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Gravity-Driven Microfluidic Particle Sorting Device
with Hydrodynamic Separation Amplification
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This paper describes a simple microfluidic sorting system
that can perform size profiling and continuous mass-
dependent separation of particles through combined use
of gravity (1 g) and hydrodynamic flows capable of rapidly
amplifying sedimentation-based separation between par-
ticles. Operation of the device relies on two microfluidic
transport processes: (i) initial hydrodynamic focusing of
particles in a microchannel oriented parallel to gravity and
(ii) subsequent sample separation where positional dif-
ference between particles with different mass generated
by sedimentation is further amplified by hydrodynamic
flows whose streamlines gradually widen out due to the
geometry of a widening microchannel oriented perpen-
dicular to gravity. The microfluidic sorting device was
fabricated in poly(dimethylsiloxane), and hydrodynamic
flows in microchannels were driven by gravity without
using external pumps. We conducted theoretical and
experimental studies on fluid dynamic characteristics of
laminar flows in widening microchannels and hydrody-
namic amplification of particle separation. Direct trajec-
tory monitoring, collection, and postanalysis of separated
particles were performed using polystyrene microbeads
with different sizes to demonstrate rapid (<1 min) and
high-purity (>99.9%) separation. Finally, we demon-
strated biomedical applications of our system by isolating
small-sized (diameter <6 um) perfluorocarbon liquid
droplets from polydisperse droplet emulsions, which is
crucial in preparing contrast agents for safe, reliable
ultrasound medical imaging, tracers for magnetic reso-
nance imaging, or transpulmonary droplets used in ul-
trasound-based occlusion therapy for cancer treatment.
Our method enables straightforward, rapid, real-time size
monitoring and continuous separation of particles in
simple stand-alone microfabricated devices without the
need for bulky and complex external power sources. We
believe that this system will provide a useful tool to
separate colloids and particles for various analytical and
preparative applications and may hold potential for sepa-
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ration of cells or development of diagnostic tools requiring
point-of-care sample preparation or testing,.

Separation and isolation of particulate materials according to
their mass are often crucial steps in sample characterization and
preparation for a multitude of applications involving living cells,!?
macromolecules,® industrial colloids and particles,*> synthetic
polymers,% pharmaceutical emulsions and liposomes,” and envi-
ronmental materials.® The widespread need for mass-dependent
separation with high selectivity and resolution has driven the
development of separation techniques such as centrifugation,®
field-flow fractionation (FFF),! split-flow thin (SPLITT) fraction-
ation,? capillary electrophoresis,!®!* elutriation, ' size-exclusion
chromatography,'6 and hydrodynamic chromatography.l” These
systems have proven powerful and accurate; however, their
operation takes relatively long periods of time, consumes large
volumes of analytes, and often requires bulky, mechanically
complex apparatus for regulating sample injection/fluid flows and
for generating an external field or gradient in large fluidic channels
or compartments.

Efforts to reduce volume and power requirements for particle
separation have resulted in a number of miniaturized devices that
take advantage of microfluidics and microfabrication. Owing to
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their small sizes, the microfabricated systems generally consume
much smaller sample volumes and allow for faster separation.
Furthermore, they enable more selective separation by facilitating
precise manipulation of particles and can attain higher separation
efficiency by increasing effective field strength. Examples of such
microfluidic devices include miniaturized centrifuge,’® microther-
mal FFF," microelectrical FFF 202 microdielectrophoretic FFF,*
and other microfabricated particle sorters based on dielectro-
phoresis, 22 magnetophoresis,?> acoustic waves,? or optical
interference patterns.?” These methods, however, are still bur-
dened by the need for external power sources generating driving
forces for sample separation. In addition, on-chip integration of
interfacing components such as mechanical moving parts, elec-
trodes, heaters, optical lattice, or piezoelectric materials often
complicates fabrication procedures and increases the complexity
of resulting devices.

