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Abstract
Particle/cell washing is an essential technique in biological and clinical manipulations. Herein, we propose a novel
circular contraction–expansion array (CCEA) microdevice. It can be directly connected to a needle tip without
connection tubes. Its small size and centrosymmetric structure are beneficial to low sample consumption, high
connection stability, and a wide application range. Computational fluid dynamics (CFD) simulation results show that
the CCEA structure can produce a stronger Dean flow and lead to faster particle/cell focusing than the circle structure
and CEA structure with the same length. Experimentally, an optimal flow rate ratio of 1:3 and an optimal total flow rate
of 120 μL/min were found to ensure a stable fluid distribution. Under these conditions, rapid focusing of 10–20 μm
particles with high efficiencies was achieved. Compared with a normal CEA device using tubes, the particle loss rate
could be reduced from 64 to 7% when washing 500 μL of a rare sample. Cell suspensions with concentrations from
3 × 105/mL to 1 × 103/mL were tested. The high cell collection efficiency (>85% for three cell lines) and stable waste
removal efficiency (>80%) reflected the universality of the CCEA microfluidic device. After the washing, the cell
activities of H1299 cells and MCF-7 cells were calculated to be 93.8 and 97.5%, respectively. This needle-tip CCEA
microfluidic device showed potential in basic medical research and clinical diagnosis.

Introduction
Cell washing is a basic biotreatment technology and is

widely used in cell identification, culture, and analysis1–3.
It transfers cells from an original fluid to a new fluid,
removing metabolic waste, cell debris, or other unwanted
solutes. During cardiomyocyte proliferation, it is used to
replenish nutrients4. In hemolysis assays of antimalarial
drugs, it is used to collect washed human erythrocytes5. In
flow cytometry, it is used to reduce background inter-
ference6. The most common method for cell washing is
centrifugation. Although the reliability and efficiency of
centrifugation are high, evidence shows that high shear
rates and centrifugal forces can potentially result in cell
damage7,8. Some shear-sensitive microalgae can be
damaged by residence in the pellet and the g-force
applied9. The surface properties of staphylococcus can

also be altered by centrifugation10. Centrifugation is also
inefficient in that 27–30% of the cells are lost during the
removal process11,12. In addition, it is discontinuous and
time-consuming.
Compared with centrifugation, microfluidic techniques

can manipulate cells and beads in a continuous, sample-
saving, and low-stress way13,14. The basis of microfluidic
cell washing is the precise control of particles and fluids.
In inertial microfluidics, particle manipulation can be
achieved with a small apparatus and simple opera-
tion15,16. Gossett et al.17 proposed a co-flow system in a
straight channel for particle transfer based on the inertial
lift force FL. Particles migrate across laminar streams and
enter a new solution without significant disturbance of
the interface. Zhou et al.18 built a blood–buffer system
and enriched leukocytes (which migrate faster than red
blood cells) from undiluted whole blood. Dean flow—the
secondary flow induced in curving channels—is a well-
known inertial effect due to the momentum mismatch of
fluid parcels at different cross sections of a channel as
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these parcels pass around a curve19. The particles in
Dean flow are driven by the Dean drag force FD; this
force can enhance the lateral migration of particles and
alter inertial focusing equilibrium positions. Many
excellent works have been produced by researchers that
provide guidance on the structure design and operation
setting. Sun et al.20 reported a double spiral microfluidic
device for tumor cell separation from diluted whole
blood. The radius of the structure was 9 mm. Hou et al.21

described a co-flow microfluidic device to isolate bac-
teria from whole blood in a spiral channel. With a total
length of ~10 cm, the large cells were focused in a band
that occupied half the width of the channel. Yin et al.22

