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Selection of particles or cells of specific shapes from a complex mixture is an
essential procedure for various biological and industrial applications, including
synchronization of the cell cycle, classification of environmental bacteria, and
elimination of aggregates from synthesized particles. Here, we investigate the sepa-
ration behaviors of nonspherical and spherical particles/cells in the hydrodynamic
filtration (HDF) scheme, which was previously developed for continuous size-
dependent particle/cell separation. Nonspherical particle models were prepared by
coating the hemisphere of spherical polymer particles with a thin Au layer and by
bonding the Janus particles to form twins and triplets resembling dividing and
aggregating cells, respectively. High-speed imaging revealed a difference in the
separation behaviors of spherical and nonspherical particles at a branch point; non-
spherical particles showed rotation behavior and did not enter the branch channel
even when their minor axis was smaller than the virtual width of the flow region
entering the branch channel, w,. The confocal-laser high-speed particle intensity
velocimetry system visualized the flow profile inside the HDF microchannel, dem-
onstrating that the steep flow-velocity distribution at the branch point is the main
factor causing the rotation behavior of nonspherical particles. As applications, we
successfully separated spherical and nonspherical particles with various major/
minor lengths and also demonstrated the selection of budding/single cells from a
yeast cell mixture. We therefore conclude that the HDF scheme can be used for
continuous shape-based particle/cell separation. © 2011 American Institute of
Physics. [doi:10.1063/1.3580757]

I. INTRODUCTION

Shape is one of the most important factors characterizing cell species, types, and cell states.
For example, prokaryotes are classified into four basic groups (cocci, bacilli, vibrio, and spirocha-
ete) mainly based on shape.l’2 Also, eukaryotic cells show cell-cycle dependent physical changes
in shape;3’4 for example, budding yeast cells (Saccharomyces cerevisiae) change their shapes
during proliferation from a sphere to a bispherical twin or a larger aggregate, depending on their
cell-cycle stages.4 In addition, the mammalian cancerous lymphocytes show the morphological
transformation from a sphere into a ellipsoid or even a bispherical twin with the passage of the
cell-cycle stages from G2 phase to M phase.5 A technique for shape-based cell separation would
therefore be essential for the synchronization of cell cycles, classification of environmental bac-
teria, and even the elimination of aggregates from synthesized particles. Various types of conven-
tional techniques are available to separate cells based on the physical/chemical properties of cells,
from simple centrifugation and filtration techniques to the highly sophisticated FACS devices.
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However, these techniques are not able to achieve purely shape-based cell separation since most of
them utilize the cell size, density, or surface properties for separation instead of the cell shape.

Recently, microfluidic technologies have been utilized as a means to precisely separate small
samples such as cells, particles, and biomacromolecules.” As the continuous separation methods
of cells/particles in microfluidic devices, researchers have combined the stable laminar flow and
the external physical forces such as dielectrophoretic,g_12 acoustic,'>'* gravitational,15
magnetic,m’17 and optical18 forces. Separation techniques solely utilizing the microscale hydrody-
namics have also been reported, e.g., pinched-flow fractionation,'*° hydrodynamic filtration and
similar techniques,m’26 deterministic lateral displacement,”’28 inertial-flow foc:using,”’31 Dean
flow-based separati011,32’3 3 hydrophore:sis,34’35 deformability-based cell margination,36 and so on,
achieving passive and continuous separation of cells/particles based on size, density, or deform-
ability, without necessitating external forces or labeling techniques. Although these methods en-
able the efficient and precise separation of particulate samples from bacterial cells to large animal
cells, most of the separation mechanisms are based on the assumption that the target objects are
spherical, and there has been no discussion of the separation behavior of nonspherical objects
having complicated morphologies.

