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ABSTRACT

This paper describes the modeling and experimental verification of a castellated microelectrode array intended to
handle biocells, based on common dielectrophoresis. The proposed microsystem was developed employing platinum
electrodes deposited by lift-off, silicon micromachining, and photoresin patterning techniques. Having fabricated the
microdevice it was tested employing Escherichia coli as bioparticle model. Positive dielectrophoresis could be verified
with the selected cells for frequencies above 100 kHz, and electrohydrodynamic effects were observed as the dominant
phenomena when working at lower frequencies. As aresult, negative dielectrophoresis could not be observed because its
occurrence overlaps with electrohydrodynamic effects; i.e. the viscous drag force acting on the particles is greater than
the dielectrophoretic force at frequencies where negative dielectrophoresis should occur. The experiments illustrate
the convenience of this kind of microdevices to microhandling biological objects, opening the possibility for using
these microarrays with other bioparticles. Additionally, liquid motion as a result of electrohydrodynamic effects must
be taken into account when designing bioparticle micromanipulators, and could be used as mechanism to clean the
electrode surfaces, that is one of the most important problems related to this kind of devices.
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INTRODUCTION

Handling of biological objects constitutes an important
operation in many biotechnological processes such as
biochemical assays, biocell detection and separation,
cell fusion and gene manipulation (Hoettges et al. 2003,
Figeys and Pinto 2000, Lee and Tai 1999). In conven-
tional techniques, cells are often treated as a mass in
the form of suspensions in a liquid medium. However,
cells have dimensions in the order of microns and are
usually fragile, and mechanical components commonly
employed to perform this handling are too large and stiff
(Sato et al. 1990).
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Diverse non-contact techniques have been pro-
posed using electric, magnetic, ultrasonic and optical
forces as the actuation mechanism to handle and char-
acterize biological cells (Choi et al. 1999, Fuhr et al.
1998a, Porras et al. 2004). Among these alternatives,
electrostatic fields are the most suitable for miniaturiza-
tion because they do not have mechanical moving parts,
and only a few electrodes have to be fabricated (Fuhr
and Shirley 1998).

Electric fields involve two phenomena. The first
one is electrophoresis that uses direct current voltages
to achieve migration of charged particles in a solution,
and special precautions must be taken against electro-
lytic dissociation that might take place at the electrode-
solution interface (Webster and Mastrangelo 1997). The
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second one is dielectrophoresis, DEP, that is more suit-
able because dissociation is prevented using high-fre-
quency signals.

DEP was a term first used by Pohl in 1951 in or-
der to describe motion of electrical neutral matter caused
by its interaction with non-uniform electric fields (Pohl
1951). This phenomenon has been employed in applica-
tions such as: artificial-particle and bioparticle charac-
terization (Burt et al. 1990), devices for cell fusion (Lee
et al. 1995), particle separation based on its differential
polarizability (Gascoyne et al. 1997), particle collection
and patterning (Velev and Kaler 1999, Rosenthel and
Voldman 2005), cellular culture over a field-protected
electrode surface (Fuhr and Wagner 1994) and parti-
cle handling in terms of linear motion and positioning
(Wang et al. 1997), levitation (Kaler and Pohl 1983), and
trapping in electric-field cages (Fuhr et al. 1998b).

In the past 25 years lots of engineering work has
been invested to develop bioparticle microhandling mi-
crotools, that implies the fabrication of devices whose
size roughly matches that of the bioparticle itself, nor-
mally between 1 to 100um or less if virus or macro-
molecules must be handled. Nowadays these sizes and
resolution levels may only be achieved using microsys-
tems technology that suits very well the requirements
of miniaturized microstructures aimed to handle biolog-
ical objects in order to obtain more confident, faster
and cheaper biochemical assays (Reimer et al. 1995).
Besides diverse materials and technological approaches
have been used to fabricate these microtools, silicon
substrates with electrodes made in noble metals are
usually employed to manufacture such devices (Pethig
etal. 1998, Schnelle et al. 1996).

