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Abstract

The sieving and enrichment of rare tumor cells from large-volume pleural effusion (PE) samples is a promising technique for
cell-based lung tumor diagnosis and drug tests, which features high throughput and recovery, purification, as well as viability
rates of rare target cells as the prerequisites for high sensitivity, specificity, and accuracy of tumor cell analysis. In this paper,
we propose a three-dimensional (3D) sieving method for rare tumor cell enrichment, which effectively eliminates the "dead
zones" in traditional two-dimensional (2D) cell filters with a dimension-raising strategy to satisfy the requirements mentioned
above. The prototype device was combined with a funnel-shaped holder, a flexible micropore membrane in the middle, and a
3D spiral fluid channel covered on the membrane as a three-layer ice-creaming cone composite structure. Driven by gravity
alone, the device performed as follows: (1) 20-fold throughput compared with the 2D commercial plane cell filter, which
was up to 20 mL/min for a threefold dilution of whole blood sample; (2) high recovery rates of 84.5% +21%, 86% £25%,
83% =+ 14% for 100, 1000, and 10 000 cells/mL, respectively, in 30 mL phosphate buffer saline (PBS) sample, and a 100%
positive detection rate in the case of <5 A549 cells in 1 mL PBS; (3) a typical purification rate of 85.5% +9.1%; and (4) a
viability rate of >93%. In the demonstration application, this device effectively enriched rare target cells from large volumes
(>25 mL) of clinical pleural effusions. The following results indicated that tumor cells were easy-to-discover in the enriched
PE samples, and the proliferation capability of purified cells was (>4.6 times) significantly stronger than that of unprocessed
cells in the subsequent 6-day culture. The above evaluation indicates that the proposed easily reproducible method for the
effective execution of rare cell enrichments and assays is expected to become a practical technique for clinical cell-based
tumor diagnosis.
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Introduction

Most cases of malignant pleural effusion (PE) are caused
by lung cancer, breast cancer, and lymphoma; 15% of lung
cancer patients will initially present a malignant pleural effu-
sion, and up to 50% will have a malignant pleural effusion
throughout the course of the disease [1]. The enrichment and
purification of rare malignant tumor cells from PE samples
has an important value for the diagnosis of cancer, guiding the
surgical staging, surgical prognosis, and diagnostic tracking
[2-4]. However, the enrichment of rare tumor cells with high
recovery and purity has been a great challenge due to the low
concentration of such cells and interference from blood cells.
Furthermore, liquid biopsy samples are highly recommended
for analysis within 6-8 h after collection from patients to
maintain viability [5-7]. Therefore, there is a pressing need
to develop rapid and efficient point-of-care rare tumor cell
isolation technologies that could be broadly deployed in clin-
ical settings.

Size-based methods, which have the main advantages of
being label-free, simple, and fast compared to biological
enrichment, are more appropriate for tumor cell analy-
sis and thus have been widely proposed [8]. The typical
techniques presented include density gradient centrifuga-
tion, mechanical filtering, deterministic lateral displacement
(DLD), Dean flow fractionation (DFF), dielectrophoresis
(DEP), and acoustophoresis [6—-16]. Among these tech-
niques, the cell sieving method has been considered the most
promising approach for clinical applications due to its high
throughput potential and simple operation [17—19]. With the
advantage of being a label-free process, the above meth-

- Liquid biopsy - 3D printing

ods enable a general purpose application in laboratories or
clinical application scenarios for the size-based sorting of
different cells (e.g., peripheral blood lymphocytes [20], exfo-
liated tumor cells from bronchoalveolar lavage fluid [9], etc.).
However, traditional cell sieving techniques can hardly
meet the requirements of the high-throughput, high recov-
ery and purification, and viability rates of rare target cells
enrichment at the same time owing to their inherent weak-
ness, which is the so-called dead zone placed beside the
sieving micropores, inducing cell residue on the micropore
membrane. One of the optimizing strategies is to increase
the micropore membrane’s porosity to improve the through-
put and reduce this "dead zone" to improve the recovery,
purification rate, and throughput [21]. To pursue this goal,
considerable efforts have been directed to develop microp-
ore membranes based on existing technologies for size-based
cell sieving to form cell filters by various micromachining
fabrication techniques and materials, such as silicon [22],
parylene polymer [23, 24], SU-8 photoresist [25], or palla-
dium [26]. With the above optimizing strategies, the typical
throughput of existing micropore-arrayed filtration methods
has reached about 2 mL/min [27]. One of the best solutions
is the parylene-based cell filters reported by Wang [9] and
named as "PERFECT," which eventually achieved the above
requirements (> 17 mL/min throughput and about 85% recov-
ery rate of the blood sample) thanks to the high porosity
(>40.2%) of their membrane with a skillfully designed struc-
ture and complex micromachining fabrication processes.
Another approach for optimizing the cell sieving tech-
nique is improving throughput by enlarging the commercial
micropore membrane and inducing easily fabricated acces-
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Fig.1 The proposed 3D sieving methodology to improve the sieving
performance based on the dimension raising strategy. a Schematic of
the 2D plane sieving device, where the background cells are resided on
the membrane and the target cells are hard to recover. b The simulated
results show that the “dead zone” is placed beside the micropores on
the 2D plane sieves’ membrane. ¢ A large proportion of background
cells are resided on the surface of the 2D plane sieve after cell sieving.
d Schematic of the 3D sieving device with a coned three-layer struc-

