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Separation and single-cell analysis for free gastric cancer cells in
ascites and peritoneal lavages based on microfluidic chips
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Summary eBioMedicine
Backgrounds Detecting free cancer cells from ascites and peritoneal lavages is crucial for diagnosing gastric cancer ~2023:90: 104522

(GC). However, traditional methods are limited for early-stage diagnosis due to their low sensitivity. E“b"Sh;‘; O”“”E/XXX
ttps://doi.org/10.

1016/j.ebiom.2023.

Methods A label-free, rapid, and high-throughput technique was developed for separating cancer cells from ascites and || 4522

peritoneal lavages using an integrated microfluidic device, taking advantage of dean flow fractionation and deterministic
lateral displacement. Afterward, separated cells were analyzed using a microfluidic single-cell trapping array chip (SCTA-
chip). In situ immunofluorescence for EpCAM, YAP-1, HER-2, CD45 molecular expressions, and Wright-Giemsa staining
were performed for cells in SCTA-chips. Atlast, YAP1 and HER-2 expression in tissues was analyzed by immunohistochemistry.

Findings Through integrated microfluidic device, cancer cells were successfully separated from simulated peritoneal
lavages containing 1/10,000 cancer cells with recovery rate of 84.8% and purity of 72.4%. Afterward, cancer cells were
isolated from 12 patients’ ascites samples. Cytological examinations showed cancer cells were efficiently enriched
with background cells excluded. Afterwards, separated cells from ascites were analyzed by SCTA-chips, and
recognized as cancer cells through EpCAM*/CD45~ expression and Wright-Giemsa staining. Interestingly, 8 out
of 12 ascites samples showed HER-2" cancer cells. At last, the results through a serial expression analysis showed
that YAP1 and HER-2 have discordant expression during metastasis.

Interpretation Microfluidic Chips developed in our study could not only rapidly detect label-free free GC cells in
ascites and peritoneal lavages with high-throughput, they could also analyze ascites cancer cells at the single-cell
level, improving peritoneal metastasis diagnosis and investigation of therapeutic targets.
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Research in context

Evidence before this study

As one of the most common cancers, gastric cancer is a big
medical challenge worldwide. The difficulty in diagnosing
peritoneal metastasis at early stage contributed a lot to the
poor prognosis of gastric cancer. Separation and identification
of free cancer cells from the abdominal cavity plays a vital role
in diagnosing peritoneal metastasis. In traditional clinical
practice, cytological examinations were performed on ascites
and peritoneal lavages to detect free cancer cells. However,
this conventional method lacks sensitivity due to the difficulty
for pathologists to distinguish the small number of GC cells
from the background cells. In addition, GC cells have a similar
tissue origin as some background cells such as mesothelial
cells, limiting the usefulness of cell sorting methods such as
CellSearch which rely on epithelial cell markers. Moreover,
although targeted therapy is applied to control metastasis,
molecular status is usually evaluated in the primary lesions
since metastatic lesions are difficult to biopsy, especially for
peritoneal metastasis. Thus, to improve early diagnosis and
advance therapeutic strategies for GC peritoneal metastasis,
new methods are needed to separate cancer cells from ascites
and peritoneal lavages rapidly and label-freely as well as to
investigate the molecular status of the separated cancer cells
at the single-cell level.

Added value of this study
In our study, we report a label-free, rapid, and high-
throughput method to diagnose peritoneal metastasis by

Introduction

Gastric cancer (GC) is one of the most common cancers
and represents the second most common cause of
cancer deaths worldwide.! Although efforts have been
made to improve its treatment, the prognosis for GC
remains unsatisfactory, especially for patients suffering
from peritoneal metastasis.”’ It is commonly believed
that free cancer cells detach from primary tumors,
implant in the abdominal cavity, and cause peritoneal
metastasis.* Difficulty in diagnosing these early events
has a large influence on the poor prognosis of peritoneal
metastasis.’ Collectively, the separation and identifica-
tion of free cancer cells from the abdominal cavity plays
a vital role in diagnosing peritoneal metastasis. In
traditional clinical practice, cytological examinations
were performed on ascites and peritoneal lavages to
detect free cancer cells. However, this conventional
method lacks sensitivity*® due to the difficulty for pa-
thologists to distinguish the small number of GC cells
from the background cells.” In addition, GC cells have a
similar tissue origin as some background cells such as
mesothelial cells, limiting the usefulness of cell sorting
methods such as CellSearch which rely on epithelial cell
markers.* Thus, developing a label-free, high sensitivity,
and high through-put diagnostic method to separate GC

cancer cell separation from ascites and peritoneal lavages
based on an integrated microfluidic device combining dean
flow fractionation and deterministic lateral displacement
techniques. Our methods could concentrate cancer cells with
high throughput, making it easier for pathologists to find
cancer cells and improve the low sensitivity that is an always-
present drawback of traditional detection methods. The
separated cancer cells were also able to be identified and
analyzed at the single-cell level using a microfluidic single-cell
trapping array (SCTA)-chip. The separated cells were identified
as cancer cells based on their CD45-negative, EpCAM-positive
expression through in situ immunofluorescence. Moreover,
our study detected HER-2 and YAP1 expression in ascites
cancer cells at the single cell level. Interestingly, 8 out of 12
ascites samples showed HER-2" in cancer cells, well higher
than the HER-2 positivity detected in primary GC tissues by
previous studies. We also performed a serial YAP1 and HER-2
expression analysis in four different kinds of tissues or cells,
and revealed that discordant YAP1 and HER-2 expression may
exist during the metastatic processes

Implications of all the available evidence

Microfluidic Chips developed in our study could not only
rapidly detect label-free free GC cells in ascites and peritoneal
lavages with high-throughput, they could also analyze ascites
cancer cells at the single-cell level, improving peritoneal
metastasis diagnosis and investigation of therapeutic targets.

cells from ascites and peritoneal lavages is necessary.
Meanwhile, since discordant molecular status is not rare
in primary and metastatic cancer cells,”" investigating
the molecular expression status of cancer cells in the
ascites could be helpful to uncover drivers of peritoneal
metastasis and discover new therapeutic targets and
strategies. For example, Yes-associated protein 1 (YAP1)
and Human epidermal growth factor receptor 2 (HER-2)
expression in ascites cancer cells is worthy of examina-
tion. YAP1 is a transcriptional coactivator that regulates
organ size and proliferation.''? It is a specific marker of
ascites cancer cells and plays an important role in
metastasis."'* YAP1 might represent a novel therapeu-
tic target, as GC peritoneal metastasis was attenuated
when YAP1 was inhibited.”” HER-2 is a transmembrane
tyrosine kinase receptor and an important target for GC
therapy.'®"” Trastuzumab combined with chemotherapy
has been shown to improve overall survival in patients
with advanced HER-2 positive GC."” However, due to
the lack of a sensitive strategy for collecting the limited
cancer cells in the ascites, analyzing the molecular
expression status of these free cancer cells remains
challenging. Hence, a technique to analyze the molec-
ular expression of separated GC cells in ascites and
peritoneal lavages at the single-cell level is also needed.
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The exploration of physical and chemical mecha-
nisms has promoted the development of cell separation
and identification techniques in cell biotechnology. In
previous studies, the Raman technique was used to
capture hepatic carcinoma cells from whole blood
samples and to sort Escherichia coli from aqueous sam-
ples.’ Device-based dielectrophoresis (DEP) can be
used to isolate bone marrow-derived mesenchymal stem
cells from a heterogeneous cell mixture and to select
monocytes from whole blood samples.”?' Acoustic
techniques have been used to separate U87 cancer cells
from red blood cells and to sort prostate cancer cells
from whole blood samples.””” Separation of yeast
cells and Escherichia coli has been achieved using optic
tweezer technology.”** Indeed, these techniques all play
large roles in cell separation-related research. However,
the DEP method has a relatively complex structure,
which may affect its convenience; acoustic techniques
may lead to cells dissolving, affecting subsequent
cellular analysis; the laser used in optic tweezers may
also injure cells with photodamage and affect further
analyses; and the throughput of Raman techniques was
insufficient for subsequent studies. To improve early
diagnosis and advance therapeutic strategies for GC
peritoneal metastasis, new methods are needed to
separate label-free cancer cells from ascites and perito-
neal lavages with high-throughput rapidly and to
investigate the molecular status of the separated cancer
cells at the single-cell level.