This paper describes the modeling and experimen-
tal verification of a castellated microelectrode array in-
tended to handle biocells, based on common dielectro-
phoresis. The proposed microsystem was developed
employing platinum electrodes deposited by lift-off, sil-
icon micromachining, and photoresin patterning tech-
niques. Having fabricated the microdevice it was tested
employing Escherichia coli as bioparticle model.

Positive DEP could be verified with the selected
cells for frequencies above 100 kHz but for lower values
the particle behavior could not be explained by the clas-
sical dielectrophoretic theory. In other words, negative
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DEP could not be experimentally verified because elec-
trohydrodynamic effects, usually unconsidered, were ob-
served as the dominant phenomena when working at
lower frequencies. It shows that the liquid motion as a
result of electrohydrodynamic effects must be taken into
account when designing bioparticle micromanipulators,
and could be used as mechanism to clean the electrode
surfaces, that is one of the most important problems re-
lated to this kind of devices. The most relevant results as
well as the basic phenomena involved in microhandling
of bacteria by means of non-uniform electric fields are
reported underneath.

MATERIALS AND METHODS

THE DIELECTROPHORETIC FORCE

Dielectrophoresis, DEP, is defined as the lateral motion
imparted on uncharged particles as a result of polariza-
tion induced by non-uniform electric fields. This motion
may be toward or away from the electric field maximum,
depending on the electrical properties of the particles
and suspending medium, respectively. Such a definition
stands for the so-called conventional or common dielec-
trophoretic (c-DEP) phenomena.

For a non-ideal insulating spherical particle of ra-
dius 7 and relative complex dielectric permittivity ¢,
suspended in a medium of relative complex dielectric
permittivity &, and interacting with an electric field of
strength E, the time-averaged dielectrophoretic force is
given by (Wang et al. 1993):

Fpep = 27 €0 ém 7> Re[Fopm] V IEP (1)

where g = 8.854 x 107!2 (Farad m~!) is the free-
space permittivity, V 1is the gradient operator and
Re[Fcm] denotes the real part of the Clausius-Mossotti

factor defined by:
(55— =)

(8; + 2 8;':1)

The relative complex dielectric permittivity is

Fcm = ()

given by:

*

& = g5 — jO° 3)

where ¢ is the relative effective permittivity, o is the
effective conductivity, w is the angular frequency of
the applied field and j = +/—1.
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DEP can be divided into two phenomena, as de-
picted in Figure 1. The first one is known as positive
dielectrophoresis (p-DEP). It is characterized by the
particle motion towards the strongest, or maximum, re-
gion of the electric field as a consequence of a positive
value of the Re[Fcm]. p-DEP occurs for particles that
are more polarizable than the medium. On the other
hand, if the particle polarizability is low enough for the
Re[Fcm] to become negative, i.e. when the particle ef-
fective permittivity and/or conductivity are smaller than
those of the medium, the Fpgp will tend to move the
particle towards the weakest, or minimum, region of the
electric field. This phenomenon is called negative di-
electrophoresis (n-DEP) (Stephens et al. 1996).

Fig. 1 — Two different particles in a non-uniform electric field. The
particle on the left is more polarizable than the surrounding medium
and is attracted towards the strong field at the pin electrode (p-DEP),
whilst the particle of low polarizability on the right is directed away

from the strong field region (n-DEP).

From equation (1) it can be seen that Fpgp depends
on the particle size, as well as on the magnitude of the
electric field which is related to the electric potential ap-
plied. The gradient operator stands for the spatial non-
uniformity of the electric field applied, which is a geo-
metrical factor depending on the electrode layout (Feeley
and Pohl 1981). Furthermore, Fppp can actuate on both
direct and alternating current fields as a consequence of
its sign independence of the electric field polarity, justi-
fied by the proportionality of the force to the square of
the electric field magnitude. In addition, the direction

of this dielectrophoretic force depends on the polarity of
the induced dipole moment, which in turn is determined
by the conductivities and permittivities of the particle
and its suspending medium.