sories to overcome its weakness so that it can be broadly
reproduced by users to perform effectively. The commonly
used commercial polymer filtration membrane in biological
studies and clinical practice for cell enrichment [28-30] is
the track-etched micropore membrane, whose inherent dis-
advantage is low porosity (2—7% or lower [8]). As illustrated
in Fig. 1a, when using the small area of the two-dimensional
(2D) sieving membrane, the sieving process frequently
causes micropore clogging due to the high concentration
of background cells and thus compromises its performance
in clinical applications. In traditional 2D sieving methods,
enlarging the micropore membrane area would increase not
only the throughput but also the amount of background cell
residue above the membrane caused by the "dead zone,"
broadening with the decreasing flow velocity beside the
micropores, as shown in Figs. 1b and lc. Using the 2D
cell sieving methodologies, it seems impossible to solve the
trilemma of increasing the throughput by enlarging the mem-
brane area without suffering from the drawback of decreased
recovery and purification rates.

With the strategy of dimension raising, we herein propose
a three-dimensional (3D) cell sieving method that enables
the high-throughput and high-efficiency enrichment of rare
cells. As shown in Fig. 1d, the sieving device was designed
as a three-layer ice cream cone composite structure, whose
interlayer is a large-area conical polymer micropore mem-
brane coupled with the 3D spiral channels carved on the
bottom surface of the 3D printed conical cover and sup-
ported by a 3D-printed funnel holder structure. When sieving

@ Springer

3D sieving

Micropore "~
membrane \,

Flow direction

Enriched cells

ture for effective, high-throughput cell enrichment. e The simulated
results show that the inclined 3D spiral channel can eliminate the “dead
zones,” and simultaneously increase the chance of flowing background
cells to be filtered out, and finally improve the purity of enriched cells.
f The coned structure was designed to improve the recovery rate due
to the enriched cells ultimately gathering at the conical tip of the coned
micropore membrane

rare cells, the cell samples only need to be poured over the
entrance and the target cells are subsequently recovered from
the colonial tip of the membrane. To eliminate the "dead
zone" on the micropore membrane featured by 2D cell siev-
ing methods, we designed a 3D spiral channel and coupled it
onto a cone-shaped micropore membrane to guide the fluid
driven by gravity for continuous flushing the membrane. As
shown in Fig. le, the simulated streamline in the inclined
flow channel effectively reduces the dead zone on the filter
membrane. Thus, this novel structure effectively increases
the throughput and avoids cell clogging or residue on the
sieve membrane. As illustrated in Fig. 1f, the enriched target
(large) cells are guided along with the spiral channel down to
the colonial tip, where they can be further collected in a small
volume. Meanwhile, the background (small) cells in the spi-
ral flow can directly pass through the micropore on the sieve
membrane and flow to the waste tube. With this dimension-
raising design, the 3D cell sieving method is expected to
meet the requirement of rapid rare target cell enrichment
from clinical samples at a high recovery rate, purity, and
viability.

Based on the proposed 3D sieving method, a prototype
platform was realized (shown in Fig. 2) and evaluated as
follows. Initially, the cell enrichment performance, which
was characterized as the combination of throughput, recovery
rate, purity, and viability, was evaluated by analyzing the
recovered cells from large-volume samples spiked with target
cells. Furthermore, as a demonstration, the rare tumor cells
were enriched from clinical PE samples and assayed.
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Fig. 2 a Setup of the prototype platform, which has a 3D sieving device
prototype, peristaltic pumps, and a waste container. The 3D sieving
device has three layers and is composed by the b 3D spiral channel,
¢ micropore membrane (SEM image, with 10 pm diameter micropores),

Materials and methods
Reagents

Unless otherwise stated, all reagents for cell culture were pur-
chased from Thermo Fisher Scientific Inc. (Waltham, MA,
USA). Specifically, relevant materials used for the cell cul-
tures and treatments included RPMI-1640 Media (GIBCO,
Life Technologies Corp., USA), DMEM Media (GIBCO,
Life Technologies Corp., USA), Fetal Bovine Serum
(GIBCO, Life Technologies Corp., USA), Penicillin—Strep-
tomycin (GIBCO, Life Technologies Corp., USA), 0.25%
Trypsin (GIBCO, Life Technologies Corp., USA), Phos-
phate Buffer Saline (PBS) (GIBCO, Life Technologies Corp.,
USA), CCK-8 Cell Proliferation and Cytotoxicity Assay Kit
(Glpbio, USA), Transforming Growth Factor-Beta (GIBCO,
Life Technologies Corp, USA) and BSA (Thermo Fisher,
USA). Calcein AM (Thermo Fisher, USA), propidium iodide
(PI) (Thermo Fisher, USA), Hoechst 33,342 (Thermo Fisher,
USA) and 2-NBDG (2-[N-(7-Nitrobenz-2-oxa-1,3-diazol-4-
yl)amino]-2-deoxy-D-glucose) (Thermo Fisher, USA) were
applied as indicators of cell viability and metabolism.

