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Separation of malignant tumor cells (MTCs) from large background cells in untreated malignant pleural and
peritoneal effusions (MPPEs) is critical for improving the sensitivity and efficiency of cytological diagnosis.
Herein, we proposed a cascaded elasto-inertial cell separation (CEICS) device integrating an interfacial
elasto-inertial microfluidic channel with a symmetric contraction expansion array (CEA) channel for
pretreatment-free, high-recovery-ratio, and high-purity separation of MTCs from clinical MPPEs. First, the
effects of flow-rate ratio, cell concentration, and cell size on separation performances in two single-stage
channels were investigated. Then, the performances of the integrated CEICS device were characterized
using blood cells spiked with three different tumor cells (MCF-7, MDA-MB-231, and A549 cells) at a high
total throughput of 240 uL min™ . An average recovery ratio of ~95% and an average purity of ~61% for
the three tumor cells were achieved. Finally, we successfully applied the CEICS device for the
pretreatment-free separation of MTCs from clinical MPPEs of different cancers. Our CEICS device may
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1. Introduction

Pleural and peritoneal effusions refer to the abnormal
accumulation of exudate in pleural and peritoneal cavities
and are common medical problems caused by various
diseases."™ Malignant pleural and peritoneal effusions
(MPPEs) caused by metastatic malignancy significantly
deteriorate the patient functional capacity and life quality.*™®
Typically, the malignancy of pleural and peritoneal effusions
is diagnosed through manually counting malignant tumor
cells (MTCs) in effusions by an experienced clinical
pathologist.” However, the presence of a large number of
background blood cells in pleural and peritoneal effusions
significantly compromises the sensitivity of cytological
diagnosis.®® Therefore, the separation of MTCs from a large
number of background cells in MPPEs is beneficial to
improve the sensitivity and efficiency of cytological diagnosis,
which is of great importance for the diagnosis and prognosis
assessment of cancer patients.

The advent of microfluidics provides new insights into the
separation of target cells from complex background in a low-
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provide a preparation tool for improving the sensitivity and efficiency of cytological examination.

cost, user-friendly, and high-precision manner."** 1In

particular, passive microfluidic technologies'*™” utilize the
intrinsic hydrodynamic forces induced by the designed
microchannel structures to manipulate cells and thus own
the advantages of simplicity and autonomy. Passive
microfluidic technologies have been widely used for the
separation of target cells in high cell concentration samples
(such as circulating tumor cells'®>° in peripheral blood and
MTCs*'™>* in MPPEs) as it provides a high processing
throughput up to 1-5 mL min “.>*2® Currently, passive
microfluidic cell separation technologies mainly include
inertial microfluidics,>”  viscoelastic — microfluidics,*®>°
deterministic lateral ~displacement,>**** etc. The most
attention has been paid to inertial microfluidics because the
cell separation can be achieved via inertial lift force®> and
Dean drag force®® over a wide range of Reynolds numbers
(1-100). However, the previous inertial microfluidics®>° for
MTC separation found it difficult to handle samples with
high cell concentrations. To ensure separation performance,
lysis pretreatment of red blood cells (RBCs) was required
(see Table S1t), which complicated the operation. The RBC
lysis buffer may destroy MTCs, reducing the detection
sensitivity. In addition, due to the limited separation
accuracy of inertial microfluidics, the purity of the separated
MTCs remains low.

Through adding an additional elastic force®” induced by
the viscoelastic fluids, viscoelastic microfluidics can achieve
a higher cell separation precision and flexibility than inertial
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microfluidics. Compared to single-phase viscoelastic
microfluidics, interfacial viscoelastic microfluidics can

