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(54) Dielectrophoretic device for manipulation of particles

(57) The present invention provides a dielectro-
phoretic device comprising an array (10) of electrodes
(1), there being a space (2) in between every two neigh-
boring electrodes (1), and driving means for driving the
electrodes (1) of the array (10) to generate a traveling
wave dielectrophoretic force. The array (10) of electrodes
(1) is formed such that the space (2) in between every
two neighboring electrodes (1) has a decreasing width

in a longitudinal direction of the electrodes (1). The die-
lectrophoretic device according to embodiments of the
invention can be sued for performing manipulation of par-
ticles (5) in small, non-flowing volumes of particles sus-
pensions. The present invention furthermore provides a
method for manufacturing such a dielectrophoretic de-
vice and a method for manipulating particles (5) by using
such a dielectrophoretic device.
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Description

FIELD OF THE INVENTION

[0001] The present invention relates to dielectro-
phoretic devices. More particularly the present invention
relates to a dielectrophoretic device for manipulating par-
ticles, to a method for forming such a device and to a
method for manipulating particles using such a device.
The methods and devices according to embodiments of
the invention may, for example, be used for identifying
and/or separating and/or sorting particles, e.g. cells, or
for lysis or electroporation of cells.

BACKGROUND OF THE INVENTION

[0002] The ability to identify and separate cell sub-pop-
ulations from a heterogeneous cell mixture is essential
in many biomedical applications. The simplest methods
known for such purposes are based on filtration and cen-
trifugation and rely on differences in cell size or density.
More advanced methods exploit specific binding of anti-
bodies to antigens on a cell surface to target a particular
cell population. Examples of such methods are magnet-
ically activated cell sorting (MACS), where antibody-
functionalized magnetic beads are attached to the cells
and sorted in a magnetic field, or fluorescence-activated
cell sorting (FACS), where cells are labeled with fluores-
cent antibodies and separated by electrostatically de-
flecting charged liquid droplets containing the cells. Cur-
rent FACS analyzers are very versatile instruments and
allow cell separation on the basis of multiple simultane-
ous markers, cell size, and scattering properties. How-
ever, they are large and expensive instruments and can
only be operated by trained personnel.
[0003] Recently, considerable effort has been put into
transferring cell analysis to microfabricated systems. The
advantages of lab-on-a-chip devices include ease of use
and low fabrication costs (ultimately leading to disposa-
ble chips), low fluid volumes and reagents consumption,
large integration of functionalities, high-throughput anal-
ysis via massive parallelization and increased process
control due to the faster response of the system. Electric
field based approaches are particularly suited for minia-
turization because micropattemed electrodes are easy
to fabricate and result in high electric fields at modest
voltages.
[0004] One of the most promising methods to separate
and manipulate cells in microsystems is dielectrophore-
sis (DEP), i.e. the movement of dielectric particles in a
nonuniform, usually AC, electric field. Unlike electro-
phoresis, DEP relies on field-induced polarization effects
and is independent of the net charge of the particle. The
DEP force depends on the electrical properties of the
particle and of the surrounding medium, on the size and
shape of the particle and on the spatial distribution and
frequency of the applied field. Depending on these fac-
tors, the particle can be attracted to either high-field (pos-

itive DEP) or low-field (negative DEP) regions. By using
proper electrode configurations and multiphase fields,
DEP can be used to levitate particles, trap them in a field
cage, rotate them (electro-rotation) or transport them
over relatively long distances (traveling wave DEP).
[0005] DEP has been applied to manipulate and sep-
arate a variety of cells including bacteria, yeast, and
mammalian cells in microsystems. In particular, DEP has
been used to separate cancer cells from blood, isolate
CD34+ stem cells from blood, bacteria from blood and
to separate various cell sub-populations of blood.
[0006] Most reported experiments are proof-of-princi-
ple applications of DEP, in which cells that undergo pos-
itive DEP are separated from those experiencing nega-
tive DEP on the microscopic level. Practical applications,
however, require cell separation on a macroscopic scale.
This is usually achieved by combining DEP with liquid
flow. The particles that are attracted by the electrodes
are retained in the device, while the others are washed
away. Such devices are, however, unable to separate
cells with different degrees of positive or negative DEP,
unless the experiment is repeated several times in suc-
cession, e.g. by varying the amplitude or frequency of
the applied field or by varying the strength of the liquid
flow.
[0007] Hyperlayer dielectrophoretic field-flow fraction-
ation (DEP-FFF) is a significant step towards a more re-
fined separation of cell populations. In this method, a
linear array of microelectrodes is used to levitate cells by
negative DEP. A non-constant flow profile causes cells
levitated at different heights to emerge from the separa-
tion channel at different times. A similar method, which
is referred to as electrosmear, has been developed to
allow collection of cells onto characteristic zones on a
substrate. Similarly to DEP-FFF, this method is also
based on the combination of liquid flow and cell levitation
by negative DEP. The cells are introduced at one end of
an electrode array, which provides a levitation force that
opposes cell sedimentation and prevents cells from ad-
hering to the substrate. The voltage applied to the elec-
trodes varies along the array. The cells flow along the
channel until the DEP forces are no longer sufficient to
levitate them, at which point they touch down and adhere
to the substrate, which is coated with a binding agent.
[0008] The DEP methods described above rely on liq-
uid flow to achieve cell separation on a macroscopic level.
This is a disadvantage, as it requires the use of an ex-
ternal pump or, alternatively, requires the microsystem
to be equipped with a MEMS or electro-osmotic pump.
In addition to considerably complicating the device, the
need for liquid flow and, consequently, a pumping mech-
anism results in larger suspension volumes where more
cells have to be used.
[0009] In EP 0 815 942 a device is described compris-
ing a channel defined by two rows of electrodes separat-
ed by the channel and wherein the width of the channel
progressively decreases in the direction of particle mi-
gration. According to embodiments of the invention, the
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spacing between successive electrodes in each of the
rows may be the same (Fig. 1(a)) or the spacing between
successive electrodes in each of the rows may progres-
sively decrease in the direction of particle migration (Fig.
1(b)). Traveling wave dielectrophoresis (twDEP) is used
to transport the particle through the channel. A particle
moving under twDEP, in EP 0 815 942 referred to as
traveling wave field migration, will be accelerated as a
result of the field increasing as the channel width de-
creases. Particles with different properties will be spa-
tially separated as they move along the channel. How-
ever, a drawback of the configuration described in EP 0
815 942 is that the device is symmetric with respect to
the direction of travel of the particles. As a consequence,
only a one-dimensional smear (distribution) of the parti-
cles can be obtained. This does not allow, for example,
collecting the particles into separate microfluidic chan-
nels for subsequent analysis or processing.

SUMMARY OF THE INVENTION

[0010] It is an object of embodiments of the present
invention to provide a good dielectrophoretic device for
manipulating particles, a good method for forming such
dielectrophoretic device and a good method for manip-
ulating particles using such a dielectrophoretic device.
[0011] The above objective is accomplished by a meth-
od and device according to the present invention.
[0012] In a first aspect, the present invention provides
a dielectrophoretic device for manipulation of particles.
The device comprises:

an array of electrodes, there being a space in be-
tween two neighboring electrodes, the array of elec-
trodes being formed such that the space in between
the two neighboring electrodes, preferably in be-
tween every two neighboring electrodes, has a width
which is decreasing in a longitudinal direction of the
electrodes, or, in other words, is funnel-shaped, and
driving means adapted for driving the electrodes of
the array to generate a traveling wave dielectro-
phoretic force to be exerted on the particles.