utilized an eight-loop spiral microchannel device to
separate culture-expanded mesenchymal stem cells.
Particles with different diameters were focused at a
particular flow rate. Johnston et al.23 demonstrated a
5-loop spiral microchannel for manipulating particles.
The radius of the device was only 3 mm, and different
particles were focused at different positions. Bhagat
et al.24 described a passive microfluidic device with a
five-loop spiral microchannel geometry for particle
separation. The focused particles were always close to
the inner wall with limited lateral migration. In addition
to the use of curvature, the introduction of disturbance
obstacles into straight channels induces convective sec-
ondary flow25. Typically, the contraction–expansion
array (CEA) structure is widely used by many research-
ers. Wu et al.26 presented a symmetrical CEA micro-
channel for continuous particle and blood cell
separation. The large and small particles were focused on
the centerline and near the sidewall, respectively. Based
on similar CEA structures, many researchers have
focused and separated particles and cells27–29. Lee et al.30

reported an asymmetrical CEA microfluidic device with
sheath flow. The particles initially introduced at the
expansion side were entrained in the direction of the
counterrotating vortex by the Dean flow at each entrance
of the contraction region, which resulted in the migra-
tion of particles toward the straight side. Only small
particles migrated toward the straight side, while large
particles focused close to the expansion side. In addition,
Shen et al.31 designed a spiral microchannel with ordered
micro-obstacles for continuous particle separation. The
micro-obstacles could accelerate the secondary flow,
which enhanced the particle focusing in time and space.
Gou et al.32 presented a spiral channel with periodic
expansion structures on the outer wall. The large parti-
cles were focused on the centerline, and the small par-
ticles were focused at two positions close to sidewalls.
On the basis of particle focusing, a microfluidic techni-
que has the potential to be modified for cell washing,
provided that particles can migrate from the sample to
the sheath fluid in a stable co-flow system.

The structures of microchannels also affect the con-
nection stability and sample consumption. For non-
centrosymmetric straight CEA and serpentine channels,
when a needle is perpendicular to the channel, a canti-
lever structure is formed by the channel and the needle33.
This cantilever structure subjects the needle to large
bending stress, which reduces the connection stability.
When the needle is parallel to the channel, the length of
the channel reduces the connection stability. Yun et al.34

presented a mechanical cell lysis chip. The device was
~20mm and required a Luer adapter to connect to the
syringe. When this microfluidic device is directly con-
nected to the needle instead of the syringe, the needle is
easily bent due to insufficient stiffness. Song et al.35 pre-
sented a microfluidic method for size-based cell sorting. It
was obvious that the device deformed due to the length.
In contrast, central symmetry could efficiently improve
the stability of the device. Pauli et al.36 developed a cen-
trosymmetric lab-in-a-syringe (LIS) for the immunosen-
sing of biomarkers. Xiang et al.37 proposed a
centrosymmetric syringe flow stabilizer for hand-pow-
ered, precise, continuous-flow microfluidic sample injec-
tion. A summary of the literature is shown in Table 1.
Although many inertial microfluidic devices have shown

their potential, there are still many challenges to the rapid
cell washing of rare samples. First, it is necessary to fur-
ther optimize the size of the microfluidic device. A short
channel length and small size are beneficial to miniatur-
ization and integration. In addition, the distance between
the particle focusing position and sample solution should
be as large as possible. Considering the nonuniformity of
the cell size, the greater the distance is, the higher the
washing purity. Finally, directly connecting the washing
device to the needle tip is of great significance. Removing
tubes can efficiently reduce dead volume. Take a tube
with a radius of 0.75 mm and a length of 200mm as an
example. After processing, the sample remaining in the
tube reaches 0.4 mL. If the sample is only 1–2 mL, such a
loss may be unacceptable. A direct connection can also
improve clinical applicability. It is common for operators
to acquire samples with needles. If they can wash cells
immediately with the initial needle instead of changing to
another tube, the operational difficulty, time, and risk of
sample contamination can be reduced. The critical para-
meters for judging whether a microchannel can be used
on the needle tip are the central symmetry and device size.
A centrosymmetric structure and a small size can make
the device more stable during connection and application.
The size refers to those of commonly used syringe filters,
whose radii are 2, 6.5, 12.5, and 16.5 mm when the
volumes of the sample are <1, 1–10, 10–100, and >100 ml,
respectively. Thus, we confirm that the radius of the
microfluidic device is expected to be less than 6.5 mm
when handling rare samples.
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In this paper, we propose a circular contraction–expansion
array (CCEA) microfluidic device to achieve cell washing
on a needle tip. This CCEA structure combines curve
structure and CEA structure to strengthen the Dean flow.
In this way, rapid particle focusing can be realized after
only one loop. Its small size (the radius is only 3 mm) and
centrosymmetry allow it to be directly connected with a
needle tip, which may reduce sample consumption and
simplify operations. The fluid distributions were demon-
strated under different flow rates and flow rate ratios. The
lateral focusing performances and collection efficiencies
(the ratio of target cells collected at the target outlet to
both outlets) of particles of different sizes were analyzed.
Based on particle investigations, this CCEA microfluidic
device was applied to washing three cancer cell lines. The
cell collection efficiency and waste removal efficiency
were measured by flow cytometry. The cell viability and
proliferation after the experiment were observed and
recorded. Such a needle-tip device can reduce sample
waste and shows advantages in high-precision micro-
fluidic technology.

