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Highly Efficient and Selective Isolation of Rare Tumor Cells Using a
Microfluidic Chip with Wavy-herringbone Micro-patterned
Surfaces

Shungiang Wang,? Antony Thomas,® Elaine Lee,”® Shu Yang,® Xuanhong Cheng™® and Yaling Liu®>"

Circulating tumor cells (CTCs) in peripheral blood have been recognized as a general biomarker for diagnosing cancer and
providing guidance for personalized treatments. Yet due to their rarity, the challenge for their clinical utility lies in the
efficient isolation while avoiding the capture of other non-targeted white blood cells (WBCs). In this paper, a wavy-
herringbone (HB) microfluidic chip coated with antibody directly against epithelial cell adhesion molecule (anti-EpCAM)
was developed for highly efficient and selective isolation of tumor cells from tumor cell-spiked whole blood samples. By
extending the concept of the hallmark HB-Chip in literature, the wavy-HB chip not only achieves high capture efficiency (up
to 85.0%) by micro-vortexes induced by HB structures, but also achieves high purity (up to 39.4%) due to the smooth wavy
microstructures. These smooth wavy-HB structures eliminate the ultra-low shear rate regions in the traditional grooved-
HB structures that lead to non-specific trapping of cells. Compared with the grooved-HB chip with sharp corners, the wavy-
HB chip shows a significantly higher purity while maintaining similarly high capture efficiency. Furthermore, the wavy-HB
chip has up to 11% higher captured cell viability over the grooved-HB chip. The distributions of tumor cells and WBCs along
the grooves and waves are investigated to help understand the mechanisms behind the better performance of the wavy-

HB chip. The wavy-HB chip may serve as a promising platform for CTC capture and cancer diagnosis.

Introduction

In the past few decades, microfluidic devices have been
extensively employed in the fields of chemical, biomedical and
environmental engineering, summarized in a few review articles.”
The device miniaturization using microfluidics leads to low reagent
cost, low waste, fast reaction process and the predictable laminar
flow pattern in microscale fluid flow.”*® One exciting application is
the early-stage detection of circulating tumor cells (CTCs),7’8 which
are rare cells originally shed from a solid primary tumor and
ultimately form a secondary tumor site in the course of blood
circulation. Increasing studies have also shown strong clinical
relevance of CTC amount for early cancer diagnostics,9 metastasis
progress™'! and therapy response'>*. In various common cancers,
including breast cancer, pancreatic cancer and colorectal cancer,
CTCs have been found to overexpress epithelial cell adhesion
molecules (EpCAMs), which are not found in normal cells. Given the
EpCAM expression difference, researchers have designed various
microfluidic channels coated with anti-EpCAM for immuno-affinity
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based CTC detections.>**™® However, the challenge still lies in the

efficiency of detection due to the scarce amount of CTCs, typically
1-10 cells vs. ~ 4 billion red blood cells (RBCs) and ~ 4 million white
blood cells (WBCs) per 1 mL of patient blood. The typical laminar
flow in a microfluidic device will not be able to address the
challenge, especially for limited time and channel length.

Passive mixing within microfluidic devices has been proposed to
induce increased collisions between cells and anti-EpCAM coated
channel surfaces, thus enhancing the cell capture,N’18 One hallmark
micro-mixer, first introduced by Stroock et a/.,19 is the staggered
grooved-herringbone (HB) mixer. The asymmetric grooved-HB
structures stretch and fold the flows in the cross-section, yielding
chaotic flows that are essential for generating efficient mixing. By
adopting this principle, Stott et al”® developed a HB-chip for high-
throughput and efficient CTC capture, where in-vitro clinical utilities
have been demonstrated with a capture efficiency of up to 79%
under low shear rates of ~ 13/s. The cell dynamics in the micro-
vortex flow induced by grooved-HB structures have also been
studied extensively,n’22 which provide design guidelines for specific
applications. Moreover, the structure simplicity of the grooved-HB
structure allows for its wide integration into various platforms to
enhance the cell-surface interactions. Wang et al’ integrated
grooved-HB structures on the top of nanostructured substrates,
where the chaotic effect induced by grooved-HB dramatically
enhanced the CTC capture performance with capture efficiency of
up to 95% at a flow rate of 0.5 mL/h. Similar enhancements have
been demonstrated in the NanoVelcro chip developed by Tseng’s
groupB’24 and CTC chips developed by Fan’s group.m‘25

