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Inertial microfluidics is an emerging class of technologies developed to separate
circulating tumor cells (CTCs). However, defining design parameters and flow
conditions for optimal operation remains nondeterministic due to incomplete
understanding of the mechanics, which has led to challenges in designing efficient
systems. Here, we perform a parametric study of the inertial focusing effects
observed in low aspect ratio curvilinear microchannels and utilize the results to
demonstrate the isolation of CTCs with high purity. First, we systematically vary
parameters including the channel height, width, and radius of curvature over a wide
range of flow velocities to analyze its effect on size dependent differential focusing
and migration behaviors of binary (10 um and 20 um) particles. Second, we use
these results to identify optimal flow regimes to achieve maximum separation in
various channel configurations and establish design guidelines to readily provide
information for developing spiral channels tailored to potentially arbitrary flow
conditions that yield a desired equilibrium position for optimal size based CTC
separation. Finally, we describe a fully integrated, sheath-less cascaded spiral
microfluidic device to continuously isolate CTCs. Human breast cancer epithelial
cells were successfully extracted from leukocytes, achieving 86.76% recovery,
97.91% depletion rate, and sustaining high viability upon collection to demonstrate
the versatility of the device. Importantly, this device was designed without
the cumbersome trail-and-error optimization process that has hindered the
development of designing such inertial microfluidic systems. © 2074
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4903501]

. INTRODUCTION

The most common cause of cancer related deaths is from the ability of cancer to spread to
various distant organs through metastatsis.! This metastatic progression is driven by circulating
tumor cells (CTCs) shed from the primary tumor into the peripheral bloodstream of patients.”
Thus, isolation and analysis of CTCs are becoming important for many clinical applications,
including but not limited to serving as a surrogate for invasive biopsy as an emerging
biomarker for early cancer diagnosis, progression, and evaluation of drug’s therapeutic efficacy
for personalized treatment.> However, due to their extremely rare frequency in patient blood
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samples (~1-100 CTCs per 10° hematologic cells), separating CTCs with high sensitivity and
specificity remains a challenge.

Microfluidic technologies for CTC isolation are promising due to their low cost, rapid oper-
ation, and the control they offer over the sample processing environments with improved sensi-
tivity. Existing microfluidic CTC separation methods are mainly based on size-based filtration,®
immunoaffinity based capture,”® or external force field mediated cell manipulation (i.e., dielec-
trophoresis,”'° magnetophoresis,'""'* acoustic wave,"? and optical interference'*'”). Among
various strategies, affinity based CTC binding methods targeting tumor membrane epitopes with
antibodies against the epithelial cellular adhesion molecule (EpCAM) provide enhanced recov-
ery rates at a great level of purity. However, non-efficient retrieval of captured CTCs from the
chemically functionalized channel surfaces is a major hurdle for these platforms along with
their limited sample processing rate.'® Most importantly, CTCs continuously change their
expression level and morphology through the process of epithelial-to-mesenchymal transition
(EMT) during blood circulation,'” and therefore heterogeneously expressed epithelial markers
alone cannot adequately identify every subpopulation of CTCs."®'?

Recently, inertial focusing of finite sized particles using microfluidic systems has emerged
as an effective method for continuous CTC isolation.”**> Although fluid inertia has historically
been neglected in low Reynolds fluid flows, studies show that precise manipulation of particles
can be achieved using geometry dependent hydrodynamic forces, which cause size based lateral
migration of particles into distinct equilibrium positions.”****° Such simple passive devices
demonstrate the potential for application in biological filtration or purification, as well as blood
cell sorting, and may serve as a promising alternative to traditional separation techniques.™
Since the diameter of epithelial tumor cells is generally larger than that of normal blood cells,’’
microfluidic devices exploiting this strong size dependent inertial effect (known as inertial
microfluidics) are capable of high throughput, continuous CTC separation without pre-labeling,
or loss of cell viability. Also, the capability to sort and analyze CTCs without fixation under
conditions compatible with downstream molecular and functional characterization steps will
allow the utilization of their full clinical potential, beyond simple enumeration.**

Despite the effectiveness of inertial microfluidic devices, large background contamination
associated with normal blood cells in whole blood limits its practical use for CTC specific
applications. Since cells are concentrated to a few relatively narrow streamlines during separa-
tion, the total volume fraction of suspension is typically required to be below 1% to minimize
any cell-to-cell interactions and steric crowding effects that can severely deteriorate the focus-
ing behavior.”’~® This necessitates a significant dilution of the running sample, which increases
the overall processing time or sacrifices the purity of CTCs collected. In addition, various chan-
nel configurations, diverse flow parameters defined, and the limited flow ranges tested across
previous studies complicate the development of newly designed inertial microfluidic devices
due to the lack of continuity between experiments.”’*>=> This makes them applicable only to
particular channel geometries and flow conditions and eventually leads to an unavoidable time-
consuming trail-and-error flow optimization process. Currently, due to the lack of controlled
information on some structural parameters as well as an incomplete understanding of focusing
mechanics, no successful general engineering strategy for design has been proposed and estab-
lished as of yet. To address these challenges, a systematic channel design strategy for precise
control over cell streak equilibriums relative to various flow conditions is necessary. This will
allow flexibility and ease of integration with other upstream/downstream lab-on-chip devices to
improve critical device performances such as throughput, CTC recovery rate, and purity for
clinical cancer research.