Microfluidic technology has developed rapidly in
recent years, becoming a promising method for cell
separation. For example, Lin et al. achieved label free
isolation of circulating tumor cells and gene expression
characterization using the “Labyrinth” microfluidic de-
vice.” Zeming et al. presented a microfluidic device that
could effectively purify reticulocytes generated from
in vitro erythroid culture.” Through the microstructure
design of the chip and controlled fluid dynamics, cells
with different sizes are subjected to different forces and
can be separated within the chip. Dean flow fraction-
ation (DFF) and Deterministic lateral displacement
(DLD) are typical microfluidic techniques for separating
mixed cells according to size. The DFF technique takes
advantage of the inertial lift force and Dean drag force
that act on cells of different sizes to achieve differential
migration, thus realizing cell separation.”® The DLD
technique can precisely control the path of particles
larger and smaller than the critical diameter (D)
through the specific arrangement of columns in the
channel to achieve separation.”*° Both DFF and DLD
can separate cells label-freely.””***! Because of the rela-
tively larger size of cancer cells compared to leukocytes
and other background cells, numerous studies sepa-
rating circulating tumor cells have been conducted us-
ing the DLD and DFF techniques.”* However, most
DLD chips are often used individually, and they can only
allow fluid to flow into the chip at a low velocity***’ to
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prevent internal blockages.** This limits the wide clinical
application of DLD technology. Meanwhile, whether
these techniques can be used to isolate GC cells from
patients” ascites and peritoneal lavages is untested.
Additionally, little is known about the molecular
expression of free cancer cells in ascites due to the
limited cancer cell numbers and detection methods.
Due to possible differences in molecular status between
primary and metastatic lesions, analyzing the molecular
expression of metastatic tissues could help improve
therapies for GC patients.*” It is of great significance to
analyze the molecular expression of free cancer cells in
ascites, necessitating the construction of an integrated
analysis chip for downstream identification and analysis
of cancer cells after separation.

In this study, we used an integrated microfluidic
device (IMD) composed of a spiral chip (using the DFF
technique) and a DLD chip to achieve rapid GC cell
separation from ascites and peritoneal lavages. The DFF
spiral chip performs an initial cell separation and
enrichment process, greatly improving the concentra-
tion and purity of the cancer cells entering the DLD
chip, making higher efficiency of the subsequent isola-
tion possible and overcoming the disadvantages
inherent to using DLD chips alone. Because of this, the
fluid inflow rate of the IMD can reach 100 pL/min,
enabling high-throughput cell screening and separation.
Afterwards, separated cells were identified and analyzed
using a single-cell trapping array-chip (SCTA-chip). We
successfully isolated cancer cells from simulated peri-
toneal lavages containing 1/10,000 cancer cells and 12
complete GC ascites samples. Our devices may impact
clinical practice by serving as an auxiliary method for
clinical cytological testing. We then performed molecu-
lar detection of EpCAM, YAP1, HER-2, CD45, and
cytological examination of the separated cancer cells at
the single-cell level using a SCTA-chip. At last, we per-
formed a serial YAP1 and HER-2 expression analysis in
nontumorous adjacent tissues (NATS), primary cancer
lesions, metastatic cancer tissues, and ascites cancer
cells, and revealed that YAP1 and HER-2 can have
discordant expression during the metastatic processes.
The molecular expression signatures detected in single
ascites cancer cells may provide new therapeutic targets
and strategies for GC peritoneal metastasis.

Methods

Experimental instruments

Mlustrations of the IMD are presented in Supplementary
Fig. Sla. Cells and PBS were injected into the IMD
using a Harvard PHD ULTRA syringe pump (Harvard
Apparatus, USA). The flow rate of the IMD at the
sample inlet was 100 pL/min, and the flow rate for PBS
inlet 1 was 650 pL/min. The DLD components require a
1:1 flow rate ratio between the two inlets (DLD inlet and
PBS inlet 2, Supplementary Fig. Sla). The flow rate of
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the DLD sample inlet was the same as waste outlet 1, at
350 puL/min. Thus, we settled on a flow rate of 350 pL/
min for PBS inlet 2 of the DLD. The height of the DFF
component was 170 pm. Bright-field images were
observed by a Leica DFC300FX inverted fluorescence
microscope (Oskar-Barnack-Strale, Germany) equipped
with a Leica DMC5400 color camera (Oskar-Barnack-
Strale, Germany) and a high-speed pco.dimax csl
camera (Kelheim, Germany). Fluorescence images were
collected using confocal laser scanning microscopy
(CLSM, Leica TCS SP8, Germany).

In 2006, Inglis et al.” developed the theoretical basis
of DLD, and suggested that Dc = 2nge (e = AA/A), where
g is gap spacing between posts (30 pm in our manu-
script), A\ is row shift distance (5 pm in our manu-
script), A is the center-to-center post spacing (60 pm in
our manuscript), and n is a variable parameter to
accommodate for non-uniform flow through the gap.
The 1 value suggested by Inglis et al.** could be obtained
from the parabolic flow curve (Fig. 3 of Reference 40).
At the same time, Beech et al.”’ demonstrated another n
value calculation method of = 1/(N/3), where N = 1/¢
(=12 in our manuscript). According to the calculation
methods suggested by both Inglis et al. and Beech et al,,
the Dc of our design is around 10 pm.

Cell culture, mixture, and preparation
AGS and SNU-16 cells were purchased from ATCC
(AGS: Cat# CRL-1739, RRID: CVCL_0139; SNU-16: Cat#
CRL-5974, RRID: CVCL_0076). HGC-27 cells (Cat#
TCHu 22, RRID: CVCL_1279) were purchased from the
Institute of Biochemistry and Cell Biology at the Chinese
Academy of Sciences.MKN-45 (Cat# KG323, RRID:
CVCL_0434), SNU-5 (Cat# KG441, RRID: CVCL_0078),
MKN-28 (Cat# KG605, RRID: CVCL_1416) and MKN-74
(Cat# KG528, RRID: CVCL_2791) cells were purchased
from KeyGEN BioTECH.HGC-27, SNU-16, MKN-28,
MKN-74 and AGS cells were cultured in RPMI 1640
medium with 10% fetal bovine serum (FBS). MKN-45
were cultured in DMEM/F12 medium with 10% FBS.
SNU-5 was cultured in IMDM medium with 20% FBS.
All cells were incubated in a humidified atmosphere with
37 °C and 5% CO,. The adherent cells (HGC-27, AGS,
MKN-28, MKN-74 and MKN-45) were digested with
trypsin when the cell density reached 80%-90% then
collected by centrifugation at 1000 rpm for 2 min. Cell
density and diameter were determined via Scepter 2.0
Handheld Automated Cell Counter (Millipore, USA).
Mycoplasma screening for cell lines was performed
monthly to exclude mycoplasma contamination by My-
coplasma Detection Kit (Beyotime, China). The
screening results was found to be all negative. All the cell
lines were validated and relative files are shown in
Reagent Validation file as Supplementary material.

For cell mixtures, HGC-27 cells were labeled with
fluorescent CellTracker Green CMFDA (C2925, Thermo
Fisher Scientific, USA) in serum-free medium at 37 °C

for 30 min, washed twice with phosphate-buffered sa-
line (PBS; Invitrogen, USA), then recovered in complete
medium for 30 min. The HGC-27 cells were then
digested using trypsin (Invitrogen, USA) then mixed
with hysteromyoma lavage cells. Corresponding
numbers of fluorescently labeled HGC-27 cells were
added to lavage cells at different ratios and mixed well
using pipettes. For ratios of 1:10, 1:100, 1:1000 and
1:10,000 (cancer cells: hysteromyoma lavage cells),
1 x 10°, 10,000, 1000, or 100 HGC-27 cells were added
to 1 x 10° hysteromyoma lavage cells, respectively.