Besides capture efficiency, purity should also be taken into
consideration when evaluating the performance of a CTC capture
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device. Purity is the ability to resist non-specific capture of WBCs,
and is normally defined as the ratio of the number of captured CTCs
to the total number of captured cells. It is highly desired to achieve
both high capture efficiency and high purity.26 Yet, the trade-off
between CTC capture efficiency and purity remains a universal
problem for existing microfluidic platforms. In general, cell adhesion
probability on a surface decreases with increased shear rate,27’28
which applies to both CTCs and WBCs. In another word, higher CTC
capture efficiency is normally achieved under lower shear rate,
under which WBCs tend to be non-specifically captured, resulting in
a relatively low purity. This is especially true for the grooved-HB
microfluidic chip, where trough regions with ultra-low shear rate (as
shown in Figure 1(e)) have a high chance to trap WBCs. As a result,
although high capture efficiency up to 79% was obtained in
grooved-HB device, the purity was sacrificed down to 14%.%° One
strategy to improve purity is to eliminate the low shear sharp
corners, which are prone to non-specific binding for WBCs while
keeping the chaotic effect provided by HB structures. Here, we
fabricated a microfluidic chip integrated with wavy-HB structures
(Figure 1(a)), where the smooth waves are expected to allow for
smooth shear rate transitions and eliminate the ultra-low shear rate
regions. In vitro tests with whole blood spiked with CTCs were
performed in both grooved-HB chips and wavy-HB chips. The results
show that similar capture efficiency is obtained in both chips, while
the wavy-HB chip showed a 39.4% purity, significantly higher than
the 25.7% in the grooved-HB chip under the same shear rate of
400/s. In the high shear rate range (200/s to 400/s), the wavy-HB
chip showed up to two-fold higher purity than the grooved-HB chip.

In the following sections, the working principle for the proposed
wavy-HB chip is first introduced. The capture performance was
simulated numerically and compared with the grooved-HB chip.
Then the fabrication method of wavy-HB chip is described followed
by its morphology characterization. In vitro tests in both grooved-
HB chips and wavy-HB chips were investigated and the test results
were compared side-by-side in both chips. Cell distribution profiles
were also studied to help understand the performance differences
between the grooved-HB chip and the wavy-HB chip.

Materials and Methods

Microfluidic Chip Design, Fabrication and Assembly

Both grooved-HB chip and wavy-HB chip consist of a patterned
polydimethylsiloxane (PDMS) layer at bottom and a PDMS channel
layer on top, which are aligned and bonded after O, plasma
treatment. The grooved-HB PDMS layer was replicated from
patterned master, which was fabricated by photolithography
method.”® The optimized device layout was sent to CAD/Art
Services to make the photomask, which was then used to make the
patterned master with SU8-2050 (MicroChem, Newton, MA). The
thickness of the pattern was controlled by the spinning speed of
SU8 according to the datasheet provided by vendor, which
determined both the channel depth and the groove depth. The
pattern thickness was measured by a profilometer (Alpha-Step D-
100 stylus profiler). To facilitate release of the PDMS mold to the
SU8 master, 1H,1H,2H,2H-Perfluorodecyltrichlorosilane (FDTS) (Alfa
Aesar) was coated on master by vapour deposition.30

A reflow approach, which has been widely used to make micro-
lenses*"*?, was adopted and modified to make the wavy-HB master,
as shown in Figure 2(a). In detail, a grooved-HB PDMS layer was first
fabricated as mentioned above, which was then bonded to a glass
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slide to ensure a relatively stiff PDMS layer. Meanwhile, an SU8
photoresist layer was spun on a silicon wafer, which was soft baked
at 95 °C to remove solvent. The grooved-HB PDMS layer was then
placed onto the photoresist at 95 °C for replication via capillary
flow, during which air bubbles were carefully removed by pressing
the bonded glass. The whole device was cooled down to room
temperature (RT) and an uncured photoresist grooved-HB pattern
was thus replicated by peeling off the PDMS layer. To create
smooth wavy pattern, the uncured photoresist pattern was heated
to 55 °C, where the photoresist could reflow to a certain extent. The
heating period was well controlled and checked every 10 s by
optical microscope till the waves were formed (typically 7-10 mins).
Devices with different total heating periods were fabricated to
ensure at least one of the resulted undulations was of the desired
dimensions. Finally, the wavy-HB SU-8 pattern was UV cured at 365
nm with an intensity of 4.6 mW/cmZ, followed by a treatment of
FDTS. The micropattern topography and morphology was examined
by a profilometer and an optical microscope, as shown in Figure
2(b)-(e). Due to thermal reflow, the final pattern depth decreased
from 63 um (grooved-HB) to 45 um (wavy-HB). To ensure the wavy-
HB chip has a similar depth of the grooved-HB chip for later cell
capture comparison, we used the grooved-HB chip with a groove
depth of 45 um.

Cell Culture and Blood Preparation

HCT-116, a colorectal cancer cell line, was used as a model CTC
cell line in this study. Cultured at 37 °C, HCT-116 cells were
incubated with Dulbecco’s Modified Eagle’s Medium (Sigma Aldrich)
supplemented with 10% fetal bovine serum (Invitrogen) and 1%
penicillin/streptomycin (Sigma Aldrich). Media was refreshed every
2-3 days. When cells reached 80-90% confluency, they were
subcultured and 0.05% Trypsin—-0.53 mM EDTA was used for cell
detachment. Fresh human whole blood samples with Li Heparin as
the anti-coagulant agent were purchased from Innovation
Research.