Materials and methods
Ethics statement
All experiments were performed in accordance with the

relevant guidelines set by the National Health Commis-
sion of the People’s Republic of China and approved by
the ethics committee at Tianjin Medical University
(Tianjin, China). Informed consent was obtained from
human participants in this study.

Preparation of samples
For particle suspensions, polystyrene (PS) particles

of 5, 10, 15, and 20 μm (2.5 wt%, BaseLine Chromtech
Research Centre, China) were diluted in phosphate-
buffered saline (PBS). Their concentrations were
1 × 106/mL, 1 × 105/mL, 1 × 105/mL, and 1 × 105/mL,
respectively. Under such concentrations, particles were
monodispersed. To prevent particle aggregation, the
surfactant Tween 20 (Solarbio Life Sciences, Beijing)
was added to the suspensions at 0.02 w/v%. For cell
samples, three human carcinoma cell lines, H1299, MCF-
7, and U-2932 (all provided by Tianjin Tumor Hospital,

Table 1 Summary of the literature for particle focusing under Dean flow

Author (year) Structure Device size Particle/cell size Efficiency Suitability for needle tip

Sun20 (2012) Double spiral Radius: 9 mm 5 μm 99.66% Moderate

15 μm 92.75%

Hou21 (2015) Spiral Radius: >15 mm RBCs N/A Moderate

Kuntaegowdanahalli51 (2009) Spiral Radius: >10 mm 10/15/20 μm ~90% Moderate

Yin22 (2018) Spiral Radius: 12 mm 17–21 μm N/A Low

Johnston23 (2014) Spiral Radius: ~3 mm 1.0 μm ~25% Low

2.1 μm <87%

3.2 μm <93%

Bhagat24 (2008) Spiral Radius: 4.4 mm 7.32 μm ~100% Moderate

Bhagat24 (2011) CEA Length: >15 mm MCF-7 cells ~80% Low

Lee30 (2013) CEA Length: >20 mm Cancer cells 99.1% Low

Blood cells 88.9%

Zhang52 (2013) CEA Length: 31 mm 4.8/9.9 μm N/A Low

Wu26 (2016) CEA Length: 45 mm 5.5 μm 92.8% Low

9.9 μm 98.3%

RBCs 99.8%

WBCs 89.7%

Shen33 (2017) Spiral-obstacles Radius: >8.5 mm 7.3 μm 90.9% Moderate

9.9 μm 98.6%

15.5 μm 99.8%

Gou32 (2020) Spiral-CEA Radius: >6.5 mm MCF-7 cells 93.5% High

HeLa cells 89.5%

A549 cells 88.6%

This paper CCEA Radius: 3 mm 5 μm 57.3% High

10 μm 82.6%

15 μm ~100%

20 μm ~100%

H1299 cells 90.6–94.3%

MCF-7 cells 93.0%

U-2932 cells 85.0%
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Tianjin, China), were used. The concentrations of H1299
cells were set to 3 × 105/mL, 1 × 104/mL, and 1 × 103/mL.
The concentrations of MCF-7 cells and U-2932 cells were
1 × 104 and 1 × 105/mL, respectively. Cells were mixed
with fluorescent particles (BaseLine Chromtech Research
Centre, China) in PBS. The concentration of exosomes
was determined according to the previous work of other
researchers. Xu et al.38 showed that an ExoPCD chip can
efficiently capture tumor-derived exosomes. The range of
exosome concentrations varied from 7.61 × 104 to 7.61 ×
108/mL. Qian et al.39 presented a simple platform for
rapid exosome concentration and in situ detection of
exosomal microRNA. The exosome concentrations used
in the experiments were 5 × 106/mL and 1 × 107 mL. Zhao
et al.40 successfully detected exosomes for ovarian cancer
at a concentration of 7.5 × 105/mL. Vaidyanathan et al.’s
nanoshearing technique could specifically detect exo-
somes from breast cancer patients at a concentration of
2.8 × 106/mL41. Thus, the concentration of exosomes in
our work was set to 3 × 105/mL. Thus, the ratios of cells to
insoluble wastes were ~1:1, 1:30, and 1:300.

Device design and fabrication
The CCEA microfluidic device had two inlets (Inlet 1

for sample and Inlet 2 for sheath fluid) and two outlets
(Outlet 1 for the target particles and Outlet 2 for the
waste fluid), as shown in Fig. 1. The main structure of
