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2 Electrokinetic strategies for particle
sorting and separation in
microfluidics

I
n this paper we review the latest developments with
respect to electrokinetic strategies for particle and cell separation
in microfluidics. We focus on electrophoresis and dielectrophoresis
as the two most important and widely used electrokinetic phenomena

applied in microchannel devices. Techniques based on this phenomena have
experienced swift progress in recent years. Electrophoretic strategies have also
recently started to include hydrodynamic flows to achieve better performance.
Regarding dielectrophoresis, many new practical studies have been reported using
both alternating current (AC) and direct current (DC) modes. The combination of
these two operational modes (AC/DC), contactless configurations (cDEP) and the
implementation of field-flow fractionation (FFF) and traveling-wave systems (Tw) in
microchannels are other examples of the sustained separation improvement achieved
by exploiting electrokinetic particle properties in applied electric fields. A detailed
overview of both electrophoretic and dielectrophoretic approaches is provided here,
covering examples of special relevance in the realm of electrokinetic separations of
particles and cells at the microscale.

2.1 Introduction

Since the establishment of the µTAS concept in the early 1990’s, the use of electric
fields has been closely associated with the design and development of new and diverse
microfluidic platforms [1]. Electro-osmotic pumping of fluids through small channels
was a landmark in the development of these technologies, resulting in the first examples
of miniaturized electrophoretic separations [2–11]. From that moment forward, the
number of new applications in lab-on-a-chip (LOC) devices involving electric fields,

13



Chapter 2. Electrokinetic strategies for particle sorting and separation in microfluidics

especially those based on electrophoresis, has grown impressively, standing out as a
topic of great interest in microfluidics [12]. One of the applications, that has benefited
a great deal from these developments, has been the microfluidic manipulation and
separation of cells and particles. Microfluidics, particles and electric fields have been
closely connected during the last two decades, due to particles (both biological and
inorganic) having intrinsic electric charge when suspended in aqueous solution. This
has resulted in the development of multiple approaches intended to get a better handle
on these fascinating systems by working with them on the microscale [13].

What has fostered the steady development of strategies for electrokinetic manipulation
of particles? There are a few aspects that make these strategies especially convenient
to work with. First, they are contactless, meaning that no physical features such as
constrictions, pillars or chambers are employed to capture and separate particles within
certain channel sections [14, 15]. In addition to requiring longer and more complex
microfabrication procedures, devices incorporating these features inherently suffer from
clogging and other similar undesirable effects when operating under continuous-flow
conditions. Second, the ease of implementation and integration of electrical connections
in microfluidic platforms [16] has the potential of making electrokinetic approaches
highly competitive with other contactless techniques employing optical [17,18], acoustic
[19,20] or magnetic [21,22] external fields.

Nowadays, electrokinetic approaches are being extensively used for handling particles
and cells in a wide variety of ways, such as trapping and enrichment [23, 24], sorting
and separation [25] and even implementation of microchip electrophoresis-based
assays in microfluidic devices [26, 27]. Electrophoresis allows for particle separation
according to the charge-to-size ratio of the beads themselves, based on the resulting
differential migration rates acquired in the applied electric field. Particles of different
sizes, shapes and electric charge can be confined and separated by means of
dielectrophoresis (DEP), which is based on the particle polarization acquired when
interacting with non-uniform electric fields. Other strategies simultaneously leverage
the hydrodynamic and electrokinetic properties of particles to perform on-chip
enrichment and separation based on multiple physicochemical properties (e.g. size,
charge, among others.). The objective of this review paper is to provide the reader
with a summary of the latest advancements in electrokinetic separations of particles
and cells in microfluidic systems, focusing extensively on electrophoresis and
dielectrophoresis as the two main groups of electrokinetic techniques.
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2.2 Electrokinetic techniques based on electrophoretic and electro-osmotic phenomena

2.2 Electrokinetic techniques based on electrophoretic
and electro-osmotic phenomena

2.2.1 General principles

Particles and cells possess unique electrical properties that make them susceptible to
electric fields. When dispersed in an electrolyte medium, polymer microparticles
(which themselves are charged) exhibit dipole-dipole and electrostatic interaction
with surrounding solvent molecules and ions. As a result, solvent molecules and ions
adjacent to the particle surface are distributed and organized into the so-called
electrical double layer (EDL) [28]. The first layer (Stern layer) consists of ions having
a charge opposite to that of the particle; these remain strongly fixed to the particle
surface by means of electrostatic forces. The second layer (diffuse layer) contains
freely-moving ions; this layer separates the Stern layer from the bulk medium. The
electric potential at the interface between the bulk fluid and the last stationary layer
of fluid attached to the particle (slipping plane) is defined as zeta potential, ζ. In the
presence of an external electric field parallel to the walls of a microfluidic channel
(E = E · ex), the zeta potential of the particle suspended in the medium causes the
migration of the particle in the direction of the applied field. This phenomenon is
called electrophoresis. The velocity that the particle acquires in this process
(electrophoretic velocity) is proportional to the magnitude of the electric field [29],
and is generally expressed as:

uep = µepE (2.1)

where µep is particle electrophoretic mobility. This term is ultimately dependent on
the thickness of the electric double layer (λD) of the particle with respect to its
hydrodynamic size (a). When the thickness of the double layer is significantly smaller
than particle diameter (λD � a), the expression of the electrophoretic mobility is
given by the Helmholtz–Smoluchowski equation [29]:

µep = ε0εζp
η

(2.2)

where η is the dynamic viscosity of the bulk medium in which the particles are
suspended, ε0 and ε are the electric permittivity of vacuum and the medium,
respectively, and ζp is the zeta potential of the particle. On the other hand, systems
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Chapter 2. Electrokinetic strategies for particle sorting and separation in microfluidics

whose double layer thickness is significantly larger than the particle diameter
(λD � a) are described using the Hückel expression for electrophoretic mobility [29]:

µep = 2ε0εζp
3η (2.3)

These analytical expressions are obtained assuming three essential conditions: (1)
particles are suspended in a relatively large amount of medium, (2) particle zeta
potential is relatively low compared to the zeta potential of the medium and (3) the
EDL is in equilibrium.

In a microfluidic channel having a net surface charge, the solvent molecules and ions
in the medium will distribute themselves accordingly in another EDL parallel to the
channel wall. Particles experience an additional velocity component due to the excess
of counterions moving along the EDL towards the oppositely-charged pole, inducing
fluid motion in the same direction [29]. This phenomenon is called electro-osmosis, and
the velocity of the resulting electro-osmotic flow (EOF) can be written as:

uEOF = µEOFE = ε0εζw
η

E (2.4)

where ζw is the zeta potential of the channel walls. Assuming zero pressure conditions,
the total particle velocity (up) is thus given by both the electrophoretic (uEP ) and
electro-osmotic (uEOF ) velocity components:

up = uEOF ± uep (2.5)

It is worth emphasizing the sign of each term in Eq. 2.5. In electro-osmosis, the surface
charge of the channel wall is stationary whilst the fluid moves due to the applied electric
field. The direction of fluid flow is dictated by the surface charge of the channel (value
of ζw). In electrophoresis, in contrast, we consider the motion of a charged particle in
an applied electric field through a fluid which is assumed stationary. The direction of
the electrophoretic motion will be ultimately given by the zeta potential of the particle
itself.
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2.2.2 Particle separations based on combined electrophoresis and
electro-osmosis

The motivation for sorting and separating particles in microchannels employing electric
fields probably finds its origin in the first examples of free-flow electrophoresis (FFE)
introduced by Manz et al. [30]. The approach aimed at the separation and fractionation
of different macromolecules in a wide, shallow separation chamber integrated into a
microdevice (Figure 2.1(A)). This chamber was flanked along both sides by arrays
of very small channels which connected the central separation chamber to two side
chambers (Figure 2.1 (B)). The system was originally designed in such a way that
a curtain of buffer was pumped through the separation chamber, with sample being
introduced along the top as a thin stream into the buffer stream. An electric field was
applied perpendicular to the hydrodynamic flow by inserting a thin wire electrode into
each of the side chambers. In doing so, charged molecules experienced simultaneously
the effect of the hydrodynamic flow along the length of the separation chamber and
electrophoretic deflection perpendicular to this flow due to the applied electric field.
This resulted in the actual separation of the different analytes into individual streams.
The degree to which a stream was deflected depended on the µep of the analyte in
question.