Cell Capture Test and Imaging

Before the cell capture test, both the grooved-HB chip and the
wavy-HB chip were functionalized with anti-EpCAM following a
chemistry reaction described in literature.® Briefly, 5% (v/v) 3-
mercaptopropyl trimethoxysilane (MPTS) in ethanol was first
injected through the microfluidic chips for 30 min. at RT. Chips were
then incubated with 0.01 mM N-y-maleimidobutyryloxysuccinimide
ester (GMBS) in ethanol for 30 mins at RT, followed by an overnight
incubation of 10 pug/mL NeutrAvidin in phosphate buffered saline
(PBS) at 4 °C. Within 4 h of the flow test, the devices were
incubated with 10 ug/mLss’34 biotinylated goat anti-human EpCAM
in 1% (w/v) bovine serum albumin (BSA) in PBS solution for 2 h at
RT, followed by a purging process with 3% BSA solution containing
0.05% Tween20 for 30 min. Between each injection, PBS or ethanol
solution was used to flush away any unbound molecules in the
suspension. To ensure the consistency for each device, all the
injections were performed using a syringe pump (Harvard
Apparatus) at a flow rate of 5 mL/h.

HCT-116 cells detached from culture disks were diluted in PBS
solution to 103-105/mL which was calculated by a hemocytometer.
To reduce the cell sedimentation in the tube during the flow test, 4
mg/mL alginated PBS solution was adopted which mimics the blood
viscosity.35 For blood tests, pre-labeled HCT-116 cells with cell-
tracker (Life Technology) were spiked into blood and fully mixed by
gentle pipetting. Cell samples of 50-250 pL were then injected into
the microfluidic chips using a syringe pump in prescribed flow rates.

This journal is © The Royal Society of Chemistry 2015
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Immediately after the cell injection, PBS buffer solution was
injected to remove all suspended cells at a flow rate of 3.6 mL/hr
with a total volume of 1 mL. Captured cells were then fixed using
4% paraformaldehyde for 25 mins at RT and incubated with 0.2%
Triton X-100 in PBS for 5 mins to permeabilize cell membranes. Cell
nuclei were subsequently stained with DAPI solution for 20
minutes. After finishing the staining process the devices were
flushed by PBS solution and kept at 4 °C. To differentiate tumor
cells and WBCs, only cells that were cell-tracker positive and DAPI
positive were treated as HCT-116 cells, while cells which were cell-
tracker negative and DAPI positive were treated as WBCs. Only cells
with intact morphology were considered.

Cell Viability Assay

Viability of captured tumor cells was studied by performing
LIVE/DEAD assay. Specifically, a cocktail including 1 uM calcein-AM
and 1 uM ethidium homodimer (EthD-1) was flushed through the
microfluidic chip. After 25 mins’ incubation at RT, PBS solution was
added to remove the LIVE/DEAD cocktail. Stained tumor cells were
then observed under fluorescent microscope. Only cells which are
calcein-AM (+) and EthD-1 (-) are treated as live, while cells which
are EthD-1 (+) are treated as dead. Cell viability was defined as the
ratio between the number of live cells and the total number of
captured cells.

Finite Element Simulation

Customized MatlLab codes combined with Comsol simulations
were developed36‘37 to simulate the cell dynamics in the microfluidic

chips. Following previous simulation studies??, cells were treated as
particles following streamlines to simplify the simulation process.
Cell-cell/cell-fluid interactions and the non-Newtonian effects are
over the scope of this study and not included in this model. In the
Comsol model, sidewalls were set as the periodic boundaries, which
mimic the real setup where there are repetitive parallel units. At
least 282143 meshes were used to ensure its accuracy and all the
simulation results were then exported to MatLab for computing the
particle motion. Cells were treated to be captured when the cell-
surface distance was smaller than the radius, i.e., 10 um.

Results and Discussions
Working Principle

The wavy-HB chip is different from the traditional grooved-HB
chip by replacing the sharp corners in the latter with smooth wavy
structures. The wavy-HB chip consists of repetitive units, each of
which has six wavy-HB structures in the 1st-half cycle staggered
with another six wavy-HB structures in the 2nd-half cycle, as
depicted in Figure 1(a). The design parameters were selected based
on prior studies on the mixing effect of the grooved-HB (:hip.?’g_40
However, we note that most of prior studies have not considered
the inherent particulate properties of cells: the main contribution
for enhanced cell capture comes from cell-surface direct collisions
while the center rotational flow might not contribute to the cell
capture. To our knowledge, only one pilot study by Forbes et al?®
provides a design guide explicitly based on cell-surface interactions.
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Figure 1 Working mechanism of the wavy-HB microfluidic chip for highly efficient and selective CTC capture. (a) Schematic figure of a
single unit of the wavy-HB pattern. (b) Flow velocity components in the cross-section illustrate the micro-vortex. (c) Integral of cross
flow over the unit for both grooved- and wavy-HB patterns. The contours of the shear rate in (d) wavy- and (e) corresponding
grooved-HB chips. The color bar is shown with the unit of /s. The distortion of the images is due to cut-off of the range in order to
make the color map clear. The rest area over the range is filled in black. (f) Theoretical analysis of cell-surface contact area along one
period for both wave and groove patterns. For the groove pattern, two data points (2.31 umz) are not shown when a cell is located
in the intersection between the bottom and the side wall. (g) The shear rate along the arc length of both a groove and wave period
(trough-ridge-trough: indicated by the dashed line in (d) and (e)) with a distance of a cell radius away from the surface. Here, the arc