[0013] An advantage of embodiments of the invention
is that different types of particles even with small differ-
ences in properties may be manipulated, e.g. separated,
with the dielectrophoretic device according to embodi-
ments of the invention. The dielectrophoretic device ac-
cording to embodiments of the invention is efficient and
sensitive. The dielectrophoretic device according to em-
bodiments of the invention can be used for performing
particle manipulation from small, non-flowing volumes of
particle suspensions.
[0014] The array of electrodes may be a one-dimen-
sional array.
[0015] The direction of decrease of the width of the
space in between two neighboring electrodes, preferably
in between every two neighboring electrodes, may be

oriented in the direction of the average longitudinal di-
rection of the neighboring electrodes. For radial arrays
the direction may be a radial direction, for linear arrays,
the direction may be the longitudinal direction of the elec-
trodes.
[0016] The electrodes may be funnel-shaped.
[0017] According to embodiments of the invention, the
array of electrodes may be a radial array in which the
electrodes are arranged as segments of a circle extend-
ing from a center of the circle to its circumference.
[0018] According to other embodiments of the inven-
tion, the array of electrodes may be a linear array and
the electrodes are funnel-shaped.
[0019] The driving means may be adapted for driving
the electrodes with a mutual phase difference of 360°/n
between two neighboring electrodes, preferably between
every two neighboring electrodes, with n being higher
than 2.
[0020] According to embodiments of the invention, n
may be 4 and the driving means may be adapted for
driving the electrodes with a mutual phase difference of
90° between two neighboring electrodes.
[0021] According to embodiments of the invention, the
dielectrophoretic device may furthermore comprise
transport means for transporting particles toward the ar-
ray of electrodes. The transport means may be formed
by a linear array of parallel electrodes.
[0022] According to further embodiments of the inven-
tion, the dielectrophoretic device may furthermore com-
prise collection means for collecting particles. The col-
lection means may be formed by an array of collection
channels. The collection channels may be microfluidic
channels.
[0023] According to embodiments, the collection
means may furthermore comprise impedance measure-
ment means for determining an amount of particles in
the collection means.
[0024] According to embodiments of the invention, the
particles may be biological particles (e.g. cells), solid di-
electric particles, or engineered particles.
[0025] The present invention also provides the use of
the dielectrophoretic device according to embodiments
of the invention for particle separation or sorting.
[0026] The present invention also provides the use of
the dielectrophoretic device according to embodiments
of the invention for cell lysis or cell electroporation.
[0027] In a further aspect of the invention, a method is
provided for forming a dielectrophoretic device for ma-
nipulation of particles. The method comprises:

providing an array of electrodes with a space in be-
tween two neighboring electrodes such that the array
of electrodes is formed such that the space in be-
tween the two neighboring electrodes, preferably in
between every two neighboring electrodes, has a
width which is decreasing in a longitudinal direction
of the electrodes, or in other words is funnel-shaped,
and
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providing driving means adapted for driving the elec-
trodes of the array to generate a traveling wave di-
electrophoretic force to be exerted on the particles.

[0028] An advantage of the method according to em-
bodiments of the invention is that it allows forming a di-
electrophoretic device in which different types of particles
even with small differences in properties may be manip-
ulated, e.g. separated, with the dielectrophoretic device
according to embodiments of the invention.
[0029] Providing an array of electrodes may be per-
formed such that the array is a one-dimensional array.
[0030] Providing an array of electrodes may further-
more be performed such that the direction of decrease
of the width of the space in between two neighboring
electrodes, preferably in between every two neighboring
electrodes is oriented in an average longitudinal direction
of the two neighboring electrodes. For radial arrays the
same direction may be a radial direction, for linear arrays,
the same direction may be the longitudinal direction of
the electrodes.
[0031] According to embodiments of the invention,
providing an array of electrodes may be performed such
that a radial array is formed in which the electrodes are
arranged as segments of a circle extending from a center
of the circle to its circumference.
[0032] According to other embodiments of the inven-
tion, providing an array of electrodes may be performed
such that a linear array is formed with electrodes having
a funnel-shape.
[0033] The method may furthermore comprise provid-
ing transport means for transporting particles toward the
array of electrodes.
[0034] The method may furthermore comprise provid-
ing collection means for collecting particles.
[0035] The method may furthermore comprise provid-
ing impedance measurement means to the collection
means for determining an amount of particles in the col-
lection means.
[0036] In still a further aspect of the invention, a method
is provided for manipulating particles using a dielectro-
phoretic device comprising an array of electrodes where-
in the space in between two neighboring electrodes, pref-
erably in between every two neighboring electrodes, has
a decreasing width in a longitudinal direction of the elec-
trodes. The method comprises applying a voltage signal
to the electrodes with a mutual phase difference of 360°/n
between two neighboring electrodes, preferably between
every two neighboring electrodes, with n being higher
than 2.
[0037] According to specific embodiments, n may be
4 and a voltage signal may be applied to the electrodes
with a phase difference of 90° between two neighboring
electrodes, preferably between every two neighboring
electrodes.
[0038] The method may furthermore comprise trans-
porting the particles towards the array of electrodes for
allowing them to be manipulated.

[0039] The method may furthermore comprise collect-
ing particles in a collection means after manipulation of
the particles.
[0040] The method may furthermore comprise count-
ing the amount of particles in the collection means.
[0041] Manipulating particles may comprise separat-
ing particles based on a difference in dielectric properties.
[0042] Manipulating particles may comprises lysis or
electroporation of cells.
[0043] The present invention also provides the use of
the method according to embodiments of the invention
in molecular diagnostics, biological sample analysis or
chemical sample analysis.
[0044] The present invention also provides the use of
the method according to embodiments of the invention
for particle separation.
[0045] The present invention also provides the use of
the method according to embodiments of the invention
for cell lysis or cell electroporation.
[0046] In yet a further aspect of the invention a con-
troller is provided for controlled driving of electrodes of
an array wherein the space in between two neighboring
electrodes, preferably in between every tow neighboring
electrodes, has a decreasing width in a longitudinal di-
rection of the electrodes. The controller comprises a con-
trol unit for controlling a driving means for applying a volt-
age to the electrodes with a mutual phase difference of
360°/n between two neighboring electrodes, preferably
in between every tow neighboring electrodes, with n be-
ing higher than 2.
[0047] According to specific embodiments, n may be
4 and the controller may be adapted for controlling the
driving means such that a voltage signal is applied to the
electrodes with a phase difference of 90° between two
neighboring electrodes, preferably between every two
neighboring electrodes.
[0048] The present invention furthermore provides a
computer program product for performing, when execut-
ed on a computing means, a method according to em-
bodiments of the invention.
[0049] The present invention also provides a machine
readable data storage device for storing the computer
program product according to embodiments of the inven-
tion.
[0050] The present invention also provides a transmis-
sion of the computer program product according to em-
bodiments of the invention over a local or wide area tel-
ecommunications network.
[0051] The dielectrophoretic device according to em-
bodiments of the invention is efficient and sensitive.
[0052] The dielectrophoretic device according to em-
bodiments of the invention can be used for performing
manipulation of particles in small, non-flowing volumes
of particle suspensions.
[0053] The dielectrophoretic device according to em-
bodiments of the invention may be used for manipulating
different types of particles. According to embodiments of
the invention, different types of particles can be separat-
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ed, even with small differences in properties, e.g. shape,
size, or composition. The dielectrophoretic device ac-
cording to embodiments of the invention can also be used
to separate particles with different degrees of positive or
negative dielectrophoresis. Hence the present invention
can be used for cell sorting.
[0054] Particular and preferred aspects of the inven-
tion are set out in the accompanying independent and
dependent claims. Features from the dependent claims
may be combined with features of the independent claims
and with features of other dependent claims as appro-
priate and not merely as explicitly set out in the claims.
[0055] The above and other characteristics, features
and advantages of the present invention will become ap-
parent from the following detailed description, taken in
conjunction with the accompanying drawings, which il-
lustrate, by way of example, the principles of the inven-
tion. This description is given for the sake of example
only, without limiting the scope of the invention. The ref-
erence figures quoted below refer to the attached draw-
ings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0056]

Fig. 1 shows configurations of dielectrophoretic de-
vices according to the prior art.
Fig. 2 illustrates a dielectrophoretic device according
to embodiments of the invention.
Fig. 3 illustrates a dielectrophoretic device according
to embodiments of the invention.
Fig. 4 illustrates the principle of embodiments of the
present invention using a dielectrophoretic device
according to embodiments of the invention.
Fig. 5 and 6 illustrate the principle of embodiments
of the present invention using dielectrophoretic de-
vices according to embodiments of the invention.
Fig. 7 illustrates the application of cell lysis using a
dielectrophoretic device according to embodiments
of the invention.
Fig. 8 schematically illustrates a system controller
for use with a dielectrophoretic device according to
embodiments of the present invention.
Fig. 9 is a schematic representation of a processing
system as can be used for performing a method ac-
cording to embodiments of the present invention.