Thus, one of the most important parameters that
rules DEP is the polarizability function, the so-called
Clausius-Mossotti factor, because it establishes the sign
of the dielectrophoretic force, i.e. Fcym determines the
occurrence of p-DEP or n-DEP depending on whether
Re[Fcm] is positive or negative, respectively.

Equation (2) corresponds to the homogeneous
sphere model that can be used with polystyrene micro-
beads (Arnold et al. 1987). However, when the behav-
ior of cells such as viruses, bacteria or protoplasts must
be explained, the single-shell particle model is a better
choice. Living cells are usually modeled as a homoge-
neous, permittivities, spherical particle of radius 7, hav-
int>
shell corresponding to a membrane of thickness d, hav-

ing complex permittivity &, surrounded by a very thin

*
mem?

complex permittivity as (Gascoyne et al. 1995):
(1 + d)3 +2 7(85“ _ 8‘%‘“)
r (5, + 2¢mmem)

(1 d>3 (‘Ei};t - stﬂ;lem)
T2 T s

7)) e + 2hen)

Replacing equation (4) in the expression of the

ing complex permittivity e which defines the particle

* ok
p = €mem

“

Clausius-Mossotti factor, equation (2), it is possible to
obtain further insight into the behavior of bioparticles
under the influence of non-uniform electric fields.

THE ELECTRIC FIELD MODELING

Equation (1) shows that Fpgp depends on three factors:
the particle size, the electric properties of particles and
medium, and the geometrical inhomogeneities of the
H 2
electric field (VERMS).
hinges on the physical layout of the selected electrodes

Furthermore, the last factor

while the other ones are independent of such electrode
considerations. In view of this, it is necessary to evalu-
ate the electric field over the electrode surface.
Calculations presented below correspond to the
interdigitated castellated electrode layout depicted in
Figure 2. A 3-D model, was studied by means of the
commercial program ANSYS (Swanson Analysis Sys-
tems, Inc.), which is a general purpose software that
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uses the Finite Element Method (FEM) to solve physical
problems (Kohnke 1995).

ELECTRODE ELECTRODE

CASTELLATION ELETRODE BAY

Fig. 2 — Classical interdigitated castellated microelectrode pattern,
solved by a FEM model with a castellation size and medium height of

50um and an electrode thickness of 1um.

Having applied a difference potential of +£5 V and
considering the interelectrodic surface gap as ground,
the electric field profile was assessed giving as a result
the field-modulus distribution represented in Figure 3.
For the sake of simplicity, only a plane located at 2um
over the electrode surface is analyzed. It can be seen that
points located near to the electrode tips will experience
the highest electric field strength, whilst this strength
diminishes as the observation point moves towards the
central part of the interelectrodic gap, towards the bays
or onto the metallic surface of the electrodes. As aresult,
particles more polarizable than the medium will be col-
lected at the electrode tips. On the other hand, particles
less polarizable than the suspending medium will be re-
pelled from the field maxima, clustering at the bay zones
or on the electrodes. If E is represented at higher planes
its strength will decay very fast, almost exponentially.

Additionally, a cross-section view of the geomet-
rical inhomogeneity factor (VEZRMS, which is propor-
tional to Fpgp) is plotted in Figure 4. For the sake of
clarity, magnitude variations in this factor are repres-
ented by the color-coded scale instead of the arrows
lengths. It can be seen that the highest non-uniformity
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regions are located around the corners of the electrodes
and, as a result of this, the highest value of Fpgp will be
located at these points.

Particles lying in the force field shown in Figure 4
will present p-DEP and will be attracted to and agglom-
erated at the highest strength region of the electric field
if the polarizability function is positive. If particles were
oppositely polarized, they would be repelled towards the
force field minima as a result of n-DEP.

To sum up, the computer analysis predicts that p-
DEP will result in the agglomeration of particles at elec-
trode tips, while n-DEP will cause particles to accumu-
late on electrode bays and on the electrode surface, as
well as in the interelectrodic gap. Of course, the final
particle position depends upon the polarizability func-
tion value.

