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Rare cells such as circulating tumor cells and prenatal fetal cells can be captured by size-dependent filtration
using a microfluidic device. Herein, we report a method to release the captured cells with the same microfluidic
device which consisted of a microfabricated filter with tapered holes. When a cell containing flow passed through
the filter, the cells could be blocked by the filter. Afterward, a reverse flow was applied to release the captured
cells. To increase the efficiency of the capture and the release, a filter with tapered holes was used and micro-

particles of sizes between smaller and large hole diameters were added into the reverse flow. We found that
when the majority of the holes were blocked, the trans-filter flow resistance drastically increased and most of the
captured cells could be released. As a proof of concept, ovarian cancer cells SKOV3 were used, showing a high
release efficiency and remarkable viability of the collected cells.

1. Introduction

Rare cells such as circulating tumor cells (CTCs) and prenatal fetal
cells are valuable biomarkers that can now be captured from billions of
red and white blood cells in a few milliliters of a peripheral blood sample
[1]. Compared to the other methods including affinity-based recognition
[2-4], inertia-based separation [5,6], electrochemistry-based detection
[7,8], nanostructure-based capture [9,10], the size-based filtration
[11-14] is perhaps the simplest and most direct. This method relies
mainly on the size and deformability differences between the rare cells
and the blood cells. Once captured, the cells could be enumerated and
characterized thoroughly with the downstream analytic methods.

Previously, we developed a method to capture CTCs using a micro-
fluidic device with an integrated filter with tapered holes [15]. By using
a filter with small hole diameter of 6.5 pm, a flow rate of 0.5 mL/min,
and different tumor cell lines, a capture efficiency as high as 98% could
be reached. Remarkably, up to 95% of the captured cells were alive for
proliferation on the filter. In order to facilitate the downstream analyses,
we developed in this work a method to release the captured cells by
using the same device. We firstly performed the cell using the same
method as previously reported. Then, we applied a reversed flow with a
solution containing micro-particles to block the holes of the filter where
no cell was captured. We found that when the majority of the holes were
blocked, the trans-filter flow resistance drastically increased and 92.2%
of cells could be recovered after capture and release. We show that its
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release efficiency depends on the percentage of blocked holes and that
the released cells presented a good cell viability.

2. Materials and methods
2.1. Microfluidic system

Fig. 1(a) shows the microfluidic system used in this work, which
consists of a plastic microfluidic device with an integrated tapered-hole
filter, a high precision air pressure generator (from MesoBioTech,
France), four falcon tubes, four electromagnetic valves, and silicone
pipelines. All fluidic connections were done via standard Luer connec-
tors and the pressure regulation was achieved with Arduino board in-
tegrated inside the air pressure generator. When the system was used for
cell capture, valve 1 and valve 4 were switched on and the cell sus-
pension in tube 1 was pushed out by air pressure, entered into the
microfluidic device from inlet 1 to outlet 2, and finally went to tube 4. In
such a way, cells could be captured by the filter, as shown in Fig. 1(b).
When the system was used for cell release, valve 2 and valve 4 were
switched on and the two other valves were switched off. A polystyrene
micro-particle containing solution (from Sigma, France) in tube 3 was
extruded out by air pressure, entered into the microfluidic device from
inlet 2 to outlet 1, and finally went to tube 2 (Fig. 1(c)).
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2.2. Microfilter with tapered holes

Filters of 30 pm thickness and tapered holes of 6.5 pm and 17 pm
diameters were provided by MesoBioTech. These filters were bounded to
a 100 pm thick and 9 mm inner and 13 mm outer diameter ring for easy
handing (Fig. 2(a-b)). To avoid cell adhesion during capture, they were
coated with PLL (20)-g[3.5]- PEG(2) (Susos) for 1 h in 37 °C with a
concentration of 0.1 mg/mL.

2.3. Cell culture, immunostaining, and dehydration

SKOV3 cells were cultured in RPMI-1640 medium containing 10%
FBS (fetal bovine serum, Sigma, France), penicillin (100 U/mL), and
streptomycin (100 U/mL) under 37 °C and 5% CO; in a humidified at-
mosphere incubator. Before cell capture, cell nuclei were stained by
Hoechst 33342 (ThermoFisher, France) for 30 min and then washed
with PBS (phosphate buffer saline, Gibco, France) for 3 times. Fluores-
cence imaging of cell release was conducted on a Zeiss Observer Z1
fluorescence microscope (Fig. 2(d)). The cells release efficiency was
calculated by the released cells number divided by the total captured
cells number. Cells were fixed with 4% PFA (Paraformaldehyde, Gibco,
France) for 15 min, dehydrated gradually in ethanol twice (50%, 60%,
70%, 80%, 90%, and 100%, each for 10 min), and dried in vacuum
overnight.

