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Introduction

Single-cell analysis (SCA) refers to the analysis of
single cells in a sample instead of average
measurements of the cells ensemble. Bulk experiments
might lead to misleading interpretations, while
observing a single cell gives indications about the
specific cell phenotype [1]. Cell populations,
especially of diseased cells, are heterogeneous. SCA
of cell populations can finely describe their
heterogeneity and identify minorities [2].

In order to observe a single cell, the clone has to be
taken from the bulk and isolated. SCA becomes
especially meaningful, if many single-cells can be
observed concomitantly over time [3]. Therefore,
methods were developed to array single-cells in order
to investigate them in a simultaneous manner.
Microwells, patterns or single-cell traps are examples
to immobilize cells at fixed locations on a surface [4].
Negative dielectrophoretic (nDEP) traps can capture
cells at electric field minima in suspension [5], [6].
For nDEP traps, three-dimensional electrodes are
advantageous, since they create homogeneous electric
fields and therefore create an equal trapping force over
the complete height of a microfluidic channel, when
placed within. Our group has recently developed a
fabrication process, with which we can fabricate three-
dimensional electrodes of any shape and high aspect
ratio [7], a SEM micrograph of these electrodes is
shown in Fig. 1. These electrodes have already been
used for in flow impedance measurements,
electrorotation and deterministic lateral displacement
devices with implemented DEP fine tuning [8]-[10].
Now, we want to use these electrodes for nDEP
trapping devices. We fabricated two arrays of three-
dimensional electrodes and apply AC electric fields of
different amplitudes between the first row of
electrodes and the second row. These creates two
dielectric barriers, a first, lower entry barrier and a
second higher exit barrier. Cells are supposed to
overcome the first barrier and get trapped at the second
barrier, so we can perform analysis on these arrayed
and separated single cells. In order to find the correct
trap dimensions and experimental conditions, we
perform finite elements simulations, using COMSOL
Multiphysics®.

Figure 1. SEM micrograph of an array of 3D electrodes.
Theory

Dielectrophoresis is a phenomenon, in which
polarizable particles experience a force in
inhomogeneous electric field. The electric field
polarizes the particles and the charges within the
particles are dislocated. Due to the inhomogeneity, the
electric field at one side of the particle is higher than at
the other side. Consequently, one electrostatic force is
stronger than the other and a net force is exerted on the
particle. The dielectrophoretic force is given by [11]

(Fpgp) = Tege, R¥Re[CM] V EZ. (1)

€o is the absolute and &, is the relative permittivity of
the medium; R is the cell radius and Re[CM] is the real
part of the Clausius-Mossotti (CM) factor, which
depends on the dielectric properties of the cell and the

surrounding medium. V Ef,k is the gradient of the peak
electric field.
Omedium
Emedium Figure 2. lllustration of the single-shell
2 model used in the simulations.

In an AC electric field, the effects
of the net charge of the particle cancels
out and only the polarizability of the
particle matters. However, the polarizability depends
on the particle and the surrounding medium and is
reflected in the CM factor. If the particle is more
polarizable then the surrounding medium, it will move
towards high field regions and one talks of positive
DEP (pDEP). If it is less polarizable than the
surrounding medium, it will move toward lower field
region, called nDEP. This is reflected in the real part of
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the CM factor for the single shell model, illustrated in
Fig. 2, given by
 EpEm . o~ A 3REcyto
CM = Ep+28y, ’ Sp - Cmem 3§cyta+3€memR (2)
&pr Em, Ecyo are the complex permittivity of the
particle, the suspending medium and the cytoplasm,
defined as: & =¢—= and Cpen is the complex

membrane capacitance defined as € = C — %Gwith G
the membrane conductance [12].

Besides the DEP force, another force is acting on
the cells simultaneously, while in the microfluidic
channel.