[0057] In the different figures, the same reference
signs refer to the same or analogous elements.

DETAILED DESCRIPTION OF THE EMBODIMENTS

[0058] The present invention will be described with re-
spect to particular embodiments and with reference to
certain drawings but the invention is not limited thereto
but only by the claims. Any reference signs in the claims
shall not be construed as limiting the scope. The drawings

described are only schematic and are non-limiting. In the
drawings, the size of some of the elements may be ex-
aggerated and not drawn on scale for illustrative purpos-
es.
[0059] Where the term "comprising" is used in the
present description and claims, it does not exclude other
elements or steps. Where an indefinite or definite article
is used when referring to a singular noun e.g. "a" or "an",
"the", this includes a plural of that noun unless something
else is specifically stated.
[0060] The terms top, bottom and the like in the de-
scription and the claims are used for descriptive purposes
and not necessarily for describing relative positions. It is
to be understood that the terms so used are interchange-
able under appropriate circumstances and that the em-
bodiments of the invention described herein are capable
of operation in other orientations than described or illus-
trated herein.
[0061] Reference throughout this specification to "one
embodiment" or "an embodiment" means that a particular
feature, structure or characteristic described in connec-
tion with the embodiment is included in at least one em-
bodiment of the present invention. Thus, appearances
of the phrases "in one embodiment" or "in an embodi-
ment" in various places throughout this specification are
not necessarily all referring to the same embodiment, but
may. Furthermore, the particular features, structures or
characteristics may be combined in any suitable manner,
as would be apparent to one of ordinary skill in the art
from this disclosure, in one or more embodiments.
[0062] Similarly it should be appreciated that in the de-
scription of exemplary embodiments of the invention, var-
ious features of the invention are sometimes grouped
together in a single embodiment, figure, or description
thereof for the purpose of streamlining the disclosure and
aiding in the understanding of one or more of the various
inventive aspects. This method of disclosure, however,
is not to be interpreted as reflecting an intention that the
claimed invention requires more features than are ex-
pressly recited in each claim. Rather, as the following
claims reflect, inventive aspects lie in less than all fea-
tures of a single foregoing disclosed embodiment. Thus,
the claims following the detailed description are hereby
expressly incorporated into this detailed description, with
each claim standing on its own as a separate embodi-
ment of this invention.
[0063] Furthermore, while some embodiments de-
scribed herein include some but not other features in-
cluded in other embodiments, combinations of features
of different embodiments are meant to be within the
scope of the invention, and form different embodiments,
as would be understood by those in the art. For example,
in the following claims, any of the claimed embodiments
can be used in any combination.
[0064] Furthermore, some of the embodiments are de-
scribed herein as a method or combination of elements
of a method that can be implemented by a processor of
a computer system or by other means of carrying out the
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function. Thus, a processor with the necessary instruc-
tions for carrying out such a method or element of a meth-
od forms a means for carrying out the method or element
of a method. Furthermore, an element described herein
of an apparatus embodiment is an example of a means
for carrying out the function performed by the element
for the purpose of carrying out the invention.
[0065] In the description provided herein, numerous
specific details are set forth. However, it is understood
that embodiments of the invention may be practiced with-
out these specific details. In other instances, well-known
methods, structures and techniques have not been
shown in detail in order not to obscure an understanding
of this description.
[0066] The present invention provides a dielectro-
phoretic device for manipulation of particles, a method
for manufacturing such a dielectrophoretic device and a
method for manipulating, e.g. identifying, sorting, sepa-
rating, lysis or electroporation, of particles, e.g. cells us-
ing such a dielectrophoretic device.
[0067] The device and methods according to embod-
iments of the invention may be used for manipulation of
dielectric particles such as microparticles, nanoparticles,
cells, or to any other suitable particles having dielectro-
phoretic properties. Examples of suitable particles which
may be used with embodiments of the present invention
may be solid dielectric particles such as e.g. polystyrene
or latex beads or carrier beads (beads to which molecules
or cells can be bound), engineered particles such as e.g.
particles with a conductive core and an insulating shell,
or vice versa, biological particles such as cells, bacteria,
viruses, large molecules e.g. large proteins, complexes
of molecules.
[0068] The device and method for manipulation of par-
ticles according to embodiments of the present invention
need only rely on electric field induced effects to achieve
manipulation of particles, e.g. separation of particles, on
a macroscopic level. In the device according to embod-
iments of the invention, particles, e.g. cells are transport-
ed electrically through a stationary fluid. Therefore, in
accordance with embodiments of the present invention,
the need for liquid flow generation and thus for pumping
mechanisms is eliminated. This allows, in principle, using
very small volumes of suspensions comprising the par-
ticles. The dielectrophoretic device and methods accord-
ing to embodiments of the invention can be used for per-
forming particle manipulation from small, non-flowing vol-
umes of particle suspensions. With small volumes is
meant volumes of between 0.5 and 50 Pl, for example
10 Pl. The device and methods according to embodi-
ments of the invention may be used in a variety of appli-
cations including molecular diagnostics, biological sam-
ple analysis or chemical sample analysis.
[0069] For example, the device and methods accord-
ing to embodiments of the invention may be used for
separating or sorting particles with different dielectric
properties. Particle types may differ in size, shape and/or
composition, which will lead to different dielectric prop-

erties and thus to different dielectrophoretic responses.
In the dielectrophoretic device and method for manipu-
lation of particles according to embodiments of the in-
vention, dielectric particles, e.g. cells, may be separated
according to their dielectric properties into distinct zones
on the device. This facilitates visual or automatic inspec-
tion of a sample under investigation. Alternatively, parti-
cles, e.g. cells can be collected into separate microfluidic
channels for subsequent analysis or processing. This in-
cludes, for example, counting cells in various collection
channels, statistically analyzing particle distributions, or
further fractionating a target sub-population.
[0070] Compared to devices that can only separate
cells undergoing either positive or negative dielectro-
phoresis (DEP), the dielectrophoretic device according
to embodiments of the invention allows a more refined
particle, e.g. cell, separation. In particular, particles, e.g.
cells, with different degrees of positive (or negative) DEP
can be separated in a single step. With particles having
a different degree of positive (negative) DEP is meant
that these particles undergo positive (or negative) DEP,
but the force has a different magnitude. Due to long in-
teraction distances achieved with the dielectrophoretic
device according to embodiments of the invention, even
small variations in the dielectric properties of particles,
e.g. cells, can be resolved. Furthermore, the dielectro-
phoretic device and method for manipulation of particles,
e.g. cells, according to embodiments of the invention may
be used for lysis or electroporation of cells.
[0071] In a first aspect of the invention, a dielectro-
phoretic device is provided for manipulation of particles.
The dielectrophoretic device comprises an array of elec-
trodes, there being a space in between every pair of
neighboring electrodes. The array of electrodes can be
a one-dimensional array. The array may be a linear array
or a radial array. According to embodiments of the inven-
tion, the dielectrophoretic device may comprise at least
two one-dimensional arrays placed next to each other.
[0072] Each electrode has a longitudinal direction.
Two neighboring electrodes, e.g. every pair of neighbor-
ing electrodes, have an average longitudinal direction,
being a direction defined by the average of the longitu-
dinal directions of the two neighboring electrodes. The
array of electrodes is formed such that the space between
two neighboring electrodes, for example between every
two neighboring electrodes, has a width which is de-
creasing in the longitudinal direction of the electrodes.
The width may be decreasing continuously. Preferably
the width of the space between two neighboring elec-
trodes may be measured in a direction perpendicular to
the average longitudinal direction of the neighboring elec-
trodes. The space in between two neighboring elec-
trodes, e.g. every two neighboring electrodes, may be
funnel-shaped. The direction of the decrease of the width
of the spaces in between the two neighboring electrodes
may be oriented in a same direction, i.e. the average
longitudinal direction of the two neighboring electrodes
may be the same (linear array). Alternatively, the direc-
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tion of the decrease of the width of the spaces in between
every two neighboring electrodes may be radially orient-
ed to a center point of the array (radial array).
[0073] The dielectrophoretic device according to em-
bodiments of the invention is based on traveling wave
dielectrophoresis (twDEP) in combination with either
negative (repulsive) or positive (attractive) DEP. There-
fore, the dielectrophoretic device furthermore comprises
driving means adapted for driving the electrodes of the
array to generate a twDEP force to be exerted on the
particles.
[0074] An array of electrodes, e.g. microelectrodes, is
used to transport particles, e.g. cells, over a relatively
long distance by twDEP. Instead of using an array of
parallel electrodes with parallel spaces in between, as
commonly done in devices based on twDEP, the present
invention proposes the use of an electrode array with a
space in between every two neighboring electrodes hav-
ing a width which is decreasing in a longitudinal direction
of the electrodes. The space in between every neighbor-
ing electrode may be referred to as funnel-shaped, hence
the space may also be referred to as a funnel. Configu-
rations of the array according to embodiments of the in-
vention allow, in addition to generating a propelling
twDEP force, generating a weaker DEP component per-
pendicular to the traveling direction. The magnitude and
direction of such component varies for different types of
particles with differences in dielectric properties, e.g. sub-
populations of cells, and allows them to be manipulated,
e.g. transported or separated or sorted. When a voltage
is applied to the electrodes of the array, configurations
of electrode arrays according to embodiments of the in-
vention may generate a strongly inhomogeneous electric
field. Particles experiencing a positive DEP force may be
pulled towards locations in the space in between neigh-
boring electrodes where the width of the space is smaller,
and thus where the electric field is stronger. The degree
or extent to which they move to the smallest part of the
space, also referred to as bottom of the funnel, depends
on the strength of the positive DEP force, which in turns
depends strongly on the characteristics and properties
of the particles, e.g. cells, for example on their size, shape
and/or composition. Particles, e.g. cells, undergoing neg-
ative DEP on the contrary, are directed towards the en-
trance of the funnel, or where the space in between neigh-
boring electrodes is broadest, and thus where the electric
field is weaker.
[0075] Hereinafter, the dielectrophoretic device ac-
cording to the present invention will be described by
means of different embodiments. The dielectrophoretic
device will be described by means of the particles being
cells. It has to be understood that this is not intended to
limit the invention in any way and that the invention also
applies for particles other than cells, such as e.g. micro-
particles, nanoparticles, solid dielectric particles, engi-
neered particles or biological particles, as described
above.
[0076] In all embodiments described hereinafter, the

