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Abstract— This paper reviews the state-of-the-art methods of
dielectrophoresis for micro- and nanomaterial manipulation.
Dielectrophoresis is a well-known technique for material
manipulation using a nonuniform electric field. This field can
apply a force to dielectric materials and move them toward a
predefined location. Controlling the pattern of the electric field and
its intensity, achieved by a specific arrangement of electrodes or
insulators, along with the dielectric properties of the materials
allows a variety of manipulation functions including trapping,
separation, and  transportation.  The  development of
microfabrication techniques has significantly improved the
research quality in the field of dielectrophoresis for precisely
manipulating micro and nanomaterials. Later, the advent of
microfluidic devices provided an excellent platform for reliable and
practical devices. Modifying the shape, geometry, and material of
the electrodes, isolating the electrodes from the sample,
incorporating a particular arrangement of insulators within the
electric field, and monitoring the operation in situ are some of the
methods utilized for overcoming common problems in
dielectrophoretic devices or the problems associated with a specific
sample and the manipulation function. The goal of the research in
this field is to design practical, high throughput, and inexpensive
devices that reliably manipulate micro and nanomaterials.
Accordingly, this review aims to represent latest findings and
advancements in the field of dielectrophoresis. In particular, the
working principles, technical implementation details, current
status, and the issues and challenges of dielectrophoretic devices
for electrode-based and insulator-based dielectrophoresis in terms
of operation and fabrication are discussed.

Index Terms— Dielectrophoresis, dielectrophoretic
manipulation, microparticles, nonuniform electric field,
nanomaterials, separation, trapping, transportation.

I. INTRODUCTION

D IELECTROPHORESIS (DEP) phenomenon was first
observed by Herbert Pohl in 1951 when he noticed the
motion of suspended particles as a result of an applied
inhomogeneous electric field [2]. He conducted a preliminary
test by applying high voltages, in the range of 10 kV, to
generate sufficient electric fields for the experiment. Although
this level of the applied voltage prevented having practical
DEP devices for most applications, later in the 1990s
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microfabrication techniques significantly improved the
situation. Since these microsystems require much lower
voltages for operation, useful and practical DEP microdevices
have been developed [3]. Recently, micro and nanomaterials
are increasingly being used in many applications such as
biology [4-6], energy harvesting [7-10], agriculture [11, 12],
optoelectronics [13, 14], nanoelectronics [15-18], and
chemistry [19-21]. As such, DEP provides an intriguing and
important platform for manipulating micro and nanostructures
for different purposes.

There are quite a few established methods to manipulate micro
and nanostructures. Optical tweezers [22], dielectrophoresis
[23], hydrodynamic flow [24], and acoustic controls [25] are
well-known and widely applied manipulation techniques.
Optical tweezers, as a noninvasive technique, are suitable for a
wide range of applications such as manipulating biomaterials,
[26] and they can be integrated on a chip using a high
throughput microfabrication process to develop practical
devices [27, 28]. However, this technique suffers from low
efficiency and the manipulation process is challenging when
dealing with nanomaterials. To enhance the performance of
optical tweezers some complicated measurements are required
[29] which increases the cost and the complexity of the
fabrication process. Hydrodynamic flow, as another technique,
is a low-cost, high efficiency, noninvasive, and easily operated
approach for particle confinement in microfluidic structures
[30]. Nevertheless, it is challenging to have high throughput
and high resolution manipulation simultaneously [31, 32].
Another frequently reported method is utilizing acoustic
waves to immobilize objects in the pressure minima of
standing acoustic waves inside a microfluidic channel [33].
Although this technique can quickly and efficiently trap and
manipulate particles, the operation is not simple and it is
known as an invasive technique. As such, it has a limited
applications compared with the other methods. Importantly
however, this method can be readily applied to soft materials
such as biomedical species.

The discussed methods have concentrated mostly on
manipulating particles inside a solution. Studying the
properties of an individual particle or a few particles demands
further capabilities to align the materials in a particular
direction (for non-symmetrical particles) and attach them to a
pair of electrodes. This can be achieved by using the DEP
technique which is based on the movement of a dielectric
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material in a non-uniform electric field. Particle moving based
on electrical fields is a promising technique for manipulating
micro and nanostructures or immobilizing them at accurate
locations of interest [34-39] and studying the properties of the
objects. Since the DEP technique is fast, noninvasive, and
accurate, it can play an important role in trapping, separating,
and transporting micro and nanomaterials such as biological
samples. In addition, DEP provides options for massively
parallel and high-speed manipulation in a miniaturized device
since only a small volume of sample is needed [40].
Moreover, DEP is compatible with microfabrication
technology and therefore the development of DEP arrays
capable of simultaneous manipulation of many particles in a
single device is achievable [41]. As such, DEP provides a
unique platform for more accurate manipulation, particle
immobilization out of an aqueous medium for characterization
as well as high miniaturization factor.
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Fig. 1. General diagram of the content and structure

Accordingly, this review intends to provide an overview of the
recent developments, experimental approaches, fabrication
processes, and challenges in manipulating DEP devices. As
shown in Fig. 1, in section 2, we introduce the fundamentals
and background of the DEP phenomenon. Then recent
developments and challenges of the DEP technique from the
point of creating appropriate electric fields are studied in
section 3. In this section, we introduce popular configurations
and considerations useful for generating nonuniform electric
fields suitable for material manipulation. Section 4 focuses on
the manipulation functions including trapping, separation, and
transportation. Section 5 concentrates on the review of the
DEP device fabrication processes for different configurations
and their related challenges. Finally, we summarize the

general requirements of DEP devices and correlate them to the
required future research in the last section of the paper.

II. DEP FUNDAMENTALS

DEP refers to a phenomenon in which a force is applied to a
polarizable object when it is placed in a non-uniform electric
field [4]. This force can migrate the particle toward the
intensive region of the electric field (toward the field gradient)
or away from the intensive region of the electric field (away
from the field gradient) depending on the dielectric properties
of the object and suspending media [42].

There are many thorough reviews of the fundamentals of
dielectrophoresis in the literature [43-45], therefore here we
will briefly explain the mentioned phenomenon. If a
polarizable particle is exposed to an electric field, charges
with appropriate polarities are accumulated on both sides of
the material at its surface, as shown in Fig. 1(a), as the
established electric field inside the particle opposes the
external electric field. As such, the Coulomb force F=qE is
applied to both sides of the particle. If the electric field is
uniform the Coulomb force acting on both sides of the particle
is equal in magnitude but opposite in direction, thus canceling
each other out, and resulting in zero net force (F=q'E - qE =
0). In the case of a nonuniform electric field, as shown in Fig.
1(a), the story is slightly different. The Coulomb force acting
on either side of the particle is in opposite direction but not
equal in magnitude, therefore, the net force appearing on the
particle is not zero and it is therefore capable of displacing the
particle. For simplicity, let’s consider a spherical particle
located in a nonuniform electric field, as shown in Fig. 1(a)
and (b). This nonuniform electric field can be generated by a
pair of electrodes that are not similar in shape and size. As
such, the particle is polarized, and positive and negative
charges are separated by a distance d (diameter of the sphere).
If the electric field at the negatively charged side of the
particle is E(r), the net Coulomb force acting on the particle is
given by Equation 1.

F=q"E(r+d)—q E(r) (1

We assume that the size of the particle is small enough (this
is a practical assumption since DEP devices are acting on
micro and nanostructures), therefore we can apply the
following equation:

E(r+d)=E(@r)+d.VE(r) 2)

Substituting Equation 2 in Equation 1 with some simple
algebra gives the following equation:

F =qd.VE 3)

This equation shows that the net force applied to a particle
in a nonuniform electric field depends on the electric field
gradient and is multiplied by the induced charge dipole length
(qd) which is defined as dipole moment (m). If the electric
field is not static and its magnitude and phase varies with time,
such as when applying a sinusoidal electric field, the
calculations show that the time-averaged DEP force acting on
a spherical polarizable particle is given by [46, 47]:

(Fpep) = 2me,r®Re[K (w)]VE? )
where 71, €&, 5;: &n, and E are the particle radius,
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permittivity of the suspending media, complex permittivity of
the particle, complex permittivity of the suspending media,
and external electric field (root mean square value is used for
AC electric field), respectively. K(w) is called the Clausius-
Mossotti factor and it is given by:
& — Em
K ((1)) = m (5)
Equation 4 illustrates that the magnitude of the DEP force
linearly depends on the cubed radius of the particle, the
permittivity of the suspending media, complex permittivity of
the suspending media and particle which defines the real part
of K(w), and the gradient of the squared external electric
field. This indicates that particles with the same materials
(ep1 = €&pp) and different sizes tolerate different DEP forces
and accordingly the DEP force can be used to separate them
by size inside a solution. Except for the Clausius-Mossotti
factor, the other three factors are positive, therefore the
direction of the applied DEP force depends on the sign of the
real part of the Clausius-Mossotti factor. It can be inferred
from Equation 4 that if the value of Re[K (w)] is positive, the
DEP force (Fpgp) acts toward the electric field gradient and
moves particles toward the region of the highest electric field,
as shown in Fig. 1(a). This is referred to as positive DEP
(pDEP). On the other hand, if the value of Re[K(w)] is
negative, acting Fpgp force is in the opposite direction of the
positive case and particle is repelled from the intensive region
of the electric field and moves toward the low-intensity region
of the electric field, as shown in Fig. 1(b). This is called
negative DEP (nDEP). Fig. 1(c) shows a typical structure for
pDEP to trap a particle in the high-intensity region of the
electric field. The arrangement of electrodes is in such a way
that the intensity of the electric field is maximum along the
axis connecting two electrodes (deep red color) and decreases
moving to either side of this axis. Particles in the blue region
(low-intensity electric field) experience a pDEP force. This
force attracts the particle toward the high-intensity field and
when the particle reaches that region, it doesn’t tolerate any
field gradient, therefore, the net force on the particle is zero
and it stops moving. If any force such as Brownian motion or
vibration deviates the particle from the trap location, DEP
force can act on the particle and return it to the trap location.
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Fig. 1. Schematic diagram showing the effect of dielectrophoretic force
acting on a particle located in a nonuniform electric field. Since Coulombic

forces acting on either side of the particle are not equal, (a) particle moves
toward the field gradient (pDEP) as a result of the positive Re[K(w)]; (b)
particle moves away from the field gradient (nDEP) as a result of the negative
Re[K(w)]; (c) particle moves toward high electric field region until
experiencing zero net force at maximum electric field region located on the
axis connecting two electrodes.