further expand the lateral distance between cells of different
sizes, thereby improving the separation performance. Li
et al.>® applied interfacial viscoelastic microfluidics for the
separation of small bacterium, and successfully achieved the
size-based separation of Staphylococcus epidermidis (S.
epidermidis) and Lactobacillus rhamnosus (L. rhamnosus) and
the shape-based separation of Escherichia coli (E. coli) and L.
rhamnosus in a simple straight microchannel. Sun et al.*
analyzed the effect of fluid media on particle separation in
interfacial microfluidics. Compared with the sole use of
Newtonian fluid or viscoelastic fluid, the co-flow system of
Newtonian fluid and viscoelastic fluid could produce a stable
elasto-inertial interface effect and improve the separation
precision. After optimizing the cross-sectional dimension of
the microchannel, they successfully realized the efficient
separation of tumor cells in whole blood.*® However, current
interfacial elasto-inertial microfluidics®®*® mainly used
polyethylene oxide (PEO) solution, resulting in low processing
throughput of 1-20 uL min™" (see Table S21). To improve the
sample processing throughput, we attempted to use
hyaluronic acid (HA) solution instead of PEO solution.*’
Compared with other interfacial elasto-inertial microfluidics,
we increased the sample flow rate by an order of magnitude
while ensuring a high recovery rate of tumor cells and a high
removal rate of blood cells. Although our interfacial elasto-
inertial microfluidic*” may handle samples with at higher cell
concentrations, cell-to-cell interactions at high cell
concentrations are still unavoidable, which may weaken the
separation performance. Therefore, multi-stage separation of
cells on a single chip may be a good strategy. In addition,
due to the heterogeneity and complexity of clinical samples,
achieving pretreatment-free, high-recovery-ratio, and high-
purity separation of MTCs from clinical MPPEs remains to be
a significant challenge.

In this paper, we developed a cascaded elasto-inertial cell
separation (CEICS) device that integrated an interfacial
elasto-inertial microfluidic channel with a symmetric
contraction expansion array (CEA) channel to achieve
pretreatment-free,  high-recovery-ratio, and high-purity
separation of MTCs from clinical MPPEs. The interfacial
elasto-inertial microfluidic channel was employed to
efficiently eliminate a significant quantity of blood cells,
while the symmetric CEA channel was utilized for the
subsequent removal of blood cells that had escaped from the
first separation stage. After investigating the separation
performances of single-stage channels, the integrated CEICS
device was applied to the separation of tumor cells from
blood cells. The experimental results demonstrated the
excellent performances of our CEICS device for efficiently
separating three tumor cells (MCF-7, MDA-MB-231, and A549
cells) with an average recovery ratio of ~95% and an average
purity of ~61%. Compared with the single interfacial elasto-
inertial microfluidic,*” our CEICS device improved the purity
of tumor cells by 2 to 4 times. Finally, we utilized our CEICS

698 | Lab Chip, 2024, 24, 697-706

View Article Online

Lab on a Chip

device to directly separate MTCs from untreated clinical
MPPEs. All five clinical MPPE samples had detectable MTCs
(45-270 cells per mL) with an average purity of ~24.62%.
Compared with the previous inertial microfluidics for MTC
separation, our CEICS device could handle samples with
higher cell concentrations (see Table S1f). In addition, a high
recovery ratio of MTCs could be achieved without the lysis of
RBCs. We believed that our method could be useful for
improving the sensitivity and efficiency of cytological
diagnosis of MPPE samples.