electrodes 1 may have a length which is at least 2 times
larger than their average width. The longitudinal direction
of the electrodes 1 is in their length direction.
[0077] According to a first embodiment, which is illus-
trated in Fig. 2, the dielectrophoretic device may com-
prise a radial array 10 of electrodes 1. With radial array
10 is meant that the electrodes 1 are arranged as seg-
ments of a circle extending from a center 4 of the circle
to its circumference, thereby forming spaces 2 in be-
tween every two neighboring electrodes 1, the spaces 2
having a width which is decreasing along the longitudinal
direction of the electrodes 1. The width of the space 2
between every two neighboring electrodes may be meas-
ured in a direction perpendicular to the average longitu-
dinal direction of the neighboring electrodes, being a di-
rection defined by the average of the longitudinal direc-
tion of the two neighboring electrodes. The space 2 in
between neighboring electrodes 1 may also be referred
to as funnel-shaped space or as funnel. The decreasing
width of the space 2 in between every two neighboring
electrodes 1 may be radially oriented to a center point of
the radial array 10, as indicated by arrow 3. The elec-
trodes 1 may have a length of between 50 Pm and 1 mm.
The average distance between neighboring electrodes
1 may be such that high electrical fields of between 103

V/m and 106 V/m may be obtained by applying accept-
able voltages of between 1V and 10V. The average dis-
tance between neighboring electrodes 1 may be between
10 Pm and 500 Pm.
[0078] According to the present embodiment, the fun-
nel-shaped space 2 in between neighboring electrodes
1 results from the radial arrangement of the electrodes
1. As a consequence of the changing width of the space
2 in between neighboring electrodes 1, the electric field
generated when driving the electrodes 1 will vary along
the longitudinal direction of the electrodes 1, i.e. in the
direction indicated with reference number 3. More par-
ticularly, the electrical field will become stronger toward
the center 4 of the electrode array 10.
[0079] Neighboring electrodes 1 in the array 10 may
be energized or driven with power signals, e.g. voltage
signals, adapted in order to obtain twDEP. In general,
generating twDEP requires a phase shift of 360°/n be-
tween neighboring electrodes, with n being higher than
2. For example, n may be chosen to be 3 or 4. n may
kept low because in these cases less different signals
are required and thus simpler electronics is needed to
drive the dielectrophoretic device. According to the em-
bodiment illustrated in Fig. 2, n may be 4 and neighboring
electrodes 1 in the array 10 may be energized or driven
with power signals, e.g. voltage signals, with a mutual
phase difference of 90° in order to obtain twDEP. The
phase differences of voltage signals applied to four of
the electrodes 1 are indicated in Fig. 2. Because of these
applied voltage signals, cells 5 present at the electrode
array 10 will experience a tangential twDEP force. Simul-
taneously to the tangential twDEP force, the cells 5 will
also experience a radial force due to the inhomogeneity
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of the electric field. For cells 5 undergoing positive DEP,
the radial force may be directed towards the center 4 of
the array 10, where the electric field is stronger, as the
electrodes 1 are closer to each other. As a result, the
cells 5 will be propelled along a spiral trajectory, indicated
by arrows 6 and 7. In other words, cells 5 undergoing
positive DEP will follow a contracting spiral towards the
center 4 of the array 10. The trajectory, and in particular,
the degree of penetration into the ’spiral’, will, for a fixed
driving voltage amplitude, depend on the cell character-
istics, such as shape, size and/or composition. Cells 5
undergoing negative DEP will be attracted towards the
outside of the radial array 10, where the electric field is
weaker, and will therefore follow an expanding spiral, i.e.
the cells 5 will be propelled along a spiral trajectory in
the opposite direction as indicated by arrows 6 and 7.
For clarity reasons, this case is not illustrated in Fig. 2.
As a consequence, cells 5 of different types may be col-
lected on distinct zones of the substrate on which the
electrode array 10 is formed.
[0080] The dielectrophoretic device may comprise
driving means for driving or energizing the electrodes 1
of the array 10. The driving means may be adapted for
driving the electrodes 1 with a mutual phase difference
of 360°/n between every two neighboring electrodes 1,
with n being higher than 2. According to embodiments of
the invention, n may be 4 and the driving means may be
adapted for driving the electrodes with a mutual phase
difference of 90° between every two neighboring elec-
trodes 1. The electrodes 1 of the array 10 may, according
to embodiments of the invention, be driven by active ma-
trix electronics, e.g. LTPS (low-temperature polycrystal-
line silicon) technology.
[0081] The dielectrophoretic device may furthermore
comprise transport means 8 for transporting cells 5 to-
ward the array 10 of electrodes 1. Several methods can
be envisaged to transport the cells 5 onto a specific lo-
cation of the electrode array 10. According to embodi-
ments of the invention, the transport means 8 may com-
prise a linear array of parallel electrodes to transport the
cells 5 by twDEP, as indicated in Fig. 2. This linear array
8 may also be referred to as conveyor array. The con-
veyor array 8 may comprise any suitable number of elec-
trodes as is required to transport the cells 5 toward the
electrode array 10. For example, the conveyor array 8
may comprise between at least 3 electrodes, and may,
for example, comprise 20 electrodes.
[0082] According to embodiments of the invention, the
dielectrophoretic device may comprise collection means
16 for collecting cells 5 (not shown in Fig. 2; however,
illustrated in the embodiment of Fig. 3). The collection
means 16 may comprise collection channels, e.g. micro-
fluidic collection channels. Such channels 16 can, for ex-
ample, be placed adjacent the electrode array 10. Ac-
cording to embodiments of the invention, the collection
channels 16 may comprise additional electrodes for per-
forming impedance measurements. Such additional
electrodes may, for example, form particle or cell