Erythrocytes are the only exception; erythrocytes are disk-shaped and their behavior in mi-
crochannels has been studied. Tegenfeldt and co-workers®"*® reported a difference in the separa-
tion behaviors of erythrocytes in the lateral displacement microchannels depending on the height
of the micropillars. When the micropillar height is sufficiently small, erythrocytes are separated
based on the largest diameter (i.e., the disk diameter), while the disk thickness of erythrocytes is
recognized in the case of higher micropillars. These results demonstrate the applicability of mi-
crofluidic schemes for shape-based separation, but this concept cannot be directly employed to
explain the behaviors of general nonspherical particles, first because erythrocytes are highly
unique in terms of shape, size, and deformability, and second there have not been appropriate
models available for the other types of nonspherical particles. A technique for achieving shape-
based particle/cell separation would become an essential procedure for industrial/research appli-
cations; for example, shape-based cell-cycle synchronization would be possible without employ-
ing specific chemical treatments, which are usually conducted in biological experiments.4’39

In the present study, we examined the applicability of the hydrodynamic filtration (HDF)
technique for the shape-based separation of nonspherical particles; this technique was previously
developed for size-based sorting of particles/cells (typically with a diameter of 1-100 wm) using
a microchannel network composed of a main channel and a number of branch channels. We have
demonstrated the separations of blood cells and liver cells using the HDF technique, proving its
potential for actual biomedical applications.zz’24 However, the particle/cell shapes were assumed to
be spherical, and the behaviors of the particles having different shortest and longest diameters
have not been discussed; even the erythrocytes were regarded as spheres with a diameter of
~3 um. Figure 1(a) shows the basic principle of separation behaviors of spherical particles at a
branch point. A thin region of the fluid flowing near the lower sidewall (with a width of w)) is split
into the branch channel. If the center position of a particle is outside this region, it never flows into
the branch channel. On the other hand, small particles with the center positions in this region are
removed from the main stream through the branch channel. The width of this virtual flow region,
wy, is determined by the width of the main channel and the distribution ratio of flow rates into the
branch channel; the distribution ratio is freely controlled by precisely designing the microchannel
network regarding as a resistive circuit. Because of the presence of the parabolic flow-velocity
distribution, it is naturally anticipated that the spherical particles are rotating, as shown in Fig.
1(b), when they are flowing near the sidewall. In the case of rodlike, disklike, or bispherical
particles flowing in a laminar flow system, the major axes (the largest diameters) of such particles
would be in parallel to the flow direction. Figures 1(c) and 1(d) show the possible behaviors of
nonspherical twin particles at a branch point. If such nonspherical particles show rotation behav-
iors in the vicinity of the channel wall and the branch point, as shown in Fig. 1(c), a difference
would arise in the separation behaviors of the spherical and nonspherical particles, although the
shortest diameters of these particles are the same [Fig. 1(c)]. When the center position of the
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FIG. 1. Schematic diagrams showing the separation behaviors of particles in the HDF scheme. (a) Size-dependent sepa-
ration of spherical particles and [(b)—(d)] possible rotation behaviors of spherical (b) and nonspherical [(c) and (d)]
particles at the branch point.

nonspherical particles crosses the boundary between the flow regions (shown by the dotted line in
the figure) due to the rotation, such particles would not flow into the branch channel. In contrast,
if nonspherical particles do not rotate, the center position would be the same as that of the
spherical particles, making separation impossible [Fig. 1(d)].

In order to prepare a nonspherical particle model, we propose a fabrication method for twin or
triplet particles from spherical polymer particles having Janus morphology, which are suitable for
observing the rotation movement. To visualize the particle movement, a high-speed imaging
system was used, and the flow profile was observed by using a high-speed microparticle intensity
velocimetry (micro-PIV) system. In addition, we demonstrate the separation of spherical/
nonspherical particles and the sorting of budding yeast cells according to their morphologies.

Il. EXPERIMENTAL SECTION
A. Materials

Green fluorescent polystyrene microbeads, 1.0 or 10 um in diameter, and nonfluorescent
polymer microbeads, 15 or 20 um in diameter, were obtained from Duke Scientific Corp., CA,
USA. Fluorescent particles with a diameter of 0.5 wum (F8813) were obtained from Invitrogen
Corp., CA, USA. Ethanol (99.5%), sucrose, glucose, Tween 80, and adenine sulfate were pur-
chased from Wako Purechemical Ind., Ltd., Japan. For microdevice fabrication, negative photo-
resists, SU-8 3015, and 3025 (MicroChem Corp., MA, USA), and PDMS (polydimethylsiloxane;
Silpot 184 W/C; Dow Corning Toray Co., Ltd., Japan) were used. Bacto pepton and yeast extract
were purchased from Becton, Dickinson and Co., NJ, USA.