the device was a circle channel with 50 repeated
contraction–expansion elements. The radius of this
circle was only 3 mm. The cross section of the main
channel was rectangular (100 μm in width). The
dimension of the concentration–expansion elements
was a semicircle with a radius of 100 μm. The uniform
depth of the channel was 40 μm. The CCEA microfluidic
device was fabricated by soft lithography techniques
using polydimethylsiloxane (PDMS)42,43.

Separation setup and image analysis
All fluids were transferred to syringes and then injected

into the CCEA microfluidic device using syringe pumps
(Legato 100, KD Scientific, America). All experiments
were performed on both needles and glass slides. For the
experiments on glass slides, the device was placed onto an
inverted microscope (IX73, Olympus, Japan) for obser-
vation. Brightfield images were captured by a high-speed
camera (Fastcam Mini AX100, Photron, Japan), and
fluorescent images were captured by a CCD camera (WY-
600D, VIYEE, China). The images were postprocessed and
analyzed using ImageJ software (National Institute of
Health, Maryland).

Flow cytometry analysis
To determine the cell collection efficiency and waste

removal efficiency, samples at the inlet and outlets were

collected and analyzed using a flow cytometer (FACSAria
III, BD Biosciences, USA). The H1299 cells were stained
with DAPI (Solarbio Life Sciences, China), while the
500 nm particles contained fluorescent dye (excitation
wavelength 488 nm, emission wavelength 518 nm). A
375 nm laser was used to excite DAPI fluorescence, which
was detected at 450 ± 20 nm. A 488 nm laser was used to
excite particle fluorescence, which was detected at 530 ±
30 nm (same as FITC). The flow cytometer measurement
was considered complete when the total number of ana-
lyzed cells reached 10,000. The data were analyzed with
the software FlowJo (TreeStar, San Carlos, CA, USA).

Results and discussion
Comparison with the circle structure and CEA structure
CFD simulation (ANSYS Fluent 17.0) was used to

investigate the velocity distributions in our CCEA struc-
ture, the circle structure, and the normal CEA structure.
The total flow rate was set to 120 μL/min, consistent with
that used in the following experiments. With the same
inlet condition and the same cross-sectional area, the
velocity distribution on the X-axis of the three structures
was basically the same. The contour of the velocity u (the
velocity on the Y-axis) is shown in Fig. 2. In all three cases,
the fluid parcels in the channel center flowed toward the
inner wall and then flowed back close to the upper and
lower walls. It was obvious that the CCEA structure can
produce a much stronger Dean flow. Furthermore, we
compared the velocity u at the measurement point (10 μm
to the upper wall and 20 μm to the inner wall). The
velocity u in our CCEA structure was 11.7 × 10−3 m/s, as
shown in Fig. 2a. However, the values were only 0.014 ×
10−3 m/s and 3.4 × 10−3 m/s in the circle structure
(Fig. 2b) and the CEA structure (Fig. 2c), respectively. The
enhanced Dean flow could accelerate the lateral migration
of particles to equilibrium positions and reduce the
required channel length (Lf).
The inertial migration of particles in our CCEA struc-

ture is dominated by the competition of the inertial lift
force FL and the Dean drag force FD. The inertial lift force
FL comprises the shear gradient lift force and the wall lift
force, inducing the lateral migration of particles toward
equilibrium positions between the channel centerline and
channel walls. This can be expressed as:44

