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High-recovery sorting of cancer cells from whole
blood via periodic-focusing inertial microchipf

Xiao Li, Yijia Yang, Sarah C. Villareal, Kitiara Griffin "2 and Dimitri Pappas ‘& *

Inertial microfluidic devices continue to show promise for label-free separation of cells from liquid biopsies
and other biological samples. Serpentine-channel microfluidic devices capitalizing on inertial forces such as
Dean flow have been demonstrated for cell separation, but are limited in performance due to the magnitude
of the inertial lift and drag force gradients across the separation channel. We have developed a new flow
design that uses periodic channel contractions to enhance the magnitude of the force gradient. Separation
recover was 97% with the final sorter output consisting of 78% target cells. Separation efficiency was 87% for
whole blood, which could be increased to 97% if the sample was diluted prior to sorting. The enrichment of
cancer cells was over 1000-fold, and sorted cancer cells maintained a viability of 93.8% for 96 hours after
sorting. In the analysis of blood plasma, breast cancer cells from a clinical patient were enriched 20x. The
incorporation of periodic channel contractions in a Dean flow circuit resulted in an increase in Dean flow gra-
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Introduction

High-throughput, high-efficiency manipulation of target cells/
particles from biofluids has a potentially wide range of appli-
cation in clinical diagnosis and various biochemical analysis."™
The isolation and enrichment of a target cell phenotype in a
diverse biological sample has implications in cancer,*”
sepsis,®? asthma,"® AIDS,"*™"” stroke,'® and so on. Cell sorting
in microfluidic systems can rely on affinity methods for
specificity,'*>* but can also be achieved using label-free
methods that harness phenotypic differences such as density,
cell size, deformability, and other factors.>*>° The benefit of
label-free approaches include assay speed, eliminating the need
for a specific biomarker, and potentially lower cost.

Label-free cell sorting that leverages differential forces are
particularly attractive when high-throughput separation is
desired. Label-free methods can use an external force field, such
as optical, acoustic, or magnetic gradients.** Other gradient
fields include active centrifugal devices®’® and passive inertial
devices. In the latter, the design of the flow circuitry itself gives
rise to force gradients that facilitate label-free cell separation.
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dient according to simulation, resulting in sorting of small-diameter cancer cells in blood samples.

Even though particle control flexibility and focusing accuracy
are enhanced by introducing an external force field, the cost,
control difficulty and fabrication complexity of peripheral
control devices are also greatly increased.’” In addition, external
focusing methods require overcoming hydrodynamic particle
drag, limiting their use in large sample volume applications.

In contrast, passive microfluidic techniques can manipulate
particles by using channel structures****?° or intrinsic hydrodyn-
amic forces,”*®*°*> and can operate at high flow rates. An
increased flow rate is critical for processing sufficient sample
volumes for lower concentration target cells. Inertial microfluidics
are well suited to this task, and several designs have been devel-
oped to provide high sample volume analysis.**™** Channel geo-
metry in inertial force focusing microfluidic sorters is one of the
most important parameters that impact secondary flow and
device performance.*®™*® Among all different channel geometries,
the spiral channel has already been developed and applied to
several biomedical applications.>*>

Sinusoidal channels have been introduced for the isolation of
cells via inertial sorting.”"*> The separation of particles based on
size is governed by inertial lift forces trapping larger particles in
the center of the flow stream, while smaller particles migrate to
the sides of the channel due to secondary drag forces. The gradi-
ent of these forces contributes to the size resolution of inertial
sorters and therefore the device performance for cell separation.
The key innovation of our new design (Fig. 1) is the introduction
of periodic contractions in the sinusoidal channels. These periodic
contractions increase differences between lift and drag forces,
more effectively trapping target cells while removing smaller blood
cells. Lu et al. and Cha et al first reported periodic contraction

This journal is © The Royal Society of Chemistry 2022
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structures to improve inertial sorting.”** We have modified this
approach to isolate small-diameter cancer cells (A549 lung cancer
cells) from blood samples and breast cancer cells from blood
plasma. We report an improvement in cell recovery and separation
enrichment when compared to extant approaches. Recovery of
A549 cells from blood was 85.6% in whole blood, or 97.4% when
the sample was diluted prior to analysis. With a 1000-fold recovery
ratio, this new design has the potential for high-recovery sorting
for smaller-diameter cancer cells.

