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A spiral inertial filtration (SIFT) device that is capable of high-throughput
(1 ml/min), high-purity particle separation while concentrating recovered target
particles by more than an order of magnitude is reported. This device is able to
remove large fractions of sample fluid from a microchannel without disruption of
concentrated particle streams by taking advantage of particle focusing in inertial
spiral microfluidics, which is achieved by balancing inertial lift forces and Dean drag
forces. To enable the calculation of channel geometries in the SIFT microsystem for
specific concentration factors, an equivalent circuit model was developed and
experimentally validated. Large particle concentration factors were then achieved by
maintaining either the average fluid velocity or the Dean number throughout
the entire length of the channel during the incremental removal of sample fluid. The
SIFT device was able to separate MCF7 cells spiked into whole blood from the
non-target white blood cells (WBC) with a recovery of nearly 100% while removing
93% of the sample volume, which resulted in a concentration enhancement of the
MCF7 cancer cells by a factor of 14. © 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4870399]

. INTRODUCTION

High throughput particle separation and concentration are critical for applications in the chem-
ical, environmental, and biomedical fields. In particular, a number of cellular and sub-cellular
purification and enrichment applications are used to enable the quantitative study and diagnosis of
disease. Commercial products are available for cell separation, whole blood fractionation, and
subcellular fractionation using density gradients. However, these techniques have poor separation
resolution and are inappropriate for recovering rare cells. Commercially available fluorescence-
activated cell sorting (FACS) systems enable automated cell separation and counting, but cannot
process large sample volumes and are also inappropriate for recovering rare cells.

Many microfluidic techniques have emerged for sorting, concentrating, or purifying
particles and cells.''° Recent research into microfluidic devices has enabled applications that
include microorganism recovery from environmental and biological samples,'' white blood cell
(WBC) counting for immune deficiency diagnosis,12 and circulating tumor cell (CTC) counting
for cancer metastasis diagnosis and prognosis.'*'* Most of these techniques, with rare excep-
tion, operate in the range of 1-100 ul/min, but a significantly higher throughput is needed for
applications that require processing large volumes of fluid to obtain usable quantities of a target
species, such as rare cell concentration. Methods designed for rare cell recovery must therefore
be capable of significantly reducing the total fluid volume, from ml to 100 ul or less, to enable
downstream microfluidic steps while preserving the rare targeted particles.
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Recently, the need for high-throughput separation has been addressed by inertial-migration-
based particle separation strategies, which are capable of achieving greater than 1 ml/min
throughput.'> When inertial migration of particles occurs, an inertial lift force acts to drive the
particles to discrete equilibrium positions along the channel periphery.'®'” This was first shown
by Segre and Silberberg'® at the centimeter-scale and later by others for microscale
applications.'""'**” The inertial lift force, F,, is the net force of a shear-induced inertial lift
force that arises due to the parabolic flow profile and acts towards the microchannel wall and a
wall induced inertial lift force that acts towards the microchannel center. The net lift force can
be expressed as**%’
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where p is the density of the fluid, Uy is the average fluid velocity, ap is the particle diameter,
C, is the non-dimensional lift coefficient that is a function of position in the channel and the
channel Reynolds number, Re.. The hydraulic diameter, D, is determined from
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where w and / are the channel width and height, respectively. The channel Reynolds number,
Re,, is expressed as

prD/
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where p is the fluid dynamic viscosity.
The use of curvilinear geometries such as arc,30—35 asymmetric serpentine,36_38 and

spir21129’39_47 channels introduces a third force, the Dean force, Fp, due to the formation of sec-

ondary flows, known as Dean vortices. The strength of these secondary flows is described by
the dimensionless Dean number (De)***
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where R is the radius of curvature of the curvilinear channel. The Dean vortices are counter-
rotating and act to laterally displace particles across the channel by imposing a drag force. The
magnitude of the Dean force, Fp is approximated by assuming a stokes drag force®

FD = 37C,MCZPUD, (5)

where Uj, is the average Dean velocity and scales as Up = 1.8 x 10~ *De'93 3

The Dean force acts in combination with the net lift forces to alter the equilibrium posi-
tions of focused particles to two vertically aligned positions located at the same distance from
inner wall of the channel (Figure 1(a)).* The lift force goes as F; o a,,4 and the Dean force
goes as F'p o ap, where a,, is the particle diameter.?® The equilibrium position is thus particle-
size-dependent. It is worth noting that for neutrally buoyant particles centrifugal forces are
negligible compared to F, and Fp, and are thus ignored.”’

Traditionally, spiral inertial microfluidics are operated such that the larger particles focus
near the inner wall with the smaller particles focusing near the channel center (traditional focus-
ing mode). Xiang er al.>* recently illustrated that the focusing position of different sized par-
ticles could be controlled by changing the flow rate. They developed a five-stage process model
to describe the transition between these modes.’> At lower flow rates, the lift force, F;, domi-
nates and particles gradually migrate to equilibrium positions near the inner wall. With increas-
ing flow rate, the particles under the dominant F; migrate further inward towards the inner
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FIG. 1. (A) Schematic of a microfluidic channel cross-section, illustrating the principle of inertial spiral microfluidics. The
main flow (into the page) follows a curvilinear path leading to the development of secondary flows, known as Dean vortices
(dashed lines). Dispersed particles experience a combination of lift forces (F,) and Dean forces (Fp), which result in differential
migration of the particles to unique equilibrium positions near the inner wall. (B) Illustration of the transition from switched fo-
cusing mode to traditional focusing mode with increasing flow rate for two particles, 15 um (green) and 8 um (red).

wall. Increasing the flow rate further leads to a transition from F; dominated to F and the par-
ticles begin migrating away from the inner wall. At much higher flow rates, the particle streams
defocus due to the Dean mixing effect.* Since the focusing position of the different sized
particles has different dependencies on flow rate (due to the differences in the forces, F; and
Fp, acting on the particles), conditions can be found for focusing in either the traditional mode
or in a switched focusing mode where the larger particles instead focus near the channel center
and the smaller particles aligned near the inner wall. Figure 1(b) illustrates this transition
between switch focusing mode (Figure 1(b-i)) at low flow rates and traditional focusing
(Figure 1(b-iv)) at higher flow rates.

