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Abstract

Previously, we proposed a ‘dielectrophoretically activated cell sorting” (DACS) system, which can be applied to the
separation of various cells without labeling them with magnetic or fluorescent materials. By using a specific frequency
range, it was verified that the dielectric material properties of cells can be exploited in order to collect target cells from
a cell mixture. However, because about 20% of the error in separation efficiencies was always detected, it became a
subject to investigate. Therefore, we assumed that variance in cell size might be responsible for the errors. By
measuring the diameter of human breast cancer cells (MCF 7) and classifying separation efficiencies according to
diameter, it was verified that the errors in separation efficiency are affected by cell size. Moreover, the existence of a
‘blind spot,” i.e., a space with weak force within the dielectrophoretic field generated by a pair of electrodes, was
proven by commercial code CFD-ACE'®. With simulation and experimental results, we demonstrated that some
efficiency errors occur because small sized cells (between 15 and 20 um) pass through the ‘blind spot’.
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1. Introduction

In the biomedical research field, microfabrication
technology has provided various tools [1] for particle
separation based on electric [2-4], magnetic [5-7],
optical [8], hydrodynamic [9, 10], ultrasonic force [11,
12], and adhesion difference [13]. Nevertheless, most
attempts at efficient manipulation of bioparticles in
microchannels have proven to be more challenging.

Given its advantage in that dielectrophoresis (DEP)
technology is simply and directly applicable to
various platforms as a matter of convenience [14], we
previously proposed a ‘dielectrophoretically activated
cell sorter’(DACS) [15], which was employed to
separate mouse embryonic carcinoma cells (P19 EC)
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from red blood cells (RBCs) by using DEP.
Compared to separation efficiencies, it was verified
that the cells are affected by a frequency of 5 MHz
under an applied voltage (sinusoidal potential of 8 V.
o). Subsequently, we performed cell separation based
on the ‘frequency dependence’ of human breast
cancer cells (MCF 7) and normal human breast
epithelial cells (MCF 10A) as one clinically
meaningful application [16]. The experimental results
showed that the cells are affected by a specific range
of frequencies (between 34 and 36 MHz) under an
applied voltage (sinusoidal potential of 8 V). On the
other hand, it was also found that about 20% of the
errors were consistently observed in both cases: P19
EC cells (79.4+6.8 % of separation efficiency), and
MCEF 7 cells (77.5 0.5 % of separation efficiency).
In this article, we focus on investigating the effect
of cell size as the primary cause of separation errors
in DACS. Basically, all of the cells used have various
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diameters according to cell cycles from Gl to M
phases, which lead to fluctuations in the DEP force
that acts on each cell since the DEP force is
proportional to the cube of the radius of a cell (Eq. 1).
Consequently, it is supposed that various cell sizes
can be the main reason for separation errors. Based on
the comparison of separation efficiencies according to
cell size, size dependence was verified. Moreover, by
calculating the distribution of the electric field in the
microchannel by commercial code CFD-ACE™, we
were able to find a ‘blind spot,” i.e., a space with
weak force within the dielectrophoretic field
generated by the pair of electrodes. With
experimental results based on the movie clip, it was
demonstrated that separation errors stem from the
relationship between various cell sizes and the
location of the blind spot produced by disuniformity
in the dielectrophoretic field.

1.1 Theoretical

The dielectrophoretic force Fppp acting on a
particle depends on the following: the particle radius
7, the DC permittivity of the liquid medium &, the
electric field gradient V E”, and the real value of the
Clausius-Mossotti factor K(w) in which o is the
angular frequency of the AC electric field [17, 18].
The Clausius-Mossotti factor K(w) in Eq. (1) is given
by

Fypp =271 ¢,€, Re[K (@)VE? ()
& —¢,
K(0) =525 @
g, +2¢,
& =8 —jﬁ 3)
®

The value is determined by complex AC
permittivity (;)". The represented index i symbolizes
either the particle (i=p) or the liquid medium (i=m).
The complex AC permittivity is basically composed
of a real part and an imaginary part inclusive of the
conductivity o; and the angular frequency w of the
AC electric field. The sign of the Clausius-Mossotti
factor is determined according to the changes in the
experimental conditions such as frequency due to the
applied field as well as medium conductivity. Based
on the sign, the dielectrophoretic force affects the
movement of the particle, which is either repelled
from (as a result of a negative DEP if the sign of the
factor is negative) or attracted to (as a result of a

positive DEP if the sign of the factor is positive) the
designated electrode. There is, moreover, the specific
frequency (the so-called cross-over frequency f;) at
which the DEP force acting on a homogeneous
particle becomes zero. As shown in Eq. (4), it is
determined by mathematical derivation using Re|lK
()= 0[19].