In this work, spiral microfluidic devices of varying configurations have been investigated to
comprehensively study the effect of channel geometry on size based particle migration and
separation. We systematically examine the dependence of channel width (W), height (H), and
radius of curvature (R) and separately determine their influence on focused particles streak
behaviors. By varying each channel parameter, several ordered focusing positions can be
achieved at new flow rates, thus allowing application defined flow conditions to be chosen for
optimal separation, instead of settling for a fixed flow rate yielding sub-optimal separation and
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purity. Based on this renewed understanding, we propose an optimal design approach targeting
desired flow conditions in a spiral microfluidic device to provide additional flexibility in design
with deterministic equilibrium predictions and to enable better integration with other microflui-
dic technologies. Finally, we introduce a high throughput cascaded spiral CTC separator using
our suggested design principles.

Il. THEORETICAL BACKGROUND

After Segré and Silberberg first introduced inertial focusing of particles in cylindrical
Poiseuille flow,*® the mechanics of particle train migration across streamlines in finite Reynolds
number (Re) fluid flow has been well characterized as the balance of two dominant inertial lift
forces acting normal to the flow direction.>”*® A shear induced lift force (Fs) caused by the
parabolic velocity gradient drives particles toward the channel wall, while a wall induced lift
force (Fy) pushes back particles toward the channel center due to the interaction with adjacent
walls. This yields an annulus equilibrium at ~0.2D away from wall, where D is the diameter of
the pipe. However, in straight microfluidic channels, there is a radial asymmetry present from
the normally square or rectangular cross-section geometry. In this case, particle streaks simi-
larly migrate and settle at ~0.22H (or W) near the channel wall*® but concentrate toward the
wall’s center from the rotation induced lift force (Fg).*> More specifically, for high or low as-
pect ratio channels (H/W > 1 or < 1), only two equilibriums centered at the longer sidewalls
develop from the added asymmetry rather than four. Using a point-particle assumption, the net
inertial lift force (F;) is known to scale uniformly throughout the channel and is given by

where p is the density of the fluid medium, U,, is maximum fluid velocity approximated as
Un~15xUgy,, and Cp is a non-dimensional lift coefficient that is a function of channel
Reynolds number (R.= pU,D,/p) and is dependent on the particle’s position.38’41

Introducing a curvature to the channel structure develops a secondary lateral flow, known
as Dean flow, which is characterized by two counter-rotating vortices located above and below
the central plane of symmetry of the channel.?®**3° The magnitude of this flow is described by
a dimensionless Dean number (D,) given by

U,D;, [|D IDy,
De :p ! J:Rc 717
I 2R 2R

where u is the fluid viscosity and R is the radius of curvature of the channel. According to
Stokes’ law, Dean flow leads to a drag force upon particles (Dean force, F) expressed as>’

Fp ~ 54 x 10 * nuD!%a,.

Thus, in curved microfluidic channels, the combination of inertial lift force (F;) and additional
Dean force (Fp) results in a Dean coupled inertial migration of particles, which ultimately
determines the final equilibrium.

A visual representation of the Dean coupled inertial focusing profiles of particles in a
curved low aspect ratio microchannel is shown in Figure 1. Randomly dispersed particles
injected from the inlet are first abruptly driven towards the top and bottom wall due to a steep
shear gradient along the vertical direction of the channel. These particles constantly settle at
22% and 78% of the channel depth® from the counterbalancing wall lift, forming two broad
bands. Comparatively, the flat shear gradient in the horizontal direction has less effect at
this stage. At a low flow velocity, rotation lift forces slowly concentrate these bands into two
focusing streaks near the channel center as particles propagate further through the channel
(Figure 1(a-1)). Here, particle migration occurs as if in straight channels where Dean flow is



064117-4 Kim et al. Biomicrofluidics 8, 064117 (2014)

A
Inner wall\’ \

we
migration
.- Single point

focusing

Outer wall
migration

o

“Innerwall " Outerwall”

V) Inner wall

Increasing flow velocity

Normalized
Streak Position

FIG. 1. Inertial focusing and migration behaviors of particles with increasing fluid flow velocity (U,,,) in a curved low as-
pect ratio microchannel. (a) Particles injected from the inlet of the channel first abruptly equilibrate into two broad bands
near the longer channel wall under the influence of shear lift (Fs) and wall lift forces (Fy,) acting vertically with respect to
the channel height. (i) At a relatively low flow velocity, particles migrate laterally towards the center equilibrium due to a
rotation lift force (Fg), forming two focusing streaks. (ii) As the flow velocity increase, the two streaks start to migrate
towards the inner channel wall, followed by (iii) a single point focusing at a particular threshold due to the differential
interplay between the net lift force (F;) and the Dean drag force (Fp). (iv) Outer wall migration is induced as the flow ve-
locity is increased above this threshold. (b) Top down view of fluorescent images illustrating the migration pattern of
10 um diameter particle in a curved microchannel (200 um x 50 um cross-section at 20 000 um radius of curvature).

mostly negligible from the strong lift as a result of limited fluid flow. However, as the flow ve-
locity is increased, an inner wall migration is induced by the apparent Dean forces oriented to-
ward the inner wall, which become nontrivial at higher channel Reynolds numbers (Figure
1(a—ii). This migration occurs until a particular threshold where single point focusing is
achieved along the height of the channel resulting in a tight equilibrium closest to the inner
wall (Figure 1(a-iii)).”” Increasing the flow velocity past this threshold results in an outer wall
migration where, again, the two particle equilibrium position near the top and bottom of the
channel emerges and shifts back towards the outer wall (Figure 1(a-iv)).