B. Fabrication of nonspherical particles

The fabrication procedures of nonspherical Janus particles are shown in Fig. 2(a). First,
spherical Janus particles were prepared by following the previously reported procedure.40 A sus-
pension of fluorescent particles (10 wm in diameter) in ethanol was dropped on a glass slide and
dried, forming a monolayer of particles. The surface was then treated by oxygen plasma at 100 W
for 30 s using a plasma reactor (PR500, Yamato Scientific Co., Ltd., Japan), following the coating
of the upper hemispheres of the particles with a thin layer of Au (thickness of ~20 nm) using a
magnetron sputtering system (MSP-1S, Vacuum Device Inc., Japan). The half-coated Janus par-
ticles were recovered from the glass slide and suspended in ethanol by sonication. A centrifugation
process was then employed to bond the Janus particles by utilizing the plasticity of the Au layer.
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FIG. 2. (a) Fabrication process of nonspherical particle models. Janus particles are initially prepared and then bonded to
form nonspherical twin and triplet particles. (b) Micrographs of the fabricated single, twin, and triplet particles. Scale bar:
10 pm.

The particle suspension in ethanol was centrifuged at 2000 G for 30 s using a centrifuge device
(Himac CTI13R, Hitachi Ltd., Japan). Centrifuged particles were resuspended by vortexing, and
the centrifugation process was repeated five times to increase the presence of twins/triples [Fig.
2(b)]. To remove the Au debris and the aggregated particles composed of more than four single
particles, particles were filtered through a nylon mesh with 20 wm pores (PP-20N, Kyoshin Rikoh
Inc., Japan).

C. Microdevice fabrication and design

Microdevices were fabricated by using soft lithography and replica molding techniques, as
described previously.‘“’42 Initially, SU-8 structures were patterned on Si wafers to prepare molds,
and the PDMS replica was then obtained. The PDMS plate having channel structures was bonded
with a flat glass slide after O, plasma treatment.

Two types of microdevices were employed in this study: microdevices A and B. Microdevice
A was designed for the separation of particles with diameters ranging from 10 to 20 um and used
for the observation of behaviors of fabricated nonspherical particles [Fig. 3(a)]. This device was
equipped with two inlets and six outlets. Inlets 1 and 2 were used for introducing fluid flows with
and without containing particles, respectively; the fluid flow from inlet 2 allowed the perfect
focusing of particles/cells to the lower sidewall after passing through the 65 branch points con-
nected to outlet 6. The main channel width was 90 um and was connected to 130 branch chan-
nels; 20, 15, 15, 15, and 65 branch channels were connected to outlets 2, 3, 4, 5, and 6, respec-
tively. Each branch channel was composed of narrow (30 wm) and wide (40 or 45 wm) segments
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FIG. 3. Schematic illustrations of the designs of HDF microchannels. (a) Microdevice A for particle separation and (b)
microdevice B for sorting budding yeast cells. Details of these microchannels are shown in the supplemental information
(Ref. 43). Drawing is not to scale.
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TABLE I. The measured and theoretical values of the virtual width of the flow region entering the branch
channels connected to each outlet (w,). The unit is wm.

Outlet 2 Outlet 3 Outlet 4 Outlet 5 Outlet 6
Measured 9.0 8.6 7.6 7.0 5.7
Theoretical 10.0 9.0 8.0 7.0 6.0

to properly adjust the hydrodynamic resistance while keeping the lengths of branch channels
uniform. The channel depth was uniform, 26 um. The theoretical values of the virtual widths of
the flow region entering the branch channels, w,, are shown in Table I. It was expected that
particles with sizes >20, 18-20, 16-18, 14-16, 12—-14, and <12 um would be recovered from
outlets 1, 2, 3, 4, 5, and 6, respectively.

