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ABSTRACT: Viscoelasticity-induced particle migration has recently received increasing attention due to its ability to obtain
high-quality focusing over a wide range of flow rates. However, its application is limited to low throughput regime since the
particles can defocus as flow rate increases. Using an engineered carrier medium with constant and low viscosity and strong
elasticity, the sample flow rates are improved to be one order of magnitude higher than those in existing studies. Utilizing
differential focusing of particles of different sizes, here we present sheathless particle/cell separation in simple straight
microchannels that possess excellent parallelizability for further throughput enhancement. The present method can be implemented
over a wide range of particle/cell sizes and flow rates. We successfully separate small particles from larger particles, MCF-7 cells
from red blood cells (RBCs), and Escherichia coli (E. coli) bacteria from RBCs in different straight microchannels. The proposed
method could broaden the applications of viscoelastic microfluidic devices to particle/cell separation due to the enhanced sample

throughput and simple channel design.

Continuous manipulation and separation of particles and cells
is important for a wide range of applications in biology,"”
medicine,” and industry.”® Microfluidic systems have been
proven to be promising tools for particle/cell manipulation
with higher sensitivity and accuracy than their macroscale
counterparts. The last decade has seen extensive development
of microfluidic approaches for particle/cell manipulation that
resort to immunocapture,” externally applied physical
fields,*"™® microfiltration,"* gravitational sedimentation,”’ or
deterministic ~ lateral  migration.””  More  recently,
cross-streamline migration induced by the hydrodynamic
effects of carrier media, such as inertia®*® and
viscoelasticity,”®”” has shown its promise for effective
particle/cell manipulation without need of labeling and
external force fields. Particles and cells can be separated based
on the size-dependent nature of hydrodynamic forces. Briefly,

the inertial lift scales as F, «ca® and the viscoelastic lift

3 . . .
scales as F, oca’, where a is the particle diameter. There are

several cell types of biological and clinical interest with
separable size ranges: epithelial tumor cells (15-25 pm in
diameter), blood cells (erythrocytes are 6—-8 pm biconcave
disks and peripheral blood lymphocytes are 7-10 pum in
diameter), and bacteria (1-3 pm). Inertial migration in
Newtonian fluids has been intensively studied and
implemented in high-throughput label-free separation devices
for cell separation.”>*

Recently, particle migration induced by viscoelasticity has
begun to attract increasing attention due to its simple focusing
pattern and potential for achieving efficient focusing over a
wide range of flow rates.”>*® In a viscoelastic medium,
elasticity coupled with non-negligible inertia will drive
particles towards the channel centerline, which is more
desirable for focusing and further manipulation compared to
the pure inertial focusing. Moreover, inertial focusing pattern
becomes more complex at higher Reynolds number Re, often
resulting in unfavorable multiple lateral equilibrium

positions.”” Considering the condition of a/D, >0.07 for
successful inertial focusing of particles,” the channel

cross-section has to be scaled down with decreasing particle
sizes | Dh , the hydraulic diameter, is defined as

2WH / (W +H ) , where W and H are the channel width and

height, respectively]. For inertial manipulation of sub-micron
particles in a relatively small channel, extremely high pressure
is required to push moderate Re flows, since the flow

resistance is inversely proportional to  H’W .* In contrast, the
presence of elastic stresses can still induce deterministic lateral
migration of particles even at very low flow rates.

Microfluidic devices utilizing viscoelasticity have been
developed for focusing and separation of particles and cells.
The most commonly used viscoelastic media are aqueous
solution of  poly(ethylene oxide) (PEO) and
poly(vinylpyrrolidone) (PVP) that are biocompatible synthetic
polymers. By properly balancing the inertial and elastic forces,
Yang et al. obtained 3D focusing along the centerline of a
square microchannel.*’ Kim ef al. focused sub-micron DNA
molecules at the channel centerline by taking advantage of the
wall repulsion arising from DNA flexibility.*' There are two
approaches to achieve viscoelastic separation, either by
employing sheath flow (kinetic separation) or by engineering
channel geometry (equilibrium separation). Nam et al
successfully separated platelets from diluted whole blood with
high efficiency of 99% using a sheath flow microdevice where
RBCs were focused along the centerline whereas platelets
remained near the side walls.” Lee ef al. separated 10 um and
1.5 pum particles in a single spiral microchannel by introducing
a secondary flow. However, separation based on sheath flow
often suffers from the reduced sample throughput. Curved
channel design also faces the challenge of high pressure drop
over the long channel, especially for highly viscous polymer
solutions.