Ethical approval

All procedures performed in studies involving human
participants were in accordance with the ethical sta-
ndards of the institutional research committee and
with the 1964 Helsinki declaration and its later am-
endments or comparable ethical standards. Ascites
and lavage fluids were collected after obtaining
informed consent from patients in accordance with
institutional ethical guidelines, which were reviewed
and approved by the Research Ethics Committee of
First Hospital of China Medical University (2019-231,
Shenyang, China).

Clinical samples collection and preparation

Ascites was obtained from patients with GC admitted to
the First Hospital of China Medical University. Three
peritoneal lavage fluid samples were also collected from
patients with hysteromyoma who underwent abdominal
surgery in the First Hospital of China Medical Univer-
sity. Sex was self-reported by study participants. Ascites
and hysteromyoma lavages were centrifuged at 1000 g
for 10 min, then pelleted cells were stored at —80 °C
until further use. When performing cell separation, cells
were filtered with a 40 pm filter element to remove
impurities in the ascites which may influence cell sep-
aration then fixed with 4% paraformaldehyde (Biosharp,
Anhui, China) for 10 min. Finally, the cells were sus-
pended in PBS and added to microfluidic chips.

Single-cell in situ immunofluorescence on a chip

Cells were loaded into the SCTA-chip at a flow rate of
12 pL/min. Cells were permeabilized with 0.1% Triton
X-100 (Shanghai Beyotime Biotechnology Co. Ltd.,
China) for 5 min then blocked with 1% BSA (Solarbio,
China) at 37 °C for 1 h. Next, the cells were incubated
with 25 pL HER-2 aptamer (200 nM, Sangon Biotech,
China) and Anti-YAP1 (1/200, Boster, USA, RRID:
AB_2921202) and Anti-CD45 (1/150, Immunoway,
USA, RRID: AB_2921203) antibodies at 37 °C for
30 min, then washed with PBS. After that, 25 pL Alexa
Fluor® 647 (1/500, ab150075, Abcam, USA, RRID:
AB_2752244), Alexa Fluor® 488-Anti-EpCAM (1/100,
ab237395, Abcam, RRID: AB_2921205), and Alexa
Fluor® 405 (1/500, ab175660, Abcam, RRID: AB_
2885184) were infused into the chip and incubated with
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cells at 37 °C for 30 min, then washed with PBS. Finally,
fluorescence imaging of the cells was carried out
using CLSM at four excitation wavelengths (405, 488,
561 and 633 nm), with corresponding emission wave-
lengths collected at 420-500, 500-560, 570-650, and
650-720 nm, respectively. When performing immune-
fluorescence co-localization of HER-2 aptamer with
HER-2 antibody, Alexa Fluor® 488 Anti-HER-2 anti-
body (1/100, ab225509, Abcam, RRID: AB_2922429)
and 25 pL HER-2 aptamer (200 nM, Sangon Biotech,
China) were utilized for analysis.

Single-cell in situ Wright-Giemsa staining on a chip
The cell suspension was injected into the SCTA-chip at
12 pL/min. Wright-Giemsa staining was done with
Wright-Giemsa stain kits (BA-4017, BASO, China) ac-
cording to the manufacturer’s instructions. In brief,
20 pL Wright-Giemsa staining solution A was infused
into the chip to stain for 1 min. After that, a mixed so-
lution of A and B (1:2) was passed into the chip for
3 min.

ThinPrep papanicolaou staining

The ascites samples separated by IMD were added into
20 mL Thinprep PreservCyt solution (70787--004,
Hologic, USA). Slides were prepared using the Thin-
Prep 2000 Processor (Hologic, USA) and stained with
the standard Papanicolaou staining method according to
the manufacturer’s instructions.

Conventional Wright-Giemsa staining

According to the manufacturer’s instructions, conven-
tional Wright-Giemsa staining was performed by the
Wright-Giemsa stain kit (BA-4017, BASO, China).
Briefly, cells were smeared on adhesive slides and dried
for 10 min. Then, 0.5 mL Wright-Giemsa staining so-
lution A was added to the slide and stained for 1 min.
Then, 1 mL of solution B was added to solution A,
blown with an aurilave to mix the solutions well, and
stained for 4 min. Then, the slides were washed by
distilled water, and dried at room temperature. At last,
we fixed the slides by neutral balsam.

Immunohistochemistry

Tissue samples were mixed in 4% formaldehyde,
embedded in paraffin, and sectioned at a thickness of
5 pm. Tissue sections were deparaffinized in xylene and
rehydrated with descending concentrations of ethanol.
After blocking with endogenous peroxidase, tissue sec-
tions were incubated with primary antibodies against
YAP1 (ab52771, Abcam, RRID: AB_2219141) and
HER-2 (790-4493, Ventana, RRID: AB_2921204) over-
night at 4 °C. The sections were then incubated with
secondary antibody for 1 h and washed with PBST. A
diluted 3, 3'-diaminobenzidine was added as a substrate
for staining in the dark and counterstained with he-
matoxylin. Pathologists evaluated the results.

www.thelancet.com Vol 90 April, 2023

Analysis of recovery rate and purity

After IMD separation, the recovery rate and purity of
the cancer cell line cells and simulated samples were
calculated using Formula 1 and Formula 2, respec-
tively. N1 represented the number of cancer cells
collected from the cancer outlet of the IMD. N2 was
the number of cancer cells collected from waste outlet
1 of the DFF chip. N3 was the number of cancer cells
collected from waste outlet 2 of the DLD chip. N4 was
the total number of cells collected from the
tumor outlet of the IMD. The cell capture rate of the
SCTA-chip was calculated by Formula 3, where N5
was the number of cells captured by the SCTA-chip
and N6 was the total number of cells that entered
the SCTA-chip.

N
Recovery rate = mxloo% Formula 1
Purity = N1 100% Formula 2
urity = N e b
N5
Capture rate = ﬁxmo% Formula 3

For clinical ascites samples, the separated cells in the
SCTA-chip were stained by the Wright-Giemsa method
to confirm the separation accuracy. Five visual fields
were selected randomly, and cells were identified by
pathologists. We then calculated the proportion of can-
cer cells present in the total separated cells (referred to
as purity) in the selected visual fields for each sample.
For separated cells stained by conventional Wright-
Giemsa staining, we also selected five random visual
fields and calculated the proportion of cancer cells pre-
sent in the total cells.

Pooled analysis of overall purity

The overall purity of the cancer cell separation in as-
cites samples was analyzed through pooled analysis by
Stata software, version 12.0 (Stata Corp, College Sta-
tion, TX, USA). Three commands were used as fol-
lowed: (1) gen R=n/N, (2) gen ser = sqrt (R*(1 - R)/N),
(3) metan R ser, fixed. In command (1), R is the purity
of one sample, n refers to the number of cancer cells,
and N is the number of total separated cells. In com-
mand (2), ser refers to the SE of the purity. Stata
software will analyze the overall purity according to
command (3).

Statistical analysis

All statistical analyses were conducted using SPSS 20.0
software (IBM Corp, USA). The data is listed as
mean = standard deviation. The difference between two
groups was analyzed by t-test. P < 0.05 is considered
significant.
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Role of funders
The funders were not involved in the study design, data
collection, data Formal analysis, interpretation, or
writing of report.

Results

Separation of cancer cell basing on hydrodynamics
The main steps of the experiment are shown in Fig. 1.
First, doctors collected patients’ ascites and peritoneal
lavages during cancer examinations or treatments. The
collected ascites contained a large number of perito-
neal mesothelial cells and immune cells, but only few
GC cells. Cells from the samples were injected into the
IMD and first passed through the spiral chip.
Different sized cells were focused at different posi-
tions of the spiral chip under the inertial lift force and
Dean drag force. Cells of smaller sizes, such as
mesothelial cells and immune cells, were focused at
the outside of the channel and flowed out of waste
outlet 1 of the spiral channel. Cells of larger sizes,
such as GC cells, were focused on the inside of the
channel and then entered the DLD chip. According to
the DLD principle, cells larger than D, (10 pm) were
deflected to the cancer outlet, while smaller cells fol-
lowed the original flow direction and flowed out waste
outlet 2. For high sensitivity and high-throughput
identification of the selected cells, the cells collected
from the cancer outlet were pumped into the SCTA-
chip, which was specially designed to collect cancer
cells. Cells were captured by a single cell trap with a

Ascite

IMD: Integrated microfluidic device

DLD: Deterministic lateral displacement

width of 25 pm and a minimum gap of 8 ym. When a
cell trap was occupied, other cells flowed to unoccu-
pied single cell traps, forming an ordered single cell
array in a short period of time. Using the SCTA-chip,
EpCAM, YAP1 and HER-2 expression were detected in
situ via immunofluorescence imaging to determine
molecular expression of separated cells. Following
that, the separated cells in the SCTA-chip were stained
by the Wright-Giemsa method to calculate separation
accuracy.