(Farag) = —6mMRv 3)

Is the microfluidic drag force, which depends on the
medium viscosity 7, the particle radius R and the
velocity of the fluid v. A cell can be trapped in
suspension if there is no net force acting on it, so if
Eg. 1 and Eqg. 2 are equal and there is no initial velocity
of the cell. A possibility to create this is by applying a
specific voltage at the electrode arrays, which create
dielectric barriers and exert a force, which compensates
the drag force, as shown in Fig. 3.
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Figure 3. Cells trapped in an electrodes array with two
different dielectric barriers. The cell (left) overcomes the
first dielectric barrier due to the microfluidic drag force, but
cannot overcome the second barrier (right) and is trapped in
the array.

Methods

Finite elements simulations forecast the
trajectory of cells in certain electrode geometries and
experimental conditions. We create a cuboid of
400 um per 400 um per 50 um of the electrode
configuration, by creating a working plane of 400 um
per 400 um and implementing the ground plane of the
electrode (diameter and inter electrode distance of
20 pm, 40pm and 80 pum) configuration.
Subsequently we extrude this plane by 50 um. Next,
we introduce the electric current and laminar flow
physics. The properties of water are given to the active

volume of the device. We create a fluid inlet at one
side, by applying a pressure between 0.01 mbar and
1 mbar and creating an outlet of 0 mbar at the opposite
side.

We assign an alternating electric potential of -1V
and +1V to the upstream and of -5V and +5V at the
downstream electrodes. In a first stationary study we
solve the laminar flow and electric current equations.
The results are illustrated in the plot of the pressure
and fluid streamlines, shown in Fig. 3, and in the plot
of the absolute value of the electric field and the
electric field lines, shown in Fig. 4.
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Figure 4. lllustration of the simulated pressure and the fluid
flow streamlines in the 3D electrode array.
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Figure 5. Illustration of the absolute value of the electric
field and the electric field lines.

Using the results of the first stationary study, we
compute a time dependent study, analyzing the cells
trajectory, with the particle tracing for fluid flow
module. We create a particle inlet at the same
boundary as the fluid inlet and a particle outlet at the
fluid outlet. Att = 0 s we release twenty solid particles
at a density based position in the channel with the
initial velocity based on based on the velocity field,
previously calculated. The forces acting on the
particles are set to be the fluid drag force, as given in
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Eqg. 2, which is already implemented in COMSOL®
and the dielectric force, given by Eq.1, which we
implemented ourselves in order to be able to use the
CM factor, based on the complex membrane
capacitance, shown in Eq. 3.

We performed this study sweeping the
conductivity of the surrounding medium between
1m S/m and 1000 mS/m, as well as the electric field

frequencies between 100 kHz and 10 MHz for human
T lymphocytes, A549, M17 neuroblastoma, HEK 293
and HeLa cells. The dielectric parameters used for
these cells are given in Table 1. After the simulations
the trajectory and the final position of the cells are
illustrated in the three-dimensional space and a
statement about the functionality of the trapping in the
given conditions can be made.

Cmem Gmem R Ocyto Ecyto Ref
T lymphocytes 7.01 mF/m? 1345 S/m? 3.6 um 0.53 S/m 100 | [13]
A549 16.95 mF/m? 1345 S/m? 3.45pum | 0.23S/m 100 | [13]
M17 16.95 mF/m? 800 S/m? 6.9 um 0.23 S/m 100 | [14]
HEK 293 7.94 mF/m? 0 6.5 um 0.408 S/m | 85 [15]
HelLa 19.9 mF/m? 0 10.5um | 0.32 S/m 85 [16], [17]

Table 1: Dielectric parameters of the cells used in the simulations.

Results and Discussion

We performed this finite element study in order to
find the experimental parameters and geometries to
trap cells in the electrode array in order to perform
subsequently electrorotation experiments with them.
In what follows we present the parameters we tuned to
achieve efficient DEP trapping.

