, and the weakest region is at the top, immediately
above the electrodes. If the DEP force (gray arrows in

Fig. 15 Real-time size-
discrimination of polystyrene
particles close in size (2.5 or
3.0 um in diameter) using
microscopic images bright-field
microscopic images of particles
with diameter of a 2.5 um or

b 3.0 um. Histograms of
particle areas measured with
imaging cytometry system at
flow velocity of 10 mm/s:
sample suspension containing

c only 2.5-um particles, d only
3.0-pum particles, and e mixed
suspension with 2.5- and 3.0-pm
particles (reproduced from
Hayashi et al. 2011a)
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Fig. 14 Analysis of microscopic image in real time using image-
processing unit for 1/10,000-s interval
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Fig. 16 Extended depth of
field optics for precise image
analysis in microfluidic imaging
flow cytometry. Micrographs of
15-um polystyrene bead
acquired by zoom optics (upper)
and inverted microscope (lower)
for every 5-um depth at total

(a)
10x

(10x + 1x zoom, NA = 0.28)

10x
magnifications of a 10x, b 20x, (NA=0.3)
and ¢ 40x (reproduced from
Hattori and Yasuda 2012)
(b) 20x

(10x + 2x zoom, NA = 0.28)

20x
(NA=0.4)

c
( ) 40x
(10x + 4x zoom, NA = 0.28)

40x
(NA=0.6)

Fig. 12a) on a particle is positive, the particle is pulled
toward one edge of the electrodes. In total of forces
between DEP and fluid friction, the particle moves in the
tip end direction of the electrode in horizontal and bottom
in vertical. If the DEP force on a particle is negative
(Fig. 12b), the particle moves in the tip end direction in
horizontal and top in vertical in the same manner as with a
positive charge. In short, all particles are aligned in the tip-
end direction of the V-shaped electrode in the horizontal
direction (Fig. 12e) and also focused toward the bottom
(positive DEP) or the top (negative DEP) of the micro-
channel in the vertical direction (Fig. 12c). The sign of the
DEP force depends on the real part of the CM factor, as
shown in Eq. (1), and it generally depends on the particle
type and AC frequency. These properties have been well
studied, enabling the DEP force to be used for concen-
trating and separating particles, including cells (Urdaneta
and Smela 2007; Huang et al. 2011; Unni et al. 2012; Wu
et al. 2012).

The focusing ability of a method based on the DEP force
was tested using Bacillus spores (about 1 pm in diameter)
as a cell model with the application of 20 V,, and 1 MHz
of AC voltage (Hayashi and Yasuda 2010; Hayashi et al.
2011b). The spores flowed in the microchannel at a
velocity of 1 mm/s. They moved across the stream along
the lines of the V-shaped electrode array from the periph-
ery to the center of the microchannel, as shown in Fig. 12j.
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For the vertical direction, the focusing position of the
spores was at the bottom of the microchannel because
the spores were subjected to positive DEP forces under the
experimental conditions. The vertical distribution of par-
ticles was measured using polystyrene (PS) beads (1 pm in
diameter) under the same electric field conditions as that
for the Bacillus spores (Hayashi and Yasuda 2010). The
distribution was measured by pattern matching of their
defocused microscopic images (Fig. 12k—p). The CM fac-
tor of the PS beads was negative (i.e., negative DEP);
Fig. 12p shows that randomly distributed PS beads (filled
circles) were concentrated on the ceiling of the micro-
channel (open circles).

As described above, we tested two focusing methods:
sheath flow focusing and DEP force focusing. Both meth-
ods have advantages and disadvantages, as summarized in
Table 1. Sheath flow focusing is suitable for high-flow
velocity because a stable laminar flow forms even when the
flow velocity is quite fast. DEP focusing is suitable for
small amount of samples without dilution of sample buffer
concentration. The flow velocity is easier to control with
DEP focusing, because DEP focusing do not request any
balance control of flow velocities of additional side sheath
buffers. However, the suitability of DEP focusing for high-
flow velocity is, in principle, limited because of the elec-
trolysis of the solvents used for application of AC voltage
to the electrodes placed only on the bottom of the
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(a)

1000

/

Size (pixel)

M-phase cell .