Figure 2.1: (A) Illustration of the free-flow electrophoresis (FFE) separation concept
for a mixture of a neutral (N), a monoanion (−1) and a dianion (−2). (B) Top-view
of silicon-made FFE device.

Although this approach has been widely used for separation of molecules ever since
in different ways [31] (i.e. free-flow zone electrophoresis [32, 33], isoelectric focusing
[34–36] and isotachophoresis [37, 38]), it has not been used for particle sorting and
separation as such. Capillary electrophoresis in fused silica capillaries has also been
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used to separate charged particles and cells [39–41]. Following the essence of this
example, electrophoretic techniques introduced thereafter have usually been employed
in combination with other passive approaches, harnessing the simultaneous interaction
of particles with both the electric and hydrodynamic flow fields [25]. These approaches
will be addressed in further detail in the following sections.

Figure 2.2: Particle separation with pressure-driven flow only (A) and electro-osmotic
flow (B). The separation in (A) is not complete as a result of misdistribution of the
flow. Color code: light grey corresponds to flow carrying particles from the inlet,
dark grey corresponds to a bare flow without particles [42].

One of the first examples of particle separation using plain electro-osmosis in
microchannels was reported by Kawamata et al. [42], inspired by the concept of
pinched-flow fractionation (PFF) introduced by Yamada et al. a few years earlier [43].
The device consisted of two identical channels that converged in a narrower pinched
segment, which in turn diverged into a star-shaped set of channels for particle
collection, as shown in Figure 2.2. Liquids with and without particles were
introduced from both inlets into the channel with electro-osmotic flow, generated
between the inlets themselves and the different outlets. The EOF from the lower inlet
was larger than from the upper inlet. As a result, particles were pushed towards the
upper sidewall once inside the pinched section, and aligned by means of the two
coalescing flows. At the end of this segment, the magnitude of the force applied to
the sidewall determined the trajectories of the particles according to their size. Small
particles were deflected perpendicular to the flow into the first exit channel, whereas
bigger particles were directed into the next channel. Binary mixtures of 0.50 and 0.86
µm, and 1.0 and 2.1 µm were separated. One of the added values of this approach
becomes clear when this technique is compared with its pressure-driven counterpart,
underscoring the advantages of electrokinetic microfluidic systems. In hydrodynamic
PFF, the distribution of the flow profile in the outlet branches is determined by the
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channel geometry, making it impossible to achieve highly accurate separations by
simply tuning the flow rate (Figure 2.2 (A)). The system driven with electro-osmosis,
however, allowed for precise flow control in every channel branch by tuning the
applied voltage between the two inlets and different outlets, improving significantly
the separation efficiency. Furthermore, the set-up was greatly simplified compared to
the hydrodynamic variant as no pumps were required to control the flow rate.

Figure 2.3: Particle separation mechanism based on a resistive pulse sensor gate.
Separation scheme (A), channel layout (B), and particle sorting with voltage switch
from outlet E (C) to D (D) [44].

Song et al. reported an electro-osmosis-driven approach for size-based particle sorting
based on a resistive pulse sensor (RPS) gate [44]. Particles were driven from left to
right through the main horizontal channel segment and focused along the centerline by
solution introduced via two additional channels situated at an angle to it, as depicted
in Figure 2.3. The electro-osmotic flow was generated and tuned between the three
inlets (one (inlet A) for particle loading and two (inlets B and C ) for focusing) and the
outlets of two other channel branches intended to collect particles of different sizes (E
and F). The collection branches were separated from the main channel by a sensing
gate that registered the resistive pulse signal of particles passing through. The emitted
signal was registered as a function of particle size, resulting in a switch of the EOF
between the two collecting branches. This way, different-sized particles and cells were
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Figure 2.4: (i) Simulation of the electric field lines around a spherical particle moving
through the center of the channel (A) and near one dielectric wall (B) with a
certain velocity, Uek. (ii) Separation of 3-, 5- and 10-µm-diameter particles in a
T-shaped microdevice on the basis of wall-induced electrical lift. Snapshot picture
of different-sized particles moving through the pinched segment of the channel (left),
superimposed pictures of particles in motion (middle) and calculated trajectories of
3-, 5- and 10-µm-diameter particles (right) [45].

sorted and collected on-demand in either collecting branch. The authors reported the
separation of 3- and 7-µm-diameter polystyrene microparticles and algae suspensions in
concentrations of 2×106 particles/mL and 106 cells/mL, respectively. The separation
throughput was reported in a range of 30-to-40 cell/min (equivalent to a volumetric
throughput of 30-to-40 nL/min), as well as separation efficiency close to 100% for the
used concentrations.

Particles experience a wall-induced lift effect in microchannels subjected to an electric
field. Lu et al. exploited this effect for the first time to separate particles based
on size [45]. This phenomenon has been originally described by Young et al. ten
years earlier, and consisted of the asymmetric distribution of the electric field around
particles moving near the dielectric walls of a microfluidic channel (Figure 2.4 (i)) [46].
The authors developed a T-shaped microchannel with two inlet branches (for particle
loading and sheath fluid, Figure 2.3 (ii)) that intersect with a main, central channel
segment. Fluids with and without particles are electro-osmotically introduced into the
main channel from the two perpendicular y-positioned channel inlets. The pinched
flow effect that results in the main channel enables particle alignment and focusing
along the upper channel wall. The wall-induced electrical lift force causes a size-
dependent deflection of particles from the sidewalls of the channel. This deflection
leads to an incremental separation of the two particle streams, which becomes more
pronounced with distance traveled along channel distance (Figure 2.4 (ii)). As a result,
fractions of three particle sizes (3-, 5- and 10-µm-diameter) were collected through

20



2.2 Electrokinetic techniques based on electrophoretic and electro-osmotic phenomena

the different outlet path (Figure 2.4 (ii, C)). This approach bears close resemblance
with Kawamata’s work as both strategies employ pinched flow for particle focusing
[42]. The main difference in the two approaches, however, lies in the longer distance
of the pinched channel branch employed to capitalize on the wall-induced lift force
(10 µm [42] vs. 1 cm [45]). Although the authors do not report the composition of
the collected particle fractions, experimental measurements of particle stream position
suggest complete separations of the three particle types upon entering the individual
collection branches of the channel.

Figure 2.5: Wall-induced electrical-lift separation of 5-µm-diameter non-fluorescent
and 4, 6 and 8 − µm-diameter fluorescent particles. (A) Experimental and (B)
calculated particle trajectories are shown in the top and bottom rows. Left, color
code: non-fluorescent and fluorescent particles are represented by dark and light
streamlines, respectively [47].

The same principle has been recently employed by Thomas et al. for charge-based
separation of fluorescent and plain polymer particles [47]. In contrast to the previous
example, these authors reported a ψ-shaped channel that consisted of two side branches
for particle injection and one central branch for particle alignment and focusing, as
depicted in Figure 2.5. Note that this channel geometry allowed for double pinched-
flow focusing along the two channel walls, as two inlet channels were used for particle
injection. Besides the deflection caused by particle size, three types of fluorescent
beads were observed to experience a more pronounced shift in trajectory than the
bare polystyrene ones, as they had different electrophoretic mobilities. The separation
of yeast cells from 5-µm plain particles was also performed, eventually reaching full
sorting efficiency (100%) for the latter near the channel wall.
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2.2.3 Separations based on combined electrokinetic and
hydrodynamic forces

Hydrodynamic flows have long been used in microfluidics for continuous-flow
manipulation and separation of particles in microchannels, giving rise to the so-called
passive separation techniques, purely based on particle-flow interactions [48]. The
intrinsic limitations of these techniques (relatively poor separation resolution, high
propensity to channel clogging, etc.) have been extensively tackled in combination
with external electric fields [25].

Figure 2.6: Schematic of a pressure-driven flow-induced free-flow electrophoretic
separation. Particles are injected with the pressure-driven flow through the vertical
channel. The electric field is applied horizontally along the wide channel, allowing
for both size- and charge-based particle separations [49].

