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Circulating tumor cells (CTCs) are one of the promising cancer biomarkers whose concentrations are

measured not only in the initial diagnostic stages, but also as treatment progresses. However, the existing

methods for CTC detection are relatively time-consuming and labor-intensive. In this study, a new

microfluidic platform integrated with field-effect transistors (FETs) and chambers for the trapping of CTCs

was developed. This novel design could not only trap CTCs from whole blood samples, but also enumerate

them via FET sensing of CTC-specific aptamer–CTC complexes. The FET output signal was experimentally

found to increase with the increasing number of captured CTCs. More importantly, the enumeration of

spiked CTCs in blood samples could be achieved in accordance with the signals measured on the FET

devices. We therefore believe that this automated system could be a useful tool for enumeration of CTCs.

Introduction

Cancer is among the leading causes of non-accident-related
deaths across the globe. According to the World Health
Organization, 12 million new cancer cases are diagnosed
every year, and approximately 9 million deaths a year are
attributed to cancer, making it the second leading cause of
death worldwide.1 For instance, in 2015 one out of six deaths
was caused by cancer. Early diagnosis can increase the odds
of survival significantly; there is consequently an urgent need
to develop early-warning biomarkers for a variety of different
cancer types.

Recently, detection of circulating tumor cells (CTCs) in
liquid biopsies has been shown to be a promising method
for early-cancer diagnosis.2 CTCs were discovered a century
ago, and scientists have 1) investigated the mechanisms of
metastasis and 2) recognized the relationship between CTCs
and the spread of carcinomas.3 Generally speaking, CTCs are

tumor cells with extraordinary mobility, which allows them
to transit throughout the circulatory system and invade other
tissues. Secondary tumors may then spread to and then grow
in other organs via blood circulation of CTCs; these cells
consequently contribute significantly to the lethal nature of
many cancers.

For these reasons, detection of CTCs as early as possible is
critical. In fact, CTCs may be measured in human blood
before traditional tissue biopsies show signs of cancer.4

Quantification of CTC concentration is also useful for
evaluating the efficacy of therapy; they could therefore serve
as biomarkers not only for cancer diagnosis, but also for
patient prognosis after therapy. Early detection and frequent
monitoring of cancer are both associated with the higher
patient survival rate.5 However, CTCs are normally documented
at low concentrations (∼one for every million white blood cells
(WBCs)) and are consequently difficult to detect in human
blood samples.6,7 Normally, then CTC enrichment steps are
taken prior to detection.8

Recently, microfluidic systems have been used in a
wide variety of biological applications,9–12 including CTC
enrichment. For instance, microstructural filters were used
to concentrate CTCs to detectable levels,13 and this method
has shown great potential in the clinic.14–16 Additionally,
deterministic lateral displacement (DLD) was developed to
isolate CTCs by using the differentiation of the cell size with
a laminar flow17 with a separation efficiency of up to 85%.18

Furthermore, several approaches have emerged recently for
CTC isolation. For instance, a platform to isolate cancer
cells from whole blood with shear-induced diffusion was
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reported, resulting in a high separation efficiency (89.8%) at
a throughput of 6.75mL h−1 (106–107 cells per s).19 Alternatively,
hydrodynamic trapping has been used to effectively trap and
collect small particles or cells on microfluidic platforms.20–22

Moreover, a microfluidic device capable of size-selective cell
separation from diluted blood samples and highly efficient
entrapment of single cells was demonstrated.23,24 The basic
principle of hydrodynamic trapping is to use narrow side-
channels with a lower flow resistance such that the main
stream of the liquid leaves the particles/cells trapped,
providing a higher likelihood of achieving continuous cell
trapping and retrieval thereafter.25–27

Immunofluorescence labeling methods have been commonly
applied for detecting and imaging CTCs, as they overcome, to
some extent, low specificity issues inherent to microstructural
trapping methods.4 However, they are relatively laborious and
require well-trained personnel.28–31 Electronic sensors have also
been demonstrated to detect CTCs.32,33 For instance, field-effect
transistors (FETs) can be applied as biosensors for cell detection
due to their high transconductance gain.34 Among them,
aluminum gallium nitride/gallium nitride (AlGaN/GaN) high
electron mobility transistors can quickly detect deoxyribonucleic
acid (DNA) and cells with high sensitivity over a wide dynamic
range.34 When compared with conventional CTC detection
devices, they are compact, label-free, and sensitive and provide
exact cell count data.