Spiral inertial microfluidic devices have been successfully used in a wide range of applica-
tions including particle®***>* and cell**>*>* separations, cell synchronization,*' circulating
tumor cell isolation,”>® and electroporation.*® These devices typically utilize a branched outlet
to collect the concentrated, focused particle, or cell streams. Ultimately, for any geometry, the
concentration factor is limited by the width of the branched outlet channel through which a
separated and purified particle stream is collected. The concentration factor is defined as the
concentration of particles collected at each outlet over the inlet particle concentration. Devices
with branched outlets of up to eight channels have been shown,*® yielding a theoretical maxi-
mum concentration factor of 8x (i.e., 87.5% removal of the inlet fluid). However, using only
branched outlets, further increases to greater than 10x (90% fluid removal) are challenging.

For example, 93% removal corresponds to a 14X concentration factor, which would require
collecting all particles in the particle stream into an outlet 1/14 the width of the main channel.
For a 250 yum main channel, the width of the branched outlet would be ~18 um. In practice,
focused particle streams have a width greater than the diameter of the particles. The particles
are assumed to be focused when the full-width of the particle stream at half max is two times
the particle width.*> If we aim to recover 95% of the particles, then (assuming the particle
stream has a normal distribution) the width of the particle stream is 3.4 times the diameter of
the particle. For a 15 um particle, this corresponds to ~50 um, which is too wide to be collected
in a single outlet channel, leading to particle loss and a decrease in particle recovery. Of course,
the width of the main channel could be expanded (which is commonly done) to increase the
widths of the outlets. However, the expansion is accompanied by a corresponding increase in
the width of the fluid streamlines, and thus the width of the particle stream.
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To increase the concentration factor of spiral inertial microfluidics while relaxing the
requirements for narrow outlets or precisely controlled outlet resistances, we developed a new
approach known as Spiral Inertial FilTration (SIFT). This technique utilizes the focusing behav-
jor of inertial microfluidics in a _spi_ral geometry to create a large particle-free region from
which a large fraction of fluid can be “skimmed” through waste channels. Traditional skimming
techniques rely on the natural formation of small particle-free regions near channel walls®’—®!
(Figure 2(a)) or geometrical features®” (Figure 2(b)). The major drawback of this strategy is
that the performance drops at increased flow rates. In SIFT, particles are instead focused near
the inner wall, creating a large particle-free region at the outer wall (Figure 2(c)); this particle-
free region exists for both the typical operation and the switched mode. By utilizing side chan-
nels that extend away from the outer wall, fluid can be removed from this particle-free region,
thus increasing the concentration of the particles in the microfluidic channel. In addition, due to
the focusing nature of spiral inertial microfluidics, the particle streams are minimally disrupted
by removing large amounts of fluid. Leveraging this concept, the SIFT system utilizes waste
channels extending from the outer edge of the outer-most ring of the spiral to generate a large
concentration factor, as shown in Figure 3.

Increasing particle concentration and purity by removing fluid through microfluidic waste
channels has been previously reported for similar designs. In one approach, posts®>®* or dams®’
located at the outer wall were used to filter particles. Fluid and smaller particles were able to
pass through the post or dam filters and were removed, while larger particles were retained.
Unlike in SIFT, these devices were operated at low flow rates (<100 yl/min) in order to mini-
mize the inertial effects and the secondary Dean flows. As a result, centrifugal forces dominated
and pushed particles to the outside wall of the curvilinear channels. Another design took
advantage of centrifugal forces to push blood cells against the outer wall and remove plasma
from a waste channel on the inner wall.*® Flow rates up to 120 ul/min were achieved. In a third
approach, inertial lift forces focused targeted cells away from the walls, creating a target-free
region where waste channels removed fluid and non-targeted cells;®®®” this design achieved
>500 ul/min. These devices focused on enriching targeted cells relative to high-concentration,
non-targeted species, and were not aiming to achieve high concentration factors.

In this work, we demonstrate that the SIFT design concept presented in Figure 3 is capable
of recovering a targeted cell (or particle) with nearly 100% recovery and concentrating the tar-
geted species by more than an order of magnitude while operating at a sample processing rate
of ~1 ml/min. We start by developing the equations needed to design a SIFT device for specific
fluid removal. We then validate the design equations by demonstrating removal of a desired
fraction of the sample fluid (without removing targeted particles) by controlling the channel
geometries. The experimental results demonstrate that the amount of fluid removed from the
sample is limited by changes in particle position and particle stream width caused by decreases
in the linear velocity in the channel, Uy and the Dean number, De, as fluid is removed. To
overcome the limitation on larger fluid removal rates, we demonstrate a method to correct the
channel geometry to maintain Uy or De following fluid removal.