length is normalized to its period for both patterns.
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By using the particulate model described in the Methods section,
the optimized parameters were determined and we found that
most optimized parameters are similar to those in the previous
mixing studies: channel height of 50 um in the range of 30 um-110
um, wave amplitude (equivalent to half of groove depth) of 22.5 um
in the range of 6 um-440 um, short/long arm length of 100 um/200
pum in the range of 100 um-800 um and oblique angle between HBs
and the flow axis of 45 degrees in the range of 30°-150°. Detailed
geometrical information is shown in Figure 2(c-e). The numerical
optimization processes for these parameters are not discussed in
detail in this study except for the wavelength, which differs from
other literature work. As shown in Figure S1, the pattern period was
optimized in the range of 40 um-240 pum, with 160 um selected in
this study for the concept validation of the proposed wavy-HB chip.

With the prototype model built, the working mechanism of the
wavy-HB chip is explained from capture efficiency and purity.
Capture efficiency is defined as the amount ratio of captured tumor
cells to the total spiked tumor cells. Purity is defined as the amount
ratio of captured tumor cells to the total captured cells including
tumor cells and non-specifically captured WBCs.5%°

To achieve high cell capture efficiency, we used HB structures
here to take advantage of the chaotic effect and micro-vortices as
illustrated in Figure 1(b). To quantify the mixing effect, the integrals
of cross-flow in one unit for both grooved-HB chips and wavy-HB
chips were calculated following:

1, = [\ e wiay

where v and w are velocity components in y and z directions,
respectively. The comparison results showed that the wavy-HB chip
has nearly the same flow mixing performance as that of the
grooved-HB chip (see Figure 1(c)). In addition to the mixing effect,
pattern surface area and cell-surface contact area were considered
to predict cell capture efficiency. Here, cell-surface contact area
was calculated for the fractional cell membrane with a separation
distance of a ligand-receptor bond length, i.e. 20 nm37, from the
substrate. On substrates of different surface curvatures, cells have
different cell-surface contact modes. As sketched in Figure S2, on a
grooved-HB pattern, a cell contacts the flat region of the patterned
surface vertically, while on a wavy-HB pattern, the cell contacts the
surface either on the concave trough or the convex peak. Although
Figure S3 shows that the total pattern surface area of the wavy-HB
pattern is slightly less than that of the grooved-HB pattern (6.34x10°
8 um2 vs. 8.98x10° umz), the effective cell-surface contact area for
the wavy-HB pattern outweighs that for the grooved-HB pattern
along the majority surface of one period, as shown in Figure 1(f).
Both theoretical and numerical investigations suggest a comparable
cell capture performance for the wavy-HB chip compared to the
grooved-HB chip.

To achieve high cell capture purity, we integrated smooth wavy
structures into the wavy-HB chip, as illustrated in Figure 1(a, d). The
smooth corners in the wavy-HB chip eliminate regions with ultra-
low shear rate presented in the grooved-HB chip, which tend to
trap WBCs non-specifically. The shear rate at the wall was derived
as follows,

. 60
]/:7
Hw
where Q is the flow rate, H and W are the height and width of the

channel, respectively. The shear rate at a specific location was
calculated from the spatial derivation of the local velocity as follow,
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where u, v and w are the component velocities in the x, y and z
direction, respectively. As indicated in Figure 1(g), under the same
inlet flow condition with a shear rate of 60/s, the minimum shear
rate in the wavy-HB chip (6.41 /s) is almost 15-fold higher than that
in the grooved-HB chip (0.44 /s). It was also noticed that the ultra-
low shear rate happens in both bottom left and right corners in the
grooved-HB chip. As a result, the wavy-HB chip is expected to have
a better performance in purity when compared with the grooved-
HB chip.

Wavy-HB Chip Design, Fabrication and Assembly

Figure 2(a) shows the reflow fabrication process for making a
wavy-HB silicon master. The reproducibility of the fabrication
method were validated by measuring the wavy profiles in three
fabricated samples. Figures S4 indicates that the reflow method is
consistent in generating wavy patterns, although further
improvement is still needed. The undulation features of the wavy-
HB structures were qualitatively observed using optical microscopy

(a) Heat to 95°C
and apply mold | ]
T
Spin-coat SUS Cool to room T and
Level d owy, Reflow remove mold