Viscoelastic focusing and separation using PEO or PVP
normally work at 1-2 orders of magnitude slower flow speed
than their inertial counterparts in the similar channel
dimension, since the particle defocusing occurs as Re
increases beyond order of unity. One explanation is that the
shear-gradient lift arising from fluid inertia tends to drive
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particles away from the channel centerline, indicating that
enhancing medium elasticity to balance the shear gradient lift
is an effective strategy for improving throughput. Recently,
Kang et al. used a high relaxation time medium (5 ppm
A-DNA solution, 4 = 0.14 s) to obtain high-quality particle
focusing over a wide range of flow rates (0.005-2 ml/h).35
Another explanation for the particle defocusing is the
destabilization of elastically dominated flow at high
Weissenberg number Wi.* The flow will be stabilized when
inertia and elasticity simultaneously dominate,**** indicating a
strategy of reducing the relative importance of medium
elasticity. Lim et al. also reported particle focusing at
extremely high flow rates (1200 ml/h, Re = 4630, Wi = 566)
using a medium with low relaxation time [0.1 w/v %
hyaluronic acid (HA) solution, A = 8.7x10" s].°° The
inconsistency between these two explanations may imply an
inconclusive understanding of viscoelastic migration. Though
having revolutionized viscoelastic focusing, these methods are
limited in applications by the high cost of DNA and HA
solutions (Table S1).

pm——

i_’: inlet 100pm 40pm
o9 .. O [ _J ® [ N
(=]
e o2 |®o o
Bl R o & S °
® o @ [ @

£
1@} outlet @ MCF7 @ RBC E. coli
Figure 1. The schematic of straight microchannels with
rectangular cross-section illustrating the cell separation (not to
scale). The separation is based on the size difference between the
sorted cell types and works well in a wide range of spatial scales.
At the outlet, the large MCF-7 cells/RBCs are focused near the
side walls whereas the small RBCs/E. coli bacteria are focused
along the channel centerline.

Here we demonstrate label-free, sheathless, and inexpensive
separations of particles and cells by size in straight rectangular
microchannels. Interestingly, particles with blockage ratio x =
0.3 (x = a/H) will migrate towards the lateral positions near
the two side walls, which is different from the traditional
focusing pattern of one focusing position at the channel
centerline. Exploiting this unexpected mechanism, we realize
complete separation of particles with a wide range of length
scales—the large components are focused near the side walls

whereas the small components are focused along the centerline.

High-quality separation of two types of binary mixtures of
biparticles—MCF-7 cells/RBCs and E. coli
bacteria/RBCs—can also be easily achieved due to their
difference in size (Figure 1). In addition, the operational flow
rates can reach one order of magnitude higher than those in
existing studies by engineering the rheological properties of
the carrier medium. The sample throughput can be further
improved due to the excellent parallelizability of this
extremely simple design using straight microchannels.