Separation efficiency of cell line samples in IMD and
imaging in the SCTA-chip

Mlustrations of the IMD and SCTA-chip are presented in
Supplementary Fig. S1. To verify whether our device
could separate cancer cells, we measured the diameter
of seven GC cell lines (HGC-27, SNU-16, MKN-45,
AGS, SNU-5, MKN-28, and MKN-74) and three hyster-
omyoma lavage cells (H1-H3), which did not contain
cancer cells. As indicated in Supplementary Fig. S2, the
cancer cell lines were all larger than 10 pm in diameter
(17.37 pm for HGC-27, 17.02 pm for SNU-16, 19.10 pm
for MKN-45, 17.54 pm for AGS, 21.74 pm for SNU-5,
18.42 pm for MKN-28, and 15.98 pm for MKN-74),
and the hysteromyoma lavage cells were smaller than
10 pm in diameter (7.14 pm, 7.71 pm, and 8.53 pm for
three samples), laying the foundation for isolating can-
cer cells via IMD. Then, we compared recovery rates of
100 HGC-27 cells at different IMD sample inlet speeds.
At speeds of 50, 100, 150, and 200 pL/min, the recovery
rates were 76.97 + 1.65%, 81.52 + 0.94%, 78.22 + 0.95%,

SCTA: Single cell trapping array

Fig. 1: The device based on microfluidic techniques developed for separating cancer cells from ascites and further analysis at the single
cell level. Ascites obtained from patients are placed in the integrated microfluidic device (IMD) composed of a spiral chip (using the Dean Flow
fractionation (DFF) technique) and a Deterministic lateral displacement (DLD) chip. Gastric cancer cells with larger relative size can be separated
from ascites. A portion of the separated cells can be stained for pathological identification, with the rest of the separated cells being stained and
analyzed at the single-cell level in the single-cell trapping array-chip (SCTA-chip).

www.thelancet.com Vol 90 April, 2023


www.thelancet.com/digital-health

Articles

and 79.11 + 1.49%, respectively. Therefore, we chose
100 pL/min for further studies. Moreover, to calculate
the recovery rate of the IMD, different numbers of
cancer cells (50, 100, 500 cells) were injected into the
device inlet. As shown in Fig. 2a, recovery rates for the
different types and numbers of tumor cells were above
80%.

To test whether our SCTA-chip could achieve high-
efficiency cell capture, we used AGS cells to verify the
SCTA cell capture rate, finding that the capture rate
could reach 95% (Fig. 2b), demonstrating high-
throughput and efficient capture of cancer cells sepa-
rated from ascites. Subsequently, to provide theoretical
support for the design of the SCTA chip and the hy-
drodynamics of samples within the chip, we performed
a finite element analysis using COMSOL Multiphysics.
As shown in Fig. 2c—d, the surface velocity distribution

and streamlines plots demonstrate that the fluidic
streamlines are compressed in a compact configuration
between the traps but are sparse within the traps. As a
result, the flow slows down at the trap area but speeds
up between the traps. Therefore, cells could be captured
in the traps either when they travel along streamlines
which transverse open traps or when they come close
enough to be drawn into the trap. We next tested cell
loss during the exportation of enriched cells from the
IMD to the SCTA-chip. We transferred about 50
collected cells from the IMD to the SCTA-chip and
successfully trapped 36 = 6 cells in the SCTA chip.
Moreover, we analyzed four-color immunofluores-
cence imaging and Wright-Giemsa staining of AGS cells
on the SCTA-chip, as shown in Fig. 2e. Immunofluo-
rescence results showed that AGS cells were EpCAM*/
YAP1*/HER-2"/CD45". Wright-Giemsa staining in the
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Fig. 2: IMD for separating cancer cells and SCTA-chip for identifying cancer cells. (a) Recovery rates of seven cancer cell lines at different

numbers of cells (n =

9 for each cell line). (b) Capture rate of AGS cells at different numbers. (c) Finite element analysis using COMSOL

Multiphysics for the SCTA chip: flow velocity distribution on the chip. (d) Finite element analysis using COMSOL Multiphysics for the SCTA chip:
flow velocity streamlines on the chip. (e) Confocal fluorescence images of CD45/EpCAM/YAP1/HER-2 and Wright-Giemsa staining of AGS cells
on the SCTA-chip. Scale bar, 8 pm (The minimum gap of a single cell trap, 8 um).
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SCTA chip showed that AGS cells were hyperchromatic
with large nuclei, consistent with Wright-Giemsa
staining results using the conventional method
(Supplementary Fig. S3). Furthermore, we calculated
cell loss after immunofluorescence and Wright-Giemsa
staining in the SCTA-chip to determine whether the
SCTA-chip can help avoid cell loss during staining
(Supplementary Fig. S4). We followed 100 SCTA-chip
trapped cells before staining. After immunofluores-
cence, all 100 cells remained in the chip, and 95 cells
still remained after Wright-Giemsa staining in the chip.
At last, to confirm the binding specificity of HER-2
aptamer, we performed immune-fluorescence co-locali-
zation of the HER-2 aptamer with HER-2 antibody on
AGS cells inside the SCTA-chip (Supplementary
Fig. S5). The results showed that the immunofluores-
cence of the HER-2 aptamer (yellow) had the same
location as the HER-2 antibody (green).

Evaluation of IMD in separating simulated samples
To simulate mixtures of GC cells within ascites or peri-
toneal lavage cells, we mixed HGC-27 GC cells with
hysteromyoma lavage cells in proportions of 1:10, 1:100,
1:1000 or 1:10,000. The cancer cells were incubated with
CellTracker Green 5-Chloromethylfluorescein Diacetate
(CMFDA) prior to mixing, allowing us to identify cancer
cells via fluorescence microscopy before and after sepa-
ration. In the first stage of separation, most of the hys-
teromyoma lavage cells were sorted away from the cancer
cells and flowed out of waste outlet 1, while cancer cells
flowed through the inner outlet to enter the DLD channel
with some remaining hysteromyoma lavage cells (Fig. 3a,
Supplementary Movie S1). In the second stage, the larger
cancer cells were deflected to the cancer outlet while the
smaller hysteromyoma lavage cells flowed out of waste
outlet 2 (Fig. 3b, Supplementary Movie S1). By counting
the number of cancer cells and lavage cells at the final
collection outlet, the recovery and purity of the isolated
samples could be calculated. For samples with cell ratios
of 1:10, 1:100, 1:1000 and 1:10,000, the recovery rates
were 86.6 + 8.49%, 88.6 = 1.34%, 94.5 = 4.24% and
84.8 + 9.11% respectively, and the purity rates were
78.8 + 2.33%, 82.0 + 4.88%, 67.6 = 1.20% and
724 = 3.78% respectively (Fig. 3c). As shown in
Supplementary Fig. S6, background cells were signifi-
cantly reduced after sorting. After sorting the samples
containing fluorescently stained cancer cells, the isolated
cells acquired from the cancer outlet were injected into
the inlet of the SCTA-chip, stained using the Wright-
Giemsa method, then observed under a microscope.
The separated cells were hyperchromatic with large
nuclei, and the cell morphology of HGC-27 cells Wright-
Giemsa stained using the conventional method was used
for contrast (Supplementary Fig. S7). In this way, we
could validate the cells were truly cancer cells. Images of
cancer cells after separation from the four simulated

samples are presented in Fig. 3d. To further evaluate the
superiority of integrating the DFF and DLD techniques
together, we further compared IMD with individual DFF
or DLD devices to compare recovery rates and purity of
cell separation in simulated lavage samples (HGC-27 GC
cells with hysteromyoma lavage cells in proportions
of 1:100). The results showed that the recovery rate
and purity of separation were 57.63 + 4.47% and
57.22 + 6.46%, respectively, for the individual DFF device
and 60.21 + 5.27% and 58.15 + 2.76% for the individual
DLD device. The integrated microfluidic device (com-
bined DFF and DLD technique) showed a higher recov-
ery rate (88.6 + 1.34%) and purity (82.0 + 4.88%) than
either individual DFF or DLD device.