2.4. Scanning electron microscopy (SEM) characterization

Samples were observed using a scanning electron microscope
(TM3030, Hitachi, Japan) with an accelerating voltage of 15 kV. Before
scanning electron microscopy observation, samples were coated with a
2 nm thick Au layer by sputtering.

2.5. Cell viability assessment

Cell viability was studied by live/dead assay. Briefly, 4 pM Calcein
AM (Invitrogen, L3224) and 5 pM propidium iodide (Sigma-Aldrich,
P4170) in PBS solution were added to the released cells collection for
live and dead cell staining, respectively. After 30 min incubation at 37 °C
and 5% COo, cells were analyzed with a fluorescence microscope, as
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described above.

3. Results and discussion

The filter we used consists of more than 2 x 10° tapered holes.
During the cell capture, only a very small portion of the holes was
blocked or partially blocked by the captured cells so that the flow
resistance remained the same. With a revered flow of small flow rate, the
trans-filter pressure generated forces on cells would not be sufficient.
However, when the majority of the holes were blocked by micro-
particles, the trans-filter pressure can be largely increased to generate
hydrodynamic forces to push away the captured cells.

To estimate the cells release efficiency, we first calculated the trans-
filter pressure with a constant flow, AP = 37Q/Na®, where j is viscosity
and Q is the flow rate of the liquid, N is the number of open holes and a is
the hole radius [16]. For the zeroth-order approximation, the height of
the holes was assumed to be infinitely small and the hole size was the
small diameter of the tapered holes. Accordingly, the normalized flow
resistance, 1/, (r, = 35/a>), as a function of the percentage of blocked
holes can be plotted, as shown in Fig. 3(a). Interestingly, the flow
resistance increases smoothly up to ~80% of the hole blockage and then
varies drastically, suggesting that a huge flow resistance can be achived
when the majority of the holes are blocked. This effect does not depend
on the number and size of the holes nor the viscosity of the liquid.
Experimentally, a constant flow rate can be easily achieved by using a
motorized syringe pump. In this work, however, constant pressure was
applied for simplicity, which makes the analysis slightly different. Now,
the flow resistance is the resistance of the filter, ry, plus that of the rest of
the fluidic circuit, r. In our case, ro > ry when the majority of the holes
were not blocked so that the trans-filter pressure is relatively small
compared to the pressure drop of the rest of the fluidic circuit as shown
in Fig. 3(b). However, when the majority of the holes were blocked, ry <«
rr, which may result in high trans-filter pressure and thus large forces for
the cell release (Fig. 3(c)).

In our experiments, a solution of 5 x 10* SKOV3 cells in a 10 mL
culture medium was injected from inlet 1 into the microfluidic device
and a pressure of 100 mbar was applied for the cell capture whose
fluorescence images of Hoechst stained (blue) cells were shown in Fig. 4
(a,d). After stabilisation, a solution of micro-particles in PBS was
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Fig. 1. (a) Schematic diagram of a microfluidic system for label-free cell capture and release. For cell capture, the cell suspension is introduced into the microfluidic
device, and cells are isolated by the integrated tapered-hole filter (b, passage inlet 1 — outlet 2). For cell release, a micro-particles containing solution is introduced to
block the open holes of the filter so that the trans-filter flow resistance and pressure will increase, and the captured cells can be released (c, passage inlet 2 — outlet 1).
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Fig. 2. (a) Photograph and (b) SEM image of the tapered-hole filter, (c) a microfluidic device and a clamp before assembling, (d) a high-precision air pressure

generator, and (e) the assembled device with pipelines.
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Fig. 3. (a) Numerical calculation of trans-filter flow resistance as a function of the percentage of blocked holes (rp,: flow resistance of single hole). Schematic diagram
of differences in flow resistance and pressure of transfilter and fluidic circuit before (b) and after (c) holes blocked (ry: flow resistance of the fluidic circuit, rf: trans-
filter flow resistance, Py: pressure drop of the fluidic circuit, P¢: transfilter pressure).

injected into the device from inlet 2 and a pressure of 100 mbar was
applied. By enumerating the cells number on the filters after cell capture
and release, the cell release efficiency could be evaluated and shown in
Fig. 4(h). Fig. 4(b,c) and Fig. 4(e,f) showed fluorescence images of cells
remained on the filters with 50% and 95% blocked holes, respectively.
When 50% holes of the filter were blocked, only 51.3 + 1.7% of the
captured cells could be released (Fig. 4(b)). When the blocked holes
percentage reached to 95%, however, there were still 33.1 + 3.4% of the
captured cells left on the filter (Fig. 4(e)). The reason is that with a
constant pressure, the particle-blockage increased the trans-filter flow
resistance but decreased the flow rate at the same time. It seems that
most of the captured cells could be detached from the tapered hole but
still stayed on the filter due to the low flow rate. Therefore, we applied
additionally a tangent or parallel flow of PBS from inlet 1 to outlet 1 to