@ 55°C
PROEENSEY W N e

== Uncured SU8 == Si wafer
PDMS mold Glass
== Cured SUS

Level up

l Cool to room T
and UV cure

2 100 )um

Ay

Figure 2 lllustration of the wavy-HB chip and its fabrication
process. (a) Fabrication process of the wavy-HB master. The
"level down" and "level up" are due to the photoresist melting.
Micrograph images of (b) top view for the silicon molds (Scale
bar, 200 um) and (d) side view for the assembled chip (Scale
bar, 50 um) illustrate the detail periodic designs and the wavy
structures. The assembled chip was cut along the dashed line
marked in (b) to obtain the side view. (c) and (e) sketch the
layout of the wavy-HB structures with the detailed parameters.
The red spheres stand for cells flowing in the channel. (f)
Sample injection into a wavy-HB microfluidic device consisting
of one inlet and one outlet. (Scale bar, 10 mm)

This journal is © The Royal Society of Chemistry 2015

Page 4 of 9



Page 5 of 9

P OO~NOUILAWNPE

U OTUu AU DMBEMDIAMDIAMBAEDIAMDIMDNWOWWWWWWWWWWNDNNDNNNNMNNNNRPRPRPERPRERPERRER
QOO NOUPRRWNRPOOO~NOUOPRRWNPRPOOONOOUOPRARWNRPEPOOONOODURAWNRPOOO~NOOUUDMWNEO

Analyst

in Figure 2(b), with detailed dimensions measured in Figure 2(c). To
further characterize the wavy structures, a replicated PDMS wavy-
HB layer was cut along the wave propagation direction and
observed under the microscope. Figure 2(d) clearly shows that wavy
structures were obtained from the reflow process with a
wavelength of 1602 um and an amplitude of 22.5+1.5 um (see
Figure 2(e)). Figure 2(f) shows a typical assembled wavy-HB chip
under flow tests. To perform comparison flow tests, geometry
equivalent grooved-HB chips were fabricated and assembled
following the traditional photolithography method (Images not
shown).

Wavy-HB Performance Validation by Cell Capture Tests

To evaluate the device performance, the distributions of both
tumor cells and WBCs along the flow direction were investigated
first. It is found that focusing regions of tumor cells and WBCs tend
to move towards the tail sections with increasing shear rates in
both grooved-HB and wavy-HB chips (see Supporting Information
and Figure S5). This shift is speculated due to the increased shear
force proportional to the increasing shear rate, which agrees well
with the results in literature.”

To demonstrate the performance of the proposed wavy-HB chip,
cell tests in both PBS buffer solution and whole blood were
performed. To differentiate tumor cells and WBCs, fluorescent
images were recorded through the whole chip. As illustrated in
Figure 3(a)-(c), only cells of celltracker (+) and DAPI (+) were treated
as tumor cells, while cells of celltracker (-) and DAPI(+) were treated

1.2

(d)

—#— Groove-Blood
—o— Wave-Blood ||
=<= Groove-PBS
-£= Wave-PBS
& Flat-Blood
0 Flat-PBS

(@)

Capture efficiency
o
(=)

100 200 300 400

Shear rate (/s)
0.5
(e) —¥— Groove
0.45) -~ Wave

’ ) 1
0.25¢ / —1
GI
0.2
0.15
0.1
100 200 300 400

Shear rate (/s)

Figure 3 Tumor cells capture in the wavy-HB and grooved-HB
chips (a)-(c) Cell-tracker and DAPI fluorescent differentiation
of tumor cells and WBCs. Both tumor cells and WBCs are DAPI
positive in (a), while only pre-labeled CTCs are cell-tracker
positive in (b). The merged image in (c) shows only cells which
are DAPI (+) and cell-tracker (+) are regarded as tumor cells,
while cells which are DAPI (+) and cell-tracker (-) are regarded
as WBCs. (Scale bar, 80 um) (d) Capture efficiency vs. shear
rate in the grooved-HB chip, the wavy-HB chip, and the flat
device. (e) Purity vs. shear rate in both chips. Error bars stand
for standard deviations in three independent experimental
trials.

This journal is © The Royal Society of Chemistry 20xx

as WBCs. The overall trend of capture efficiency and purity under
different shear rates agrees well with literature results: Figure 3(d)
shows that capture efficiency decreases with increased shear rate in
all cases due to the decreased duration for cell-surface interactions
and the increased shear detachment force; Figure 3(e) shows that
purity increases with increasing shear rate mainly due to the
increased shear detachment force to flush away more WBCs (non-
specific, weak bonds) than tumor cells (specific, strong bonds). In
comparison to the grooved-HB chip, the wavy-HB chip has a similar
cell capture performance with a difference smaller than 10.0% in
most test conditions, which was already indicated by the similar
mixing effects in Figure 1(c). On the other hand, the wavy-HB chip
performs significantly better than the grooved-HB chip in purity
especially in the high shear rates of 200 /s and 400 /s:
enhancements of 43.4% (36.7%%2.2% vs. 25.6%+1.7%) and 53.3%
(39.4%%4.3% vs. 25.7%+2.1%) are achieved, respectively. In another
word, much less WBCs were non-specifically captured in the wavy-
HB chip. Under the highest capture efficiency condition (i.e. 60/s)
where 1 mL blood test was performed, around 2500 WBCs were
captured on the wavy-HB chip in comparison to 4500 WBCs on the
grooved-HB chip. These results also agree with the previous finding
that HB pattern overweighs the micropost-based CTC-Chip (around
5000 WBCs) in terms of the purity.s’Zo By introducing asymmetrical
structures, Sheng et al*® improved the purity but the amount of
non-specific WBC was still around 3500.