Fig. 17 Two-dimensional mapping of acquired cell images. a Ana-
lyzed roundness and size (cross-sectional area) of each cell image is
plotted on map at center. Original images were stored and cross

microfluidic channel. Taking these points into account, we
are using sheath flow focusing for our high-speed cell-
sorting system until the problems with V-shaped DEP
focusing are solved.

3.6 Particle sorting and separation using
two- and three-way-outlet cell-sorting chips

We fabricated both types of PMMA-based cell-sorting
chips described above. The sample particles were aligned
on the centerline of an upstream microchannel using the

Multinucleated cell ‘

Rough surface cell ‘

20 um

referenced to plots. b Magnified micrographs of acquired cell images.
Even at a rate of 10,000 images/s, the resolution was good enough to
identify M-phase cells, multinucleated cells, and rough surface cells

sheath flow mechanism, and they passed through the cell-
sorting area between the gel electrodes. The outlet channel
was switched using electrophoresis by switching the DC
voltage applied to the electrodes, while particles were
passing between the tips of gel electrodes.

With the two-way-outlet chip, the inlet channels had a
symmetrical structure (Figs. 4a—c, 13a-b). The sample
inlet flow was sheathed by two sheath channels. The
sheathed channels and their mirror-image-like channels
joined at the gel electrode connection point and branched
into two symmetrical outlet channels. When the DC

@ Springer



922

Microfluid Nanofluid (2013) 14:907-931
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Fig. 18 Separation of cardiomyocyte cells using on-chip imaging flow cytometry system. Phase-contrast images and field programmable gate
array (FPGA) calculated indexes of a target smooth cells (cardiomyocytes) and b non-cardiomyocyte cells (reproduced from Nomura et al. 2011)

Table 2 Results of separating cardiomyocyte cells

0 DIV 2 DIV

Cardiac myosin staining

Smooth cells Beating cells Non-beating cells

Shrunk cells

Unattached cells Positive cells Negative cells

Number 242 178 19 12 33 195 2

Ratio (%) 100 73.6 7.9 5 13.6 80.6 0.8

Table 3 Seven candidate commercial membrane filters for use as isolation filter

Criteria Omnipore Express Nylon Isopore Durapore Fluoropore PVC
Thermal resistance X O O O O X X
Ruck-free O O O X O X X
Hydrophilia O O O X x X X
Transparency O X X X X X X

O meets requirement, x does not meet requirement

voltage between the gel electrodes was turned off, the
stream of sample particles exited the same side outlet
(Fig. 13a); when the DC voltage was turned on, it exited
the other outlet (Fig. 13b). The separation efficiency with a
two-way-outlet cell-sorting chip when a DC voltage was
continuously applied depended on the voltage and flow
velocity (Fig. 131-m). At a constant flow velocity, the
separation frequency increased with the DC voltage and
reached a plateau: the efficiency was 90 % at 45 V for a
flow velocity of 200 mm/s (Fig. 131). On the other hand, at
a constant voltage, the separation frequency decreased as
the flow velocity was increased, and eventually no particles
were separated; the efficiency was less than 50 % at 45 V

@ Springer

for a flow velocity of 500 mm/s (Fig. 13m). Moreover, the
two-way-outlet chip did not separate the small molecules
and charged particles; rather it moved the charged particles
away from the small molecules, i.e., the polystyrene par-
ticles and fluorescein in the sample mixture were com-
pletely separated (Figs. 13j-k).

With the three-way-outlet chip, there were two sets of
sheathed triplet channels symmetrically arranged as inlet
and outlet channels on the chip (Figs. 4d—f, 13d—g). When
the DC voltage between the gel electrodes was turned off
(Fig. 13d, n), the stream of sample particles exited the
center outlet; when the DC voltage was turned on, each
particle exited one of the other outlets depending on the
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Fig. 19 Permeability of membrane filters to E. coli: a experimental setup, b number of colonies on lysogeny broth (LB) agar plate after removal
from medium following injection of E. coli suspension into dummy outlet tube (reproduced from Hayashi et al. 2011a)

(b)

(d)

Collection
reservoir

(9)

Quter
reservoir

Fig. 20  Estimation of cell viability and contamination from
downstream reservoir. a—¢ Cardiomyocyte cells at bottom of outlet
tube after cultivation for 2 days. Most cells were beating. LB agar
plate exposed to medium in d—f collection reservoir and g-i outer

particle’s charge and the direction of the applied DC
electrical field (Fig. 13e—f, o—p). The particles in a mixed
suspension containing negatively charged, positively
charged, and non-charged particles were separated into the
three outlet channels depending on the charge state of
each particle (Fig. 13g). This means that the three-way
chip can be used for purification of target cells from a
crude sample mixture containing various kinds of unde-
sired particles such as non-target cells, debris, and inani-
mate particles.

