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Abstract
Circulating tumor cells (CTCs) have been widely considered as novel biomarkers for the
clinical diagnosis of cancer. CTCs are the cells detached from the parent tumors and shed into
the blood stream to initiate tumor metastasis. Although CTCs are rare, their detection in one’s
blood sample is essential for cancer early diagnosis and for starting the treatment procedure.
Here, we introduce a novel method for trapping CTCs using dielectrophores, which effectively
employs pores of a replaceable porous membrane as CTC traps. The applied dielectrophoretic
force efficiently traps and holds CTCs in a stable position and further enables us to perform
various on-chip analysis with them. First, using finite element method, the performance of the
system was simulated for different physical conditions. Then, the chip was fabricated and its
trapping performance was experimentally validated. Cells were entered into the microchannel
and trapped in the pores of a polydimethylsiloxane membrane. The proposed microfluidic chip
is capable of detecting rare cells in a large cell population.

Keywords: microfluidics, lab-on-a-chip, CTCs, dielectrophoresis, cell trapping

(Some figures may appear in colour only in the online journal)

1. Introduction

Microfluidics has been a well-received technology for the
experimental study of cell biology for almost the past two dec-
ades. The significant advantages of this technology include
less sample volume consumption, fast response time, and facil-
itation of single-cell analysis and tracking. Microfluidic chips
are extremely useful for single-cell analysis as they can cap-
ture and manipulate complex cells and enable us to study these
cells in their native fluidic environments without damaging
them. Circulating tumor cells (CTCs), shedding from primary
malignant tumors and entering into the blood, are considered a
major cause of cancer metastasis [1]. CTCs are extremely rare
compared to the number of normal blood cells (in the order of
1–10 CTCs per ml of whole blood); hence their early detection

is very challenging tough very essential for cancer early dia-
gnosis. Sorting, trapping, and purification of CTCs are essen-
tial in many lab-on-a-chip devices having different clinical
applications like prognosis, diagnosis, monitoring after treat-
ment, or drug resistance assessment [2–4]. Various methods
exist for isolating or trapping CTCs based on their surface pro-
teins, physical size and deformability, and electrical andmech-
anical characteristics. To name a few of the existing methods,
they are antibody-coated microposts [5], size-based separation
by microfilters [6], and electrophoresis and acoustophoresis-
based cell separation [3, 7–9]. In general, one can classify the
reported CTC isolating schemes into two categories: Affinity-
based and label-free CTC isolating methods.

Affinity-based methods rely on biomarkers and surface
antigens of CTCs, such as epithelial cell adhesion molecule
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(EpCAM), to detect and isolate CTCs. CELLSEARCH (Men-
arini Silicon Biosystems, Huntingdon Valley, PA, USA) [10],
the only commercial system approved by the United States
Food and Drug Administration (FDA), is a good example
of affinity-based systems used for clinical isolation of CTCs
in patient’s blood samples. It uses magnetic nanoparticles to
label CTCs with anti-EpCAM antibodies. Nevertheless, this
method is not completely reliable due to the epithelial-to-
mesenchymal transition happening in subpopulations of tumor
cells, which can cause EpCAM failure to identify aggress-
ive CTCs. Besides, in affinity-based sorting, the cell sur-
face is modified and its permanent attachment to an artificial
linker can affect cell viability for subsequent analysis. Hence,
affinity-based sorting of CTCs can limit their clinical applica-
tions and subsequent characterizations.

In contrast, in label-free CTC sorting methods distinct
physical properties, such as size, shape, deformability, adhe-
sion, compressibility, polarizability, and magnetic susceptibil-
ity are determining [11–14]. Thesemethods can help to resolve
the limitations of the affinity-based methods. For example,
they can achieve intact CTC capturing without influencing
cell viability. In addition, viable and intact CTCs are com-
patible with the downstream clinical analysis [15]. These
high viability and purity of captured CTCs are essential for
gaining precise cancer information using genetic technolo-
gies [16–18]. In spite of their benefits, label-free CTC sort-
ing methods have some limitations too. For instance, many
types of CTCs, have similar physical properties (e.g. size
and shape) to white blood cells (WBCs) [19, 20], thus lead-
ing to a significant WBC contamination in the isolated CTC
samples [21].