counters sometimes called Coulter counters to count the
cells 5 collected in each of the collection channels 16. In
case of a large number of channels, active matrix elec-
tronics (based on large area electronics, e.g., LTPS tech-
nology) can be used to provide the readout electronics
to perform the impedance measurements. According to
embodiments of the present invention, the same active
matrix electronics may also be used to drive the elec-
trodes 1 of the electrode array 10 of the dielectrophoretic
device.
[0083] The radial arrangement of the electrodes 1 in
the array 10 in the dielectrophoretic device according to
the first embodiment of the invention provides an inter-
action distance of the cells 5 with respect to the elec-
trodes 1 in the array 10 in the order of millimeters or even
centimeters while maintaining a compact size of the di-
electrophoretic device in the order of, for example, 100
mm2. Because of the high interaction distance achieva-
ble with the radial design, the dielectrophoretic device
according to the first embodiment may be able to resolve
even small variations in the dielectric properties of the
cells 5.
[0084] For example, the device according to the first
embodiment of the invention may be used for the follow-
ing experiment. The experiment may be started with a
homogeneous distribution of particles 5, e.g. cells. Then
the device is turned on by applying a voltage signal to
the electrodes 1 as described above. The distribution of
particles in the device can be monitored by taking images
of the device at certain time intervals (e.g. 1 s) or by
recording a video. The particles 5, e.g. cells will start to
rotate but particles 5, e.g. cells of different types will follow
different trajectories. Video processing can be used in
real time to detect when a fractionation, i.e. separation
in sub-groups between different types of particles 5, e.g.
cells is visible. At that point the assay can be stopped
and the device can be turned off. By means of suitable
software, particles 5, e.g. cells present in each of the sub-
groups can be counted and statistics can be performed.
Alternatively, various populations or sub-groups can be
examined e.g. by means of a microscope by a patholo-
gist. If necessary, the various populations or sub-groups
can be fixed to a slide and stained with standard histo-
chemical techniques to facilitate identification.
[0085] According to a second embodiment of the in-
vention, the dielectrophoretic device may comprise a lin-
ear array 10 of funnel-shaped electrodes 1, also referred
to as triangular-shaped electrodes. This is illustrated in
Fig. 3. The electrodes 1 may have a length of between
50 Pm and 1 mm. The average distance between neigh-
boring electrodes 1 may be such that high electrical fields
of between 103 V/m and 106 V/m may be obtained by
applying acceptable voltages of between 1V and 10V.
The average distance between neighboring electrodes
1 may be between 10 Pm and 500 Pm.
[0086] According to the second embodiment, the fun-
nel-shaped space 2 in between neighboring electrodes
1 results, differently from the first embodiment, from the
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shape of the electrodes 1. Similarly to the first embodi-
ment, as a consequence of the changing width of the
space 2 in between neighboring electrodes 1, i.e. a width
which is decreasing in a longitudinal direction of the elec-
trodes, the electric field generated when driving the elec-
trodes 1 will vary along the longitudinal direction of the
electrodes 1. More particularly, the electrical field will be-
come stronger toward the location in the array 10 where
the width of the electrodes 1 is the highest and thus where
the electrodes 1 are closest together, in the example giv-
en at the top 9 of the electrode array 10.
[0087] Similar to the first embodiment, every two
neighboring electrodes 1 in the array 10 are driven or
energized with voltage signals which are phase-shifted
by 90° with respect to each other, as indicated in Fig. 3,
in order to obtain twDEP. Therefore, the dielectrophoretic
device may comprise driving means which may be adapt-
ed for driving the electrodes 1 with a mutual phase dif-
ference of 90° between every two neighboring electrodes
1. In general, the driving means may be adapted for driv-
ing the electrodes 1 with a mutual phase difference of
360°/n between every two neighboring electrodes 1, with
n being higher than 2. According to embodiments of the
invention, the electrodes 1 of the array 10 may be driven
by active matrix electronics such as e.g. LTPS (low-tem-
perature polycrystalline silicon) technology.
[0088] Under the influence of twDEP (indicated by ar-
row 12 in Fig. 3), cells 5 are transported along the elec-
trode array 10. Simultaneously to the lateral twDEP force,
the cells 5 will experience a second force substantially
perpendicular to the twDEP force and due to the inho-
mogeneity of the electrical field in between every two
neighboring electrodes 1. For cells 5 undergoing positive
DEP, the second force is directed towards the location
where the electrical field is the strongest, in the example
given towards the top 9 of the electrode array 10. For
cells 5 undergoing negative DEP, the second force is
directed towards the location of the electrode array 10
where the electrical field is weaker, in the example given,
towards the bottom 11 of the electrode array 10. As a
result of the twDEP and the second force perpendicular
to the twDEP force and depending on the type of cell 5,
the trajectory of the cell 5 may, for example, be indicated
by arrows 13 (cells 5 undergoing strong positive DEP),
14 (cells 5 undergoing strong negative DEP) and 15 (cells
5 undergoing weak positive DEP).
[0089] Similar to the dielectrophoretic device de-
scribed in the first embodiment, the dielectrophoretic de-
vice according to the second embodiment may comprise
transport means 8 for transporting cells 5 toward the array
10 of electrodes 1 (not shown in Fig. 3). Several methods
can be envisaged to transport the cells 2 onto a specific
location of the electrode array 10. According to embod-
iments of the invention, the transport means 8 may com-
prise a linear array of substantially parallel electrodes to
transport the cells 5 by twDEP. This linear array 8 may
also be referred to as conveyor array. The conveyor array
8 may comprise any suitable number of electrodes as is