Finally, separation and recovery of MCF7 cancer cells spiked into blood is demonstrated
using a SIFT device with 6 waste channels and 5 outlets (Figure 3). Using this design, we
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FIG. 2. Schematics illustrating the creation of particle-free regions in (A) straight channels, (B) expansions, and (C) curvi-
linear channels.
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FIG. 3. Schematic of the SIFT device. Fluid is removed from six waste channels labeled W1-W6 starting closest to the out-
let. Concentrated particle streams are collected through one of five outlets (labeled O1-05).

demonstrate nearly 100% recovery of the cells while removing 93% of the inlet fluid, which
leads to a 14X concentration increase.

Il. MATERIALS AND METHODS
A. Device fabrication

To evaluate the design methodology, a series of SIFT microfluidic devices with a single
waste channel (at the W2 position in Figure 3) were fabricated. These devices consisted of a
7-loop Archimedean spiral (inner radius of 0.5cm) with a single inlet, a waste channel, and a
bifurcating outlet. The spiral channel was 250 yum x 50 um (w x h) and had a 250 um gap
between successive loops. The number of loops was chosen so that the channel length was
sufficient to ensure that the particles would be completely focused'” prior to fluid removal from
the waste channel. The widths of the waste channels were set between 40 and 250 um to
remove a certain fraction of fluid: 5%, 10%, 20%, or 50%. As discussed below (Sec. IILE), the
flow removed by a waste channel depends on its fluidic resistance, which is proportional to the
channel length divided by its width. The soft lithography technique that we used achieved
widths within 2-5 um of the designed widths; therefore, to distinguish devices designed to
remove different amounts of fluid, the waste channel widths needed to differ by more than
5 yum. Ensuring this tolerance necessitated a channel length of 19 mm, which was fit compactly
next to the spiral using a meander path.

Subsequently, to demonstrate a concentration increase of greater than an order of magni-
tude for separated and recovered particles, a device with a series of 6 waste channels was fabri-
cated. This device was similar to the single waste channel devices except that it consisted of a
6-loop Archimedean spiral, six waste channels, and five branched outlets (Figure 3). Each of
the waste channels was 35 yum wide, 50 um high, and 19 mm long.

The devices were fabricated using standard soft lithography. A 10:1 mixture of polydime-
thylsiloxane (PDMS) prepolymer and curing agent (Sylgard 184, Dow Corning) was cast over a
silicon master mold and cured at 50 °C for 2 h. The master mold was formed by spin coating
photoresist (Shipley 1813) onto a silicon wafer to a thickness of 3 um, pre-baking for 1 min at
95°C, and exposing to 365nm UV for 13s. The photoresist was developed for 75s in
Microposit developer CD-30 (Shipley). The wafer was then etched at a rate of ~2 ym/min with
deep reactive ion etching (DRIE) using the photoresist as the mask. The resist was stripped
using Remover PG (MicroChem Corp.). To aid in the release of the cured PDMS, the silicon
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mold was silanized with trichloro(1H, 1H, 2H, 2H-perfluorooctyl)silane (Sigma Aldrich) using
vapor deposition. Inlets and outlets were punched into the PDMS substrate, and it was sonicated
in isopropanol for 90 min to remove PDMS debris and dust. The PDMS substrate was placed
on an 85°C hotplate for 2h to remove the isopropanol and was then irreversibly bonded to
glass using O, plasma (13 s at 0.75 Torr and 50 mW). Tygon tubing (0.02 in. I.D., 0.06 in.
0.D.) was inserted into the inlet and outlets of the bonded devices.

B. Fluid removal quantification

To determine the amount of fluid removed by the waste channels, deionized (DI) H,O was
pumped into the devices at particular flow rates using a syringe pump (New Era Pump
Systems, Inc.). To ensure that the flow rate had stabilized, each rate was held for 5 min. Fluid
was then collected from the waste channels and the outlets for 5min and the fluid was weighed
to determine the volume collected. This was repeated three times for each flow rate for a single
device. The fraction of fluid removed by a waste channel was calculated as the volume of fluid
collected at a given waste channel over the total volume of fluid collected.

C. Particle focusing

Fluorescent polystyrene particles 15 um in diameter (14% coefficient of variation (CV),
density of 1.05g/cm’) (ThermoFisher Scientific), and 8 um (18% CV, density of 1.05g/cm?)
(ThermoFisher Scientific) dispersed in DI H,O at a concentration of 0.003% by weight were
injected into the SIFT devices using the syringe pump. Images of the focused particles were
taken using an inverted fluorescence microscope (Olympus Corporation, model IX51) equipped
with a 12-bit digital CCD camera (Hamamatsu Photonics, model ORCA-03G). Three-second
exposures were used to create visible particle traces. A sequence of 15 images was overlaid to
create a composite image. To visualize the channel walls, a bright field image was taken, the
image was inverted (converted to a negative) using ImageJ (U.S. National Institutes of Health),
and the image was overlaid onto the particle focusing composite to create the final image.

D. Cell separation and concentration

MCF7 cells were cultured in Dulbecco’s modified eagle medium (DMEM) with 4 mM L-
glutamine, 4.5 g/l glucose and reduced sodium pyruvate supplemented with 5 ul/ml penicillin/-
streptomycin, 1% non-essential amino-acids, and 10% fetal bovine serum (FBS) in tissue-cul-
ture-treated T25 flasks in a 37 °C incubator with 5% CO,. Cells were subcultured every 5-7
days by trypsinization with 0.25%/0.02% trypsin/EDTA.