Dielectrophoresis (DEP) is a physical phenomenon
observed when microparticles and cells are exposed to elec-
tric field gradient. DEP has been applied in various forms on
a diverse set of biomolecules and particles including proteins,
exosomes, bacteria, yeast, stem cells, cancer cells, and blood
cells to manipulate and analyze their behaviors [22]. One of
the most frequent applications of DEP is discrimination and
separation of cells and particles based on their different dielec-
tric properties and sizes [23–25]. For instance, Alazzam et al
has used DEP to separate MDA-231 (human breast cancer)
cells from blood-based on their different crossover frequency
[26]. They separated cancer and normal cells and collected
them in two different outlets. In a similar work, Alshareef et al
used DEP for the separation of MCF-7 (human breast cancer)
cells and HCT-116 (human colorectal carcinoma) cells [27].
Modarres et al, used two different frequencies, as release and
capture frequencies, to separate polystyrene particles based
on their sizes and then, investigated the feasibility of their
method for separation of MCF-7 cells from red blood cells
[28]. One strength of the DEP is providing the possibility of
performing various on-chip downstream analysis on the cells
without a need to collecting the cells in the output. In fact,
using DEP, cells can be kept fixed even in presence of moving
flows, and one can perform different experiments with them
by exchanging a low volume of different reagents. Here, we
have introduced a thin PDMS porous membrane to hold the

CTCs trapped by the DEPwithin its micropores at a single-cell
level for downstream biological analysis.

Microwells have been utilized widely for trapping pre-
cise quantities of particles and cells, in particular single cells.
Various methods have been introduced for the fabrication of
microwells including biochemical patterning, direct printing,
microfluidic methods, and laser sintering processes. The most
frequent method in microwell fabrication is photolithography
[29, 30]. This process may involve some challenges and limit-
ations. Firstly, photolithography method has a low production
rate. Furthermore, in some cases, it needs an aligner system to
align different layers of the device together through the pro-
cess. Moreover, microwells may not be dug completely due to
various reasons like an insufficient exposure or an imperfect
developing procedure. In exposure, different factors including
intensity and time are influential, and if one of these factors is
nonoptimal, we do not achieve the desired fabrication result.
In addition, diffraction is a typical phenomenon in photolitho-
graphy, especially in thick transparent resist layers which may
cause a defective lithography. Hence, these undesired effects
may result in an extra layer of resist remain on the surface of
the electrodes inside the wells which will influence the trap-
ping efficiency. Consequently, we are obligated to replace the
device completely as it does not perform well.

In the device proposed here, we use an array of SU-
8 micropillars and soft lithography process to fabricate a
replaceable porous PDMS membrane for trapping CTCs.
There are different dimensions of pillars on the SU-8mold and
it can be used several times for building different sizes of pores
for various goals. In addition, here, we do not come across the
challenges mentioned above for previous fabrication proced-
ures of microwells. Micropores are completely dug using SU-
8 pillars. Furthermore, there is no need for an aligner to align
the microwells on top of the electrodes since we can quite eas-
ily shift the membrane under an optical microscope to find the
best alignment, and, the membrane can be easily replaced with
no additional device alteration in the case of deficiencies.

2. Design of the microfluidic device

The proposed microfluidic device consists of a few compon-
ents located inside a PDMS channel. The channel height is
80 µm. The gold interdigitated electrodes are fabricated on the
surface of a glass slide and the distance between two adjacent
electrodes is around 10–15 µm. These electrodes are used to
apply positive DEP on CTCs. A PDMS porous membrane is
positioned on top of the surface of the electrodes so that in an
ideal situation, in every single micropore there are two adja-
cent electrodes. The micropores which act as cell traps have
a diameter of 20–30 µm, selected based on the size of CTCs.
The height of the membrane is roughly 30 µm. Figure 1(a)
shows a schematic view of the chip. Cells enter the channel
and are trapped inside the micropores by positive DEP after
setting the flow rate, frequency, and amplitude of the signal.
Figure 1(b) shows the side-view of a single micropore includ-
ing its dimensions.
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Figure 1. Schematic view of the microfluidic chip. (a) Structure of the device and its trapping function. Cells are entered into the device
from the left side and then trapped inside the micropores by positive DEP force. (b) Side-view of a single micropore showing the main
forces exerted on a cell.