The Clausius-Mossotti factor is frequency-dependent since
the complex permittivity of materials is a function of
frequency. Here we will describe the frequency-dependent
behavior of the DEP force at two low frequency and high
frequency operation regimes. The complex permittivities of
particle and medium is defined as:

G, (6)

where ¢ and o represent permittivity and conductivity,
respectively, and w is the angular frequency of the applied
signal. The frequency-dependent behavior of the Clausius-
Mossotti factor means that it may have different magnitude
and polarities depending on the frequency and accordingly a
particle in the same medium may tolerate different forces and
also both positive and nDEP depending on the frequency of
the applied signal.

In the case that the sign of the Clausius-Mossotti factor is
different in the two regimes, there is a frequency at which the
real part of the Clausius-Mossotti factor is zero. At this
frequency, which is called crossover frequency, a transition
happens from pDEP to nDEP. The crossover frequency w,
can be calculated by [46]:

(0 — ) (05 + 20)
0o = (7)
(ep - em)(sp + Zsm)

In this formula, to estimate the conductivity of the particles,
the capillary electrophoresis technique can be utilized which is
reported by White et al. [46].

Different studies [48, 49] reveal that at high frequencies
(wt > 1 where T = (g, — €p,)/(0, + 20y,)) permittivity of
the particle and suspending media determines the behavior of
the system (dielectric regime), where the real part of the
Clausius-Mossotti factor is estimated with (&, — &,,)/(ep +
2&p). Accordingly, if the permittivity of the particle is larger
than that of the medium, Re[K (w)] is positive and the particle
experiences pDEP force. In the case of €, > &, Re[K(w)] is

at its maximum value of almost one, consequently, maximum
force is applied to the particle in the same electric field
intensity. In the case of ¢, < &, Re[K(w)] is negative and
the particle experiences nDEP force. If &, < &5, Re[K(w)] is
at its minimum value of almost -0.5, and therefore, maximum
nDEP force is applied to the particle in the same electric field
intensity. On the other hand, at low frequencies (wt < 1) the
conductivity of both particle and suspending media are the
dominant factor (conductivity regime), where the real part of
the Clausius-Mossotti factor is estimated with (o, —
0m)/(0p + 20,,). Therefore, in the low frequency region, if
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the conductivity of the particle is larger than that of the
medium, Re[K (w)] is positive and particle experiences pDEP
force. In the case of 0, < 0,,, Re[K(w)] is negative and
particle experiences nDEP force. Similar to the high frequency
region, at low frequency regime Re[K (w)] varies in the range
of -0.5 (o, K gp,) to 1 (o, > 0y,) based on the conductivity
of both mediums. An interesting phenomenon based on the
analysis is that the DEP force for pDEP is usually higher than
that for nDEP. Since DEP force in different frequencies acts
on different properties of particles, this can be utilized to
efficiently distinguish among different materials such as cells
[50-52].

III. DIELECTROPHORETIC METHODOLOGIES

As mentioned before, dielectrophoretic manipulation can be
achieved if a nonuniform electric field is established at the
designated location. There are two important methodologies to
generate required nonuniformity in electric field distribution.
These methods are categorized as either electrode-based DEP
(eDEP) or insulator-based DEP (iDEP). Moreover, studies
show that the time variability of electric fields (dynamic and
static fields) is another parameter that should be considered to
tune the performance of the device. Accordingly, the focus of
this section is on the methods and considerations which is
related to the electric field.

A. Electrode-based DEP

The eDEP relies on the presence of fabricated micro or
nanoelectrodes which are in direct contact with manipulated
materials and/or the suspending medium during the operation.
Accordingly, electrode design is of important significance as
geometry, arrangement, and material of the -electrodes
determines the functionality of the device in this structure.
Electrode material should not chemically or electrochemically
react with the sample in either the presence or absence of the
electric field [53]. Fortunately, a wide variety of metals are
suitable for most applications. Gold and platinum are the most
common options since they are electrochemically stable and
biocompatible. Indium tin oxide (ITO) is another choice if a
transparent electrode is preferred. Since metallic electrodes are
in direct contact with the sample, -electrodes may
electrochemically react with the sample during the experiment
if the voltage level is high enough [54]. As an alternative,
metallic electrodes can be replaced by doped silicon electrodes
to decrease the electrochemical reaction effect [55, 56]. The
thin native oxide layer formed on the electrodes produces a
large interface capacitance. This decouples the strong electric
field region from the electrode interface and, thereby
effectively suppresses the electrochemical reactions [57]. With
this strategy, it is possible to increase the voltage level to have
a higher DEP force. Iliescu et al. presented a DEP device with
highly doped silicon electrodes. They were able to increase the
device voltage up to 25 Vy, to successfully move the cells
toward the electrodes without damaging the device and
materials. Although the silicon process is well established, the
fabrication process for this type of DEP device is complex and
expensive [55]. The fabrication process of carbon electrodes is

simpler and cheaper even for high aspect ratio structures [58].
Similar to doped silicon, carbon has higher electrochemical
stability than frequently used metals in microfabrication
techniques [59]. In fact, higher voltages can be applied to
carbon electrodes without electrolyzing the sample. Since
carbon provides outstanding biocompatibility, DEP devices
based on carbon electrodes are frequently reported in
biomedical applications [60-63]. As such, carbon electrodes
can be a suitable alternative to doped silicon electrodes if the
cost of the device is important. However, the resistivity of
both carbon and doped silicon electrodes are much higher than
the resistivity of metallic electrodes. Since DEP process does
not require high current flowing electrodes, ohmic voltage
drop on the carbon electrodes can be compensated by
increasing the applied voltage level. Geometry and
arrangement of electrodes are other important factors that
should be suitable for generating the required nonuniformity
in the electric field and satisfy the requirement for specific
manipulation. For instance, electrode width and gap size in the
trapping process should be in the range of the targeted
material size. The electrodes pattern and their functionality are
discussed in coming subsections.

Generally, the eDEP fabrication process is time-consuming
and expensive [64], with specific challenges when dealing
with nanomaterials since the device may require fabricating
nanoelectrodes and nanogaps. Despite that, the eDEP
approach is a convenient approach especially for the cases that
requires performing characterization such as electrical and
thermoelectric measurements on a single or a few objects.
eDEP structure has the advantage of low voltage operation
with higher DEP force. Based on the application, a variety of
patterns are reported for electrodes such as electrode pair [65],
interdigitated electrodes [66-69], polynomial electrodes
(multiphase electrodes) [70-72], and 3D electrodes [73] which
we will discuss in the following subsections.

1) Electrode pair configuration

The simplest and commonly used configuration to generate
nonuniform electric field is the electrode pair configuration.
This configuration consists of two micro or nanoelectrodes
with a gap in between the tips, a typical device is shown in Fig.
2. A nonlinear electric field forms between the electrodes and
its gradient depend on the gap geometry and applied potential.
This structure is commonly used for the trapping process.
Micro and nanostructures can be trapped and immobilized for
future processing and characterization. A variety of particles
such as biomaterials, carbon nanotubes, nanowires, and DNA
have been trapped, immobilized, and characterized using
electrode pair configuration [36, 74-76]. Castillo et al.
reported an eDEP device with gold electrode pair consists of 1
pum gap in between electrodes. This device is used to
manipulate, immobilize, and characterize self-assembled
amyloid peptide nanotubes [6]. In another interesting work,
Gong developed an attomolar protein detection device by
trapping silicon nanowires in between Au/Ti electrodes [77].
In this research, they modify the nanowire after
immobilization and make a nanowire field effect transistor
(NWFET) which is used as a biosensor. In a recent study, we
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introduced a device with a pair of nanoelectrodes on a
sapphire substrate, shown in Fig. 2, is used to trap high
impedance DNA origami structures. The device that consists
of different DEP electrodes with gap sizes of 400, 600, and
800 nm was fabricated using conventional photolithography
methods [65].
Sapphire substrate
: et

Gold
nanoelectrodes

SisN, layer

Fig. 2. SEM image of an eDEP device fabricated on a sapphire substrate.
The device consists of a pair of gold nanoelectrodes (reprinted with
permission from [53, 65] ).

2) Interdigitated electrodes

Interdigitated electrodes are the second most commonly
used configuration. The general shape of interdigitated
electrodes is shown in Fig. 3(a). The fabrication process of
these electrodes is well established since they have a variety of
applications in MEMS and semiconductor technology.
Interdigitated electrodes have received special attention since
they can provide multiple trap regions as well as high
throughput fabrication process [78, 79]. The field minima and
maxima are distributed among the electrodes. A suitable
design can offer both nDEP and pDEP behavior
simultaneously. Thus, with multiple trap locations this device
can provide a platform for both particle separation and
filtering. For instance, in a specific case, larger and more
polarizable materials can easily be trapped while small and
less polarizable materials pass by the trap locations and leave
the device. Because the device can work at a wide range of
frequencies, it can be used to manipulate a variety of particles.
In an interesting application, Kim et al. used this technique to
improve the sensitivity and limit of detection of a biosensor
[80] that detects biomolecules. They demonstrated an
improvement in the binding efficiency of the antibody and
target molecules as a result of increasing the concentration of
the target molecules around the sensor using DEP. Recently,
Challier et al. also reported an inkjet printing method for
fabricating interdigitated electrodes [81]. The printed device
could sort polystyrene particles, as well as separate planktonic
species according to their composition.
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Fig. 3. schematic structure of (a) Interdigitated electrodes, and (b) the
experimental process. DEP signal increases the concentration of target
molecules around the sensing area to increase binding efficiency. (reprinted
with permission from [80])

3) Polynomial electrodes

Polynomial, or multiphase, electrodes are composed of
multiple planar electrodes with circular symmetry. The most
frequently reported design contains four electrodes in a
quadrupole configuration. This structure can be used for both
trapping and electrorotation [70]. Moreover, the structure has
multiple trap locations including at the center of the electrodes
suitable for nDEP and the space between every two electrodes
suitable for pDEP [82]. Bakewell et al. reported a quadrupole
structure for selectively trapping biomacromolecules such as
avidin using both pDEP and nDEP in different trap locations
[83]. They demonstrated that avidin accumulated in the space
between every two electrodes as a result of pDEP, as shown in
Fig. 4 (left panel), at frequencies less than 9 MHz but avidin
accumulated in the center of the electrode structure as a result
of nDEP at higher frequencies, as shown in Fig. 4 (right
panel). Since two or more signals can be applied
simultaneously, the multiphase structure can provide more
flexibility in terms of particle manipulation. In an interesting
work, Zheng et al. used a quadrupole structure to flexibly
move and position target cells [84]. The location of the cell is
controlled by modulating phases and amplitudes of the two
signals applied onto the quadrupole microelectrodes. These
signals are applied diagonally and single cells can be
controllably transferred in various directions on a chip.
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. avidin

Fig. 4. quadrupole structure showing both pDEP (left panl) ananEP
(right panel). (reprinted with permission from [83]).