Alternative approaches to using microfabricated systems for
particle separation can be found in microfluidic devices where size-
dependent separation is achieved by filtering of particles through
sieving structures?-3 or by differential interaction of particles with
local flow profiles.?! 38 By replacing the need for externally applied
forces with the use of microfabricated filters or laminar flows
directed by carefully designed channel geometries, these tech-
niques permit simple, rapid, and power-efficient particle separation.
Fabrication of microfluidic filtering components, however, is often
not trivial if separation is based on a sieving mechanism.
Hydrodynamic particle separation depending on geometrically
driven laminar flows also requires external pumps for controlling
flow rates and the position of particles in microchannels.

In this paper, we introduce a unique combination of field-driven
separation with microhydrodynamics-assisted separation to ac-
complish rapid size profiling, continuous mass-dependent separa-
tion, and isolation of particles in simple, self-contained microfab-
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ricated devices without using external pumps or power sources.
In this method, we use the earth’s gravity to drive fluid flows
through microchannels as well as to induce differential sedimenta-
tion of particles according to their mass. Positional difference
between particles initiated by sedimentation is further amplified
hydrodynamically by laminar flows with widening flow streamlines,
facilitating direct monitoring and isolation of fractionated sub-
populations within short distances. This system also integrates
particle separation with sample injection based on hydrodynamic
focusing to increase separation resolution. We investigated
hydrodynamic separation amplification both theoretically and
experimentally. The capabilities of our system to perform simple,
rapid, and high-purity continuous particle separation were dem-
onstrated by sorting of polystyrene microbeads and purification
of perfluorocarbon liquid droplets that are used in ultrasound
imaging, magnetic resonance imaging, or embolotherapy.’9—4

MECHANISM

The microfluidic sorting device with zydrodynamic separation
amplification (u-SOHSA) consists of three inlets, two intercon-
nected microchannels for sample focusing and separation, and
collectors (Figure 1). In the sample focusing channel where fluid
flows are driven parallel to gravity, polydisperse sample mixtures
containing larger and smaller particles are introduced into the
device through the middle inlet and hydrodynamically focused
to the center of the focusing channel by flows of carrier liquid
injected from the two side inlets (Figure 1A). After flowing around
a 90° turn, the tightly focused stream of particles enters the
separation channel whose upper wall is aligned perpendicular to
gravity and lower wall gradually widens out. As the mean flow
velocity becomes smaller due to the widening channel geometry,
gravity takes effect and causes sedimentation of particles at a
velocity given by Usq = 2°gAp/(9u), where 7 is the radius of
particles, g is gravitational acceleration, Ap is the density difference
between particles and carrier liquid, and u is the viscosity of carrier
liquid. For the particles with the same density, the equation
suggests that the sedimentation velocity of larger particles is
greater than that of smaller particles, resulting in difference in
the vertical position between larger and smaller particles. Concur-
rently, the asymmetrically widening channel geometry generates
flow profiles where the flow velocity in the direction of gravity is
smaller near the horizontal upper wall and becomes larger in the
areas closer to the widening lower wall, which gives rise to the
widening of flow streamlines as the flow proceeds downstream.
Therefore, larger particles that approach the lower channel wall
more rapidly due to larger sedimentation velocities experience
even greater downward motion than smaller particles do as they
move downstream, and as a result, the positional difference initially
generated by sedimentation becomes even larger (Figure 1B and
©). This hydrodynamic amplification of separation enables x-SOHSA
to perform particle separation more efficiently than is possible by

(38) Huang, L. R.; Cox, E. C.; Austin, R. H.; Sturm, J. C. Science 2004, 304,
987-990.

(39) Kripfgans, O. D.; Fowlkes, J. B.; Woydt, M.; Eldevik, O. P.; Carson, P. L.
IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2002, 49, 726—738.

(40) Kripfgans, O. D.; Fowlkes, J. B.; Miller, D. L.; Eldevik, O. P.; Carson, P. L.
Ultrasound Med. Biol. 2000, 26, 1177—1189.

(41) Kripfgans, O. D.; Fowlkes, J. B.; Woydt, M.; Eldevik, O. P.; Carson, P. L.
J. Acoust. Soc. Am. 2004, 116, 272—281.

(42) Bull, J. L. Crit. Rev. Biomed. Eng. 2005, 33, 299—346.