Jeon et al. reported the first example of free-flow electrophoresis for particle separation
[49]. The authors developed a T-shaped microchannel in which the electric field was
applied between two electrodes placed in each reservoir of the main separation segment
(outlet 1 and 2 in Figure 2.5), whilst the pressure-driven flow was introduced from
the inlets of the two channels branches (Figure 2.5). The separation mechanism of

22



2.2 Electrokinetic techniques based on electrophoretic and electro-osmotic phenomena

this approach lies in the opposing electrokinetic (electrophoretic) and hydrodynamic
(pressure-driven and electro-osmotic flows) effects that particles experience in the main
channel. Once in the junction between the two segments, particles feel the simultaneous
hydrodynamic drag force of both PF and EOF, as well as the electrophoretic effect
given by the applied electric field. Particles with different size and surface charge will
be affected differently by the hydrodynamic and electrokinetic forces, being thus drifted
towards inlet 1 (outlet 1) or outlet 2, depicted in Figure 2.5.

Interestingly, the authors claimed the separation of polystyrene particles of two different
sizes (4.9 and 10 µm) on the basis of electrophoretic mobility (−4.35 × 10−4 and
−8.44× 10−4 cm2 V−1 s−1) at flow rates from inlets 1 and 2 of 400 and 100 nL/min,
respectively and 130 V applied voltage. Nevertheless, the different velocity acquired by
these two different-sized particles with similar (if not the same) surface charge in the
main channel would be rather determined by the hydrodynamic dragging force exerted
by both the pressure-driven and electro-osmotic flows. Additionally, the continuous
separation of 9.9 µm polystyrene and 10 µm glass particles was also performed at flow
rates from inlets 1 and 2 of 400 and 100 nL/min, respectively and 80 V applied voltage.
In this case, the separation is assumed to be based on the electrophoretic mobility of
both particle types, since they have different surface charge distributions. Very high
and similar efficiencies were achieved for both size- and charge-based separations (c.a.
97 and 98%, respectively).

Lettieri et al. established the basis of particle trapping and preconcentration in
planar diverging and converging channels by harnessing the recirculating effects of
bidirectional flows [50]. The authors proved the concept of particle trapping in a long
narrow channel, etched in glass, that expanded gradually into wider sections at both
ends. For this, pressure-driven and electro-omostic flows were opposed to one another
along the channel length, resulting in the generation of a bidirectional flow profile
that eventually transformed into recirculating flow in the vicinity of the expansions,
as depicted in Figure 2.6. As in the previous case, particles moving in the
bidirectional flow would be subjected to the hydrodynamic and electrokinetic effects
derived from the interaction with the flow field and the electrophoretic mobility,
respectively. This approach was introduced as flow-induced electrokinetic trapping
(FIET), a particle-trapping mechanism whereby micrometer-sized particles are
captured in the closed recirculating streamlines based on surface charge (zeta
potential, ζ) and size. The authors successfully performed trapping experiments with
2.5-µm-diameter polystyrene particles in concentratrion of 107 beads/mL.
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Figure 2.7: (A) Three dimensional view of how bidirectional flow is generated in a
narrow microchannel by opposition of PF and EOF flows. (B) (Upper diagram)
Schematic top-view of the expanding microchannel geometry employed in flow-
induced electrokinetic trapping. Pressure-driven (blue lines) and electro-osmotic (red
lines) flow are opposed to one another, leading to the generation of recirculating flow
in which particles can be trapped and concentrated. (Lower diagram) Structure of
the converging-diverging segment, defining the two aperture angles and widths in
different sections [50].

Jellema et al. further extended this concept to the separation of latex mixtures based
on particle surface charge [51]. Similar-sized particles would acquire comparable
hydrodynamic velocities in the bidirectional flow, being the separation exclusively
conditioned by differences in electrophoretic mobility. This is due to the particles
possessing different charges or zeta potentials. The authors reported the separation of
a 3-µm-diameter mixture of blue polystyrene particles (low ζp, less negative) and
green fluorescent polystyrene particles (high ζp, more negative). This difference in
surface charge allowed for the selective capture of high-ζp beads at 4 mbar applied
pressure and 450 V applied voltage in the narrow segment while driving the low-ζp
beads towards the channel inlet (left side of the microchannel unit, precedent to the
first diverging area in Figure 2.6 (B)), in the direction of EOF. The same authors
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took this strategy one step further soon thereafter, achieving the separation of
particles having the same electrophoretic mobility based on size [52]. A mixture of
2.33- and 2.82-µm-diameter poly(methyl methacrylate) (PMMA) was chosen to
demonstrate the separation of particles that were just a few hundred nm different in
size. Unlike the previous example, this separation was purely hydrodynamic in
nature, driven by the differing interaction of particles with the bidirectional flow in
accordance with bead size. A mixture of both particle sizes was prepared in a
concentration of 107 particles/mL and trapped in the narrow trapping channel at 4
mbar applied pressure and 115 V applied voltage. At these conditions, small particles
were driven towards the channel inlet along with EOF as these particles werere able
to sample the EOF streamlines closer to the wall. The large particles, however,
remain trapped in the narrow segment as a result of the recirculating flow effect.
Both particle types exited the trapping channel when the applied voltage was
increased to 175 V. Although the fractions collected at the inlet reservoir were mainly
composed of small particles, evaluation of the narrow segment revealed a significant
number of small beads that remained trapped alongside the large ones. This
efficiency issue underlined the need to characterize and predict more accurately the
conditions under which beads are confined to the narrow, trapping channel, which
remains as a crucial step in the separation process.

In this regard, we have performed a characterization study of the trapping mechanism,
based on the distribution behavior of the beads confined inside the narrow channel
as a function of the applied electric field [53] (Figure 2.8 (A)). When trapped under
different electrokinetic conditions, this distribution is Gaussian in nature, and can be
characterized by registering the difference between incoming and outgoing particles in
the channel moving in the EOF direction, ∆np = |np,W2 − np,W1| as a function of
the applied electric field (Figure 2.8 (C)). These Gaussian-shaped curves ultimately
allowed for optimized size- and charge-based separations of different particle materials
and sizes [54]. We have also reported for the first time orthogonal (size- and charge-
based) separations of ternary microbead mixtures, tuning both the hydrodynamic and
electrokinetic velocity of the beads in the bidirectional flow [55,56]. Ternary latex bead
mixtures of 2.69-, 5.34-µm carboxylate (low ζp) and 3.1-µm green fluorescent (high ζp)
polystyrene particles have been gradually sorted in the narrow channel in order of
acquired particle velocity, ending up with particle fractions with purities of 100, 97
and 96% for each particle type.
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Figure 2.8: (a) Microscope close-up pictures of 2.69-µm-diameter carboxylated
polystyrene particles moving in and out of the trapping channel at different applied
voltages (b) Modeling of the flow profile in the trapping channel (c) Distribution of
trapped particles along the channel length as a function of applied voltage.

2.2.4 Separations based on electrophoresis and channel obstacles

Electric fields have also been exploited in combination with obstacle arrays in
microchannels to achieve size-based particle separations. Hanasoge et al. proposed an
electrokinetically-driven variant of the well-established technique known as
deterministic lateral displacement (DLD) [57]. The technique, as it was initially
described, utilizes arrayed arrangements of posts in a microchannel with the posts of
the same row are equally separated (λ) and each row shifted laterally with respect to
the previous row (∆λ/λ) [58, Figure 2.9 (A)].

The solution propelled through the device is thus forced to flow around the posts,
resulting in the generation of streams of different velocities around each post (Figure
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2.9 (B)). Particles that are smaller than the stream dimensions flow straight through
the post array undergoing no deflection. Particles bigger than flow stream
dimensions, on the other hand, are displaced laterally after passing every consecutive
pillar, resulting in size-based separation across the width of the channel. The extent
of lateral displacement is dictated by particle size, with particles of increasing size
experiencing increased lateral deflection (Figure 2.9 (C)).

Figure 2.9: Parameters defining the geometric arrangement of the post array: the
post-to-post distance, λ, and the row-to-row shift, ∆λ/λ. The flow field is applied
vertical to the pillar arrangement (A). Distribution of three neighboring laminar flows
(B) and displacement pattern of a single particle (C) through the post array [58].