One challenge with using FETs as biosensors is the need
to immobilize affinity reagents on the open gate of the FETs;
these probes are vital for cell identification. Generally speak-
ing, antibodies specific to surface antigens of cell membranes
have been commonly used for this purpose, though aptamers,
which are highly specific probes that can bind target molecules
or even cells,35,36 have been used instead more recently. When
compared to commercial antibodies, aptamers not only
have comparable, or even superior, affinity and specificity,
but are also cheaper, more stable, and easier to synthesize
(leading to essentially zero batch-to-batch variation).37–39

Additionally, specific probes or dyes can be easily conjugated
to aptamers during their chemical synthesis, which makes
them readily customizable affinity reagents. Given these
attributes, we hypothesized herein that we could develop an
automated microfluidic platform integrated with 1) CTC-
specific aptamer-bound FET sensor arrays and 2) cell trapping
devices capable of both detecting and enumerating CTCs.
Cancer cell specific aptamers were immobilized on top of
FETs to specifically recognize cancer cells. Additionally,
hydrodynamic microstructures (i.e. cell trapping devices)
provide efficient and continuous trapping of cancer cells.
Furthermore, the FET sensor array was used to detect and
count trapped cancer cells, in a physiological concentration
(∼150 mM NaCl), without performing additional sample
processing. The entire process could be automated on the
integrated microfluidic chip. It is the first time that an integrated
microfluidic chip equipped with FET sensor arrays immobilized
with CTC-specific aptamers has been demonstrated, enabling
the continuous trapping of CTCs and enumeration thereafter.

Furthermore, the captured CTCs could be retrieved afterwards
for subsequent applications (such as culture and analysis).
Therefore, it could be an amenable and useful tool for CTC
applications.

Experimental

After red blood cell (RBC) lysis and WBC depletion, CTCs were
isolated with magnetic beads surface-coated with cancer
cell-specific aptamers and transported into the integrated
microfluidic chip composed of cell trapping chambers and
embedded FET sensor arrays (Fig. 1). The microchannels were
designed such that CTCs could be trapped hydrodynamically
on top of each FET sensor aligned with these cell-trapping
devices. Finally, the current gain of the FET sensors was
measured to serve as a proxy for the target cancer cell
number. Each step discussed in this paragraph is explained
in detail below.

Chip fabrication

To fabricate the microfluidic chip, an SU-8 standard lithography
technique was first used to form the microstructure master
mold.27 Briefly, a 30 μm-thick layer of SU-8 3035 (MicroChem,
USA) was spin-coated on a silicon wafer with a spin-coater
(M&R Nano Technology, Taiwan). After a 12 min soft-baking
process, the SU-8 microstructures were formed at a dosage of
166 mJ cm−2 by a standard lithography process. After another

Fig. 1 A schematic illustration of the CTC capture and detection
processes: (a) sample injection; (b) CTC trapping and FET sensing. D =
drain, S = source, and G = gate.
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post-exposure bake (65 °C for 1 min and 95 °C for 5 min)
and a standard SU-8 developing process, the master mold
featuring the microstructures was formed. Afterwards, a
polydimethylsiloxane (PDMS, Sylgard184A/B, Dow Corning,
USA) soft lithography technique was used to replicate
microfluidic structures with inverse microstructures on the
master mold.40 Briefly, two PDMS reagents were mixed at a
weight ratio of 10 : 1, poured into the SU-8 master mold, and
then baked at 80 °C for 30 min. Then, the cured, inverse
microstructures of PDMS were mechanically de-molded from
the master mold, and the inlets and outlets of the microfluidic
chip were created with biopsy punch needles (Miltex, USA).
Detailed information about the fabrication of the microfluidic
device can be found in Fig. S1.‡ The microfluidic chip was
then equipped with FET sensors using the process described
below.

Chip design

The upper layer of the integrated, dual-layer microfluidic
device (Fig. 2) was composed of a microfluidic chip with two
inlets (for injection of cells and phosphate buffered saline
(PBS; the wash buffer) and 14 individual trapping chambers
(60 × 20 × 30 μm; length × width × height) distributed equally

across two parallel microchannels (2 × 7 array (Fig. 3a)). Cells
were hydrodynamically carried into the cell traps by the main
fluid stream and then trapped by the channels' narrow necks
(width = 5 μm) due to the lower flow resistance in the trapping
channel (Fig. 3b). Each chamber could trap up to three CTCs
with diameters of ∼20 μm. Once the cells partially obstructed
the gap and decreased the fracture of the streamline, the traps
became sealed (impermeable to additional cells); the ensuing
cells then moved to the next (downstream) trapping chamber.