Theory

In a microfluidic channel of the length scales used in this
work, particle lateral displacement in flow is governed by wall-
induced lift forces and shear-gradient-induced lift forces.>*
Wall-induced lift forces (Fwy) and shear-gradient-induced lift
forces (Fsg) are expressed as

SwrpUn’ay®
= feney” W
and
fsepUmZay?
Fsg = $~ (2)

where fivi, and fsg are lift coefficients, p, ap,, and Uy, refer to the
density of fluid, cell/particle diameter, and the maximum fluid
velocity, respectively.** D, which is the hydraulic diameter of
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the channel is defined as Dy, = 2wh/(w + k), where w and & are
channel width and height respectively.” In straight channel,
the equilibrium positions of different particles will be deter-
mined by the balance between these two lift forces.>”

In curved semicircle channel, a secondary flow generated by
the viscous fluid velocity difference between the edge and the
center of the channel is introduced to produce a stable Dean drag
force (Fp) along the channel’s cross-section and therefore impact
the particle equilibrium positions. Microstructures or the periodic
variation of the channel width can also cause secondary Dean
flows effectively.>® Dean flow force directions are perpendicular to
the main flow whose strength are usually characterized by a
dimensionless Dean number, D,, which can be expressed as,**

UnDy /D D
De =27mEh 7 R /R 3)
4 2R 2R

where y is the viscosity of the fluid, R. is the Reynolds number
of the channel, and R is the radius of the channel.”” The mag-
nitude of the Dean flow scales with U,,> as,”®

Up ~ De” — (4)

Unlike straight channels, particle positions in curved chan-
nels are determined by the balance between F and Fp. The
Dean drag force is expressed as,”®
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Fig. 1 A new inertial cell sorter (A) incorporating periodic contractions that increase the differences between inertial and drag forces for improved
inertial separation. Simulation (B) of the velocity profile in the channel, showing increased velocity gradients in the new design when compared with

extant sinusoidal channels. The new design was used to isolate small-di
meter cancer cell was able to be separated from whole blood.

This journal is © The Royal Society of Chemistry 2022

ameter A549 lung cancer cells spiked into blood (C and D). The small dia-
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Ry is another empirical parameter which represents the ratio of
inertial lift force to Dean drag force,

_ 2Ray”
t= D3

(6)

A too small value of Ry would generate chaotic particle
motion rather than deterministic particle focusing." According
to eqn (6), larger particles are more easily dominated by iner-
tial lift force, while smaller particles more easily show a sec-
ondary flow drag force dominant behavior. If secondary flow
drag force dominates, the equilibrium position of particles or
cells potentially moves towards the inner channel side in the
case of symmetric channel or towards the channel center in
the case of the asymmetric channel. The outcome is reversed if
the inertial lift force dominates.” Therefore for our sorter, we
expect the repeating contraction structure can produce
additional secondary flow at the entry and exit and the sudden
contraction could give rise to stronger net inertial lift forces®"
to result that large cells/particles will remain near the center of
the channel and small cells/particles will be directed to side
walls. The contraction of the channel also changes the hydrau-
lic diameter, modulating the magnitude of Dean flow. We
hypothesized that this periodic contraction and increase in
Dean flow would sharpen flow streams, providing improved
flow gradients perpendicular to the main, driven fluid flow.

Materials and methods
Chip design and fabrication

The inertial focusing microfluidic design and the distribution
of different cells in each outlet is illustrated in Fig. 1. The
main sorting channel had a width of 240 pm, the entire chip
had a channel height of 50 pm. Each turn of the flow channel
had a radius of 500 pm. The contractions were introduced
after each half turn, constricting the flow channel from
240 pm to 100 pm for a length of 70 pm before restoring
channel width. The contraction section (Fig. 1) was repeated
20 times to form the final sorting channel. The device includes
one inlet for sample input, two outlets to collect small cells/
particles from two sidewall regions (outlet II) and large cells/
particles from the central channel (outlet I), respectively. All
microdevices were fabricated with standard photolithography
and  polydimethylsiloxane = (PDMS) soft lithography
techniques.®>°"

Cell culture

The A549 small-cell lung cancer cell line was purchased from
the American Type Culture Collection (ATCC. Cells were cul-
tured in RPMI 1640 medium (Hyclone) supplemented with 1%
penicillin-streptomycin stabilized solution (Sigma-Aldrich)
and 10% fetal bovine serum (Hyclone). All cell flasks were
stored at 37 °C containing 5% (v/v) CO, and were sub-cultured
every 4 days. 0.25% trypsin-EDTA solution (Thermo Fisher
Scientific) were utilized to detach adherent cancer cells from
the flask prior to each experiment.
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Fluorescent polystyrene microsphere sample preparation

4 and 13 pm dye-doped polystyrene microspheres were uses
for initial device development (Thermo Fisher Scientific).
Particle mixtures were suspended in phosphate buffered
saline (PBS) buffer at a concentration of ~3.6 x 10° particles
per mL.