Design and fabrication of the prototype sieving
device

As shown in Fig. 2a, the setup of the prototype platform
included the 3D sieving prototype device, the pumping com-
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ponents, and other parts. The prototype device was developed
following the schematic shown in Fig. 1f, which was com-
bined with 3D spiral channels (shown in Fig. 2b), coned
polymer micropore membrane (shown in Fig. 2c), and the
holder (shown in Fig. 2d) top to bottom. Besides, the peri-
staltic pumps were set for the injection of cell samples and
washing buffers.

The structural parameters of the device were designed for
handling liquid samples with 100 mL volume. Specifically,
the micropore membrane was coned in the vertical section
angle of 60° (determined by the folding and sealing process,
as shown in Fig. S2) with a surface area of 56.5 cm?. The
spiral channel was designed with a2 mm X 1.5 mm square in
the channel’s cross-section and 6 mm in the pitch of screw,
and 50 mm in the channel’s height. The contact gap distance
between the spiral channel edges and the micropore mem-
brane was considered an important parameter for the filtering
effect. It was controlled as <0.05 mm (much lower than the
1.5 mm of the fluid channel height) by employing the precise
3D printing fabrication method with closely matching shapes
to ensure the guided mainstream flow along the spiral chan-
nels. In addition, three different channel heights of 30, 40, and
50 mm were designed to verify the rising throughput when
enlarging the membranes’ effective area in the next section.

The 3D spiral channels, the holder, and the platform shell
were fabricated from photosensitive resin (DSM SOMOS
8000) using a 3D printing machine (Lite 300, UnionTech,
China).
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The polymer micropore membrane was fabricated from
polycarbonate (PC) material using a high-speed heavy ion
bombardment and sodium hydroxide etching fabrication
process (Fig. 2e) at the Heavy Ion Research Facility in
Lanzhou (HIRFL), China. The membranes were approxi-
mately 10 pwm in thickness and about 15%/10% in porosity
for 10/8 pm diameter micropores, respectively. The mem-
brane was formed into a cone shape by going through the
folding, cutting, and heat sealing steps (Fig. 2f). In addition,
it was surface modified (>5 h before use) with 1% BSA to
avoid cell adhesion.

Evaluation of cell enrichment performance

Based on the device prototype, the performance evaluation
process was split into two steps, as detailed below. Firstly, the
level of throughput, recovery rate, and viability were sepa-
rately validated using the target cells only. Secondly, the level
of purity, viability, and throughput were simultaneously val-
idated using the simulated PE, which was created by adding
the rare target cells to the diluted whole blood cell samples
in different cell proportions.

In the following procedure, unless otherwise indicated, the
THP-1 (human monocytic cell line) cells, which are slightly
larger than most white blood cells, were employed as rare
target cells. Besides, A549 cells (human lung tumor cells)
were used to test the positive rate of very rare (<5 per mL)
cell detection and viability evaluation. Both of the THP-1 and
A549 cell lines were purchased from the Chinese National
Infrastructure of Cell Line Resource (NICR) and cultured in
a cell incubator (Thermo Scientific, USA) at 37 °C under
5% CO,. Meanwhile, the whole blood cells were donated by
healthy people. For the enrichment of THP-1 and A549 cells,
the device was equipped with an 8-pm and 10-pum micropore
membrane, respectively.

Before the tests, except for the viability evaluation tests,
the target cells were pre-stained with live cell fluorescence
indicator (Calcein-AM, green fluorescence) for convenient
observation and counting under a fluorescence microscope.

Separate validation of high throughput, recovery rate,
and viability

During the test procedure, the cell samples were supplied to
the entrances of the spiral channel in the device by a pump
or Eppendorf tubes (except for the tests of very rare (<5
cells/mL) cell detection). Driven by gravity, the smaller cells
and liquid passed through the membrane and flowed down to
the lower flasks, and rare target cells were recovered from the
micropore membrane’s cone tip. For subsequent cell culture
and analysis, the upper spiral channel scaffold needed to be
removed from the device, and the membrane surface was
rinsed with PBS for the recovery of enriched cells in the
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colonial tip. The recovered solution was transferred into a
5-mL centrifuge tube or microplate by pipetting.

For the throughput measurement, each sample of 20 mL
PBS solution was directly poured to the spiral channel’s
entrance, and the waste was collected by a container placed
on a precision electronic scale (accuracy: 0.001 g, Met-
tler Toledo-ME203E, Switzerland), which was employed to
record the weight increment of the collected liquid over time
(Fig. S3). The throughputs were calculated from the real-time
recorded weight increment over time divided by the liquid’s
density (1.0 g/mL). To compare the throughput among the
3D and 2D sieving methods, the amount of solution after
adding the same volume of PBS to the devices, including the
3D spiral sieving device with different spiral channel heights
(shorted as the H) of 30, 40, and 50 mm and the 2D cell sieve
formed with the same micropore membrane, was measured
and analyzed.

