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We present a design and fabrication of an integrated micro-fabricated dielectrophoretic
(DEP) cell trap array in a microfluidic channel. The cell trap array is capable of isolating
target cells in high-throughput manner and producing cell clusters of tunable cell numbers.
In this work, we have used commercially available polystyrene beads to show the concept.
Bead clusters of various sizes were successfully produced using DEP force (attractive or
repulsive). We have found that the number of beads in a cluster depends on the frequency
of electric field and the concentration of beads in the mixture.

1. Introduction

This report is an extension of work that was originally
presented in 2016 IEEE International Conference on Electro
Information Technology (EIT) [1]. Cell isolation is one of the
basic steps of the devices that are commonly used in the
applications such as Point-Of-Care diagnosis, food pathogen
screening, and environmental monitoring. [2]. It is desirable that
the cell isolation needs to be simple and high-throughput. Among
the currently available techniques for cell isolation, FACS
(fluorescence activated cell sorting), MACS (magnetic activated
cell sorting), laser micro dissection, manual cell picking are the
methods that are the most widely used. [3]. FACS is the most
commonly used method but, to use FACS to isolate target cells,
complete knowledge about the surface proteins of the target cells
and other non-target cells in the cell mixture is needed. In FACS,
first, a fluorescence dye is selectively attached to a surface protein
of the target cell and then the separation of target cells is through
the fluorescence [4, 3]. To use MACS in cell isolation, prior
knowledge about the target cells are also needed. Briefly, in
MACS, the target cells are labeled with magnetic beads and they
are separated from the cell mixture by applying a magnetic force
[5]. Therefore, the prior knowledge about the surface proteins of
the cells in the mixture is required for both FACS and MACS
methods [3]. Unfortunately, the information of target cells’
surface proteins is not always available and therefore, both of
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these methods can only be used to isolate limited number of target
cells from cell mixtures. In laser micro-dissection, typically, the
operator observes the tissue sample through a microscope and the
target cell population area is separated by using laser cutting [6].
In manual cell picking, micro-pipettes are used to pick-up the
target cell from a cell mixture by applying a negative pressure [2].
Due to the manual operation, laser micro dissection and manual
cell pick up methods are low-throughput and not applicable in
most of the applications. These critical limitations in existing cell
isolation techniques prevent advancing many important areas of
biomedical engineering such as Point-Of-Care diagnosis, food
pathogen screening, and environmental monitoring. Therefore,
there is an urgent need to develop high-throughput, label-free cell
isolation technique.

To address this critical need, we have developed a high-
throughput and label-free technique for cell isolation. The
technique is based on the dielectrophoresis (DEP) and
microfluidics. First, we briefly describe DEP and microfluidics
below.

2. Theory

Dielectrophoresis is a motion of suspensoid particles relative
to the suspended medium resulting from polarization forces
produced by an inhomogeneous electric field [7-11], which is
widely used in many biomedical applications such as medical
diagnostics, cell therapeutics and molecular separation [14]. In
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particular, most of the biomedical materials including cells, DNA
and proteins experience frequency dependent DEP force [7-9, 12].

Mathematically, the time-average DEP force acting on a
dielectric particle such as cell or bead that are in a non-uniform
external electric field can be represented as

Fpgp = 2m 13 &, Re{fcm} V|E|? (D

where r is the radius of the particle, e is suspended medium
permittivity, Re{fcm} is real part of the Clausius-Mossoti (CM)
factor, V is the vector operator, and E is the r.m.s of the external
electric field [11,13]. CM factor depends on the conductivity and
permittivity of the particle (g, £,) and medium (o, &), at the
applied frequency (w). Since the CM factor changes with
frequency, DEP can be represented as negative (repulsive)
(—0.5 < Re{fcm} <0), where polarized particles move towards
the lowest field strength region), (attractive) positive (0 <
Re{fcm} < 1), where the polarized particles repelled from the
lowest field strength region and move to regions of highest field
gradient) or zero-force (Re{fcm} = 0) [11-13].
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Figure 1: Dielectrophoretic cell trap device fabrication steps. (a) Fabrication steps
of the DEP cell trap arrays, (b) fabrication steps of the microfluidic channel and
integration method of the electrode cell trap array and microfluidic channel.
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The gy, of the cell or bead can be written as the sum of bulk
conductivity (gppy ) and surface conductivity (K) , which can be
represented as 0, =0yt (Ks/r). Depending on the cell type and
stage of the cell growth, surface conductivity value can be vary
from cell to cell [9]. This will produce cell type or stage dependent
DEP force on cells. Therefore, target cells can be separated from
other cells using this unique feature.