3. Theory

3.1. DEP

DEP is the movement of a neutral particle in a non-uniform
electric field due to the interaction of the particle’s dipole
moment with the spatial gradient of the electric field. DEP
has been extensively used in many microfluidic applications
and it is instrumental in manipulating particles and cells at
microscales due to its desirable scaling for the systems of the
reduced size. The time averaged dielectrophoretic force can be
approximated in terms of the electric dipole moments as:

⟨FDEP (t)⟩= 2πεm [fCM]R
3∇E2

rms (1)

where εm is the relative permittivity of the medium, R is the
particle radius, Erms is the root-mean-square magnitude of the
applied AC electric field. [fCM] is the real part of Clausius–
Mossotti (CM) factor relating to the induced dipole moment
as the following,

fCM (ε̃p, ε̃m) =
ε̃p− ε̃m
ε̃p+ 2ε̃m

(2)

and,

ε̃= ε− j
(σ
ω

)
(3)

where ε̃ is the complex permittivity. Now fCM can be rewritten
as,

fCM (εp,εm,σp,σm,ω) =
(εp− εm)+

j
ω (σp−σm)

(εp+ 2εm)+
j
ω (σp+ 2σm)

(4)

where εp is the relative permittivity of the particle, σp is the
electrical conductivity of the particle, and σm is the electrical
conductivity of the medium.

Dielectrophoretic force depends on the sign and the mag-
nitude of the CM factor, fCM. If fCM > 0, then the particles
will be attracted toward the electric field strength maxima; this
is called positive DEP (p-DEP). Otherwise, the particles will

be repelled from the electric field strength maxima, which is
called negative DEP (n-DEP) [31–34].

3.2. Drag force

At the creeping-flow limit known as Stokes’ law, a floating
spherical particle in a fluidic channel experiences a drag force
defined as,

FDrag = 6πµR(u− up) (5)

where R is the particle radius, u is the fluid velocity, up is the
particle velocity, and µ is the viscosity of the fluid [34, 35].

4. Simulation

The trajectory of a particle inside the microchannel is a res-
ult of its interaction with the surrounding fields, consequently,
corresponding field variables need to be carefully specified.
For the DEP applications in microfluidics, the electric field,
the flow field, and the temperature field (if considerable tem-
perature gradient present) need to be considered [34]. Here,
we used the finite element method (FEM) method in COM-
SOL Multiphysics 5.4 to simulate the function of the device.
The laminar flow, electric current and particle tracing for fluid
flow physics were included in stationary, frequency domain
and time dependent studies, respectively. All the simulation
parameters are listed in table 1.

Two fields are assumed in our simulation, the electric field,
and the flow field, hence, there are two main forces applied
to the cells, the dielectrophoretic force and the drag force.
Although the cells’ trajectories are derived by the total force,
another important parameter contributing in capturing the cells
into the pores is the channel height which needs to be care-
fully selected. If the height of the channel is too small, most
of the cells are pulled down to the first rows of the pores by
the positive DEP and result in cell accumulation in the chan-
nel (figure 2(a)). In contrast, if the height of the channel is
too large, most of the cells are led to the output by the drag
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Table 1. List of the simulation parameters (cancer and normal cells dielectric properties can be found in [36]).

Parameter Value Parameter Value

Medium conductivity (σm) 10−3 (s m−1) Dynamic viscosity of medium 10−3 (Pa s−1)
Gold electrodes conductivity 42.55 × 106 (s m−1) Electrodes gap 10 (µm)
PDMS conductivity 10−5 (s m−1) Frequency of signal 3 (MHz)
Medium density 1000 (kg m−3) Channel height 80 (µm)
Relative permittivity of medium (εm) 80 Membrane thickness 30 (µm)
Relative permittivity of PDMS 2.75 Voltage amplitude 14 (Vp-p)
Relative permittivity of gold 30 Initial flow rate 35 (µm s−1)

Figure 2. Side-view of the total force contour lines applied to the cells on the top of a pore for different heights of the microchannel
(a) 55 µm, (b) 80 µm, and (c) 120 µm.

force as it dominates around the upper height of the channel
(figure 2(c)). The simulation results suggest that around the
height of 80 µm, with voltage amplitude of 14 Vp-p and ini-
tial flow rate of 35 µm s−1, there is a good balance between
these two forces (figure 2(b)), and therefore we designed our
microchannel to work around this height.