P J(a;uom)(o;—om) W
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2. Materials and method

2.1 Microfabrication

Based on the microfabrication processes previously
reported [15], a DACS system was prepared. To
make up for the weak points such as buffer leaking or
cell clogging in the previous DACS system, two parts
in the system were developed. The interface for inlet
in the device was replaced with a nanoport adapter
(10-32  coned Nanoport™  Assembly N-333,
Upchurch Scientific®, USA), improving the interface
between the tube and the device, since we
experienced a great deal of leakage due to the weak
bonding force between the existing PDMS layer and
the glass wafer under the high pressure of a
microsyringe pump. In addition, the cell stagnation
and pressure build-up were eliminated by changing
the shape of the inlet from a circle to an asymmetric
ellipse, which reduced cell clogging in the inlet,
enabling cells to transfer in the channel more stably
and securely.

2.2 Experimental setup for cell separation

Fig. 1 shows the experimental setup. In order to
observe the movement of target cells in separation,
the DACS system was mounted on an inverted
microscope (IX81, Olympus Co., Japan). A micro-
syringe pump (VIT-FIT, Lambda Co., Switzerland)
and a microsyringe (Hamilton, 1801RN 10 ml, USA)
were used for precise control of the buffer and
particle streams in the microdevice. A function
generator (33250A, Agilent, USA) was used to apply
AC voltage (operating frequency, 10 MHz to 100
MHz; voltage, 7 V,,,,). Images of the cell separation
were recorded to a PC through a CCD camera
installed in the microscope.
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A: presented DACS device

B: function generator

C: micro syringe pump

D: inverted microscope

b: top electrode path
c: three dimension electrode

d: input flow direction

E: CCD camera

F: computer

Fig. 1. Experimental setup: (a) Experimental environment, (b) DACS device, (c) structural elements of the DACS device, and d)
fundamental schematic for bioparticles separation: if crossover frequency (COF) of the MCF 10A cells is employed, most of the
MCEF 7 cells bounce around the electrodes and move into outlet A. In contrast, other MCF 10A cells pass through the electrodes
and move into outlet B. For the case of the MCF 7 (MCF 10A) cells moving into outlet B (or outlet A), we defined this as

‘error.’

2.3 Cell preparation: MCF7 and MCF10A4

MCFI10A cells as a human breast cell line and
MCF 7 cells as a human breast adenocarcinoma cell
line were obtained from the American Type Culture
Collection (ATCC, Manasa, VA, USA). The MCF
10A cells were cultured in Dulbecco’s modified
essential medium (DMEM)/F-12 medium containing
5% horse serum, 100 ng mI" cholera toxin, 10 ng/ml
epidermal growth factor, 0.5 mg/ml hydrocortisone,
and 10 mg ml" insulin (all from Sigma Chemical, St
Louis, MO) as described in our previous report [16] at
37°C under an atmosphere of 5% CO,. The MCF7
cells were also similarly grown in DMEM supple-
mented with 10% heat-inactivated fetal calf serum.
When the cells confluenced about 80% after a 48-72
hour incubation period, they were handled by a brief
exposure to 0.025% trypsin-EDTA solution (Invi-
trogen Co, CA, USA). Then after the cells were
washed twice in each medium, the cells at a final
concentration of 107 cells ml” were re-suspended in
each medium including 8.5% (w/v) sucrose plus 0.3%
(w/v) dextrose buffer [20].