3. Microfluidics

Microfluidics facilitates the handling of fluid flow through
micrometer channels [23]. Microfluidics flow channels have been
using in various applications [23,24]. The inclusion of
microfluidic devices has led to increase the throughput, sensitivity
and decrease the cost of applications such as flow cytometry,
patterned three-dimensional cultures and drug delivery systems
[23,24].

This is mainly due to the fact that Microfluidics requires only
small volumes of samples (typically uL) and reagents, produces
little waste, offers short reaction and analysis times [25].These
unique characteristics make microfluidics particularly useful in
biology and medicine [25]. Moreover, fabrication cost is
considerably less as it uses the standard semiconductor
manufacturing techniques such as photolithography, e-beam
evaporation and etching techniques.

In our work we have integrated this microfluidics channels to
flow cell/beads sample over the designed electrodes. Below, we
describe the design, fabrication and the integration method of our
device.

Figure 2: Design of the cell isolation device (a) Conceptual view of our cell
isolation device, left side image is the magnified view of the device during the
experiment. The electrodes are shown in gold color. Target cells (indicated in red)
will be trapped over electrodes and non-target cells (indicated in green, yellow black
and blue) will flow into the waste outlet of the device. (b) AutoCAD drawing of the
electrode cell trap array (scale bar indicates lcm), (c) enlarged image of one
electrode cell trap (scale bar is in pm).
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4. Design of the Dielectrophoretic Cell Isolation Device

The main steps of the fabrication are indicated in the Figure 1.
Briefly, cell isolation device has two components. They are: (1)
micro-scale DEP cell traps (electrodes) fabricated on glass wafer.
Below, we will discuss design of cell traps using electric-current
simulations (using COMSOL software), and (2) Microfluidics
flow channels designed to flow cell sample over the DEP traps.
The conceptual view of the cell isolation device is shown in
“Figure. 2(a)” .We will discuss the design of the channel including,
fabricating the mold, microfluidic channels and other important
experimental parameters below.

4.1. Design and fabrication of electrodes.

Based on our prior experience on design electrodes [26], we
came up with an electrode design that generate large DEP force
on target cells. Since the DEP force depends on the electric field
gradient (see equation 1), the electrode must be capable of
generating high electric field gradient (VE?).

To estimate the expected electric field gradients from our
electrodes, first, electrodes were drawn to a scale using AutoCAD
software (see “Figure. 2(b and ¢)”) and imported into COMSOL
software. We then used the COMSOL software to calculate the
electric fields and electric field gradients generated by the
electrodes. This calculation was performed using AC/DC electric
current (ec) module and frequency domain studies of COMSOL.

In the simulation, we have assumed that the electrode material
is gold and the device is filled with phosphate buffered saline
(PBS) solution. We then applied a 1 Vpeak-peak and 100 kHz
frequency to the electrodes and design was meshed using free
triangular extremely fine mesh with maximum element size= 5
pm and minimum element size= 0.026 pm. Then the electric field
gradient and normalized electric field strength pattern were
calculated in X-Y plane. Finally, variations of electric field
gradient were plotted along contours to see the variation of the
field gradient in the device. From these calculations, maximum
electric field gradient is 1.09 x1016 V?/m? and this electric field
gradient will generate uN DEP force on cells and beads [1]. In
comparison with other forces acting on the cell such as viscous
drag and buoyancy (these forces are sub uN for the flow rate and
cells that we use), DEP force is significantly large. Therefore,
these electrodes are suitable for high-throughput cell isolation
applications.