Hanasoge et al. reported a single-channel design with an array of microfabricated
pillars, arranged in straight rows, lying at the center its length (Figure 2.10) [57]. A
mixture of 4.32-, 10- and 15-µm-diameter particles were introduced and driven through
the post array by the combined effects of electrophoresis and electroosmosis. The paths
followed by different-sized beads were tracked at different positioning angles of the
pillars with respect to the channel orientation. This allowed for straight tuning of the
pillar-to-pillar offset distance (∆λ/λ), a parameter that ultimately defines the trajectory
of a particle based on its size [59,60]. A 9◦- transition angle (largest experimental angle
at which particle trajectory remain locked along the [1,0] direction, vertically down the
post arrangement) was found between the 4.32-µm beads and 10-µm beads. This
difference increased to 14◦ between the 4.32-µm and 15-µm beads. This separation
performance was comparable to other previously-reported examples driven by either
hydrodynamic flow [61] or gravity [62].
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Figure 2.10: Electrokinetically-driven deterministic-lateral-displacement channel
structure. (Above) Top and tilted view of the pillars integrated in the microfluidic
device, fabricated by standard photolithography. (Below) Scheme of the PDMS
channel module sealing onto the glass-made bottom part [57]. Transition angles
of 9 and 14◦ were observed between the 4.32-µm beads and 10-µm beads and the
4.32-µm and 15-µm beads, respectively.

2.3 Dielectrophoresis

2.3.1 General principles

Dielectrophoresis, or DEP, is the phenomenon based on the movement of particles
induced by non-uniform electric fields, due to the interaction of the particle’s dipole
with the spatial gradient of the applied field [63]. In order to picture this phenomenon,
let us assume a fluid inside an electric field, E. The orientation of charges in the fluid
(known as polarization, P) can be expressed as:

P = ε0χE (2.6)
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where χ is the electric susceptibility of the fluid. On these basis, a dielectric particle
immersed in the same fluid would be induced a dipole moment, p, which naturally
depends on the polarizability of the particle, α. This parameter is defined as the
ability of the particle to reorganize opposite electrical charges (positive and negative)
on the surface, creating this way a net electric dipole [29]. The expression of the dipole
moment of the particle is thus written as:

p = αE = 4πεmfCM (εp, εm) a3E (2.7)

where εm and εp are the electric permittivities of the medium and particle, respectively
and a is the particle radius. The term fCM is known as the Clausius-Mossotti factor,
and groups the electric permittivities of both particle and medium as:

fCM (εp, εm) = εp − εm
εp + 2εm

(2.8)

This factor describes the effective motion of particles in the suspending medium, and
ranges from -1/2 (εm → ∞, and so εm � εp) to 1 (εp → ∞, and so εm � εp).
Positive values of this function would condition particles to move in the direction of
the electric field (positive dielectrophoresis, p-DEP, Figure 2.9 (A)), whereas negative
values would result in the opposite effect, ousting particles away from the surface of
the anode (negative dielectrophoresis, n-DEP, Figure 2.9 (B)). The dielectrophoretic
effect is also applicable to non-charged particles as long as they exhibit a net dipole
moment along the particle structure [64].

The dielectrophoretic force (FDEP) exerted on the particle is given by the direction of
the particle’s dipole moment [29] and can be derived as:

FDEP = (p · ∇) E =2πεmfCM (εp, εm) a3∇ |E|2 (2.9)

It is worth noting that the square of the electric field (|E|2) means that the direction
of the field cannot be simply reversed by switching the polarity of the electrodes. The
simplicity of the instrumentation and the ease of its miniaturization and integration
in microfluidic devices have promoted the popularity of this technique as a good
alternative for particle manipulation and separation in microfluidics. DEP is suitable
for the manipulation of different-sized and -charged particles, and can operate in
either direct (DC-DEP) or alternating (AC-DEP) current modes. In this section, the
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different modalities of DEP, as well as the most recent application in microfluidics are
reviewed.

Figure 2.11: Positive (A) and negative (B) dielectrophoresis induced on a spherical
particle under a non-uniform electric field.

2.3.2 AC-field dielectrophoresis

As concluded in the last section, the square of the electric field amplitude as it appears
in Eq. 2.9 indicates the possibility of inducing DEP force either under continuous (DC)
or alternating (AC) current conditions. In this regard, AC electric fields have become
particularly popular in dielectrophoresis as a feasible way to address the classical issues
caused by DC fields, such as undesired electrophoretic and electro-osmotic motion of
the particles in the microchannel and eventual Faradaic reactions occurring at the
electrode-medium interphase [65]. As a matter of fact, particle polarization in an AC
electric field is strongly dependent on the frequency (ω) of the field itself, as is explained
hereunder. The electric field can be written as a function of its frequency employing
phasor notation as:

E (x, t) = Re
[
Ê (x, y, z) eiωt

]
(2.10)

where Ê = (−∇φ) is the phasor term of the electric field and Re is the real part
of the field function [66]. Consequently, the particle dipole moment, p̃ acquires a
complex expression, which is ultimately a function of the complex particle and medium
permittivities, respectively:

p̃ = 4πεmfCM (ε̃p, ε̃m) a3E (2.11)
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The complex form of the electric permittivities is thus expressed in terms of the applied
frequency and electric conductivity (σ) as:

ε̃ = ε− i σ
ω

(2.12)

The complex form of the Clausius-Mossotti factor, fCM (ε̃p, ε̃m) adopts the same form
as shown in Eq. 2.8, but now involves the complex permittivities as written in Eq.
2.12:

fCM (ε̃p, ε̃m) = ε̃p − ε̃m
ε̃p + 2ε̃m

(2.13)

The same derivation of the dielectrophoretic force introduced in Eq. 2.8 leads to a
similar expression for the time-averaged dielectrophoretic force (〈FDEP (t)〉) exerted
on a spherical particle:

〈FDEP (t)〉 = 2πεmRe [fCM ] a3∇ |Erms|2 (2.14)

with Erms = E/
√

2.

As previously mentioned, particle and cell separation is one of the major applications
of dielectrophoresis. When operating with AC fields, the dielectrophoretic force is
generated by arrays of electrodes integrated inside the microfluidic network itself.
These electrodes, usually planar and just a few hundreds of nm-thick at most, are
microfabricated in different materials and shapes that vary considerably from one
application to another. The main advantage of inserting the electrodes inside the
microfluidic device is that no high voltages are typically required to achieve adequate
magnitudes of the DEP force. This substantially simplifies the process from the
instrumentation standpoint. Unlike DC-DEP (which will be described in detail in the
next section), the absence of a uniform electric field generated between the inlet and
outlet of the channel prevents the occurrence of other electrokinetic transport
phenomena such as electroosmosis and electrophoresis. Therefore, an auxiliary
pressure-driven flow often becomes necessary for particle introduction and
transportation throughout the channel network. This practice has been traditionally
employed in AC-DEP for trapping, focusing and separation of polymer
particles [67, 68] and cells [69–71]. 3D electrodes have also become popular over the
last ten years, as their use has been reported to shorten the microfabrication process,
or even improve separation performance by contributing to the creation of more
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non-uniform, better spatially-distributed electric fields. Optimal separation
conditions are typically achieved by imposing balance of dielectrophoretic and
hydrodynamic forces in the microchannel.

2.3.2.1 Recent electrode designs in AC-DEP

Çetin et al. introduced a simple microfluidic device with integrated 3D copper
electrodes microfabricated by simple soft lithography for the separation of polymer
microparticles based on size [72, 73]. The device layout consisted of two inlet
reservoirs (A and B) and two exit ones (C and D) connected to each other by
microchannels that were 200-µm-wide and 20-µm-high. Reservoirs A and B are for
the particle input and driving buffer solution, whereas reservoirs C ad D are for
particle collection. Two asymmetric electrodes (50- and 1000-µm-width, respectively)
were embedded in the main channel section, which branched out at both ends into
two inlets and two outlets, as depicted in Figure 2.12.

Figure 2.12: Experimental data (A) and comparison of experimental data and
theoretical particle trajectory calculations (B) of the separation of 5- and 10-µm-
diameter latex particles at 7 V applied voltage using AC-DEP with 3D electrodes.
Particle motion is set from the inlets (A, B) to the outlets (C, D) of the channel [72].
Dark areas depict electrode location.
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The authors claimed the separation of latex particles (5- and 10-µm-diameter) and
white blood cells (WCB) from yeast cells at at typical working frequencies of 20 kH
and 7 and 10 V applied voltage, respecrively, although no evaluation of the collected
fractions was reported in the study. The charge-based separation of 10-µm particles
and WBC was also reported.

Lewpiriyawong et al. described a PDMS microfluidic device with integrated 3D
Ag-PDMS composite electrodes for AC-DEP separation of polymer particles [71], as
illustrated in Figure 2.13.

