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Abstract This paper presents tapered-slit membrane filters
for high-throughput viable circulating tumor cell (CTC) isola-
tion. The membrane filter with a 2D array of vertical tapered
slits with a gap that is wide at the entrance and gradually
decreases with depth, provide minimal cell stress and reduce
82.14 % of the stress generated in conventional straight-hole
filters. We designed two types of tapered-slit filters, Filters 6
and 8, respectively, containing the tapered slits with outlet
widths of 6 μm and 8 μm at a slit density of 34,445/cm2 on
the membrane. We fabricated the vertical slits with a tapered
angle of 2 ° on a SU8 membrane by adjusting the UVexpose
dose and the air gap between the membrane and the photo-
mask during lithography. In the experimental study, the pro-
posed tapered-slit filter captured 89.87 % and 82.44 % of the
cancer cells spiked in phosphate buffered saline (PBS) and
diluted blood (blood: PBS=1:4), respectively, at a sample
flow rate of 5 ml per hour, which is 33.3 times faster than
previous lateral tapered-slit filters. We further verified the ca-
pability to culture on chip after capturing: 72.33 % of cells
among the captured cells still remained viable after a 5-day
culture. The proposed tapered-slit membrane filters verified
high-throughput viable CTC isolation capability, thereby in-
augurating further advanced CTC research for cancer diagno-
sis and prognosis.
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1 Introduction

The circulating tumor cells (CTCs), first discovered in the
mid-19th century, refer to tumor cells that detach from the

primary tumor site, circulate in the blood stream, and cause
metastasis by forming secondary tumors. Current research on
CTCs has focused on the clinical relevance to cancer, and that
research recently verified that the number of captured CTCs
from peripheral blood was relevant to the overall survival rate
of patients (Cristofanilli et al. 2004). Furthermore, an elevated
number of CTCs during cancer treatment indicated rapid pro-
gression of cancer for metastatic breast cancer patients in a
clinical study of 177 patients (Hayes et al. 2006). These find-
ings suggest that CTCs can be used as a biomarker for cancer
diagnosis, prognosis and the measure of efficacy after cancer
therapy.

Thus, various detection methods for capturing CTCs effec-
tively using the CTC’s properties have been investigated re-
cently. Two main approaches, biochemical and physical
methods, have been proposed for CTC isolation based on
the distinctive characteristics of CTCs from normal blood
cells. Biochemical methods use CTC specific antibody-
antigen interactions, such as epithelial cell adhesionmolecules
(EpCAM), prostate-specific membrane antigen (PSMA), and
synthesized aptamers depending on target tumor cells
(Nagrath et al. 2007; Gleghorn et al. 2010; Xu et al. 2009).
Though biochemical methods facilitate the high purity and
low false-positive detection of CTCs, they show unstable cap-
ture efficiencies due to a heterogeneous expression level de-
pending on the types of tumors. In addition, solely CTC iso-
lation with viability after capture is limited because of irre-
versible antibody-antigen binding after biochemical treat-
ment. Viable isolation of the CTC is essential for further
long-term genetic and molecular analysis of the CTC.
Physical methods that utilize the difference in size, density
and electrical properties between CTCs and blood cells have
been proposed in order to overcome those problems. Density
gradient centrifuge, inertial microfluidics, dielectrophoresis
manipulation, and filtration were proposed to make use of
the physical properties of CTCs (Baker et al. 2003; Sim
et al. 2011; Gascoyne et al. 2009; Zheng et al. 2007). In spite
of relatively low specificity compared to biochemical
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methods, physical methods have shown stable capture effi-
ciency regardless of the expression level of surface markers.
Among them, filtration methods focusing on size of CTC, are
widely used method for isolating CTC physically. However,
previous microfilters having straight-holes commonly gener-
ated stress concentration at the entrance because diameter of
entrance is normally small than diameter of target cells. Thus,
cell rupture coming from concentrated tension stress on filter
edge lowered the viability of CTC at high flow rate condition.