2. Materials and methods

2.1 Working principle

Fig. 1A shows the workflow of our CEICS device for the
pretreatment-free,  high-recovery-ratio, and  high-purity
separation of MTCs from MPPE sample. The sample fluid and
the sheath fluid containing hyaluronic acid were injected into
the two side inlets and the middle inlet of the CEICS device at
specific flow rates, respectively. The vast majority of RBCs and
WBCs were removed by our CEICS device under the elasto-
inertial effects, and then the enriched high-purity MTCs were
identified and counted by immunofluorescence staining. To
improve the separation precision, our CEICS device integrated
an interfacial elasto-inertial microfluidic channel with a
symmetric CEA channel to realize the two-stage separation of
MTCs. During the interfacial elasto-inertial separation stage,
cells were initially confined to both sides of the channel due to
the pinch effect of the sheath fluid (I in Fig. 1B), and then
gradually moved toward the fluid interface due to the inertial
lift forces induced by the walls. Since the inertial lift forces
acting on cells were proportional to their sizes, large MTCs
moved rapidly toward the fluid interface and migrated across
the fluid interface into the sheath fluid, while the small blood
cells were blocked by the fluid interface and remained in the
sample fluid. In addition, after entering the sheath fluid, the
cells were additionally subjected to the elastic force pointing
toward the channel center due to the viscoelasticity of sheath
fluid, resulting in a gradual migration toward the channel
center and a further increase in the lateral distance from the
small cells (II in Fig. 1B). However, due to the heterogeneity of
cell sizes and the collision between cells, a small part of blood
cells might also pass through the fluid interface, thereby
reducing the purity of the separated MTCs. Therefore, after the
first-stage interfacial elasto-inertial separation, the cells entering
the middle outlet were sorted again using the symmetric CEA
channel. During the symmetric CEA separation stage, cells were
subjected to the Dean drag force generated by the secondary
flow in CEA structures, as well as the combined effects of
inertial lift force and elastic force, and thus cells of different
sizes were focused toward different equilibrium positions.
Specifically, large MTCs would be focused at the channel center,
while residual blood cells were distributed near both sides of
the channel (III and IV in Fig. 1B), enabling the size-based
separation of tumor cells and residual blood cells. Using this
cascaded elasto-inertial separation device, the efficient removal
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(A) Schematic diagram illustrating the workflow of the proposed CEICS device for pretreatment-free, high-recovery-ratio, and high-purity

separation of MTCs from blood cells. (B) Schematic diagram illustrating the cell migration at different positions of the CEICS device: (I) the channel
inlet, (Il) the outlets of interfacial elasto-inertial microfluidic channel, (Ill) the CEA units, (IV) the outlets of symmetrical CEA flow channel. (C)
Structure diagram of the integrated device made of three-layer polymer films and fixtures. (D and E) Photograph of the chip (D) and the assembled

device (E).

of blood cells can be achieved, thereby improving the purity of
the enriched tumor cells.

2.2 Device design and fabrication

The microchannel of our device was composed of an
interfacial elasto-inertial microfluidic channel and a
symmetric CEA channel in series, and the heights of the both
channels were consistent and set to be 50 um. The interfacial
elasto-inertial microfluidic channel employed a wave-shaped
design scheme to reduce the footprint of the channel and its
total deployed length reached 38 mm. The symmetric CEA
channel consisted of 60 square chambers with side lengths
of 240 pm and these square chambers were connected by the
rectangular channels with a length of 260 um and a width of
50 um. To balance the flow resistance of the series-connected
symmetrical CEA channel, the waste liquid outlets on both
sides of the interfacial elasto-inertial microfluidic channel
were extended. Detailed dimensions on the microchannel
design used in this work can be found in Fig. S1.f Low-cost
and rapid fabrication of the chip was achieved using the laser
cutting of polymer films. Our device consisted of fixtures and
three layers of sequentially spliced polymer film layers (see
Fig. 1C). The material of middle channel layer used the
polysiloxane film with a thickness of 50 um, while the cover
and bottom layers were made of polyethylene terephthalate
(PET) films. Briefly, the cover layer, middle channel layer,
and bottom layer were cut into predetermined shapes by
using a UV laser cutting system (15 W, 355 nm laser source,
TH-UV200A, Tianhong) and then the three film layers were

This journal is © The Royal Society of Chemistry 2024

sequentially cleaned and bonded by using an oxygen plasma
(PDC-002, Harrick Plasma). The photograph of the fabricated
chip was illustrated in Fig. 1D. The microchannels were
made visible by injecting red ink. Finally, the chip was fixed
and compressed by two polymethyl methacrylate (PMMA)
cover and bottom fixtures and the introduction and output of
the sample were accomplished by installing conduits on the
cover fixture (see Fig. 1E). The dark red, blue, light red, and
green arrows indicate the two sample fluid inlets, the sheath
fluid inlet, the two waste fluid outlets, and the target
collection fluid outlet, respectively.