lll. MATERIALS AND METHODS
A. Sample preparation

Neutrally, buoyant polystyrene microspheres (Polysciences, Inc.) with diameters of 10 um
(10.08, 0 =1.3 um) and 20 um (18.68, 0 =0.73 um) were used to examine the size dependent
focusing streak behaviors in the spiral channel geometries. Each particle was fluorescently la-
beled with either 4’,6-diamidino-2-phenylindole (DAPI) (10 um particles) or fluorescein isothio-
cyanate (FITC) (20 um particles). Particle suspensions were diluted in deionized water to a final
concentration of 2 x 10> particles/ml before running through the device. Mixtures of binary par-
ticles were also prepared in solution at a 1:1 ratio (same concentration) mixing to demonstrate
the separation quality of these spiral devices.
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To further validate its clinical applicability, cells from malignant human breast cancer
epithelial cell line, MCF-7 (diameter of 16-24 um), were recovered from a suspension containing
leukocytes (diameter of 6-15 um). The mean size of MCF-7 cells and leukocytes used in this
experiment was measured as 17.58 um (6 =2.21 yum) and 9.02 um (o =0.99 um), respectively.
Leukocytes were extracted from fresh blood specimens drawn from healthy donors using a dex-
tran sedimentation and fractionation method: one part filtered 6% dextran in 0.9% NaCl (Sigma)
was added to an EDTA tube containing 10 parts of whole blood.** Samples were kept at room
temperature for 40 min to allow red cells to settle on the bottom of the tube. After collecting the
supernatant, the solution was centrifuged at 12000 rpm for 1 min to remove the remaining blood
plasma. Cytofix/Cytoperm (BD Biosciences) was then applied to the processed sample and incu-
bated for 30 min followed by re-suspension in 1x phosphate buffered saline (PBS, GIBCO, Life
Technologies) of pH 7.4. The nuclei of the isolated leukocytes were labeled with DAPI, washed,
and again re-suspended to the original blood sample volume. The concentration of this leukocyte
suspension averaged around 3—4 x 10° cells/ml. Subsequently, approximately 1 x 10° cultured
MCEF-7 cells labeled with green cell tracker dye (Invitrogen, CellTracker Green CMFDA, C7025)
were counted and spiked into the leukocyte suspensions, serving as the input sample for the cell
separation experiments (Figure S1 in the supplementary material).*’ MCF-7 cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum and 1%
penicillin-streptomycin solution and harvested when they reached ~70%-80% confluence. A
hemacytometer (Reichert bright line, Hausser Scientific) was used to determine the number of
particles and cells in suspension during experiments. Cell culture reagents, unless otherwise speci-
fied, were purchased from GIBCO Invitrogen Corporation/Life Technologies Life Sciences. Cell
samples were processed through the microfluidic chip within 3 h of preparation.

B. Experimental setup

Following air plasma exposure and glass bonding, the polydimethylsiloxane (PDMS)
microchannels were soaked with 0.1% pluronic (F127, Sigma) and incubated for 30 min to
block the channel surfaces and prevent adhesion or clogging during sample flow.*® After wash-
ing with deionized water, the device was mounted on an inverted epifluorescence microscope
(Ti Eclipse, Nikon) equipped with a 12-bit monochromatic CCD camera (Retiga 200R,
Qimaging). Particle or cell suspensions were loaded with a syringe and infused through the
channel at varying flow rates using a syringe pump (PHD2000, Harvard Apparatus). For a given
channel geometry, streak positional data and width measurements were obtained by averaging
five consecutive line scan images taken with Nikon NIS-Elements AR 4.0 software at each flow
rate. For every initial sample flow and changing flow rates, images were captured after waiting
1 min to ensure a complete flow development and pressure stabilization.

IV. RESULTS AND DISCUSSION
A. Size based differential focusing

Inertial focusing and migration behavior of particles of different sizes were evaluated by
analyzing the fluorescent intensity profiles of the particle streak distributions across the channel
width (Figure S2 in the supplementary material).*’ 10 yum and 20 yum diameter particles, fluores-
cently labeled with DAPI and FITC, were used to model leukocytes and CTCs. For these
experiments, a curved channel of 300 um width, 50 um height, and 5000 ym radius of curvature
was used. Composite images of 10 um and 20 um diameter particle streams were captured and
arranged (Figure 2(a)). Focused particle streak patterns were plotted as a function of average
flow velocity, a parameter included in both non-dimensional channel Reynolds number (R.) and
Dean number (D,).

Similar migration patterns were observed regardless of size as both 10 and 20 um particles
experienced inner wall migration followed by outer wall migration with increasing flow veloc-
ity; however, the size difference caused a relative shift in the overall migration pattern which
allows for efficient sized based separation of the particles. Specifically, a “left shift” in the
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FIG. 2. Inertial focusing and migration behaviors of different sized particles in varying channel geometries. (a) Composite
fluorescent line-scan images of 10 um (blue) and 20 um (green) polystyrene particle streaks are plotted as a function of av-
erage flow velocity (U,,,) in a curved microchannel with a 300 um x 50 um cross-section at 5000 um radius of curvature.
Y-axis represents the normalized streak distance from the inner channel wall. Migration pattern of 10 um and 20 um diame-
ter particles is re-constructed at a modified channel (b) width (W =400 um), (c) height (H = 100 um), and (d) curvature of
10000 um. Positional information where peak intensity of 10 um and 20 um particle streaks occurred is measured for vary-
ing channel (e) width (W =200-400 um), (f) height (H =50-100 um), and (g) radius of curvature (R = 1250-20 000 ym).
Data points represent the raw measurement value and are curve fitted through the averaged peaks.

migration pattern of the 10 um particles was observed relative to the 20 um particles. This was
produced by two differential size-dependent factors reliant upon the interplay between Dean
and lift forces: the initial focused streak position and particle migration rate.