Separation and analysis of cancer cells from
patients’ ascites

To trial our method with actual GC samples, we sepa-
rated cancer cells from complete GC ascites samples
from 12 patients (P01-P12). Basic patient information is
shown in Table 1. Samples were separated by IMD at a
speed of 100 pL/min. Afterwards, as is performed in the
clinic, some of the separated cells were stained using the
ThinPrep Papanicolaou method. Microscopic images of
the samples before and after separation are presented in
Supplementary Fig. S8. This demonstrated that our
device could concentrate cancer cells with high
throughput, making it easier for pathologists to find
cancer cells in ascites by excluding a large amount of
background cells.

The rest of the separated cells were injected into a
SCTA-chip for further analysis. To prove that the
separated cells were cancer cells, expression of
EpCAM, YAP1, and CD45 were analyzed using in situ
immunofluorescence. As a marker of epithelial cells,
EpCAM is a classic tumor cell marker***; YAP1 was
chosen for its use as a tumor cell marker in ascites
with certain specificity’’; and CD45 was selected to
exclude immune cells.** Separated cells from all
samples showed EpCAM*/CD45~ expression. More-
over, cells separated from P02, P03, P04, P05, P06,
P07, P08, P10, P11, and P12 showed EpCAMY/
YAP1"/CD45 expression (Fig. 4a). We also stained
separated non-cancer cells from the waste outlets of
six ascites samples to provide a comparison
(Supplementary Fig. S9). The results showed positive
CD45 expression in some cells while EpCAM, YAP1,
and HER-2 had negative expression in almost all the
cells.

After immunofluorescence imaging, the separated
cells from the SCTA-chip were stained by the Wright-
Giemsa method to further confirm the separation ac-
curacy. Pathologists identified the separated cells as
mostly hyperchromatic with large nuclei, consistent
with the characteristics of cancer cells (Fig. 4b). The
Wright-Giemsa staining results could also verify cells in
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Fig. 3: Separation and evaluation of simulated samples. (a) Representative images of cells at the spiral outlet of IMD. Most of the hys-
teromyoma lavage cells with smaller size (in blue circle) were sorted from cancer cells and flowed out of the waste outlet 1, while larger cancer
cells (in green circle) flowed through inner outlet with some hysteromyoma lavage cells and then entered DLD channel. Scale bar, 200 pm. (b)
Representative images of cells at the DLD outlet of IMD. Cancer cells with larger size (in green circle) were deflected to the cancer outlet, while
smaller hysteromyoma lavage cells (in blue circle) flowed out of the waste outlet 2. Scale bar, 100 pm. (c) Recovery and purity of simulated
samples. (d) Fluorescence images of separated cancer cells in the SCTA-chip. Scale bar, 8 pm (The minimum gap of a single cell trap, 8 pm).

SCTA chip were intact ones (Fig. 4a and b). We then
calculated the separation purity (proportion of cancer
cells present in the total separated cells in five randomly
selected visual fields) in each sample. For the 12 sam-
ples analyzed, the purity of 8 samples were higher than
70%, the purity of 2 were higher than 80%, and the
highest purity was 86% for P06 with 51 cells identified
as cancer cells in a total of 59 cells. The detailed infor-
mation of separation purity is shown in Table 1. More-
over, the overall purity of the cell separation was
analyzed through a pooled analysis method using Stata
software, finding an overall purity of 73% (Fig. 4c).
Moreover, we also performed conventional Wright-
Giemsa staining on separated cancer cells from P06,
P07, and P11 (Supplementary Fig. S10). The purity was
83.3% (20/24) for P06, 61.3% (19/31) for P07, and
65.1% (41/63) for P11, which show no significant
difference (P = 0.98 by paired t test) compared with
Wright-Giemsa staining of the same samples inside the
SCTA-chip.
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Serial analysis of YAP1 expression in tissues and
ascites cancer cells

Besides ascites samples, we also collected primary can-
cer lesions from 6 patients (P04, P05, P06, P07, P08,
P09), as well as NATs and metastatic lymph node/tumor
deposits (TD) from 4 patients (P04, P05, P06, P07). In
our study, metastatic lymph nodes (P05 and P06) and
TD (P04 and P07) represented metastatic tissues for GC.
We performed a serial analysis of YAP1 expression,
finding different YAP1 expression patterns among each
patient (Fig. 5).

The tissues from P04 and P07 were collected when
the patient received palliative surgery. The tissues from
P05 and P06 were collected when the patient received
radical surgery before ascites occurred. We summarized
the serial analysis results of Yapl expression pattern in
Supplementary Table S1. The IHC score of NAT, pri-
mary lesion and metastatic lymph nodes/TD were “1, 2,
and 2 for P04”; “3, 1, and 3 for P05”; “2, 2, and 2
for P06”; “1, 3, and 3 for P07”. Same as shown above,
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Fig. 4: Separation and analysis of cancer cells from patients’ ascites. (a) Three-color immunofluorescence imaging and Wright-Giemsa
staining in the SCTA-chip for separated cells from 12 ascites samples. Scale bar, 8 pm (The minimum gap of a single cell trap, 8 pm). (b)
Wright-Giemsa staining for separated cells in the SCTA-chip. Scale bar, 8 pm (The minimum gap of a single cell trap, 8 pm). (c) The overall
purity analysis of cell separation based on Wright-Giemsa staining results.

Patient Sex* Age Primary lesions position Cell volume before separation Histological type Separation purity calculation”
Purity Identified as Total cells
cancer cells

PO1 M 62 Gastric horn 5 % 10° cells in 5 mL Adenocarcinoma 76% 44 58
P02 F 30 Lesser curvature of gastric body 1 x 10 cells in 3 mL Mucinous adenocarcinoma 72% 53 74
P03 M 72 Gastric antrum 1 x 10° cells in 3 mL Adenocarcinoma 75% 36 48
P04 F 27 Gastric antrum 1 x 10° cells in 4 mL Adenocarcinoma 72% 62 86
P05 M 32 Gastric horn 2 x 10° cells in 4 mL Adenocarcinoma 82% 9 11
P06 F 68 Lesser curvature of gastric body 4 x 10° cells in 4 mL Adenocarcinoma 86% 51 59
Po7 F 66 Gastric antrum 3 x 10° cells in 5 mL Adenocarcinoma 56% 40 71
P08 M 78 Gastric antrum 3 x 10° cells in 5 mL Adenocarcinoma 67% 46 69
P09 F 45 Lesser curvature of gastric body 1 x 10° cells in 5 mL Adenocarcinoma 69% 51 74
P10 M 65 Gastric antrum 2 x 10° cells in 5 mL Mucinous adenocarcinoma 81% 42 52
P11 F 64 Posterior wall of gastric body 2 x 10° cells in 4 mL Adenocarcinoma 67% 47 70
P12 F 56 Greater curvature of gastric body 2 x 10° cells in 4 mL Signet-ring cell carcinoma 76% 61 80

M for male and F for female. ®The proportion of cancer cells present in the total cells. Cancer cells were identified by pathologist.

Table 1: Basic information and separation purity of patients.
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Fig. 5: Serial analysis of YAP1 expression in tissues and ascites cancer cells. (a) YAP1 expression and Wright-Giemsa staining in NATs,
primary cancer lesions, lymph node metastasis/TD, and ascites cancer cells for P04-P07. *TD for P04 and P07; Lymph node metastasis for PO5
and P06. (b) YAP1 expression and Wright-Giemsa staining in primary cancer lesions and ascites cancer cells for PO8 and P09. Expression in
tissues (NATSs, primary cancer lesions, and lymph node metastasis/TD) were analyzed by IHC, Scale bar, 300 pm. Expression in ascites cancer cells
was analyzed by in situ immunofluorescence, Scale bar, 8 pm (The minimum gap of a single cell trap, 8 pm).