2.3 Sample preparation

Cell suspensions were prepared by mixing bloods with three
types of tumor cells, respectively. Sheath fluid was prepared
by adding hyaluronic acid (HA, Shanghai Future Industrial)
with a molecular weight of 1650 kDa to phosphate-buffered
saline (PBS, Sigma-Aldrich) buffer at a concentration of 50
ppm. Blood samples collected from healthy consenting
volunteers were diluted for 10 folds, 100 folds, and 1000 folds
with PBS to determine the effect of cell concentration on
device separation performance. Human breast cancer cells
(MCF-7 and MDA-MB-231) and human lung cancer cells
(A549) were used to mimic MTCs in clinical MPPE samples.
MCF-7, MDA-MB-231, and A549 cells were cultured in medias
(1640, L15, and F-12k, Thermo Fisher Scientific) containing
1% penicillin-streptomycin (Thermo Fisher Scientific) and
10% fetal bovine serum (Thermo Fisher Scientific) under the
condition of 5% CO, and 37 °C, respectively. After
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dissociating using 0.25% trypsin-EDTA solution (Thermo
Fisher Scientific), MCF-7, MDA-MB-231, and A549 cells were
re-suspended in PBS buffer to obtain tumor cell suspensions
with concentrations of 10* and 10° counts per mL,
respectively. To better observe the trajectory of tumor cells
and distinguish the tumor cells from blood cells, the
prepared tumor cells were fluorescently stained with calcein-
AM solution (C481, Invitgen) at 37 °C and mixed with blood
cells to simulate clinical MPPE samples.

Clinical MPPE samples were collected from cancer
patients with advanced metastatic hemangiosarcoma, lung
adenocarcinoma, lymphoma, liver cancer, and ovarian
cancer. The collection and use of blood and MPPE samples
were approved by the institutional committee of the
Institutional Ethical Committee (IEC) for Clinical Research of
Zhongda Hospital (Southeast University) under NO.
2020ZDSYLL043-Y01 and informed consent was obtained
from the both volunteers and patients. All experiments were
performed in compliance with the Chinese laws and
following the institutional guidelines. After processing
untreated clinical MPPE samples with our CEICS device,
immunofluorescence staining was applied to the collected
cells to identify target MTCs from WBCs. Briefly, all cells
were adhered to the slide by incubating the collected sample
on the adhesive slide for 30 minutes. Then, the cells were
fixed by —20 °C methanol solution for 5 minutes and blocked
with blocking solution (PBS buffer containing 3% goat serum
(Thermo Fisher Scientific), 3% bovine serum albumin (BSA,
Sigma-Aldrich), and 3% fetal bovine serum (FBS, Thermo
Fisher Scientific)) for 30 minutes. Afterwards, the cells were
incubated with Anti-Hu CD45 (Thermo Fisher Scientific)
antibody containing fluorophore and Anti-Pan Cytokeratin
(CK, Thermo Fisher Scientific) antibody containing
fluorophore at 4 °C for 12 h. Before mounting with coverslips
(Matsunami), cell nuclei were stained by adding antifade
mounting medium with DAPI (Vector Laboratories).
Therefore, target MTCs and WBCs were identified by CD45-/
CK+/DAPI+ and CD45+/CK-/DAPI+, respectively.

2.4 Experimental setup and data analysis

The prepared samples and sheath fluid were injected at
different flow rates using two syringe pumps (Legato270, KD
Scientific). The CEICS device was fixed on the platform of an
inverted fluorescence microscope (IX71, Olympus) and the
movements of cells in the channel of the device were
observed. Images of cell movements in fluorescence and
bright modes were continuously captured using a high-speed
camera (Phantom V611, Vision Research) and these discrete
images were stacked by image processing software Image]
(National Institutes of Health, USA) to illustrate the cell
movement trajectories. To characterize the separation
performance of the CEICS device, the concentrations of
WBCs and stained tumor cells in the collected liquids after
separation were measured using an automated cell counter
(Countess II FL, Thermo Fisher Scientific). The recovery ratio
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and purity of tumor cells were analyzed based on the
collected liquids from three outlets. Recovery ratio was
defined as the ratio of the number of tumor cells recovered
from the target outlet to the number of tumor cells injected
into the inlets, while purity was the proportion of tumor cells
to the total cells recovered from the target outlet.