Figure 2.13: Top-view of AC-DEP separation of particles using 100-µm-width 3D
Ag-PDMS composite electrodes in a 200-µm-width and 1400-µm-long separation
channel [71]. (A) Compendium of forces acting on the polymer particle on its motions
throughout the electrodes integrated on the bottom of the channel. (B) Trajectory
deflection for 10-µm-diameter particles at 0, 25 and 55 V (A, B and C), and for
15-µm-diameter at 0, 25 and 50 V (D, E and F).

The microfluidic device consisted of a 200-µm-width and 1400-µm-long main channel
ramified in two inlets and two outlets. Four 100-µm-wide AgPDMS electrodes, spaced
100 µm apart from each other, were placed along one side wall of the main channel.
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The electrode fabrication was done by simple mixing PDMS gel with silver powder,
which as expected resulted in a significantly lower electric conductivity (2×104 S m−1)
than that of pure silver electrodes (6 × 107 S m−1). Despite this, yeast cells and 5-
µm-diameter latex particles were separated at 31.2 V applied AC voltage and 300 kHz,
reporting less than 5% contamination inside each collection reservoir. E. Coli cells
and 2.9-µm-diamter latex particles were also separated at 40.4 V applied AC voltage
and 1 MHz, reporting similar cross-contamination levels between the collection outlets.
Other than the good separation performance achieved in both cases, the added value of
this approach resides in the easy fabrication and integration of the electrodes. A very
similar approach was presented by Li et al., who implemented 3D electrodes fabricated
with low melting point metal alloys in a PDMS device [74]. The separation of a similar
binary particle mixture (5- and 10-µm-diameter) was completed at significantly lower
applied voltage (15 V), highlighting the importance of electrode conductivity in the
generated electric field.
Jia et al. described a device that combined three-dimensional Ag-PDMS electrodes
and vaulted obstacles in the same microfluidic channel [75], illustrated in Figure 2.14.
The device, similar to the previous two cases [71, 74], consisted of a 200-µm-wide
channel that split in two inlet and two outlet branches. Four 200-µm-wide Ag-PDMS
electrodes, spaced 200 µm apart from each other, were placed on one of the channel
sidewalls. The added effect of the obstacles had an important impact on the uniformity

Figure 2.14: Close-ups (left) and imposed particle trajectories (right) during the DEP
separation of 25-µm-diameter gold-coated polystyrene particles (purple) and 10-µm-
diameter native polystyrene particles (red) in a microdevice combining 3D AgPDMS
composite electrodes and vaulted obstacles at flow rates such that particle velocities
were 300 and 400 µm s−1 [75]. DEP separation conditions: 20 MHz applied frequency
and applied voltages between the left (U1) and right (U2) electrode pairs of U1 =
18.75 V, U2 = 12.5 V (A, B) and U1 = 25 V, U2 = 12.5 V (C, D).
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of the electric field created around the electrode area, which strongly contributed to
the separation of particles experiencing different DEP forces. The approach was tested
with the separation of particle mixtures of 10 µm polystyrene and 25 µm gold-coated
polystyrene particles at 1 MHz frequency and keeping the applied voltage between the
left-side pair of electrodes (U1) higher than the voltage applied between the right-side
pair of electrodes and (U2). Both particle types experienced different DEP effects: the
trajectory of large particles was shifted towards the electrodes by pDEP whereas small
particles were otherwise repelled by nDEP. Both trajectories diverged at the junction
point, ultimately leading to the separation of both particles.

Figure 2.15: DEP separation of malignant cells from blood cells using interdigitated
comb-like electrodes [76]. (Left) numerical simulations of the electric in the
interstices of the electrode comb structure (A) and at the convergence point between
the two electrodes (B). (Right) close-ups of the separation of MDA231 cancer cells
and red blood cells across the electrodes. Top-view of MDA231 (circled) and red
blood cells moving along the electrode and (B) top-view of the channel area between
two electrodes. Cancer cells selectively move through the electrode as the experience
pDEP effect generated by the electric field. Red blood cells, however, experience
nDEP and move close to the electrode surface.
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Figure 2.16: DEP separation of polymer particles using micrarray fot electrodes. (A)
Top-view of the gold-made 4× 4 microarray dot electrode. (B) Separation of 5- and
15-µm-diameter polystyrene particles. The mixture is uniformly distributed around
the dot electrode (dark grey area) before energizing the electrode (a). At a frequency
of 12 MHz and applied voltage of 20 V, the small 5-µm-particles are attracted towards
the edge of the microchannel by means of p-DEP, whilst the large 15-µm-diameter
are repelled towards the electrode center experiencing n-DEP (b) [77].

In addition to 3D electrodes as a way to strengthen the DEP force over particles and
achieve more efficient separations, other electrode designs and geometries have also
been reported in the literature pursuing the same purpose. Alazzam et al. described
a microfluidic device with interdigitated, comb-like planar electrodes for the
separation of malignant blood cells [76]. The design was reminiscent of the original
interdigitated castellated electrodes traditionally used in dielectrophoresis for particle
manipulation and separation [78, 79], depicted in Figure 2.16. A 50-µm-high and
10-µm-wide PDMS-quartz device was designed such that three pairs of comb-liked
interdigitated electrodes were deposited subsequently and slightly shifted with respect
to the direction of the flow. Two channel had two outlets for particle collection after
each pair of electrodes. The authors harnessed the enhanced corner effect occurring
at the edge of these electrodes (where the accumulation of charge and electric field is
higher) to separate breast cancer cells (MDA231, 6.2-µm-radius) from red blood cells
(2.8-µm-radius) at DEP conditions of 20 V applied voltage and 10-50 kHz frequency.
In fact, MDA231 cells experienced pDEP all the way through the inter-electrode
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space, flowing in the direction of the flow field. Red blood cells, however, experienced
the opposite effect, being forced to flow close to the electrode edge, separating from
MDA231 cells. The purity of the collected fractions of MDA231 and red blood cells
was found to be between 95 and 98%, although higher efficiencies are claimed for
more diluted samples.

Yafouz et al. reported a system that integrated a microarray of dot electrodes for
dielectrophoretic particle separation [77]. The device was inspired by the original
multi-channel AC-DEP model implemented by Fatoyimbo et al., based on arrays of
dot electrodes, that allowed for simultaneous on-chip assessment of different cell
populations [80], as depicted in Figure 2.17 (A). The electrode arrangement consisted
of a gold-made 4 × 4 microarray dot electrode sandwiched between two 4-mm-thick
polymethyl methacrylate (PMMA) covers, ensuring electric field penetration and
distribution. The separation of binary samples containing different sizes of
polystyrene beads (1- and 5-, and 5- and 15-µm-diameter) was carried out at working
frequencies of 450 and 12 kHz, respectively and applied AC voltage of 20 V. In both
cases, small particles were attracted towards the electrode surfaces as a result of
pDEP, whereas large particles were repelled to the dot center by means of nDEP
(Figure 2.17 (B)).

2.3.2.2 Contactless AC-DEP

Despite good separation efficiencies and simpler operational designs, electrode
microfabrication still remains the longest step in the development process of AC-DEP
devices [81, 82]. In this regard, contactless dielectrophoresis (or cDEP) has become
popular in this field, aiming to avoid direct contact between the electrodes and the
flowing fluid. This approach contributes to the solution of many of the experimental
issues derived from conventional DEP techniques, such as electrode fouling and
bubble formation. However, this requires on average higher applied voltages and
frequencies for separation purposes. Shafiee et al. introduced a PDMS-glass cDEP
device with electrodes inserted into the inlets of two side channels, avoiding any
contact with the main sample stream by using a thin PDMS barrier [83], as
illustrated in Figure 2.17 (A). The system was tested with the separation of live and
dead THP-1 human leukemia monocytes by selectively capturing the first ones near
the PDMS barriers by means of the applied DEP force . When both cells were driven
through the central channel (Figure 2.17 (B, a)), the four neighboring contactless
electrodes were energized as follows: V1 = V2 = 100 V and V3 = V4 =ground, and
the working frequency was 152 kHz. At these conditions, live cells were trapped
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around the electrode areas by means of pDEP, while dead cells were repelled from the
electrodes and continued flowing with the applied flow field (Figure 2.17 (B, b)). The
trapped cells were released thereafter by turning off the applied voltage (Figure 2.17
(B, c)), completing the separation from the dead cells. About 90% trapping efficiency
was reported at flow rates of 0.02 mL h−1, although significant efficiency loss is
anticipated at higher hydrodynamic flow rates.