Initial focused streak positions, defined as the first equilibrium positions that arose once a
minimum focusing velocity was reached by both particles, were a function of particle size
where the initial focused streak position of 10 um particles was closer to the inner wall in the
given channel geometry. For these small particles, the Dean force appeared to be non-
negligible relative to the net lift, which scales with the fourth power of the particle diameter,
even at the minimum focusing velocities. In contrast, stronger net lift forces experienced by
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larger particles dominated the Dean force thereby maintaining the 20 um particles’ initial equi-
librium position near the channel center for a greater span of velocities. In effect, there was a
delayed response for larger particles, which required higher fluid velocities to begin the inner
wall migration phase. Furthermore, migration rate with constant flow increment for both inner
and outer wall migration differed with particle size. With increasing fluid velocities, 20 um par-
ticle streaks slowly migrated towards the inner wall, while faster migration was observed during
the outer wall migration compared to 10 um particle streaks. Thus, this distinct response, which
is highly dependent on the diameter of particles, enables size based differential streak position-
ing and hence successful separation of binary particles in curved microchannel geometries.

B. Effect of channel geometry on focused particle streak patterns

To investigate the effect of channel geometry on the lateral migration of particle trajecto-
ries, width, height, and radius of curvature were individually varied from the previous spiral
design with initial dimensions of 300 um width, 50 um height, and 5000 ym radius of curvature
prior to the outlet. Channel Reynolds number and Dean number values corresponding to each
channel structures are given in Figure S3 in the supplementary material.*’ Images and experi-
mental data illustrating the channel’s geometric dependency of streak motion behaviors are
shown in Figure 2. With a large span of average velocity, ranging from 0 up to 3 m/s, focusing
particle equilibrium positions were measured by calculating the distance from the inner channel
wall to the peak fluorescence position for 10 yum and 20 um diameter particles.

As shown in Figure 2(b), channels of varying width (W =200 yum-400 um) displayed little
effect on the normalized streak migration patterns. Regardless of channel width, particle streaks
exhibited a similar behavior in inner wall migration patterns, reaching a minimum distance to the
inner wall at a specific flow velocity around 0.8 m/s and 1.8 m/s for 10 um and 20 um diameter
particles, respectively (Figure 2(e)). In contrast, channels of varying height (H =50 um—100 pum)
induced a major shift in the normalized streak migration patterns (Figure 2(c)). With increasing
height, streak patterns of both particle sizes tended to shift left (Figure 2(f)). This can be
explained by the growing Dean force paired with decreasing inertial lift forces at a given average
flow velocity. Interestingly, for channel heights above 75 um, the inner wall migration patterns
were no longer observable. This provides insight as to why only the outer wall migration was
observed in certain previous geometries in the literature.”’° These two results confirm that in a
curved low aspect ratio microchannel, the shortest channel dimension in the channel cross-section
acts as the critical factor in determining streak equilibration positions.** Also, this clearly indi-
cates that a simplistic geometric aspect ratio is insufficient to predict the final focusing positions
of particles. Rather than the aspect ratio value itself, each channel parameters that show different
effects on migration patterns should be independently considered.

Along with the width and height, the effect of the channel’s radius of curvature
(R =1250 um-20 000 um) on particle focusing position is shown in Figures 2(d) and 2(g).
Differences in channel curvature modify the Dean number (D, LR) and therefore the Dean
force, although the linear velocity remains constant. This allowed for further investigation into
particle streak behavior by imposing a distinct Dean flow field on a constant net lift force. The
Dean and lift forces could then be uncoupled and compared so that the curvature could be
manipulated in order to achieve maximum separation for a given system. With increasing cur-
vature, the Dean force decreased resulting in a diminished rate of inner wall migration. As a
result, particle focusing positions reached a minimum distance from the inner wall at higher lin-
ear flow velocities (Figure 2(d)). Additionally, the inner wall migration occurred in order of
ascending curvature, where migration in smaller channel curvatures began at lower flow veloc-
ities (Figure 2(g)). Beyond a curvature of 20000 um, where Dean numbers approached their as-
ymptotic limit, no obvious change in streak behaviors was observed.

Through the quantification of equilibrium positions, migration rates of each particle streak
not only differed by particle size but also had distinct slope constants dependent on each channel
configuration. However, these slope constants within the presented experimental data set slightly
differed from previous classifications.>> During streak measurements, it was found that at high
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flow rates, high pressure built up inside the PDMS microchannels and started to distort the cross
sectional dimensions, thus altering the equilibrium positions significantly. To examine how the
pressure induced geometric deformation affects streak equilibriums, two spiral channels were fab-
ricated with different channel lengths (Figure S4(a) in the supplementary material).*” At the over-
lapping flow ranges tested (900—1000 ul/min) with the two spirals, the device with longer length
showed a large channel expansion due to higher pressure (Figure S4(b) in the supplementary ma-
terial).*’ Increase in channel cross section tended to decrease the average linear flow velocity
while increasing the Dean flow, causing a large shift in streak patterns under identical flow condi-
tions and channel geometric parameters (/, W, R). This was similar to increase the height of the
channel, since the deformation mainly occurred in the height direction in low-aspect-ratio micro-
channels.*’ Thus, to acquire accurate particle response to inertial force effects, streak positions
needed to be measured taking into account of the total channel length not only to ensure complete
focusing but also to avoid pressure induced geometric deformation of the PDMS microchannels.
In our experiments, each data was acquired before the channel had observable deformation.