Microdevice B was designed for the separation of budding yeast cells [Fig. 3(b)]. This device
had two inlets and five outlets, with a main channel width of 30 um, which was connected to 113
branch channels; 8, 8, 12, and 85 branch channels were connected to outlets 2, 3, 4, and 5,
respectively. Each branch channel was composed of narrow (10 wm) and wide (20 or 30 um)
segments. The channel depth was 12 um. The detailed structures of microdevices A and B are
shown in the supplemental information.*

D. Microfluidic experiments

First, to investigate whether the fabricated devices worked as we designed, the volumetric
flow rate distributed to each outlet was measured by introducing distilled water from inlets 1 and
2 using syringe pumps (KDS200, KD Scientific Ink., MA, USA) and measuring the output vol-
umes. Also, to measure the virtual widths of the flow regions entering the branch channels, wy,
fluorescent microparticles were introduced and their movements were observed by using an ICCD
(Intensified CCD) camera (C2400-89V, Hamamatsu Photonics K.K., Japan) through an inverted
fluorescence microscope (IX70, Olympus Corp., Japan). To observe the behaviors of spherical and
nonspherical particles in microdevice A, single, twin, and triplet Janus particles were suspended in
distilled water containing 15% (w/w) sucrose and 0.5% (v/v) Tween 80 at a total concentration of
1 X 10° particles/ml. Aqueous solutions with and without containing particles were introduced
from inlets 1 and 2 at 3 wl/min, respectively. Particle behaviors were video-captured at 1000
flames/s using a high-speed camera (VCC-H1000C, DigiMo Co., Ltd., Japan). In addition, the
flow profile was visualized by employing a high-speed micro-PIV system (confocal scanning
micro-PIV system, Seika Corp., Japan). Fluorescent particles (2=0.5 wm) were suspended in
0.5% (v/v) Tween 80 aqueous solution and introduced into microdevice A, and images of particle
movement were captured at 2000 flames/s. The flow-velocity distribution was calculated and
visualized using an image analyzing software (KONCERT, Seika Corp., Japan). To demonstrate the
shape-based particle separation, spherical and nonspherical particles were mixed and introduced
into microdevice A, and the separation behaviors were observed. The fabricated nonspherical
twin/triplet particles and the spherical particles, 10, 15, and 20 um in diameter, were suspended
in the same aqueous solution as described above. The solutions with and without containing
particles were introduced from inlets 1 and 2 of microdevice A at 30 wul/min by using syringe
pumps, respectively. The separated particles were recovered from each outlet, and their numbers
and concentrations were measured.

E. Sorting of budding yeast cells

Saccharomyces cerevisiae (BY 23849) was cultured in YPDA (yeast peptone dextrose ad-
enine) medium, composed of 2% bacto pepton, 1% yeast extract, 2% glucose, and 1% adenine
sulfate at 27 °C for 24 h and resuspended in the medium at 1 X 10® cells/ml. The yeast suspen-
sion and the medium were introduced from inlets 1 and 2 of microdevice B at 15 wl/min,
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TABLE II. Comparison of the measured and theoretical values of volumetric flow rates distributed into each
outlet of microdevice A. The unit is % of the total introduced volumetric flow rate.

Outlet 1 Outlet 2 Outlet 3 Outlet 4 Outlet 5 Outlet 6
Measured 6.93 8.06 7.68 9.11 13.46 54.55
Theoretical 7.76 7.84 8.28 9.61 9.96 56.55

respectively. Sorted cells were recovered from each outlet and then immediately placed on ice to
prevent cell growth, and their morphologies were observed.

lll. RESULTS AND DISCUSSION
A. Fabrication of nonspherical particles

Although researchers have proposed methods to prepare nonspherical particles, including
in situ photopolymerization in microfluidic devices, ¥ seeding polymerization,47 and droplet
coalescence,” we proposed a procedure to easily fabricate nonspherical particles from spherical
Janus particles, which is suitable to observe the rotation movement in the HDF microchannels.
Initially, the hemispheres of the fluorescent polymer particles were covered with opaque Au layers
and the fluorescence was partially disappeared. Then, by applying centrifugation processes, Janus
particles were bonded together via the Au surface to form twins or triplets [Fig. 2(b)]. After the
first centrifugation process, the ratios of single, twin, and triplet particles were 86.7%, 11.5%, and
1.8%, respectively. The ratios of twins and triplets were increased by repeating the centrifugation
processes after resuspending the particles by vortexing; the ratios of singles, twins, and triplets
were 67.6%, 19.8%, and 12.6%, respectively, after five centrifugation cycles. This increase was
due to the enhanced possibility of collisions between the particles since the bonding occurred by
the contingence of Au surfaces on the hemispheres of particles when they were in contact in the
direction of the centrifugal force. Note that the presence of particle aggregates composed of more
than four singles was increased when the centrifugation processes were repeated, but that these
large aggregates were removed by filtration. In the following experiments, we used the particle
mixture prepared by the five-cycle centrifugation processes. The bonding of these particles was
highly stable; bonded particles were not torn apart into single particles even by vortexing or by
introducing into the microchannels.