Qoo Joed!

channel

__________________

202
Sheath( .  2.22% Sheath
liquid |\‘ } JiJ / liquid |
NV
{,l ' Gravity
Fcc;]cal:::r;? A “’" : Separation 1

I —————— e — g — . e

Figure 1. Mass-dependent particle separation based on hydrodynamic amplification of sedimentation-driven particle separation in x-SOHSA.
(A) Particles are introduced into the middle inlet and hydrodynamically focused by sheath flows in the sample focusing channel. Upon entering
the separation channel where the flow direction is aligned perpendicular to gravity, sedimentation of particles occurs, and the resulting difference
in the vertical position between larger (white polystyrene beads, 20 um in diameter) and smaller (blue polystyrene beads, 1 um in diameter)
particles is gradually amplified by asymmetrically widening flow streamlines generated by widening channel geometry as shown in (B) and (C).
(D) In the far downstream, isolation of separated particles is achieved by directing each particle stream to different outlet channels. Fluid flows
in u-SOHSA are driven by the earth’s gravity. The separation demonstrated here was performed at a total flow rate of ~1 mL/h. Size bar,

500 pm.

the simple use of difference in sedimentation velocity. Mass-
dependent particle sorting in u-SOHSA is completed at the end
of the separation channel where smaller and larger particles flow
into the upper and lower collectors, respectively (Figure 1D).

THEORY

We performed a theoretical analysis of hydrodynamic separa-
tion amplification by investigating the effect of the widening
channel geometry on the trajectories of different-sized particles
with the same density. Figure 2A shows a schematic diagram of
the separation channel whose lower wall widens in the positive
x-direction at an angle of 6. Gravity is in the positive y-direction,
and the width of the channel at the entrance and at any arbitrary
longitudinal position along the x-axis is denoted by H;, and H(x),
respectively. To simplify the analysis, we considered the fluid flows
in the microchannel to be two-dimensional in the xy-plane and
ignored the flow domain and the movement of particles in the
z-direction. Also, we assumed that there is no hydrodynamic
interaction between particles.

Considering 6§ << 1 and the small Reynolds number of our
system, the governing equations for the steady flow in the channel

are given hy

0= _dp + _u (Stokes equation) 6}
yz

8“ — =0 (continuity equation) 2)

8x 8y d

where p is fluid pressure, u is the viscosity of fluid, and # and v
are x- and y-directional flow velocities, respectively. Solving (1)
and (2) using no-slip and no-penetration boundary conditions at
the channel walls located at y = 0 and y = H(x), we obtain the
following expressions for the velocity components.

6Q' ;
u(x,y) = m [(H,, + x tan )y — y°]  (3)
viey) =L o pan o) — ] @

(H,, + x tan 0)*

where @' is a volumetric flow rate per unit thickness of the channel
and H;, represents the entrance width of the separation channel.
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Figure 2. Theoretical analysis of hydrodynamic separation amplification. (A) A two-dimensional model of a hydrodynamic flow in the separation
channel of u-SOHSA. (B) Widening flow streamlines in the separation channel at a typical flow rate used in u-SOHSA. (C) Trajectories of 1- and
20-um particles with the same density in a parallel-plate microchannel having a uniform width of (C) 500 um (dashed lines) or 2.7 mm (dashed-
and-dotted lines), compared to those in (D) the widening separation channel of u-SOHSA that widens from 500 xm to 2.7 mm over the length
of 2.5 cm (continuous lines). @ was set at 2.8 x 107> m?/s, corresponding to 1 mL/h in the actual device. It can be seen that terminal separation
in u-SOHSA (0w) is much greater than that in the uniformly narrow or wide microchahnel (dp1 or dp2).

Assuming that a particle undergoing sedimentation follows the
flow without causing any disturbance in the flow field, the
distribution of the velocity at which the particle moves can be
derived from (3) and (4) as u, = (up,vp) = (U (xY),0(Y) + Usea).
Therefore, the equations dictating the Lagrangian motion of a
particle are written as

dX 6¢

[T [((H,+Xtan )Y — Y]  (5)

d_.Y.:
dt

6@’ tan 6

27’2gAp
(H,, + X tan 6)*

Y
(6)

[(H,, + X tan 6) Y2 — Y*] +

Using (3) and (4), we first plotted streamlines in the separation
channel for conditions matching the actual experimental configu-
rations and the dimensions of x-SOHSA. As shown in Figure 2B,
separation between individual streamlines becomes larger pro-
gressively as the channel becomes wider in the downstream. Due
to the asymmetric channel geometry, streamlines in the upper
and middle regions maintain their orientation relatively parallel
to the horizontal upper wall, whereas the widening channel wall
prompts streamlines in the lower areas to deflect to a greater
extent in the direction of gravity.