A double layer membrane with a straight-hole filter was
proposed in order to support the captured cells and reduce
the stress during continuous sample flow (Zheng et al.
2011), but this filter still had stress concentration at the en-
trance of the filter and required complex fabrication for mak-
ing a two-membrane filter assembly.

We proposed a lateral tapered-slit array with a wide en-
trance and a gradually decreasingwidth to generate supporting
force to cells and reduce the tension stress at the entrance (Doh
et al. 2012). We verified the range of threshold pressure for
selective CTC isolation from blood, considering both size and
deformability by numerical analysis. The previous lateral
tapered-slit array accomplished the viable cancer cell isolation
based on both size and deformability of cancer cells. The
throughput, however, was low (0.15 ml/h) because it was
difficult to implement multiple slits in the lateral layout. In
this work, we designed, fabricated, and verified the membrane
filter having a vertical 2D tapered-slit array to achieve a high
level of throughput and viability of cells. The increased num-
ber of tapered-slits achieved high-throughput sample process-
ing, which took less than 10min for 1 ml processing in a 1 cm2

filter region, with capture efficiency of 89.87 %, and high
viability after 5 days on the filter membrane, which is enough
for further molecular study on CTCs.

2 Material and methods

2.1 Working principles

Figure 1 illustrates the schematic view of the presented
tapered-slit filter. The tapered-slit filter consists of three layers:

two chambers, top and bottom, for flow guidance and an SU8
filter for filtration of CTCs. The overall size of each layer was
16 mm×12 mm and the effective region for filtration was
10 mm×10 mm. Those three layers were assembled by a zig
and used for the experiment.

The tapered-slit has advantages in cell isolation compared
to a straight one; the wide entrance and decreasing width de-
sign eliminate the stress concentration on the edge by gener-
ating a supporting force. In addition, the tapered structure
utilizes not only cell size but also deformability of the target
cell to isolate it. Figure 1 shows the tapered-slit structure with
a captured cell. The supporting force, Pside, compensates for
the hydraulic force acting on a cell when the cell is passed
through the tapered-slit structure. This design was previously
verified to have a lower escape rate of target cells compared to
the straight design (Doh et al. 2012). Thus, we optimized the
tapered structure for high-throughput conditions with no crit-
ical cell damage. The following equation describes this rela-
tion (Hertz 1881):

PsideAsidesin θ ¼ PinAin−PoutAout ð1Þ

where Pin, Pout, Pside, Ain, Aout, Aside, and θ denote the inlet,
outlet, side pressures on the cell, contact area for each pres-
sure, and tapered angle, respectively. The 10 mm2 area of the
filter layer contains 34,445 tapered-slits, so the throughput
was significantly increased compared to previous lateral
tapered-slit filter with only 80 slits. In numerical estimation
of cell behavior in a tapered slit, we verified the distinctive
difference in threshold pressure (2.8 Pa for white blood cell,
11.3 Pa for CTC) in our tapered-slit design (θ: 2°,Wout: 6 μm,
thickness: 100 μm) and found that CTCs could be selectively
captured.

Thus we demonstrated that the presented tapered-slit filter
is capable of achieving high throughput viable CTC isolation
with a high probability of selective CTC isolation.

2.2 Design and analysis

The tapered-slit filter has 83×415 (=34,445) tapered-slits
(Fig. 2). To determine the outlet width of the slit, Wout, we

Fig. 1 Tapered-slit filter device
for high-throughput viable
isolation of circulating tumor
cells, where A and P denote the
area and pressure of each position
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need to consider the variations of blood cell size. The size of a
CTC is bigger than that of white blood cells (7.5–8.5 μm) and
red blood cells (6.2–7.9 μm) (Chien et al. 1970; Choi et al.
2007). The average size of the H358, which is a non-small-cell
lung cancer (NSCLC) cell line, is 18.1 μm (Hosokawa et al.
2010). At the same time, in our previous work, the lateral
tapered-slit array showed the highest capture efficiency at an
outlet width of 6 μm. From these considerations, we designed
two prototypes, Filter 6 and Filter 8, with outlet/inlet widths of
6/12 μm and 8/14 μm, respectively.