One of the most amazing possibilities envisaged
for the castellated microelectrodes is that multiple-par-
ticle mixtures (two or even more particle types) could be
physically separated into different regions, on the basis
of their electrical properties. Besides this, an additional
force can be used to drag away the desired fraction of
particles, collecting them for further assays. However,
one must be aware that such a separation involves a care-
ful choice of the experimental conditions, especially the
suspending medium conductivity.

THE PROPOSED MICRODEVICE

The proposed design is a whole microsystem including
electrical, optical and fluidic interfaces, as depicted in
Figure 5.

The technological process was carried out at the
Microelectronics National Center (CNM) in Barcelona,
Spain, and can be roughly divided into three stages. The
first one is the microelectrode patterning in which plat-
inum electrodes are defined by lift-off onto a silicon wafer
of 300um thickness. After that, the wafer is drilled by
bulk silicon micromachining in order to shape the inlet
and outlet holes. The wafer-level processing ends up
with the photolithographic structuring of an UV-curable
polymer to cast the microchamber walls.

As shown in Figure 6, the resulting microelectrode
array is actually composed by three microstructures
each one formed by classical and shifted interdigitated
castellated electrodes, as well as saw-teeth electrodes
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Fig. 3 — Pseudo-topographic representation of the electric field modulus (V um~) in a plane located at 2um
over the electrode surface.
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Gold or Platinum Electrodes
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Fig. 5— Cross-section view of the proposed microdevice. Three main components may be identified: the

substrate where electrodes are grown, the electrodes itself responsible for the electric field profiles, and

the silicon or photoresin walls limiting the microchamber working area. A couple of holes are drilled

to bring the suspending medium onto the electrode surface. A cover slide is placed on the top of the

structure to close the cavity.

with typical sizes of 50, 70 and 90m in both electrode
length and separation. In order to gain flexibility, elec-
trodes of different size have their own pads for external
connection.

Fig. 6 — Platinum microstructures containing classical and shifted in-
terdigitated castellated, as well as saw-teeth electrode arrays. Magni-

fication x50.
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EXPERIMENTAL SET-UP

The instrumentation required to perform cell microhan-
dling can be separated into three parts. The first one is
the power system that includes a signal generator and an
oscilloscope. In this case, the power signal was supplied
by a Hewlett Packard 33120 A function generator with
amplitude variable between 0 and 10 V and a frequency
range from 0 to 20 MHz. The electrical signal calibration
was allowed by means of a Tektronix TSD 220, 100 MHz,
two channel digital real-time oscilloscope.

The second part is the particle microhandler itself,
which contains the microelectrodes under study. The
third part is the optical system that is able to observing
and recording the electrokinetic particle behavior. The
experimental work was performed employing a stereo-
microscope Karl Zeiss SV 11 with a Sony CCD video
color camera SSC-370 P, as well as a videotape recorder
attached to it. Moreover, there was a color video mon-
itor, Sony KX-1410 QM, connected in parallel to su-
pervise the experiments. Furthermore, taking advan-
tage of a PC provided with a professional quality PCI
motion-JPEG card, Aver Media® MV-300, the particle
motion behavior could be analyzed digitizing the cap-
tured video images and making a frame-by-frame study
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of them. This system is complemented by a cold-light
source, which allows light filtering and polarization.
Additionally, the liquid medium conductivity was mea-
sured by means of a Corning® 441 conductivity meter.
The whole experimental set-up is placed on an anti-vi-
bration table to reduce the influence of possible external
movements when observing the particle electrokinetic
behavior (Fernandez et al. 2002).

RESULTS

Having fabricated the microdevice it was ready to
demonstrate the major goal of this research: biopar-
ticle microhandling by means of microsystems based
on dielectrophoresis. To do this Escherichia coli were
used as bioparticle models. They correspond to gram-
negative bacterial cells which have been widely studied
and their electrical properties are well known (Markx
et al. 1994, Brown 1996, Cheng et al. 1998). Results
described underneath were obtained employing inter-
digitated castellated microelectrodes of 70um in size.
Such structures are well-suited to study c-DEP phenom-
ena because they are only driven by two signals inverted
in phase.