E. coli

E. coli

reservoir after cultivation for 2 days. Cultivation chip outlet tubes
were sealed with Omnipore filter with pore size of 0.1 pm (a, d, g),
0.2 um (b, e, h), or 0.45 um (c, f, i) (reproduced from Hayashi et al.
2011a)

4 Image analysis
4.1 Real-time recognition of image of flowing particles

The image-processing unit recognized the image of each
flowing particle at a rate of up to 10,000 frames/s and
1/200- to 1/10,000-s analysis intervals, as shown in Fig. 14.
A background image of the observation area was acquired
at the end of the initialization process. To determine the
boundary of a particle image during the sorting process, the
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Fig. 21 Integrated system:

a schematic drawing and

b photograph. Ultra-high-speed
droplet PCR module is located
at bottom; immediately above it
is on-chip imaging flow
cell-sorting module. Sample
preparation module (c) is at top;
in it, the particulate solution is
forced through a dyeing/
concentration nozzle (d).
Particulates are concentrated by

membrane filter attached to
bottom of filter housing

360(W)x360(D)x700(H)mm

background image was subtracted from the original image
in each frame, and the resulting image was binarized using
a preset threshold. The parameters of a particle’s image, the
mean intensity, area, lengths of major and minor axes,
degree of circularity, etc., were calculated about the pixel
value within the boundary. When one of, or a set of, the
parameters satisfied that of a target or non-target particle,
the image-processing unit switched the DC voltage
between the gel electrodes of the cell-sorter chip by
switching the DC power supply on or off in real time.

4.2 Real-time size-discrimination of two particles close
in size using microscopic images and improvement
of depth of field using zoom lens optics for deeper
microfluidic pathways

To evaluate the image-recognition ability of the cytometry
system, we used a mixed suspension containing polysty-
rene particles close in size (2.5 or 3.0 um in diameter)
(Fig. 15). Their images were clear, but the sizes were hard
to discriminate with the human eye without a scale or a
size-comparison object (Fig. 15a-b). However, the image
recognition unit of the cytometry system discriminated
between the two sizes with an error rate of less than 2 % at
200 frames/s in real time at a flow velocity of 10 mm/s
(Fig. 15c—e). For a mixture of 5- and 10-um polystyrene
particles, the error rate was less than 1 % at a flow velocity
of 200 mm/s. For a mixture containing particles with var-
ious specific diameters, the error rate increases with the
flow velocity (Hattori and Yasuda 2012; Hattori et al.
2011). These results suggest that imaging cytometry has
many advantages for precise and high-throughput separa-
tion of target cells from undesired cells with a difference in
size that is difficult to discriminate with the human eye.
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We also examined the resolution of the depth of field
when the height of a polystyrene bead was changed in an
inverted microscope (Olympus IX70) with three objective
lenses [Olympus UPlanFl 10x (NA = 0.3); LCPlanF1 20x
(0.4); LCPlanFl 40x (0.6)]. Figure 16a—c show micro-
graphs of a 15-um bead acquired with the zoom optics
(10x objective lens plus zoom optics) and with the
inverted microscope for every 5-pum depth at total magni-
fications of 10x, 20x, and 40x (upper micrographs) and
with 10x, 20x, and 40x objective lenses (lower micro-
graphs). The total magnifications of the optics were
adjusted by changing the zoom ratio in the zoom optics and
exchanging the objective lenses in the inverted microscope.
There was almost no variation in the hues of the bead at
bead depths of 0-25 um in the zoom optics. In contrast,
defocusing increased with the bead depth in the microscope
images. The amount of focus change was particularly large
at magnifications of 20x and 40x. From the results shown
in Fig. 16, the depth of field was estimated to be 25 um or
greater at any magnification in the zoom optics. It was
estimated to be 15 pm at 10x and 5 pm at 20x and 40x in
the microscope images. These results indicate that the
depth of field is improved at any magnification from 10x
to 40x and that an extended depth of field optics for image-
based microfluidic pathways (i.e., wider depth resolution in
deep microfluidic pathways) can be constructed using a
low NA objective lens and a zoom lens.