Based on equation (1), the dielectrophoretic force is asso-
ciated with the gradient of the electric field. Figure 3(a) shows
the logarithmic gradient of the electric field, i.e.∇E2

rms, for the
voltage of 14 Vp-p, in a micropore. It is clearly seen that the
gradient of the electric field is maximal around the edges of
the electrodes. As a result, dielectrophoretic force is maximal
inside the pores having two adjacent electrodes underneath.

For the drag force, the flow rate is determining. Per equation
(5), by increasing the flow rate, the drag force increases and
finally overcomes the dielectrophoretic force, therefore guides
cells toward the outlet which finally results in lower trapping
efficiency. In contrast, at low flow rates particles will accu-
mulate in one location and do not advance to the top of the
pores. This suggests that choosing the right flow rate is vital
for having a good trapping efficiency. In figures 3(b) and (c),
we can see a side-view of the total force applied to cells on
the top of a pore at two different initial flow rates (35 µm s−1

and 105 µm s−1). It is obvious that by increasing the flow rate,

most of the force contour lines push cells toward the channel
output. Figure 3(d) demonstrates that in an optimal situation
(after setting the flow rate and the voltage amplitude), the total
force contour lines explicitly guide cells toward the electrodes
and thus to the inside of the pores (surface color shows the
logarithmic magnitude of the electric field).

5. Materials and methods

5.1. Fabrication of the microfluidic chip

The fabrication of the chip consists of three major steps: (a)
fabrication of the porous membrane, (b) preparing the sub-
strate and patterning the electrodes on it, and (c) fabrication
of the microfluidic channel and finally assembling these com-
ponents.

For the fabrication of the porous membrane, we used the
soft lithography process. The membrane has an approxim-
ate thickness of 30 µm and consists of an array of micro-
pores for trapping the cells. We used a mold and a sacrifi-
cial layer for making it. The fabrication process is outlined
in figure 4. First, we made a SU-8 mold in order to form the
pores inside the membrane. A silicon wafer was cleaned using
acetone, isopropyl alcohol (IPA), and deionized (DI) water,
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Figure 3. Simulation results for the medium conductivity (σm) of 10−3 (s m−1), the electrode gap of 10 µm, the membrane thickness of
30 µm, and the channel height of 80 µm. (a) Logarithmic gradient of the electric field (indicative of the DEP force) at the bottom of a pore
for the applied voltage of 14 Vp-p. The field is maximum around the edges of the electrodes. (b) Side-view of the total force contour lines
applied to cells on the top of a pore for the applied voltage of 14 Vp-p and at the optimal initial flow rate of 35 µm s−1 (guiding cells into the
pore). (c) Side-view of the total force contour lines applied to cells on the top of a pore for the voltage of 14 Vp-p and at 3× of the optimal
initial flow rate, i.e. 105 µm s−1 (leading cells toward the outlet). (d) Side-view of the total force contour lines along the channel for the
optimal situation showing the routes in which cells move toward the electrodes for the voltage of 14 Vp-p and the flow rate of 35 µm s−1

(surface color is the logarithmic magnitude of the electric field).

then coated with SU-8 2050 photoresist (MicroChem, New-
ton, MA, USA). The layer’s height was chosen to be roughly
45 µm (spinning at 2500 rpm for 1 min). After prebaking
at 100 ◦C for 20 min, the layer was patterned using direct
laser lithography (µPG101, Heidelberg, Germany) to make
the pillar array. After a post-exposure bake step (100 ◦C for
20 min) the structure was developed and hard baked at 160 ◦C
for 10 min. Figure 5(a) shows the scanning electron micro-
scope (SEM) image of the fabricated mold. For making the
membrane, a thin layer of polyvinyl alcohol was coated on
top of the mold using spin coater. This layer is the sacrifi-
cial layer and later will be removed. Next, a 20–30 µm thick

polydimethylsiloxane (PDMS), (Sylgard 184, Dow Corning,
Midland, MI, USA) layer was coated on the sacrificial layer to
form the membrane. After baking the PDMS at 80 ◦C for 1 h,
this solid layer was immersed inside the DI water for 1 h to
dissolve the alcohol layer. Finally, the membrane was simply
detached from themold. For transferring the PDMSmembrane
onto the electrodes’ surface, first, it was floated in DI water and
then the glass substrate coated with electrodes came in contact
with the membrane from below. The membrane position was
adjusted under a microscope and finally, the whole assembly
heated on a hot plate for attachment [37]. Figure 5(b) shows
the SEM image of the fabricated membrane.
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Figure 4. Fabrication process of the PDMS membrane. (a) Rinsing the silicon substrate, (b) coating the substrate with the SU-8 photoresist
layer, (c) patterning the SU-8 pillars by the direct laser lithography, (d) coating the pillars with a thin alcohol layer (PVA), (e) pouring and
spinning the PDMS on the SU-8 pillars, and (f) peeling off the final membrane from the mold.