DESIGN PRINCIPLES

The fluid viscoelasticity can be characterized by Weissenberg
number Wi (Wi=Ay , where y is the strain rate) that is the

Analytical Chemistry

ratio of elastic force to viscous force. In this work, the
characteristic strain rate is defined as 2Q, /HW?* that is the

ratio of the average flow velocity U, :QV/ HW to the half

channel width W/2. The Reynolds number Re ( Re = pU, W/ n,
where 7 is the viscosity) is the relative ratio of inertial force

to viscous force. In a viscoelastic Poiseuille flow, suspended
particles will laterally migrate towards specific equilibrium
positions due to the nonuniform normal stress differences, i.e.,

the first (V) and the second ( V, ) normal stress differences.
The effect of N, is generally neglected due to its small
magnitude compared to N, for most polymer solutions.*
The elastic lift F, on a particle arises from the imbalance of

N, over the particle, and can be expressed as:>’
F. = C.a'VN, (M

where C, is the nondimensional coefficient. N, is scaled

. . . 1/2
as N, ocy’. The strain rate y is defined as (2D:D)/ ,
where D is the deformation rate tensor and is expressed as

D =Vu/ 2+(Vu)T / 2. For a fully developed flow in straight

/
channels, y isexpressed as y = [(au/ay)z + (6”/62)2}1 2 -In

a pure elastic flow (Wi > 0, Re ~ 0), particles will migrate
towards the centerline and four corners where y has
minimum (Figure 2a).

r: o 2 4 6 8 10 12 14

== wall-induced lift

=P elastic force

Figure 2. (a) The distribution of the nondimensional strain rate I”
in a microchannel with AR = 4, where the velocity and length
scale were normalized by the average velocity U, and the half
channel width /2, respectively. When the elasticity dominates,
particles will be focused at the positions where /" has minimum,
i.e., the channel centerline and four corners. (b) In a viscoelastic
flow with non-negligible inertia, particles will be only focused at
the channel centerline since the wall-induced lift pushes the
particles away from the corners.

The inertial lift often involves in the particle migration in
viscoelastic media. It consists of two counteracting
components: the shear-gradient lift that is directed towards the
channel wall and the wall-induced lift that is directed towards
the channel centerline. The wall-induced lift is about one order

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Analytical Chemistry

of magnitude higher than the shear-gradient lift,'**** and

therefore the inertial lift has different effects on particle
migration depending on flow conditions. In a flow with
non-negligible inertia [0 < Re < O(1)], particles are only
focused along the channel centerline due to synergetic
combination of fluid elasticity and the wall-induced lift
(Figure 2b). As Re increases [Re > O(1)], the shear-gradient
lift becomes important and drives particles away from the
channel centerline, resulting in particle defocusing.

EXPERIMENTAL SECTION

Sample Preparation. The PEO solution was prepared by
adding PEO (M,, = 4x10° g/mol, Sigma-Aldrich, USA)
powder to 22 wt % glycerin (Sigma-Aldrich, USA) aqueous
solution to match the density of the polystyrene (PS) particles
(1.05x10° kg/m’). The PVP solution was prepared by
dissolving PVP (M,, = 3.6x10° g/mol, Sigma-Aldrich, USA)
powder in deionized water. For the experiments in H = 10 um
channels, the suspensions of 1 um and 3 pm PS particles (1
wt %, Phosphorex Inc., USA) were diluted in these
experimental solutions to 0.005% and 0.01% volume fraction,
respectively. For the experiments in 4 = 50 pm channels, the
suspensions of 5 um and 15 pm PS particles (I wt %,
Phosphorex Inc., USA) were diluted in these experimental
solutions to 0.01% and 0.03% volume fraction, respectively.
To prevent particle aggregation, surfactant Tween 20
(Sigma-Aldrich, USA) was added into the suspensions at 0.1
w/v %.

For cell experiments, the PEO solution was prepared by
adding PEO (M,, = 4x10° g/mol, Sigma-Aldrich, St. Louis,
MO) powder to 1x phosphate buffered saline (PBS). Human
blood sample was collected by a finger-pricking device
(ACCU-CHEK Softclix, FP001, Roche, Switzerland) and
stored at 4 °C. Before use, the blood sample was diluted 40
times (1% hematocrit) with 1x PBS. MCF-7 cells (average
diameter around 18 upm) were cultured in high-glucose
Dulbecco’s modified Eagle’s medium (DMEM) containing 10%
fetal bovine serum and 1% penicillin/streptomycin in a 5%
CO2, 37 °C incubator (Thermo Scientific, USA). E. coli
bacteria were cultured in LB Broth (Sigma-Aldrich, USA) on
a shaker at 37 °C for 12 h.