4.3 Indexes acquired from imaging flow cell-sorting
system

As described above, the parameters of a particle’s image,
including the mean intensity, the area, the lengths of the
major and minor axes, and the degree of circularity, were
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Fig. 22 Configuration of
ultra-high-speed real-time pl
sample droplet PCR module: (a)
a schematic image and
b photograph

Low temperature

(b)

calculated about the pixel value (Fig. 14). Figure 17a
shows example data analyzed using the calculated param-
eters. The analyzed roundness and size of each cell image
was plotted, and the original images were stored on a hard
disk drive and cross-referenced to the plots. This enabled
detailed images from the plotting to be called up and used
for checking detailed shapes of samples. Figure 17b shows
examples of acquired micrographs in which multinucleated
cells and M-phase cells were identified, illustrating one of
the advantages of imaging flow cell sorting compared to
conventional diffraction-based cell identification analysis.

4.4 Purification of cardiomyocytes using index of cell
surface roughness

In imaging flow cell sorting, the particular index of each
cell image is essential for separating the images. Previous
examination showed that most of the round smooth cells in
a mixture containing cardiomyocytes are cardiomyocytes

Hermetically-sealed container

High speed switching High temperature

(Kaneko et al. 2011). We thus defined index R of cell
surface roughness for use in comparing the actual and
estimated cell surface perimeters by approximation of a
spherical model, enabling the surface roughness of car-
diomyocyte cells and other cells to be distinguished
quantitatively.

l
\4rS’

where [ is the cell surface perimeter, and S is the cell
cross-sectional area (both / and S are acquired from pixel-
based digitized-image cell analysis). For example, a cell
with reduced radius r has R (=2nr/(4n x 1r?)'?) equal to
1, and a cell with higher roughness and thus a larger
perimeter has a proportionally larger R. Index R is used to
quantify the smoothness or roughness of cell surfaces.
Smooth cells typically have an R less than 1.1 (Fig. 18a),
and rough cells typically have an R larger than 1.1
(Fig. 18b).

R =

(4)

@ Springer



926

Microfluid Nanofluid (2013) 14:907-931

40 1

35 1

N i
20 1 "|“"||’||
5 T00R Y uro v Tt

10 A

—_—
Fluorescence Intensity (arb. unit) &

0.0 0.7 1.3 2.0 2.6 3.3
Time (min)

1.0 7

0.8 1
—— Ultra-high-speed PCR

0.6

0.4 } Conventional PCR

0.2 1

0.0 -
1:01 3:48 6:36 9:24 12:1315:0117:48

—_—
Fluorescence Intensity (arb. unit) &

Time (min:sec)

Fig. 23 a Results of ultra-high-speed real-time PCR amplification,
b comparison between ultra-high-speed PCR and conventional PCR
(air-thermo PCR instruments) (reproduced from Terazono et al. 2010)

There are two major requirements for achieving non-
labeled separation of cardiomyocyte cells from a mixture
of enzyme-treated heart extracts. One is the development
of a reliable index for quantifying the surface roughness of
cells for use in distinguishing the target cells, and the other
is the development of an enzymatic method for visualizing
the differences in surface shape for use in distinguishing
individual cells.

Experience has shown that the collagenase-digestion
process is effective in cardiomyocyte purification for dis-
tinguishing between smooth and rough cell surfaces and
thus distinguishing between cell types. This process must
be followed by incubation for at least 20 min before cell
sorting for the differences between smooth and rough
surfaces to be distinguishable. With the conventional
trypsinization cell preparation procedure, the differences
between smooth and rough surfaces are indistinguishable.

In an experiment, a sample mixture of cells was
acquired from collagenase-digested heart tissue isolated
from 13-day-old mouse embryos, and the cell-sorting sys-
tem was used to distinguish the smooth surface cells
(Fig. 18a) from the rough surface cells (Fig. 18b). Index
R for the smooth cells was 1.08 or less, and that for the
rough cells was greater than 1.1. These results show that an
R value of 1.1 is a suitable threshold for distinguishing
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smooth and rough surface cells in our on-chip imaging flow
cell-sorting system.