3. Results and discussion

3.1 Understanding the separation performances of single-stage
channels

Due to the significant impact of experimental conditions
(e.g., flow-rate ratio (FR), cell concentration, and throughput)
on device separation performances, we first explored the
separation performances of single-stage channels before
testing our CEICS device. For the interfacial elasto-inertial
microfluidic channel, we first tested the effect of the FR of
sheath to sample fluids on the lateral migration of tumor
cells. The 50 ppm HA solutions and pre-stained MCF-7 cell
suspension with a concentration of 10" cells per mL were
injected into the channel at FR values of 0.25, 0.5, 1, and 2,
respectively. The total flow rate of the sheath and sample
fluids was fixed at 240 pL, min~". The fluorescence trajectories
of MCF-7 cells at the channel outlet are shown in Fig. 2A. It
was found that MCF-7 cells were collected from the middle
outlet under all FR conditions. However, for FR = 0.25 and
0.5, the wide sample flows on both sides of channel seemed
to be unfavorable for the cell interfacial separation, resulting
in a band-like focusing of MCF-7 cells at the channel center.
In addition, the low sheath flow rate could cause a part of
the sample fluids from both sides to flow into the middle
outlet, which deteriorated the separation performance. For
FR > 1, although the efficient focusing of MCF-7 cells at the
channel center were achieved, the further increase of FR
reduced the actual processing throughput of samples.
Therefore, FR was determined to be 1 for subsequent
experiments. Cell concentrations in MPPEs from different
cancer patients have a wide distribution range of 10*-10°
cells per mL. Therefore, in order to achieve pretreatment-free
separation of MPPE samples (especially bloody MPPEs), it is
necessary to ensure that our interfacial elasto-inertial
microfluidic channel can efficiently remove a large number
of background cells under high cell concentration conditions.
We next analyzed the effect of cell concentration on
interfacial elasto-inertial separation performance. The whole
blood samples with different cell concentrations (10°-10°
cells per mL) were injected into the channel, respectively. The
distributions of blood cells at the channel outlet under
different cell concentrations are depicted in Fig. 2B. It was
found that for samples with different cell concentrations, the
blood cells were well retained in the sample flow and could
be removed from the side outlets. Although a small part of
blood cells were squeezed into the sheath flow due to the
violent collisions between cells at a high cell concentration of
10® cells per mL, these escaped cells could be further
removed in the next-stage symmetrical CEA channel. The

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (A) Fluorescence trajectories of MCF-7 cells at the outlets of interfacial elasto-inertial microfluidic channel. (B) Distributions of blood cells
at the outlets of interfacial elasto-inertial microfluidic channel under different cell concentrations. (C) Fluorescence trajectories of MCF-7 cells at
the outlets of symmetrical CEA channel. (D) Distribution of blood cells at the outlets of symmetrical CEA channel.

above results demonstrated the ability of our interfacial
elasto-inertial microfluidic channel to directly remove blood
cells from samples with different cell concentrations.

Due to the diversion of the waste liquid outlets on both sides
of the interfacial elasto-inertial microfluidic channel, the
throughput of samples entering the symmetrical CEA channel
would be reduced. To ensure efficient removal of escaped blood
cells while achieving the integration design of the CEICS device,
we next investigated the optimal flow rate ranges of symmetrical
CEA channel for cell separation. The cell concentration of MCF-
7 cell suspension and blood cell suspension were set to ~10*
cells per mL and ~10° cells per mL, respectively. The MCF-7 cell
suspension and blood cell suspension were pumped into the

This journal is © The Royal Society of Chemistry 2024

symmetric CEA channel at the flow rates ranging from 40 to 180
uL min™", respectively. The fluorescence trajectories of MCF-7
cells at the channel outlets are shown in Fig. 2C. MCF-7 cells
were found to be focused at the channel center and could be
enriched from the middle outlet during the whole flow-rate
range. Meanwhile, the blood cells were focused at both sides of
the channel and could be removed from the side outlets of the
channel (see Fig. 2D). Therefore, the symmetric CEA channel
can achieve efficient separation of tumor cells and blood cells
over a wide range of flow rates. Based on the performance
characterization results of the above two channels, we set the
fluid throughput entering the symmetrical CEA channel to be
1/3 of the total throughput at the inlet.