3. Results and discussion

3.1 Cell separation with DACS
When a 45-MHz DEP signal (7 V,,,;,) was applied

to the electrodes and fluid flow through the
microchannel was 0.35 x L/min, it was verified that

the MCF 7 cells started to bounce and move into
outlet A (Fig. 2). When a 60-MHz DEP signal (7 V,,.,)
was applied to the electrodes, the bouncing pattern of
the MCF 10A cells was also verified. By using the
cross-over frequency of the MCF 7 cells, we assumed
that the proposed DACS device enabled the se-
paration of the MCF 7 and MCF 10A cells due to
their properties of dielectric materials. To test this
assumption further, the MCF 7 cells were labeled
with Hoechst 33342 for 25 minutes [15] and mixed
with the MCF 10A cells. After the cell mixture was
separated by the DACS system, the MCF 7 and MCF
10A cells in each outlet were counted and compared
statistically.

3.2 Separation efficiency

Fig. 3 shows the fraction of the cells collected
before and after separation. With a ratio of 1:2 (MCF
7: MCF 10A) in the cell mixture, cell separation was
performed at a frequency of 45 MHz (7 V). After
the separation process, each of the collected cells was
counted and classified according to the place from
which they were collected (outlet A or outlet B). If
the total percentage of the MCF 7 cells before
separation was 100%, about 84% of the MCF 7 cells
after separation were collected at outlet A because of
their dielectric properties. In other words, the DEP
force causes them to bounce, and then enables the
cells to move them into outlet A. For the case of the
MCF 10A cells, compared with the total percentage
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Fig. 2. Cell separation: MCF 7 and MCF 10A cells bounce at 45 and 60 MHz, respectively.
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Fig. 3. Separation efficiencies of MCF 7 and MCF 10A cells before and after separation.

before separation, about 83% of the MCF 10A cells
after separation were collected at outlet B since the
DEP force does not act on them. Therefore, it was
verified that the MCF 7 and MCF 10A cells were able
to be separated. However, there is some separation
error, represented by a black-colored square in Fig. 3.
About 16% of the total number of MCF 7 cells was
gathered at outlet B, and about 17% of the total

number of MCF 10A cells was gathered at outlet A.
Therefore, we hypothesized that the error might be
affected by the diameter of the cells since size
variation was observed while we were carrying out
the separation experiment.

3.3 Measurement of cell size

To investigate the effect due to the diameter of the
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Fig. 4. Measurement of cell size and classification of separation efficiencies based on cell size. When (a) MCF 10A and (b) MCF
7 cells are suspended in buffer solution, their sizes are measured by inverted microscope (IX81, Olympus Co., Japan). In that the
entire cells are included in the various cell cycles from G1 to M phases, it is possible to verify that the quantity of genetic
material (DNA) packaged in cells leads to physically various sizes. (c) Proportion of MCF 10A cells in outlet A out of the total
MCEF 10A cells collected. (d) Proportion of MCF 7 cells in outlet B out of the total MCF 7 cells collected.
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Fig. 5. Cell movement in dielectrophoretic field: (a) Deflection; particle movement is basically decided by vector summation of
DEP force (by a pair of electrodes) and hydrodynamic force (by a microsyringe pump). Under the fundamentals, A cells show an
ideal separation. Contrary to expectations, movement of cells such as B or C cells was occasionally found, and as a result, they
are counted as one of the errors. CFD-ACE code was introduced in order to investigate the phenomenon. From the five cross-
sectional images (from 1 to 5) along the electrode, the existence of a ‘blind spot” within the dielectrophoretic field was verified.
(b) Virtual image assembled from 25 cross-sectional images; we schematically depicted the field distribution as a 3D-electric
field barrier around the pair of electrodes and the pathway; some of the MCF 7 cells pass through near the ‘blind spot’. (c¢) Error
generation based on cell size; to demonstrate our assumption, we investigated the phenomenon by using the movie clips. MCF 7
cells were traced by CCD camera, at intervals of 0.5 sec. It was verified that if the diameter of an MCF 7cell is about 21pum, it
moves into outlet A. However, if the diameter of an MCF 7cell is about 16.8um, it moves not into outlet A but outlet B.
Therefore, in that the MCF 7 cells of 16.8 um are relatively less affected by the electric field than those of 21pm, it can be said
that the phenomenon is based on cell size.
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cells, we measured the diameter of the cells used and
statistically calculated the range. As shown in Fig. 4
(a), MCF 10A and MCF 7 cells show various shapes
and sizes despite being the same kind because of their
heterogeneity. From the captured images, it was
confirmed that variations in the diameter of the MCF
10A and MCF 7 cells were about 25 and 27 um,
respectively. Accordingly, we concluded that the size
variation of the cells used could be one reason for the
error.