FL / ρsU
2
maxa

4=D2
h ð1Þ

where ρs is the density of the sample, Umax is the
maximum flow velocity, a is the particle diameter, and
Dh= 2wh/(w+ h) is the hydraulic diameter, with w and h
being the width and height of the straight channel,
respectively. The Dean drag force FD is due to the
difference between the particle velocity and fluid velocity
in the cross-sectional plane. It can be calculated by the
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Stokes drag law:45

FD ¼ 3πη0a vf � vp
� � ð2Þ

where vf and vp are the lateral velocities of the fluid
elements and particles in a cross-sectional plane,
respectively.
The lateral focusing performance was validated using

15 μm PS particles in the three structures: the CCEA,
circle, and CEA. (Fig. 3). The flow rates of the sample
and sheath fluid were 90 and 30 μL/min, respectively.
The particle distributions were observed and analyzed at
the end of the main channel. In the CCEA structure, the
15 μm particles initially close to the outer wall were
focused on two lines. This means that the inertial lift
force FL and the Dean drag force FD were balanced at
two positions on the Y-axis. Both equilibrium positions
were close to the inner wall, which showed the sig-
nificant contribution of FD to lateral migration. However,
the particles were focused on a single line at the cen-
terline in the circle structure and the CEA structure. The
focusing position was similar to that in a straight chan-
nel, which showed that the FL dominated the lateral
migration with negligible influence by the FD. Therefore,
the CCEA structure could generate a larger FD for par-
ticles than the circle and CEA structures. Based on the

larger FD, the migration distance of the 15 μm particles
increased toward the inner wall in such a short channel
length. As a comparison, in the circle or the CEA
structure, the migration distance was approximately half
of the channel width.

Flow rate and flow rate ratio
For a clear presentation of the fluid distribution and the

interface, fluorescein 2Na (Solarbio) was dissolved in DI
water at a concentration of 50 μg/mL. The sample (with
fluorescein sodium) and the sheath fluid were injected
from inlet 1 and inlet 2, respectively. The flow rate ratio
(defined as the ratio of the volumetric flow rate of the
fluid at inlets 1 and 2) was adjusted based on a flow rate of
30 μL/min for the sample. The fluorescent imaging area
was located at the end of the CCEA channel. The Rey-
nolds number, Re, is defined as the ratio of the inertial
force to the viscous force:

Re ¼ ρDhV
η

¼ 2ρQ
η wþ hð Þ ð3Þ

where Dh= 2wh/(w+ h) is the hydraulic diameter, with w
and h being the width and height of the contraction
elements; V is the maximum fluid velocity in the
contraction elements; η0 is the viscosity of the fluid; and
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Fig. 1 Schematic of cell washing using a CCEA microfluidic device. a The main steps of cell washing using a CCEA microfluidic device. b The
structure of the CCEA microfluidic device. The device consisted of two inlets, two outlets, and 50 repeated contraction–expansion elements. The
sample and sheath fluid were injected into the device from inlet 1 and inlet 2, respectively. After the washing, the unwanted wastes and the target
cells were collected at outlet 1 and outlet 2, respectively. c Photograph of the CCEA microfluidic device. The radius of the device was only 3 mm.
d Photograph to illustrate the connection configuration.
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Q is the total flow rate. In Fig. 4a, the flow trajectory of the
sample is the green part, where the shade indicates the
concentration. The area between the sample and the inner
wall is the sheath fluid. When the flow rate ratio was 1:1
(Re≈29), the sample layer was too wide at the front of the
channel, which led to excessive dispersion at the end. By
increasing the flow rate ratio to 1:2 (Re≈43) and 1:3
(Re≈57), as shown in Fig. 4b, c, respectively, the dispersion
of the sample layer gradually decreased. It flowed through
the whole channel in a steady narrow width. The fluid
flowing out from outlet 1 was a mixture of the sample and
the sheath fluid, while the fluid flowing out from outlet 2
was only sheath fluid. When the flow rate of the sample
was increased to 50 μL/min and the flow rate ratio was 1:3
(Re≈95), as shown in Fig. 4d, the sample layer was no
longer close to the outer wall but flowed out from both