The bottom layer of the device was the FET sensor array
embedded on an epoxy substrate (Fig. 4a). FET sensors can
rapidly detect signals with high accuracy and precision, even
in solutions with high ion concentrations (e.g., PBS or culture
media).41 Herein, 14 FET devices were adhered to the epoxy
substrate using a thermo-curing process, and each FET
sensor was aligned with the corresponding cell trap so that
the cell presence could be detected (Fig. 4b).

Fabrication of the FET sensor array and chip assembly

The 1.2 × 0.8 mm FET chip was fabricated by a molecular
beam epitaxy process for the GaN and AlGaN layers,
followed by plasma etching and metal deposition.36,41 The 14
fabricated FET devices were then packaged as a sensor array
onto an epoxy substrate. The packaging process included 1)
aligning the FET chips upside-down onto a PDMS mold along
the alignment marks, 2) pouring the epoxy resin (U-20F, e.b.t.
liquid encapsulant, Taiwan) on the PDMS mold, and 3)
curing the epoxy. Gold deposition was then undertaken to
establish an electronic connection; photoresist was coated as
the protection layer, and the open-gate area on the FET was
defined accordingly. The transistor channel and gate

Fig. 2 A schematic illustration of the integrated microfluidic system,
which was composed of a microfluidic chip and an FET-sensor-array-
embedded epoxy substrate capable of capturing cancer cells on the
FET sensing area.

Fig. 3 (a) The design of the microfluidic chip, including an image of
the chip and a schematic illustration of the work flow for cell trapping
and retrieval. (b) An SEM (SNE-3000M, SEC CO LTD, South Korea)
image of the cell trap and a schematic illustration of the trapping
process. The channel height was 30 μm.

Lab on a ChipPaper

Pu
bl

is
he

d 
on

 0
7 

Ja
nu

ar
i 2

01
9.

 D
ow

nl
oa

de
d 

by
 F

ai
l O

pe
n 

on
 0

7/
05

/2
02

5 
09

.1
3.

00
. 

View Article Online

https://doi.org/10.1039/c8lc01072b


Lab Chip, 2019, 19, 618–625 | 621This journal is © The Royal Society of Chemistry 2019

electrode opening areas were 10 × 60 μm2, which were
designed to match the size of the cells, to avoid overcrowding
of cells and to provide an easy validation method via optical
imaging to confirm the presence of cells. The distance
between the transistor channel and gate electrode openings
was maintained at 65 μm. Afterwards, thin (thickness = 30
μm), laser-engraved, double-sided tape (Tesa, Germany) was
used to bind the microfluidic chip to the FET array to prevent
liquid leakage. Oxygen plasma treatment was applied to the
PDMS microfluidic chip to tightly adhere it to the tape. The
microfluidic chip and the FET substrate were bound carefully
under an optical microscope such that the trapping chambers
were precisely aligned with the open gates of each FET device.
Herein, the integrated microfluidic device capable of trapping
and detecting CTCs was assembled.

Preparation of cancer cell lines

Colorectal cancer, among the most common malignancies, is
characterized by high rates of metastasis.42 In this work, the
human colon cancer cell line HCT-8 was chosen as our target
cell to model the CTC behavior in blood.43 The cells were
cultured in Roswell Park Memorial Institute (RPMI) media
(Sigma-Aldrich, USA) with 10% fetal bovine serum (FBS, Life
Technologies, USA) and incubated at 37 °C and 5% CO2. The
cultured cells were then detached and suspended in either
PBS (Merck, Germany) or RPMI media at a final concentration
of 104 ml−1. Additionally, the human ovarian cancer cell line

BG-1 was cultured in Dulbecco's minimum essential medium
(Life Technologies, USA) with 10% FBS to serve as the non-
target cells for the CTC selectivity test (described below). The
cancer cells were spiked into human blood (103 cells in 7.5 ml
blood) to simulate a typical CTC sample from a patient44–46

(IRB No. A-ER-103-063).