Using this index and our label-free on-chip imaging flow
cell-sorting system, we succeeded in separating cardio-
myocyte cells. As shown in Table 2, of the 242 smooth
cells, 178 (73.6 %) were beating cells, 19 (7.9 %) were
non-beating cells, 12 (5.0 %) were shrunk cells, and 33
(13.6 %) were unattached cells (Table 2). There were 195
cardiac myosin positively stained cells (99.99 % of healthy
cultivated cells; 80.6 % of all collected smooth cells), and
there were two negatively stained cells (0.01 % of healthy
cultivated cells; 0.8 % of all cells). This means that more
than 80 % of the smooth cells were beating cardiomyocyte
cells and that more than 99 % of the healthy recultivated
cells were cardiomyosine positive cells. These results
suggest that non-labeling simple phase-contrast image-
based cell sorting using the index of cell surface roughness
can potentially be used to separate cardiomyocyte cells
from a mixture of heart cells with an error rate of less than
1 % (Nomura et al. 2011).

5 Application of imaging cell sorter

5.1 Selection of membrane filter for preventing
contamination

The transfer of sorted cells from the cell-sorting chip into a
culture vessel involves the risks of cell contamination,
damage, and loss. To overcome these risks, we developed
an on-chip culture system using a PMMA-based cell-sort-
ing chip. Although the sorted cells in the cell-sorting chip
can be cultured by transferring the whole chip into an
incubator, there is still the risk of contamination because
the medium in the outlet tubes is exposed to outside air.
Moreover, since the two or three outlet tubes on the cell-
sorting chip are linked by the culture medium, waste cells
and/or particles can contaminate the collection outlet due
to convection or self-propulsion during cultivation. To
prevent such contamination, we need to isolate the outlet
tubes from the downstream reservoir using a membrane
filter. The membrane filter needs to be permeable to
nutrients and gasses and impermeable to cells and bacteria.
A tight seal between the edge of each outlet tube and the
filter is created by thermal bonding. Since the softening
point of PMMA is about 100 °C, the filter should have
resistance at the temperature used for thermal bonding. The
membrane surface must be ruck-free to achieve tight
sealing. For the filter to be permeable to nutrients and
gasses, the membrane must have good hydrophilia. The
filter must be transparent to visible light to enable the cells
in the outlet tubes to be observed without breaking the seal.
We compared the seven commercial membrane filters
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Fig. 24 Comparison of four typical cell-sorting technologies

listed in Table 3 on the basis of these requirements and
selected the first four for testing.

We used E. coli to test the permeability of the four
selected filters. A sample filter was bonded to the edges of
dummy outlet tubes. The Omnipore filter for all pore sizes
and the Isopore filter with pore sizes of 0.1 and 0.2 pm
were not permeable to E. coli, while the Isopore filter with
pore sizes greater than 0.4 pm and the other filters were
permeable (Fig. 19).

Given the impermeability of the Omnipore filters to
E. coli, we tested their use on our cell-sorter chip (Fig. 20).
Cardiomyocyte cells adhered to the bottom of the mem-
brane-sealed outlets and remained beating over 2 days
(Fig. 20a—). Contamination by E. coli from the down-
stream reservoir into the outlet tubes during cultivation was
observed for filters with pore sizes of 0.2 and 0.45 pm but
not for that with 0.1-pm pores (Fig. 20d-i). Therefore, the
use of a 0.1-pm-pore Omnipore filter with our PMMA-
based cell-sorting chip enables on-chip cultivation without
contamination.

Cell
chip

Sorter
Preparation chip

e Medium with EDTA chip

. .
Electrodes for field potential Microscopy
measurement of cells module

High;speed
CCD-camera

Principle examined

a-plastic disposable
cell-sorter chip
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5.2 Integration of cell-sorting system with sample
preparation unit and ultra-high-speed droplet
PCR module