outlets. This occurred because the higher total flow rate
strengthened the Dean flow in the cross section. Thus, the
optimal total flow rate of 120 μL/min and flow rate ratio
of 1:3 were used in further experiments. Under these
conditions, the fluid collected from outlet 2 was only
sheath fluid, so this has the potential to be used for
particle/cell washing.

Particle focusing
Based on the flow rate ratio of 30: 90 μL/min, particles

with four different diameters were tested in our CCEA
microfluidic device. The initial numbers of 5, 10, 15, and
20 μm particles to be separated were 5 × 105, 5 × 104, 5 ×
104, and 5 × 104, respectively. The volumes of all particle
samples were 500 μL. The collection efficiency (the ratio of
particles collected at outlet 2 to both outlets) was calculated
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to evaluate the focusing performance. All calculations
were repeated more than three times and averaged. The
competition between the inertial lift force FL and the
Dean drag force FD determined the lateral migration of
particles. When the particle diameter was 5 μm, as shown
in Fig. 5a, a focusing position was generated close to the
inner wall. However, according to calculations, the 5 μm
particles collected at outlet 2 accounted for only 57.3% of
the total. Such a small particle size led to poor focusing
performance due to the weak FL. When the particle dia-
meter was 10 μm, as shown in Fig. 5b, the particles were
focused on a wide line close to the inner wall. Approxi-
mately 82.6% of the particles could be collected at outlet
2. Being more susceptible to the particle diameter (the FL
is proportional to the fourth power of the diameter of the
particles, while the FD is proportional to the diameter), the
FL contributed more to the lateral migration of the 10 μm
particles. When the particle diameter was 15 μm, as
shown in Fig. 5c, there were two focusing lines (an inner
line and a less-inner line) entering outlet 2. The collection
efficiency was nearly 100%. At this time, FL and FD were
similar in magnitude. The particles on the inner focusing
line were more affected by the FD, while the particles on
the less-inner focusing line were more affected by the FL.
When the diameter was 20 μm, as shown in Fig. 5d, the
particles were focused in a line closer to the centerline. As
the particle size increased, FL exerted a greater effect on
the particle migration. Fortunately, the FD generated by
our CCEA structure was still efficient enough to drive all
particles to flow out from outlet 2. The lateral positions of
different particles are shown in Fig. 5e. The narrow peaks
of the 10–20 μm particles mean that they were focused in
this CCEA structure. The collection efficiencies of dif-
ferent particles are shown in Fig. 5f.

In addition to the rapid focusing in such a short
channel, another advantage of the CCEA device was low
sample consumption. We conducted a comparative
experiment between the CCEA device and the normal
CEA device. As shown in Fig. 6a, the CEA device, like
most microfluidic chips, was bonded with glass slides
and needed two tubes for sample input and output.
The radii of the tubes were 0.75 mm, and their lengths
were 100 mm. The CCEA device was small enough
to be directly connected with needles for sample
input and output. The radius of the needle was 0.2 mm
and its length was 28 mm. The size of both micro-
channels was small, so the particle loss could be
ignored. The initial sample volume was 500 μL. The
concentration of 15 μm particles in the sample was 1 ×
105/mL. For the normal CEA device, the amounts of
fluid consumed in the input tube and the output tube
were 225 and 190 μL, respectively. As shown in Fig. 6b,
360 μL fluid was collected at outlet 2. Under a flow rate
ratio of 1:3 for the inlets and a flow rate ratio of
1:1 for the outlets, the particle concentration of the
collection fluid was only half of the sample. Thus, the
particle loss rate could be calculated to be 64%. For
the CCEA device, the amounts of fluid consumed in the
input tube and the output tube were 30 and 3.5 μL,
respectively. After collection, 930 μL fluid was collected
at outlet 2. The particle loss rate could be calculated to
be 7%. If the target value of the collected particles was
5 × 104, the time consumption values of the CEA device
and the CCEA device were 28 and 17 min, respectively.
These results showed that the needle-tip CCEA
microfluidic device could collect target particles with
low sample consumption by efficiently decreasing the
particle loss rate.
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Cell washing
In Section 3.2, the fluid distribution showed that the