C. Optimal flow regimes for efficient particle separation

State diagrams for the separation distance between 10 um and 20 um particle streaks were
acquired by measuring the proximity between the boundaries of the focused streak widths,
which was calculated from the full width at half peak maximum of the fluorescent intensity
profile from the background noise floor (Figure 3). To better apply these parametric data sets in
designing spiral devices for separation and estimating the proper flow conditions, state maps
were plotted as a function of volumetric flow rates.

From the difference in equilibrium patterns, two distinct separation regimes existed, respec-
tively, at low flow and high flow rate ranges. For these two regimes, the ordering of focused
particles occurred in a reversed manner; that is, in the low flow separation regime, the smaller
particle streak was closer to the inner channel wall, whereas the opposite occurred in the high
flow separation regime (Figure S6(a) in the supplementary material).*” Once the focused par-
ticles reached the nearest inner channel wall, the finest focusing quality was obtained which
was specified by a narrow fluorescent intensity profile with few fluctuations. Better focusing
near the inner channel wall indicated that the counterbalance between competing Dean drag
and net lift forces was occurring at this point. Additionally, this focusing position for 20 um
particles remained constant for a longer span as the flow velocity increased. In contrast, the
10 um diameter particle streaks switched their migration direction more abruptly and a slightly
higher separation resolution was achieved between the two streaks in the high flow separation
regime. However, both regimes offered a high separation rate (>90%) of binary particles, pro-
viding an additional flexibility in flow rate defined designing of inertial based spiral devices.

D. Flow rate defined channel design strategies for optimal particle separation

Quantitative characterization of the effect of channel geometry on particle focusing and
migration behaviors to better understand their full transient behavior in response to the change
in flow rate in curved microchannels offers a systematic design guideline for efficient inertial
separation of particles under various conditions. To efficiently adjust the channel design to a
desired optimal flow condition, each of the geometric factors can be independently modified
based on predictions of its influence on equilibrium patterns. Since focusing positions of par-
ticles are most sensitive to the variation in channel height, it is essential to first accurately
define the channel height and the corresponding flow velocity that allows greatest separation. In
particular, cases that require specific particle positions and the ordering must operate in the low
flow separation regime, consequently the height of the channel needs to be designed below
75 ym for 10 and 20 um particle separation (Figure 3(a)). The optimal flow rate in the high
flow separation regime, on the other hand, can be freely tuned by varying the channel height as
long as the particle focusing requirement a,/D), > 0.07 is satisfied.”®

Once the height is determined, the total sample throughput can be subsequently adjusted
by modifying channel width. As long as the low aspect ratio condition is preserved, the
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FIG. 3. State diagrams of separation distances between 10 um and 20 um focused particle streaks measured by the half-
width-peak intensity as a function of volumetric flow rate in a (a) curved channel with rectangular cross section of 300 um
width and varying height, at a 5000 um radius of curvature; (b) curved channel with rectangular cross section of 50 um
height and varying width, at 5000 um radius of curvature; (c) curved channel with rectangular cross section of
50 pum x 300 um (H x W) with varying curvature. State maps are generated using linear interpolation from individual data
points obtained experimentally in units of micrometer.

normalized streak patterns are mostly invariant to the width factor. Increasing the channel
width not only offers a simple linear increase in volumetric flow rate but also in separation re-
solution (Figure 3(b)), since the gap between the two particle streaks as well as the streak dis-
persion (streak width) scales linearly with the channel width. One tradeoff of this would be
an increase in device footprint due to the longer channel length required for complete
focusing.

With increasing radius of curvature, both inner wall and outer wall migration phase
occurred gradually. This adds tolerance to any flow rate variations during device operation
since streak equilibrium position varies less per unit flow increments. Applying precise flow is
critical for inertial separation devices, yet this is often difficult to control. However, desensitiz-
ing a device to flow rate variation through increased channel curvature can offer improved sta-
bility and yield in separation performances. Optimal flow rates for both separation regimes can
also be pushed further up to a higher flow rate in a large channel curvature as long as the pres-
sure accumulation does not exceed the device failure condition (Figure 3(c)). Thus, by engi-
neering the channel width, height, and radius of curvature simultaneously, inertial devices
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tailored to operate at any flow rate conditions within the range of approximately 200-3000 pl/
min can be easily designed and controlled for optimal particle separation.

E. Cascaded spiral for CTC isolation

Based on these parametric observations, we designed and fabricated a fully integrated cas-
caded spiral microfluidic chip for CTC isolation. Through these studies we aimed to establish
the clinical applicability of the founding principles to design better device for sensitive and spe-
cific separation. For a sheath-less, continuous two-stage separation, two consecutive spiral struc-
tures were serially connected with bifurcating channel sections located at the end of each spiral
channels to isolate CTCs from leukocytes with high purity (Figure 4(a)). Operating flow rate
was determined from the low flow separation regimes to specifically position CTCs, which are
generally larger than the rest of the blood cells, closer to the channel center during separation.
Without any repetitive optimization processes, this cascaded channel structure including the
dimension of both bifurcating outlets was designed in a single attempt by precisely predicting
cell equilibrium positions at specific flow conditions.