Lab Chip, 2024, 24, 697-706 | 701
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3.2 Characterization of the separation performance of CEICS
device

Next, blood samples spiked with different tumor cells were
used to characterize the separation performances of the CEICS
device. The cell concentration of blood samples was set to
~10” cells per mL. The blood sample spiked with pre-stained
MCF-7 cells at a concentration of ~10" cells per mL and the 50
ppm HA solution were pumped into the CEICS device at the
flow rate of 120 puL min™", respectively. The throughput of the
device is >10° cells per min. Fig. 3A shows the bright and
fluorescence trajectories of cells at the inlets, at the outlets of
interfacial elasto-inertial microfluidic channel, and at the
outlets of symmetric CEA channel. It was found that the tumor
cells and blood cells mixed in the sample fluids were squeezed
to both sides of the channel by the sheath fluid at the inlet,
and co-flowed along the channel (see i in Fig. 3A). With flowing
along the interfacial elasto-inertial microfluidic channel, tumor
cells gradually passed through the fluid interface into the
sheath fluid and migrated towards the channel center, while
blood cells were restricted by the fluid interface and remained
in the sample flow. It was clearly observed from ii in Fig. 3A
that the majority of the blood cells were removed successfully
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through outlet 1. However, a small number of blood cells also
passed through the fluid interface and entered the symmetric
CEA channel together with tumor cells. Under the elasto-
inertial effect of the symmetric CEA channel, the escaped blood
cells were focused to both sides of the channel and removed
from outlet 2, while the tumor cells still maintained a single-
line focusing in the channel center (see iii in Fig. 3A). The
bright and fluorescence microscopic images of the liquids
collected from each outlet are depicted in Fig. 3B, which
demonstrated that high-purity tumor cells were obtained at
outlet 3 after separation. To further evaluate the separation
performances of the CEICS device, the recovery ratio and purity
of tumor cells were analyzed based on the collected liquids
from three outlets. In addition, we separated the blood samples
spiked with A549 and MDA-MB-231 cells using our CEICS
device. The recovery ratios and purities of MCF-7, A549, and
MDA-MB-231 cells are shown in Fig. 3C. After the cascaded
elasto-inertial separation, the removal ratios of blood cells for
the samples spiked with MCF-7, A549, and MDA-MB-231 cells
were 99.93% + 0.02%, 99.89% + 0.02%, and 99.93% + 0.03%,
respectively. MCF-7, A549, and MDA-MB-231 cells achieved
recovery ratios of 95.17% = 2.30%, 97.17% + 1.16%, and
94.87% + 2.20%, respectively. The purities of MCF-7, A549, and
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Fig. 3 Characterization of cell separation performance. (A) Bright and fluorescence images illustrating the cell distributions at the inlet (i), at the
outlets of interfacial elasto-inertial microfluidic channel (ii), and at the outlets of symmetric CEA channel (iii). The tumor cells were stained before
being spiked into the diluted blood samples. The fluorescent streams in the fluorescence images indicate the trajectories of the stained tumor
cells. (B) Bright and fluorescence microscopic images of the liquids collected from the three outlets of the CEICS device after separation. (C)
Separation performances of the CEICS device for separating different tumor cells with concentrations of ~10* cells per mL from blood cells.
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MDA-MB-231 cells were 61.47% + 2.37%, 60.16% + 1.74%, and
62.73% + 2.46%, respectively. The aforementioned results
demonstrate the excellent performance of the CEICS device for
efficiently separating three tumor cells with an average recovery
of ~95% and an average purity of ~61%, respectively. In
addition, we explored the ability of our device to process blood
samples spiked with lower concentrations of tumor cells. The
concentration of tumor cells spiked into the blood sample was
reduced to 10° cells per mL. The bright and fluorescence
trajectories of cells at the three regions and microscopic images
of the liquids collected from the three outlets are shown in Fig.
S2 and S35 It was found that well separation and enrichment
of tumor cells could still be accomplished. Quantitative
separation results showed that the purities of MCF-7, A549,
and MDA-MB-231 cells decreased to 33.14% =+ 4.59%, 33.31% +
3.57%, and 34.85% t 6.05%, respectively (see Fig. S47T). The
reason for the purity decrease was due to the large reduction in
the number of spiked tumor cells, while the removal rate of
blood cells was not greatly affected. What is more, the change
in tumor cell concentration did not affect the recovery
efficiency of three tumor cells of our device.