sample solution can be collected at outlet 1. In Section
3.3, the target 10–20 μm particles were focused and col-
lected at outlet 2. Thus, our CCEA microchannel showed
the capability to remove extra solution (such as staining
reagents) to realize cell washing. In addition, this device
could remove insoluble wastes. Three human carcinoma
cell lines, H1299 (average diameter ~19 μm), MCF-7
(average diameter ~17 μm), and U-2932 (average diameter
~11 μm), were mixed with 500 nm PS particles (repre-
senting waste that needs to be washed away) as samples.
On the one hand, 500 nm particles were used to trace the
sample fluid. Then, a more accurate washing efficiency
could be calculated by flow cytometry. On the other hand,
the 500 nm particles represented some insoluble wastes in
the sample. For example, extracellular vesicles are small
membrane vesicles of endocytic origin that are secreted by
most cells in culture or in body fluids such as blood, urine,
and saliva46,47. The size of exosomes ranges from 30 to
200 nm with an approximate median value of 100 nm48,
whereas the size of some large EVs ranges from 200 to
1000 nm49. In a previous study on microfluidic devices,
100 and 500 nm particles were used to represent extra-
cellular vesicles50. Thus, we chose 500 nm particles as
waste in our research. To obtain a stable fluid distribution,
a minimum flow rate ratio of 1:3 was needed. We noticed
that the diameters of the common 3mL syringe and
10mL syringe were 8.18 and 14.72 mm, respectively.
Under synchronous pushing, the flow rate ratio could be
controlled at 1:3.2 using these two syringes. Thus, the
washing process could be completed using only a double-
channel syringe pump. On the same pump, the distance
between these two syringes was so short that a common
commercial infusion tube, instead of a custom tube, was
feasible for connecting the sheath fluid and our CCEA
microfluidic device. This can reduce equipment costs
and simplify operations. Finally, the flow rates of the
sample and sheath fluid were determined to be 25 and
80 μL/min, respectively.
The migration of H1299 cells was observed in bright-

field, and the cell collection efficiency after washing was
calculated based on a flow cytometer. The volumes of all
cell samples were 500 μL. To obtain a cell trajectory in
brightfield, the concentration of H1299 was first set to 3 ×
105/mL. As shown in Fig. 7a, most cells could migrate
toward the inner wall and be collected at outlet 2. How-
ever, they could no longer be focused in a line due to their
nonuniform cell size. The flow cytometry results shown in
Fig. 7b demonstrate the proportions of cells collected at
the inlet, outlet 1, and outlet 2. In the plots of the forward
scatter (FSC) and side scatter (SSC), H1299 cells and PS
particles could be distinguished easily due to their large
size difference. In the initial sample, the ratios of H1299

cells and PS particles to the total number of cells were
70.7 and 29.1%, respectively. After the washing, this ratio
for H1299 cells increased to 95.4% in the outlet 2 col-
lection, while it increased to 84.7% for the PS particles in
the outlet 1 collection. To model rare cells, the H1299 cell
concentrations were further set to 1 × 104/mL and 1 ×
103/mL. Fluorescent signals were used to ensure gate
accuracy at such low concentrations. The flow cytometry
results are shown in Fig. 7c,d. The cell collection effi-
ciency of H1299 cells ranged from 91.9 ± 2.6 to 94.3 ±
2.5% and 90.6 ± 4.7% as the cell concentrations decreased
from 3 × 105/mL to 1 × 104/mL and 1 × 103/mL (Fig. 7e).
In addition, as shown in Fig. 8, the adherent human breast
cancer cell line MCF-7 (cell collection efficiency 93.0 ±
1.4%) and suspension human diffuse large B lymphoma
cell line U-2932 (cell collection efficiency 85.0 ± 3.3%)
were tested. The sample volumes were both 500 μL, and
the cell concentrations were 1 × 104/mL and 1 × 105/mL.
The waste removal efficiencies in all cases were ~81–84%.
The high cell collection efficiency and stable waste
removal efficiency reflected the universality of the CCEA
microfluidic device for cell washing. We also tested 1 μm
particles as wastes. However, many 1 μm particles
migrated toward the inner wall and flowed out from outlet
2. Therefore, the critical size for the particle that can be
washed in this device was 500 nm.
The cell viabilities and morphologies of H1299 cells and