1. Effect of the medium conductivity and the
electric field frequency on the trapping
efficiency

In order to find the correct trapping conditions,
first the dielectrophoretic force has to be negative,
since we want to trap the cells in suspension within the
electrode array. To find the DEP force, given in Eq. 1,
negative, the CM factor, given in Eq. 3, has to be
negative. To ensure the correct values of this factor
within COMSOL®, we plot this factor for the different
cell values given in Tablel. The CM factor,
depending on the frequency of the AC electric field for
each cell at a medium conductivity of 100 mS/m, is
shown in Fig.6. The CM factor is plotted in
COMSOL Multiphysics®, and ensures therefore
the correct value for the simulations.

Different cells experience different DEP forces,
depending on their CM factors. In the experiments, we
used a medium conductivity of 100 mS/m, since the
imaginary part of the CM factor needs to be negative,
in order to have trapping, but the real part has to be
distinct in order to extract the cells dielectric
parameters by electrorotation [18].

The CM factor depends strongly on the medium
conductivity, as shown in Fig. 7. In order to achieve
nDEP for T lymphocytes, the medium conductivity
cannot be set below 10 mS/m. Even with this medium
conductivity the CM factor is never below -0.2, which

directly results in a reduced DEP trapping force, given
in Eq. 1. The higher the medium conductivity the
stronger the DEP trapping force. At 100 mS/m
medium conductivity, the CM factor below 100 kHz is
not at its minimum of -0.5, but close with a value
below -0.45.
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Figure 6. Clausius-Mossotti factor of different cells
depending on the frequency of the electric field for medium
conductivity of 100 mS/m.
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Figure 7. Clausius-Mossotti factor of T lymphocytes

depending on the medium conductivity.
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If the experimental conditions are not adapted and
the DEP force is positive, the cells will not be
trapped in the middle of the electrode array in
open space, but will go towards high field regions and
thus towards the electrodes’ surface, as shown in
Fig. 8.
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Figure 8. Perspective view (top), top view (middle) and side
view (bottom) of T lymphocytes getting trapped on the
electrodes due to the pDEP force. The medium conductivity
is 100 mS/m and the frequency of the electric field is
10 MHz.

Applying the correct experimental conditions, for
example, 100 kHz and 1000 mS/m for T lymphocytes,
the cells are getting trapped in between the electrodes
as shown in Fig. 9.
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Figure 9. Perspective view (top), top view (middle) and side
view (bottom) of T lymphocytes getting trapped in between
the electrodes due to the nDEP force. The medium
conductivity is 1000 mS/m and the frequency of the electric
field is 100 kHz.

The experimental conditions of medium
conductivity and electric field frequency have to be
adapted. A first indication is the CM factor.
Additionally  finite elements simulations help
illustrating and, finally, the experimental investigation
has to be done.

2. Effect of the microfluidic pressure

Once the medium conductivity and the electric
field frequency are found, the pressure of the fluid
flow has to be adapted. The DEP trapping force, given
in Eq. 1, and the fluid drag force, given in Eq. 2 have
to cancel out inside the micro cage array and the initial
velocity of the cell at the time it come to this point has
to be neutral. Tuning the DEP force for the trapping in
the first results section, we are now tuning the pressure
and therefore the drag force in order to achieve
trapping inside the array.

Working in nDEP conditions with a fixed electrode
size, three scenarios for different pressures are
possible. First, the pressure and therefore the drag
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force is not sufficient to overcome the first, lower
dielectric entrance barrier. The cells are stopped by the
dielectrophoretic force before entering the micro cage
array as shown in Fig. 10.
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Figure 10. Perspective (top) and top (bottom) view of T
lymphocytes prevented to access the micro cage space for a
pressure difference of 0.01 mbar between inlet and outlet.

Second, if the pressure difference between the inlet
and outlet, the drag force is always stronger then the
DEP trapping force. The cells slow down inside the
DEP trap, as seen in the velocity of the cells illustrated
in the color of the trajectory in Fig. 11. However, in
the end the cells get across the highest electric field
between the downstream (exit) electrodes and are even
accelerated by the DEP force, when they have passed
the exit electrodes.
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Figure 11. Perspective (top) and top (bottom) view of T
lymphocytes flowing through the micro cage array for a
pressure difference of 1 mbar between inlet and outlet. The
cells decelerate in the trap, but reaccelerate when they leave
the trap.