3.3 Pretreatment-free, high-recovery-ratio, and high-purity
separation of MTCs from clinical MPPEs

After separation performance characterization, we applied
our device to the enrichment and purification of MTCs from
clinical MPPEs. Untreated MPPE samples from five different
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cancer patients (CP) and HA solution were sequentially
pumped into CEICS device at a total flow rate of 240 pL
min~" (FR = 1). The detailed clinical information on the five
patients can be found in Table S3.f Fig. 4A shows the cell
distributions at the outlets of the interfacial elasto-inertial
microfluidic channel and at the symmetrical CEA channel. It
was found that the large-sized MTCs were focused at the
center of the two channels and enriched from the middle
outlets, while the blood cells were effectively removed under
the  cascaded  elasto-inertial  separation.  Utilizing
immunofluorescence staining, MTCs and WBCs in the
collected liquids from outlet 3 were identified and counted.
Fluorescence microscopic images of the separated MPPE
samples after immunofluorescence staining are shown in
Fig. 4B. The purified MTCs (CK+, CD45-, and DAPI+) and
some residual WBCs (CK-, CD45+, and DAPI+) could be
clearly observed in the sampling window. Based on the
results of immunofluorescence staining, the numbers and
purities of MTCs in the collected liquids of five MPPEs after
cascaded elasto-inertial separation were determined. The
numbers of MTCs detected in MPPE samples of
hemangiosarcoma, lung adenocarcinoma, lymphoma, liver
cancer, and ovarian cancer were 67, 45, 152, 270, and 88 cells
per mL, respectively. In addition, the purities of MTCs from
the five samples were 18.98%, 28.66%, 20.76%, 33.33%, and
21.36%, respectively. Compared with cancer cell line samples,
the purity of the separated MTCs from clinical samples is
reduced, which may be due to the high size heterogeneity of
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Fig. 4 Separation of MTCs from clinical pleural and peritoneal effusions. (A) Microscopy image illustrating the cell distributions at the outlets of
interfacial elasto-inertial microfluidic channel and symmetrical CEA channel. (B) Fluorescence microscopic images of the separated MPPE samples
after immunofluorescence staining. (C and D) Recovered numbers (C) and purities (D) of MTCs from the MPPE samples of five patients with

different cancers.
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cells in clinical samples. These results proved that our CEICS
device could realize the pretreatment-free, high-recovery-
ratio, and high-purity separation of MTCs from clinical
MPPEs. Benefiting from the label-free operation, the purified
tumor cells still maintain a good activity and can be used for
subsequent applications, such as single-cell sequencing,
in vitro culture, and drug resistance testing. We envision that
our device can be used for the efficient separation of tumor
cells from various blood, body fluids, and effusions,
providing new insights into cytological examination.

4. Conclusions

In this work, a CEICS device was developed by integrating an
interfacial elasto-inertial microfluidic channel with a
symmetric CEA channel for pretreatment-free, high-recovery-
ratio, and high-purity separation of MTCs from clinical
MPPEs. The effects of experimental parameters (i.e., flow-rate
ratio, cell concentration, and cell size) on separation
performance in two single-stage channels first
systematically characterized. Then, the performances of the
integrated CEICS device were characterized under optimized
parameters. The experimental results of three tumor cells
(MCF-7, MDA-MB-231, and A549 cells) demonstrated the
excellent performance of the CEICS device with an average
recovery of ~95% and an average purity of ~61%,
respectively. Finally, the enrichment and purification of
MTCs in clinical MPPEs from patients with different cancers
were successfully achieved using our CEICS device. The
designed CEICS device may provide a preparation tool for
improving the sensitivity and efficiency of cytological
examination of MPPE samples.
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