4) Three-dimensional electrodes

The main issue with the electrodes (planar electrodes or thin
film electrodes) that we have discussed so far is that they
suffer from low flow throughput. Although geometrical
parameters of electrodes can be set for higher throughput [85],
these electrodes generate an electric field gradient close to the
surface of the electrodes and accordingly DEP force cannot be
applied to the particles that are not in the close vicinity of the
surface. This might be a problem for some applications such
as particle separation when the sample volume is large. For
instance, a study showed that the channel height in a
microfluidic device with planar electrodes on the bottom and
top of the channel cannot exceed 50 pm or else the DEP force
will be insufficient to control particles in the middle of the
channel [86]. To increase the throughput of the system or to
manipulate large materials in the range of a few tens of
micrometers such as cells, 3D metal electrodes should be used
instead of the planar electrodes. With 3D electrodes, a DEP
device can manipulate higher volumes than a structure with
planar electrodes. Yamamoto et al. reported an interesting
structure composed of three-dimensional nanoelectrodes
arrays used for biomolecule study [73]. The fabricated
nanoelectrodes (aluminum coated diamond-like carbon
electrodes) with very sharp tips that are suitable to trap only
one biomolecule on a single tip. By applying an appropriate
signal, the device was able to trap target molecules on top of
nanoelectrodes. Although the device showed a good
performance for the immobilization and concentration of
biomolecules at specific locations, the fabrication process
required complex and expensive processes. Focused ion beam
assisted chemical vapor deposition, plasma etching, and
physical vapor deposition were required for the fabrication
process [73]. Instead of using metals in the structure of the 3D
electrodes, it is possible to use highly doped silicon. As
mentioned before, silicon offers more electrochemical stability
than commonly used metals, and accordingly, it is possible to
apply higher voltages to increase the depth of electric field
gradient and take advantage of well-established silicon
technology in the fabrication process [57]. Similar to the
previous example the main disadvantage of silicon technology
is its complexity and expense.

Since 3D electrode structure has been proposed to increase
material throughput, it is also recommended to have high
aspect ratio electrodes. This electrode structure increases
electrodes’ effective surface area resulting in a higher
allowable flow rate, and allows the entire height of the

microfluidic channel to be controlled. Silicon technology
requires expensive fabrication processes such as deep reactive
ion etching (DRIE) for high aspect ratio features. Carbon
electrodes can solve this problem and it is possible to fabricate
high aspect ratio 3D electrodes with simple fabrication
processes such as pyrolysis. Moreover, carbon electrodes offer
the advantages of doped silicon electrodes but with a cheaper
fabrication process [58]. A typical set of 3D carbon electrodes
used for dielectrophoresis and a cross sectional view of the
whole device is shown in Fig. 5 [87]. Several experiments
demonstrate the effectiveness of 3D carbon electrodes in
material manipulation such as separation [87] and trapping
[88]. Recently, 3D carbon-electrode dielectrophoresis (carbon-
DEP) is reported as a separation tool for U937 monocytes and
U937 monocyte-differentiated macrophages [89].
P
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Fig. 5. (a) SEM image of the 3D carbon microelectrodes. (b) schematic
structure of the cross section of the microchannel showing the different
elements of the DEP device (reprinted with permission from [87]).

B. Insulator-based DEP

The working principle of the iDEP configuration is based
on the arrangement of insulator materials in between the
metallic electrodes. Generally, electrodes themselves are not
responsible for generating nonuniformity in the electric field
distribution but the arrangement of insulators with different
permittivity, shapes, and sizes in between the metallic
electrodes changes the electric field distribution and produces
the desired field gradient [90]. Generally, the electric field
gradient is maximized in close proximity to high permittivity
materials and minimized at the voids between insulators. The
size of the insulators is extremely important to generate the
desired field profiles as small size particles generate higher
field gradients [48, 91]. In these cases electrodes are not in
direct contact with the solution and high intensity or low
intensity regions of the electric field are shaped between the
incorporated insulators. Accordingly, this configuration is
called electrodeless, contactless, or insulator-based DEP.
Generally, insulator-based DEP has the advantage of only
requiring simple and inexpensive fabrication processes since
the shape and size of the metallic electrodes are not critical.
iDEP devices can be fabricated on polymeric substrates using
mass fabrication methods such as injection molding or hot
embossing techniques [90, 92, 93]. The number, size, and
shape of the insulating objects is determined based on the
manipulation function and the physical properties of the
manipulated materials [94-98]. Manipulating a variety of
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materials is reported in the literature using iDEP devices
ranging from DNA to biological cells and other rigid materials
[99-101]. The iDEP shows higher efficiency specifically for
biological samples since materials such as cells are not in
direct contact with energized electrodes, as such, materials are
not damaged.

To the best of our knowledge, Masuda et al. reported the
first iDEP device for cell fusion in 1989 [99]. They guided
cells toward a small opening made at the center of an
insulating barrier and trapped cells in that location, then the
cell infusion process was performed at that location. This
work motivated other researchers to develop more efficient
structures and improve the performance of the iDEP method.
Cummings et al. reported structures composed of an array of
insulating rods filled in a microfluidic system for
concentration, filtration, and separation applications [101].
They used this device to manipulate fluorescent particles with
a diameter of ~200 nm. Fig. 6(a) shows that the particles are
trapped in the areas around the rods where electric field
intensity is high. In another study, Chou et al. trapped single
and double-stranded DNA using iDEP technique. The device
contained array of trapezoidal insulating posts made of
crystalline quartz with pitch of 1 um. The required electric
field intensity was generated by applying an AC signal with an
amplitude of 1kV and frequency in the range of 200 Hz to 1
kHz [102]. Fig. 6 (b) shows that the 368-bp stranded DNAs
are successfully trapped. This structure is frequently used to
manipulated other materials such as DNA [103], proteins
[104-107], mitochondria [108, 109], and carbon nanotubes
[110]. The voltage required for operating iDEP is very high
and this is considered as a drawback of the iDEP method since
it can increase the temperature of the device and materials due
to Joule heating.

Fig. 6. (a) Fluorescence image of particle flow in an array of insulator rods.
This image shows the trapped particles (200 nm fluorescent spheres) in high
intensity region of the electric field (reprinted with permission from [101]).
(b) Optical micrographs of DEP trapping with an applied potential of 1 kV
(reprinted with permission from [102]).

Joule heating is an unwanted problem in most DEP devices.
Joule heating is the result of the electric current flowing
through the materials involved. The electrical conductivity of
the medium in between the electrodes is an important factor
that increases the joule heating [111]. Although the electrodes
in eDEP configuration are in direct contact with the solution,
iDEP devices suffer more since they generally demand higher
voltage levels to operate. Joule heating is an undesirable effect
since it can adversely affect the performance of the device by
damaging particles, releasing the trapped materials, or
changing the properties of the suspending media [112-115].

Joule heating can increase the Brownian motion of the
particles, induce fluid motion, and change the DEP force.
These effects decrease the reliability of the DEP process [113,
116-124]. As such, much work has focused on decreasing the
voltage required to drive an iDEP device. Generally, low
voltages have the advantage of lower Joule heating effects and
releases more applications for iDEP specifically in biology
[117]. In order to decrease the applied voltage level of iDEP
devices a few strategies have been developed. Embedded
passivated-electrode iDEP (ExDEP) structures [125, 126],
three-dimensional iDEP (3DiDEP) [117, 127], and
conductivity gradient-based DEP [128] are three examples of
efficient structures that demand lower applied potentials. In
the ExDEP structure, electrodes are located in close proximity
while covered with an insulating layer. The operating principle
is similar to iDEP structures since materials are not in direct
contact with electrodes. High intensity electric fields can be
generated with much lower potential in the range of tens of
volts. However, electrode fabrication is not simple as normal
iDEP structures. 3DiDEP structure combines the advantages
of 3D electrodes, iDEP, and eDEP configurations with the
goal of high throughput manipulation at lower potential [125].
The fabrication of a three-dimensional structure with high
aspect ratios is discussed in section 5. A 3DiDEP structure
allows trapping manipulated objects with lower applied
potential. For instance, 10 pm beads were successfully trapped
in a 1 cm long channel with an applied potential of 10 V, and
E coli cells were trapped at an electric field of 50 V/ecm [117].
In another study, Diana et al. presented a device with a 3D
structure fabricated on a silicon wafer using reactive ion
etching, as shown in Fig. 7(a) and (b) [125]. The device can
trap objects in the area between the microposts, as shown in
Fig. 7 (c), while fluid flows in the microfluidic channel. The
presented device could selectively trap 90% of the live
bacteria at frequencies ranging from 30 to 60 kHz at 400 Vpp
while most of the dead bacteria escaped. As shown in this
example, 3DiDEP structures can be arranged to fabricate high
through put filters. In fact, in this structure, suspended target
particles are continuously immobilized in multiple trap
locations if the DEP force is stronger than drag force applied
by liquid flow. As a filter application, iDEP processes have
received special attention in biology to filter out specific cells.
One advantage of the DEP filter is that filter cleaning process
can be done by simply releasing the trapped particles when the
applied potential is removed [111, 129-131]. In conductivity
gradient-based DEP, an ionic liquid is used to form the
electrodes in a microfluidic chip. The immiscibility nature of
the selected ionic solution in the DEP liquid provides a stable
interface in the microfluidic channel. The absence of an
insulation layer between the liquid electrodes and DEP buffer
improves the coupling efficiency and makes full use of the
electric potential applied into the main channel to generate a
strong enough electric field gradient. In this structure, two
DEP buffer is used and the gradient of the conductivity of
DEP buffers is responsible for inducing the gradient of the
electric field. Specifically, the nonuniform electric field is
generated by using two types of DEP buffers with different
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conductivities. This method showed an efficient DEP
separation of cells and particles in the device [128].