Sample mixtures of MCF-7 and human leukocytes were used, which were previously repre-
sented by the 20 and 10 um diameter particles, respectively. MCF-7 breast cancer cells were
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FIG. 4. (a) Schematic illustrating the fully integrated cascaded spiral microfluidic device. (b) Top view of the fluorescent
streamline image of focusing streaks of leukocytes (top) and MCF-7 cells (bottom) near the two bifurcation region in the
cascaded spiral separator. (c) Characterization of cell separation efficiency. Channel dimensions are shown in Figure S9 in
the supplementary material.*’
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chosen here to model the presence of CTCs in human peripheral blood of metastatic cancer
patients. Cells injected at an initial flow rate of 550 ul/min from the inlet started to focus while
traveling along the 400 yum width and 50 um height spiral channel. By the time cells reached
the first bifurcating region (R =5000 um), the majority of leukocytes were focused near the
inner channel wall and filtered out through a 30 um width sub channel, while MCF-7 cells and
the remaining leukocytes continued to flow along the main channel which narrows down to a
width of 200 um. Finally, after an additional focusing and second bifurcation (at R =2200 um),
MCF-7 cells were recovered at an average separation efficiency of 86.76% with a 97.91% leu-
kocyte depletion rate (Figures 4(b) and 4(c)). These numbers were comparable to complicated
current continuous immunoaffinity based depletion techniques.*® Interestingly, when the spiking
concentration of MCF-7 cell was lowered to ~200-400 cells/ml, the average separation effi-
ciency increased to 97.18% (Table Sl in the supplementary material),*’ since they were able to
occupy tightly in their equilibrium positions. These results verify that our cascaded spiral de-
vice is well suited for CTC isolation. The viability of MCF-7 cells after collection was exam-
ined with live/dead cell viability assay (GIBCO, Life Technologies) and remained above >90%
with most cells retaining their initial morphology.

Optimal flow conditions for separation predicted from the particle studies matched well
with cell experiments but showed subtle differences in streak positions. Since the cells had a
wider size distribution compared to the well-defined particles, a slight broadening of both cell
streaks was observed. Also, in contrast to rigid leukocytes, MCF-7 cell streaks tended to
migrate towards the inner channel wall earlier than the estimated flow rate, causing a slight
left-shift in its overall streak pattern. The cell elasticity and deformability of MCF-7 cells sub-
ject to high shear resulted in a physical shape change, compared to rigid spherical particles.
However, this was not significant enough to deteriorate the quality of the separation and with a
slight calibration accounting for the streak shift of cells (adjusted within a few ~10 s of
ul/min), a successful sheath-less, two-step CTC isolation was achieved with high purity using
the given geometric design parameters. Although, the total number of blood cell contamination
rate over collected MCF-7 cells still remained limited for direct downstream molecular analysis
of CTCs, it is on par with the current state-of-art label free separation techniques. Furthermore,
by simply adding another bifurcation channel or easily integrating immunoaffinity based separa-
tion techniques, we envision that the channel designing guidelines provided herein would facili-
tate future development of CTC isolation chips to meet the expected purity level along with a
high throughput.

V. CONCLUSIONS

In this work, we present and experimentally examine the inertial focusing mechanics and
streak behaviors in various curved channel configurations over a large parametric space. The
channel height, width, and radius of curvature each independently had distinct effects on parti-
cle equilibrium and streak patterns. This complete systematic study of geometric factors would
be advantageous in envisioning a base guideline for predicting the equilibrium positions of
particles and cells in the device development stage with an improved understanding of the
underlying physical mechanisms and their limitations. Channel design strategies for specific
flow rates introduced along with the state diagrams would simplify the process and reduce the
trials attempted for device optimization as well as permitting additional flexibility that enables
integrations with other lab-on-chip systems and microfluidic technologies, which is currently
limited. Based on this design principal, we developed a high-throughput, fully integrated cas-
caded spiral microfluidic device to isolate MCF-7 cells from leukocytes with high purity in a
continuous manner. The device was designed in a single attempt to operate at a pre-determined
flow condition without any repetitive channel optimization procedures or complicated sheath
flow control, to achieve an overall MCF-7 recovery rate of 86.76% and 97.91% leukocyte
depletion rate. By applying and demonstrating the robust ability and performance of a spiral
design to enrich cancer cells from leukocyte mixtures, we expect that the deterministic models
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for channel design suggested in this report will be readily applicable to the further development
of low cost, high throughput, continuous CTC separation medical devices.

ACKNOWLEDGMENTS

This work was supported by the National Institutes of Health (NIH) Director’s New Innovator
Award No. 1DP20D006672-01, and a Department of Defense (DoD Office of the Congressionally
Directed Medical Research Programs (CDMRP)) Career Development Award to S.N. This work
was performed in part at the Lurie Nanofabrication Facility, a member of the National
Nanotechnology Infrastructure Network, which was supported by the National Science Foundation.

'P. Mehlen and A. Puisieux, Nat. Rev. Cancer 6, 449 (2006).

’M. Cristofanilli, G. T. Budd, M. J. Ellis, A. Stopeck, J. Matera, M. C. Miller, J. M. Reuben, G. V. Doyle, W. J. Allard, L.
W. M. M. Terstappen, and D. F. Hayes, N. Engl. J. Med. 351, 781 (2004).

K. Pantel, R. H. Brakenhoff, and B. Brandt, Nat. Rev. Cancer 8, 329 (2008).

“D.F. Hayes, M. Cristofanilli, G. T. Budd, M. J. Ellis, A. Stopeck, M. C. Miller, J. Matera, W. J. Allard, G. V. Doyle, and
L. W. W. M. Terstappen, Clin. Cancer Res. 12, 4218 (2006).

3S. Maheswaran, L. V. Sequist, S. Nagrath, L. Ulkus, B. Brannigan, C. V. Collura, E. Inserra, S. Diederichs, A. J. Iafrate,
D. W. Bell, S. Digumarthy, A. Muzikansky, D. Irimia, J. Settleman, R. G. Tompkins, T. J. Lynch, M. Toner, and D. A.
Haber, N. Engl. J. Med. 359, 366 (2008).