For the viability evaluation, each 10 mL cell sample doped
separately with 10 000 and 1000 A549 cells was sieved using
the 3D sieving device and then analyzed. Once the cell sam-
ple was sieved, the recovered cells were stained with the
viable (Calcein-AM, green fluorescence) and dead (PI, red
fluorescence) cell indicators and observed under a fluores-
cence microscope (IX-73, Olympus) for counting the number
of living and dead cells. The short-term viability of recov-
ered cells was further analyzed based on the counting results.
Moreover, the partially recovered cells were cultured to ana-
lyze their long-term viability.

For the evaluation of cell recovery, 30 mL of PBS samples
spiked with target cells (THP-1) in the concentrations of 100,
1000, and 10 000 cells/mL were sieved using the 3D sieving
device. Once the cell samples were sieved, the proportions of
target cells in the recovered cell populations were considered
as the recovery rates. Furthermore, additional tests were con-
ducted to verify the device’s ability to detect very rare tumor
cells. Two sequences of repeated trials were performed: one
with the coned micropore membrane coupled with 3D spiral
channels and the other without these channels. These tests
were repeated with the same sample preparation procedure
10 times by doping <5 cells into 1 mL. PBS and perform-
ing the sieving procedure. For preparing <5 cells for each
test, diluted A549 cells were transferred to the wells of a
384-well plate (Agilent Technologies, USA); next, <5 cells
were sucked into a 1-mL micropipe tip to dilute to 1 mL
and then delivered to the device for sieving. The reduced
number of cells in the wells after pipetting was counted as
the actual number of delivered cells. After the cell sieving
step, in the first 5 tests, cells were counted on the membrane
in situ without cell recovery. Meanwhile, in the rest of the
tests, cells were recovered into the wells and counted. The
cell numbers before and after cell sieving were compared
among each test and calculated as the positive cell discovery
rates.
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Validation of throughput, purity, and viability together

For cell sample preparation, the target cells were tagged with
the live cell indicator (Calcein-AM) and doped into 10 mL
of diluted whole blood samples (x 5, x 50, and x 500) with
blood and viable THP-1 cells in proportions of 100:1, 1000:1,
and 10 000:1, respectively. During cell sieving using the 3D
sieving device, the throughput was measured in the same way
as mentioned above. The target cells were then observed and
counted.

The proportions of recovered cells were calculated and
considered as purity. Furthermore, the proportions of target
cells before and after enrichment were compared and noted
as enrichment efficiency.

Cell enrichments and assays from clinical PE samples

The clinical PE samples were obtained from four patients
with advanced non-small cell lung cancer at Beijing Chest
Hospital. The clinical PE collection and experiment were
carried out in accordance with the guidelines and protocols
(BJXKYYFADL-V2) approved by the Ethics and Scientific
Committees of the Hospital. Once cell samples were sieved,
two of the recovered samples were used to detect and enu-
merate tumor cells immediately, and the other two were used
for proliferation and subsequent testing.

The filtration of tumor cells in PE samples was performed
under the 3D sieve, which had 10 wm pore size. The enrich-
ment steps were the same as those for the spiked samples.
The concentration and distribution of the primitive and the
recovered PE cells were calculated before and after enrich-
ment. Following enrichment, the primitive and recovered PE
cells were inoculated into the microplate and cultured in a
CO; incubator (37 °C, 5% CO,) after adding the complete
culture medium. The cells in the plates were observed under
a microscope every day to observe their growth. The cell
proliferation factors were characterized by measuring the
absorbance at 450 nm under CCK-8 (Glpbio, USA) stain-
ing.

Once PE samples were sieved through the 3D sieve device,
50 000 of the recovered cells were gently resuspended in
100 nL PBS and mixed with 100 pL cell fixative (Cytell-
gen). The cell mixture was smeared on the formatted and
coated circulating tumor cell (CTC) slides (Cytelligen) and
then dried for subsequent iFISH processing. In this proce-
dure, EpCAM/Vimentin-iFISH cell staining was performed
according to the manufacture’s updated protocol (Cytelli-
gen) [31]. Briefly, the dried monolayer cells on the coated
slides were rinsed and incubated with PBS at room tem-
perature for 3 min, followed by hybridization with Vysis
chromosome 8 centromere probe (CEP8) SpectrumOrange
(Abbott Laboratories, Chicago, IL, USA), approved by the
U.S. Food and Drug Administration to identify aneuploid

solid tumor cells, for 4 h using an S500 StatSpin ThermoBrite
Slide Hybridization/Denaturation System (Abbott Molecu-
lar, Abbott Park, IL, USA). The samples were subsequently
incubated with the indicated post-fluorescence labeled mon-
oclonal antibodies at 1:200 dilution, including Alexa Fluor
AF594-CD45, AF488-EpCAM, and Cy7-Vimentin (Cytelli-
gen) at room temperature for 20 min in the dark [32]. After
washing, samples were mounted with mounting media con-
taining DAPI (blue) (Vector Laboratories, Burlingame, CA,
USA) and subjected to automated CTC image scanning and
analyses.