P04-P07 all had positive YAP1 expression in ascites
cancer cells (Fig. 5a). For P08 and P09, primary lesion
tissues were collected when the patients received
endoscopic examination. The expression score of YAP1
was 2 in both tissues, with YAP1 positively expressed in
ascites cancer cells from P08, but negative in P09
(Fig. 5b).

Serial analysis of HER-2 expression in tissues and
ascites cancer cells

HER-2, a key oncogene and driver of tumorigenesis, is
an important treatment biomarker for targeted therapy
in many human cancers.'** In GC, trastuzumab plus
chemotherapy have become the firstline treatment
regimen for HER-2 positive advanced cancer.”

Thus, we examined HER-2 expression in IMD-
separated cancer cells using the SCTA-chip and in situ
immunofluorescence. HER-2 was positively expressed
in separated cancer cells from eight patients (P02, P03,
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P05, P08, P09, P10, P11, and P12), with negative
expression in the separated cancer cells from the other
four (P01, P04, P06, P07). In summary, 8 out of 12
samples showed positive HER-2 expression.

Following the cellular analysis, we also performed a
serial analysis of HER-2 expression in tissue samples,
and compared HER-2 expression between primary and
metastatic GC tissues or cells. We also summarized the
serial analysis results of HER-2 expression pattern in
Supplementary Table S1. P04 and P06 had negative
HER-2 expression in the all tissues or cells (Fig. 6a). For
P05 and P07, HER-2 was both positive expressed in
ascites cancer cells, and the IHC score of NAT, primary
lesion and metastatic lymph nodes/TD were “0, 0, and 2
for P05”; “0, 1, and 1 for P07” (Fig. 6a). Moreover, HER-
2 was positively expressed in ascites cancer cells of both
P08 and P09, with primary lesion expression scores of 3
in P08 and 1 in P09 (Fig. 6b). HER-2 tissue expression
was further verified by IHF. The results were similar to
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IHC, with positive HER-2 expression in the primary
lesions of P07, P08, and P09, the metastatic lymph node
of P05, and the TD of P07 (Supplementary Fig. S11).

The ability of our devices in separating and
analyzing living cells
For above experiments in our manuscript, we fixed all
cells with paraformaldehyde (instead of using living
cells) because the 12 ascites samples were from our
biobank collection stored at —80 °C. Since freeze-thawed
unfixed cells are weaker than fresh cells or fixed cells,
using living cells may have resulted in the cells breaking
into fragments during the separation and analysis pro-
cesses in the microfluidic chips. Thus, we fixed the as-
cites cells to enhance the success rate and achieve
cancer cell separation in all 12 clinical ascites samples.
Therefore, we next tested the ability of our devices to
separate and analyze living cells. We injected HGC-
27 cells into the IMD and performed Live-Dead Cell
Staining on the collected cells in the cancer outlet. We
found that almost all cells were alive (Fig. 7a). After-
wards, we added unstained collected HGC-27 cells into
the SCTA chip and again found almost all of the cells in
the SCTA chip were alive. The cells in the SCTA chip
were also validated by Wright-Giemsa staining at the
single cell level, which showed that the cells were
hyperchromatic, with large nuclei indicating that the
cells were cancer cells (Fig. 7b). Furthermore, we mixed
live HGC-27 GC cells with fresh peritoneal lavage cells
in a 1:10 proportion. The cancer cells were incubated
with CMFDA prior to mixing. We injected this live cell
mixture (HGC-27: peritoneal lavage cells = 1:10) into the
IMD. As shown in Fig. 7c, background cells were
significantly reduced after sorting. The recovery and
purity rates were 79.08 + 2.69% and 77.99 + 3.19%,
respectively, with no significant difference seen when
comparing with fixed cells (P = 0.42 by student’s t-test
for recovery rate, P = 0.77 by student’s t-test for purity
rate; the recovery rate and purity of fixed cells were
86.6 + 8.49% and 78.8 + 2.33%, respectively, as shown
previously). Separated cells were also injected into the
SCTA chip then Wright-Giemsa staining performed to
verify cancer cell identity at the single cell level. The
results showed that the cells were hyperchromatic, with
large nuclei indicating that the cells were cancer cells
(Fig. 7d).

Discussion

Early diagnosis of peritoneal metastasis is essential for
improving prognosis of patients with GC. Separating
and enriching cancer cells from ascites and peritoneal
lavages can improve the sensitivity and convenience of
traditional clinical cytological examinations. But sepa-
rating cancer cells from the large amount of background
cells with high throughput and high purity still presents
a difficult problem. This shortcoming hinders further

www.thelancet.com Vol 90 April, 2023

single-cell analysis of free cancer cells in ascites and
peritoneal lavages, impeding the identification of new
therapeutic targets. Therefore, new methods to separate
cancer cells are urgently needed, both to improve early
diagnosis of peritoneal metastasis and to allow for
analysis of single free cancer cells in ascites and peri-
toneal lavages to promote the development of treat-
ments for peritoneal metastasis.

In this paper, we introduce a new method to improve
early diagnosis of peritoneal metastasis based on an
integrated microfluidic chip combining DFF and DLD
principles. DFF and DLD show complementary advan-
tages. The DFF technique takes advantage of the inertial
lift force and Dean drag force that act on cells of
different sizes to achieve differential migration and
realize cell separation. This cell separation method
based on inertial force has the advantage of being label-
free, high speed, and high throughput. However, when
sorting cells in bodily fluids, the interaction between
cells seriously affects their focusing behavior due to the
complex body fluid environment and the interference of
background cells, so sorting purity is relatively low. The
DLD technique can precisely control the path of parti-
cles larger and smaller than the critical diameter (Dc)
through the specific arrangement of columns within the
channel to achieve separation. However, liquid flow is
limited by the microcolumn in the DLD chip, and the
throughput of this technique is relatively low. By
combining these two techniques with the DFF chip at
the prime site, our method achieves label-free, high-
throughput, and high-purity cell separation of cancer
cells from ascites and peritoneal lavages. Subsequently,
we successful analyzed EpCAM, YAP1, and HER-2
expression of ascites cancer cells at the single cell level
using the SCTA-chip. On this basis, we further explored
the expression pattern of YAP1 and HER-2 in NATs,
primary cancer lesions, TD, and metastatic lymph
nodes. The results revealed that most ascites cancer cells
and metastatic lesions showed similar YAP1 and HER-2
expression as the primary lesion, but expression of these
genes may change during the metastatic process.

In our manuscript, we designed progressive experi-
ments to verify our device’s ability to separate cancer
cells from ascites and peritoneal lavages. In the IMD
device, the purpose of the DLD chip was to enhance
purity without losing cancer cells that had already been
separated by DFF. Thus, the DLD should have a rela-
tively lower Dc. Therefore, we set the Dc of the DLD
chip to 10 pm, as shown in the Methods, which was
relatively lower than the DFF chip, whose Dc was near
12 pm (0.07 x channel height) in theory as shown by
Warkiani et al.** We began by measuring cell size in
seven GC cell lines and three hysteromyoma lavage cell
samples. We found the average diameters of cancer cell
lines were larger than Dc, and the diameters of hyster-
omyoma lavage cells were less than Dc. This provided
the theoretical basis for cell separation using an
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Fig. 7: The ability of our devices to separate and analyze living cells. (a) Live-Dead Cell Staining on collected cells in the cancer outlet of the
IMD, Scale bar, 100 pm. (b) Live-Dead Cell Staining and Wright-Giemsa staining on cells in the SCTA-chip, Scale bar, 8 pm (The minimum gap of
a single cell trap, 8 pm). (c) Fluorescence images of samples of unstained living cells before and after IMD separation. We mixed HGC-27 cells,
which were incubated with CellTracker Green CMFDA, with fresh peritoneal lavage cells at a 1:10 ratio, Scale bar, 100 pm. (d) Wright-Giemsa
staining on separated living cancer cells in the SCTA-chip, Scale bar, 8 pm (The minimum gap of a single cell trap, 8 pm).
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integrated microfluidic chip. However, in actuality, the
calculated Dc values are all approximate. Apart from
different theories for calculation, Dc may also be influ-
enced by multiple factors including roughness inside
the chip, and sample density and viscosity. Therefore,
the separation efficiency of devices should be examined
by practical experiments. Subsequently, cancer cells
were injected into the integrated microfluidic chip to
measure recovery rate. The recovery rates above 80%
reflected the ability of our device to collect the majority
of the cancer cells in the sample. However, some cells
with larger diameter showed relative lower recovery
rates, such as SNU-5 compared to SNU-16 at 50 and
500 cells, and MKN-28 compared to AGS at 500 cells.
Cell separation on our device mainly depends on cell
size, but separation efficiency may not be strictly pro-
portionate to cell size. Beech reported that biological
particles can interact with the posts in the DLD and
cause flow perturbation.”' Cells with sizes similar to the
gap distance (30 pm in our manuscript) are more apt to
cause flow perturbation. The diameters of the seven
cancer cell lines used in our manuscript ranged from
15.98 pm to 21.74 pm, thus flow perturbation may be
more likely to influence recovery of the larger cells.
Furthermore, cells with different nucleocytoplasmic ra-
tios likely also have different cell density. Due to the
combined effects of gravity, buoyancy, and fluid resis-
tance, cells with different densities may have different
sedimentation velocities, resulting in different focusing
positions in the spiral channel. These factors may in-
fluence sorting effect. Beech also demonstrated that cell
deformability and shape may further influence their
trajectory in DLD devices.*"*

