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LIVE/DEAD CELL ASSAY BASED ON
DIELECTROPHORESIS-ON-A-CHIP

Ciprian ILIESCU', Guillaume TRESSET *Florina S. ILIESCU?, Paul E.
STERIAN*

Articolul prezimta o metodd de separare a populatiilor de particule prin
dielectroforeza pe cip (DEP) cu electrozi asimetrici sub curgere continud. Structura
dispozitivului DEP (cu un electrod gros care defineste peretii canalului microfluidic
§i un electrod subtire), ca si fabricarea §i caracterizarea dispozitivului au fost
descrise anterior. O caracteristicd a acestei structuri este ca genereazd un gradient
crescut al campului electric in plan vertical in care pot levita particulele care
posedda DEP negativa. Metoda de separare constd in captarea in partea de jos a
canalului microfluidic a populatiei avind comportare DEP pozitivd, in timp ce
populatia care prezinta DEP negativa este antrenatd spre iegire prin curgere.
Celulele vii si moarte ale drojdiei de bere au fost utilizate pentru testarea metodei
de separare.

The paper presents a field-flow separation method of particle populations in
a dielectrophoretic (DEP) chip with asymmetric electrodes under continuous flow.
The structure of the DEP device (with one thick electrode that defines the walls of
the microfluidic channel and one thin electrode), as well as the fabrication and
characterization of the device were previous described. A characteristic of this
structure is that it generates an increased gradient of electric field in the vertical
plane that can levitate the particles experiencing negative DEP. The separation
method consists of trapping one population to the bottom of the microfluidic channel
using positive DEP, while the other population that exhibits negative DEP is
levitated and flowed out. Viable and nonviable yeast cells were used for testing the
separation method.
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1. Introduction

Neutral particles can be manipulated using non-uniform electric field; the
phenomenon is called dielectrophoresis (DEP). The force F,., that generates the
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movement is strongly dependent on the gradient of the electric field. According to
the methods used for achieving this gradient, different solutions were proposed.
Travelling wave DEP is the method of changing the phase of the applied electric
field [1, 2]. Another method - “isolating DEP”- consists of generating gradient of
electric field using of non-homogenous dielectric medium between two parallel
electrodes [3, 4]. Chiou et al/ proposed a DEP device where the gradient of the
electric field is generated using an optical image on a photodiode surface [5].
Moving DEP, presented in [6] by Kua ef al is a method where particles, initially
trapped using a non-uniform electric field, are moved using a travelling electric
field. In the last method, the gradient of the electric field is generated by the non-
uniform shape of the electrodes. These electrodes can be thin films [7, 8], 3D
pillars [9, 10], 3D electrodes that simultaneously define the microfluidic channel
[11] or even a combination between a thin electrode and a 3D electrode [12].

According to their complex permittivity relatively to the medium, the
particles can move towards the regions with higher field strength (“positive
DEP”) or towards regions with low electric field strength (“negative DEP”).
Trapping of the particles in different regions of DEP device using positive and
negative DEP together with hydrodynamic (Stokes) forces that act on the particles
were used in microfluidic devices for separation of different cell or particle
populations [13-15]. In previous work [16-18] we described different separation
techniques in DEP devices with 3D electrodes.

Here, we report a field-flow separation technique under continuous flow in
DEP chip with asymmetric electrodes (one bulk and one thin). The fabrication
process of the DEP device and its application on cell trapping was described in a
previous work [12]. The separation method consists of trapping one population
using positive DEP in the plane of the thin electrode, while the other population is
levitated (using negative DEP) and flowed out. A characteristic of the device is a
strong vertical DEP force (for negative DEP) that levitates the particles. Other
advantages of the device are: a completely enclosed design, a small working
volume (around 1 mL) and small dimensions of the chip (4x12 mm).