Preparation of the HCT-8-specific aptamer-conjugated mag-
netic beads

Magnetic beads surface-coated with aptamers found previously
to be specific to HCT-8 cells43 were used herein to isolate
CTCs from human blood. HCT-8-specific aptamers with a 5′-
amine functional group were synthesized at a concentration
of 100 μM (Protech, Taiwan) and then conjugated to carbox-
ylic acid-coated magnetic beads (4 × 106 beads per mL,
Dynabeads® M-450 Epoxy, Invitrogen, USA) by carboxyla-
tion.43 The sequence of the aptamer is shown as follows: 5′-
TACAGCACCACAGACCATGGTTGTGTTTTTTTTTGTGTGGCTTC
GTATGTTGTTGCGTGTTTGTCTTCCTGCC-3′, which was screened
previously by our group.43 The dissociation constant and cell
capture percentage of this aptamer were previously found to
be 13.2 ± 3.8 nM and 50.1 ± 1.7%, respectively, comparable
to those of a commercial antibody.43 The aptamer-conjugated
magnetic beads were stored at 4 °C in the dark prior to use.

Immobilization of HCT-8 specific aptamers on a gold
substrate

In order to capture the cancer cells on the FET gate (gold)
surface, the HCT-8-specific aptamers (5 μM, 100 μL) with
thiol functionalization were immobilized on the open gold
surface of the FET devices by addition of 1 μL of 100 μM
TrisĲ2-carboxyethyl)phosphine hydrochloride (Sigma-Aldrich,
USA), which acted to reduce the disulfide bonds and covalently
bond the aptamers to the gold surface. After 24 h of incubation,
the gold surface was immersed in PBS and stored at 4 °C prior
to use.

Experimental procedures

RBC lysis and WBC depletion were first performed
automatically on-chip as in our previous work with 7.5 ml of
whole blood spiked with 1000 HCT-8 cells (Fig. 1).45 Then,
the cancer cells in the sample were captured by magnetic
beads surface-coated with the HCT-8 specific aptamers. The
bead–cell complexes were magnetically collected and injected
into the integrated microfluidic chip via an air-pressure-
driven flow control system (MFCS™-EZ, Fluigent, France). It
is worth noting that the cancer cells may bypass the narrow
neck of the cell trapping device if the provided pressure was
higher than 4000 Pa (Fig. S2‡). Therefore, a pressure of 3000
Pa was applied for all experiments. As a result of hydrodynamic
trapping in the microfluidic channel, CTCs could be trapped in
the desired region at an average flow rate of 90 μL min−1 (above
the FET's gate sensing area; i.e., where the HCT-8 specific
aptamers were immobilized). For the FET signal measurement,
the bias was set at 2.5 V for the source-drain, and then a voltage

Fig. 4 (a) An image of the epoxy substrate equipped with FET sensor
arrays. D = drain, S = source, and G = gate. (b) The integration of the
microfluidic channel and FET sensor arrays, which enabled cells to be
trapped on the FET sensing area.
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pulse was applied from 0 to 2 V over 50 μs at the gate. The
drain current change after increasing the gate bias was defined
as the current gain, and the change in the current gain after
capturing different numbers of CTCs was then measured. All
signals from the FETs were recorded with a semiconductor
analyzer (B1500A/B1530 Agilent, USA) on a probe station (IV
curve & CV testing probe station, Sadhu Design, Taiwan).

When a gate bias Vg was applied, the capacitance across
the solution Cs was established; an electric double layer was
then formed at the interface. After target cells were captured
on the gate surface, a serial capacitance Ccell (due to the
capacitor-like nature of cell membranes) was maintained.47

The current gain was determined by CS and Ccell. Overall, the
solution capacitance CS was also affected by the number of
cells captured on the FET; this accounts for why the FET
sensor could be used for enumeration of target cancer cells.

Results and discussion
Hydrodynamic cell trapping

The mechanism underlying hydrodynamic trapping could be
described by the concept of fluidic resistance.18 In Fig. 5a,
Rh1 represents the flow resistance along the traps, which was
designed to be smaller than the bypassing resistance, Rh2, when
the traps were empty; therefore, the main stream could carry the
cells into the trapping chambers such that the main stream
could be switched into the bypassing route by increasing the
resistance along the original path of Rh1. The following cells
could be carried through the new path towards the subsequent
traps. A numerical simulation was first used to explore the
channel geometry and evaluate the velocity profile for desired
fluidic resistance with COMSOL Multiphysics (COMSOL, USA)
software. The velocity of the stream entering the first trap was
found to be much greater than that of the other route (Fig. 5b),

indicating that the majority of the flow entered the trap. The
numerical simulation showed that the designed dimensions
established a fluidic resistance Rh1/Rh2 ratio of 3, suitable for
cell trapping20 (Fig. S3‡).