To demonstrate hydrodynamic amplification of particle separa-
tion, we generated three sets of trajectories traversed by a pair of
polystyrene particles that are 1 and 20 um in diameter in three
different channel geometries, using eqs 5 and 6. In a uniformly
narrow microchannel having parallel upper and lower walls
separated by 500 um, hydrodynamic transport of 1- and 20-um
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particles resulted in a separation distance (dp1) of ~200 um over
the channel length of 2.5 cm (shown with dashed lines) (Figure
2C). Under the same flow conditions, however, the use of the
widening channel with the same length led to more than 5-fold
increase in particle separation, and the distance between particles
at the end of the channel (0y) was ~1.1 mm (shown with
continuous lines) (Figure 2D). In a channel with a uniform width
of 2.7 mm, 1- and 20-um particles were separated by ~520 um
(0p2) (dashed-and-dotted lines in Figure 2C), which is less than
50% of the separation in x-SOHSA. These results demonstrate that
the widening channel geometry of u-SOHSA greatly assists in
achieving more efficient mass-dependent sample separation by
hydrodynamically amplifying sedimentation-driven separation
between particles. Although it is possible to use uniformly narrow
microchannels having carefully positioned splitters that can sort
and isolate fractionated subpopulations even if separation is not
pronounced (as in SPLITT), such tasks may demand very accurate
monitoring of flow conditions to precisely direct sample streams
to appropriate collectors and can be challenging when handling
concentrated particle samples.

EXPERIMENTAL SECTION
Materials and Reagents. Poly(dimethylsiloxane) (PDMS)

was obtained from Dow Corning Corp. (Midland, MI), and SU8
negative photoresist was purchased from MicroChem. Corp.
(Newton, MA). Phosphate-buffered saline was obtained from
Invitrogen Corp. (Carlsbad, CA), and bovine serum albumin (BSA)
fraction V and fluorescein sodium salt were from Sigma-Aldrich
(St. Louis, MO). Colored polystyrene microbeads with diameters
of 3, 5, and 20 um were purchased from Polysciences Inc.
(Warrington, PA). Perfluorocarbon (PFC) droplet emulsions were
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Figure 3. Flow patterns in a widening microchannel and experimental demonstration of hydrodynamic separation amplification in x-SOHSA.
(A) Fluorescence imaging of fluorescein streams in a widening microchannel reveals spreading flow patterns and widening flow streamlines. (B)
In a microchannel having a uniform width, the flow maintains its unidirectional motion and the distance between individual streamlines remains
unchanged throughout the length of the channel. The top three images in each figure show three different fluorescent sample streams with
different widths at the entrance of the channel. Size bar, 100 um. Under the same flow conditions, separation of 1- and 20-um polystyrene
beads in u-SOHSA shown in (E) is greater than that in a microchannel with a constant width of (C) 500 um or (D) 2.7 mm. Size bars in (C), (D),

and (E) show 250, 1000, and 500 um, respectively.

prepared by mixing saline, BSA, and perfluorocarbon in a high-
speed vial shaker (Crescent Dental Mfg. Co., Elgin, IL).* For
fluorescence imaging, PFC droplets were labeled with fluorescein
isothiocyanate. 40

Fabrication of x-SOHSA and Flow Setup. Microchannels
of u-SOHSA with a thickness of 100 um were created by casting
PDMS prepolymer against a photolithographically prepared SU8
mold and then sealed irreversibly onto a flat slab of PDMS using
plasma oxidation. Before use, the entire device was treated with
oxygen plasma for ~20 min to render the interior surfaces of the
microchannel more hydrophilic and briefly incubated with a BSA
solution (10 mg/mL in DI water) to prevent adhesion of particles
to channel surfaces. The channel was attached to an XY vertical
stage (Newport, Irvine, CA) and oriented in the direction of
gravity. Plastic reservoirs that can contain up to 3 mL of liquid
were glued to the device and connected to the inlets via Tygon
tubing (Fisher Scientific Inc., Hampton, NH). To isolate separated
particle samples, upper and lower collector outlets were connected
to Tygon tubing leading to plastic vials secured on a height-
adjustable stage. Continuous, steady fluid flows were driven by
height difference between the inlet and outlet reservoirs.