The material used for the tapered-slit filter was SU8, which
is a well-known epoxy-based negative photoresist (PR) for
patterning a high aspect ratio structure. In order to verify the
mechanical suitability of the SU8 material as a filter, we per-
formed a numerical estimation. According to the physical prop-
erties of SU8, we chose Young’s modulus (E), Poisson’s ratio
(ν) and density (ρ) as 2 GPa, 0.22 and 1,200 kg/m3,

respectively. The dimensions of the SU8 filter used for model-
ing were 16 mm×12 mm. A 0.79 μm displacement was in-
duced by applying 10 Pa pressure, which was identical to the
flow rate of 13.25 ml/h used in this design. At the same time,
the maximum strain, ε, was 1.5×10−5, so that the change in slit
dimensions was expected to be negligible. In other words, the
SU8 material, which was first used in filter application here,
could be an option as a filter for high flow rate conditions.

2.3 Fabrication procedure

The fabrication procedure of the tapered-slit filter, illustrated
in Fig. 3, is divided into two parts: the tapered-slit filter and the
top/bottom chambers.

We fabricated the SU8 tapered-slit filter by standard pho-
tolithography without any mold or multiple masks. The prin-
ciples and mechanism of generating vertical sidewall were
previously studied theoretically and experimentally (Jun
Zhang et al. 2004). Here, the tapered-slit angle of 2° were
formed from the adjusting UV exposure dose and the air gap
between the substrate and the photomask during lithography;
we experimentally observed that the decreased time and wider
air gap between the substrate and photomask give rise to in-
crease the width of tapered-slit and angle of sidewall.

For the disposable single use, we used polyethylene (PE)
transparency film (CG3300, 3M) as a substrate. The PE film
was well washed with acetone (99.5 %, OCI Co., Ltd.) twice,
then 100 μm SU8-2050 PR (Microchem, Newton) was spin
coated on the PE film substrate by a spin coater (K-359SD-1,
KYOWARIKEN) in the following conditions: 500 rpm for
10 s and then 1400 rpm for 30 s. After overnight planarization,
the SU8 was soft baked on a hotplate (WiseTherm HP20D,
DAEHAN Scientific Co. Ltd.) and cooled down over an hour
on the switched off hotplate. The UVexposure was carried out
using an MA6 mask aligner (SUSS MicroTec.) at the condi-
tions of a certain distance between the mask and substrate with
an intensity of 260 mJ/cm2. After the post exposure bake on
the hotplate, the SU8 on the PE film was placed on the
switched-off hotplate to prevent the SU8 from being curled

Fig. 2 Tapered-slit filter: (a) top view; (b) cross sectional views of the slit
across A-A’ (left) and B-B’ (right)

Fig. 3 Fabrication procedure: (a)
tapered-slit filter; (b) top and
bottom chambers
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and developing micro-cracks. The development step was
processed in a sonicator (Power Sonic 410, HWASHIN) with
the SU8 developer (Microchem, Newton) for effective perme-
ation into the high-aspect-ratio slits. During the first 2 min,
short development was carried out for die detachment, and
then an additional 5 min development was processed for ef-
fective slit formation after releasing each filter from the sub-
strate. After rinsing with isopropyl alcohol (99.9 %, OCI Co.,
Ltd.), the released SU8 filter was hard baked with pressure on
a hotplate to keep it from turning curly during the hard bake.

The top and bottom chambers were fabricated with stan-
dard soft lithography. We used 1 cm×1 cm diced 400 μm-
thick silicon for the mold. A PDMS pre-polymer mixture
(curing agent-to-PDMS ratio of 1:10, Sylgard 184, Dow
Corning) was poured onto the mold and degassed in a vacuum
chamber 10 times. After curing the PDMS on a 60 °C hotplate
for 10 h, it was peeled from the mold, diced, and then punched
to be ready for use.