Adapting the pressure to the correct value allows
trapping the cells within the micro cage array. The
cells have to pass the first dielectric barrier. While
approaching the local maximal value of the electric
field in between the entrance electrodes, the cell slows
down, but once it passes it, it reaccelerates. The
restriction of the flow, between the electrodes,
increases the speed of the cell additionally. However,
this restriction is not present inside the trap. The
second strong barrier eventually stops the cell
completely and pushes it towards the local energy
minimum, out of fluidic flow potential energy and
dielectrophoretic potential energy. In this energy
minimum, the force, which is the derivation of the
energy in space, is zero. The trapping of the cells is
illustrated in Fig. 12.
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Figure 12. Perspective (top) and top (bottom) view of T
lymphocytes trapped in the micro cage array for a pressure
difference of 0.1 mbar between inlet and outlet. The cells
accelerate, when passing the first dielectric barrier, but get
eventually trapped.

3. Impact of the trap size

The last external parameter we are tuning is the
trap size, which is defined as the distance between the
electrode distance and which is at the same time the
electrodes diameter. First, reducing trap size obviously
increases the electric field, since the same voltage is
applied over a shorter distance. Second, it changes the
curvature of the electric field too. Since the DEP force,
given in Eq. 1, depends on the gradient of the electric
field squared V EZ,, as illustrated in Fig. 13, it
changes with the trap size.
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Figure 13. Illustration of the absolute value of the electric
field and the corresponding DEP force. The DEP force
increase, when decreasing the electrode distance (top:
80 um; middle: 40 um; bottom: 20 pum), due to the increase
electric field and the increased gradient of the field.

This variation of the trapping force, is as well
reflected in the trapping behavior of the cells. A549
cells for example with a pressure of 0.1 mbar are not
entering the electrode array, if the inter electrode
distance is 20 um, they are getting trapped in the array,
if the inter electrode distance is 40 um and are flowing
through the electrode array if the inter electrode
distance is 80 um, as shown in Fig. 14.
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Figure 14. A549 cells for a pressure of 0.1 mbar are not
entering the electrode array for a inter electrode distance of
20 um are not entering the electrode array (top). For an inter
electrode distance of 40 um, they are getting trapped
(middle) and for an inter electrode distance of 80 pm
(bottom) they are flowing through the array.

4. Trapping efficiency for different cell types

As already partially discussed in the first results
section, the CM factor depends on the cells dielectric
properties. Different cells have different CM factor
and radii, consequently they have different trapping
behaviors. It turns out, that for the exact same
conditions, some cell types are getting trapped and
others are not, as shown in Fig. 15 for M17 cells and
T lymphocytes and in Fig. 16 for HeLa and HEK 293
cells.
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Figure 15. At a pressure of 0.07 mbar and an inter electrode
distance of 40 um and an electric field frequency of 2 MHz,
M17 cells (top) are all getting trapped, while some T
lymphocytes (bottom) are flowing through the array.
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Figure 16. At a pressure of 0.06 mbar and an inter electrode
distance of 40 um and an electric field frequency of
2.3 MHz, HelLa cells (top) are all getting trapped, while
some HEK 293 (bottom) are flowing through the array.

The different tapping behavior of different cells leads
to the conclusion, that there is not one uniform
experimental condition for all cell types, but specific
ones for specific cell types. Therefore, in order to
predict trapping of a certain cell type, finite element
simulations with the specific dielectric parameters of
the cells have to be performed.

Conclusions

In this paper, we present finite elements simulations,
using COMSOL Multiphysics®, in which predict the
trapping behavior of our nDEP traps. We could find
trapping conditions for each of the cells, we
considered. We investigated the effects of the
frequency of the electric field, the medium
conductivity as well as the trap size. Due to the
diversity of cells we used, we did not find one
configuration, which suits all needs, but we can
simulate the behavior for every specific case.
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