To allow for visualization of the cells during experiments, the live stain Calcein AM was
used. MCF7 cells were collected and suspended in 1x phosphate-buffered saline (PBS) with
4 uM Calcein AM and incubated for 30 min. The cells were spun down at 150 x g for 2min
and washed with fresh PBS to remove free Calcein AM that had not been taken up by the
cells.

Blood was collected into K, EDTA coated tubes from healthy volunteers in accordance
with the Institutional Review Board at the University of Maryland, College Park and stored
on ice. A sample of 4ml of blood was mixed at a ratio of 1:4 with 1x RBC lysis buffer
(eBioscience, Inc.) and incubated at room temperature for 5min. This resulted in lysis of
~60% of the RBCs. The mixture was then centrifuged at 150 x g for 5min, the supernatant
was removed, and the pelleted cells were suspended into 20 ml of 1x PBS. MCF7 cells were
then added at a concentration of 3 x 107 cells/ml. For experiments in which the WBCs were
stained, LavaCell (Active Motif) was added to the blood sample according to the manufac-
turer’s protocol prior to the addition of the MCF7 cells.

The sample was injected into the multi-waste-channel SIFT device (Figure 3) at a flow rate
of 750 ul/min. The flow was allowed to equilibrate for 5 min. Fluid was collected from the
waste channels and the outlets into vials for 5 min. MCF7 cells in each vial were counted using
a hemocytometer (INCYTO). The separation was repeated three times.
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lll. RESULTS AND DISCUSSION

A. Spiral inertial filtration design principle

An equivalent circuit analog®’®® (Figure 4) was used to design for the removal of specific

volumes of fluid from the SIFT devices. The volumetric flow rate (Q) was determined using
AP = QRy, (6)

where AP is the pressure drop and Ry is the fluidic resistance. The flow removed by any given
waste channel is specified by the ratio of fluidic resistances of the waste channel and the main
channel. A schematic of the equivalent electrical circuit is shown in Figure 4. The flow rate at
the inlet of the device is described as a current source, and all outlets are terminated at ground,
as they have the same pressure. For a volumetric flow ratio, 7, of the main channel (Q,,;) to
a side waste channel at the jth node (Q,,), the resistance relationship between the main and
waste channels satisfies

R‘v.'fl
Ryj=rg; (RmJ' + H%QJ, (N
-

where R;; and R, ; are the resistances of the waste channel and main channel at the jth node,
respectively, R, ; is the resistance of the waste channel at the previous node, and rp;_; is the
volumetric flow ratio at the previous node. This holds for j=2, 3, 4,..., n— 1, n. For j=1, the
resistance is simply R;; =rp R, ;. Equation (7) illustrates that once r¢; is specified, the resist-
ance of the waste channel, R;;, at any node is determined only by the resistance in the main
channel, R, ;, the resistance of the previous waste channel, R;; ;, and the flow ratio of the pre-
vious waste channel, r¢;_;.

Once the resistances of the main channel and the waste channels are obtained, the channel
dimensions can be calculated. For w>h or w~h (see the supplementary material),* the
hydraulic resistance of a square duct is given by’°
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FIG. 4. The equivalent circuit analog used to design the SIFT devices: (A) schematic of the fluidic network and (B) the
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equivalent circuit. The subscripts “m” and “s” represent the main channels and side channels.
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where p is the fluid dynamic viscosity, and w, &, and L are the width, height, and length of the
channel. If w > h, Eq. (8) simplifies to’’

12 uL

wh? <1 —0.63 ﬁ)
w

Assuming constant L and %, Eq. (9) illustrates that the fluidic resistance of a waste channel can
be controlled by changing its width. The width is given by

2L
~ W3Ry

RH =~ (9)

w + 0.63A. (10)

Equation (10) is only valid for the case of w>h. However, when attempting to remove only a
small fraction of fluid, a thin channel may be required, and thus the width may be less than the
height. For this case, the full Eq. (8) should be solved to determine the width, which requires a
numerical solver.

To design the system for a targeted performance, the waste channel width is set in order to
remove a targeted fraction of the sample fluid. The fraction of fluid removed through a waste
channel, x; j, is related to rp; through

1
Xyj=—7), 11
Sy 1 + rQ,j ( )
where the fraction of the flow remaining in the main channel, x,,;, is given by
Xy = — 2 (12)

R

By simply specifying the ratio of volumetric flow between the main channel and a waste chan-
nel (rp;), a spiral inertial filtration device can be designed for the removal of a specific fraction
of the inlet fluid.

B. Validation of design equations

The fraction of fluid removed from a SIFT device can be controlled by designing for a spe-
cific flow ratio, g, at each waste channel, which is achieved by properly balancing the fluidic
resistances. To verify the design equations derived above, devices designed for removal of 5%,
10%, 20%, and 50% of the inlet fluid through a single waste channel were fabricated and
tested. The waste channel was located at the W2 position (Figure 3). A schematic of the waste
channel is shown in Figure 5(a). As described above, the width of the waste channel, wy;, was
set to control the amount of fluid removed from the main channel. The main channel width
prior to the waste channel, w,,;, and the main channel width after the waste channel, w,,; ;,
were both 250 pum.