Following the 3D sieve enrichment, 1 million of the recov-
ered cells of each sample were stained with the nucleus
staining DAPI, leukocyte marker (CD45), epithelial marker
(EpCAM), mesenchymal markers (vimentin), and Vysis
chromosome 8 centromere probe (CEPS) for identification.
The tumor cells were identified as epithelial positive (DAPI
+ /CD45 — /EpCAM +), mesenchymal positive (DAPI +
/CD45 — /Vim +), or both epithelial and mesenchymal pos-
itive (DAPI + /CD45 — /EpCAM + /Vim +), while white
blood cells (WBCs) were identified as DAPI + / CD45 —
/EpCAM-/Vim-.

Tumor cells have different energy metabolism pathways
than normal cells. Elevated glucose uptake is a hallmark of
cancer cells and has been used in positron-emission tomog-
raphy to detect malignant tumors in vivo [2]. Cells with
enhanced glucose uptake in PE or peripheral blood samples
are highly likely to be malignant [2, 33]. Fluorescent mark-
ers can quickly detect suspected tumor cells with particularly
high metabolic values. The PE cells before and after filtra-
tion were incubated separately with the fluorescent glucose
analog 2-NBDG. After labeling with 2-NBDG, the images
of scattered cells were captured by a fluorescent microscope
in a fluorescent color.

The cells enriched from PE cells were sub-cultured for
four weeks and then stained with hematoxylin—eosin (HE).
The procedure of HE staining included fixation with 95%
ethanol, sequential immersions in hematoxylin (Dako, USA)
for 2-3 min, bluing buffer (Dako, USA) for 10-15 s, and
eosin (Dako, USA) for 10-15 s. Rinsing with distilled
water was conducted after each immersion. Then, cells were
sequentially dehydrated with 70% ethanol, 95% ethanol,
absolute ethanol, and dimethyl benzene. After those, they
were mounted with neutral balsam for long-term stable stor-
age.

Data analysis
During the testing of 3D sieve with A549/THP-1 and PE
cells, Image J software, as recommended by the National

Institutes of Health (NIH), was used to enumerate cells on
the bright-field (BF) and fluorescence images. All data in this
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Test cases of < 5 cells recovery

Fig.3 a The throughput changed over time and b averaged when siev-
ing 20 mL PBS solution using a 2D plane sieve and three 3D sieving
devices with different height of the spiral channel, respectively, all of
which were using the same membrane 10 pm diameter micropore. ¢ The
viability of the target cells (A549) with two groups of primitive cell con-
centrations (10° and 10* cells/mL) before and after enrichment. d, e The

study were expressed as mean =+ SD from no less than three
independent assays.

Results and discussion

Performance of rare target cell enrichment
from spiked samples

Throughput

The real-time throughput vs. filtration time plot for a typi-
cal 20 mL PBS filtration is shown in Fig. 3a. Initially, the
throughput increased mainly because the fluid needed to
break through the surface tension of the filter membrane;
then, as the pressure of the liquid sample on the membrane
surface decreased, the real-time throughput declined over the
filtration time; finally, each of 20 mL PBS could be sieved
within 40, 55, 70 s for the three 3D spiral channels with
heights of 50, 40, and 30 mm, respectively, and within 82 s
for the 2D panel sieve (still with>10 mL residual volume).
For the initial trials, the 2D plane micropore membrane area
was chosen as 7.5 cm x 7.5 cm = 56.25 cm? (approximately
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recovery rates of the recovered very rare (<5, A549) target cells which
were spiked in 1 mL PBS solution, then recovered d on the membrane
and e to the well plate, respectively. f The recovery rate of the recovered
target cells (THP-1) that were spiked in 30 mL PBS at concentrations
of 100, 1000, and 10 000 cells/mL

the same as the 3D filter’s surface area of 56.5 cm?), where
the 20 mL of liquid wholly resided on the membrane (see
Fig. S3a). In subsequent repeated trials, 6 cm? was selected
instead of the 56.25 cm? as the membrane’s area to prop-
erly package the membrane into a commercial 2D filter
holder (BD Falcon cell strainer, USA, with its own membrane
removed) for a more convenient comparative study (see Fig.
S4a). With the membrane’s area reduced, about 7 mL liquid
passed through the micropores in a much lower throughput
than the 3D’s, but about 13 mL still rested on the membrane.
Both of the 2D filter’s results showed that the fluid hardly
passed through the micropores while only driven by gravity,
no matter whether through an area of 56.25 or 6 cm?.
Figure 3b shows the average throughputs of the 3D sieve
device and 2D sieve. Compared to the 2D plane sieve with
a throughput of about 1.5 mL/min, the throughputs of the
3D device with spiral channel heights of 30, 40, and 50 mm
significantly improved, which were recorded as 29, 24, and
17 mL/min, respectively. It’s worth noting that the 3D cell
sieve used in the subsequent sections has an average through-
put of 29 mL/min, which is remarkably (20-fold) higher than
that of the 2D cell sieve. The comparative study also indicated
that, with the spiral channels’ height rising, the throughput
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increased due to the enlarged active area of the micropore
membrane.