Notably, higher tumor cell capture efficiency was achieved in
blood cases compared to PBS cases in both wavy-HB chips and flat
devices, as shown in Figure 3(d). Taking the shear rate of 60/s as an
example, an enhancement of 8.83% was obtained in the wavy-HB
chip (85.0%16.8% vs. 78.1%+10.1%). Furthermore, an enhancement
up to 67.4% was obtained in the control flat channel (32.8%+5.8%
vs. 19.6%+0.9% ). We hypothesize that the enhancement comes
from the margination effect of tumor cells towards the channel
surface. It has been suggested that more deformable red blood cells
would migrate towards the channel center while the stiffer tumor
cells are repelled towards the channel surface.” By comparing the
enhancement level for the wavy-HB chip and the flat device, it was
also suggested that the margination effect induced by blood
contributes more in the flat channel. The margination effect in the
wavy-HB chip might be disturbed and thus reduced by the micro-
vortexes. Interestingly, although similar enhancement attributed to
blood was not observed in the grooved-HB chip at 60/s
(92.1%%4.6% vs. 95.0%+12.4%), an enhancement up to 123.5% was
obtained at high shear rates, i.e., 200/s and 400/s. This suggests
that the existence of normal cells contributes more to efficient
tumor cell capture at high shear rate, although the mechanism is
not clear yet.

The viability of tumor cells under different shear rates was also
studied by performing the LIVE/DEAD assay in both grooved-HB and
wavy-HB chips, using the flat channel as a control. Figure 4(a)-(d)
show typical micrographs of LIVE/DEAD assay results under 60/s
and 400/s for both chips. Cell viability was then calculated by
counting the amount of live cells and dead cells in these fluorescent
images. As illustrated in Figure 4(f), the viability decreases with
increased shear rate, indicating that captured tumor cells are prone
to lose their function under high shear rate. The comparison reveals
that the wavy-HB chip offers a higher cell viability than the grooved-
HB chip, suggesting that the captured tumor cells are more
physically intact in the wavy-HB chips. Especially under the high
shear rate of 400/s, the cell viability enhancement in the wavy-HB
chip is more significant over the grooved-HB chip with an 11%
improvement (89.29%+4.91% vs. 80.65%+2.64%). It is speculated
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Figure 4 Viability of captured tumor cells in the wavy-HB
and grooved-HB chips. Representative fluorescent
micrographs of the captured tumor cells in the grooved-HB
chip after LIVE/DEAD a under the shear rate of (a) 60/s and
(b) 400/s. LIVE/DEAD stain results in the wavy-HB chip
under the shear rate of (c) 60/s and (d) 400/s, respectively.
(e) LIVE/DEAD stain results in the flat channel under the
shear rate of 60/s. Cells which are calcein-AM (+) and EthD1
(+) are treated as dead, as indicated by white arrows in (a)-
(e). (f) Quantitative analysis of viability of captured tumor
cells in the wavy-HB and grooved-HB chips under different
shear rates. Error bars stand for standard deviations in
three independent experimental trials. (Scale bar, 160 um)

that more cell deaths are attributed to damages induced by sharp
corners in the grooved-HB chip.

In addition, the clinical utility of the wavy-HB chip was also
validated by the isolation of tumor cells in PBS buffer solution at
concentrations of 10, 100, 500 and 1000 cells/mL. The test shear
rate was 60/s for all cases, where capture efficiencies of around
80% were achieved, as shown in Figure S6. The linear regression
study results show that the device has a consistent performance
under the test conditions with different spiked tumor cell amounts.
This suggests that the wavy-HB chip has the potential to fulfill the
clinical requirement to detect very rare CTCs, i.e., 1-10 cells/mL
blood.

Cell Distribution along One Pattern Period and Its Indication for
Device Performance

Distribution of tumor cells and WBCs along a single pattern
period was then studied. Representative fluorescent optical
micrographs of tumor cell distributions in the grooved-HB chip and
wavy-HB chip are shown in Figure 5(a) and (b), respectively. A
period is defined as the region between two consecutive troughs
which is equally distributed into 20 sections following the flow
direction, as illustrated in Figure 5(c)-(f). For tumor cell distributions
under increased shear rate, grooved-HB patterns have a focusing
region in the trough close to the upstream groove sidewall, with the
section shifting more towards the groove side wall. On the other
hand, wavy-HB patterns have a relatively focusing region shifting