Fig. 7. (a) SEM image and (b) magnified image of a iDEP device with 3D
microposts. (c) Low voltage operation of the device showing that materials are
concentrated at the microposts (reprinted with permission from [125]).

There are other iDEP structures reported for specific
purposes such as a nanopipette system for trapping short
length DNA and single-nucleotide triphosphate particles [35],
porous membranes for trapping a wide array of particles,
ranging from biomolecules to cells [129-134].

C. AC or DC Electric field

As discussed, Joule heating is an unwanted phenomenon in
DEP process and the trend is to find methods to decrease the
generated heat during the device operation. One possible
method is to design a suitable structure operating with lower
voltage levels (discussed before) and using a substrate with
high thermal conductivity such as silicon [124] to dissipate
generated heat, thus allowing the device to operate at lower
temperatures. The other method involves taking advantage of
the AC field.

In general the use of a high frequency AC signal (greater
than 100 kHz) for DEP purposes has some advantage over DC
or low frequency DEP. First, electrochemical reactions
decrease even if the potential level is high enough to initiate
the reaction [93]. This reaction can occur between each part of
the device such as electrodes, substrates, insulators, and
solution. The reaction often generates bubbles. Second,
experimental and simulation results confirm that DC voltage
can produce significantly more Joule heat than an AC voltage
[94, 100]. Third, the AC field prevents -electrophoretic
movement of statically charged materials such as cell
membranes [135]. All these can be achieved at the cost of the
insulation problem. Thin insulation layers between the
electrodes and substrate or other parts of the device cannot
efficiently block a high frequency AC signal, and this can
adversely affect the functionality of the device by decreasing
the electric field gradient and increasing the leakage current.
Moreover, the leakage current can interfere with the
monitoring circuit, affect its operation, and decrease its
sensitivity. This is a common problem for the devices made
from silicon wafers since silicon is not an insulator. Even
insulating silicon nitride (Si3N4) or silicon dioxide (SiO»)
layers grown on the silicon (Si) wafer makes a low impedance
path to the underlying Si material at high frequencies (> 1

MHz). Since silicon is not a very high impedance material,
DEP devices on these types of wafers suffer when attempting
to detect high impedance materials such as DNA origamis.
Sapphire wafers are reported as an alternative substrate for
silicon wafers for dealing with very high impedance materials;
however, its surface properties can become another challenge
in immobilizing the trapped particle. Different studies show
that a suitable surface preparation such as Silanization can
alleviate this problem for a range of particles [65, 136-138].

Although the AC field has numerous advantages over the
DC field, the DC signal can be successfully applied to low
voltage iDEP configuration since the insulating layer can
prevent the occurrence of electrochemical reactions [139] and
decrease the leakage current. One other possible method to
decrease the DC voltage level is to apply a DC-biased AC
signal. DC-biased AC electric fields can improve the
functionality of iDEP devices [140-143]. In a study, Zellner et
al. show that the use of DC-biased AC fields improved
selectivity for trapping bacteria in 3DiDEP microfluidic
devices over DC operated iDEP devices. For example, the
separation of Escherichia coli from 1 um beads and the
selective trapping of live Staphylococcus aureus cells from
dead cells are reported [140].

IV. DIELECTROPHORETIC MANIPULATION

DEP forces can be used to trap, separate, and transport a
variety of materials. The focus of this section is the
application, challenges, and some examples of DEP devices in
micro and nanomaterial manipulation.

A. Trapping

One of the most important applications of the DEP
technique is trapping. As discussed in section 2, the DEP force
is related to the gradient of the electric field. This force can act
on an object and moves it toward or away from the field
gradient. Accordingly, the trapping process is successful if the
electric field gradient provides stronger force than the
surrounding forces such as thermal force to the particles and
guides it to the specific location with net-zero DEP force. In
the literature, both nDEP and pDEP forces are employed to
trap materials. Specifically, for the eDEP configuration, the
size of the electrodes and the gap between them may need to
be in the same range as the object under investigation,
otherwise objects can accumulate instead of trapping only
individual or a few oriented particles. Accordingly, the
trapping nanomaterials requires the fabrication of nanogaps
and nanoelectrodes. Nanogaps and nanoelectrodes are highly
sensitive to the applied voltage and electrostatic discharge
since even low voltages can generate extremely high-intensity
electric fields in the gap and around the sharp electrodes. This
electric field may destroy the device and material. For
instance, the formation of nano-canyons with depths of 10 to
40 nm on a SiO; substrate in between the nanoelectrodes is
reported during the trapping procedure while the applied
voltage level to the electrodes is about 5 Vpp [34]. In this case,
5 Vpp generates an ultra-high intensity electric field in an 80
nm gap region and around the sharp edges of the electrodes.
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This may locally destroy the silicon dioxide substrate and the

electrodes. This issue makes it difficult to deal with
nanomaterials. In addition, the fabrication process for
nanoelectrodes and nanogaps requires a sophisticated

processes that are expensive, complex, and low throughput.
Electron beam lithography, a commonly used fabrication
technique for patterning nanostructures, is frequently applied
to design DEP devices for trapping nanoparticles [34, 144].
Even though material trapping has been successfully
demonstrated in a variety of conditions, it remains challenging
to confine only a single object. Since the presence of a
nonuniform electric field in between electrodes continuously
attracts polarizable objects to the trap location, a mechanism is
required to control the trapping process, detect the presence of
the material, and prevent particle accumulation in between the
electrodes. In some studies, this process is calibrated based on
the properties of the applied signal. The trap mechanism is
adjusted based on the applied voltage level, the frequency of
the signal, the solution concentration, and the duration of the
process [37, 65, 68, 145]. Since there is no feedback
mechanism in this procedure, the system is highly sensitive to
the mentioned parameters and other unwanted environmental
parameters such as temperature and pressure changes.
Accordingly, this process is typically low yield. With a gap
the size of the target material, one can slightly increase the
efficiency of the device since it is possible to apply the signal
more than the normal time without having significant
aggregation. Kuzyk et al. proposed a DEP device that controls
the trap mechanism by tuning the buffer concentration, applied
voltage levels, and frequency [146]. They reported 10%
efficiency in precisely trapping the origamis in between the
electrodes. In other research, Shen et al. reported a yield of
higher than 50% for anchoring DNA origamis to gold
nanoelectrodes [34]. Although this method shows a moderate
success rate, it is highly sensitive to the experimental
conditions and a slight change requires additional calibration.
Since there are inevitable small changes in the electrode
shapes between DEP devices or the solution concentration of
different samples, trapping based on the previous calibration
results in low yield. The yield is even lower if either the
device fabrication or sample preparation processes are
modified. However, a few promising studies have shown that
monitoring the trap location can significantly increase the
yield of the process and decrease the sensitivity of the process
to the mentioned parameters [147, 148]. The monitoring is
usually based on impedance measurements. Having a
monitoring system can provide increased tolerance to changes
in the fabrication process and remove the requirement of
fabricating the electrodes with precisely the same parameters.
This decreases the cost of fabrication especially when dealing
with nanomaterials. In fact, the monitoring system can often
be used to stop the process before aggregation occurs.
However, the monitoring system can be challenging to
implement when dealing with high impedance materials such
as long DNA origamis. We reported a method to detect the
presence of high impedance one dimensional DNA origamis
by a high sensitivity capacitance measurement circuit [65].

This specific electronic circuit is designed for both trapping
and monitoring. The presence of this electronic circuit
alleviates the requirement of having narrow electrodes.
Although the width of DNA origamis is in the range of 10 nm
(cross-section area of 10 nmx10 nm), electrodes with 400 and
600 nm widths are suitable for the trapping procedure without
having significant aggregation problems. This circuit, which is
a high sensitivity capacitance measurement, detects the
presence of nanomaterials in the trap location, therefore the
trapping process can be stopped at an appropriate time. There
was no destruction of electrodes or gap, and this might be
attributed to the relatively wide electrodes and use of sapphire
substrates.

Some structures offer multiple trap locations. The
quadrupole structure discussed above is a famous example
structure. Different reports illustrate that the nDEP force can
trap the particle in the center of the structure and pDEP force
can trap the particles in between each electrode pair. nDEP
can move the objects of interest toward the center of the
electrodes in a quadrupole structure [82]. Even a successful
demonstration for trapping nanoparticles as small as 14 nm
has been reported [149]. Huges and Morgan demonstrated the
trapping of a latex nanosphere in a center of a quadrupole
structure [150]. Similarly, interdigitated electrodes can show
the same behavior but provide multiple trap locations. In a
study, Alexandrium minutum (AM) and Prorocentium micans
(PM) are selectively trapped in specific locations based on the
frequency response. AM cells have a frequency feature with
an approximate crossover frequency of 8 kHz. Above this
frequency, pDEP force applies to AM cells and they
experience nDEP for lower frequencies. PM cells show pDEP
behavior for the working frequency range. At high
frequencies, both AM and PM cells accumulate in pDEP
zones, shown in Fig. 8(a) and (b), whereas at 5 kHz, only AM
cells accumulate in nDEP areas (see Fig. 8(c)) [81]. In another
study, a trapping device based on an electrode array is
reported. This device trapped and harvests microalgaes with
an efficiency of 96.18% [130].
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A
Fig. 8. a) PM trapped in pDEP area at 10 MHz, b) AM trapped in pDEP

area at 10 MHz, and (c) AM trapped in nDEP area at 5 kHz (reprinted with
permission from [81]).