Visualization of Flow Streamlines. Fluorescein dissolved in
a BSA solution (10 mg/mL in DI water) was used to indirectly
visualize flow streamlines in a widening microchannel. Fluorescein
solution was introduced into the middle inlet and hydrodynami-
cally focused by incoming streams of nonfluorescent DI water
from the side inlets. The flow rate of the sheath flows was varied
to change the width of the middle fluorescent stream, and the
resulting flows in the widening channel at different flow rates were

captured by a CCD camera (Hamamatsu ORCA-ER) mounted on
an epifluorescence microscope (Nikon TE-200).

Sizing and Sorting of Particles and PFC Droplets. Sample
mixtures containing equal volumes of suspensions of polystyrene
beads with different diameters or PFC droplet emulsions were
introduced into the inlet reservoir, and the motion of particles/
droplets was imaged by a digital camera (Nikon CoolPix 900)
attached to a stereoscope (Nikon SMZ-1500). At the completion
of separation, the samples collected at the outlet reservoirs were
diluted with Isoton and further analyzed for enumeration and size
distribution measurements using a Coulter counter (Multisizer 3
Coulter counter, Beckman Coulter Inc.).

RESULTS AND DISCUSSION

Flow Patterns. A key to hydrodynamic separation amplifica-
tion in u-SOHSA is a flow pattern where fluid streams spread
progressively in response to the widening of the separation
channel. We visualized this flow pattern in a widening microchan-
nel, which is shown in Figure 3A. The pseudocolored micrograph
shows an overlay of fluorescence images taken at three different
flow rates of the focusing streams from the side inlets that
generated three different widths of the middle stream at the
entrance of the widening channel. This image clearly illustrates
that the sample streams widen gradually in the flow direction and
their width nearly tripled at the end of the observation area
spanning ~500 um of channel length. Also, the boundary lines
created by difference in fluorescence intensity between three
streams visualize flow streamlines, and their spatial distribution
reveals that the distance between individual streamlines increases
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Figure 4. Binary sorting of different-sized polystyrene beads in u-SOHSA. As illustrated in (A) and (C), the bifurcating junction at the end of
the separation channel enables sorting and isolation of separated subpopulations by prompting smaller (1 or 3 um) and larger (20 um) particles
to flow into the upper and lower outlet microchannels, respectively. Size distribution measurements shown in (B) and (D) demonstrate ~100%
purity of separated samples retrieved from each collector. Size bar, 500 um.

as the flow moves downstream. This is in contrast to flow patterns
in a microchannel with a uniform width where unidirectional fluid
motion maintains spacing between flow streamlines constant
throughout the channel (Figure 3B).

Hydrodynamic Amplification of Particle Separation. To
investigate the effect of widening flow streamlines on the efficiency
of particle separation, we tested the separation of 1- and 20-um
particles in three different channel geometries: (i) a uniformly
narrow channel (width 500 um, length 2.5 cm), (i) a uniformly
wide channel (width 2.7 mm, length 2.5 cm), and (iii) a typical
separation channel of x-SOHSA whose width increases from
500 um to 2.7 mm over the length of 2.5 cm. Separation between
particles was monitored at two prescribed locations along the
length of microchannels, each of which represents the upstream
and the downstream. Flow rates were maintained the same across
the experiments (~1 mL/h), and separation efficiency was
evaluated qualitatively by comparing the distributions of two
subpopulations in the downstream of the three different channels.