Figure 5. Fabrication results. (a) The SEM image of the SU-8 pillar array on the mold, (b) the SEM image of the PDMS porous membrane,
(c) the gold interdigitated electrodes, and (d) the microfluidic channel.

Gold electrodes were made using photolithography process
on a glass substrate. First, after washing the glass slide in acet-
one, IPA, and DI water, a thin layer of Ti-Au (Ti: 30 nm and
Au: 200 nm) was deposited on the glass using Radio Fre-
quency (RF) sputtering. The electrodes were then patterned
using Shipley photoresist S1813 (MicroChem, Newton, MA,

USA) by direct laser lithography (µPG101, Heidelberg, Ger-
many). Finally, after developing the photoresist, the elec-
trodes were etched using Au etchant [HCL (37%), HNO3

(60%)—3:1], and then they were passivated by a 2–3 µm
layer of diluted SU-8. Figure 5(c) shows the image of the
interdigitated gold electrodes on the glass slide.
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For making the microfluidic channel, we used PDMS. An
80 µm thick SU-8 mold for the channel was first patterned
using the photolithography, then, after pouring the PDMS on
it, we baked it for 1 h at 80 ◦C and then peeled it off from the
substrate.

After rinsing the membrane and electrodes’ surface with
alcohol, we placed the membrane on top of the electrodes and
aligned the position, then we put them inside an oven at 80 ◦C
for 20 min. Finally, for bonding the PDMS channel to the elec-
trodes surface, the PDMS channel and the glass slide were
treated in oxygen plasma for 1 min. The channel was bound
to the glass slide using hand pressure and baked for 20 min at
80 ◦C. Figure 5(d) shows the fabricated microfluidic channel.

5.2. Cell culture and sample preparation

PC3 cells (human prostate cancer cell line) were obtained
from a standard cell bank. The flask was kept in an incub-
ator (5% CO2, 95% air) at 37 ◦C in Dulbecco’s Modi-
fied Eagle’s Medium (DMEM) supplemented with 10% fetal
bovine serum, and 1% penicillin/streptomycin. After three
days, cultured cells were detached from the bottom of the flask
using 1ml of trypsin. After adding 3ml of growthmedium, the
falcon is centrifuged for 5 min at 1500 rpm. Finally, cells were
suspended into a DEP buffer (10% sucrose (w/v), 0.5% dex-
trose (w/v) in DI water). All the cell culture materials are from
Gibco (Thermo Fisher Scientific, Waltham, MA, USA).

6. Results and discussion

6.1. DEP effects on the cells

Applying DEP on live cells can theoretically end in two major
effects: Joule heating and direct cell-field interaction.

Applying an electric field to a conductive suspension leads
to power dissipation in the form of Joule heating. Hence, if
the resulted temperature change is greater than a few degrees
Celsius, it can cause some effects on the cell physiology phen-
otype. Archer et al showed that after a 15 min exposure to
the electric field created with a voltage of 21 Vp-p and in a
medium with a conductivity of 10 ms m−1, the overall steady-
state temperature rise was just around 1 ◦C [38]. Although not
so harmful to the cells, this minimal temperature fluctuation
can possibly lead to the upregulation of heat shock proteins.
It has been found that the current induced heating is propor-
tional to the medium conductivity, thus, a relatively low con-
ductivity is preferred to minimize temperature excursion and
its destructive effects. In this work, we used DEP buffer hav-
ing a conductivity of around 10 ms m−1 to prevent induced
heating.

Another possible damage is the membrane rupture due to
high transmembrane voltage. The membrane of the cell may
be hurt if transmembrane potential (induced by the electric
field) overpasses the membrane dielectric breakdown voltage.
Acceptable threshold potential for cancer cells’ membrane is
around 1 V. Again, as Archer et al reported by increasing the
frequency, the induced membrane potential will decrease [38].