Figure 4 is the fabricated tapered-slit filter device and Fig. 5
is an enlarged view of the tapered-slits on the filter. The over-
all dimensions of the tapered-slits were based on four fabrica-
tions with identical exposure doses and distances between the
mask and substrate. Compared to the intended dimension of
Wout of Filter 6, whose mask design was 6 μm, the fabricated
dimension was narrower by nearly 1 μm. At the same time,
the inlet width, Win, became significantly wider than the top
outlet width,Wout. The measured tapered angles of the vertical
sidewall were 2.34 and 2.27° for Filters 6 and 8, respectively.
A stable repeatability from SU8 UV-exposure fabrication for
formation of the tapered-slits was observed from the regular
fabricated dimension

The fabricated membrane and PDMS chambers were
aligned and assembled without leakage using a zig. The zig

had an open region for microscope observation and intercon-
nection (Fig. 6).

2.4 Experiment

Figure 7 describes the experimental setup for tapered-slit filter
characterization. A tube was interconnected between the sy-
ringe pump and outlet port after the assembly of the tapered-
slit filter and chambers. We used a pipette tip to inject the
sample at the inlet port to minimize cell loss in the process
of tubing and easy sample washing. The tapered-slit filter was
observed by a fluorescence microscope after sample flowing.
We used a non-small-cell lung cancer (NSCLC) cell line, NCI-
H358G, which was transfected with green fluorescent protein
(GFP), in order to observe the cell in filter effectively.

We studied the capture efficiency of Filters 6 and 8 at a
flow rate of 5 ml/h and 10ml/h using the cancer cells spiked in
PBS, and then measured the recovery rate and viability of the
captured remaining cancer cells after recovery. Using spiked
cells in blood, we also verified the capture efficiency depend-
ing on dilution ratios of blood at a flow rate of 5 ml/h. After
that, we measured the recovery rate and the viability separate-
ly. The viability was measured using the overall captured can-
cer cells on filter without recovery.

The cells were cultured in cell culture media (RPMI,
Gibco) and maintained in a CO2 incubator (SANYO, MCO-
18AIC) at a temperature of 37 °C and CO2 level of 5 %. We
suspended the cells in Dulbecco’s phosphate buffered saline
(PBS) at a concentration of 105 cells/ml. We enumerated the
tumor cells with a fluorescent microscope after 1 μl of sus-
pension was pipetted in a 96well plate (PS-microplate, greiner
bio-one). Then we diluted the suspension by using 20 μl of

Fig. 4 Fabricated tapered-slit filter and chamber

Fig. 5 Enlarged view of the
tapered-slits on the filter (Filter 6):
(a) top view; (b) bottom view; (c)
cross sectional view

Fig. 6 Photograph of the tapered-slit filter device assembled with the
aluminum zig
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PBS in a well and spiked into PBS or diluted blood. In order to
minimize the error for counting, we counted the number of
tumor cells in well plate before-and-after aspiration three
times, and obtained the precise number of spiked cells by
subtracting remaining cell number in well plate from the initial
suspended cells (Doh et al. 2012). A human blood sample was
collected from healthy donors in an ethylenediaminetetraace-
tic acid (EDTA) tube (Vacuette, greiner bio-one) for anti-

coagulation and used within 8 h after collection. The 1 ml
diluted blood (1:4) was composed of 0.2 ml blood and
0.8 ml PBS solution.

We loaded the PBS with 1 % bovine serum albumin (BSA)
solution 30 min before cell loading in the filter to avoid non-
specific cell attachment to the PDMS chambers. Then the
sample was injected to the inlet port and withdrawn by a
syringe pump (Legato 180, KdS) from the outlet. The sample
passed through the tapered filter at a flow rate of 5 or 10 ml/h.
We added an additional 1 ml PBS after sample loading in
order to wash out the remaining cells. We enumerated the
captured cells in the filter 3 times carefully with a fluorescent
microscope.