B. Evaluation of microdevices

Before conducting particle separation, we examined whether the two types of microchannels
were properly fabricated as we designed. First, the volumetric flow rates distributed to each outlet
were measured. The theoretical and experimental results are shown in Tables II and III; these
values showed good agreements for microdevices A and B, although these microfluidic networks
were composed of more than 100 branch channels. The slight differences between the theoretical
and experimental were likely due to the partial nonuniformity in the depth of the microchannels.

The virtual widths of the flow region (w;) entering the branch channels were evaluated for
microdevice A by tracking the movements of florescent particles with a diameter of 1.0 um. The
flow rates of the particle suspension from inlets 1 and 2 were the same, 0.5 ul/min. Figure 4

TABLE III. Comparison of the measured and theoretical values of volumetric flow rates distributed into each
outlet of microdevice B. The unit is % of the total introduced volumetric flow rate.

Outlet 1 Outlet 2 Outlet 3 Outlet 4 Outlet 5

Measured 9.46 10.54 10.74 14.45 54.80
Theoretical 11.05 10.72 10.67 10.81 56.75
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FIG. 4. Visualization of the virtual regions entering into branch channels connected to (a) outlet 2 and (b) outlet 6. The
widths of the flow region entering the branch channels, w,, were (a) 9.0 and (b) 5.7 wm, respectively. Scale bar: 10 wm.

shows the tracks of particle movement at branch points connected to outlets 2 (a) and 6 (b),
respectively. We defined the value of w; as the distance from the lower sidewall to the boundary
of the flow regions, as indicated by the two arrows in the figure. The comparisons of the theoret-
ical and measured values of w; for outlets 2—6 are shown in Table I. Although the experimental
values of w; were slightly smaller than the theoretical values, the values generally showed a good
correspondence. From these results, it was expected that spherical particles with diameters of
>18.0, 17.2-18.0, 15.1-17.2, 14.1-15.1, 11.4-14.1, and <11.4 wm would be recovered from
outlets 1, 2, 3, 4, 5, and 6, respectively.

C. Separation behaviors of nonspherical particles

To exploit the potential of the HDF scheme for the shape-based particle/cell separation, the
behaviors of spherical and nonspherical particle were visualized using a high-speed video camera
system. Figure 5 and videos show the behaviors of single and twin particles at the branch point to
outlet 6 of microdevice A when the each flow rate from inlets 1 and 2 was 3 ul/min. The single
and twin particles were rotating at the vicinity of the sidewall, and thus, there was a difference in
the average distances from the center position of these particles to the lower sidewall; the dis-
tances were 5 and 6.3 wm for singles and twins, respectively. Also, almost all of the twin particles
showed a 180° rotation at the branch point, and this rotation moved the center position of twin
particles out of the flow region entering the branch channel, which caused the different separation
behavior from that of the single particles. As a result, twin particles did not flow to outlet 6 (w,
=5.7 pm) but flowed to outlet 5 (w;=7.0 um). These results showed that particles with the same
shortest diameter but different largest diameters could accurately be separated, demonstrating the
possibility for shape-based separation in the HDF scheme. The rotation behavior of the nonspheri-
cal triplet particle was also observed, as shown in the supplemental information.*