2. Device description and fabrication

A schematic view of the structure of the DEP device is presented in Figure
1. A structure with heavy doped silicon (single crystal) pillars (100-pm-thick) is
bonded between two glass dies which assure the ceiling and the floor of the
microfluidic channel. On the bottom glass die, the thin electrodes are defined in a
1-um-thick amorphous silicon layer (heavy doped). The 100-um-thick die
presents metalized via-holes which allow the contact of the independent
electrodes defined in the thick and thin silicon material. The top glass die presents
two holes as the inlet/outlet of the solution with populations of particles.
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The fabrication method was in detail described in [12]. A 100-pum-thick
heavy doped silicon wafer is anodically bonded on a Corning 7740 glass wafer
using an EVG520 wafer bonding system. The bonding was performed in vacuum
at 3050C (the temperature on which the silicon and the glass exhibit the same
expansion [19]) using an applied force of S00N and an applied voltage of 1000V.
The current was limited at 10mA and the process was stop when the value of
current was 4mA. This “incomplete” anodic bonding process aloud performing of
a second anodic bonding process (glass remains conductive at temperature above
400°C) [11]. The glass wafer presents drilled holes for inlet/outlet holes of the
microfluidic device. The thick electrodes are defined using a classical deep
reactive ion etching (RIE, Bosch process) in the silicon layer (Figure 2a) on ICP
Deep RIE system (Alcatel 101) through a 1um-thick PECVD SiO2 mask. Before
the anisotropic etching of the silicon, the bonded structure was attached using wax
to a dummy silicon wafer. The defined silicon structure is in the same time
electrode and defines the walls of the microfluidic channel. On a second glass
wafer the thin electrodes are performed using RIE on a thin amorphous Si layer
(heavy doped with aluminum) — Figure 2b. Amorphous silicon layer (2.5um-
thick) was used as material for the thin electrode due to the fact that it is a good
“etch-stop” layer in highly concentrated HF solution, being often used as masking
layer for deep wet etching of glass [20]. The stress value in the thin amorphous
silicon layer is very important. The thin electrode will be contacted through a
viaholes fabricated through the glass using a wet etching process. The wet etching
process will stop on the amorphous silicon layer and will generate a membrane.
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Fig. 1. 3D view of the DEP chip with asymmetric electrodes.
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Even the diameter of the membrane is not very big (around 100 um), a low
value of the stress is desired. The stress was controlled by annealing process [21]
(the final value was around 150 MPa compressive from an initial value of
500MPa compressive). Must be mention that a compressive stress is desired
comparing with a tensile value (the tensile stress tends to broke the membrane -
similar considerations are presented in [22]). After aligning the wafers with the
electrodes, a second anodic bonding process (at 450°C, with an applied voltage of
1500 V, a force of 1000N in vacuum) assures the sealing of the structure with
microfluidic channel. A chemical polishing process in a HF/HCI solution (10/1)
[23] is used for thinning up to a thickness of 100um the glass wafer with the
electrodes- Fig. 2¢. Via-holes are performed in the thin glass wafer using a Cr/Au
masking layer [24]- Fig. 2d. A metallization, on the glass surface with via-holes,
assures the contact between independent electrodes and the connections of the
electrodes with the PCB- Fig. 2e.
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Fig. 2. Fabrication process of the DEP device: (a) Patterning of the thick electrodes, (b) patterning
of the thin electrodes, (c) assembling of the wafers using anodic bonding, (d) chemical polishing of
the glass wafer (e) fabrication of the metalized viaholes.
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3. Separation method

Reviews of the separation techniques using dielectrophoresis detailed
description of DEP are presented by Hughes [25] and Gascoyne and Vykoukal
[26]. According with the above mentioned papers the separation methods can be
summarized as: flow separation, field flow fractionation, stepped flow separation,
travel wave dielectrophoresis, and the ratcheting mechanism. Flow separators
have been reported in [27] and [28]. The method consists of flowing a particle
suspension solution over an electrode array. The population that exhibits positive
DEP is trapped near the electrode while the other population is repelled into the
center of the chamber to be subsequently pushed by the flow towards the outlet.
Another flow separator using 3D arrays of electrodes embedded in microchannels
-so-called “deflector” structure (electrodes oriented at certain angle compared
with the flow direction) - is presented in [29]. We presented in previous work few
dielectrophoretic separation methods in DEP devices with 3D electrodes [16-18].
A characteristic of these methods is that the nonregular shape of the electrodes,
used for the generation of the gradient of the electric field, is the source of
generation of gradient of fluid velocity. As a results a population —that exhibit
negative DEP-is trapped where the velocity of the fluid is low (so-called “dead
fluid regions”) while the other population (that experience positive DEP) is
trapped where the velocity of the fluid is at list with one order increased. The
main advantage of these methods is a reduce Joule effect [30]. Another method
that uses a fluid velocity gradient to separate particles- known as field-flow
fraction- is presented in [31]. Using an applied dielectrophoretic force field,
different particles will be located at different regions within the fluid velocity
gradient and will travel with different velocities. Sorting of live and dead yeast
cells using a 3D electro-mechanical filter under continuous flow is presented in
[32, 33]. Separation of white and red blood cells is presented in [34, 35].A vertical
flow is obstructed by a Imm-thick 3D filter build from 100pum-diameter silica
particles sandwiched between mesh electrodes using a glass frame. Cells
exhibiting positively DEP trapped around the contact points between the silica
beads while the other cell population is repelled into the space between silica
beads a flown out.