required to transport the cells 5 toward the electrode array
10. For example, the conveyor array 8 may comprise at
least 3 electrodes, and may, for example, comprise 20
electrodes.
[0090] According to embodiments of the invention, the
electrode array 10 can extend over a relatively long dis-
tance, i.e. in the order of millimeters or even centimeters.
Due to such long interaction distance, even small varia-
tions in the dielectric properties of the cells 5 can be re-
solved. Cells 5 of different types, i.e. with different die-
lectric properties, can then be trapped onto characteristic
zones on the dielectrophoretic device.
[0091] Alternatively, the dielectrophoretic device may
comprise collection means 16 for collecting cells 5. For
example, different cell sub-populations, or cells 5 with
different dielectric properties, may be sorted into subse-
quent microfluidic collection channels 16, as illustrated
in Fig. 3. Such channels 16 can, for example, be placed
adjacent the electrode array 10. According to embodi-
ments of the invention, the collection channels 16 may
comprise additional electrodes (not shown in the figure)
for performing impedance measurements. Such addi-
tional electrodes may, for example, form Coulter counters
to count the cells 5 collected in each of the collection
channels 16. In case of a large number of channels, ac-
tive matrix electronics (based on large area electronics,
e.g., LTPS technology) can be used to provide readout
electronics for performing the impedance measure-
ments. According to embodiments of the present inven-
tion, the same active matrix electronics may also be used
to drive the electrodes 1 of the electrode array 10 of the
dielectrophoretic device.
[0092] In a second aspect of the invention, a method
is provided for manipulating particles 5 using a dielectro-
phoretic device according to embodiments of the present
invention. The method comprises applying voltage sig-
nals to the electrodes 1 with a mutual phase difference
of 360°/n between every two neighboring electrodes 1,
with n being higher than 2. As described above, applying
voltage signals with a mutual phase difference of 360°/n
between every two neighboring electrodes 1 is performed
to obtain twDEP. For example, according to embodi-
ments of the invention, n may be 4 and neighboring elec-
trodes 1 may be driven with a mutual phase difference
of 90°. Under the influence of twDEP the cells 5 are
moved over the electrode array 10 and, based on their
properties, e.g. size and/or dielectric properties are dif-
ferently manipulated. For example, according to embod-
iments of the invention, the particles 5 may be separated
and collected, e.g. sorted, in collection means 16 where
they can be counted or treated. According to other em-
bodiments, the particles 5 may be moved towards a lo-
cation, such as a electric field processing region (see
further), in the array 10 where the electric field is the
highest and where electric lysis or electroporation of cells
5 can be performed.
[0093] According to embodiments of the invention, the
method for manipulating particles 5 may furthermore
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comprise transporting the particles 5 towards the array
10 of electrodes 1. This may be done by transport means
8. Several methods can be envisaged to transport the
particles 5 to a specific location of the electrode array 10.
According to embodiments of the invention, the transport
means 8 may comprise a linear array of parallel elec-
trodes to transport the particles 5 by twDEP. The linear
array of parallel electrodes may comprise any suitable
number of electrodes as is required to transport the par-
ticles 5 toward the electrode array 10.
[0094] Experiments have been performed to demon-
strate the efficient working of the dielectrophoretic device
and method according to embodiments of the present
invention. These experiments were performed using a
suspension of cells 5 of a single type. Nonetheless, dif-
ferences due to individual cell variations could readily be
detected.
[0095] In a first experiment, an electrode array 10 sim-
ilar to the one described in the second embodiment was
used. This configuration allowed verification that cells 5
undergoing positive DEP are pulled towards the location
on the array where the electric field is the highest, i.e. to
the top 9 of the electrode array 10 as illustrated in Fig.
3, while cells 5 undergoing negative DEP are pulled to-
wards locations on the electrode array 10 where the elec-
tric field is the smallest, i.e. to the bottom 11 of the elec-
trode array 10 as illustrated in Fig. 3. Fig. 4 illustrates the
principle of the dielectrophoretic device according to em-
bodiments of the invention for mouse cancer cells 5 un-
dergoing positive DEP. For this experiment, a signal with
a voltage of 3V and a frequency of 1 MHz was applied
to the electrodes 1 surrounding the cells 5 present in the
space 2 in between the electrodes 1. In order to have
twDEP, the frequency should be such that the imaginary
part of the clausius-mossotti (CM) factor, which indicates
changes in dielectric properties of the particles, is differ-
ent from zero. Suitable ranges of frequencies thus de-
pend on the type of particles 5, e.g. cells, and the con-
ductivity of the medium in which the particles 5, e.g. cells
are present. In general, the imaginary part of the CM
factor peaks around the DEP cross-over frequency. For
conductivities of between 100 PS/cm and 1 mS/cm a
suitable frequency range may be between 10 kHz and 5
MHZ. It has to be noted that it is difficult to obtain twDEP
at high conductivities. Therefore, preferably particles 5,
e.g. cells are suspended in a low conductivity medium.
[0096] For the purpose of clarity, the cells 5 that were
looked at are surrounded by a white circle. The electrodes
1 were driven with a mutual phase difference of 90° be-
tween neighboring electrodes 1. It can be seen from the
subsequent figures (a), (b) and (c) of Fig. 4 that the cells
5 are moved along the longitudinal direction of the elec-
trodes 1. The cells 5 are pulled towards locations in the
space 2 between two neighboring electrodes 1 where
the width is smallest, i.e. where the electric field is the
highest.
[0097] In a further experiment, a radial array 10 of elec-
trodes 1 according to the first embodiment was used with

mouse cancer cells 5. The experiment is illustrated in
Fig. 5 which shows successive steps 1 to 4 in the move-
ment of mouse cancer cells 2 in a radial electrode array
10. Several important points could be verified with the
dielectrophoretic device. Cells 5 move in a circle (indi-
cated with arrow 17) when the electrodes 1 in the array
10 are energized or driven with twDEP voltage signals
as described above. The movement was observed to be
fast, i.e. cells 5 close to the center 4, for example less
than 10 Pm from the center 4, of the radial array 10 (in-
dicated by circles) can do one revolution in 10 à 20 sec-
onds when the electrodes 1 are driven at a voltage of 2V
which may lead to an electric field of about 400 kV/m for
a distance between the electrodes 1 of about 5 Pm,
whereas cells 2 located further away from the center 5
of the radial array move slower. For example, for cells 5
which are 50 Pm away from the center 4, about 1 minute
is required to move them toward the center 4.
[0098] The movement of the cells 5 was observed to
depend strongly on the properties of the cells 5, such as
their size, shape and/or composition. Changes in the di-
electric properties of the cells 5 also had an effect on the
cell trajectory. For example, in several occasions cells 5
were observed to invert the sense of rotation immediately
prior to lysis. This is due to the fact that a strong electric
field disrupts the cell membrane. This dramatically
changes the dielectric properties of the cell (also ex-
pressed by means of the Clausius-Mossotti (CM) factor
(see above)). If the imaginary part of the CM factor chang-
es sign, the rotation sense is inverted.
[0099] The direction of the rotation of the cells 5 (indi-
cated with arrow 17) can be inverted by varying the rel-
ative phase of the applied voltage signals or, alternative-
ly, by varying the frequency of the signals across the DEP
cross-over frequency, i.e. the frequency where a cell 5
makes the transition from negative to positive DEP.
[0100] The existence of a force substantially perpen-
dicular to the twDEP force, also referred to as perpen-
dicular DEP component, which is due to configuration of
the electrode array 10 according to embodiments of the
invention, was also verified during this experiment. Al-
though spiral trajectories (both expanding and contract-
ing) could be observed for short periods of time, the per-
pendicular component was in general too weak to lead
to a consistent spiral trajectory over several revolutions
when using cells. To overcome this problem, the dimen-
sions of the device may be optimized.
[0101] Consistent spiral trajectories over several rev-
olutions could be observed with the dielectrophoretic de-
vice according to embodiments of the invention using
micron-sized latex beads (see Fig.6). By varying the rel-
ative phases of the applied voltage signals, both expand-
ing and contracting spirals could be induced. The left part
of Fig. 6 shows the situation at 0 seconds while the right
part of Fig. 6 shows the situation after 70 seconds. Fig.
6 illustrates the case for an expanding spiral, indicated
by arrow 18. At t=0 seconds, the beads are evenly spread
over the device; at t=70 seconds, the beads are moved
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away from the center 4 of the radial array towards the
outside thereof.
[0102] The dielectrophoretic device according to em-
bodiments of the invention can be used to separate cells
5, or in general to separate particles 5, on the basis of
their dielectric properties, e.g. to collect or sort such cells
or particles. As already described above, particles, e.g.
cells, can differ in size, shape and/or composition, which
will lead to different dielectric properties and thus to dif-
ferent dielectrophoretic responses. For example, cell
separation or sorting on the basis of cell type has impor-
tant applications, such as the isolation of stem cells from
blood or bone marrow for regenerative therapy, or the
isolation of circulating tumor cells from blood, so that they
can be further examined in detail by e.g. a pathologist.
[0103] Often, the differences in dielectric properties
between the particles 5, e.g. cells that are to be separated
are small. An advantage of the dielectrophoretic device
according to embodiments of the present invention com-
pared to other separation or sorting methods based on
DEP is that the interaction time of the particles 5, e.g.
cells, with the electrical field is much longer in case of
the device according to embodiments of the invention,
i.e. may be from 10s up to several minutes. Hence, even
particles 5, e.g. cells, with very small differences in die-
lectric properties can be separated.
[0104] The application area of the dielectrophoretic de-
vice according to embodiments of the invention can be
expanded greatly in cases where the differences in the
dielectrophoretic properties of the particles 5, e.g. cells
can be artificially enhanced, e.g. by labeling specific cells
with polymeric beads. This allows particles 5, e.g. cells,
to be sorted on the basis of the presence of certain pro-
teins on the membrane. This approach could be useful
in clinical applications, such as stem cell enrichment and
tumor cell isolation, but also in biotech applications such
as protein engineering. For instance, libraries of (genet-
ically altered) cells can be screened to develop peptide
and antibody affinity reagents.
[0105] The dielectrophoretic device according to em-
bodiments of the invention can also be used in electrical
field lysis or electroporation of cells 5.
[0106] Cell lysis, i.e. breaking open a cell membrane
to release sub-cellular material, is a key step in biochem-
ical and biomedical assays based on the analysis of pro-
teins, nucleic acids (DNA and RNA) or organelles. In
some cases, a total homogeneous lysate, i.e. contents
released from a lysed cell, is sufficient for the analysis.
Often, however, sub-cellular fractionation is necessary
and complete homogenization of cellular components
should be avoided. The requirements for a device suita-
ble for cell lysis include speed, high efficiency, selectivity
(e.g. breaking down cell membranes while protecting or-
ganelles) and integration with other micro fluidic devices.
[0107] Conventionally, cells 5 are lysed by either
chemical or mechanical means. The cell membrane con-
sists of a lipid double-layer, which can be dissolved by
buffers containing detergents. In general, such buffers