flush the filter. As expected, the release efficiency of the filter with 50%
blocked holes increased to 75.7 + 1.9% (Fig. 4(c)), and that with 95%
blocked holes reached 92.2 + 0.6%(Fig. 4(f)) with a parallel flow under
a pressure of 100 mbar. Only 7.8% of the total injected cells remained on
the filter, probably due to the stronger cell adhesion. The SEM images of
the filter after cell capture and release were shown in Fig. 4(g), where
red and white arrows indicated cells and micro-particles, respectively.
The viability of the released cells is a significant factor. Different
stresses on cells might be induced during the cell capture and release
processes, including 1) filtration stress with a forward flow during cell
capture, 2) release stress with a reverse flow during cell release, and 3)
shear stress in the channels and pipelines. The filtration and the release
flow stresses both depend on the transfilter pressure. By accurately
controlling the flowrate, for example, the transfilter pressure would be
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Fig. 4. Fluorescence images of the cells on the filter before (a, d) and after (b, c, e, f) release, showing that the release efficiency increases with the percentage of hole
blockage and that the parallel flow (c, f) has a strong effect on the cell release. Cells were marked in blue with Hoechst. The SEM image (g) illustrates the blockage of
the tapered holes by micro-particles (white arrows) and unreleased cells (Red arrows). (h) Release efficiency of 50% and 95% blocked holes, with and without
parallel flow, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

limited to reduce the cell damage effect. During the release with added
micro-particles, the transfilter pressure increases, and the captured cells
could be detached under a relatively low transfilter pressure. Our
following results showed that the majority of detached cells were alive
without significant damage.

To estimate the shear stress of the channel and pipelines, the ge-
ometry parameters can be used. Typically, a pipeline of length 1600 mm
and diameter 1.6 mm was used to connect the cell source and the
microfluidic device, and a rectangle channel of length 20 mm, width 0.5
mm, and height 0.5 mm was used to connect the inlet and the upper
chamber. According to Hagen-Poiseuille’s law, the flow resistance of the
pipeline and the channel can be calculated [17] and we obtained a flow
resistance of the upstream R, = 1.73 x 10'° Pa « s/m® with a viscosity of
water y = 0.89 mPa « s. The flow rate, Q = AP/R;, can then be calculated
for a given pressure drop AP. With AP = 100 mbar, a flow rate of 5.78 x
107 m®/s is obtained. Accordingly, shear stress of 24.71 Pa and 1.28 Pa
is obtained for the channel and the pipeline [17,18]. The shear stress in
the upper chamber of diameter 9 mm and height 1.2 mm can also be
estimated, which is 4.29 Pa at the entrance and 0.24 Pa in the middle of
the chamber, respectively. The above-estimated shear stresses should be
small enough to prevent cell damage, explaining the resulted cell
viability.

Experimentally, we evaluated the cell viability of the collected cells
which were released with a 95% hole blockage. Calcein AM and

propidium iodide were added to the collected cell suspension to stain
live and dead cells respectively, indicating that 95.1 + 0.8% of these
cells were alive as shown in Fig. 5(a-d). We then cultured them to verify
their proliferation ability and found twice cells number after incubation
for 48 h due to the fact that the double time of SKOV3 cells was 48 h, as
shown in Fig. 5(e-f). This demonstrated the viability of the proposed
method, which did not cause significant cell damage during the whole
process of the capture and release.

We would like to mention that this study is proof of the concept
which has to be validated with clinic samples. It is true that the size and
deformability of CTCs partially overlap with that of white blood cells
(WBC). Nevertheless, most of WBCs and all red blood cells and platelets
can easily pass the tapered filter under pressure. Under optimal condi-
tions, the ratio of CTC to WBC of recovered cells after releasing should be
much larger than that of a blood sample, which is in favor of down-
stream analyses such as PCR or sequencing after positive or negative
sorting. Studies will be carried out along this line to further validate the
potential of the present concept.

4. Conclusion
We demonstrated a simple yet efficient method for the release of

microfilter captured cells by using a reverse flow with micro-particles.
Typically, when 95% of the holes of the filter are blocked, a cell
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Fig. 5. (a-c) Live/dead fluorescence images of released SKOV-3 cells. (d) Bright-field image of the cells. (e, f) Bright-field images of released SKOV-3 cells after
incubation for 2 h and 48 h, respectively, showing a proliferation behavior confirming again the cell viability.

release efficiency of 92.2% can be achieved. Furthermore, most of the
released cells remained alive, which can be cultured for downstream
analyses. The fluidic components used in this work, including micro-
filter, microfluidic device and controller, and microparticles, are all
commercially available, making this method accessible for further
investigations.
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