Fluid Rheology Measurements. The rheological
properties were measured by a rheometer (Physica MCR301,
Anton Paar GmBH, Germany) with cone-plate geometry (50
mm, 0.017 rad) at 25 °C (Figure 3). The steady shear
viscosities were measured at the shear rates of 1-3000 s
(Figure 3a). The PVP solution has a zero-shear viscosity of
2.8x10” Pa.s and remains constant up to a shear rate of 1000
s'. Since the viscosity decreases less than 10% at the
maximum experimental flow rate of 1.5 ml/h (3 = 1670 s™)

compared to the zero-shear viscosity, we neglect the influence
of shear thinning behavior on particle migration. In contrast,
the newly prepared 0.2 wt % PEO solution is shear thinning
over the entire range of measured shear rates. Another PEO
solution was denaturized by being stored at room temperature
without direct exposure in sunlight for 3 months. Possessing a

.. . . . -1
visibly decreasing viscosity at very low shear rates of 1-30 s™,

the denaturized PEO solution has low viscosity of about
4x107 Pa.s at the shear rates of 30-3000 s™ (Figure 3a).

Elastic moduli G~ of these solutions were measured in
small-amplitude (1% amplitude) oscillatory test (Figure 3b).
Figure 3b inset shows that the PVP solution have paradigmatic

. . * . .
terminal behavior— G~ o @® and G™ o« @ in a wide range

of frequencies, where G" is the viscous modulus. The
relaxation time is estimated as 2.2x107 s by the intersection of

the G* and G~ curves.””* The relaxation time for the
newly prepared PEO solution is estimated as 4.4x107 s by the
empirical formula based on capillary breakup extension

06 0
theometry (CaBER) measurement: 1218/12(0/ c) ,

where A, is the Zimm relaxation time (1.1><10'3 SSO) and ¢

the overlapping concentration (547 ppm’'). Since Wi oc 4, the
newly prepared PEO solution will show stronger elasticity
than the PVP solution in a given flow condition. In addition to
the relaxation time, elastic modulus can also well characterize
the fluid elasticity. Figure 3 shows that the denaturized PEO
solution has almost the identical elastic modulus with the
newly prepared one, allowing us to consider a negligible loss
of elasticity.

Microchannel Design and Fabrication. We used
straight microchannels with two different heights for
experiments depending on the sizes of particles or cells.
Microchannels that were 10 um high and 30 mm long were
used for PS particles with diameters of 1 pm and 3 pm (x = 0.1
and 0.3, respectively) and for E. coli bacteria and RBCs.
Microchannels that were 50 um high and 50 mm long were
used for PS particles with diameters of 5 um and 15 pum (x =
0.1 and 0.3, respectively) and for MCF-7 cells and RBCs. All
the microchannels had one inlet and one outlet.

The microchannels were fabricated using the standard
soft-lithography techniques with SU8-2050 master mold on a
silicon substrate. The degassed poly(dimethylsiloxane)
(PDMS) was cast over the mold and then was baked in an
oven at 80 °C for 3 hr. The PDMS slab was punched through
at the inlet and outlet to make ports and then plastic tubes were
inserted through these ports with glue at the tube ends. The
PDMS slab was then treated with oxygen plasma and bonded
to a glass substrate (25 mm x 75 mm). Finally the assembled
device was placed into an oven at 70 °C for 30 min to enhance
bonding.