MCF-7 cells after washing were investigated. As shown in
Fig. 9a, b, both H1299 cells and MCF-7 cells displayed
normal adherent growth and proliferation after 48 h. The
proliferation rates of the collected cells and untreated cells
were measured by CCK-8. The cell suspensions were
inoculated in 96-well plates. CCK-8 solution was added to
the wells at 24, 48, 72, and 96 h. The plate was incubated
for 1–4 h in an incubator. The absorbance was measured
at 450 nm using a microplate reader. As shown in Fig. 9c,
both the collected cells and untreated cells proliferated
normally. The cell activity can be calculated as:

Cell activity ´ 100% ¼ Ar � Ab

Ac � Ab
´ 100% ð4Þ

where Ar is the absorbance of a treated well that contains
collected cells, medium, and CCK-8 solution; Ac is the
absorbance of control well that contains untreated cells,
medium, and CCK-8 solution; and Ab is the absorbance of
a blank well that only contains medium and CCK-8
solution. The cell activities of H1299 cells and MCF-7
cells were calculated to be 93.8 and 97.5%, respectively.
This high cell activity showed the negligible cell damage
and high biocompatibility of the CCEA microfluidic
device. The diameters of the cells used in our experiments
were much smaller than the channel size. At low cell
concentrations, monodispersed cells could smoothly flow
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through the whole channel. In general, blockages rarely
occurred, and the performance of the device was stable.

Conclusions
We demonstrated a CCEA microchannel that realizes

continuous, rapid, and sample-saving cell washing on a
needle tip. Compared with the circle channel and CEA
channel, our CCEA microchannel can produce a much
stronger Dean flow. Under the enhanced Dean drag force,

target particles rapidly migrated from the initial outer wall
(pinched by sheath fluid) to the inner wall side. The same
particles were dominated by the inertial lift force and
focused at the centerline in the circle channel and CEA
channel. To obtain a stable fluid distribution, the critical
flow rate ratio and the critical total flow rate were deter-
mined to be 1:3 and 120 μL/min, respectively. Both a higher
flow rate and a higher flow rate ratio may cause the initial
sample layer to disperse into outlet 2 (for cell collection).
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For rapid particle/cell focusing, 57.3% of 5 μm particles,
82.6% of 10 μm particles, and nearly 100% of 15/20 parti-
cles could be transferred from the sample layer and col-
lected at outlet 2. When 500 μL of a rare sample were
treated, the particle loss rate was only 7%, whereas it was
64% in the normal CEA channel. Under an optimal total
flow rate of 120 μL/min, cell washing could be completed
in 17min. For cell experiments, H1299 cells were washed
from 500 nm particles. The flow rate ratio was controlled
by the diameters of different syringes and determined to be
25 (sample) and 80 μL/min (sheath fluid). The cell collec-
tion efficiency of H1299 cells ranged from 91.9 ± 2.6 to
94.3 ± 2.5% and 90.6 ± 4.7% as the cell concentrations
decreased from 3 × 105/mL to 1 × 104/mL and 1 × 103/mL,
respectively. The cell collection efficiencies of MCF-7 cells
and U-2932 cells were 93.0 ± 1.4 and 85.0 ± 3.3%, respec-
tively. The waste removal efficiencies of 500 nm particles
were ~81–84%. In conclusion, this extremely small-sized
CCEA microchannel can efficiently wash cells from rare
samples on a needle tip, showing potential for biological
applications.
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