Figure 2.17: Isolation of live and dead THP-1 cells employing contactless
dielectrophoresis [83]. (A) Schematic design of the main channel (highlighted in
yellow) and the channels for electrode insertion (highlighted in blue). (B) Effect
on cell separation at no applied electric field conditions (a), 152 KHz and applied
voltages between the two pair of electrodes physically separated from the channel
V1 = V2 = 100 V and V3 = V4 = ground, leading to the selective isolation of live
cells (light blue dots) from dead cells (red dots) and (c) release of the trapped live
cells.

Salmanzadeh et al. handled the isolation of tumor initiating cells (TICs) from non-
TICs on a cDEP platform similar to that proposed by Shaffiee et al. [84]. The device
consisted of a main channel filled with insulating pillars, flanked by 4 electrode channels
on each side, separated by thin PDMS barriers (Figure 2.16 (a, b)). The separation was
performed by selectively trapping one of the two types of cells and flushing the other
type through the channel. The device was operated operated in a range frequencies
and applied voltage of 200 – 600 kHz and 50 – 325 V, respectively (Figure 2.18 (c)).
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Figure 2.18: Isolation of prostate tumor initiating cells (TICs) using cDEP in
combination with insulating pillars. (a) Top-view of the electrode-channel interface.
(b) Schematic layout of the channel conformation. (c) Trapped TICs around the
pillar structures at applied frequency and voltage of 600 KHz and 129 V, respectively.

Zellner et al. reported for the first time a cDEP device that incorporated off-chip
electrodes separated from the main fluidic channel by a thin glass layer [85]. The main
channel incorporated insulating PDMS pillars along its length, intended to contribute
to the non-uniformity of the created field. The system was used for the separation
of E. coli from 1-µm beads. Sun et al. developed a novel metal-electrode-free cDEP
separation approach using ionic liquids as electrodic material [86].

A room-temperature ionic liquid, [BMIM][PF6]1 was introduced into the separation
chamber and formed a well-defined interface with the running dielectrophoretic buffer
(Figure 2.19 (a, b, c)). The authors validated the method with the separation of
20-µm-diameter polystyrene beads from human prostate cancer cells (PC-3,
approximate diameter of 33 µm), live from dead PC-3 cells and human breast cancer
cells (MDA-MB-321, approximate diamter of 14 µm) from adipose-derived stem cells
(ADSC, approximate diamter of 50 µm) in the same microfluidic device (Figure 2.19

11-Butyl-3-methylimidazolium hexafluorophosphate, conductivity of 2.2 mS cm−1 at 25 ℃.
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(d)). All separations were performed at remarkably low applied voltages and
frequencies when compared to other cDEP examples, given the nature and
conductivity of the employed electrode material (88, 53 and 35 V and 100, 50 and 50
KHz, respectively). The efficiency of the three separations was evaluated by
observation of the collected particle fractions, and was significantly affected by the
size of the particles and cells. Less than 5% of cross contamination was found after
the separation of 20-µm-diameter polystyrene beads and PC-3 cells. This number
increased up to about 15 and 20% in the separation of live from dead PC-3 cells and
MDA-MB-321 from ADSC cells, respectively.

Figure 2.19: Metal-free contactless DEP with electrodes based on ionic liquids [86].
(A) Scheme of the DEP microdevice with integrated ionic liquid as electrodes.
(B) External pumping hardware and voltage generation system. (C) Close-up of
the interface between the ionic liquid electrode and the fluidic microchannel. (D)
Separation example of 20-µm-diameter polystyrene beads from human prostate
cancer cells (PC-3). Dashed circles represent particle trajectories through the
interface channel constriction.

40



2.3 Dielectrophoresis

Rahmani et al. incorporated an array of fork-shaped silver electrodes in a cDEP
device [87]. As in previous examples, the electrodes were isolated from the main channel
by thin PDMS layers to ensure the cDEP separation of complex samples containing
yeast, E. coli, and latex particles with enrichment efficiencies of 87 ± 2, 82 ± 4, and
86± 3 % , respectively.

2.3.2.3 AC-DEP single cell handling

Another interesting application of AC-DEP is single-cell and particle handling and
characterization. Voldman et al. introduced DEP planar quadrupole traps for single-
particle trapping in the presence of destabilizing fluid flows [88]. Polystyrene beads with
diameters of 7.58, 10.00 and 13.20 µm were employed to study the holding capacity
of the traps in a voltage range of 0− 4 V at a working frequency of 4 MHz. Changes
in the holding capacity of the trap were observed when working with different particle
sizes and applied frequencies. In this line, Rosenthal et al. reported a design of single-
cell trap arrays based on n-DEP [89]. The authors characterized the holding capacity
of the traps with polystyrene particles of different sizes (4.2 and 8.2 µm) within a
voltage range of 0 − 5 V at differnet flow rates (0 − 50 µL/min) at a typical working
frequency of 5 MHz. The setup allowed for size selection as a function of the applied
flow field when keeping both the applied voltage and frequency constant for individual
experiments. Su et al. developed a DEP-based single-cell fast characterization method
of different frequencies and conductivities [90]. The method relied on a force-balance
model to measure the DEP forces acting on cells as a result of a change in their electrical
properties. Neutrofils (HL-60) cells, 6 µm beads and 10 µm polystyrene beads were
studied within a frequency range of 0.4 − 12.8 MHz, identifying changes in the DEP
responses for each of them so that they were electrically separable.

2.3.3 DC-field dielectrophoresis

When operated with direct current (DC) or low-frequency alternating current (<10
KHz), dielectrophoresis is governed by the same equations introduced in section 2.3.1.
Unlike in high-frequency AC-DEP, the dielectrophoretic force depends solely on the
particle and medium electric conductivities, regrouped in the real form of the Clausius-
Mossotti factor as [64,91]:

fCM (σp, σm) = σp − σm
σp + 2σm

(2.15)
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The main principle of DC-DEP is the generation of a continuous static electric field
along the microfluidic channel by creating a difference of potential between electrodes
situated in the channel reservoirs. The intrinsic uniformity of the electric field
obtained with this operational mode is impaired through the implementation of
insulated physical features (pillars, obstacles, hurdles, etc.) in the direction of the
field to induce a DEP force over the flowing particles [91–93]. The integration of
these insulating structures into the microfluidic network has been conventionally
named insulating dielectrophoresis (iDEP) [94, 95]. The generation of a continuous
electric field has a direct consequence that was avoided in AC-DEP: the occurrence of
electro-osmotic phenomena within the fluid. This, together with other inherent
electrokinetic effects of the beads themselves (i.e. electrophoresis), comprise the main
transportation phenomena inside the microchannel. This way, flow and electric field
are both dependent on the applied electric field. The exclusive dependence of the
applied dielectrophoretic force upon the particle and medium conductivities makes
the particle surface (or in the case of cells, the structure of the membrane) a crucial
parameter, as it ultimately defines the motion of the object (n-DEP or p-DEP) [96].

Figure 2.20: (A) Scheme of the iDEP device with two consecutive, well-defined
sections of posts along the main microfluidic channel. (B) Separation of a mixture
of 1- (green) and 4-µm-diameter (red) particles at 1000 V applied voltage. Top row:
close-ups of devices with different pillar diameters of 437 and 613 µm (A, B), allowing
for the entrapment of 4 µm and 1 µm particles, respectively. Bottom row: release of
trapped 4 µm and 1 µm particles at 300 V applied voltage (C, D, respectively) [97].

Various channel designs and strategies have been developed so far for the
manipulation and separation of polymer microparticles by DC-DEP. Barbulovic-Nad
et al. reported a microdevice that incorporated oil droplets as insulating obstacles for
the size-based separation of binary latex mixtures containing 1-, 5.7- and
15.7-µm-diameter polystyrene beads [98]. Other separation examples, on the other
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hand, focused more on the modification of the channel structure. One of the easiest
modification is the integration of posts or pillars along the channel length, which
usually involves more complicated microfabrication steps, relatively speaking.
Gallo-Villanueva et al. reported a microdevice with two consecutive arrays of
cylindrical posts with different diameter for the size-based separation of polymer
particles [97] (Figure 2.20 (A)). The device was tested with the separation of a binary
mixture containing 1- and 4-µm-diameter beads. Particles of different size were
selectively trapped and sorted in each post array on the basis of the experienced DEP
force (Figure 2.20 (B)).