In a narrow microchannel, the sample stream remained tightly
focused along the center and there was no discernible separation
of particles in the upstream, mainly because of fast flow speed.
Although a broadening of the particle stream was observed toward
the downstream, 1- and 20-um particles continued to stay in the
vicinity of the center without any significant cross-stream migra-
tion toward the lower wall (Figure 3C). When a uniformly wide
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channel was used, the flow decelerated considerably upon entering
the separation channel due to sudden increase in the channel
width, permitting better tracking of the motion of particles. In the
upstream, 20-um particles were initially confined to the flow lamina
in the center and gradually moved downward via sedimentation
as the flow approached the outlet, separating them from 1-um
particles (Figure 3D). However, an overlap between the two
populations still persisted. In the widening channel of u-SOHSA,
as shown in Figure 3E, the sedimentation-driven deviation of
20-um particles from the initial streamlines along the center of
the channel was observed to be substantially greater, and this
resulted in a wide separation of the two components without any
overlap in the downstream area within less than 30 s. By
comparison, these results illustrate that the increasing width of
the separation channel in x-SOHSA enhances the resolution and
efficiency of separation by gradually decreasing flow velocity and
by creating spreading flow patterns so that the sedimentation in
the vertical direction can be used in synergistic combination with
the widening streamlines of flows in the horizontal direction to
amplify separation between different-sized particles.

It should be noted that there is a lower limit of flow rate over
which initial hydrodynamic focusing of particles in the vertical
channel can be achieved, which is crucial for attaining high
separation resolution by preventing the unwanted broadening of
sample streams before they enter the separation channel. Also,
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Figure 5. Sorting and purification of PFC liquid droplet emulsions. (A) A polydisperse population of PFC droplets produced by high-speed
shaking. Size bar, 150 um. (B) Distribution of PFC droplets in the separation channel of x-SOHSA. Larger droplets are separated from a fluorescent
stream of smaller droplets and are positioned in the lower region. Size bar, 500 um. (C) This separation successfully isolates target droplets
(<6 um) into the upper collector, which can be optically confirmed by the micrograph of smaller droplets shown in (D). (E) and (F) Larger
droplets are driven selectively into the lower collector and removed from the original population. Size bar, 150 um.

the flow rate should be kept lower than a certain value over which
flow becomes too fast and prevents sedimentation of particles. In
the operational range of flow rate between these critical values,
we found that separation performance of u-SOHSA is always
superior to that of the other two devices having the channels of
uniform widths.

Particle Sorting and Size Measurements. Figure 4A shows
binary sorting of 1- and 20-um polystyrene beads that are directed
to flow into upper and lower collectors, respectively. The upper
outlet channel leading to the upper collector was designed to be
wider than the lower outlet channel to make the flow rate of the
upper stream higher. According to the bifurcation law,* particles
traveling through a bifurcating region tend to flow into a daughter
channel with a higher flow rate. Considering that the streams
containing smaller particles usually lead to the bifurcating outlet
junction of the separation channel, the imbalance of flow rate
created by different channel widths facilitates guidance of smaller
particles into the upper outlet channel. As shown in the micro-
graph, l-um particles swerve into the upper outlet as they
approach the bifurcation, whereas 20-um particles distributed in
the lower regions continue their linear motion and exit the
separation channel through the lower outlet channel. The size
distribution measurements revealed that the purity of separated
samples in each collector was nearly 100% (Figure 4B).

For the separation of 3- and 20-um polystyrene beads, the total
flow rate was adjusted to be slightly higher (~1.2 mL/h) than
that used in the separation of 1- and 20-um particles (~1 mL/h)
to counteract the larger sedimentation velocity of 3-um particles
and to prevent them from streaming into the lower outlet. Figure

(43) Fung, Y. C. Microvasc. Res. 1973, 5, 34—48.

4C captures the particle separation at the outlet junction where a
stream of 3-um particles in red is drawn into the upper outlet and
individual dots showing 20-um particles are advancing to the lower
outlet microchannel. As in the previous case, a postseparation
analysis showed ~100% purity of fractionated subpopulations with
a negligible overlap between their size distributions (Figure 4D).