As illustrated in Fig. 2, one of the final destinations of cell
sorting is analysis of the collected target cells. To accom-
plish this, we combined a stand-alone on-chip imaging flow
cell-sorting module with a sample preparation module and
an ultra-high-speed droplet polymerase chain reaction
(PCR) module in a rack, which serves as an integral load-
bearing structure (Fig. 21). Each module carries out a
specific task related to rapid nucleotide detection: the
sample preparation module concentrates the sample cells,
(2) the cell-sorting module sorts the cells on the basis of
image analysis, (3) and the PCR module analyzes the cells.
A modular approach was taken so as to facilitate upgrading
of the individual modules as more advanced ones become
available. As shown in Fig. 21b, the modules are arranged
in the rack so that they can easily be slid out horizontally
for easy access and replacement.
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In the sample preparation module (Fig. 21c—d),
1,000 pL of the sample solution is forced through a sili-
cone tube under pressure into a glass vessel. A single sil-
icone tube is reused and is washed between trials. Once the
vessel is filled with sample solution, it is pressurized to
force the solution through a filter cartridge. This is
accomplished by sealing the vessel with a lid equipped
with two tubes; pressure is applied through one tube, and
the solution is forced out through the second, which is long
enough to reach residual fluid at the bottom of the vessel.
When the solution is forced through the filter cartridge,
particulates are trapped on the filter surface. A dispenser is
inserted into the cartridge, and negative pressure is applied
to recover these particulates. A filter with a smooth surface
punctuated with discrete pores was used to facilitate their
removal. It would be more difficult to recover the trapped
particulates with a fiber filter. The internal shape of the
cartridge was designed so as to minimize the volume
between the filter and dispenser. It is important that the
amount of fluid used for particulate recovery is kept at a
minimum, because the concentration ratio is higher when
the amount of recovered fluid is greater. The recovered
particulates are transferred to another container that is
accessible to the inter-module sample transfer dispenser.
This module contains 12 sets of glass vessels, filter car-
tridges, and dispensers. The vessels are mounted on a
rotating turret as are the filter cartridges with their own
rotating turret. A dye can be injected into the vessels if the
pathogen needs to be labeled. After sample preparation, the
cells are transported and sorted in the second module, and
the collected target cells are then analyzed in the third
module.

DNA/mRNA analysis of the collected cells is done
using a newly developed simple ultra-high-speed real-time
pl sample droplet PCR module featuring rapid water-based
heating of sample droplets by quick switching between two
hot water circuits (one for denaturation and one for
annealing and extension). The module consists of two hot
water circuits, a reaction chamber, and a light-fiber fluo-
rescent detector. As shown in Fig. 22, each hot water cir-
cuit has a tank with an internal heater, two diaphragm
valves, a fine-adjustment heater, a check valve, and a
geared pump and is connected to a PCR reaction chamber
made of PDMS and containing a thin-film aluminum chip,
on which a 3 x 8 array of micro indentations are embossed
to hold pl-sized water droplets. The water in each circuit is
circulated continuously by the pump during reaction to
maintain the temperature of the hot water in each tank. It is
transferred to the reaction chamber only when the tem-
perature of the reaction chamber needs to be increased to
that of the hot water. Fine temperature control of the cir-
culated hot water is achieved by adjusting the appropriate
fine-adjustment heater. One circuit maintains the water
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temperature at 95 °C; this water is used for denaturation of
DNA fragments. The other maintains the water temperature
at 50-70 °C; this water is used for extension of DNA
fragments. Diaphragm valves are used simultaneously to
control the circulation of the water and to transfer it when
needed to the reaction chamber, where it is circulated under
the aluminum chip, resulting in direct transfer of the heat
from the water to the chip and then to the droplets. When
the water is no longer needed, it is returned to the appro-
priate hot water tank and again circulated.

Rapid PCR amplification of a set of droplets containing
Bacillus anthracis lined up on the aluminum chip was
evidenced by the increase in fluorescent intensity, as shown
in Fig. 23a. It was accomplished using the sample prepa-
ration module and on-chip imaging flow cell-sorting
module within 3.5 min (40 cycles of 1-s denaturation and
3-s extension). As shown in Fig. 23b, this is an order of
magnitude faster than with a conventional fast PCR system.
This integrated system, thus, enables rapid detection of
DNA fragments and is potentially applicable to the mea-
surement of multiple samples simultaneously in a minia-
turized microfluidic chip.

6 Discussion

We can estimate the performance of the imaging flow cell-
sorting system as follows. Suppose the maximum sampling
rate of image acquisition and recognition is 200 events/s
and the sorting efficiency is 90 % at a flow rate less than
200 mm/s in the cell-sorting area. The cell-sorting area is
50 pum wide, 25 pm high, and 100 pm long. The flow rate
in the cell-sorting area is ten times that in the sample inlet
because of the sheath structure. The discrimination error is
less than 2 % for a mixture of 2.5- and 3.0-um polystyrene
particles. All operations after sample setting are automated
and take less than 5 min except for the cell-sorting process.