To recover the captured cells, we loaded the 3 ml of
warmed (37 °C) RPMI media in a reverse direction at a flow
rate of over 500 ml/h after measuring the capture efficiency to
verify the possibility of recovery. The recovered sample fluid
was carefully distributed in a 96-well plate (μCLEAR-
PLATE, Greiner Bio-One), and then the cells in the fluid were
enumerated for the measuring the recovery rate of captured
cells. After tumor cell recovery, we counted the remaining
cells showing fluorescence in the tapered-slit filter in order
to count the initially viable remaining cells. We disassembled
the filter from the zig and placed it in the petri dish containing
fresh RPMI media. We cultured the remaining cells in the
tapered-slit at a temperature of 37 °C and CO2 level of 5 %,
and the cells was closely observed daily. We injected addition-
al fresh media into the petri dish every 2 days for appropriate
culture conditions. After 5 days in the petri dish, we counted
the viable cancer cells and measured the viability.

3 Results and discussion

3.1 Cancer cells spiked in PBS

The capture efficiency of cancer cells (Fig. 8) was measured
by counting the number of captured cells in the tapered-slit
three times for accurate counting. At the same flow rate, as the

Fig. 7 Experimental setup for tapered-slit filter characterization

Fig. 8 Capture efficiency for the H358 cancer cells spiked in PBS
depending on the sample flow rate supplied to different filters: (a) Filter
6; (b) Filter 8

Fig. 9 The cancer cell cultured for 5 days after the cell capture at the
tapered-slit filter (Filter 6) from the H358 cancer cell spiked in PBS
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outlet width of the tapered-slit increased, the capture efficien-
cy decreased in all cases. Filter 6 at a flow rate of 5 ml/h had
89.87 % capture efficiency while Filter 8 has a lower capture
efficiency of 80.34 %.

We measured the capture efficiency of each of the two
prototypes to ensure an optimal outlet width for a higher flow
rate condition of 10 ml/h. Filter 6 had an overall efficiency
decrease of 18.38%, but Filter 8 suffered a dramatic efficiency
decrease of 50.14 %. Since Filter 6 showed better capture
efficiency at a flow rate of 5 ml/h and 10 ml/h; thus Filter 6
was verified as having the optimal design for CTC isolation at
high flow-rate.

We recovered the captured tumor cells from the tapered-slit
filter device by applying reverse flow into it. In this experi-
ment, 59.14 % of the cells were recovered from the device for
Filter 6 and 72.99 % of cells were recovered for Filter 8. Filter
8 had a higher recovery rate than Filter 6 in spite of showing
lower capture efficiency than Filter 6. Since the dimension of
Filter 8 is wider than Filter 6, the capturing ability of Filter 8 is
lower and cell escape is easier than with Filter 6.

To verify the viability of captured cancer cells, we mea-
sured the viability of remaining captured cancer cells after
5 days of CTC capture and recovery. The cell expressing fluo-
rescent protein showed fluorescence as long as they were
alive; survival and growth of the GFP cell line can be assessed
by their fluorescence (Bichsel et al. 2012). Figure 9 denotes
the captured cells, still showing fluorescent after 5 days, which
means that cells can be cultured in an SU8 environment. We

verified that 70.24 % of the cells were viable from observation
of two cases. The SU8 was shown to be biocompatible previ-
ously with neuron culture on SU8 (Choi et al. 2003). Recently,
2D microelectrode arrays made of SU8 were used for neuron
culture; thus, our findings also support those results about
biocompatibility of SU8.

3.2 Cancer cells spiked in blood

We verified that Filter 6 and 5 ml/h are the optimal conditions
for CTC isolation from cancer cells spiked in PBS, so this
condition was adopted for cancer cells spiked in blood.
Figure 10 shows the cancer cells captured by Filter 6 using
spiked cancer cells in diluted blood under bright field and
fluorescence.