For example, at a frequency of 5 MHz for a voltage amplitude
of 21 Vp-p and in a medium conductivity of 10 ms m−1, they
measured the potential difference across the cell membrane to
be in the range of 8.6–68 µVp-p. In contrast, at lower frequen-
cies the membrane potential is higher, approaching 5 Vp-p,
a value that is enough to rupture cellular membranes. Con-
sequently, in this work, we have selected a frequency of 6MHz
to prevent cell membrane rupture. Besides, this frequency can
help us to avoid bubble formation and electrode polarization.

The extent of genetic transformation that a living cell exper-
iences while subjected to an electric field is not certain and one
major benefit of using DEP is that the cells do not suffer major
genetic dysregulation. An important factor in the genes trans-
formation is the duration of the field exertion. In other words,
longer DEP applicationsmay have a higher impact on the cells.
Earlier studies have shown that an exposure of 15 min does not
have amajor effect on the cells’ phenotype. The present invest-
igation carries out DEP for a very short time. The cells are
trapped in about two minutes and any subsequent experiment
with the cells can happen almost immediately. Moreover, most
of the studies that report high stress exerted on cells are with
the applied frequency close to the cells crossover frequency,
i.e. 23 KHz. Here, our working frequency is far higher, i.e.
6 MHz, to keep the cells immune against the exerted electric
field [38–43].

6.2. Experimental setup

To evaluate the performance of the device, as mentioned
above, we used cultured prostate cancer cells as CTC model.
First, the microfluidic channel was rinsed with PBS buffer
and then placed under a microscope with an installed cam-
era (DS-Fi2, Nikon, Tokyo, Japan) to monitor movements of
cancer cells. The channel inlet and outlet were connected to
a syringe pump (TS-1B, LongerPump, Hebei, China) using
feeder tubes to supply the optimal flow rate. To apply DEP
on cells, platinum wires were used to connect the interdigit-
ated gold electrodes to a function generator. Finally, all the
measurement parameters were experimentally optimized for
the highest cell trapping.

6.3. Trapping the cells

The performance of the device was examined in two steps.
First, we assessed the effect of the DEP force without the
membrane being present. We swept the frequencies and the
voltage amplitudes to find the optimal parameters for higher
trapping. Cells started being trapped at the voltage of 2 Vp-p

and the frequency of 6 MHz. In the next step, we evaluated the
performance of the actual device including the PDMS mem-
brane. The voltage amplitude of 14 Vp-p and the frequency of
6 MHz exhibited the desired result. The flow rate was set at
3 µl min−1. After injecting the cells into the channel, p-DEP
is exerted on the cells and attracts them toward the edges of
the electrodes into the micropores, where the gradient of the
electric field is maximum. It is to be noted that PC3 cells have
an average size of 22 µm, and the pores are 30 µm. Figure 6(a)
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Figure 6. Microfluidic chip and cell trapping with DEP. (a) Final fabricated device where dark rows are the electrodes with the micropores
seen in between, (b) trapped cancer cells inside the micropores.

shows the final microfluidic chip illuminated from the bottom.
Electrodes are dark and the pores in between are bright. As
seen from figure 6(b), the cancer cells have been trapped con-
siderably within the micropores, they are almost fixed and
ready for further biological analysis.

7. Conclusion

Here we introduced a microfluidic chip for trapping CTCs in
PDMS micropores using the DEP phenomenon and used cul-
tured cancer cells (PC3) as a model for CTCs to test the feas-
ibility of trapping. The dielectrophoretic force is induced by
the gold electrodes patterned on the glass substrate underneath
the porous membrane and works based on the size and dielec-
tric properties of the target cells so that larger cells experi-
ence stronger force. The proposed device enables us to effi-
ciently trap single cells inside the micropores and hold them
fixed for subsequent biological analysis such as immunostain-
ing, viability/apoptosis assay, and fluorescent in situ hybridiz-
ation. All these assays are readily being performed by sequen-
tially injecting reagents to the pores embedding the single cells
without the need for complicated valve or tubing systems.
The porous membrane used in this device can be replaced
with a new one having different features without sacrificing
the whole chip performance. Moreover, the device fabrica-
tion process was quite simple without facing the challenges
involved in the photolithography or otherwise in aligning the
microwells to the substrate electrodes.
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