Experimental Procedures and Image Analysis.
Experimental liquid was injected into the microchannels using
a syringe pump (Pump 11 Elite, Harvard Apparatus, USA).
The flow rate was precisely adjusted by tuning the parameters
of the pump. The chip containing the microchannel was
mounted onto the stage of an inverted microscope (Eclipse Ti,
Nikon, Japan). The dynamics of particles and cells were
observed in a top view at the outlet, and the images and
movies were recorded with a high-speed camera (Phantom
v7.3, Vision Research Inc., USA) and Phantom Camera
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Figure 3. The shear dependence of the viscosities (a) and the frequency dependence of the viscoelastic moduli (b) of the investigated
viscoelastic liquids. (a) The 5 wt % PVP solution and the denaturized 0.2 wt % PEO solution have constant viscosities over the range of
experimental shear rates, whereas the newly prepared 0.2 wt % PEO solution shows shear thinning behavior over the entire range of
measured shear rates. The stacked images show the focusing patterns of 5 pm particles in microchannels with H =50 um and AR = 2 using
these three types of media and suggest that shear thinning has a good correlation with the particle defocusing with increasing flow rate. (b)

The measurement of elastic modulus G~ shows that the denaturized PEO solution has almost the same elasticity with the newly prepared

one. The insert shows the measurement of the elastic modulus G~ and the viscous modulus G for the PVP solution.

Control software. The exposure time was reduced with
increasing flow rates to prevent the fuzzy boundaries. The
images were processed with the Image] software package
(NIH): the time-series images (1000-2000 images) were

stacked using z-projection with the ‘standard deviation’ option.

The particle distributions were determined by conducting
automatic particle analysis for 2000-4000 images (>1000
particles) and the cell distributions were manually analyzed for
500-1000 images (>10000 cells). Here, the purity is defined as
the ratio of the targeted to the total cells, the enrichment
factors is obtained by dividing the purities at the preferred
outlet with the initial purities at the inlet, and the separation
efficiency of a certain cell type is defined as its percentage at
the preferred outlet.

RESULTS AND DISCUSSION

Engineering the rheological properties. The focusing
behaviors of particles in a viscoelastic medium depend on the
rheological properties, such as viscosity, shear dependence of
viscosity, and elasticity. Three types of viscoelastic media (the
newly prepared and denaturized 0.2 wt % PEO, and 5 wt %
PVP aqueous solutions) were used to investigate the particle
focusing behavior. The particle focusing worsening with
increasing flow rate is the major limiting factor of the
throughput. Using a highly elastic fluid with constant and low
viscosity can overcome this difficulty. Figure 3a shows the
focusing patterns of Spm particles in microchannels with H =
50 um and AR =2 using these three types of media, suggesting
that shear thinning has a good correlation with the particle
defocusing. In the newly prepared 0.2 wt % PEO solution, the
particles along the centerline became defocused even at the
lowest experimental flow rate of 0.2 ml/h (Re = 0.14, y =
2.2x10% s"). In the 5 wt % PVP and the denaturized 0.2 wt %
PEO solutions that have constant viscosities over the entire
range of experimental flow rates, the focusing along the

centerline remained tight over a wide range of flow rates up to
1.5ml/h (Re=0.3, y =1.7x10"s") and 3.0 ml/h (Re = 4.2,
7 =3.3x10° s7), respectively. The correlation between the

particle defocusing and shear thinning is consistent with
existing experimental and numerical observations showing
that the shear thinning effect always drive the particle closer to
the wall in viscoelastic fluids.***>*

AR =4

Q, (mi/h) 0 4.0
Re 1.39 2.78 5.56
Wi 195.6 97.8 48.9

Figure 4. The size-dependent differential focusing behaviors of 15
um and 5 pm particles in microchannels with # = 50 pm are
shown at the flow rates of 1.0, 2.0 and 4.0 ml/h for AR =1, 2 and
4, respectively. The deviation from the centerline of the 15 um
particles (x = 0.3) occurred for all the investigated 4R. The carrier
medium was the denaturized 0.2 wt % PEO solution. Scale bars,
20 pm.