We then fabricated the electrodes using standard
photolithography process following by metal deposition and lift-
off process [15]. The images of the fabricated electrodes were
shown in “Figure. 4(a,b, and c)”.

4.2. Design and fabrication of microfluidics channels

The proper design is needed to achieve the maximum recovery
of the target cells. To capture target cells without losing, we
calculated the maximum flow rate that we will use in experiments.

WWwWw.astesj.com
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Figure 3: Calculated Electric field gradient in z direction. (a) Electric field gradient
pattern in x-z plane in V¥m?, (b) enlarged image of the electric field gradient of a
single electrode cell trap in V2/m? (scale bar indicates 25um), (c) variation of DEP
force along the contour A-B in “Figure. 2(a)”, (d) the variation of flow rate vs.
distance travelled by the cell (at z=400 um) in the x direction when it travel from
400 -0 pm under the influence of DEP.

To estimate the flow rate, first, we calculated the DEP force
on a 20um diameter cell (or bead) in the z direction along the
contour A-B (“Figure. 3(a)”). We used 2w 73 ¢, Re{fcm} =
4.4535 x 1072* (F.m?) , and calculated the DEP force using
equation (1) and plotted in “Figure. 3(c)” [18-20]. For more
stringent conditions, we have calculated the critical dimensions of
the device needed to capture the cells that are about 400 pm above
the electrodes. We have used the DEP force at 400 pm as
2.51 x107Y"N and assumed all other forces acting (e.g.
buoyancy and weight) on the cell at 400 um in the vertical
direction are zero. We selected the particle speed to be 1.5 times
faster than the flow speed of the fluid and calculated the fluid drag
force [28]. Using this information, we calculated the horizontal
distance travelled by the cell during trapping. Then we varied the
flow rate and calculated distance travelled for each flow rate. The
results are indicated in the “Figure. 3(d)”. From this calculation,
at 30 pl/min flow rate, the target cell will move about 1.9 cm,
which is less

86


http://www.astesj.com/

D.Nawarathna et al. / Advances in Science, Technology and Engineering Systems Journal Vol. 2, No. 1, 84-89 (2017)

Figure 4: Fabrication of the device. (a) a picture of a fabricated electrode, (b) 10X
zoomed view of the electrode under the microscope, showing the electrode array
(scale bar indicates 200pum) (c) 30X zoomed image of the electrode showing
individual traps (scale bar indicates 80um), (d) Picture of the mold used for
fabricating microfluidic channels (scale bar indicates 1.5cm), (e) Picture of the
final version of the cell separation device.

than the length of our electrode dimension (2 cm). Therefore,
theoretically, all the target cells that are below 400um will be
captured in the device.

To fabricate the microfluidics channel, we have utilized the
standard microfluidics channel fabrication using PDMS
(Polydimethylsiloxane) [16-17]. Briefly, microfluidics channels
were designed in AutoCAD and fabricated a mold (3D printing:
Proto Labs, Inc.2600 Niagara Ln N, Plymouth, MN 55447),
“Figure. 4(d)” indicate the mold used in fabricating the
microfluidics channel. We then mixed Sylgard 184 elastomor
with curing agent (10:1) and poured over the mold. Finally, the
mold with PDMS was cured by keeping on a hotplate (at 80°C)
for 3-4 hours. After curing, PDMS was peeled off from the mold
and inlet and outlet holes were drilled using a biopsy punch. Then,
PDMS channels and electrodes were bonded using oxygen plasma
[27]. Finally, the micro-bore tube with inner diameter 0.04 inches
and outer diameter 0.07 inches were glued using the epoxy glue
at the inlet and the outlet of the microfluidic device for the purpose
of flowing the cell mixture. Final version of the device is indicated
in “Figure. 4(e)”. We then used the fabricated microfluidics
device in the experiments and demonstrated the DEP based cell-
trapping. Details about those experiments is discussed below.