Gram-negative bacteria (E. coli) were kindly pro-
vided by the Microbiology Department of the Barcelona
University. All measurements were performed in very
low conductivity solutions to reduce the risk of heating-
related problems. Bioparticles were resuspended in de-
ionized water and the final suspension was adjusted to
The solution

conductivity was adjusted between 10 and 20.S cm™!.

a concentration of 2 x 103 cells mL~!.

The shape of these cells is usually tubular with the long
dimension varying from submicrometer to about 4m.
Having dropped the bacterial suspension into the
micropool, microelectrodes of 70um were energized
with a sinusoidal signal of 10 V in amplitude and 1 MHz.
After a few minutes, particles were concentrated form-
ing clusters located at the electrode edges of both classi-
cal and shifted interdigitated castellated arrays, i.e. par-
ticles were driven towards and agglomerated at regions
corresponding to the electric field maxima, as predicted
by simulations of the electric field. The aforementioned
behavior, i.e. bacteria affected by p-DEP, is illustrated
in Figure 7a where a partial view of the interdigitated
castellated microelectrode array can be seen with clus-

ters of trapped bioparticles (bright points) onto it. The
interelectrodic gap and bays are free of particles, while
E. coli preferentially agglomerate at the electrode tips
as well as at the back-side of the electrode bays.

Fig. 7— Sequence of bacterial movement over the interdigitated castel-
lated microstructure. The applied voltage was 10 V. Frames were cap-
tured at: (a) 100 kHz, (b) 20 kHz, (c) 10 kHz, and (d) 1 kHz. E. coli
were diluted in de-ionized water (o, = 10uS em™ 1), Magnification

%x200.

When the frequency of the applied signal was de-
creased till approximately 100 kHz, maintaining con-
stant the voltage amplitude, bioparticle behavior (i.e. cell
motion towards and accumulation at the electrode cor-
ners) remained unaltered. The signal frequency was also
raised till the highest value allowed by our generating
system (20 MHz) but n-DEP could not be verified. In
other words, the cell aggregation previously described
was observed from 100 kHz to 20 MHz, indicating that
for our experimental conditions only p-DEP could occur.
When the applied signal was switched off, bioparticles
were observed to redistribute randomly in the medium
as they were prior to applying the electrical signal.

Once bacteria had been collected at the electrode
edges under the influence of p-DEP, the applied fre-
quency was reduced below 100 kHz till a value of 1 kHz.
As the frequency was decreased, particles separated from
the electrode edges and moved towards the electrode
center, accumulating to form diamond-shaped clusters.
When the frequency was raised, bioparticles went back
to their initial positions. A sequence of the bioparticle
motion is shown in Figure 7. Such a particle behav-
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ior, i.e. particle collection at the center of the electrode
surfaces when working at relatively low frequencies in
dielectrophoretic-based microdevices, has also been ob-
served by other researchers when working in handling,
characterization and separation of microparticles (Green
and Morgan 1998, Green et al. 2000a, b).

DISCUSSION
POSITIVE DIELECTROPHORESIS

To explain the bioparticle behavior described in Fig-
ure 7a, the single-shell particle model was fitted with
values corresponding to our experimental choice, i.e.
E. coli suspended in de-ionized water of o, = 1x
103 Sm™! and &, = 80. A plot of the real part
of the polarizability function is shown in Figure 8, in
which the bioparticle values were taken from the litera-
ture (Nishioka et al. 1997, Hughes and Morgan 1999).

0.8

06+t

04r

02t

Magnitude

or

Fig. 8 — Magnitude of Re[Fcy] versus frequency for an E. coli of
emem = 3.7, €int = 50, Omem = OuS m~! and ojp = 0.5 S m™ !,
submersed in de-ionized water of opem = 1 X 1073Sm™1L. Moreover,

d =10nm and r = 2pum.