Sorting of Perfluorocarbon Liquid Droplets. Use of liquid
droplets encapsulating PFC as contrast agents or tracers has
gained increasing popularity in ultrasound or magnetic resonance
imaging.! Furthermore, acoustic vaporization of superheated PFC
liquid droplets into large gas bubbles that can be trapped in
microvasculatures and block blood stream is considered to have
great potential in embolotherapy for cancer treatment.?¥-4 The
most frequently used methods of producing PFC droplets include
sonication or high-speed mechanical shaking of mixture solutions
containing PFC, saline, and BSA.? These methods, however, often
result in polydisperse emulsions containing larger droplets that
are not transpulmonary and can potentially be harmful by causing
undesired blockage of blood stream and tissue damage. Therefore,
it is necessary to remove the larger PFC droplets that are larger
than 6 um in diameter.** As an alternative to conventional
filtering methods based on syringe filter disks and high pressures,
which can be mechanically invasive to deformable liquid droplets,
we used u-SOHSA to isolate transpulmonary droplets that are
smaller than 6 um.

Figure 5A shows a micrograph of polydisperse PFC droplet
population before separation. The mean diameter was 4.486 um,
and ~25% of the droplets had diameters larger than 6 um. When
the focused stream of the PFC droplets was introduced into the
separation channel of 4-SOHSA, a majority of smaller droplets
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were distributed along the center appearing as a bright fluorescent
band, and larger droplets were observed to migrate continuously
toward the lower channel wall to different extents depending on
their size (Figure 5B). The size measurements of the droplets
isolated into the upper collector showed that ~99.97% of the
collected sample is smaller than 6 um and that the mean diameter
of droplets was reduced to 2.147 um (Figure 5C). Optical
observation confirmed exclusive retrieval of smaller droplets and
removal of larger ones as can be seen in Figure 5D. The population
collected at the lower outlet was found to have a mean diameter
of 6.824 um (Figure 5E) and to consist mainly of larger droplets
(Figure 5F). The yield of separation, which is defined as the ratio
of the number of target PFC droplets (smaller than 6 um in
diameter) retrieved from the upper collector to the total number
of target droplets injected into the middle inlet, was evaluated to
be ~73%.

It is worthwhile to note that the separation yield can be raised
by positioning the stream carrying a majority of target droplets
farther away from the lower channel wall to prevent the loss of
smaller droplets to the lower outlet, which can be accomplished
simply by increasing the flow rate in the separation channel. In
doing so, however, we found that larger droplets can be easily
entrained into the target sample stream and flow into the upper
outlet, which lowers purity of separation and, more importantly,
allows potentially harmful larger droplets to be present in the
target population.

CONCLUSION
Miniaturization of conventional separation systems based on

the combination of gravity and hydrodynamic flows such as
gravitational FFF,!! sedimentation FFF,%4 and gravity SPLITT!?
has been challenging because the separation resolution in these
systems is proportional to the residence time of sample particles,
which often requires long fluidic channels. Hydrodynamic separa-
tion amplification presented in this work offers an alternative
means to realize gravity-driven separation in microfabricated
devices without sacrificing separation resolution, sample retrieval
efficiency, or analysis time.
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Use of the earth’s gravity in u-SOHSA greatly simplifies the
operation and reduces volume/power requirements of the device
significantly by eliminating the need for other external force or
field for generating fluid flows and sedimentation of sample
particles. Combined with optically transparent fluidic channels,
orderly laminar flows without any random variations in x-SOHSA
confer the ability to monitor and manipulate fluid streams and
the movement of particles in real time, making this system
attractive for testing and optimizing separation and sorting of
various types of particles. Also, separation in u-SOHSA is gentle
and does not impose any damaging mechanical stresses on sample
particles, which can be beneficial for sustaining the viability of
living analytes throughout separation or for handling delicate
samples. The self-contained nature of x1-SOHSA with no need for
external power supplies and its simple operation provide op-
portunities to develop small, portable, and disposable point-of-care
medical diagnostic tools, which may be of particular interest for
developing countries where the availability of diagnostic technolo-
gies is very limited.46:47

Sample separation demonstrated in our work, however, is
limited to the separation of particle populations with relatively large
size difference. For more widespread application, the use of
hydrodynamic separation amplification for high-resolution separa-
tion needs to be further investigated. This may require the
manipulation and optimization of flow conditions and widening
channel geometry. Also, small velocities of fluid flows in our device
can be disadvantageous for preparative sample separation and
isolation, which may be resolved by designing arrays of separation
microchannels operating in parallel to achieve higher throughputs.

We believe that u-SOHSA will serve as a useful measurement
and separation tool for a broad range of analytical and preparative
applications.
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