Figure 5(b) shows the percentage of fluid removed through the waste channel as a function
of inlet volumetric flow rate (see supplementary material SM_Figure 1 for the same figure as a
function of De and Reé.).69 Error bars indicate the standard deviation across three experiments
for a single device. To measure variation due to fabrication, two conditions were tested with
duplicate devices: 20% fluid removal at 50 ul/min and 10% fluid removal at 1000 ul/min. The
20% results agreed to within 1.5%, and the 10% results were within 0.5%.

At low flow rates, the fraction of fluid removed matched closely with the designed fluid
removal. For 50 ul/min (De=0.39 and Re.=5.6), the fraction of fluid removed for the 5%,
10%, 20%, and 50% fluid removal devices was 6.4% = 0.7%, 9.1% = 0.6%, 17.5% = 0.6%, and
48.5% £ 1.5%, respectively. With increasing flow rate, the measured fluid removal fraction
decreased, flattening at 1000 ul/min (De=7.9 and Re.=111.1) to 4.6% % 0.1%, 8.2% * 0.1%,



024105-9 Burke et al. Biomicrofluidics 8, 024105 (2014)

A

inlet flow
—_—

inner wall
Wi, j-1 i outlet flow

Wm J

WS,J

{

waste fluid removal

w
-

¢ wg ;=250 & 4

N
o
|

S

©

>

[]

£

&

o 30 Wim,j = Wm,j-1 = 250 um
=

™

2 20

g |o” o

S Wgj=70 O o
Q10

'510 Yy ¥y wg;i=50 v

© oo 5 )

= wgj=40 © )

o+r—r—r1rr—r—TrT
0 200 400 600 800 1000 1200 1400
Flow Rate (uL/min)

FIG. 5. (A) Schematic illustrating the dimensions of a device with a single waste channel located at the W2 position
(Figure 3). (B) Percentage of fluid actually removed from devices designed for the removal of 5% (O), 10% (V), 20% ((J),
and 50% (#) of the inlet fluid. The widths in pm are listed for each of the devices. The widths of the main channel before
the waste channel, w,, ;, and after the waste channel, w,,, ;_;, are both 250 um.

14.5% = 0.3%, and 43.8% = 0.3% for the 5%, 10%, 20%, and 50% fluid removal device.
According to Eq. (7), the fluid removal rate should be independent of flow rate. We attribute
this flow rate dependence to the elasticity of the PDMS. It is known that deformation of PDMS
microchannels occurs under pressure-driven flow, causing changes in the channel height and
width.”"7? Our design equations did not account for this behavior. As a result, for the flow rates
at which we want to operate (>750 ul/min), the fluid removal rates were different than what
we designed. The widths of the waste channels could be adjusted to account for PDMS defor-
mation, or other materials can be used that do not expand under pressure, such as thermal
plastics.

Equation (10) was used to design these devices even though for the 5% removal w is less
than %, so this approximation was not valid. For that 5% device, the difference in widths calcu-
lated by solving Egs. (8) and (10) is 5 um. Given the fabrication tolerances (see above), a 5 um
difference in the widths was deemed to be acceptable. As shown in Figure 5(b), this did not
add substantial error to the 5% fluid removal device (see the supplementary material for a more
detailed explanation).®’

C. Effect of fluid removal on particle focusing

Figure 5 showed that one can design for specific fluid removal rates; however, it is impor-
tant to determine the impact of the fluid removal on the concentration and position of focused
particle streams. To test this, we injected 15um fluorescent particles at two flow rates
(100 p/min and 1250 ul/min) into devices containing a single waste channel of varying width.
These flow rates were used to illustrate the effect of low (100 ul/min, De=0.79, and
Re.=11.1) and high (1250 pl/min, De =9.87, and Re.= 138.9) flow rate on particle focusing.
At low fluid removal rates (5%), there was little effect on the focused particle stream (Figures
6(i) and 6(ii)) because the De and Re. do not significantly change. For 100 pl/min (De =0.79
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FIG. 6. Representative fluorescent images of 15 um particles focused in a SIFT device containing a single waste channel.
Results are shown for three devices designed for 5% (i) and (ii), 20% (iii) and (iv), and 50% (v) and (vi) fluid removal at
two flow rates (100 pl/min and 1250 pl/min). The channel dimensions (um) are given for ease of comparison. A table with
De and Re, prior to and following fluid removal for each device can be found in the supplementary material.®

and Re.=11.1), the De and Re, decrease to 0.75 and 10.6, respectively; and for 1250 ul/min
(De=9.87 and Re.=138.9), they decrease to 9.38 and 131.9 following the waste channel (see
supplementary material SM_Table I for a complete list of De and Re. both prior to and follow-
ing the waste channel).”” With increasing flow rate (i.e., increasing De and Re.), the particle
stream moved from an equilibrium position near the center (Figure 6(i)) to a new equilibrium
position closer to the inner wall (Figure 6(ii)). This behavior was expected and was recently
illustrated.**"*

At a fluid removal rate of 20% (Figures 6(iii) and 6(iv)), there was a noticeable change of
~17 um in the position of the focused particle stream as it went past the waste channel. As
fluid is removed, the average velocity in the channel U, along with De and Re,, decreases. For
100 pl/min (Figure 6(iii)), Uy decreased from 0.13m/s to 0.11m/s. De and Re. decreased from
0.79 to 0.63 and 11.1 to 8.9, respectively. This was accompanied by an increase in the width of
the particle steam and a shift in the particle position. Previous reports have shown that the
width of particle streams in a spiral channel increases with decreases in Uf.42 Since De and Re,
govern the focusing behavior, a change in these values will lead to changes not only in the par-
ticle stream width but will also cause the particles to migrate to a new focusing position. In
addition, distortions in the fluid streamlines caused by the large fluid removal rates, drawing the
particle stream toward the waste channel, likely contribute to the change in focusing behavior.
At the higher flow rate (Figure 6(iv)), the change in focusing position is not as apparent
because the impact of the waste channel on the particle stream decreased due to the particles
occupying streamlines closer to the inner wall, which are less affected by the waste channel
(Figure 6(iv)). In addition, as the streamlines are distorted, the width of the streamlines
increases, causing a further increase in the width of the particle stream.