For success, the DEP force must be strong enough to adsorb
the material to the designated trap location and return it to the
location if the material deviates as a result of external forces
such as vibration and fluid flow as well as temperature-driven
forces such as Brownian motion. The presented devices move
the particle toward the trap location, however, gravity is
responsible to hold large particles such as cells on the surface
[149, 150]. Most micro and nanomaterials and even objects
with near neutral buoyancy can easily escape from the trap
location as a result of small turbulence. 3D structures [151,
152] can improve the performance of the device in confining
particles more strongly.

Since eDEP structures provide post-processing capabilities
after the trapping process to measure properties of the
materials, they are often used for the trap procedure. However,
analysis of some samples such as cells is done in a solution
phase in a micro-reaction chamber. Also accessing the single
cells data enriches the knowledge of sustaining challenges in
molecular biology, cancer diagnostics, pathology, and therapy
[153, 154]. That being said, trapping an individual cell in an
iDEP device provides a suitable platform for studying
important features of that specific sample [155]. Bhattacharya
et al. reported an iDEP device in a microfluidic chamber that
traps individual cells using insulating posts integrated at
microchannel intersections, as shown in Fig. 9 [153]. They
could successfully trap polystyrene particles of 10 mm
diameter and a single MCF-7 breast cancer cell.

|
Fig. 9. Trapping of a single MCF-7 cell. (a) The cell moves toward the tap
location. (b) The cell is directed toward the tips of the trap location. (c) The
cell is trapped by iDEP force [153].

Additionally, after a successful trap, another challenge in
the dielectrophoretic trap is immobilizing the particle in trap
location for future studies such as I-V and C-V measurements.
In order to measure the properties of an individual or a group
of particles as well as the environmental effect on the particle
properties, we need to dump the solution or exchange the
environmental condition without moving or detaching the
trapped materials. This requires a firm connection of the
particle to substrate and electrodes. Surface chemistry plays an
important role in immobilizing materials in the trap location
even after removing the trap signal. This is wusually
accomplished by altering the surface properties and attaching
anchoring groups to the trap location and/or manipulated
materials. The type of particle, anchoring groups as well as
substrate itself play an important role in reliable and
repeatable measurements. For instance, DNA origamis can
perfectly attach to the hydrophilic SiO, surface. Accordingly,
different studies show that if the electrodes are made on the
Si0; substrate, DNA origamis are perfectly immobilized after
trap, and changing the environmental condition does not move
the origamis. However, some substrates may not be suitable
for immobilizing trapped materials. In such a case, the surface
properties of the chip should be altered by using specific
chemicals. For instance, the single crystalline sapphire (0001)
surface encompasses hydrophobic regions inside hydrophilic
areas [138]. Therefore, materials such as DNA origamis does
not firmly attach to the surface of sapphire, and they may
displace during or after the trap procedure. Accordingly, the
sapphire surface are wusually functionalized using 3-
Aminopropyl triethoxysilane (APTES) for covalently binding
biomaterials to inorganic surfaces [136]. Ghomian et al.
carried out a liquid phase deposition of APTES on the
sapphire substrate to enhance the adhesion of DNA origamis
to the surface [65]. Moreover, anchoring micro and
nanomaterials with some functional groups such as thiols and
amines increases the attachment force of materials to the
electrodes or substrate. In recent work, we modified DNA
origamis with thiols on both ends to firmly attach them to the
gold nanoelectrodes of the device. In another study, O, plasma
is applied to the quartz substrate to render the surface
hydrophilicity for increasing the surface force in holding
trapped nanowires and prevents displacement as a result of
fluidic flow or other external forces [15].

B. Particle separation

Physical filtration is a traditional method to separate
particles. However, pore clogging is a common problem that
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adversely affects the operation and makes it impossible to use
the device. More notably, if the process comes to separate
same size materials or deal with very small materials such as
nanoparticles, physical filtration fails. DEP is an excellent
alternative tool for particle separation. The process works
because the DEP force depends on the size, permittivity,
conductivity of the particle, and the electric field gradient
(DEP force on materials is explained in section 2). Since the
electric properties of materials vary based on the frequency of
the applied signal, the voltage amplitude and frequency of the
applied signal may be tailored in a way to apply enough
different forces to the different particles. This variation in the
applied force along with the device structure can provide a
suitable medium for particle separation.

One of the simplest structures is based on the iDEP
configuration. In this structure, a fluidic channel is filled with
insulators. The insulators could be in different shapes such as
rods, spheres, textiles, etc. The microfluidic channel is
equipped with pair of electrodes. As discussed in chapter 3,
the insulators are responsible for making nonuniformity in the
applied electric field [48, 91]. This approach can be used as a
filter to separate different particles in a solution by trapping
specific materials. Zhou et al. used 200 um glass beads to
fabricate a iDEP device to separate biological cells in water
[156]. Fig. 10 shows that after applying the voltage (50 Vp,, 100
kHz) yeast cells are trapped in the field maxim in between
glass beads. Since the insulators are readily available at a
cheap price, the overall fabrication process is cheap and
simple.
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Fig. 10. an iDEP structure with glass beads in a microfluidic channel. (a)
no yeast cell observation around the glass beads before applying the electric
field. (b) applying the voltage (50 Vpp, 100 kHz) attracting and trapping yeast
beads in the electric field maxima around the beads (reprinted with permission
from [156]).

Interdigitated electrodes are another option for particle
separation because they offer multiple trap locations for both
nDEP and pDEP. One sophisticated mechanism involves
taking advantage of the transition from nDEP to pDEP or vice

versa. In this method, one material experiences one type of
DEP force (for example pDEP), and the other experiences the
other type of DEP force (in this case nDEP). This method has
been used in different studies to separate yeast cells [66],
biological cells [157], and submicron particles [41] using
interdigitated electrodes. Markx et al. separated viable and
non-viable yeast cells in high electric field gradient and low
electric field gradient regions respectively as shown in Fig. 11
[158]. The viable and non-viable yeast cells show different
DEP behavior at 10 MHz, accordingly, they could separate
them by applying 10 MHz electric field. At a low frequency of
10 kHz, both cells show pDEP behavior.

Non-viable yeast cells —

3 : ; R&
Fig. 11. Dielectrophoretic separation of viable and non-viable yeast cells
using interdigitated electrodes. The viable yeast cells collect on electric field
maxima around the edges of and in pearl chains between the electrodes, whilst
the non-viable cells collect on electric field minima in between the electrodes
in diamond-shaped formations (reprinted with permission from [158]).

Since the size of the particle affects the magnitude of the
DEP force, some studies take the advantage of this property to
separate large particles such as macromolecules from small
objects such as DNA and viruses. Morgan et al. presented an
electrode array DEP device fabricated using direct write
electron beam lithography to separate different types of
submicron latex spheres [41]. Particle separation is achieved if
there is a regulated liquid flow around the DEP device to
remove the free particle or particles trapped at field minima
but leaving the trapped particles at field maxima (for pDEP
case). Finally, the trapped particles was collected by turning
off the applied signal and rinsing the electrode with the
appropriate solution [159].

In an interesting study, a DEP device, shown in Fig. 12(a), is
composed of two sets of electrodes on top and bottom of a
microfluidic channel. This shape provides suitable trap places
for both pDEP and nDEP. This device was used to separate
planktonic species, Alexandrium minutum (AM) versus
Prorocentrum micans (PM), according to their composition
response to the frequency of the electric field. Moreover, the
device was able to sort polystyrene particles as a function of
their size, with diameters ranging from 0.5 to 5 um. This work
demonstrates a device that can separate the components of
samples at flow rates up to 150 puL/min. In this process, a
blend of AM and PM is introduced to the chip. At the
frequency of 12.5 MHz, both AM and PM cells are
accumulated in the first trap areas as a result of pDEP force,
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shown in Fig. 12(b). Then, by switching the frequency to
5kHz, AM cells show nDEP behavior while AM cells have the
same pDEP behavior. Accordingly, the AM cells are released
from the high electric field gradient areas of electrodes while
PM cells remain trapped, shown in Fig. 12(c). AM cells are
pushed away from the first trap region by the fluidic flow and
leave PM cells in the first trap area, shown in Fig. 12(d). Since
the next trap area is designed for the nDEP behavior, AM cells
are trapped in that area, as shown in Fig. 12(e). This
demonstration shows that a suitable electrode configuration in
combination with frequency dependent DEP force can be used
to separate materials. Since inkjet printing is not suitable for
fabricating electrodes with a small gap, the main challenge of
this device is manipulating materials less than 0.5 um since a
stronger electric field is required for small objects and that
demands close separation between electrodes [81].
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Fig. 12. (a) The schematic structure of the SEP device accommodated both
nDEP and pDEP trap area. The printed electrodes are places on the top and
bottom of the microfluidic channel. (b) both AM and PM cells are trapped
with 12.5 MHz signal. (¢) AM cells are released when the signal is switched
to 5 kHz and (d) PM cells remain trapped. (¢) AM cells trapped in the field
minima at the second trap location as a result of nDEP force (reprinted with
permission from [81]).