6. Zheng, H. K. Lin, B. Lu, A. Williams, R. Datar, R. J. Cote, and Y.-C. Tai, Biomed. Microdevices 13, 203 (2011).

7s. Nagrath, L. V. Sequist, S. Maheswaran, D. W. Bell, D. Irimia, L. Ulkus, M. R. Smith, E. L. Kwak, S. Digumarthy, A.
Muzikansky, P. Ryan, U. J. Balis, R. G. Tompkins, D. A. Haber, and M. Toner, Nature 450, 1235 (2007).

SH. T Yoon, T. H. Kim, Z. Zhang, E. Azizi, T. M. Pham, C. Paoletti, J. Lin, N. Ramnath, M. S. Wicha, D. F. Hayes, D. M.
Simeone, and S. Nagrath, Nat. Nanotechnol. 8, 735 (2013).

°P.R.C. Gascoyne, J. Noshari, T. J. Anderson, and F. F. Becker, Electrophoresis 30, 1388 (2009).

'H.-S. Moon, K. Kwon, S.-I. Kim, H. Han, J. Sohn, S. Lee, and H.-I. Jung, Lab Chip 11, 1118 (2011).

e Hoshino, Y.-Y. Huang, N. Lane, M. Huebschman, J. W. Uhr, E. P. Frenkel, and X. Zhang, Lab Chip 11, 3449 (2011).

2] H. Kang, S. Krause, H. Tobin, A. Mammoto, M. Kanapathipillai, and D. E. Ingber, Lab Chip 12, 2175 (2012).

13, Petersson, L. Aberg, A.-M. Sward-Nilsson, and T. Laurell, Anal. Chem. 79, 5117 (2007).

14g. Dochow, C. Krafft, U. Neugebauer, T. Bocklitz, T. Henkel, G. Mayer, J. Albert, and J. Popp, Lab Chip 11, 1484
(2011).

'd Wang, S. Chen, M. Kong, Z. Wang, K. D. Costa, R. A. Li, and D. Sun, Lab Chip 11, 3656 (2011).

16A. M. Shah, M. Yu, Z. Nakamura, J. Ciciliano, M. Ulman, K. Kotz, S. L. Stott, S. Maheswaran, D. A. Haber, and M.
Toner, Anal. Chem. 84, 3682 (2012).

17C. L. Chaffer and R. A. Weinberg, Science 331, 1559 (2011).

8C. V. Pecot, F. Z. Bischoff, J. A. Mayer, K. L. Wong, T. Pham, J. Bottsford-Miller, R. L. Stone, Y. G. Lin, P.
Jaladurgam, J. W. Roh, B. W. Goodman, W. M. Merritt, T. J. Pircher, S. D. Mikolajczyk, A. M. Nick, J. Celestino, C.
Eng, L. M. Ellis, M. T. Deavers, and A. K. Sood, Cancer Discovery 1, 580 (2011).

oML Yu, A. Bardia, B. S. Wittner, S. L. Stott, M. E. Smas, D. T. Ting, S. J. Isakoff, J. C. Ciciliano, M. N. Wells, A. M.
Shah, K. F. Concannon, M. C. Donaldson, L. V. Sequist, E. Brachtel, D. Sgroi, J. Baselga, S. Ramaswamy, M. Toner, D.
A. Haber, and S. Maheswaran, Science 339, 580 (2013).

20y, Zhou, P. V. Giridhar, S. Kasper, and I. Papautsky, Lab Chip 13, 1919 (2013).

2'H. W. Hou, M. E. Warkiani, B. L. Khoo, Z. R. Li, R. A. Soo, D. S.-W. Tan, W.-T. Lim, J. Han, A. A. S. Bhagat, and C.
T. Lim, Sci. Rep. 3, 1259 (2013).

223, Sun, M. Li, C. Liu, Y. Zhang, D. Liu, W. Liu, G. Hu, and X. Jiang, Lab Chip 12, 3952 (2012).

M. G. Lee, J. H. Shin, C. Y. Bae, S. Choi, and J.-K. Park, Anal. Chem. 85, 6213 (2013).

2*M. E. Warkiani, G. Guan, K. B. Luan, W. C. Lee, A. A. S. Bhagat, P. K. Chaudhuri, D. S.-W. Tan, W.-T. Lim, S. C. Lee,
P.C. Y. Chen, C. T. Lim, and J. Han, Lab Chip 14, 128 (2014).

2M. E. Warkiani, B. L. Khoo, D. S.-W. Tan, A. A. S. Bhagat, W.-T. Lim, Y. S. Yap, S. C. Lee, R. A. Soo, J. Han, and C.
T. Lim, Analyst 139, 3245 (2014).

204, Russom, A. K. Gupta, S. Nagrath, D. Di Carlo, J. F. Edd, and M. Toner, New J. Phys. 11, 75025 (2009).

278, 8. Kuntaegowdanahalli, A. A. S. Bhagat, G. Kumar, and I. Papautsky, Lab Chip 9, 2973 (2009).

8D, Di Carlo, D. Irimia, R. G. Tompkins, and M. Toner, Proc. Natl. Acad. Sci. U.S.A. 104, 18892 (2007).

2E. Sollier, D. E. Go, J. Che, D. R. Gossett, S. O’Byrne, W. M. Weaver, N. Kummer, M. Rettig, J. Goldman, N. Nickols,
S. McCloskey, R. P. Kulkarni, and D. Di Carlo, Lab Chip 14, 63 (2014).

D, Di Carlo, Lab Chip 9, 3038 (2009).

31G. Vona, A. Sabile, M. Louha, V. Sitruk, S. Romana, K. Schiitze, F. Capron, D. Franco, M. Pazzagli, M. Vekemans, B.
Lacour, C. Bréchot, and P. Paterlini-Bréchot, Am. J. Pathol. 156, 57 (2000).