The parabolic flow-velocity profile in laminar flow systems is the most probable factor that
caused the rotation behavior of the twin particles, and thus, we visualized the flow profile by using
the high-speed confocal PIV system. The visualized profile in the z=13 um plane of the 26 um
deep microchannel, using 0.5 wm particles as tracers with the total inlet flow rate of 0.3 ul/min,
is shown in Fig. 6(a). The flow velocity at the center of the main channel was faster
(~1300 wm/s) than that in the vicinity of the sidewall or in the branch channel. In order to
clarify the different flow forces applied to the two particles comprising a twin, we defined the
x- and y-axes, as shown in Fig. 6(b), and analyzed the flow-velocity distributions along the
x=1.9 wm line; the major axis of the twin particle at 4 ms in Fig. 5(b) was almost parallel to the
y-axis on this line. In this micrograph, the center positions of particles (a) and (b) were
(x,y=1.9,11.4) and (x,y=1.9,1.9), respectively. Figures 6(c) and 6(d) show the flow velocities in
the x (vy) and y (vy) directions on the x=1.9 um line, respectively; v, for the center positions of
particles (a) and (b) were 561 and 104 um/s, respectively, and v, were —263 and —125 um/s,
respectively. Figure 6(e) shows the particle positions and the flow vectors at the center positions of
the twin particle at 4 and 8 ms in Fig. 5(b). At the entrance of the branch point [at 4 ms in Fig.
5(b)], the flow force applied to particle (a) is greater than that to particle (b), which generated the



024103-8 Sugaya, Yamada, and Seki Biomicrofluidics 5, 024103 (2011)

(@) (b)

(© (d)

Shoprnng Shemeas

FIG. 5. Behaviors of single and twin particles at a branch point connected to outlet 6 in microdevice A. [(a) and (b)]
Micrographs of (a) a spherical particle and (b) a nonspherical twin particle at every 1 ms. Scale bar: 20 um. [(c) and (d)]
Schematic illustrations of positions of (c) spherical and (d) nonspherical twin particle micrographs. The numbers
correspond to the times (ms) shown in (a) and (b) (enhanced online). [URL: http://dx.doi.org/10.1063/1.3580757.1]
[URL: http://dx.doi.org/10.1063/1.3580757.2]

moment to rotate the twin particles. At 8 ms, v, for the center positions of particles (a) and (b)
were 276 and 90.9 wm/s, respectively, and vy were 93.5 and 28.1 wm/s, respectively, indicating
that the twin particle goes upward and does not flow into the branch channel. We confirmed that
the twin particles showed 180° rotation at the branch point without exception.

D. Separation of particles with various largest/shortest diameters

Although we separated particles with the same shortest diameter but different longest diam-
eters as described in Sec. III C, it is also necessary to demonstrate the separation of particles with
various longest/shortest diameters for general shape-based particle separation. We therefore tried
to separate the mixture of particles, as shown in Fig. 7(a); spherical (=10, 15, and 20 um) and
nonspherical (twin and triplet) particles were mixed and introduced into microdevice A, and their
separation behaviors were examined. The particles recovered from each outlet were counted for
each type of particle. Figure 7(b) shows the micrographs of the recovered particles, and Fig. 7(c)
shows the ratio of each particle. The nonspherical twin particles, with shortest and longest diam-
eters of 10 and 20 um, respectively, were separated from the three types of spherical particles
(=10, 15, and 20 um), and were mainly recovered from outlet 5; the ratio of twin particles
recovered from outlet 5 was 81.1%. This result suggests that the separation mechanism of non-
spherical particles in the HDF scheme is based both on the shortest and longest diameters of
particles, proving the ability of the HDF scheme to carry out shape-based particle separation.

In the case of the triplet particles, they were recovered from outlets 1-5. This wide distribution
was due to the existence of various types of triplet particles, as shown in Fig. 7(a). The shortest
diameter of the triplet particle is the same as that of single particles, regardless of the binding
angles. On the other hand, the longest diameters varied from 20 to 30 wum, depending on the
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FIG. 6. Visualized flow-velocity distribution at a branch point connected to outlet 6 in microdevice A when the inlet flow
rate was 2.0 ul/min. (a) Image showing the flow-velocity distribution. Scale bar: 30 um. (b) Definition of x- and y-axes
at the branch point. The location of a nonspherical twin particle corresponds to that shown in Fig. 5(a) at 4 ms. [(c) and (d)]
The distributions of flow velocities (c) vy and (d) vy along the x=1.91 um line. (¢) Schematic image showing the flow
forces in the x- and y-directions on the twin particle. The particle positions correspond to those at 4 and 8 ms in Fig. 5(b).

binding angle, and this variation caused the different rotating motions at the branch point. Almost
all of the triplet particles collected from outlet 4 showed an equilateral trianglelike shape, having
the same longest and shortest diameters as those of twins; this result also demonstrated shape-
based separation for particles with the same longest and shortest lengths but different volumes.