A careful study of Figure 8 reveals that Re[Fcm]
has three well-defined behavioral frequency regions.
The first one ranges from 1 to about 30 kHz, in which
n-DEP will occur and is limited by a low-frequency dis-
persion which gives rise to the first crossover point. The
second region ranges from 30 kHz to approximately
100 MHz at which a second crossover point can be seen.
A third region, within which n-DEP will occur, ranges
at frequencies higher than 100 MHz (where the second
dispersion is observed). According to this model, E. coli
will be affected by p-DEP for frequencies ranging from
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30 kHz to 100 MHz, which is consistent with our experi-
mental observations. On the other hand, Figure 8 shows
that to verify n-DEP frequencies lower than 30 kHz or
higher than 100 MHz must be applied. However, while
the latter range was not available, the former triggered
EHD phenomena hindering bioparticles from behaving
in the n-DEP regime.

In view of the experimental results one can say
that the occurrence of p-DEP in Escherichia coli was
successfully experimentally verified. Furthermore, cell
behavior is coherent with that described by the particle
model corresponding to a single-shell equivalent sphere
for frequencies higher than 100 kHz.

ELECTROHYDRODYNAMIC EFFECTS

Since the point of view of ‘classical’ dielectrophoretic
theory, E. coli should remain trapped at the electrode
edges for frequencies ranging from 30 kHz to 100 MHz
as a result of p-DEP, because the real part of the pola-
rizability function of bacteria is positive in this range.
For frequencies below 30 kHz, they would be directed
toward the electrode bays and interelectrode gaps but
such a prediction of the single-shell model could not be
verified. On the contrary, it is evident that particles in
the interelectrode regions literally jump onto the elec-
trode surface and then move, together with those cells
originally on the electrode surface, towards the central
region, as shown in Figure 7.

Such a behavior was tentatively attributed to the
combination of an electrophoretic effect in aiding cells
to cross the electrode boundaries, coupled with a nega-
tive dielectrophoretic force in directing them to the cen-
ter of the electrode surface (Pethig et al. 1992). How-
ever, the impressive review of Ramos and co-workers
worked out an order-of-magnitude estimation of forces
acting in c-DEP microelectrodes, concluding that for the
low-frequency range the fluid motion moves particles
away from the electrode edge and into well defined re-
gions on top of the electrodes (Ramos et al. 1998).

In fact, the aforementioned review aimed us to per-
form the numerical analysis of electrohydrodynamic
(EHD) effects, i.e. fluid motion as a result of thermally
induced medium inhomogeneities, originated on DEP-
based microdevices (Fernandez 2000). This work dem-
onstrated that at low frequencies, see Figure 9, the fluid
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Fig. 9 —Fluid motion behavior at 10 kHz, for an interdigitated electrode array modeled by a 2-D FEM model. On the left-side
a few electrode domains are shown, while on the right-side a zoom of the neighborhood of an electrode is represented.

motion around the interdigitated microelectrodes con-
sists of a couple of whirlpools rotating in opposite di-
rections; while the left one spins counter-clockwise, the
other one rotates clockwise. If there are particles in the
solution and the applied voltage is high enough, those
particles could show the tendency to concentrate at the
center of the electrodes.

Figure 9 shows that particles are drawn down by
fluid motion onto the electrode edge and then into the
center, where they collect. This effect is dependent on
frequency as shown in our experiments with bacterial
cells. In view of the practical results, it is evident that
other normally unconsidered effects (e.g. EHD and elec-
troosmotic effects), which in addition to the primarily
studied dielectrophoretic force also influence the parti-
cle motion, must be taken into account when working
at low-frequency ranges. Indeed, such a motion actually
results as a consequence of the hydrodynamic viscous
drag force affecting the particles, which can be origi-
nated by EHD effects.

CONCLUSIONS

This work was conceived to explore the possibilities of
microsystems aimed at bioparticle handling based on
common dielectrophoresis. To attain this goal, activi-
ties were orientated towards the modeling and testing
of interdigitated castellated microelectrode arrays which
adapt themselves to the electrohandling of both artifi-
cial and natural microparticles.