2Mm. Yu, S. Stott, M. Toner, S. Maheswaran, and D. A. Haber, J. Cell Biol. 192, 373 (2011).

33J. M. Martel and M. Toner, Phys. Fluids 24, 32001 (2012).

3L, Wu, G. Guan, H. W. Hou, A. A. S. Bhagat, and J. Han, Anal. Chem. 84, 9324 (2012).

35J. M. Martel and M. Toner, Sci. Rep. 3, 3340 (2013).

%G. Segre and A. Silberberg, Nature 189, 209 (1961).

37y -p. Matas, V. Glezer, E. Guazzelli, and J. F. Morris, Phys. Fluids 16, 4192 (2004).

38]. P. Matas, J. F. Morris, and E. Guazzelli, J. Fluid Mech. 515, 171 (2004).

9G. Guan, L. Wu, A. A. Bhagat, Z. Li, P. C. Y. Chen, S. Chao, C. J. Ong, and J. Han, Sci. Rep. 3, 1475 (2013).

03, Zhou and 1. Papautsky, Lab Chip 13, 1121 (2013).


http://dx.doi.org/10.1038/nrc1886
http://dx.doi.org/10.1056/NEJMoa040766
http://dx.doi.org/10.1038/nrc2375
http://dx.doi.org/10.1158/1078-0432.CCR-05-2821
http://dx.doi.org/10.1056/NEJMoa0800668
http://dx.doi.org/10.1007/s10544-010-9485-3
http://dx.doi.org/10.1038/nature06385
http://dx.doi.org/10.1038/nnano.2013.194
http://dx.doi.org/10.1002/elps.200800373
http://dx.doi.org/10.1039/c0lc00345j
http://dx.doi.org/10.1039/c1lc20270g
http://dx.doi.org/10.1039/c2lc40072c
http://dx.doi.org/10.1021/ac070444e
http://dx.doi.org/10.1039/c0lc00612b
http://dx.doi.org/10.1039/c1lc20653b
http://dx.doi.org/10.1021/ac300190j
http://dx.doi.org/10.1126/science.1203543
http://dx.doi.org/10.1158/2159-8290.CD-11-0215
http://dx.doi.org/10.1126/science.1228522
http://dx.doi.org/10.1039/c3lc50101a
http://dx.doi.org/10.1038/srep01259
http://dx.doi.org/10.1039/c2lc40679a
http://dx.doi.org/10.1021/ac4006149
http://dx.doi.org/10.1039/c3lc50617g
http://dx.doi.org/10.1039/c4an00355a
http://dx.doi.org/10.1088/1367-2630/11/7/075025
http://dx.doi.org/10.1039/b908271a
http://dx.doi.org/10.1073/pnas.0704958104
http://dx.doi.org/10.1039/c3lc50689d
http://dx.doi.org/10.1039/b912547g
http://dx.doi.org/10.1016/S0002-9440(10)64706-2
http://dx.doi.org/10.1186/bcr2333
http://dx.doi.org/10.1063/1.3681228
http://dx.doi.org/10.1021/ac302085y
http://dx.doi.org/10.1038/srep03340
http://dx.doi.org/10.1038/189209a0
http://dx.doi.org/10.1063/1.1791460
http://dx.doi.org/10.1017/S0022112004000254
http://dx.doi.org/10.1038/srep01475
http://dx.doi.org/10.1039/c2lc41248a

064117-13 Kim et al. Biomicrofluidics 8, 064117 (2014)

“IE. S. Asmolov, J. Fluid Mech. 381, 63 (1999).

A, Boyum, Tissue Antigens 4, 269 (1974).

7. Geng, Y. Ju, Q. Wang, W. Wang, and Z. Li, RSC Adv. 3, 14798 (2013).

““A. A. S. Bhagat, S. S. Kuntaegowdanahalli, and I. Papautsky, Lab Chip 8, 1906 (2008).

“T. Gervais, J. EI-Ali, A. Giinther, and K. F. Jensen, Lab Chip 6, 500 (2006).

4R, Ozkumur, A. M. Shah, J. C. Ciciliano, B. L. Emmink, D. T. Miyamoto, E. Brachtel, M. Yu, P.-I. Chen, B. Morgan, J.
Trautwein, A. Kimura, S. Sengupta, S. L. Stott, N. M. Karabacak, T. A. Barber, J. R. Walsh, K. Smith, P. S. Spuhler, J. P.
Sullivan, R. J. Lee, D. T. Ting, X. Luo, A. T. Shaw, A. Bardia, L. V. Sequist, D. N. Louis, S. Maheswaran, R. Kapur, D.
A. Haber, and M. Toner, Sci. Transl. Med. 5, 179ra47 (2013).

#TSee supplementary material at http://dx.doi.org/10.1063/1.4903501 for detailed description of the additional experimental
setup and results.


http://dx.doi.org/10.1017/S0022112098003474
http://dx.doi.org/10.1111/j.1399-0039.1974.tb00252.x
http://dx.doi.org/10.1039/c3ra41906a
http://dx.doi.org/10.1039/b807107a
http://dx.doi.org/10.1039/b513524a
http://dx.doi.org/10.1126/scitranslmed.3005616
http://dx.doi.org/10.1063/1.4903501

	s1
	l
	n1
	s2
	s3
	s3A
	f1
	s3B
	s4
	s4A
	f2
	s4B
	s4C
	s4D
	f3
	s4E
	f4
	s5
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36
	c37
	c38
	c39
	c40
	c41
	c42
	c43
	c44
	c45
	c46
	c47