Blood sample preparation

Commercially obtained, deidentified peripheral blood samples
(Becton-Dickinson) were purchased and stored in the refriger-
ator at 4 °C until use. Whole blood samples were diluted
approximately 100 times prior to each cell experiments and
the typical blood cell concentration was ~4 x 10’ counts per
mL.

Blood plasma analysis

In order to demonstrate the use of this sorter chip with a clini-
cally relevant sample, we used plasma from a commercial
biobank. Samples were obtained from Precision for Medicine,
and were stored, analyzed, and treated in accordance with the
guidelines set by the Texas Tech University Institutional
Review Board for human subjects research. Informed consent
was obtained from the commercial source (Precision for medi-
cine). The patient was a 49-year-old, white, non-Hispanic with
stage II breast cancer. The sample was deidentified and
arrived as frozen EDTA-treated plasma.

Fluorescence staining

For characterization experiments (cell viability tests experi-
ments were not included), cancer cells were stained with Mito
Tracker Green (Thermo Fisher Scientific) and white blood cells
were stained with propidium iodide (PI, invitrogen) for visual-
ization and quantitation prior to mixing.®'

Cell viability assay

A549 cells spiked in blood were processed through the micro-
fluidic sorter and isolated A549 cells were cultured after separ-
ation in Petri dishes with RPMI 1640 medium for 12, 36, 72
and 96 h and stained via propidium iodide (PI) and Hoechst
33342 (Invitrogen) to assess the influence of fluid pressure and
shear stress.

Experimental setup

Each individual experiment was processed with a new chip to
avoid cross-contamination by residual cells/particles and were
primed with PBS buffer to remove bubbles and reduce the
adhesion between cells/particles and channel structures. All
aqueous samples were loaded into 5 mL syringes and were
injected by syringe pumps (KD Scientific, USA). The outlet ori-
fices were connected to two centrifuge vials via PTFE tubing to
collect samples and tubing length was the same to equalize
channel pressure. Microdevices were observed under a fluo-
rescence microscope (Olympus) to acquire visual cell/particle
trajectories. All captured images and videos were subsequently

This journal is © The Royal Society of Chemistry 2022
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processed using Image] software (National Institutes of
Health).

Statistical analysis

Each experiment was performed in triplicate. Data are pre-
sented as mean values + SEM (standard error of mean).
All statistical analysis was performed at p < 0.05 level of
significance.

Simulations

ANSYS Fluent 2021 R1 software was utilized to quantitatively
simulate the velocity distribution to guide the experimental
setup. To verify the enhanced effect of contraction on the sec-
ondary flow, we compared the velocity distribution in the
designed microfluidic chip and normal sinusoidal chips.
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Results and discussion

Simulation of velocity distribution in designed microfluidic
chips

All the simulations were conducted at a flow rate of 435 pL
min~" (R. = 50) which is consistent with that used in the
experiments. The Fluent model consists of sinusoidal channel
with the same geometric dimensions as the experiments. The
boundaries other than the inlet and the outlet were set as a
non-slip condition. We were particularly interested in the flow
field among three cross-sections (A-C as defined in Fig. 2).
Fig. 2b demonstrates the representative velocity distribution
along one of chip loops, in which all left sides are inner sides
and all right sides are outer sides. The results indicated that
the velocity gradient in the chip with expansions was greater
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Fig. 2 Numerical simulation of the velocity magnitude map at different three cross-sections. (a) Three cross-sections (A—C) were selected to visual-
ize the velocity magnitude along our new microdevice (i) and a normal sinusoidal microchip (ii). (b) Simulated flow field along the representative
three cross-sections (A—C). All the right sides denote the outer wall of the channel. The contraction focuses the flow, increasing the Dean flow due
to the decrease in hydraulic radius. (c) Comparison of the velocity distribution in the new sorter compared to an unmodified channel. Each contrac-
tion structure focuses flow velocity, resulting in a higher gradiate of Dean flow across the channel (perpendicular to the driven flow axis).