also dissolve the organelle membranes and are therefore
not suitable for assays where organelle integrity is critical.
Moreover, additional steps are needed to introduce
and/or remove the lysis buffer. Mechanical breakdown
of the cell membrane can be induced by shear stress,
wear or by applying ultrasound (sonication). Such meth-
ods also do not generally provide the discrimination
needed for organelle analysis and are difficult to integrate
into microfluidic systems. Thermal lysis can also be used
but is only compatible with nucleic acids analysis be-
cause proteins are denatured by heat.
[0108] Recently, electric field lysis has attracted con-
siderable attention as it enables sub-cellular fractionation
without the complications of chemical and mechanical
lysis and can be easily integrated into microfluidic sys-
tems. In electric field lysis, an external electric field dis-
rupts the cell membrane by inducing changes in the trans-
membrane potential. Depending on the voltage applied,
the membrane can be disrupted permanently (lysis) or
reversibly (electroporation). In the last case, transient
pores are created in the membrane, either to release
intracellular material or to introduce macromolecules
such as DNA or drugs. By exploiting differences in the
trans-membrane potentials of the cell membrane (-60
mV) and organelle membranes (-160 mV for e.g. mito-
chondria) cells 5 can be lysed with minimal impact on
organelles. The applied voltage can be a pulsed DC volt-
age or an AC voltage to avoid electrolysis and gas for-
mation.
[0109] The dielectrophoretic device according to em-
bodiments of the invention has several advantages for
electric field lysis. The principle of cell lysis will be de-
scribed by means of a dielectrophoretic device wherein
the electrodes 1 of the array 10 are arranged radially as
described with respect to the first embodiment (see Fig.
7). However, it has to be understood that also the dielec-
trophoretic device according to the second embodiment
of the invention can be used for electric cell lysis.
[0110] Due to the decreasing width of the space 2 in
between neighboring electrodes 1, the magnitude of the
electrical field created by the electrodes 1 increases
gradually towards the center 4 of the electrode array 10
as illustrated in Fig. 2 and Fig. 7. When operating under
positive (attractive) DEP conditions, the cells 5 will ex-
perience a radial force directed towards the center 4 of
the array 10. As they move towards the center 4 of the
array 10, the cells 5 are exposed to a stronger and strong-
er electric field until they arrive in the high field region
(indicated with reference number 19), also referred to as
lysis region, and are eventually lysed. Lysed cells are
indicated in Fig. 7 with reference number 20. Electric lysis
of cells 5 using the dielectrophoretic device according to
embodiments of the invention may have the following
advantages:
[0111] Cells 5 can be collected over a large area and
transported to the processing region such as a lysis re-
gion 19, resulting in high efficiency.
[0112] To create high electrical fields on the order of
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106 V/m with acceptable voltage signals, i.e. with voltage
signals of between 1V and 10 V, it is necessary to have
electrodes 1 close together. For example, for a voltage
signal of 1V the distance between neighboring electrodes
may be 1Pm and for a voltage signal of 10V the distance
between neighboring electrodes may be 10 Pm. This can
have two negative effects for the device. A first one is
that the chance of electrolysis may increase because the
resistance between the electrodes 1 is low and a second
one is that the capacitance may increase which results
in higher power consumption. Unlike conventional struc-
tures for electric lysing, such as e.g. castle electrodes,
the configuration according to the first embodiment of the
invention only has electrodes 1 close together near the
center 4 of the radial array 10. Similarly, for the dielec-
trophoretic device according to the second embodiment
of the invention, because of the funnel-shape of the elec-
trodes 1, the electrodes 1 are only close together at one
end, in the example of Fig. 3 at the top 9 of the array 10.
Hence, the average electrode distance of the configura-
tions according to embodiments of the invention may be
larger than in prior art devices, the overall capacitance
may be lower and therefore lower power may be required.
The larger average distance also increases the resist-
ance and therefore reduces the likelihood of electrolysis.
[0113] The proper voltage for cell lysis is obtained au-
tomatically, and does not have to be adjusted for different
types of cells 5. Once the cell membrane is lysed, the
intracellular material is released. The electric field ampli-
tude at the location of the lysis region 19 will not be suf-
ficient to disrupt organelles membranes, which will there-
fore remain intact. With the configurations according to
embodiments of the invention, a determination is made
of the position where lysing of individual cells 5 occurs.
In cases of radial arrays 10, the radial coordinate where
lysing occurs defines the electric field that is required. By
measuring this parameter for all cells 5 in a population,
a histogram of "Electrical field required for lysing" versus
"number of cells in the population" can be constructed.
This is a very interesting plot as it is indicative of the
viability of a cell population. Measuring the radial coor-
dinate where lysing occurs may be done optically, for
example with a microscope and a camera. Other ap-
proaches may also be possible, e.g. by means of inte-
grated sensor electrodes.
[0114] In a further aspect, the present invention also
provides a system controller 30 for use in dielectrophoret-
ic device for controlling driving of the electrodes 1 of an
array 10 in a dielectrophoretic device according to em-
bodiments of the present invention. The system controller
30, which is schematically illustrated in Fig. 8, may com-
prise a control unit 31 for controlling driving means 32
for applying a voltage signal to the electrodes 1 with a
mutual phase difference of 360°/n between every two
neighboring electrodes 1, with n being higher than 2. Ac-
cording to embodiments of the invention, n may be 4 and
the controller may be adapted for controlling driving
means 32 for applying a voltage signal to the electrodes

1 with a mutual phase difference of 90° between every
two neighboring electrodes 1
[0115] The system controller 30 may include a com-
puting device, e.g. microprocessor, for instance it may
be a micro-controller. In particular, it may include a pro-
grammable controller, for instance a programmable dig-
ital logic device such as a Programmable Array Logic
(PAL), a Programmable Logic Array, a Programmable
Gate Array, especially a Field Programmable Gate Array
(FPGA). The use of an FPGA allows subsequent pro-
gramming of the microfluidic system, e.g. by downloading
the required settings of the FPGA. The system controller
30 may be operated in accordance with settable param-
eters, such as driving parameters, for example temper-
ature and timing parameters.
[0116] The method described above according to em-
bodiments of the present invention may be implemented
in a processing system 40 such as shown in Fig. 9. Fig.
9 shows one configuration of processing system 40 that
includes at least one programmable processor 41 cou-
pled to a memory subsystem 42 that includes at least
one form of memory, e.g., RAM, ROM, and so forth. It is
to be noted that the processor 41 or processors may be
a general purpose, or a special purpose processor, and
may be for inclusion in a device, e.g., a chip that has
other components that perform other functions. Thus,
one or more aspects of the method according to embod-
iments of the present invention can be implemented in
digital electronic circuitry, or in computer hardware,
firmware, software, or in combinations of them. The
processing system may include a storage subsystem 43
that has at least one disk drive and/or CD-ROM drive
and/or DVD drive. In some implementations, a display
system, a keyboard, and a pointing device may be in-
cluded as part of a user interface subsystem 44 to provide
for a user to manually input information, such as param-
eter values. Ports for inputting and outputting data, e.g.
desired or obtained flow rate, also may be included. More
elements such as network connections, interfaces to var-
ious devices, and so forth, may be included, but are not
illustrated in Fig. 9. The various elements of the process-
ing system 40 may be coupled in various ways, including
via a bus subsystem 45 shown in Fig. 9 for simplicity as
a single bus, but will be understood to those in the art to
include a system of at least one bus. The memory of the
memory subsystem 42 may at some time hold part or all
(in either case shown as 46) of a set of instructions that
when executed on the processing system 40 implement
the steps of the method embodiments described herein.
[0117] The present invention also includes a computer
program product which provides the functionality of any
of the methods according to the present invention when
executed on a computing device. Such computer pro-
gram product can be tangibly embodied in a carrier me-
dium carrying machine-readable code for execution by
a programmable processor. The present invention thus
relates to a carrier medium carrying a computer program
product that, when executed on computing means, pro-
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vides instructions for executing any of the methods as
described above. The term "carrier medium" refers to any
medium that participates in providing instructions to a
processor for execution. Such a medium may take many
forms, including but not limited to, non-volatile media,
and transmission media. Non-volatile media includes, for
example, optical or magnetic disks, such as a storage
device which is part of mass storage. Common forms of
computer readable media include, a CD-ROM, a DVD,
a flexible disk or floppy disk, a tape, a memory chip or
cartridge or any other medium from which a computer
can read. Various forms of computer readable media may
be involved in carrying one or more sequences of one or
more instructions to a processor for execution. The com-
puter program product can also be transmitted via a car-
rier wave in a network, such as a LAN, a WAN or the
Internet. Transmission media can take the form of acous-
tic or light waves, such as those generated during radio
wave and infrared data communications. Transmission
media include coaxial cables, copper wire and fiber op-
tics, including the wires that comprise a bus within a com-
puter.
[0118] It is to be understood that although preferred
embodiments, specific constructions and configurations,
as well as materials, have been discussed herein for de-
vices according to the present invention, various changes
or modifications in form and detail may be made without
departing from the scope of this invention as defined by
the appended claims.