The high throughput performance of the proposed method
shown in the tests proved that it has a promising capacity for
collecting rare cells from large-volume samples. Compared
with previous microfluidic cell separation devices [16, 34]
featuring a throughput of about 1 mL/h, the design strategy
of dimension raising demonstrated an obvious throughput
advantage.

Viability

The short-term cell viability results obtained via the live/dead
assay after cell enrichment were shown in Fig. S5. The viabil-
ity of the primitive cells was 98% £ 0.6% and 97.4% £ 4.1%
at 10° per mL and 10* per mL cell concentrations, respec-
tively, while that of the recovered cells only reduced to
94.5% £ 0.9% and 93.4% £ 5.2%, respectively, as shown in
Fig. 3c. Each set of experiments was independently repeated
three times. In the figure, the error bars stand for the standard
deviations between different filtrations. The results show
no statistically significant difference with P >0.0001 and
P >0.01 for the two sets of experiments, respectively, as
evaluated by a Student’s ¢ test. The relative deviations for the
two sets of experiments were 4.06% and 4.11%, respectively.
Moreover, the recovered cells were transferred to the culture
dish and were successfully cultured with adherent morphol-
ogy (Fig. S6). The comparative cell viability results between
before and after filtration confirmed that the sustainable cul-
ture and analysis could be implemented for cells recovered
with the proposed 3D sieving device.

Recovery rate

As shown in Fig. 3f, the achieved recovery rates were
84.5% £21%, 86% +25%, and 83% + 14% for THP-1 cell
concentrations of 100, 1000, and 10 000 per mL, respectively.
Theoretically, it is difficult to recover the cells diffused on
the 2D plane cell sieve after filtration. The results shown
in Fig. 3f indicate that, given the membrane’s cone-shaped
structure, about 85% of target cells flowed into the conical
tip of the membrane and recovered. Consequently, the 3D
sieving device has a promising ability for cell recovery.

In order to verify the proposed device’s benefits for very
rare cell recovery by the coned structure, we performed two
sequences of repeated trials with samples of <5 spiked A549
cells in I mL PBS (n = 5 for each trial). As demonstrated by
the results shown in Fig. 3d, the 100% positive rate for cell
rediscovery on the membrane indicated that the coned mem-
brane contributed to the collection of cells in the conical tip,
along with an average recovery rate of 77.8%. Moreover, as
shown in Fig. 3e, the 80% positive rate of cell detection in the
microplate and the average recovery rate of 53% indicated

that several cells were lost; however, most of the cells were
recovered successfully in the recovery process. The micro-
graphs produced in these trials were shown as supporting
information (Fig. S7).

Commercially available 2D size-based filtration methods,
such as ThinPrep cytologic tests (TCTs), can only achieve a
recovery rate of less than 15% [17]. Our method is therefore
competitive in terms of recovery rate and comparable with
the high-porosity cell sieve "PERFECT" [9, 27].

Simultaneous evaluation of purity, throughput,
and viability performance

After sieving the simulated PE samples at a throughput rate
of about 20 mL/min (as shown in video S1), the viable target
cells (tagged with live cell indicator) were enriched, recov-
ered, and observed. Figure S4 shows the contrast between
the cell concentrations of the recovered cells under the 2D
plane sieve and the 3D sieve. Figures 4a-i, 4b-i, and 4c-i indi-
cate that the proportions of blood to viable THP-1 cells were
100:1, 1000:1, and 10 000:1, respectively, before sieving.
Figures 4a-ii, 4b-ii, and 4c-ii present the corresponding cell
composites after cell enrichment, where the purities of recov-
ered viable THP-1 cells were recorded as 85.5% £9.1%,
64.5% £ 8.5%, and 48.3% +10.2%, respectively (Fig. 4d).
Compared to the ratio of target cells before and after filtra-
tion, the enrichment efficiency reached about 60, 500, and
4000 times at blood to THP-1 cell ratios of 100:1, 1000:1,
and 10 000:1, respectively (Fig. 4e). Here, it is worth not-
ing that when the cell proportion was lower at 1000:1 and
10000:1, the purity of viable target cells could be affected by
the monocytic blood cells, whose size is comparable to these
target cells.

The above results show that, with the design strategy of
dimension raising, during the high-throughput sieving proce-
dure, cell residue problems induced by the "dead zone" were
satisfactorily solved, and the recovered cells had high purity
and viability.