6 | Analyst, 2015, 00, 1-3

from the lower upstream slope to higher upstream slope, as shown
in Figure 5(c)-(d). For WBC distributions under increasing shear rate,
grooved-HB patterns have focusing regions in both upstream and
downstream trough regions with the section shifting more towards
the downstream trough section, while wavy-HB patterns have
focusing sections shifting from trough sections to the regions close
to the peak, as shown in Figure 5(e)-(f). Notably, the WBC
distributions under increasing shear rate exhibit a dramatic
difference in these two chips: WBCs tend to be trapped in the
trough sections close to the downstream side wall for the grooved-
HB chip, especially under larger shear rates (200/s and 400/s) as
shown in Figure 5(e), while for the wavy-HB chip, WBCs shift from
the trough to the regions close to the peak where shear
detachment force is large and WBCs detachment is easy to happen
as shown in Figure 5(f). This trend difference is probably attributed
to the geometry difference: the sharp grooved structure resists
WBCs from rolling upwards to the ridge while the smooth wavy
structure allows WBCs to roll towards to the peak region. Following
this reasoning, under larger shear rates, more WBCs in the wavy-HB
chip are prone to be pushed from the trough to the peak, where the
shear detachment force is relatively larger as shown in Figure 1(d).
As a result, the wavy-HB chip is subjective to a high purity under
larger shear rate, which agrees with the experimental data in Figure
3(e).

Discussion

Ceos |-~ | >«
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Figure 5 |lllustrative micrograph images of tumor cells
distributions in (a) a grooved-HB chip and (b) a wavy-HB chip.
(Scale bar, 80 um) Quantitative distributions of tumor cells
along one pattern period in (c) the grooved-HB chip and (d) the
wavy-HB chip. Distribution of WBCs along one pattern period in
(e) the grooved-HB chip and (f) the wavy-HB chip. One pattern
period is defined as trough-peak-trough indicated as the dotted
line in (a) and (b). A pattern period is equally divided into 20
sections along the flow direction with a width of 8 um.
Schematic images of the divided patterns are also shown in (c)-
(). Curve fits are used to indicate the cell distribution patterns.
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The distribution profiles of tumor cells and WBCs shown in Figure
5 are explained by a two-regime based mechanism, i.e. adhesion-
detachment force balance and cell-surface contact frequency. In
other words, the peak capture regions are always where there are
more cell-surface contacts with the pre-requisite of the adhesion
force large enough to resist the shear detachment force. In the
grooved-HB patterns, two factors contribute to the cell distribution:
(1) large cell-surface contact frequency exists in both groove sides
and the ridges, as shown in Figure 6(c); (2) cells experience larger
shear detachment forces in the ridges and smaller ones in the
troughs, as indicated in Figure 1(d)-(e) and Figure 1(g). As a result,
both tumor cells and WBCs tend to be collected in the trough
sections close to the groove sides, as indicated in Figure 5(c) and
Figure 5(e). Moreover, with increasing shear rate, tumor cells tend
to be focused close to the upstream sidewalls while WBCs are close
to the downstream sidewalls, which is reasoned due to the
difference in adhesion force. The weaker non-specific adhesion
force for WBCs yields a shift of focusing regions towards the smaller
shear rate sites, namely, the troughs close to the downstream
sidewalls. Similarly, in the wavy patterns, with relatively strong
adhesion forces due to the larger cell-surface contact areas, tumor
cells tend to be collected in the higher upstream sections, which
have higher cell-surface contact frequency (Figure 6(c)). With the
increasing shear rate, the slight shift towards the higher
downstream sections is due to the increasing detachment force
that makes cell distribution more uniform. On the other hand,
WABCs are speculated to readily shift along the wave due to weak
adhesion forces. At lower shear rates (60/s and 100/s), WBCs are
easily removed in the regions with higher shear rate, i.e. ridge, thus
they tend to be collected at the troughs where the shear rate is low
(see Figure 1(d)). With shear rate continuously increasing to higher

(a) o (b)
== Flow direction

Upstream._ Qownstream [ )
pstream._BoW

Patternridge
Pattern bottom

Channel top

Pattern side

(c) o8 : ‘
Pattern ridge
% 0.77| % Channel top
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g O Pattern side
“:é 0.5¢ o
S 041
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T 03
N
g 0.2 O
o
Z 01t z %
0 ‘ ‘ ‘ ‘
Grooved-HB Wavy-HB
Figure 6 Numerical simulation reveals cell-surface

contact frequency in the grooved-HB chip and the wavy-
HB chip. The locations for cell-surface interactions,
including the pattern ridge (green), channel top (red),
pattern bottom (black) and pattern side (blue) in (a) the
grooved-HB chip and (b) the wavy-HB chip. The
upstream and downstream along one streamline is
illustrated in (a). (c) Normalized cell-surface contact
frequency in different locations for both chips.

This journal is © The Royal Society of Chemistry 20xx

values (200/s and 400/s), non-specifically captured WBCs are
pushed back and forth along the wave and their distributions shift
as indicated in Figure 5(f). The detail non-specific adhesion
mechanism for WBCs on anti-EpCAM coated surface is not clear so
far.