We then mixed a GC cell line with hysteromyoma
lavage cells in different proportions to simulate ascites
and peritoneal lavages. The ratio of 1:10 is similar to that
of cancer cells and background cells in ascites; ratios of
1:100, 1:1000 and 1: 10,000 are similar to that of cancer
cells and background cells in peritoneal lavages of pa-
tients with GC.** The results proved that our device
could separate cancer cells even from simulated samples
at a ratio of 1:10,000. Moreover, our integrated micro-
fluidic chip could achieve high-throughput separation
with a speed of 100 pL/min, which solves the disad-
vantage of blockage seen when running at high velocity
using a single DLD chip. This enables samples with
large numbers of cells to be screened and isolated,
laying a solid foundation for the application of this de-
vice in separating cells from pure clinical specimens in
the future.

We next collected ascites samples from 12 patients
with GC and separated cancer cells from the ascites.
Studies performing cell separation from patients’ ascites
based on physical methods are rare, and our study
realized cancer cells separation from complete patients’
ascites using an integrated microfluidic chip. To verify
the concentrating effect of our device, the separated cells
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were stained using the ThinPrep Papanicolaou method,
then compared with the results before cell separation.
The device successfully increased the number of cancer
cells in the field of vision and reduced background cells.
This will greatly facilitate the identification of tumor
cells in clinical ascites samples and help diagnose early
peritoneal metastasis by overcoming the difficulty of
finding tumor cells within a large amount of back-
ground cells. Our device could improve the sensitivity of
traditional detection methods. Furthermore, the sepa-
ration process was relatively short, making it convenient
to operate in clinic and indicating that our integrated
microfluidic chip may impact clinical practice by serving
as an auxiliary method for clinical cytological tests.

In our study, we achieved unbiased cell separation
without losing cells with different phenotypes based on
physical cellular characteristics. On this basis, we used
the SCTA-chip to analyze separated cells at the single
cell level. The SCTA-chip provides a relatively fixed po-
sition for cancer cells, allowing us to perform more than
one analysis method on the collected cells. As such, we
could analyze and compare multiple characteristics and
gather additional information for each individual cell.
Moreover, SCTA-chips avoid cell loss during cell stain-
ing (especially during flushing) by capturing the cancer
cells in traps. In the SCTA-chip, the accuracy and purity
of the separation was further verified with Wright-
Giemsa staining. At the same time, we also tested
EpCAM, Yapl, and CD45 expression in separated cells
by immunofluorescence to provide more evidence.
EpCAM is a diagnostic biomarker of epithelial malig-
nancies.”** Ajani et al. reported YAP1 as a specific
marker of tumor cells in ascites, with high expression in
the tumor cells of peritoneal metastasis regardless of
EpCAM expression.”” CD45 is a classical immune cell
marker widely expressed in all leukocytes. We selected
these three biomarkers to verify whether the separated
cells were cancer cells. Immunofluorescence results
showed that the cells separated from 12 ascites samples
were all EpCAM-positive and CD45-negative. Further-
more, separated cells from ten of the 12 samples were
positive for both EpCAM and YAP1, proving that the
separated cells were cancer cells. We concurrently per-
formed Wright-Giemsa staining on the separated cells
in the SCTA-chip. We chose Wright-Giemsa staining
rather than Papanicolaou staining, which is more com-
mon in clinics, because Wright-Giemsa staining is
simpler to operate and able to distinguish GC cells. The
collected cells were mostly hyperchromatic and had
large nuclei, further proving that the separated cells
were cancer cells. Based on this, we calculated the
overall purity of the separation to be 73% via pooled
analysis on Stata software. The separated cells did
include some noncancer cells. This may be due to the
reason that some noncancer cells were larger than
10 pm in diameter. Nevertheless, the purity of 73% was
higher than previous finding” and achieve the best
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performance in ascites cancer cell separation. Given that
our method could achieve high throughout and high
purity cell separation, combining our microfluidic de-
vices with pathological examinations may have a good
prospect in improving peritoneal metastasis diagnosis.
Besides separation, characterizing cancer cells is also
important. Moreover, SCTA-chips avoid cell loss during
cell staining (especially during flushing) by capturing
the cancer cells in traps. Therefore, we chose SCTA-chip
for cell analysis. We collected primary cancer lesions
from six patients, as well as NATs and metastasis lymph
node/TD from four patients (P04, P05, P06, and P07).
In our study, metastatic lymph nodes and TD repre-
sented metastatic tissues for GC. As early as 1935,
Gabriel et al. proposed the concept of TD.* TD is
defined as focal aggregates of adenocarcinoma in the fat
around the tumor which are discontinuous with pri-
mary tumors and independent of the lymph nodes.”
Similar to lymph node metastasis, TD can be consid-
ered a form of metastasis.*"** Through IHC, we explored
gene expression patterns in primary lesions, NAT,
metastatic lymph nodes/TD, and ascites cancer cells.
We also explored the expression pattern of YAP1 in
ascites cancer cells and tissues. In our study, YAP1 is
not only a marker to distinguish cancer cells, but also a
useful marker for serial gene analysis. YAP1 has been
reported to play an oncogenic role in cancer progression
and metastases.” It is suggested that YAP1 could be
pursued as a promising therapeutic target against GC
peritoneal metastasis. They showed that YAP1 plays an
essential role in peritoneal carcinomatosis and that
peritoneal carcinomatosis could be attenuated by YAP1
inhibition.” In our study, four of the collected samples
included primary lesions and NAT. In half of the sam-
ples, YAP1 expression was higher in the primary lesions
than in NAT. YAP1 had similar high expression in the
primary lesion and NAT in another sample. This is
consistent with previous studies and reflects that YAP1
overexpression is a sign of cancer.”” We then explored
the changes in YAP1 expression across different
cancerous tissues and cells. When comparing primary
lesions with ascites cancer cells, YAP1 expression was
similar in four out of six samples, with high YAP1
expression (IHC score >2) in the primary lesions and
positive expression in ascites cancer cells. Another two
samples showed different expression patterns, with one
(P09) having high YAP1 expression in the primary
lesion but negative in ascites cancer cells and the other
(P05) having low YAP1 expression in the primary lesion
with positive expression in ascites cells. Interestingly,
the primary and metastatic tissue for P05 also showed
different expression patterns, with low YAP1 in the
primary lesion and high expression in metastatic lymph
nodes. The YAP1 expression in metastatic cells (ascites
cancer cells, metastatic lymph nodes, or TD) was in
accordance across sites. Our findings demonstrate that
YAP1 expression in tumor cells may change during the

metastasis process. Similarly, Lee et al. reported that
YAP1 is essential for lymph node metastasis and that it
becomes more expressed in metastatic tumors.'* Alto-
gether, our data suggests the necessity of exploring
YAP1 expression in ascites cancer cells to facilitate tar-
geted therapy, and our study provides a method for
achieving this target.