This journal is © The Royal Society of Chemistry 2022
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than that in the regular sinusoidal channel (as shown in
Fig. 2¢). This is expected due to the contraction of the hydrau-
lic radius and subsequent increase in Dean flow. Compared
with normal sinusoidal channel where Dean flow at cross-
section A-C show similar velocity profile, an enhanced velocity
gradient could be generated when the fluid flow through the
contractions.

Flow rate optimization

Different width of contractions (W = 160, 140, 120, and
100 pm) were formed on the base channel and polystyrene
beads (~3.6 x 10° particles per mL) were prepared and injected

Midstream

Upstream

100 pm

contraction

Basc channcl

Upstream

100 um

contraction

Base
channel
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inside our sorter at 435 pL min~"' (R, = 50). Fig. 3 shows two
differently sized particle distributions at representative
locations. All particles showed similar trajectories, which is
spreading randomly upstream but exhibiting a focusing effect
started from the midstream and flowing strictly to the corres-
ponding outlet in the end. As shown in the Fig. 3 with each
contraction, the equilibrium positions of small particles move
closer to the sidewall of the channel and focus as a line flowing
through outlet II, and large particles move closer to the center-
line flowing through outlet I. It is notable that 4 pm particles
formed two clear streaks near the sidewall of the channel for
120 and 100 pm contraction structure and a small fraction of

Downstream Outlet

Fig. 3 Fluorescence microscopic images of 4 and 13 pm particles undergoing inertial focusing in 5 different channel designs with various contrac-
tions at different positions (upstream, midstream, downstream and outlet) of the sorter at 435 pL min~* (R, = 50). (a) Fluorescence images of 4 pm
particles at representative positions. (b) Fluorescence images of 13 um particles at different positions. Scale bar is 500 pm. Diameter-based focusing

is clearly observed.
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residual particles were not able to be focused using 160, 140 pm
contractions and base curved channels. No obvious focusing
differences but a relatively thinner streak was observed for
13 um particles using narrower contraction structure.
Experimental results demonstrated and proved that narrower
contractions can introduce a more pronounced secondary flow
as expected. Therefore, sorters with 100 um contractions were
chosen for subsequent particle and cell separation studies.

Flow rate optimization was also studied using 4 and
13 pm polystyrene beads and a figure of particle focusing
using flow rate (435 pL min~* (R, = 50), 522 pL min* (R, =
60) and 609 pL min~' (R, = 70)) was provided in ESI (ESI
Fig. S3). Two sized polystyrene beads exhibited identical tra-
jectories with two particle trajectories shown in Fig. 3 over
the entire velocity range. 4 um particles focusing on two
streaks and exit from the two side channel and 13 pm par-
ticles focusing on centerline and exit from the middle outlet.
Under the microscope, this behavior was not affected by the
velocity but was only determined by the interaction between
the contraction-induced Dean drag force and lift force. When
the flow rate was higher than 698 pL min™" (R. = 80), the
back pressure resulted in some of the chips leaking.
Therefore, considering the throughput cancer cells can stand
and chip leaking, the flow rate was set up to 609 pL min "
(Re = 70) for achieving good separation efficiency and high
throughput without leakage.

Characterization of polystyrene particles separation
performance

We then applied 4 and 13 pm PS particles to characterize the
separation effectiveness of our sorter. Samples were prepared
following the procedure described in Experimental section
and injected into sorters at the optimized 609 pL min~" flow
rate (ESI Videos 1 and 27}). The recovery ratio and purity of the
particles collected from each outlet were calculated to quanti-
tatively evaluate the performance and defined as,

Number of target particles in each outlet

Recovery ratio = - -
v Number of target particles in all outlet

(7)

Number of target particles in each output
Total number of particles in each output

Purity = (8)

Collected particle were also characterized by flow cytome-
try and data is shown in Fig. 4a. After a single sorting pass,
96.8% of 13 pm particles can be recovered and 92.0% of
4 um particles were removed. Fig. 3b demonstrates the fluo-
rescence microscopy images of collected samples from inlet,
outlet I and outlet II. After conducting three parallel experi-
ments, over 96.5% of the particles collected from middle
outlet (outlet I) are 13 pm particles, while over 92.2% of the
particles in the outside outlet (outlet II) are 4 um particles.
A small number of particles will exit from outlet I and
cannot be focused due to the inevitable particle-particle col-
lision in microscale channels. Cascade chips would be
needed to achieve simultaneous separation of multiple par-
ticles in future chip designs.