Moreover, variation in a particle’s electric properties
impacts the magnitude of the DEP force resulting in different
behavior of the particle under the test. This provides a good
platform to separate the same particles with different quality.
This is suitable for a variety of purposes such as biomedical
applications [52, 160] for detecting aged cells [161], cancer
cells [162], separating monocytes from cancer cell [163], and
differentiating mesenchymal stem cells [164]. A study shows
that DEP force that acts differently on a Chinese hamster
ovary (CHO) cells subjected to thermal stress and a normal
CHO cell separate them and even can detect and separate the
recovered cells [165]. An additional exciting study shows that
it is possible to identify and separate bovine red blood cells
(bRBCs) of varying starvation ages. The device works based
on the fact that after glutaraldehyde fixation reactions the
crossover frequency can vary as a function of the age of
bRBCs. In particular, a bRBC has two crossover frequencies.
The high crossover is dominated by internal cell parameters,
such as cytoplasmic conductivity and permittivity, and is
normally above 10 MHz in low conductivity media. The low
crossover frequency is sensitive to changes in the cell
membrane permittivity. Cross-linking by glutaraldehyde
decreases the relative permittivity of the cell membrane from

10.5 to 3.8 depending on the age of the cell. The author adjusts
the low crossover frequency to separate bRBC cells based on
age [166]. Fig. 13(a) shows a quadrupole structure used for the
separation experiment. As we discussed in section 3,
quadrupole structure offers trap sites for both nDEP (center of
the structure) and pDEP (area between every two electrodes)
methods. In the experiment, if the frequency does not choose
correctly all RBCs can show pDEP and be trapped in the area
between the electrodes and electrode edges, as shown in Fig.
13(b), or they may show nDEP and be trapped in the center of
the structure, as shown in Fig. 13(c). the authors demonstrate
that at the frequency of 1.5 MHz it is possible to separate 4
weeks old cells (gathered in the center of the device) from 1
week old cells (trapped in the edge of the electrodes).

o -

Fig. 13. (a) quadrupole electrode array used for bRBCs separation. (b)
pDEP behavior observation of bRBCs. (c) nDEP behavior observation of
bRBCs. (d) separation of 4 weeks old cells (gathered in the center of the
device) from 1 week old cells (trapped in the edge of the electrodes) (reprinted
with permission from [166]).

Hajari et al. presented a simple but useful structure that
separates and sorts particles based on their sizes. This
structure, which is consists of two tilted electrodes in a
microfluidic channel, works based on the fact that the DEP
force is related to the size and electric field gradient. Fig. 14(a)
shows the two tilted electrodes and the fluid direction is from
left to right. The DEP force is maximum at the location that
the distance of two electrodes is minimum and the force
decreases as the electrodes are separated. Moreover, as
discussed in section 2, large particles experience higher DEP
force. That being said, large particles cannot pass the
electrodes at the location of the highest gradient (where two
electrodes are in closest proximity) and a fluidic flow moves
them along the electrodes toward the region of the low field
gradient. At a specific point, which is called the release point,
DEP force is not strong enough to keep the particle on the
electrode, and therefore the flow of the fluid releases it. This
release point depends on the size of the particle (assuming
particles are made of the same materials). As shown in Fig.
14(a), as the particle gets bigger in the size, the release point
moves further toward the low gradient region [167]. Fig. 14(b)
and (c) show the experimental and simulation results of a
device acting on polystyrene beads of a specific size. Both
confirm that there is a specific release point for the particle
having the same size.
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Fig. 14. Tilted electrodes configuration used for separation and sorting
particles based on their size. (a) simulation results confirming the
functionality of the device. larger particles experienced higher DEP force and
they are released at the region with a lower field gradient. (b) experimental
and (c) simulation demonstration showing particles with similar diameters
moving along the electrodes and freed at the released point (reprinted with
permission from [167]).

Microencapsulation of cells in hydrogels has a variety of
applications in bioscience and bioengineering. However, the
extraction of microcapsules from the oil phase in microfluidic
systems is a challenging task. He group presented DEP
devices for the separation of cell-laden hydrogel
microcapsules from oil emulsion into an aqueous solution
[168, 169]. In an interesting design, the device, which is based
on the liquid electrodes, shows a reliable operation for
redirecting hydrogel microcapsules toward the aqueous phase
regardless of their mechanical strength [168]. Moreover, a
study shows that the presence of DEP force can improve the
efficiency and throughput of the circulating tumor cells (CTC)
separation and detection. In this study, the device consists of
two capture and flow zones. DEP force is employed to extract
cells from the flow zone to the capture zone where the flow
rate is low for accurate CTC detection [170]. Recently,
machine learning methods are employed to improve the
performance of the DEP devices. The application of the deep
learning image analysis technique realized a real time label-
free detection and selective extraction of cell-laden hydrogel
microcapsules [171]. Also, the Fuzzy logic method is utilized
to optimize the design of a system for efficient separation of
platelets from Red Blood Cells [172].

C. Particle Transportation

Transportation of micro and nanomaterials such as
biological samples has played an important function in a
variety of fields such as nanoscience, sensors, drug discovery,
genetic sequencing, and cell sorting [173, 174]. Transporting
targeted materials toward a specific location increases the
concentration leading to accurate and efficient detection of
that specific material [175]. Since DEP can apply force to the
materials, this force can be used to guide materials on a
predefined path (transportation) or toward a specific location
(concentration). The working principle is a sequence of
trapping and releasing in a specific pattern. To generate the
pattern, a specific design for the size, geometry, and

arrangement of electrodes as well as the sequence and
specification of the applied signal is required. Zaman et al.
reported an array of microelectrodes to transport colloidal
microparticles. They achieved this goal by applying AC
voltage in a regular sequence to microelectrodes. This moves
colloidal microparticles along the electrodes in the same
pattern of the voltage sequence [176]. manipulating substantial
sets of small objects demands sophisticated technology [177].
In particular, the device should be able to have more selective
transport on an arbitrary path for selected particles. In a study,
Hunt et al. presented a creative method that is able to
simultaneously and independently trap and transport
thousands of dielectric materials along a particular path [178].
This device, shown in Fig. 15, combined integrated circuit (the
chip consists of an array of 128 x 256 pixels, 11 x 11 pm? in
size, controlled by built-in SRAM memory), microfluidic, and
DEP technology. Although this is a complex and expensive
device, but it opens a horizon to precisely move and locate the
micro and nanoparticles for specific applications such as
individual living biological cells and chemical droplets.

The manipulation of liquid droplets has been widely studied
for a variety of applications such as biological [179],
electrical, optical, and thermal applications [180].
Accordingly, droplet transportation has received special
research attention. DEP force can be utilized to move the
droplets in a specific direction. The presented device was able
to precisely transport a water droplet towards a specific
location, split a water droplet, and merge them, as shown in
Fig. 15(d). However simple and cheap structures are introduced
for this purpose. An array of electrodes [180] and an array of
interdigitated electrodes [181] are two simple structures
reported for droplet transport. Recently, the sequentially
addressable dielectrophoretic array (SADA) sorter is
introduced to combine the advantages of high-throughput
single-cell sorting with those of large-droplet microfluidics to
improve the throughput of droplet sorting techniques [182].
Another interesting structure is reported by Frozanpoor et al.
which is an interdigitated electrode pad with a variable gap, as
shown in Fig. 16(a) [183]. A droplet moves toward a high
electric field gradient (or low electric field gradient based on
the DEP operation) when a DC or AC signal is applied. Fig.
16(b) shows that set of the electrode pads are arranged in a
matrix format. Signal management system connect to this
arrangement provides accurate control on the location of the
droplet in a one-dimensional movement. They show that with
different arrangements if electrodes radial-symmetric droplet
motion (Fig. 16(c)) and bilateral-symmetric droplet motion
(Fig. 16(d)) are achievable.
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Fig. 15. (a) Transportation of two yeast cells toward the third one in 4
seconds. (b) Thousands of yeast cells patterned by DEP force to spell out “Lab
on a Chip”. (c) Independent transportation of yeast and rat alveolar
macrophages manipulated with DEP. (d) Splitting, moving, and combining
water drops in oil with DEP (reprinted with permission from [178]).

b) [ ———— ] L]
L
bz

R

T &
V=

Fig. 16. (a) Interdigitated electrode pad with a variable gap. Arrangement
of the electrode pads in a matrix format for controlling the position of the
droplet in (b) linear, (c) radial, and (d) bilateral movements. (e) close view
showing the overlapped region between two electrode pads (reprinted with
permission from [183], further permissions related to the material excerpted
should be directed to the ACS,
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c00329,).

Another sophisticated method of transportation is changing
the electric field pattern formed between the electrodes. If the
electric field distribution form as a result of the interference of
multiple electric fields, a change in magnitude and phase of
the constituent components can change the overall field

distribution resulting in different gradient patterns and
different locations for minima and maxima in the electric
field. This method required multiple electrodes and signals.
Although this method should accompany by a signal
processing module, provides a flexible and useful device for
research activities specifically in biology. Zheng et al. design a
method that is able to transport a cell on a chip by modulating
phases and amplitudes of electrical signals applied to
microelectrodes [84]. In this design, they used a quadrupole
structure and applied two signals to form the final distribution
of the electric field. Fig. 17 represents the simulation and
experimental results. They could successfully transport a cell
in the direction and location of interest by modulating the
phase and amplitude of the DEP signals.
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Fig. 17. Single HeLa cell (in red circle) orienting and positioning toward
three directions (0°, 45°, and 30° with the vertical line). (a) and (b) simulation
result for the target positions. (c), (d), and (e) are the images of experimental
results for the cell moving toward the three orientations, which are consistent
with the simulation results (reprinted with permission from [84]).

V. FABRICATION PROCESS

As we mentioned before, the dielectrophoretic process can
be achieved by the implementation of an electric field gradient
through appropriate electrodes or a proper arrangement of
insulators inside an electric field. This requires an accurate
fabrication process for constructing specific pattern which is
suitable for the purpose of manipulation such as trapping,
separating, and transportation [79]. To enhance the DEP force,
it is recommended to have sharp edges and small electrode
separations rather than applying a high amplitude signal. This
suggests a repeatable and precise fabrication process. For
instance, when we are dealing with the trapping process, one
possible method is the fabrication of at least a pair of
conductive electrodes fitted to the dimension of the targeted
material to assure a controlled trap instead of the aggregation
of materials in the trap location. The use of microfabrication
techniques facilitates the accurate fabrication of small features
and accordingly guarantees the performance of the system
with the lower operating voltages in the range of tens of volts
for iDEP and a few volts for ¢eDEP configurations [184]. In
this section, we will discuss the fabrication methods and the
focus is on the electrode fabrication for eDEP configuration
and insulator arrangement and fabrication for iDEP
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configuration.