Although most of the twin particles were recovered from outlet 5, some were separated from
outlets 4 and 6; 12.1% and 3.5% of the introduced twin particles were recovered from outlets 4
and 6, respectively. This imperfection in the separation accuracy might have been caused by the
disordered behaviors of particle rotation at the branch points. That is, when particles were flowing
in the microchannel and the rotating axis was not parallel to the depth direction of the main
channel, these twin particles behaved like single particles and were recovered upstream from
outlet 6, even though the frequency of these particles was not as high. On the other hand, we
observed irregularly rotating particles apart from the sidewall that did not enter the branch chan-
nels to outlet 5 but flowed into downstream branches connected to outlet 4. The decrease in the
microchannel depth (desirably less than the largest diameter of the nonspherical particles) would
prevent the irregular rotation of particles with a rotation axis not parallel to the depth direction and
improve the separation accuracy.

E. Sorting of budding yeast cells

To examine the applicability of the presented shape-based separation scheme to biological
samples, budding yeast cells [Saccharomyces cerevisiae (BY 23849)] were sorted. Yeast cells
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FIG. 7. Separation results for spherical and nonspherical particles. (a) Micrographs and schematic diagrams of spherical
and nonspherical particles used for separation. Scale bar: 10 um. The sizes of the triplets varied depending on the bonding
angles, which were 60° and 110° for triplets 1 and 2. (b) Micrographs of particles before separation and after recovery from

outlets 1-6. Scale bar: 20 um. (c) Distribution ratios of particles at each outlet. Each value shows the mean= SD from
three independent experiments.

show various morphologies depending on the cell states**~! and are categorized into single,
budding twin, and aggregates composed of more than three cells, and the diameters are typically
in the range of 3—10 um. Cells were suspended in the medium and introduced into microdevice

B.
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FIG. 8. Sorting results for budding yeast cells. (a) Micrographs of cells before separation and after recovery from outlets
1-5. Scale bar: 10 um. (b) The ratios of cell types in the fractions recovered from each outlet and (c) the distribution ratios
of cells according to cell type. Each value shows the mean = SD from three independent experiments.

The results of the budding yeast separation are shown in Fig. 8. Before separation, the ratios
of single, budding, and aggregated cells were 48.0%, 39.4%, and 12.6%, respectively. After
separation using the microdevice, most of the single cells were recovered from outlets 4 (56.2%)
and 5 (42.6%), while budding cells composed of mother and daughter cells were mainly recovered
from outlets 3 (28.8%) and 4 (65.2%). The populations of aggregated cells were significantly low
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in the fractions recovered from outlets 4 and 5. The ratios of single cells in the fractions from
outlets 4 and 5 were high, 82.1% and 97.0%, respectively, while that of the budding twin cells in
the fraction from outlet 3 was 69.4%, demonstrating the relatively high separation efficiency of
budding yeast cells depending on the cell morphologies. These results demonstrated the ability of
the HDF scheme to perform cell-cycle synchronization not only by utilizing the size difference but
also by employing the difference in cell morphologies, without using specific chemicals such as
thymidine, nocodazole, or colcemid, temperature-sensitive cell-cycle (cdc) mutants.**

IV. CONCLUSIONS

We have successfully shown the applicability of the HDF scheme for particle/cell sorting
based on shape. First, we developed a fabrication process for nonspherical particles utilizing the
Janus particles and the plasticity of the Au surface. The prepared nonspherical twin/triplet particles
were used for the observation of separation behaviors. The different rotation behaviors of spherical
and nonspherical particles were visualized and found to be caused by the flow-velocity distribution
at the branch point. Shape-based particle separation was then achieved, and the sorting of budding
yeast cells was demonstrated based on their morphologies. The presented separation scheme
utilizing the different rotation behaviors of different particle types would be a valuable tool
applicable to various biological experiments, including cell-cycle studies and the classification of
environmental bacteria such as cocci and bacilli. In addition, more precise shape-based separation
would be possible by more effectively optimizing the microchannel geometries and exploiting the
different behaviors of particles according to different morphologies.
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