At 50% fluid removal (Figures 6(v) and 6(vi)), the shift in particle position and increase in
particle stream width were exacerbated. At a flow rate of 100 ul/min (Figure 6(v)), the distor-
tion of the particle stream (~100 um) caused some of the particles to be drawn out of the waste
channel (faint particles traces not easily visible in the figure). Following fluid removal, the De
and Re. decrease from 0.79 and 11.1 to 0.39 and 5.6, respectively. Even at high flow rates
(Figure 6(vi)), the particle stream was affected by the fluid removal. Following the waste
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channel, the particle stream partially recovered because of the focusing nature of the spiral ge-
ometry; however, the large decrease in De and Re, to 4.9 and 69.4, respectively, resulted in a
wider particle stream that did not refocus to the original focusing position, instead focusing
closer to the center of the channel. In practice, this limits the amount of fluid that can be
removed from one waste channel (without adversely affecting the results) to ~20%. At higher
fluid removal rates, losses in recovery will occur.

D. Channel width correction

To achieve high fluid removal rates without dispersing the particles as they pass the waste
channels, the focusing parameters must be maintained. The important parameters to consider
are De, Re., and the particle Reynolds number, Re,. Re), is defined as’’

d2
Re, = Re. -2, 13)
P D}%

where a,, is the particle diameter. Maintaining these parameters is most easily accomplished by
changing the width of the main channel following the waste channel. However, De, Re., and
Re,, have different dependences on the channel width and cannot be simultaneously corrected.
Instead of correcting each individually, we chose to correct for changes in Uy Since De, Re,,
and Re, are all dependent on Uy correcting for flow velocity offered a compromise between
each of the parameters where each parameter would vary by less than 20% following the waste
channel; whereas, correcting for each individually would have led to larger variations of the
other parameters (supplementary material SM_Table I).°” For comparison, we also investigated
correcting for De.

To maintain De, the width of the main channel following the waste channel, w,,;_;, was
calculated using

2/3
Wmj-1 +h _ <2x’”JQmJ‘phl/2> , (14)

1/3 ,uR1/2De

Wm.jfl

which was obtained by taking Eq. (2) and substituting in Eq. (4) and Uy, j—; = X,, Oy j—1(W-h )71
(see the supplementary material for design equations to correct for Re. and Re',,).69

Devices with a single waste channel and corrected channel widths for three removal rates
were fabricated to experimentally confirm the prediction of Eq. (14) on maintaining De. To
ensure targeted fluid removal, the width of the side channels was corrected to account for the
increased fluidic resistance due to the decreased main channel width. The downstream corners
of the waste channels were filleted to allow for a gradual change to the corrected width.
Fluorescent particles of 15 um diameter at a concentration of 0.003% were injected into the
three devices. Figure 7(a) shows the particle stream at fluid removal rates of 5%, 20%, and
50% at 100 pl/min and 1250 ul/min. As expected for a low fluid removal rate, at 5%, there was
no noticeable impact on the position or width of the particle stream due to the presence of the
waste channel (Figures 7(a-i) and 7(a-ii)). For low fluid removal rates, it is unnecessary to cor-
rect w,, ;_; because De does not change significantly enough to impact particle focusing.

At 20% removal, the influence of the waste channel was effectively minimized by the
width correction (compare Figures 7(a-iii) and 7(a-iv) with Figures 6(iii) and 6(iv)). For a flow
rate of 1250 ul/min, the waste channel had no impact on the particle stream (Figure 7(a-iv)).
The De was maintained and Re. decreased from 138.9 to 136.1 and Re, increased from 4.5 to
4.8. At 100 ul/min, the particles maintained an almost fixed position relative to the inner wall
(Figure 7(a-iii)), unlike the case without De correction, in which they shifted towards the waste
channel. In fact, there was a minute shift (13 um) in Figure 7(a-iii) toward the inner wall as a
result of the change in w,,;_;. This occurs because changing w,,;_; to correct for De results in
a different channel aspect ratio (w/h) following the waste channel. It has been shown that
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particle stream width and position depend on the aspect ratio; at a smaller aspect ratio, particles
occupy an equilibrium position closer to the inner wall.