Figure 2.21: (A) Three-reservoir, double-spiral channel conformation for iDEP
particle separation [99]. (B) Different channel close-ups of the separation of 5- and
10-µm-diameter polymer microparticles. Grey arrows indicate the direction of the
exerted DEP force throughout the channel length [100].
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Another alternative to create non-uniform electric fields is the integral modification
of the channel geometry. Zhu et al. introduced a novel design based on a regular
serpentine-shape central channel branch for particle focusing [99] (Figure 2.21 (A))
and separation [100,101]. The system was validated with the separation different-sized
beads, having the particles exit the serpentine channel at different heights based on
diameter (Figure 2.21 (B). The same authors described a double-spiral-shaped channel
geometry for the separation of polymer microbeads based on size [102] and charge
[103]. The main advantage of these channel configurations is that no physical obstacles
are needed to induce a DEP force over the beads, which significantly simplifies the
microfabrication process.

Li et al. further developed the concept of curved microchannels for DC-DEP separation
[104]. The authors described a curved channel geometry that incorporated circular-
shaped constrictions at regular intervals for the separation of 10- and 15-µm-diameter
polystyrene particles. The incorporation of these two parameters (channel curvature
and constriction width) simultaneously allowed for superb, obstacle-free separation of
the two particle types. It should be noted though that a thorough and individual
optimization of these two parameters is crucial prior to the actual separation.

Figure 2.22: (A) Scheme of a MOSFET-based microfluidic Coulter counter integrated
into a DC-DEP cell sorter. Voltage distribution in the different reservoirs: 120 and
110 V to well W1 and W2. 10 and 20 V to wells W3 and W4. −8 and −18 V to
wells W7 and W8. (B) Superimposed pictures of particle trajectories of 1.97- and
4.84-µm-diameter polymer beads at (a) high sorting rate (0.778 beads s-1) and (b)
low sorting rate (0.485 beads s-1) [105].

Biological particles such as cells or bacteria usually experience a drop in electric
conductivity across their outer membranes, resulting generally in poorly conducting
elements. In DC-DEP, the contribution of cell conductivity to the CM factor (Eq.
2.15) is usually close to zero, leading to negative values of this factor and thus, to

44



2.3 Dielectrophoresis

situations of negative dielectrophoresis (n-DEP) [106–108]. Sun et al. reported the
continuous and simultaneous separation of different biological mixtures on a
microfluidic device that integrated a MOSFET-based Coulter counter with a
DC-dielectrophoretic cell sorter [105]. The microfluidic sorter consists of two channel
branches that come together into a 60-degree triangle hurdle constriction that, in
turn, splits out in two subsequent collecting channel branches (Figure 2.22 (A)). The
distribution of the flow and channel arrangement bear certain similarity with the
hydrodynamic pinched-flow fractionation [109]. Samples comprised 1.97- and
4.84-µm-diameter polystyrene beads, yeast cells of continuous size distribution and
mixtures of 4T1 tumor cells and murine bone marrow cells. The authors concluded
that low throughput and particle concentration strongly improves the separation
efficiency (about 95% for polymer particles and about 80% for yeast samples, Figure
2.22 (B)). This approach offer the major advantage of reducing the exposure time of
the tested cells to the high applied voltage, preventing cell lysis to a significant extent
in comparison to other techniques.

Figure 2.23: (a) Schematic diagram of hydrodynamic and direct-current insulator-
based dielectrophoresis (H-DC-iDEP) separation of blood plasma in a sawtooth-
shaped microfluidic device. (b) RBC trapping driven by the hydrodynamic flow and
(c) RBC trapping driven by H-DC-iDEP [110].
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Mohammadi et al. described the separation of red blood cells (RBC) from plasma
employing a hydrodynamic- and direct-current insulator-based dielectrophoresis
approach [110], illustrated in Figure 2.23. The device consisted of a 50-µm-deep and
1-cm-long single inlet-outlet channel flanked by multiple dead-end perpendicular
branches. RBCs (7-8-µm-diameter) were injected with hydrodynamic flow and
trapped inside the side channel branches. The remaining cells flowing through the
main channel became trapped by the DEP at 50 V applied voltage , leaving the main
channel free of cells. Unlike most of the other DC-DEP techniques described in the
previous section, in which both the electro-osmotic transport and DEP effect are
linked to the applied voltage, the possibility of tuning both hydrodynamic and DEP
effect individually could contribute to increased separation efficiency, as it allows for
manual compensation of one parameter over the other depending on the injected
sample. Ding et al. reported the separation of RBCs from fluid rich in biomarkers for
myocardial infarction by employing a sawtooth-shaped DC-DEP microdevice [111].
RBC were trapped in the different compartments that connected to the main channel
by the DEP effect while the cell-free biomarker containing medium was allowed to
flow by means of the generated EOF.

Again, the possibility of exerting independent control over the flow field and the
dielectrophoretic force may facilitate substantially the optimization of the separation
parameters in DC-DEP. This situation becomes practical in the separation of certain
types of particles and cells, as it permits separations using DC electric fields of lower
magnitude. The modality that enables this operational practice is called DC-biased
AC electric field. This approach utilizes DC current to create EOF as a fluid field and
the combination of AC/DC electric fields for the generation of an actual DEP force
over the particles themselves. Church et al. presented a spiral-shaped microfluidic
device [100] similar to that used by the same authors for particle focusing and
separation [100, 101]. The authors achieved the separation of 1 and 3-µm-diameter
polystyrene particles at a combined AC/DC electric field of 880 V cm-1, being the
average AC-to-DC ratio of 15, corresponding to 1500 V AC and 100 V DC.

Patel et al. developed a reservoir-based dielectrophoretic approach (rDEP) for the
separation of yeast cells on the basis of viability [112], illustrated in Figure 2.24 (A).
The device consisted of a two-reservoir microchannel with a narrow constriction (or
junction) right after the inlet. Dead yeast cells experienced a p-DEP effect inside the
reservoir junction, remaining trapped in the vicinity of it, while alive cells kept flowing,
carried by the EOF. All forces experienced by the cells at the reservoir-channel junction
is schematically represented in Figure 2.24 (B).
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Figure 2.24: (A) Schematic view of the reservoir-based DEP device. (B) Illustration
of the compendium of forces that act on the particle at the reservoir-channel junction,
viewed from above [112].

2.3.4 Other DEP-based strategies

2.3.4.1 DEP-FFF

As described in previous sections, dielectrophoresis (driven by both alternating and
continuous current) has been extensively used for the separation of particles and cells
based on differences in size and electrical properties. Among the multiple subclasses
of this technique, the one that leverages both dielectrophoretic and hydrodynamic
forces experienced by particles and cells under continuous-flow conditions deserves
special acknowledgment, as it combines the principles of dielectrophoresis and field-
flow fractionation (FFF) [113, 114]. One of the reported advantages of this modality
has been that it facilitates the dielectric separation of particles with large differences in
size using AC-DEP. Piacentini et al. introduced a H-shaped microfluidic device for the
separation of platelets from other blood cells on the basis of DEP-FFF [115], depicted
in Figure 2.25. The system integrated an array of electrodes along the middle of the
channel, and utilized a longitudinal pinched flow for particle focusing and DEP to repel
the biggest blood cells (RBC and WBC) from the platelets(Figure 2.25 (A)). The two
cell groups were then collected in separate outlets (Figure 2.25 (B)).

Čemažar et al. reported a simpler design based on a sealable glass chamber that
integrated an electrode array on the bottom layer (Figure 2.26 (A)) [116]. The nature
of the applied hydrodynamic flow (parabolic profile) and the effect of DEP on the cells
allowed for both spatial (across the channel width) and temporal (acquired velocity in
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the flow itself) separation of different-sized cells. The system was further explored and
characterized some time later with the separation of electroporated cells (Figure 2.26
(B)) [117].

Figure 2.25: (A) Schematic representation of an H-shaped DEP-FFF particle sorter
designed for the separation of blood cells and platelets. The voltage to induce the cell
separation is applied from the electrodes situated along one side of the central channel
segment. (B) Separation of blood cells (exiting at the right, bottom outlet branch)
and platelets (exiting at the top, right outlet branch). Separation conditions: 10 V
applied voltage between neighbor electrodes and100 KHz applied frequency [115].