The capture efficiencies at various dilution ratios were ver-
ified to find an effective dilution ratio and identify the effect of
the viscosity of blood. The capture efficiency decreased as the
blood became less diluted (Fig. 11). One ml of whole blood
was found to be processed without significant clogging of red
blood cells at a flow rate of 5 ml/h; however, the capture
efficiency using whole blood decreased by 28.63 % compared
to diluted blood (blood:PBS=1:4). Thus, we used a dilution
ratio of 1:4 for the experiment of cancer cells spiked in blood.
At the same time, the overall time required for processing 1 ml
of blood sample was about 12 min. It is highly improved than
previous lateral tapered-slit filter (400 min/ml) (Doh et al.
2012) in terms of throughput. Previous membrane filter de-
vices having straight hole processed the blood sample within
5 min. (1–5 min/ml, 3–5 min/ml) (Hosokawa et al. 2010;

Fig. 10 The cancer cells captured
by the tapered-slit filter (Filter 6)
from the experiment using H358
cancer cells spiked in diluted
blood (blood:PBS=1:2) at a flow
rate of 5 ml/h: (a) bright field
image; (b) fluorescent image

Fig. 11 Capture efficiency of the Filter 6 from the experiment using
H358 cancer cells spiked in blood with various dilution ratios at a flow
rate of 5 ml/h

Fig. 12 The fluorescence image of the captured H358 cancer cell: the
cell captured by the tapered-slit filter (Filter 6) and cultured for 5 days
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Zheng et al. 2011). However, the device processing time is
depends on hole density, device overall size, and dilution ratio
of the blood sample. Thus, the throughput considering those
factors is needed for the direct comparisons.

In this experiment, 82.44 % of the tumor cells were cap-
tured on the slit. Compared to the PBS spiking test at the same
conditions, capture efficiency decreased by 7.43 %. Further
design optimization, such as slit density improvement and
pretreatment of RBC, would bring out better capture efficien-
cy and throughput for CTC capture.

The proposed filter demonstrated a 36.04 % recovery rate
from Filter 6. During recovery process, blood cells, which
were remained and adsorbed non-specifically in tubing and
SU8 tapered-slit filter, were also collected. We thought the
uncounted CTCs were hidden by blood cells, and further sur-
face treatment eliminating non-specific adsorption of blood
cells would improve the recovery rate.

In order to identify more comprehensive CTC culture on
SU8 filter, we demonstrated the culturing experiments sepa-
rately without recovery of captured cancer cells from the filter.
The culture conditions were identical to the ones for the CTC
spiked in PBS. Figure 12 shows the captured CTCs were
viable after 5 days from the CTC capturing experiments using
diluted blood. We observed 72.33 % of viability of the CTCs.
From this finding, we could see that CTCs can be cultured
5 days in an SU8 environment. Researches on the optimal
condition for long-term CTC culture on SU8 and its prolifer-
ation are needed for further analysis of captured CTCs.

4 Conclusion

We proposed a tapered-slit filter for high-throughput viable
CTC isolation. This membrane filter with tapered-slits accom-
plished capture efficiency of 89.87 % and 82.44 % in an ex-
periment using cancer cells spiked in PBS and diluted blood
(1:4), respectively, with theoretically minimal cell stress re-
duced to 18 % of the stress generated in conventional
straight-hole filters. The time required for processing a sample
was 33.3 times shorter than previous lateral tapered-slit filters,
which is comparable to conventional straight-hole filter.
Moreover, the captured CTCs cultured on the SU8 filter were
viable after 5 days the experiment, which enables long-term
molecular analysis of CTCs. Thus, tapered-slit filters have

potential to be adopted in a viable CTC isolation kit or medical
equipment using CTCs for cancer diagnosis and prognosis.
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