Claims

1. A dielectrophoretic device for manipulation of parti-
cles (5), the device comprising:

- an array (10) of electrodes (1), there being a
space (2) in between two neighboring elec-
trodes (1), the array (10) of electrodes (1) being
formed such that the space (2) in between the
two neighboring electrodes (1) has a width which
is decreasing in a longitudinal direction of the
electrodes (1), and
- driving means (32) adapted for driving the elec-
trodes (1) of the array (10) to generate a traveling
wave dielectrophoretic force to be exerted on
the particles (5).

2. A dielectrophoretic device according to claim 1,
wherein the array (10) of electrodes (1) is a one-
dimensional array.

3. A dielectrophoretic device according to claim 1 or 2,
wherein the direction of decrease of the width of the
space (2) in between two neighboring electrodes (1)
is oriented in the direction of the average longitudinal
direction of the neighboring electrodes.

4. A dielectrophoretic device according to any of the
previous claims, wherein the electrodes (1) are fun-
nel-shaped.

5. A dielectrophoretic device according to any of claims
1 to 3, wherein the array (10) of electrodes (1) is a
radial array in which the electrodes (1) are arranged
as segments of a circle extending from a center of
the circle to its circumference.

6. A dielectrophoretic device according to any of claims
1 to 3, wherein the array (10) of electrodes (1) is a
linear array and the electrodes (1) are funnel-
shaped.

7. A dielectrophoretic device according to any of the
previous claims, wherein the driving means (32) is
adapted for driving the electrodes (1) with a mutual
phase difference of 360°/n between two neighboring
electrodes (1), with n being higher than 2.

8. A dielectrophoretic device according to claim 7,
wherein the driving means (32) is adapted for driving
the electrodes (1) with a phase difference of 90° be-
tween two neighboring electrodes (1).

9. A dielectrophoretic device according to any of the
previous claims, furthermore comprising transport
means (8) for transporting particles (5) toward the
array (10) of electrodes (1).

10. A dielectrophoretic device according to claim 9,
wherein the transport means (8) is formed by a linear
array of parallel electrodes.

11. A dielectrophoretic device according to any of the
previous claims, furthermore comprising collection
means (16) for collecting particles (5).

12. A dielectrophoretic device according to claim 11,
wherein the collection means (16) is formed by an
array of collection channels.

13. A dielectrophoretic device according to claim 12,
wherein the collection channels are microfluidic col-
lection channels.

14. A dielectrophoretic device according to any of the
previous claims, wherein the collection means (16)
furthermore comprises impedance measurement
means for determining an amount of particles (5) in
the collection means (16).

15. A dielectrophoretic device according to any of the
previous claims, wherein the particles (5) are cells,
solid dielectric particles, engineered particles or bi-
ological particles.
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16. Use of the dielectrophoretic device according to any
of the previous claims for particle separation or sort-
ing.

17. Use of the dielectrophoretic device according to any
of claims 1 to 15 for cell lysis or cell electroporation.

18. Method for forming a dielectrophoretic device for ma-
nipulation of particles (5), the method comprising:

providing an array (10) of electrodes (1) with a
space (2) in between two neighboring elec-
trodes (1) such that the array (10) of electrodes
(1) is formed such that the space (2) in between
the two neighboring electrodes (1) has a width
which is decreasing in a longitudinal direction of
the electrodes (1) and
providing driving means (32) adapted for driving
the electrodes (1) of the array (10) to generate
a traveling wave dielectrophoretic force to be
exerted on the particles (5).

19. Method according to claim 18, wherein providing an
array (10) of electrodes (1) is performed such that
the array (10) is a one-dimensional array.

20. Method according to claim 18 or 19, wherein provid-
ing an array (10) of electrodes (1) is performed such
that the direction of decrease of the width of the
space (2) in between two neighboring electrodes (1)
is oriented in an average longitudinal direction of the
two neighboring electrodes.

21. Method according to any of claims 18 to 20, wherein
providing an array (10) of electrodes (1) is performed
such that a radial array (10) is formed in which the
electrodes (1) are arranged as segments of a circle
extending from a center of the circle to its circumfer-
ence.

22. Method according to any of claims 18 to 20, wherein
providing an array (10) of electrodes (1) is performed
such that a linear array (10) is formed with electrodes
(1) having a funnel-shape.

23. Method according to any of claims 18 to 22, further-
more comprising providing transport means (8) for
transporting particles (5) toward the array (10) of
electrodes (1).

24. Method according to any of claims 18 to 23, further-
more comprising providing collection means (16) for
collecting particles (5).

25. Method according to claim 24, furthermore compris-
ing providing impedance measurement means to the
collection means (16) for determining an amount of
particles (5) in the collection means (16).

26. Method for manipulating particles (5) using a dielec-
trophoretic device comprising an array (10) of elec-
trodes (1) wherein the space (2) in between two
neighboring electrodes (1) has a decreasing width
in a longitudinal direction of the electrodes (1), the
method comprising:

applying a voltage signal to the electrodes (1)
with a mutual phase difference of 360°/n be-
tween two neighboring electrodes (1), with n be-
ing higher than 2.

27. Method according to claim 26, wherein n is 4 and a
voltage signal is applied to the electrodes (1) with a
phase difference of 90° between two neighboring
electrodes (1).

28. Method according to claim 26 or 27, furthermore
comprising transporting the particles (5) towards the
array (10) of electrodes (1) for allowing them to be
manipulated.

29. Method according to any of claims 26 to 28, further-
more comprising collecting particles (5) in a collec-
tion means (16) after manipulation of the particles
(5).

30. Method according to claim 29, furthermore compris-
ing counting the amount of particles (5) in the collec-
tion means (16).

31. Method according to any of claims 26 to 30, wherein
manipulating particles (5) comprises separating par-
ticles (5) based on a difference in dielectric proper-
ties.

32. Method according to any of claims 26to 30, wherein
manipulating particles (5) comprises lysis or electro-
poration of cells (5).

33. Use of the method according to any of claims 26 to
32 in molecular diagnostics, biological sample anal-
ysis or chemical sample analysis.

34. Use of the method according to any of claims 26 to
30 for particle separation.

35. Use of the method according to any of claims 26 to
30 for cell lysis or cell electroporation.

36. A controller (30) for controlled driving of electrodes
(1) of an array (10) wherein the space (2) in between
two neighboring electrodes (1) has a decreasing
width in a longitudinal direction of the electrodes (1),
the controller (30) comprising: a control unit (31) for
controlling a driving means (32) for applying a volt-
age to the electrodes (1) with a mutual phase differ-
ence of 360°/n between two neighboring electrodes
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(1), with n being higher than 2.

37. A controller according to claim 36, wherein n is 4 and
a voltage signal is applied to the electrodes (1) with
a phase difference of 90° between two neighboring
electrodes (1).

38. Computer program product for performing, when ex-
ecuted on a computing means, a method as in any
of claims 26 to 32.

39. A machine readable data storage device for storing
the computer program product of claim 38.

40. Transmission of the computer program product of
claim 38 over a local or wide area telecommunica-
tions network.
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