For 50% fluid removal, there was a sizeable distortion in the particle stream at 100 pl/min
(Figure 7(a-v)). However, unlike for the uncorrected devices, particles did not exit the waste
channel; and following the waste channel, the particle stream refocused to a new equilibrium
position. Again, the change in position of the focused stream can be explained by the change in
aspect ratio: to correct for 50% fluid removal, w,,; ; was decreased from 250 ym to 80 um, a
change in the aspect ratio from 5 to 1.6. The normalized particle position, defined as the dis-
tance from the inner wall over the total channel width, prior to the waste channel was 0.42, and

1250 géL/min

1250 /.L/min

FIG. 7. Representative particle focusing results for SIFT devices with the main channel widths corrected to maintain (A)
Dean number, De, and (B) average fluid velocity, Uy, following fluid removal from a single waste channel. Results for devi-
ces with fluid removal rates of 5%, 20%, and 50% at low and high flow rates (100 ul/min and 1250 ul/min) are shown. The
waste channel was located at the W2 position (Figure 3). The channel widths in um are listed for ease of comparison.
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after the waste channel it was 0.7. Unlike for the 20% fluid removal (Figure 7(a-iii)) case, the
resulting shift in focusing position was towards the outer half of the channel. This behavior was
unexpected, and the underlying physics is not yet known, but we suspect that the initial particle
position before the sudden large change in channel width plays a role along with changes in the
Re, and Re,,. There was a small increase in the Re. from 11.1 to 12.8 and large increase in Re),
from 0.36 to 0.76. Such shifts could limit the amount of fluid removed using this strategy at the
low flow rate of 100 ul/min. If a second waste channel removing a sizeable fraction of fluid
were located further downstream, it is likely that the particle stream would be drawn out of the
second waste channel. For 100 ul/min, this limits the fluid removal to ~50%, far short of the
>90% desired. However, for 1250 ul/min, the particle stream fully recovered after the waste
channel even though Re, increased from 138.9 to 160.3 and Re,, increased from 4.5 to 9.5.
Unlike at 100 pl/min, at 1250 pl/min, the particle stream was not directly affected by the sudden
change in channel width because the initial focusing position was near the inner wall. Again,
the change in the aspect ratio had a noticeable effect on the particle stream, which, as expected,
moved closer to the inner wall. At this speed, further removing fluid through downstream waste
channels is possible, allowing both higher fluid removal and greater particle concentration fac-
tors to be achieved simultaneously, a significant benefit of this design.

One of the major limitations of adjusting channel width to maintain De is that as fluid is
removed from sequential waste channels (Figure 3) and w,,;_; is adjusted after each one, even-
tually the channel becomes too narrow to continue. Martel and Toner** showed that as the
aspect ratio (w/h) approaches unity, particle confinement, defined as the ratio of the channel
width to the particle stream width, decreases. If the particle streams occupy a larger fraction of
the channel, particles of different sizes come into close proximity or even overlap, making
separation difficult.

We next tested the approach of correcting the width to maintain the fluid velocity, Uy to
determine if this provides an advantage as compared to correction for De since all of the focus-
ing parameters (De, Re., and Re,) will be better maintained. In this case, the new width
depends only on the fraction of fluid remaining in the main channel, x,,;_;, and the width of
the previous main channel, w,, ;

Wnj—1 = Xmj—1Wm,j- (15)

Figure 7(b) shows the results of focusing 15 um fluorescent particles in devices designed to
maintain Ux The waste channel had little to no effect on the particle stream for 5% (Figures
7(b-i) and 7(b-ii)) and 20% (Figures 7(b-iii) and 7(b-iv)) removals. The results were similar to
those obtained for maintaining De (Figure 7(a)) because w,,; ; corrected for De and Uy for 5%
and 20% removal differed by only 4% and 7%, respectively. For 50% fluid removal, the w,, ; ;
was 36% larger for the Uy correction than for the De correction; at the 100 ul/min flow rate, the
particle stream recovered in both cases but to different equilibrium positions. In this case,
changes in Re., Re,, and De were minimized compared to the De correction: Re. decreased
from 11.1 to 9.5, Re, increased from 0.36 to 0.42, and De decreased from 0.79 to 0.63. At
1250 pl/min, the values before and after the side channel were nearly indistinguishable.

Figure 7 shows that correcting for either De or Uy eliminated particle loss through the
waste channel and improved focusing after the waste channel. However, there are advantages to
the Uy correction. For low flow rates (100 ul/min), Uy correction prevented particle stream
dispersion at the waste channel (Figure 7(b)). It maintained its trajectory at a normalized parti-
cle position of 0.45 and minimized changes in the focusing parameters. In addition, since the
corrected width for Uy is wider than for De, more fluid can be removed from sequential waste
channels without negatively affecting particle focusing and separation.

E. Cell sorting and concentration in the SIFT microsystem

To achieve fluid removal rates larger than an order of magnitude, a SIFT device containing
six waste channels and five outlets was designed and tested for the separation and concentration
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of MCF7 cells spiked into whole blood. For W3-W6, rp was 5; and for W1 and W2, r, was 10.
In this case, more waste fluid is removed during the first four waste channels, where the particle-
free region is larger, and less fluid is removed from waste channels five and six where, due to
the decrease in channel width, the particle-free region is smaller. The five outlets, each having an
o of 4, were used to further increase the amount of fluid separated from the recovered particles.
Table I lists the rp and the calculated fraction of fluid removed from the waste channels, X cqc-

The waste channel width, wy; 4., to achieve these rp was calculated. To be able to use
Eq. (10), the wy .q must be greater than 4 (50 um); if not, the error from using the approxima-
tion was >10 um. To achieve the desired fluid removal, w; ;.. Would be < A (50 um), and so
the full Eq. (8) was solved to calculate wy .4 (see the supplementary material for a discussion
on using Eq. (8) for w>h and w= 1).%° The w, Jjcale are listed in Table 1. With the exception of
W2, they were within 4 um of each other; and as mentioned previously, fabrication tolerances
were 2-5 um. The waste channels were therefore all (including W2) made 35 um wide (Wgj ev),
where “rev” indicates revised parameters. This value was conservative to ensure that fabrication
variations or expansion of the PDMS microchannels would still result in channels that yielded
the desired fluid removal. Based on the success shown in Figure 7(b), the width of the main
channel following channels W3-W6, w,,;_; caic» Was adjusted to maintain Uy Using a 35 um
width for each of the waste channels and the w,,;_; cq., the fraction of fluid to be removed
from the waste channels, x; .., was determined (Table I).