Moon et al. described the separation of circulating tumor cells (CTC) from other blood
cells in a novel two-module system intended for consecutive hydrodynamic multi-orifice
flow fractionation (MOFF) and DEP-based separation [118]. The first module consisted
of a long, non-uniform channel with multiple square chambers, symmetrically placed
with respect to each other, that led to a three-outlet filter. Bigger (RBC and WBC)
cells were shifted out of the channel through the side filter branches, while small cells
(CTC) were conducted into the second module. Once here, these cells were focused
and further isolated into a collecting outlet via DEP, achieving fractionation efficiencies
above 99%. Song et al. introduced a novel DEP sorter that utilized an oblique array of
interdigitated electrodes to induce lateral on/off deflection of cells along the transverse
channel dimension [119]. The device was designed as an H geometry so that the sample
(containing human mesenchymal stem cells (hMSC) and osteoblasts) and buffer was
injected through converging channel branches, leading to separation by means of DEP
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force exerted diagonally across the channel width. The collection efficiency for both
cell types (hMSC and osteoblasts) was reported to be 92 and 67%, respectively.

Figure 2.26: (A) DEP particle sorter with an integrated oblique electrode array for
lateral particle deflection. The bottom scheme shows how the frequency varies as a
function of time in the channel [116]. (B) hMSC (red and osteoblast (green) cells at a
flow rate of 1.8 µL min−1. Right picture: no applied field. Left picture: Alternating
7.2 V applied voltage and 3 MHz applied frequency [117].

Khashei et al. implemented a combination of pinched-flow fractionation (PFF) and
dielectrophoresis in a microdevice for the separation of polymer particles [120]. The
system was inspired by the actual PFF principle, consisting of two channel branches
that converged into a larger one, where particles were separated by size based on the
hydrodynamic force exerted in the pinched region. Contrary to the last examples of
DEP-FFF, the authors opted for an iDEP approach, meaning that the electrodes were
integrated in either reservoir of the channel. The separation efficiency, evaluated as the
distance between both particle trajectories, experienced a 2-fold increase with respect
to that employing PFF only.

Waheed et al. reported a continuous-flow approach that combined AC-DEP with
lateral fluid flow fractionation to isolate MDAMB-231 cells from other blood
cells [121]. The microchannel conformation consisted of one inlet and two collection
outlets. The bottom of the main channel branch was crossed by an array of
perpendicular interdigitated electrodes, to generatea DEP force both in the
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transverse and longitudinal channel directions. The combination of hydrodynamic
and DEP forces at different applied frequencies enabled the separation of the different
cell types. The location of the electrodes at both sides of the channel was proven to
have a significant contribution to the separation efficiency.

2.3.4.2 Traveling-wave dielectrophoresis

Another DEP operational mode employs travelling electric fields rather than pressure-
driven flow to induce particle motion [122,123]. As described in previous applications,
the dielectrophoretic force is given by the interaction between the particle’s dipole
moment and the applied electric field. This results in actual particle motion whose
magnitude is dependent on the applied field. If the applied electric field moves faster
than the induction of the particle’s dipole moment, a time lag arises between the two
events. This time gap induces a force on the particles oriented in the direction of the
electric field that results in particle motion.

Figure 2.27: Separation of Jurkat cells and Saccharomyces cerevisiae using a
traveling-wave DEP device having parallel electrodes along the longitudinal axis
of the channel. (a) cells enter the device by the bottom brach of the channel. (b)
The targeted cells move against the field toward the other channel wall. (c) Cells
are separated and leave the channel via outlet branch [124].

The theory behind this phenomenon can be found elsewhere (Parkash et al. [125]).
The electric potential is applied using an array of electrodes placed along the channel
with a 90º-phase variation between them. One of the main advantages traditionally
sought with the use of this approach was the generation of stronger electric fields.
Van den Driesche et al. described a cell and bacteria sorter with long and narrow
electrodes arranged in parallel at the bottom of the microfluidic channel [124]. A
travelling AC electric field was generated by applying a 90◦-phase difference between
four consecutive electrodes: 0◦, 90◦, 180◦ and 270◦. The injection of the cells was done
hydrodynamically via pressure-driven flow (Figure 2.27 (A)). The authors optimized
the flow conditions so that the cells to be separated (viable Saccharomyces cerevisiae
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and Jurkat (T-cell leukemia) cells from a mixture of other cells) were deflected laterally
in the direction 0◦ → 270◦, while other non-targeted cells kept the path marked by the
hydrodynamic force of the pressure-driven flow (Figure 2.26 (B)). One of the possible
inconveniences of this approach would be the asymmetric distribution of the electric
field at the edges of the electrodes, which could result in undesired phenomena such as
electrolysis.

As a solution to this problem, Poorreza et al. described a microfabrication method
based on covering the electrodes with an external layer of silicon nitride [126]. More
recently, Frusawa et al. described the effect of a DEP-based phenomenon that used
frequency-modulated (FM) electric fields on the trajectory of vesicles and cells [127].
The authors described a periodic reversal of the dielectrophoretic force on different
vesicles and cells achieved by adjusting the frequency of an FM field wave to the actual
frequency expressed in the real part of the CM factor of the particle (Eq. 2.13). After
this easy adjustment, the authors observed that vesicles, leukemia cells and red blood
cells described U-shaped turns as a result of the propagated modulated field. Although
no application on particle or cell separation was reported, it is worth mentioning the
importance of this approach as a potential candidate for on-demand control of particle
trajectory fully based on the dielectrophoresis phenomenon.

2.4 Concluding remarks

Electrokinetic techniques constitute nowadays one of the cornerstones in the realm of
particle sorting and separation in microfluidics. Although many different approaches
have been described so far, the vast majority of them can be generally classified in
two well-defined techniques: electrophoresis and dielectrophoresis. The fundamental
separation principle of the first group lies in the different interaction of particles with
linear electric fields based on electrophoretic mobility. On the other hand,
dielectrophoresis harnesses the interaction of particles with non-uniform fields as a
result of an adequate surface charge distribution (polarizability). The eligibility of
the multiple variants of these groups for a particular application is naturally
subjected to different factors, mainly the type of sample, separation efficiency and
throughput, economic cost and complexity of the microfabrication process. For
instance, different-sized particle mixtures can be flawlessly tackled in
dielectrophoresis devices, while in electrophoresis this kind of separation often
requires the involvement of additional hydrodynamic forces. On the other hand,
dielectrophoretic strategies entail overall bigger challenges from the microfabrication
standpoint, especially when operated with AC current. It is precisely in this aspect
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where dielectrophoresis could envision further development in the near future.
Although comparatively lower applied voltages are required in AC-DEP, the
integration of electrodes inside the microfluidic channel implies long and complex
fabrication procedures, as well as major experimental issues such as electrode fouling
and excess of heat generation by Joule effect. One of the several solutions that have
been proposed in this regard involves contactless dielectrophoresis (cDEP), in which
the electrodes are actually placed in the channel reservoirs, separated from the
running sample by thin barriers (commonly fabricated in PDMS).

The use of DC-biased AC electric fields is also an efficient alternative to cut down on
microfabrication costs in DEP separations. Another trend in both electrophoresis and
dielectrophoresis involves the combination of hydrodynamic and electric fields.
Electrophoresis devices assisted by perpendicularly-applied pressure-driven flows have
been described as especially efficient for particle separations on the basis of both size
and electrophoretic mobility. Meanwhile, multiple dielectrophoresis approaches have
been worked out along with field-flow fractionation (FFF) and other hydrodynamic
techniques, resulting in substantial improvements on separation efficiency of particles
with close differences in diameter. One point that seems to be common to both
techniques and should be further strengthened is the relatively low throughput that
particularly affects the separation of complex samples. Most of the applications
described in literature so far deal with simple mixtures (ranging typically from two to
four components at most). Same as what has been happening in recent years, the
development of new electrodes, materials and flow distributions will undoubtedly
contribute to better separation mechanisms capable to cope with more complex
samples. This is an essential requirement to keep bringing this technology into many
areas of interest, particularly the biomedical field in the form of point-of-care devices.

The unique electrical properties of particles and cells and the importance of the
separation of these systems have called the attention on electrophoresis and
dielectrophoresis as the two main electrokinetic techniques in microfluidics. Despite
the great development achieved in the last decade, there is still a long way to go for
more advanced devices to be developed, contributing to the already-great
applicability of the lab-on-a-chip concept.
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