Fluids with high viscosities are also undesirable for particle
manipulation, since throughput is limited by high pressure
drop and multiple focusing pattern will exist over a wide range
of flow rates due to low Re. In the 5 wt % PVP solution with
high viscosity of 2.8x10” Pa.s, particles appeared at the
channel corners even at 1.5 ml/h due to the low Re (Re =0.3).
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a
Q(ml/h) 02 05 1.0 20 3.0

Re 0.28 0.69 1.39 2.78 4.17
Wi 9.8 244 489 97.8 146.7

b
Q(ml/h) 05 10 20 40 6.0

Re 0.69 139 278 556 833
Wi 6.1 12.2 244  48.9 733
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Figure 5. The distributions of 15 pm and 5 um particles in 4 = 50 um microchannels with AR =2 (a) and AR = 4 (b) using the denaturized
0.2 wt % PEO solutions suggest the remarkable size-dependent differential focusing. Stacked images are shown at a wide range of flow
rates (0.2-5.0 ml/h for AR = 2 and 0.5-10.0 ml/h for AR = 4). Normalized particle count plots are shown at 3.0 ml/h and 6.0 ml/h for AR =2

and AR = 4, respectively.

On the other hand, longer relaxation time is required for a
medium with low viscosity to balance the enhanced
shear-gradient lift, which can result in particle defocusing at
higher flow rates. Longer 4 can be achieved either by using a
polymer with high M,, or by increasing polymer concentration
c. To achieve sufficient elasticity, most existing studies on
particle/cell separation use solutions of high-molecular-weight
PEO [M,, ~ O(10% g/mol] with optimized ¢ > 0.05 wt %.*****
However, their operational flow rates were limited to O(0.1)
ml/h due to the shear thinning effects, which is similar to the
case of the newly prepared 0.2 wt % PEO. We find that the
denaturized 0.2 wt % PEO has almost the identical elastic
modulus with its newly prepared counterpart, but has constant
and low viscosity. Using the denaturized PEO solution, we can
overcome the aforementioned difficulties and obtain
high-quality separation at one order of magnitude higher flow
rates than previous studies. All following results were
obtained by using the denaturized 0.2 wt % PEO solution
unless stated otherwise.

Differential focusing and particle/cell separation. A
particle with large blockage ratio tend to migrate more closely

towards the wall due to the enhanced compressive normal
stress at the near-center side of the particle.’**® Figure 4 shows
that 15 pm particles (x = 0.3) in the microchannels with H =
50 um were focused at the both sides of the centerline at
optimized flow rates for all the investigated aspect ratios (4R
=1, 2 and 4). In contrast to the 15 pum particles, 5 um particles
(x = 0.1) were focused along the centerline as observed in
previous works.*?>?**4%357 A arge particle tends to migrate
towards the wall when it displaces from the channel center.
The major portion of fluid chooses to flow through the larger
gap between the particle and the channel wall.*® Therefore, the
shear rates around a particle can be intensified, resulting in
enhanced compressive normal stress at the near-center side of
the particle.’® As a consequence, large particles will be driven
towards the wall. The off-center focusing has only been
reported by numerical studies (¢ > 0.25) and macroscale
experiments (x = 0.6).”** Most existing studies manipulate
particles or cells with x around 0.1 in square
microchannels,27’35’36‘42‘48’57’59'61 and thus this off-center
focusing was not discovered in these experiments. This
off-center focusing is quite different from that in inertial flow
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of Newtonian fluids. Particles suspended in a Newtonian fluid
are focused at the centers of the long channel walls in
rectangular microchannels®*® because the particle migration is
dominated only by the fluid inertia and the lift direction is
independent of blockage ratio. Therefore, the difference in
focusing nature leads to different separation strategy in
straight channels — equilibrium separation in viscoelastic
fluids and kinetic separation in Newtonian fluids.

C

' RBC,N=17466
MCF-7, N = 204

o
N
T
1

Normalized cell count
o
=
—
L

Figure 6. (a) The separation of the binary mixture of 15 um and 5
um particles is shown at the optimized flow rate of 3.0 ml/h (Re =
4.17 and Wi = 146.7). (b) Similarly, the separation of MCF-7 and
RBCs is also achieved at 3.0 ml/h (see Movie S1 in the
Supporting Information). The carrier medium was the denaturized
0.2 wt % PEO solution. The MCF-7 cells are marked by circles in
the bright-field snapshot. (c) The normalized cell count plot is
shown for the separation of MCF-7 cells and RBCs at 3.0 ml/h.