Enrichment of rare target cells from clinical PE
samples

For this test, primitive PEs were obtained from different
patients diagnosed with lung adenocarcinoma. The volume
and cell concentration of primitive PE samples were first
determined (Table S1).

The samples from all four patients were 3D-sieved for
target cell enrichment. Figures 5a and 5b show the micro-
graphs of cells sampled from patients 1 and 2, respectively.
Figures 5a-i/ii and 5b-i/ii present the micrographs of the
primitive PE samples from two patients and the recovered
cells after 3D cell sieving, respectively. Compared with the
size distributions observed in the micrographs, the proportion
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Fig.4 a—c The images of the background and viable (tagged in green)
target cells before (each i) and after (each ii) cell enrichment from
10 mL of cell samples (x 5, x 50, and x 500 dilution of whole blood

of large cells and cell clusters was significantly increased.
Moreover, after cell culture for 6 days, the micrographs
shown in Figs. 5a-iii and 5b-iii indicate that the recovered
cells were significantly proliferated.

Primitive and recovered cells from patient 3 were imaged
at random locations through a microscope under bright field
(BF), and then the diameter of PE cells was measured through
image analysis using the software Image J. The cumulative
size distribution is plotted in Fig. 5c. After sieving through
10 wm size micropores, the proportion of large-size cells
(>10 wm) increased from 2.4% £0.5% to 43.2% 4 6.3%.

The process of primary tumor cell proliferation in PE
played an essential role in the exploration of the tumor growth
mechanism, thus improving the sensitivity and specificity of
the diagnosis of malignant PE [35]. Meanwhile, a large popu-
lation of proliferating cells is crucial for future drug-sensitive
tests. To verify the proliferative ability of recovered cells sam-
pled from patients 3 and 4, we compared their growth curves
with the unfiltered PE cells’ curves. All of the cells were
successfully cultured for 6 days, while the most rapidly pro-
liferating cells covered 95% of the culture dish bottom. After
6 days of culture, the enriched cells had obviously prolifer-
ated, as shown in Figs. 5a-ii/iii and 5b-ii/iii. The two pairs
of primitive and enriched cells’ growth curves are shown in

@ Springer
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cells, which were spiked with target cells (THP-1) in the proportions
of 1:100 (a), 1:1000 (b), and 1:10,000 (c), respectively) were observed
and calculated into (d) purity and (e) enrichment efficiency

Fig. 5d, indicating that the enriched cells proliferated 4.6 and
8.3 times faster than the unfiltered PE cells. Prior to target
cell enrichment, the primary tumor cells in the pleural effu-
sion are difficult to culture in vitro due to the complex cell
composition of raw PE [36, 37]. After sieving, the propor-
tion of tumor cells was effectively increased by our method,
which was regarded as the main reason behind the increased
proliferation rate of enriched cells.

Analysis of tumor cells from recovered PE cells

The comparison of bright-field and in situ 2-NBDG fluores-
cence images before and after filtration is shown in Figs. 5e
and S8, where it is obvious that the number of metabolically
active cells was increased. It was also verified that the size-
based cell enrichment has practical significance for collecting
tumor cells from clinical samples.

In order to further explore the fraction of recovered PE
cells, immunofluorescence was used to identify the candi-
date tumor cells from the recovered PE cells of patient 1 and
patient 2, as presented in Fig. 5f. The abnormal expressions
of chromosome 8, which are also common in tumor cells of
patients with lung cancer, show a higher proportion of aneu-
ploidy. In the enriched cells from patients 1 and 2, 89 versus
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Fig.5 The observed images of cell populations of (a-i, b-i) primitive PE
cells sampled from patients (a, b for patients 1, 2, respectively), (a-ii,
b-ii) recovered after cell sieving through 10 wm diameter micropores,
and (a-iii, b-iii) 6-days of culture. ¢ Diameter histogram (for patient
2) and proportions (for patients 1-4) of the primitive and recovered
cells. d The proliferation factors of primitive and recovered cells in 6-
day culture (for patient 3 and patient 4) were obtained. After labeling
with the cellular glucose metabolism tracker (2-NBDG, green), e com-

2910 and 29 versus 2220 tumor cell clusters were discovered,
respectively, by sampling 5 x 10* assayed cells (Table S1).
Here, it is worth noting that the proportion of tumor cells
and clusters was only about 0.25% versus 10% of enriched
cells. Moreover, considering that the purity improved tens of
times after cell enrichment, the raw proportion of tumor cells
should be about only about 0.0068 versus 0.12%, separately,
in whole PE cells from 25 versus 65 mL of clinical PE sam-
ples before cell enrichment. These results indicate that, once
the background cells were effectively filtered out, rare tumor
cells in the clinical PE became more distinct to be discovered.