The proposed separation method is illustrated in Fig. 3. The mixture with
two particle populations is flowed through the microfluidic device. The magnitude
of the electric field, its frequency and the medium properties are selected in such a
way that one population exhibits positive DEP while the other one negative DEP.
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Fig. 3. Schematic view with the separation method: the population that exhibits positive DEP is
trapped on the bottom of the device, while the population that experiences negative DEP is
levitated and flowed out.

Applying the electric field under continuous flow the particles that exhibit
negative DEP are levitated due to a strong DEP force in a vertical direction that
overcome the buoyancy force while the particles that experience positive DEP are
collected on the bottom of the device in the vicinity of the thin electrode. As a
result the population that experiences negative DEP will be collected at the outlet.
Releasing the electric field and increasing the flow in the microfluidic channel, the
second population is collected at the outlet.

4. Analytical considerations

We established a hydrodynamic model of particle trajectory in order to
identify the factors that govern the separation mechanisms. The movement of a
particle in a fluid influenced by F; is given by:

du

m;z—]/(u—V)-i— Foer + Fa» (1)
where m denotes the particle mass, uandv the particle and fluid velocities
respectively, and pthe friction factor of the particle in the fluid, which is
expressed by:

y =67na ()
for a spherical particle of radius awith 77being the fluid viscosity. Fg is the
buoyancy force oriented along the acceleration of gravity g, and expressed by:

Fo =4/3m(p, = p, o 3)
with p, and p,, the densities of the particle and the medium respectively. The DEP
force scales with the gradient of the squared electric field intensity, [36]:
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Foep = 27m° Re[K [VE? 4)

where Re[K] is the real part of the Clausius-Mossotti factor, and depends on the
frequency and on the difference of dielectric properties between particle and
medium. We consider first the dielectrophoretic force oriented along the vertical z
axis. Finite elements calculations presented in a previous report [12] showed that
its strength decays exponentially with the distance from the floor, so that we can
write as an approximation:
Frep = Fogpo exp(— é’z) (5)
In the case the particle undergoes a negative DEP, it eventually levitates
up to a height where the DEP force balances the buoyancy force, namely:

z=1/¢n(FE,., /F,) (6)

At the same time, the particle is trapped in the horizontal plane into a well
of minimal electric field. In order to untrap it and collect it at the outlet of the
device, a fluid flow of velocity v is applied along the x direction. The condition
for untrapping is then:

V>‘F5EP/7‘ (7

If the particle undergoes a positive DEP, it will get trapped onto the floor
of the channel, where the DEP force is the highest and the fluid flow null because
the fluid velocity profile is parabolic across the channel. To estimate the trapping
timescale, we consider a particle initially at height z, with a negligible buoyancy
force; note that this force would accelerate the trapping process anyway. The
equation of motion Eq. (1) projected onto the vertical axis reads:

md’z  dz Fp
e el e). (8)

The first term arising from the inertial force is negligible due to the high
frictions exerted to the particle by the viscous fluid so that the DEP force is
constantly in equilibrium with the drag force. It results from the integration of Eq.
(2) that the time At for the particle to travel from z, to the floor is given by:

= ewolée)-1) o)

DEP

Finite elements calculations gave a typical vertical force of 10° N at the
floor level and a length scale 1/ of 30 pm. Considering a friction factor of 107 SI
and an initial height of 80 um which corresponds to the ceil of the device, the
trapping time is ~40 ms. Since the fluid actually flows through the channel, the
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particle also travels along the x direction. The velocity profile of the fluid is
quadratic with a maximum value v,,,, halfway of the channel and vanishes at the
walls. The lateral distance Ax travelled by the particle during its trapping is
obtained by integration of the velocity profile as the particle moves towards the
floor in At given by.:

At 1
Ax=| vma{l - Z—z(Zz(t)— z,) Jdt < AX,, = VoAl (10)
0
The condition for untrapping imposes a fluid velocity vy, of 10° m.s™! for
a lateral DEP force of ~10'° N according to simulations. The upper estimate Ax,,,
is therefore ~40 um, far smaller than the channel length (a few millimeters) so that
all the particles to be trapped can be immobilized within the device.

3. Joule heating effect

The non-uniform shape of the DEP electrodes that generates high electric
field generates also a large power density in the fluid between the electrodes. This
increased power density associated with the small volume and a bad thermal
conductivity of the glass could give rise to a large temperature increase in the
solution with suspended particles. The temperature balance equation describes the
relationship between the generation and dissipation of heat is presented in [20]:

pmchT+pmcpv-86—7;:l’cV2T+(7E2 (11)

where ¢, is the specific heat at constant pressure, & the thermal conductivity, v the
velocity, p, the density, o the electrical conductivity of the medium. For a
capacitor type, this equation is solved in [21] and the variation of temperature can
be approximated with the formula:

oV
AT . (12)
where V., is the potential difference across the electrodes. As Ramos et al shows
in [21] the Joule heating effect can be ignored for solutions of low conductivity.
For biological applications, usually high conductivity buffers must be used (with o
between 0.1 and 1 S m™) and the risks of achieving temperature of 100°C is quite
high.