This journal is © The Royal Society of Chemistry 2022
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Characterization of cell separation performance

We next characterize the cell separation performance of our
sorter by spiking ~10° counts per mL (~2.0% of all cell
numbers) A549 cancer cells (cell diameters and distributions
were measured and summarized in ESI Table S17) into diluted
blood samples (4 x 107 counts per mL). All blood samples were
2 mL prepared following the description in the Experimental
section and pumped through the sorter at 609 pL min™". Other
than spiked cancer cells, the rest of the cell populations in the
cell sample were mainly red blood cells (~6-8 um), white
blood cells (~10-15 pm).®*> As the average size of blood cells
are smaller than the cancer cells, so cancer cells can be theor-
etically focused at the central channel whereas blood cells can
be focused near the sidewall on the basis of differential focus-
ing principle along the channel’s cross-section.

The bright-field images illustrated in Fig. 5a and b shows
the cell trajectory at two different locations (midstream and tri-
furcated outlet) and a separation movie can be found in ESI
Video 3.t At the start of the sorter, blood samples spiked with
A549 cells distribute randomly along the channel’s cross
section. After passing through several repeating units, most of
the tumor cells can be focused at the center of the channel
which forms the visualized middle streak, and the majority of
red blood cells in addition to the relatively lower amount of
WBCs can be focused near the wall and flow towards the side
wall, forming the two side streaks. A significant amount of
space (~50 pm) were observed between the trajectory of middle
streak and two sidewall streaks. As shown in Fig. 5b, smaller
blood cells and larger A549 cells will be directed into the cor-
recting outlets after the complete inertial focusing. Fig. 5c and
e illustrate the photograph and microscopic images of the orig-
inal cell mixture and collected samples from two outlets. Input
cell mixture contained stained cancer cells at a preset ratio
around 2% with reference to all cells. Large amount of red
blood cells exiting from outlet II lead to the collected sample
appearance qualitatively matching the input sample. From
Fig. 5e, high ratio of tumor cells can be easily obtained using
our sorter, which could be coupled to next generation bioinfor-
matic analysis.

Separation efficiency and purity were calculated to quanti-
tatively assess the sorter performance. Fig. 5d illustrates the
percentage of both tumor cells and blood cells in inlet and
outlets, the percentage in each outlet can be regarded as the
recovery ratio of specific cells and the blood cell percentage in
outlet II can stand for the sorter removing ratio of blood cells
as well. After a single sorting process, 86.7% of A549 cells
could be recovered compared with the original input sample.
Due to the unavoidable cell-cell collision at high cell concen-
tration, a small portion of blood cells were also collected from
outlet I, as indicted by the recovery ratio of 13.7% in outlet
I. The average purity of isolated A549 cells from outlet I were
measured and can reach 28.3%, representing over 14-fold
purity enrichment.

High-reliability is also another feature of our sorter other
than high-recovery ratio. After the inertial sorting process, no
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Fig. 4 (a) Flow cytometer scatter plots (forward vs. side scatter (FSC vs. SSC)) collected from inlet and two outlets with the corresponding bar
graphs illustrated the particle proportions at the optimized 609 uL min™ flow rate. 4 pm particles occupied 73.5% of all particle numbers and 26.5%
of particles are 13 um particles in inlet mixture. After a single sorting, 96.8% of 13 um particles could be recovered from outlet | with 8.0% 4 pym par-
ticles while 92.0% of 4 um particles were removed from outlet Il with 3.2% of 13 pm particles. (b) Microscopic images of 4 ym particles sampled
from inlet, outlet | and outlet Il (top-right corner images are fluorescence images of 13 pm particles). Scale bar is 20 um.
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Fig. 5 Separation of A549 lung cancer cells using inertial sorting devices with 100 um contractions. (a and b) Bright field images of three trajectory
streaks at the downstream and trifurcated outlet for A549 cell separation. Red blood cells and most leukocytes (having size difference with tumor
cells) were collected in outlet Il while cancer cells and a small fraction of leukocyte were collected in outlet I. The flow rate was 609 pL min™t (R, =
70). Scale bar is 50 ym. (c) Photograph of the samples collected from inlet, outlet | and outlet Il. (d) Percentage of tumor cells and blood cells in
inlet and each outlet. (e) Microscopic images of the samples collected from inlet, outlet | and outlet Il. Fluorescence images of stained tumor cells
under fluorescence were inset at the top-right corners of each image for visualization. Scale bar is 20 ym.