In order to achieve a good understanding of the
related phenomena, modeling tasks begin with a des-
cription of the electrical model, which includes the
particle modeling and the electrical field calculations.
A 3-D finite element model was employed to know the
electric field profile which is helpful in understanding
and predicting the particle behavior. It is worth mention-
ing that the 3-D approach gives a bit more insight into
the electric field shapes than that gained with 2-D mod-
els. However, the use of the former rather than the latter
will depend on the designer’s needs.
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From a technological point of view, a whole mi-
crosystem was designed and fabricated by means of
microfabrication techniques. Such a microstructure in-
cludes a silicon substrate onto which electrodes of plat-
inum were grown by lift-off technique to fulfill biocom-
patibility requirements.

From the experimental point of view, microstruc-
tures were tested utilizing Escherichia coli as bioparti-
cle models. Bacterial cells moved towards the edges
of castellated microelectrode arrays and were trapped
there, as expected from the electric field calculations,
being affected by positive dielectrophoresis when the
applied signal was greater than 100 kHz. Such bacterial
behavior is coherent with that explained by the single-
shell particle model but it fails at lower frequencies where
predicts the occurrence of negative dielectrophoresis.

As the frequency was decreased, bioparticles were
observed to detach from points of maximum electric
field strength and move towards the electrode center,
clustering there. Nowadays this behavior is attributed
to the fluid motion over the electrodes, which moves
particles away from the electrode edges and into well-
defined regions on top of the electrodes. In fact, numer-
ical calculations of effects, i.e. fluid motion as a result
of thermally induced medium inhomogeneities, demon-
strated that at low frequencies the fluid motion around
the electrodes, consisting of a couple of whirlpools rotat-
ing in opposite directions, can detach the particles from
the electrode edges dragging them into the center, where
they collect.

In view of the practical results, it is evident that
other normally unconsidered effects (e.g. EHD and elec-
troosmotic effects), which in addition to the primarily
studied dielectrophoretic force also influence the parti-
cle motion, must be taken into account when designing
and studying DEP-based handling microsystems.

To conclude one can say that the experiments illus-
trate the convenience of using castellated-platinum mi-
croelectrodes to microhandling E. coli, opening the pos-
sibility for using them with other kind of bioparticles.
Furthermore, viscous drag particle motion as a result of
EHD effects must be taken into account and could be
used as a mechanism to clean the electrode surfaces, that
is one of the most important problems related to biochips.
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RESUMO

Este artigo descreve a modelagem e teste experimental de uma
rede de microeletrodos em cremalheira cujo objetivo ¢ o manu-
seio de células biologicas, com base em dieletroforese comum.
O microsistema proposto foi desenvolvido empregando eletro-
dos de platina depositados por técnicas de ‘lift-off”, micro-usi-
nagem em silicio e litografia com foto-resina. Uma vez fabri-
cado o microdispositivo, este foi testado utilizando a Esche-
richia coli como modelo de bioparticulas. Dieletroforese posi-
tiva pode ser observada com as células selecionadas para fre-
qiiéncias acima de 100kHz, e efeitos eletro-hidrodindmicos
foram observados como o fendmeno dominante para menores
freqiiéncias. Como resultado, a dieletroforese negativa nio
pode ser observada pois sua ocorréncia se sobrepde a efeitos
eletro-hidrodinamicos; i.e. a forga de arraste viscoso atuando
sobre as particulas ¢ superior a forga dieletroforética para fre-
qiiéncias em que a dieletroforese negativa deveria ocorrer. Os
experimentos ilustram a conveniéncia deste tipo de micro-dis-
positivo para o micromanuseio de objetos biologicos, abrindo
apossibilidade de uso destas micro-redes com outras particulas
bioldgicas. Além disto, o movimento liquido como resultado
dos efeitos eletro-hidrodindmicos deve ser levado em conta
ao se desenhar micromanipuladores de particulas biologicas,
e pode ser utilizado como mecanismo para limpar as superfi-
cies dos eletrodos, que ¢ um dos problemas mais importantes
relacionados a este tipo de dispositivo.

Palavras-chave: dieletroforese, efeitos eletro-hidrodinami-

cos, ‘biochips’, manuseio de bactérias.
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