Trastuzumab, the most important drug in targeted
therapy, has shown benefits for overall survival when
added to chemotherapy for HER-2-positive advanced
GC." It is reported that the HER-2 positive rate ranges
from 9 to 28% in primary GC tissues.””** Although
targeted therapy is applied to control metastasis, mo-
lecular status is usually evaluated in the primary lesions
since metastatic lesions are difficult to biopsy, especially
for peritoneal metastasis.”* Through SCTA chip, we
detected HER-2 expression in ascites cancer cells at the
single cell level. The results showed that ascites cancer
cells from 8 out of 12 samples showed HER-2 positivity,
well higher than the HER-2 positivity detected in pri-
mary GC tissues by previous studies.”** Discordant
HER-2 status between primary and metastatic GC is not
rare.”’® Peng et al. showed a positive conversion rate of
HER-2 (negative in primary lesions but positive in
metastatic lesions) of 4% for GC in a meta-analysis of 13
studies.” The conversion rate was 9.5% in breast cancer,
as shown by Schrijver et al. through meta-analysis.”” Our
study also compared HER-2 expression between pri-
mary and metastatic GC tissues or cells. Two out of six
patients showed discordant HER-2 status between their
primary lesions and ascites cancer cells, with HER-2
negative or low expressed in primary lesions but posi-
tive in ascites cancer cells. Though this discordance may
explain the phenomenon of higher HER-2 expression in
ascites cancer cells, 8 out of 12 samples of ascites cancer
cells presenting as HER-2" appeared unexpectedly high,
considering how the other metastatic tissues (e.g. LN
metastasis, liver metastasis) showed similar overall
HER-2 positivity as the primary GC tissues.”'** We
suggest that more ascites GC cells and paired primary
cancer tissues should be tested at the single cell level to
expand upon our results and provide more solid evi-
dence in the future. Nevertheless, our data demon-
strates that HER-2 may be highly expressed in ascites
cancer cells, suggesting that targeted therapy by trastu-
zumab could be a future therapeutic and investigation
direction for GC peritoneal metastasis.

Ascites samples in our paper were from a biobank
collection stored at —80 °C, and freeze-thawed unfixed
cells were seen to break into fragments during the
separation and analysis processes in the microfluidic
chips. This may result from cells in microchips being
affected by shear stress, especially in SCTA chips® and
under high flow rate in DLD chips.” Thus, we fixed our
cells with paraformaldehyde to enhance our success rate
in cell sorting and trapping for samples from the bio-
bank. Paraformaldehyde fixation can increase tissue
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stiffness® and preserve call shape®* by inducing cova-
lent cross-linking between molecules, effectively gluing
them together into an insoluble meshwork.” After
paraformaldehyde, almost no cells showed cell lysis in
our chips. Then, we further tested the ability of our
devices for separating and analyzing living cells. We
injected HGC-27 cells into the IMD and SCTA-chip, and
live-dead cell staining results proved that our device
could be used for living cells. We then mixed living
HGC-27 GC cells with fresh peritoneal lavage cells at a
1:10 proportion and performed separation by IMD,
obtaining recovery and purity comparable to those with
fixed cells. Nevertheless, the efficiency of our devices in
separating fresh ascites samples should be expanded
upon in future studies. Moreover, we suggest that if our
devices are utilized clinically, then fresh samples should
be examined as soon as possible if they are not fixed for
analysis.

The size difference between tumor cells and back-
ground cells provides the theoretical basis for most
microfluidic techniques that separate tumor cells.*® Ex-
amples of this are seen in Warkiani et al. isolating
spiked cell lines from lysed blood samples*’; Chiu et al.
separating PC-3 cancer cells from leukocytes®; and Wu
et al. sorting prostate cancer cells from whole blood
samples.” In our study, we designed an integrated
microfluidic chip combining DFF and DLD, utilizing
the unique characteristics of both chips to achieve high-
throughput separation of GC cells from ascites. Our
study realized cancer cells separation from complete
patients” ascites through an integrated microfluidic
chip. We also compared the efficiency of the IMD with
individual chips. The results showed that the IMD had
better efficiency (section 3.3), proving the benefit of
combining the chips. However, the flow rate used in our
manuscript (at which the IMD has the best separation
efficiency) may not be the most ideal flow rate for each
individual device. The flow resistance of the individual
DFF chip is different from that experienced in the in-
tegrated microfluidic device (IMD) at the same flow
rate.” Cells are subjected to different forces in a DFF on
an IMD compared to in an individual DFF chip, leading
to different focusing positions of cells between the IMD
and the individual DFF chip. Therefore, the separation
efficiency of the spiral chip in the IMD and the indi-
vidual DFF is different under the same flow rate, and
the recovery rate of the DFF alone is relatively lower
when run at the ideal flow rate for the IMD. For the cell
density used in our study, the individual DLD chip has
high recovery rates for cell separation at a relative low
flow rate, but cells will clog when the flow rate increases.
However, in the IMD, the DFF spiral chip performs an
initial cell separation and enrichment process, greatly
improving the concentration and purity of the cancer
cells entering the DLD chip. This causes cells to avoid-
ing clogging once they are in the DLD even at a high
flow rate. Thus, under the flow rate used for the IMD,
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cells will clog if the DLD chip is run individually, lead-
ing to low recovery rate. To expand on this idea, we
compared our IMD results with previous studies that
separated cells using individual DFF?7¢¢-% oy DLD?747:62
techniques (Supplementary Table S2). Compared with
individual DFF and DLD chips operating at their ideal
flow rates, the IMD still simultaneously showed higher
recovery rate, purity, and throughput. Moreover, the mix
ratio of our study (down to 1:10,000) was also lower than
in most studies. These findings support the superiority
and necessity of integrating the DFF and DLD
techniques.

There are some limitations to our study. First, we
fixed and filtered the clinical ascites cells before sepa-
ration. These processes cause a certain amount of cell
loss. To test cell loss, we counted 8.0 x 10° ascites cells
before cell preparation and found that 74.7% + 4.30%
(average 6.0 x 10° cells) remained after filtration and
fixation. Therefore, for clinical samples undergoing
filtration and fixation, the proportion of recovered
cancer cells compared to initial cell count may be lower
than the IMD recovery rate reported in the manuscript.
We demonstrated that the proportion of recovered
cancer cells compared to initial cell count is around
63%, since 74.7% of cells remained after filtration and
fixation and then the recovery rate of the IMD device is
around 85%. This decreased recovery rate for clinical
samples may limit the clinical utilization of our
method. We suggest that if our devices are utilized
clinically in the future, it would be optimal to use fresh
samples and separate cancer cells as soon as possible to
avoid cell lysis. Secondly, cancer cells less than Dc were
not separated in our study. Also, since radical surgery
is not recommended for GC patients with peritoneal
metastasis, we collected only 6 primary lesions and 4
metastatic tissues samples. Future serial molecular
expression analysis is needed from more samples to
expand our results. We also tried to provide a more
automated system by integrating the SCTA chip into
the IMD. However, the most important reason that we
did not perform this integration was that these two
chips have distinctly different flow rates. The flow rate
of the IMD was 100 pL/min, while the flow rate of the
SCTA-chip was 12 pL/min. Another reason was that
cells in the SCTA-chip need to undergo complex
staining procedures which were unnecessary for cells
in the IMD.

In summary, we achieved rapid and label-free sepa-
ration of tumor cells from ascites and peritoneal lavages
using an IMD based on hydrodynamics. Our device
could concentrate GC cells with high throughput,
making it easier for pathologists to find cancer cells in
ascites and showing its potential to impact clinical
practice and serving as an auxiliary method for clinical
cytological testing. Furthermore, we analyzed the sepa-
rated cells at the single-cell level using an SCTA-chip.
The separated cells were identified as cancer cells
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based on immunofluorescence imaging and Wright-
Giemsa staining. The overall purity of separation was
analyzed with Wright-Giemsa staining and calculated to
be 73%. We found an unexpectedly high HER-2 posi-
tivity rate in ascites cancer cells, highlighting the need
for further verification in larger samples. Our study
could provide a method to investigate therapeutic targets
and strategies for GC peritoneal metastasis.
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