3.4 Analysis based on the diameter of the cells

Based on the above result that the cells used have
various sizes, we classified separation -efficiency
according to variances in cell size. Fig. 4(c) and (d)
show the distribution of MCF 10A cells in outlet A
and MCF 7 cells in outlet B, respectively. From the
curves of separation efficiency, it was confirmed that
there are two patterns. Pattern 1 is related to the
fluctuation of fluid flow in the microchannel at the
initial stage of the separation process since a similar
pattern and magnitude are simultaneously found at
outlet A and B. However, pattern 2 points to a
significant finding in that the errors of the MCF 7
cells are related to their diameter. This is due to the
fact that the majority of cells detected at outlet B were
MCEF 7 cells of small size (between 15 and 20 um)
rather than those of large size (between 22 and 28
um). Accordingly, it is possible to say that if the
diameter of the MCF 7 cells is less than about 20 pm,
they might end up in outlet B.

3.5 Blind spot in the DEP field

To examine why the MCF 7 cells included in the
small size (between 15- and 20 um) range were
mainly detected at outlet B, we studied distribution of

the electric field in the microchannel of DACS system.

By analyzing the movie clips, the relationship
between size and deflection of target cells was
investigated. The distribution of the electric field was
calculated by commercial code CFD-ACE™. As
shown in Fig. 5(a), the dielectrophoretic field
generated by the pair of electrodes has a space (or
‘blind spot’) with a weak DEP force. Fig. 5(b) shows
a 3-dimensional structure based on the five cross-
sectional images (Fig. 5(a)). From the image, we
could guess that the blind spot in the dielectrophoretic
field allows the small sized cells (within 20 pm) to
pass through the pair of electrodes and as a result,
some MCF 7 cells were found at outlet B. Accor-

dingly, the separation error asso-ciated with the MCF
7 cells stems not only from the blind spot but also
their size. To confirm this phe-nomenon, the ex-
perimental video clip was analyzed, as shown in Fig.
5(c). Based on the diameter of the cells that passed
through, we found that the large-sized (between 21 to
28 pm) cells were basically deflected, while relatively
small-sized (between 14 to 20 um) cells were allowed
through the electrode.

4. Conclusion

In our previous work, we proposed that the DACS
system is applicable to cell separation. By using
dielectric properties of the cells (e.g., P19 mouse
embryonal carcinoma cells and red blood cells), it
was verified that each of the cells could be separated
with high purity (greater than 95%). For the case of
cell separation using MCF 7 and MCF 10A cells,
however, it was found that about 16% of the MCF 7
cells and 17% of the MCF 10A cells accumulated at
each of the opposite outlets. Under the assumption
that the various sizes of the cells used might affect
separation efficiency, we measured the diameter of
the MCF 7 and MCF 10A cells. From the fact that
MCEF 7 (between 14 and 41 pm) and MCF 10A cells
(between 14 and 39 pum) have a similar size range, we
investigated their separation efficiencies according to
variances in the diameter of the cells. In that most of
the MCF 7 cells detected at outlet B belonged to the
small size range (between 15 and 20 pm), it is
possible to conclude that variances in cell size affect
their separation efficiency and error generation.
Moreover, we were able to find the ‘blind spot’ in the
dielectrophoretic field by using com-mercial code
CFD-ACE™. From the experimental video clip
images, it was significantly demonstrated that the
blind spot allows small MCF 7 cells to pass through
the pair of electrodes without bounce. Accordingly,
we were able to confirm that the blind spot affects
separation efficiency in the proposed DACS system.
Important issues of the current system, such as
appropriate control of the distance between electrodes
and dimension of the channel to eliminate the blind
spot, are to be investigated in the future. In conclusion,
the current system can be widely used to separate the
target cells if the blind spot according to the diameter
of the target cells is controlled.
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