This size-based differential focusing phenomenon can be
implemented in microfluidic devices for sheathless and
label-free particle/cell separation. The stacked images in
Figure 4 show an overlap between the streams of 15 um and 5
um particles for 4R = 1, suggesting that high AR of
cross-section is required for effective separation. In the
microchannels with AR = 2 (Figure 5a), there was a much
wider distance between two streams of 15 pm particles and 5
um particles at flow rates ranging from 2.0 to 5.0 ml/h,
resulting in complete separation. Figure 5 shows particle
distributions at a wide range of flow rates. At the lowest flow
rates (Re = 0.28 and 0.69 for AR = 2 and 4, respectively),
particles were focused at multiple equilibrium positions,
which is similar to the case of pure elastic flow. We notice that
the lowest Re at which the equilibrium positions around the
channel corners vanish is higher for larger particles, which can
be attributed to the stronger scaling of the inertial lift*™* with a
than the elastic force”’ near the wall. As the Wi increases,
elastic force becomes larger and particles focus more tightly at
the equilibrium positions. At threshold flow rates (Re = 5.6

Analytical Chemistry

and 11.1 for AR = 2 and 4, respectively), the shear gradient
force starts to play an adverse role and make the focused 5 pm
particles disperse. In the microchannels with AR = 4 (Figure
5b), 15 um particles showed the similar focusing pattern as the
case of AR = 2. However, 5 um particles were not focused as
tightly as in the case of AR = 2. The insufficient focusing of
the 5 um particles is due to the weaker viscoelastic force and
enhanced inertia along the wide dimension in 4R = 4
microchannels. The relative importance of elastic force and
inertial force is characterized by the elasticity number E/

( El =Wi/Re =2An/ pW* ). The El for microchannels with AR

= 4 is only a quarter of the E/ for AR = 2. Therefore, we
conducted the particle/cell separation in H = 50 pm
microchannels with AR = 2. At flow rates higher than 3.0 ml/h,
the focusing of 5 um particles slightly degraded due to
increasing inertial lift. In addition, the spacing between two
streams of 15 um particles became narrower for flow rates
exceeding 3.0 ml/h. Since large particles or cells can affect the
focusing of their small neighbors by disturbing the
surrounding flow field,”* an optimized flow rate of 3 ml/h
was set for particle/cell separation.

The separation of 15 um and Sum PS particles (Figure 6a)
stemmed directly from the differential focusing of them
(Figure 5a) in a microchannel with H = 50 pm and AR =2 at
the optimized flow rate of 3 ml/h. This sheathless approach
can be easily applied to separate the binary mixture of MCF-7
cells and RBCs in a label-free manner. (Figure 6b and Movie
S1 in the Supporting Information). Though having wider size
distribution than the synthetic particles, RBCs were still
tightly focused along the centerline as the Spm particles were,
and MCF-7 cells, like the 15 pm particles, migrated along the
streamlines that obviously deviated from the centerline,
suggesting high-quality separation. Figure 6¢ shows the cell
distributions at the outlet, indicating high separation
efficiencies of 91.4% and 91.7% for MCF-7 cells and RBCs,
respectively. Since the initial ratio of MCF-7 cells in the total
cells is only 1.2%, even a small portion of RBCs mixed with
MCF-7s at the outlet will reduce the purity significantly. The
purity of MCF-7 cells is about 14.5%, but still with a high
enrichment factor of 11.7. The separation degraded at higher
flow rates due to the degradation of RBCs focusing and
emergence of MCF-7 cells at the centerline. Still, the
operating flow rate is one order magnitude higher than
existing viscoelasticity-based separation.”>*>>> Though the
present throughput (3x10° cells/h at 3 mlh with 1%
hematocrit) is an order of magnitude lower than that of typical
inertial  microfluidic  devices (2109 cells/h), good
parallelizability of straight geometry can offset the relatively
low throughput of a single channel. Several groups have
demonstrated the feasibility of parallelization of tens™ or even
hundreds® of channels for the high throughput.