Since the maximum sampling rate is 200 events/s, the
maximum sample-processing rate is 25 nL/s (=50 pm(W)
x 25 pm(H) x 100 pm(L) x 200 events/s). Under these
conditions, the flow rate in the cell-sorting area is 20 mm/s
(=100 pm x 200 events/s). For example, 50 pL of the
sample will be processed within 33 min (=50 pL/25 nL/s).
Therefore, the total operation time is less than 40 min.

Because the unit volume of sample processing is very
small (125 pL/event, the volume of the cell-sorting area
per event), sample dilution is not necessary for cytometry;
the maximum density of sample particles is 8 x 10° par-
ticles/mL (=1/125 pL). For example, if the sample density
is 1 x 10° particles/mL, which is 1/8th the maximum
density, the sample particles are processed one by one with
an entanglement error in cell sorting of less than 0.8 %, as
shown by the Poisson distribution.
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Therefore, analysis of a 50-pL sample at 1 x 10° par-
ticles/s requires that the error for discriminating target cells
in the collection tube be less than 2 % and that the database
of microscopic images be fully accessible within 40 min.
This estimated performance demonstrates that our cell-
sorting system is useful for biological research and clinical
diagnosis.

The sorting time could be reduced by increasing the
sorting force using improved technology such as an array of
agarose gel electrodes (Fig. 8) to increase the effective area
of electrostatic force irradiation. The recognition rate could
be increased by improving the efficiency of cell sorting.

Figure 24 compares four typical cell-sorting technolo-
gies. Magnetic bead-based acquisition of target cells is the
most simple and economical (Anzai et al. 2007; Terazono
et al. 2010). However, the magnetic-bead interactions with
target cells are probabilistic, so the population count is not
precise. The on-chip flow cytometer uses the apoptosis
phenomenon for cell purification; i.e., infrared laser irra-
diated cells are removed by apoptosis during cell reculti-
vation. Although this technology is simple and fast,
recultivation is essential for purification. The on-chip cul-
tivation technology described in this review combines on-
chip multielectrode array (MEA) measurement and a
digestible polyarginine layer; it performs non-invasive
electrophysiological functional identification of target cells
and single-cell-level collection and recultivation (Terazono
et al. 2012). The on-chip imaging flow cell-sorter system is
the non-invasive shape-based detection technology of tar-
get cells as we described in this review.

One of the advantages of the on-chip imaging flow cell-
sorting technology is quick and complete sample mea-
surement based on image information for the samples. In
particular, as shown in Figs. 17 and 18, it can obtain
detailed information on cell cycles and conditions, which is
difficult with conventional diffraction-based cell-sorting
technologies. Complete sample measurement is important
for estimating the probability of events and populations.
Imaging flow cell-sorting technology is thus well suited for
detailed analysis of cell groups.

We introduced two potential applications of our on-chip
imaging flow cell-sorting: contamination-free recultivation
and integrated PCR measurement system. In contrast to
conventional flow cytometry, the most important feature of
cell-sorting technology is acquisition of target cells from
samples. Hence, further cell treatment procedures such as
cell recultivation and cell analysis should be considered for
practical cell-sorting technology development. We have
demonstrated that a membrane filter lid with a disposable
cell-sorting chip works well for contamination-free recul-
tivation and that integration of an on-chip imaging flow
cell-sorting module with a droplet PCR module enables
identification of rod-shaped B. anthracis from a crude

sample mixture. This means that one of the next steps in
cell-sorting technology development should be the devel-
opment of an integrated system for further cell treatment
and analysis.

7 Summary

We have developed an on-chip high-speed imaging flow
cell-sorting system with five core features: (1) optical
image-based real-time cell sorting; (2) inclusion of all the
cell-sorting procedures in an economical and disposable
(burnable after use) plastic chip; (3) cell separation elec-
trodes consisting of stable and bubble formation-resistant
gel electrodes; (4) contamination-free recultivation; and (5)
fully automated operation. This system can be modularized
and combined with additional cell analysis modules such as
a PCR analysis module. Testing demonstrated that cells
and fluorescent dyes can be separated using this system.
The time required for cell sorting for a 20-uL. sample with
1 x 107 particles was within 30 min. This simple, safe,
fast, and label-free flow cell-sorting system for cell puri-
fication is thus practical and potentially useful for biolog-
ical research and clinical diagnosis.
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