The cell trapping process on the microfluidic device was
observed under an optical microscope (Fig. 6a). Cancer cells
(diameter = 15 μm) were successfully guided into the
chambers and then trapped by the chambers' narrow necks
(width = 5 μm); then, the cells bound to the aptamers that
had been previously immobilized on the surface of the FET.
Note that cells could be retrieved and collected by applying a
backward flow by using a micro-dispenser for subsequent
applications (Fig. 6b).

Cancer cell detection and enumeration by FET sensors

A FET sensor array was used to quantify the number of
captured CTCs. The features of the AlGaN/GaN HEMT sensor
are summarized in Table S1.‡ For the electrical signal
measurement, the change in the current between each FET's
source and drain after gate bias application was defined
as the “current gain.” Typical drain current response and
calculation of current gains are shown in Fig. S4.‡ After cells
were injected through the inlet, different numbers of cells
(typically 1–3) were trapped in the cell-trapping chamber
precisely in the sensing area (Fig. 7a), and the changes in the
current gain over 50 μs for one, two, and three cells were
measured to be 9.3 ± 0.9, 24.5 ± 4.7, and 38.7 ± 4.5 μA,
respectively; there was a positive correlation, then, between
the current gain and the number of captured cells (Fig. 7b)
such that the FET signals could serve as a proxy for cell
counts in future studies. Furthermore, we have demonstrated
that unbound cells or loosely bound cells (non-specific cells)
did not affect the sensor signal, as only the strong electrostatic

Fig. 5 (a) The flow resistance Rh1 was designed to be smaller than
Rh2, such that cells could be trapped in the cell-trapping structures.
(b) Numerically simulated velocity profile in the microfluidic chip
revealing efficient cell-trapping.

Fig. 6 (a) Microscopy images depicting trapped cells. (b) Cell retrieval
by applying a backwards flow.
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interaction of the aptamer and target cell resulted in charge
re-distribution within the double layer, which resulted in a
change in the FET current signal.41,48 Given the arrayed
design and the fact that each trap could capture up to three
cells, a maximum of 42 cancer cells could be captured and
detected on the integrated microfluidic system. When
compared with fluorescence measurements, this label-free
detection method requires only a sample incubation period
of 5 minutes, which is much faster when compared with
hour-long sample incubation periods required for optical
imaging techniques, which has shown great potential given
its fast, simple, and label-free nature, as well as the accurate,
quantitative results generated.34

Selectivity tests

The selectivity of the FET sensor was further explored by
utilizing two non-target cell lines, WBCs and BG-1 ovarian
cancer cells, which were spiked into human blood and
analyzed as described above for HCT-8 cells. Unlike the
aforementioned positive relationship between the HCT-8 cell
number and current gain, the current gain did not show an
increasing trend for the non-target cells (Fig. 8), despite the
fact that they were captured by the traps. This is likely
attributed to the specificity of the aptamer since the binding
force could mobilize only the target cells towards the electric
double layer and onto the electrodes (thereby giving rise to
measurable FET signal changes). Therefore, the integrated
microfluidic system was proven to detect only target cell
types. Since non-target cells were not detected, false-positive
results are unlikely to be documented by this device. It is
noted that the results shown in Fig. 7 and 8 were obtained
from different FET devices. Therefore, the device-to-device
variations (about 5–15%) in current gains, when no cell was

captured on the sensor, may result in differences in the
calibration curves. For each FET sensor, a calibration curve
for enumeration of cancer cells should be performed. If this
technology will be transferred to industry in the future, it is
feasible to minimize the sensor-to-sensor variations by a
feasible quality control system.

Conclusions

This study reported a new integrated microfluidic system
for automatic detection and enumeration of CTCs. We
demonstrated that the integration of hydrodynamic trapping
devices on a microfluidic platform and FET sensor arrays
could achieve cell trapping on the detection area and 0–3
cells on each sensor could be distinguished; herein the whole
sensor array could capture and count 42 cancer cells in
maximum. In addition, only the target cells bound to the
specific aptamer on FET sensors could be detected. Given
this, this design could prevent inevitable interference from
other blood cells. In summary, an integrated microfluidic
system equipped with FET sensor arrays, which could
automatically capture and detect cancer cells, has been
demonstrated. As such, it could serve as a useful tool for CTC
detection and therefore, cancer diagnostics.
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