Fig. 6 (a—d) Microscopic images of the re-cultured tumor cells 12, 36, 72 and 96 h. Scale bar is 50 um. (e) 96 h cultured A549 cells were stained
with Pl and fluorescence cells are dead cells and were circled. (f) 96 h cultured A549 cells were stained with Hoechst for comparison purpose with
graph e (same position with picture taken for graph (e)).

clogging or leaking was observed even processing the sample Cell viability test

with this high concentration and high flow rate, demonstrat-

ing the potential of this sorter to be employed for size-based Intact, viable cancer cells are required for further downstream
and label-free separation of various adherent cancer cells in analysis. Therefore, cell viability tests were conducted to evalu-
clinics. ate the effects of high fluidic pressure, cell interactions, and
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Table 1 Analysis of clinical plasma samples

EpCAM + in CD71 +in
Analysis EpCAM + separated separated
(hemacytometer) in plasma plasma plasma
1 1 2 2
2 0 0 0
3 0 0 4
4 0 0 0
Total cells per pL 10 20 60

Note: CD71+ cells were not detected in the whole, unprocessed blood
plasma.

shear stress. 2 mL cell samples were prepared without any
fluorescent staining and pumped into the device. The target
cancer cells were then harvested from outlet I and re-cultured
for 12, 36, 72, and 96 h. Microscopic images of the re-cultured
cells are shown in Fig. 6 at different time scales. The cell mor-
phologies and viabilities were consistent with the A549 cells
cultured in the original flasks, demonstrating that the sorter
presented in this work has a negligible influence on cancer
cell functionalization and collected cells can be re-cultured
according to following generation research. The 96 h cultured
cells were also characterized by PI and Hoechst. As shown in
Fig. 6e, 93.8% of the cells maintained the desired proliferation
capacity and viability after separation while normal cultured
cancer cells (which were used as control, ESI Fig. S4f) can
maintain 94.2% cell viability after cultured 96 h under the
same condition.

Isolation of cancer cells from patient blood plasma

Blood plasma from a breast cancer patient is shown in Table 1.
The blood plasma was diluted 10x in phosphate buffered
saline to reduce sample viscosity but was otherwise unaltered.
Samples before and after separation were stained with fluo-
rescent antibodies for EpCAM or CD71 and measured via a
hemacytomer.>**** The fluid collected in Outlet 1 was
stained and tested in an identical manner. The number of
cells observed is consistent with the low cell concentration and
the small volumes measured via hemacytometer. As seen in
the pre-separation, the label-free separation showed a 20x
enrichment, when factoring in dilution. While a preliminary
step, this shows our chip utility for the analysis of clinical
samples.

Conclusion

In this work, we present a totally passive inertial microfluidic
cell sorting device with a base serpentine channel and inte-
grated periodic contraction with repeating units to realize
efficient, stable, high-throughput, and label-free tumor cell
separation using a relatively small-diameter adherent cancer
cell line (A549 lung cancer cell line). We first verified the con-
ceptual design, and then we characterized the chip perform-
ance with polystyrene particles and high concentration cells.

4544 | Analyst, 2022, 147, 4536-4546
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Characterization results show that over 96.5% and 92.2% of
13 pm particles and 4 pm particles can be recovered respect-
ively and greater than 86.7% recovery ratio is achieved with a
target cell purity of 28.3% which is relatively low but accepta-
ble and inescapable due to the unavoidable cell-cell collision
especially at this high-flow rate. All cells were recovered with
excellent viabilities and can be re-cultured for different kinds
of biomedical research and downstream disease diagnosis.
Then, our sorter was applied to separate rare tumor cells from
whole blood with over 91.3% blood cell removal and 85.6%
average tumor cell recovery ratio. Over 10° enrichment factor
by spiking 1000 tumor cells in 1 mL diluted whole blood was
realized. Finally, to investigate the influence of WBCs, we
demonstrated the sorter is able to separate rare tumor cells
from relatively high concentration WBCs at a good perform-
ance with 97.4% recovery ratio.
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