5. Experimental Setup

Our first experiment were focused on to validate the cell
isolation using positive DEP and negative DEP. We then studied
how these forces can be used to precisely control the number of
cells in a trap. We started with polystyrene beads and determined
the experimental conditions (electric field magnitude and
frequency) needed to isolate beads. We then use these conditions
as the starting point for isolating cells. We used 500 nm diameter
green fluorescence polystyrene beads to represent the trapping of
smaller cells (e.g.: bacteria) and 20 um diameter polystyrene
beads to represent mammalian cells.

WWwWw.astesj.com

The bead samples were prepared in following manner. 1 ml
sample was prepared with 500 nm green fluorescence beads by
adding 20 pl of beads solution and 980ul of 0.01XPBS solution
(conductivity= 0.03 S/m). We then mounted the microfluidics
device on the fluorescence microscope stage, bead sample was
directly pipetted on to the electrodes or loaded to the syringe and
connected to the syringe pump (flow rate= 30 pl/min, Braintree
Scientific INC, BS-300). When the beads are over the electrodes,
an external electric field was applied (frequency =100 kHz, and
magnitude= 5 V,,, Tektronix AFG 3021B)

e NN

Figure 5: Experimental results. (a and b) results of the experiment with 500 nm
green fluorescence polystyrene beads under the fluorescence microscope with 20X
and 30X magnification respectively,(c,d,e and f) results of the experiment with 20
pum polystyrene beads under the microscope with 20X magnification. Scale bars
indicate 80pm.
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and observed the beads trapping. The pictures of trapped beads
are shown in (“Figure. 5(a, and b)”). Similarly, we repeated this
experiment for 20 pm beads and studied the beads trapping with
(repulsive) negative and (attractive) positive DEP. The starting
point of our experiments with 20 pm beads was 1 MHz
(frequency) and 1.5 Vp-p (magnitude). For the 20 um beads, we
flowed the sample (30 pL/min), but it was unable to trap multiple
beads in a single-trap. Therefore, for trapping multiple beads we

use the static condition (sample flow rate=0 pul/min). The “Figure.

5(c,d,e,and f)” indicate the some of our results that demonstrate
how we used DEP (negative) to vary the number of beads in a trap.
We will discuss this in detail below.

6. Results

The “Figure 5(a, and b)”” shows the trapping of 500 nm beads
using positive DEP (100 kHz and 5 Vp.p). The Figure 5(b) is the
magnified view of the Figure 5(a) that demonstrate the DEP based
trapping. We then varied the frequency of the electric field from
100 kHz to 15 MHz but did not observe the trapping through
negative DEP. For 20 um beads, we observed that it is indeed
possible to trap beads using only negative DEP. Further, with
negative DEP, it is also possible to vary the number of beads
trapped by simply changing frequency and the concentration of
beads. “Figure 5(c, d, e and f)” indicates some of the results from
those experiments. Briefly conditions that we used for trapping 20
um beads are summarized in the table 1 below. Our conclusions
from this study are summarized below.

Average
Concentration of Applied number of
beads(beads/ml) Frequency beads per Standard
x103 (MHz) trap deviation
90 1 1 0.071
180 8 3 1.000
540 15-18 6 1.035
1440 20-22 8 1.760
1800 24-25 10 2.407

Table 1: Trapping results of 20 um beads using negative DEP.
7. Conclusion

We have successfully designed and fabricated an electrode for
efficient cell trapping. Experiments were performed using two
sizes of beads to demonstrate the usage of negative and positive
DEP in trapping and clustering beads. Clustering can be used to
count number of cells in the sample or culturing the trapped cells.
For 500 nm beads, we did not see controllable trapping with both
negative and positive DEP. For 20 pm beads, negative DEP
produced controllable trapping. Our next step is to use the cells
and demonstrate cell trapping with our device. Finally, we will
use the device to develop assays based on cell trapping [21-22].
The results from those experiments will be published in
forthcoming articles.
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