A. Electrode fabrication

Electrode-based DEP devices require at least a pair of
metallic electrodes to operate. Different metals such as gold,
platinum, titanium, chromium, and aluminum or transparent
conductors such as ITO are generally used in DEP process.
Since gold and platinum have more biocompatibility and
electrochemical stability, they are frequently used as electrode
materials. Electron beam evaporator, thermal evaporator, and
sputter machines are commonly used to deposit thin-film
layers. Electrodes can be shaped either during or after the
metal deposition. Usually, a shadow mask is used to form
electrodes during the film deposition. A shadow mask is a
metallic plate with patterns carved through the material. The
shadow mask is positioned into close contact with the
substrate in the deposition chamber. The target material is
deposited through the patterns of a shadow mask onto the
substrate. This is a simple and cheap process; however, it is
not suitable for high-resolution applications, feature edges are
not sharp, and the alignment process is difficult and not
accurate. This process is not applicable for resolving features
of less than tens of micrometers. To accurately pattern the
deposited metal and resolve the electrode shapes “lift-off” or
“etch-back” methods are utilized. The lift-off process is briefly
shown in Fig. 18. The process starts with coating the substrate
with a photoresist and the required pattern is transferred to the
photoresist using the photolithography method or electron-
beam lithography and developing process. Therefore, the
surface of the substrate except the required pattern is covered
with photoresist. After that, the thin film material is deposited
onto the entire surface of the sample, covering both the
photoresist and the generated pattern. Finally, the photoresist
along with metal seated on top of it is lifted off of the substrate
by releasing it using a specific chemical solvent for the
photoresist, thus leaving the metallic pattern of electrodes on
the substrate. For instance, a quadrupole electrode structure,
which is shown in Fig. 13(a), was fabricated by patterning dual
titanium-gold layers onto a glass slide. Photolithography is
used to define the electrode patterns with photoresist Shipley
AZ-5214. The process followed by evaporating 50 A of
titanium and 2500 A of gold on the substrate. The process was
completed after metal lift-off in acetone [166].

Sapphire High resolution
substrate photoresist coating

- -

Lift off Metal depositi D
Fig. 18. Photolithography and lift-off process for
nanoelectrodes (reprinted with permission from [65]).
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The etch-back process is slightly different from lift-off. In
this process, first, a metallic layer is deposited on the entire
surface of the substrate, and then the unwanted parts are

removed using special chemicals (wet etch process) or plasma
(Dry etch process). Before performing the etching process, the
required pattern is covered with a specific masking material to
protect it from the etchant material. Depending on the process
and type of the etchant, the masking material can be a
photoresist that has been patterned using photolithography or a
hard material such as silicon dioxide or silicon nitride. The
etch-back technique can provide higher quality edges than the
lift-off technique however the etchant materials used may
react with or etch other materials or substrate of the sample.

In a study, a photolithography technique is used to fabricate
a gap in the range of 10 um and electrodes width of 1 mm on
glass substrate [46]. In another study, a standard
photolithography technique with a minimum feature size of 2
pum is used to fabricate DEP devices on a quartz substrate [15].
This device with a 12 um gap and 2 pm electrode widths is
used to trap wires 18 pum in length and 240 nm in diameter.
The advantage of thin film metallic electrodes is that the
fabrication process is highly developed in the integrated
circuit industry and high yield devices for a variety of designs
even for nanogaps and nanoelectrodes are achievable. The
fabrication process for devices dealing with nanomaterials can
be challenging since the electrode and gap size may need to be
in the nanoscale range beyond the ability of high throughput
fabrication processes such as the photolithography method.
Some techniques are developed to deal with these structures.
Electron-beam  lithography is commonly used for
nanoelectrode or nanogap fabrication [69, 146]. In this process
instead of light (which is used in photolithography), a focused
electron beam is used to draw a pattern on a surface covered
with an electron-sensitive film (resist). Electron beam
lithography is a low-throughput and costly fabrication process
and is only suitable for research activities as it lacks high
throughput fabrication capabilities for real applications.
However, as an alternative method, it is possible to fabricate
bigger electrodes and incorporate a controlling mechanism to
detect the presence of target materials in the gap and to
prevent accumulation of nanomaterials in between the
electrodes [65].

Three-dimensional electrodes are another arrangement that
can be used to trap or filter materials such as biomolecules and
cells. As mentioned before, this structure can increase the
throughput of the system or deal with big materials. The
electroplating technique is usually used to extrude metallic
electrodes on the device. This process coats a metal on a
substrate through the reduction of cations of that metal by
means of a direct electric current produced by an external
power supply. The substrate acts as the cathode; the
electrolyte is a solution of a salt and the metal to be coated;
and the anode is a conductive material. In this process, first,
photolithography is required to define the area of electrodes.
In a study, Voldman et al. fabricated 60-um high electrodes to
trap a single cell in between metallic pillars in a quadrupole
structure [151].

As discussed, carbon electrodes and doped silicon
electrodes are useful specifically to decrease the
electrochemical or chemical reaction of the material with
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Table 1. Advantages, limitations, and required manufacturing process of electrode materials.

Materials Advantage Limitation Manufacturing process
Gold and Good electrochemical stability May electrochemically react with Photolithography and physical vapor deposition/sputtering
platinum and biocompatibility the sample if the voltage level is techniques; Photolithography can be replaced by shadow

Indium tin oxide
(ITO)

Doped silicon

Carbon

Metal coated

Transparent electrode

High electrochemical stability;
High aspect ratio structures

High electrochemical stability;
Outstanding biocompatibility;
Simple and cheap fabrication
process; High aspect ratio
structures

3D electrodes; Coating with

high

May electrochemically react with
the sample if the voltage level is
high

High electrical resistivity; Complex
and expensive fabrication process

High electrical resistivity; Limited
choice of substrate; Expensive and
nonflexible substrate; Small gap
fabrication is not possible

Expensive fabrication process

mask (low resolution) or Electron-beam lithography (very
high resolution, low-throughput, and expensive)

Photolithography and sputtering techniques.
Photolithography can be replaced by shadow mask (low

resolution)

Photolithography, diffusion / ion implantation, and deep
reactive ion etching (DRIE) techniques

Photolithography and pyrolysis steps

Focused ion beam assisted chemical vapor deposition,

diamond-like
carbon electrodes

highly doped silicon instead of
metal coating increases
electrochemical stability

3D metallic
electrodes

Increases the throughput of the
system; Can deal with big
materials

silver-NPs ink Flexible, cheap, and fast method; Low resolution
Compatible with a wide variety of

substrates

Expensive for precious metals

plasma etching, and physical vapor deposition techniques

Photolithography and electroplating techniques

Printing technology

electrodes. Carbon electrodes have a simpler and cheaper
fabrication process compared to metallic electrodes. Also, they
offer the advantage of a wide range of electrochemical
stability [59] and biocompatibility [60-63]. Accordingly,
replacing the metallic electrodes in electrode-based DEP with
carbon combines the advantages of both electrode-based DEP
and iDEP. This means that the possibility of sample
electrolysis decreases, and also lower voltages are required,
compared to iDEP, to produce the required electric field
gradient for the DEP process. The fabrication process is
typically composed of photolithography and pyrolysis steps,
as shown in Fig. 19. In this process first, an organic precursor
such as SU-8 or AZ photoresist is patterned on the substrate
by the photolithography technique. Then carbon electrodes
form by pyrolyzing the patterned precursors at high
temperatures up to 950°C in an inert atmosphere or vacuum
[61]. This method provides a glassy carbon electrode with
higher electrochemical stability and lower electrical
conductivity than conductive carbon -electrodes. Carbon
electrodes with a height of a couple of hundreds of
micrometers are reported with this technique [61, 63]. There
are two challenges associated with the fabrication process of
carbon electrodes. First, there is a limited choice for substrate
since it should be able to tolerate the high temperature requires
for the pyrolysis step. Flexible substrates are not the suitable
choice but opaque silicon and fused silica are two examples of
rigid substrates that are commonly used for this process [61].
The proper substrates for this technique are usually more
expensive than normal substrates. Second, the predefined
precursors shrink during the pyrolysis process, and therefore
the dimension of the predefined pattern changes. The

shrinkage rate depends on the type of the polymer and the
original structure and fortunately, it is possible to calibrate the
process [61, 185]. However, this problem can be a limiting
factor for making a small gap between the electrodes. Since
some 3D structures can be simply fabricated using this
technique, it has specific application in DEP process. Dimond-
like carbon is another stable material that is reported for 3D
electrodes. However, the fabrication process is complex and
expensive. The process started with defining the shape of the
3D nanoelectrode. For this purpose, they used focused ion
beam assisted chemical vapour deposition to form diamond-
like carbon (DLC) and then reshape it by post-plasma etching.
The fabrication process continued by coating the DLC
structure with a thin layer of aluminum to apply the DEP
signal to the DLC structure [73]. Doped silicon is another
material to decrease the electrochemical reaction effect [55,
56]. Although silicon process is well established, the
fabrication process for this type of DEP device is complex and
expensive since it required deep reactive ion etching to define
the electrode structures on the highly doped silicon substrate
[55].
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Fig. 19. a typical fabrication process for 2D and 3D carbon electrodes
consisting of photolithography and pyrolysis steps (reprinted with permission
from [58]).

pyrolysis

Printing technology is another method that allows the high
throughput fabrication of DEP devices. Although the
achievable resolution of this technology is much lower than
that of the discussed methods, printing technologies are more
flexible, less expensive, and faster than the others discussed,
and it is also compatible with a wide variety of substrates. As
such, printing technology has received special attention in
electronics, energy harvesting, sensors, and optoelectronics
[186]. To the best of our knowledge, the best reported
resolution is about 50 um [187] and the resolution of hundreds
of micrometers is easily achievable. An inkjet printing DEP
device is reported for plankton separation. The interdigitated
electrodes were printed on clean and dehydrated Polyethylene
naphthalate (PEN) foils. Commercial silver-nanoparticles ink
(PV-Nanocell 140DM-106) with 40% metal by weight was
used as ink material. After printing, ink was cured and sintered
in a convection oven at 180 °C for 1 h in an air atmosphere.
The minimal electrode width was in the range from 90 to 150
pm with approximately 300 nm in height. Electrode spacing
was set to 180 um [81].