The tumor cell capture experimental results are in good
agreement with the computational prediction. On one hand, the
overall tumor cell capture efficiency is well predicted by the integral
of cross flow, which indicates similar mixing effects between
grooved-HB and wavy-HB chips. The slight difference of capture
efficiency might be attributed to the decreased surface area during
the reflow process, where the surface areas of a single pattern
period for the grooved-HB and wavy-HB pattern are 8.98x10° m?
and 6.34x10° mz, respectively (see Figure S3). It should be noted
that local distribution does not necessarily offer the overall picture
of the tumor cell capture efficiency. As shown in Figure S5, although
a larger portion of tumor cells are trapped in the head sections of
the grooved-HB chip, the distribution decreases very fast along the
flow direction. On the contrary, the wavy-HB chip shows a relatively
uniform distribution along the whole flow direction. To evaluate cell
capture efficiency, accumulation of captured cell across the whole
chip should be considered. On the other hand, the computational
results are used to explain the local distribution of tumor cells. For
example, compared to the wavy-HB chip, the trough section for the
grooved-HB chip has lower shear rate (see Figure 1(d-e)) but shows
similar cell surface contact frequency (see Figure 6(c)). As a result, a
larger proportion of captured tumor cells are present in the trough
section for the grooved-HB chip in comparison with the wavy-HB
chip as shown in Figure 5(c-d). Meanwhile, the lower shear rate in
the trough region also brought more WBCs to be non-specifically
captured, which was confirmed by the WBC local distributions as
shown in Figure 5(e-f).

In literature, there have been a few attempts to develop tumor
cell isolation chips derivative from the grooved-HB patterns,“’“’23
but all with sharp corners. Our theoretical and computational
analyses reveal the fundamental limitation of the sharp grooved
patterns, i.e., ultra-low shear rate regions close to the groove
corners (see Figure 1(g)) thus increasing the chance of non-specific
cell capturing. By introducing the smooth wavy-HB structures in the
current configuration, ultra-low shear rate regions are eliminated as
shown in Figure 1(g). Our results have demonstrated an enhanced
purity by 43.4% compared to that from the grooved-HB structures,
which is crucial for down-stream analysis like high quality cell
profiling and thorough genomic analysis.“’45 For example, it is an
essential need to achieve high purity for DNA microarray analysis.46
Enhanced purity obtained in our wavy-HB chip can reduce the
influence introduced by impure WBCs, leading to a more reliable
gene data analysis. Further enhancement can be achieved by
introducing asymmetry between the trough and ridge sections of
the wave, as WBCs are easily trapped in the trough as shown in
Figure 5(e-f), which is also suggested by other work.”® More
importantly, the proposed idea to smooth sharp grooves can be
adopted as a general strategy in other existing devices to improve
the purity while preserve capture efficiency.

Challenges still exist on the anti-EpCAM based approach for CTC
isolation. First, CTCs present heterogeneous phenotypes for
different cancer types47 and EpCAM expression levels could also be
down-regulated over the course of metastasis and dissemination.®®
Thus, the capture yield may drop for CTC subpopulations of non-
epithelial and EpCAM down-regulated phenotypes. A potential
strategy to tackle this challenge is to vary the antibody type in the
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wavy-HB (:hip.49 It was also demonstrated that higher antibody
coating density can enhance CTC isolation“, which can reduce the
loss of EpCAM down-regulated CTCs. Another challenge for the
current approach lies in how to effectively release captured CTCs.
Xu et al.>° tried to directly detach the captured CTCs by flushing air
while the release efficiency was only 45% partially due to the dead
volume in the sharp grooves. This can be significantly improved in
our smooth wavy pattern by eliminating the sharp groove regions
where cells are readily trapped. To further overcome this problem,
we can replace anti-EpCAM by other environment stimulated
substances, like aptamers51 and polymer materials®>. We believe
the combined high efficiency and high purity in our wavy-HB chip
together with the modified surface coating will allow for further
enhancement of CTC capture and post-analysis for various
applications.

Conclusions

In summary, a wavy-HB chip coated with anti-EpCAM has been
demonstrated with high efficiency and purity in isolation of tumor
cells from the spiked whole blood. Due to the staggered HB
structures adopted from the hallmark grooved-HB chip, high
capture efficiency up to 85.0% is achieved by the induced passive
mixing. In comparison with the grooved-HB chip with sharp corners,
the wavy-HB chip has the smooth wavy patterns, leading to nearly
two-fold enhanced cell capture purity up to 39.4%. The
enhancement is mainly due to the lack of the ultra-low shear rate
regions in the grooved-HB chip. In addition, the wavy-HB chip
serves as a better tumor cell isolation platform in that its inherent
gentle nature induced by the smooth undulations (maximum shear
rate is 645.9 /s compared to 1084.1 /s in the grooved-HB chip in the
shear rate of 400 /s) protects cells from deformation forces and
keeps cells intact. Despite the promising results achieved in the
wavy-HB chip, it is noticed that the trade-off between capture
efficiency and purity still exists. It has been suggested that
integration of nanostructures could potentially address this
issue,17‘53’54 which will be implemented into our wavy-HB chip in the
future. Further, patient blood samples will be tested on the wavy-
HB chip to validate its clinical utility.
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