In the other sequence of trials, cells were enriched from
PE samples of patients 3 and 4 and then sub-cultured for
four weeks. After being assayed by HE staining, tumor cells
were also detected, as noted by the red circles in Fig. 5g.
The results indicated that the tumor cells were success-
fully cultured after several passages, which also verified that
the proposed 3D sieve provides a potential tool for tumor
studies.
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pared to the primitive PE samples (e-i, ii for bright-field and fluorescent,
respectively), the proportion of suspected tumor cells (green) were sig-
nificantly increased among (e-iii, iv) the recovered cells. f Through
immunofluorescence tests, individual tumor cells, tumor cell clusters,
and white blood cells enriched from the PE sample were assayed among
the recovered cells (from patients 1, 2). g The suspected tumor cells (in
red circles) were discovered by HE staining among the recovered cells
and then the cells with 4 weeks of sub-culture (from patients 3, 4)

Conclusions

As clearly shown by the existing clinical applications, pre-
processed by a size-based cell sieving technique, filtered
background cells are mainly in the size of 4-8 pm, and the
target tumor cells can be obviously detected and assayed.
However, traditional cell sieving methods applying a 2D
plane structure need to be upgraded to overcome their
inherent drawback called the "dead zone." Although some
attempts have been reported to reduce the negative effects of
this drawback, they cannot fundamentally solve the problem
because of the nature of the 2D plane structures.

This paper proposed a new design strategy, named "dimen-
sion rising strategy," to address the critical challenge. In the
details of this strategy, we fabricated a 3D sieving system
with a special 3D spiral channel and a coned sieving mem-
brane to guide the rapid flow of cell samples on the sieving
membrane to eliminate the "dead zone effectively." Based
on the proposed design strategy of dimension raising, the 3D
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sieving system demonstrated several other advantages as fol-
lows. First, with the 3D spiral channel covered on the coned
membrane, the 3D sieving device’s throughput was theoreti-
cally tens of times higher than that of 2D plane sieves, since
the highest pressure at the conical tip was 10 000 times higher
than that in 2D sieves with the same surface area of micropore
membrane while driven by gravity alone (for simulations, see
Fig. S1). Meanwhile, the ridges on the holder’s internal sur-
face help the liquid above the membrane easily pass through
the micropores to improve the throughput because the gat-
ing threshold (the pressure needed to open the pores) was
reduced with the structure according to the gating mecha-
nism theory [38]. Second, the coned structure was conducive
for cell recovery, since the target cells were mainly flushed
down along the 3D spiral channel and collected at the coned
membrane’s tip. Third, the coned structure was highly scal-
able for a sample volume from 100 pL to 100 mL and a
cell count from 1 to 10°. Fourth, the coned structure could
efficiently prevent fluid leakage without the need to tightly
couple those three layers, so users just need to put the cover
with the spiral channel on to sieve the sample and then put it
aside to recover the target cells. In addition, the membrane is
detachable for easy transportation for downstream analysis.
Fifth, the 3D sieving system is convenient to reproduce by
users because the core components are fabricated by com-
mercial 3D printing service providers, while the micropore
membrane as a consumable item is easy to obtain. Sixth, the
system was made cost-effective by using commercial ser-
vices, the reusable core components cost less than $10, and
the consumable part cost less than $0.1 per test.

In this initial proof-of-concept demonstration, we devel-
oped a device prototype and verified its promising capability
for enriching pure and viable rare target cells from large-
volume samples at high throughput and recovery rates.
Specifically, the 3D sieving platform’s throughput was 20
times higher compared with the 2D plane sieve using the
same micropore membrane. Relatively competitive results
were obtained based on three primary considerations (viabil-
ity, purity, and recovery rate) based on the assessment of the
efficacy of cell separation. From diluted whole blood spiked
by the target cells (THP-1), we could detect viable target cells
with a purity of 85.5% £9.1% (in the proportion of 1:100)
and a recovery rate of 84.5% £ 21% (in the concentration of
100/mL) in repetitive tests.

For clinical application, PE samples from four lung cancer
patients were sieved, cell clusters were successfully enriched
and the purity of target cells was increased typically from
2.4 to 43.2%. We successfully cultured the recovered PE
cells and found that the PE cell proliferation factor increased
8.3 times after enrichment. From the perspective of glu-
cose metabolism, we realized the rapid identification of
tumor cells through 2-NBDG staining. The enhanced glu-
cose uptake and proliferation factor after enrichment also

@ Springer

validated the clinical relevance of this metabolically active
subset.

In comparison with commercial 2D plane cell filters, we
could demonstrate the great potential of the design strategy
of dimension raising supported by additive manufacturing
techniques to upgrade and reform traditional cell sieving
techniques. Moreover, the performance of our device pro-
totype was comparable with the best existing well-optimized
and precisely micro-fabricated cell sieves. We believe that
our strategy can help to raise the performance of 2D cell fil-
ters to a new level. Given the reproducibility of the proposed
methodology, we can expect great application prospects of
the presented 3D cell sieving device.

Supporting Information

Model simulation; simulation of fluid pressure; fabrication
procedure of the 3D membrane; platform for throughput
measurement; comparison of unpassed blood cells; viability
of recovered A549 cells; growth of recovered A549 cells;
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Hoechst/2-NBDG fluorescence staining of recovered PE
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