A variety of materials can be used for electrode fabrication
based on the application, cost, and availability of the
equipment. Table | summarized the advantages, limitations, and
required manufacturing process of numerous electrode
materials.

B. Insulator fabrication

As mentioned before, another substitute for electrode-based
DEP is insulator-based DEP. iDEP can be either composed of
an array of insulators or another specific arrangement of
insulators to disturb the electric field for generating high non-
uniformity in the electric field. In general, there is no need for
fabricating specific micro and nanoelectrodes. As such, the
fabrication process in most cases is simple and cheap. The
common fabrication approach is to fill an array of insulators
inside a fluidic channel. The insulators can be in the shape of
rods, spheres, textiles, etc. in this case, a pair of electrodes can
generate electric field across the channel and the presence of
space and voids between the insulators provides

nonuniformity in the applied electric field. The electric field
gradient is maximum in the contact point of the insulators [48,
91]. If there are enough minima and maxima in the electric
field distribution, this device can be utilized as a filter to split
different particles in a solution by trapping specific materials
[156]. Since the insulators are readily available at inexpensive
prices, the overall fabrication process is cheap and simple.
Another methodology is to fabricate a specific predesigned
insulator structures on a substrate. The fabrication process for
these structures involves etching (wet or dry) for hard
materials such as glass and silicon [125, 140] or injection
molding or embossing for polymer-based materials [117]. The
etching process of the hard materials requires a
photolithography process to define the etch area and
accordingly the unwanted parts of the substrate should be
covered with a photoresistor metallic layer. Then wet/dry
etching process can be applied to define the structure. It can be
inferred that this method has an expensive fabrication process
and there is no superiority to electrode-based DEP in terms of
the fabrication process. However, if the fluidic channel is
required to be implemented, both channel and insulator
patterns can be fabricated in the same process with an
excellent alignment. Injection molding and embossing
techniques are the other approach with simple and cost-
effective fabrication process suitable for polymer-based
materials. Polymer-based materials are more durable since
they are not fragile. Polymers are produced with wide range of
physical and chemical properties. This makes them a suitable
candidate for variety of applications. The disadvantage of the
polymer-based structures is that high aspect ratio structures
are difficult to mold or stamp and microstructures in the range
of 50 um or below is not feasible to fabricate [188, 189].
Although the polymer-based fabrication process is simple and
cheap, the drawback of the method is that the master mold
requires a complicated and expensive process. This price can
be acceptable if the master mold is used in the mass
production process. Shafiee et al. reported an interesting iDEP
structure made of PDMS polymer [190]. The structure consists
of three fluidic channels. Electrodes are conductive liquids in
two channels (electrode channels) that are not in direct contact
with the main channels contains sample fluid. Electrodes are
capacitively coupled to the main channel. In this structure, the
required nonuniformity is generated by the geometry of the
electrode channels. The fabrication process starts with pouring
PDMS onto the silicon master and then curing for 45 min at
100°C. After removing the mold, fluidic connections to the
channels were punched. Finally, the PDMS replica was
bonded with the clean glass slides after treating with oxygen
plasma.

Although electrodes do not play an important role in iDEP
structure in generating the desired gradient for the electric
field, they should be aligned well with the sample during the
fabrication process. Usually, electrodes are fabricated in a
separate step of the fabrication process and alignment is
challenging unless an expensive fabrication process is utilized.
The electrode misalignment causes a change in the
experimental condition and significantly affects the
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Fig. 20. (a) steps of the fabrication process. (b) Top and (c) tilted of the imprinted COC replica (SEM images) to show the membrane and post morphology.
(d) Depths of 50 um measured for the device cross-section using a stylus profilometry. (e) optical image of the fabricated device with liquid electrodes (red

channels) and sample (blue chamber). (reprinted with permission from [1]).

reproducibility of the experiment. For instance, the thickness
of the insulator layer between electrodes and the microfluidic
chamber affects the coupling efficiency. As such, variation in
thickness of this layer varies the coupling efficiency, and
accordingly, the amplitude or frequency of the applied signal
should be adjusted. This problem can be avoided if electrodes,
insulators, and chambers are fabricated in a single layer
without an alignment procedure. Salahi et al. presented an
iDEP device that both the electrodes and the sample channel
were fabricated simultaneously using a single-layer imprint
and bonding process using a cyclic olefin copolymer [1]. In
this design, the electrodes are separate microfluidic channels
containing a conductive liquid with the interceding barrier
layer (14-um width and 50-um depth). Since the device does
not require solid electrodes the fabrication process is simple
and efficient. Fig. 20(a) shows the fabrication process. The
standard deep reactive ion etching (DRIE) method is used to
create the high aspect ratio structures (50-pm depth and
indicated lateral features) on a silicon wafer. This structure is
used as a master mold. The positive image of the master mold
was transferred to a soft stamp in two stamping processes
(second soft stamp in Fig. 20(a)) using an appropriate UV
curable polymer on glass wafers. This second soft stamp was
then used to make the cyclic olefin copolymer (COC) replica
by using the hot emboss imprinting and release technique. The
imprinted COC channels were then encapsulated by bonding
to a COC coverslip in a hot embosser.

VI. OUTLOOK

The research perspective in this field is to design practical,
high throughput, and inexpensive devices that can reliably
manipulate micro and nanomaterials. In particular, the desired
DEP devices should (1) operate with low voltages to prevent
any unwanted effects of the electric field or potential, charge
transport to the sample, and Joule heating; (2) have a large
electrochemical window to decrease electrochemical reactions
between the electrodes and the samples in eDEP case; (3) have

inexpensive and straightforward fabrication processes for
manufacturing; and (4) be able to manipulate sufficiently high
sample volumes for practical applications.

Significant advances in DEP manipulation have been
reported to achieve the mentioned goals. Now, DEP devices
are more functional and have a variety of applications in wide
ranging disciplines including medical diagnostics, micro and
nanomaterial characterization, cell therapeutics, and particle
filtration, and device fabrication. However, some areas require
more attention to improve the usability, functionality, and
availability of DEP devices. First, even though the operating
voltage of the iDEP devices has significantly declined, the
voltage is still unsuitably high for devices manufactured with
simple fabrication processes. The operating voltage of most
iDEP devices is hundreds of volts, which limits the device
utility, and restricts portability as mobile power sources (such
as a battery) will be short-lived. Second, the fabrication
process for DEP devices designed for trapping 1D or 0D
nanomaterials is typically slow and expensive. Although we
introduce less expensive and high throughput fabrication
processes for nanoparticle trapping systems supported by a
monitoring circuit, more research is still required to extend
this method for iDEP devices, to increase the variety of
materials, and to develop it for wide implementation. Third,
printing technologies are promising for flexible, inexpensive,
and high throughput fabrication processes. To date, this
technology has been shown to be suitable for fabricating DEP
devices with the features down to tens of micrometers.
Extensive research is required to improve the printing
resolution to became suitable for dealing with nanoscale
objects. Forth, material transportation can be useful for a
variety of applications such as programmable micro and
nanofabrication. Although substantial research has been
reported for DEP process improvement, inexpensive
transportation systems using the DEP force are still in their
infancy. Finally, high throughput devices are in demand. For
applications such as separation, filtering, and transportation,
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increases in the manipulation speed are still needed. Although
the increment of the device size or multiple device
incorporation are methods for achieving this goal, a
sophisticated solution such as using a crossover frequency for
separating samples can improve the user-friendliness of the
device.

Progress in DEP technology accelerates the improvement in
many fields such as medical diagnostics, material
characterization, drug discovery, cell therapeutics, and particle
filtration. A variety of technologies such as micro and
nanofabrication, microfluidics, and inkjet printing are utilized
to implement designed structures. Although many suitable
devices are developed, still this field requires special attention
to develop inexpensive and high throughput devices suitable
for medical and industrial applications. Moreover, DEP
technology can get the benefit of the emerging 3D printing
technology. 3D printing technology has shown a promising
platform for inexpensive, simple, and flexible fabrication
processes. Recent advances in 3D printing technology in terms
of printable materials and printing accuracy opens up various
applications for this technology. Accordingly, in the future,
fully integrated DEP structures or required master molds can
be printed without the need for a cleanroom facility and
complex fabrication processes. 3D-printed technology
accelerates research in the DEP field by decreasing the
fabrication time and expenses.

Moreover, DEP technology can potentially provide a
suitable platform to facilitate the design of cheap, fast
response, reliable, and high-efficiency laboratory equipment
operating with a small volume of samples for performing
various tests simultaneously. Specifically, DEP can enable
efficient transportation, concentration, and separation of
targeted materials toward the locations of interest in
microfluidic chips. This approach can miniaturize bulky
benchtop instruments. Although these systems require the
involvement of different modules for signal generation, signal
conditioning, data acquisition, data processing, and human-
machine interfaces, the current progress in semiconductor
technology-enabled small scale, low consumption, and ultra-
fast electronics and processors. Even, daily used electronics
such as cell phones and laptops carry powerful processors,
reliable communication ports for signal generation and data
acquisition, user-friendly human-machine interfaces, and
dependable power sources that can be utilized for simplifying
the design in order to develop portable labs on a chip.

VII. CONCLUSION

This study aimed to provide an overview of the DEP
fundamentals, methodologies, device fabrication process, and
material manipulation. Dielectrophoretic manipulation is
based on a force that is applied to a polarizable material in the
presence of a non-uniform electric field. Here, we discussed
the two important methodologies including electrode-based
DEP (eDEP) and insulator-based DEP (iDEP) to produce
nonuniformity in electric field distribution. Depending on the
process and the materials static field or dynamic field with a

specific frequency will be employed to have a reliable
operation. The generated force can be used to trap, separate,
and transport polarizable materials. we also reviewed the
fabrication methods for eDEP and iDEP configurations.
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