Separation of smaller particles and cells. By scaling
down the channel size, we successfully demonstrate the
complete separation of smaller particles (1 um and 3 pm PS
particles) and cells (E. coli bacteria and RBCs) in
microchannels with H = 10 um. Therefore, similar size-based
separation was expected: the 1 pm particles/E. coli bacteria
were focused along the centerline whereas the 3 pm
particles/RBCs were focused near the side walls. The focusing
of sub-micron particles with diameter around or less than 1 pm
may degrade due to the diffusive effect of Brownian motion.
The importance of Brownian diffusion can be characterized by
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the Péclet number Pe, which is expressed as”’ Pe=al,/D,

where V, is the velocity of viscoelastic lateral migration, and

Q, (ml/h) 0.01 0.05 0.10
Re 0.07 0.35 0.69
Wi 153 76.4 152.8
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Figure 7. Complete separation of the binary mixtures of 3 um and
1 pum particles (a) and RBCs and E. coli (b) can be achieved over
a wide range of flow rates using the denaturized 0.2 wt % PEO
solution, where the 3 um particles/RBCs were focused along the
both sides of the centerline whereas the 1 pm particles/E. coli
were focused at the centerline. The E. coli were marked by arrows
in the bright-field snapshots and can be seen more clearly in the
Movie S2-4 in the Supporting Information. (¢) The normalized
cell count plot is shown for the separation of RBCs and E. coli
bacteria at 0.1 ml/h.

D, is the Stokes-Einstein diffusivity of a particle.” For a =

0.5 um and Oy = 0.1 ml/h, the corresponding Pe ~ O(10%)
indicates a negligible Brownian diffusion for the separation of
E. coli bacteria and RBCs.

Concurring with expectation, high-quality separations of
particles (Figure 7a) and cells (Figure 7b) were achieved in a
microchannel with H = 10 pum and AR = 4. Since it is difficult
to identify the E. coli due to their small size, we took slightly
out of focus bright-field images for easier identification
(Figure 7b and the Movie 2-4 in the Supporting Information).

The distinctive size difference between E. coli and RBC
resulted in a wide separation distance. Though the focusing of
E. coli at the low flow rate of 0.01 ml/h was not as tight as that
at the higher flow rates of 0.05 and 0.1 ml/h, the wide
separation distance between E. coli and RBCs still made good
separation achievable. Therefore, the separation remained
high-quality over the flow rates of 0.01-0.1 ml/h. Figure 7c
indicates a nearly complete separation between RBCs and E.
coli bacteria at 0.1 ml/h. The separation efficiencies are
estimated to be 94.1% and 99.9% for RBCs and E. coli
bacteria, respectively. The purity of RBCs at the outlet is
about 99.9% with an enrichment factor of 11.3. RBCs showed
obvious deformation during the separation due to the exposure
of high shear rate flow in confined space. As the exposure
only persisted a very short period and, for instance, RBCs
passed through the microchannel within 1 s at 0.1 ml/h in this
study. It is expected that the separation only exerted negligible
damage on RBCs.

CONCLUSIONS

In this study, we present sheathless, label-free, and
inexpensive particle/cell separation in simple straight
microchannels utilizing the size-based differential viscoelastic
focusing. Complete separations of two binary cell mixtures of
MCF-7 cells and RBCs, and E. coli bacteria and RBCs are
realized by only tuning the channel size. The tight focusing of
sub-micron E. coli bacteria suggests the potential of achieving
high-quality focusing and separation even for nanoparticles.
Using the denaturized 0.2 wt % PEO solution, the present
device has reached optimized flow rates one order of
magnitude higher than those of existing viscoelastic separation
devices that use inexpensive synthetic polymers. We
recommend further study on engineering rheological
properties of carrier media for improving the separation
performance of viscoelasticity-based microfluidic devices.
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