The fractions of fluid collected experimentally from each waste channel and outlet, Xy ; .\,
are given in the Sth column of Table I. The experimental values, x; closely matched xg ey,
differing by less than 5% in all cases.

To demonstrate the high-purity separation and high concentration factor of sorted species,
the multi-waste channel SIFT device was used to separate and concentrate MCF7 cells spiked
into blood. To separate the MCF7 cells (>20 um) from blood cells using the geometry pre-
sented here, it is best to utilize the SIFT device in the switched mode of operation. Under these
conditions, the larger MCF7 cells focus near the channel center with the smaller WBC near the
inner wall. One advantage of operating in switched focusing mode is that it occurs at lower
flow rates compared to the traditional focusing regime.’® The ability to operate at lower flow
rates helps to minimize lysing of target species. (Note: the SIFT device with the geometry pre-
sented here can also be operated under traditional focusing mode to sort and concentration
smaller particles. See the supplementary material for particle separation and concentration
results under traditional focusing conditions).®

Figure 8 shows the results of the separation experiment. The MCF7 cells are focused into a
single stream and completely separated from the WBCs (Figure 8(a)). The channel was
expanded to allow for the two streams to be separated into different outlets, with the MCF7

J.exps

TABLE I. List of parameters and dimensions for the multi-waste-channel spiral inertial filtration device shown in Figure 3
(the standard deviation of five trials is indicated by *).

Channel ) Xy jcale Xy jrev Xy jexp W j—1,rev (UIND) Wy cale (Jm) Wy jrev (M)
Inlet 250
W6 5 0.17 0.13 0.14+0.010 210 41 35
W5 5 0.17 0.13 0.18 £0.016 175 40 35
W4 5 0.17 0.13 0.15 = 0.006 145 40 35
W3 5 0.17 0.13 0.16 = 0.005 120 40 35
w2 10 0.09 0.11 0.15+0.003 110 32 35
Wi 10 0.09 0.08 0.12+0.003 100 37 35
)1 4 0.20 0.20 0.19+0.010 75 75
02 4 0.20 0.20 0.21 £0.012 75 75
03 4 0.20 0.20 0.19 = 0.029 75 75
04 4 0.20 0.20 0.20 = 0.006 75 75
05 4 0.20 0.20 0.20 = 0.008 75 75
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FIG. 8. (A) Representative fluorescent images showing the separation of MCF7 cells (red) from WBC (green). (B) MCF7
separation efficiency calculated as the number of particles collected at each outlet over the number input into the device.
(C) MCF7 concentration factor (concentration at each outlet over the inlet concentration). Errors bars are standard devia-
tions from three experimental runs.

cells flowing through the center outlet (O3). Because of the channel width correction, the cell
streams were not impacted by the waste channels. Even at the expansion, where 63% of the
inlet fluid had been removed, there was no noticeable impact on the streams (Figure 8(a)). A
recovery of 101.1% * 3.3% was measured for the MCF7 cells (the recovery greater than 100%
is attributed to errors associated with particle counting using a hemocytometer). One potential
concern with the SIFT device is that target species could be lost out of the waste channels;
however, this does not occur, as indicated by our 100% recovery, even with the target species
focusing near the channel center. Using this device we achieved a concentration factor of
14.1 £0.92 (>93% of the inlet fluid removed).

Other groups have demonstrated the separation of cancer cells from WBCs. Sun er al.”
and Warkiani er al.”* operated under conditions that gave rise to the traditional focusing mode
and were able to achieve recoveries greater than 80%. Sun ef al.” also performed a separation
of cancer cells from blood while operating under switched focusing mode. However, in these
reports, the objective of the work was to demonstrate the separation of cancer cells from WBCs
and not to maximize concentration factors. Since they were not actively removing waste fluid,
as is the case with our SIFT device, Sun ef al. and Warkiani e al.”* only showed concentration
factors of ~3 (trifurcating outlet) and ~2 (bifurcating outlet), respectively, 4.5x lower than we
achieved in this report.

IV. CONCLUSIONS

Techniques that can quickly process large sample volumes while achieving efficient recovery
and enrichment of rare particles are necessary for lab-on-a-chip (LOC) applications that require a
large volume reduction in order to enable subsequent microfluidic processing steps. Spiral inertial
microfluidic devices are capable of high-throughput particle separation. However, the maximum
concentration factors achieved in these devices is limited. In this work, a SIFT device capable of
achieving concentration factors exceeding 13X (removal of 93% of the inlet fluid, recovery of
95%—-100%) at ~1 ml/min was presented. Utilizing the focusing effect of spiral inertial microflui-
dics, waste fluid was “skimmed” from the channel through a series of waste side channels, relax-
ing the need for narrow outlet channels. The amount of fluid removed was accurately controlled
by designing a device with the fluidic resistances precisely balanced between the main flow chan-
nel and the waste channels. By ensuring that the fluid velocity in the main channel was maintained
following each fluid removal, we were able to remove large fractions of the inlet fluid without
disrupting the focused particle streams. We achieved essentially 100% recovery, 100% separation
efficiency, and 14 x concentration for MCF7 cells spiked into whole blood using the SIFT device.
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