In order to investigate the thermal distribution and temperature profile
within the DEP chip with different types of electrode, finite element analysis tools
(ANSYS software) have been used. Simulated pictorial results for the temperature
profile of the DEP chip with planar electrodes and asymmetric electrodes are
presented in Figure 4a and Figure 4b respectively.
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Fig. 4. Simulation of the temperature variation in a DEP structure with planar electrodes
and a DEP structure with asymmetric electrodes

To perform the simulations the following parameters are used: applied
voltage V' = 20 V peak-to-peak, thermal conductivity of the medium: £ = 0.6 Jm’
s’k and electrical conductivity: o = I Sm™ [27], it is observed that for high
conductive solution such as ¢ = / Sm™, the change in temperature (V7) for the

case of planar electrode can reach up to 100°C. Such high temperature will
destroy the biological sample. However, under the same conditions, for the case
of 3D electrode (shown in [30]) the maximum change in temperature (V7) is only

around 10°C. The simulations results shows that DEP chip with a thicker 3D
silicon electrode can greatly reduced the change in temperature, hence help in
reducing the Joule heating effect during testing. Further simulations are carried
out to investigate the thermal effect when increasing the applied voltage.
Graphical plot of different voltage versus change in temperature (V7) for both
cases of planar- and 3D-silicon electrode is presented in [30] (the graph was
plotted for the point where the maximal temperature is achieved). It is found that
when the applied voltage increases, the change of temperature of planar device
increases much faster compared to the device with 3D silicon electrode. For
example, when the applied voltage is 40V (peak to peak), the temperature rise of
planar device is around 40°C while the temperature rise of 3D electrode is only 4
OC. Effect of different medium electrical conductivity (o,) with respect to
change in temperature at a fixed applied voltage of 20V peak-to-peak is presented
in Figure 9(the graph was plotted for the point where the maximal temperature is
achieved). It is observed that device with planar electrode is more sensitive to
temperature change with different conductivity as compared to device with 3D
silicon electrode. For example, with electrical conductivity set at 0.5Sm™, the
change in temperature for device with 3D silicon electrode is about 5°C as
compared to around 50°C for the case of device with planar electrode. These data
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show that the change in temperature is 8-10 times lower in device with 3D silicon
electrodes as compared to the classical DEP devices with planar electrodes.

4. Testing

Fig. 5. Optical image during the separation process: one populatio-h is levitated at around 30um
from the bottom (a) while the other one is trapped on the bottom of the device by positive DEP (b)

The testing of the working principle was performed using viable and
nonviable yeast cells. Yeast cells were incubated and split into two populations:
one population was boiled for 10 minutes in a SmL centrifuge tube with PBS
(nonviable cells). Both populations were mixed and resuspended in the separation
buffer. The conductivity of the separation buffer was adjusted to about 500 uS/cm
using conductivity meter (Oakton 300). The final concentration of the cells was
around 5x10° cells/mL. The experimental condition for separation was established
in a previous work: [16] the applied voltage was 20 V peak-to-peak at a frequency
of 20 kHz generated by function generator (HP33250A). The flowing of the
solution through the DEP device was performed with a syringe pump (Cole-
Parmer 74900 series) through a Teflon tube. Two connectors fabricated by
polymer printing machine (OBJET EDEN350) assured the inlet and outlet
connections. Separation of the viable and nonviable populations was achieved for
flow rate velocities of the fluid around 0.25 mL/min. An optical image taken
during the separation process is presented in Figure 5a and Figure 5b by
defocusing the microscope. The levitation of the cells that exhibit negative DEP is
around 30-35 pum from the bottom of the microfluidic channel (measured using
the microscope). Can be noticed that the cells that exhibit negative DEP (figure
5b) are flowing in the vicinity of the thick electrode.

5. Conclusion

To summarize, the paper proposes a field-flow separation method in a DEP device
with asymmetric electrodes (one thick, one thin) under continuous flow. The
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separation method consists of trapping one population to the bottom of the
microfluidic channel using positive DEP, while the other population that exhibits
negative DEP is levitated and flowed out. Upon release of the electrical field, the
second population can be collected at the outlet in the same manner. Viable and
nonviable yeast cells were used for testing the separation method.
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