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Particle trapping in electrically driven
insulator-based microfluidics:
Dielectrophoresis and induced-charge
electrokinetics

Electrokinetically driven insulator-based microfluidic devices represent an attractive op-
tion to manipulate particle suspensions. These devices can filtrate, concentrate, separate,
or characterizemicro and nanoparticles of interest. Two decades ago, inspired by electrode-
based dielectrophoresis, the concept of insulator-based dielectrophoresis (iDEP) was born.
In these microfluidic devices, insulating structures (i.e., posts, membranes, obstacles, or
constrictions) built within the channel are used to deform the spatial distribution of an
externally generated electric field. As a result, particles suspended in solution experience
dielectrophoresis (DEP). Since then, it has been assumed that DEP is responsible for par-
ticle trapping in these devices, regardless of the type of voltage being applied to generate
the electric field—direct current (DC) or alternating current. Recent findings challenge
this assumption by demonstrating particle trapping and even particle flow reversal in de-
vices that prevent DEP from occurring (i.e., unobstructed long straight channels stimu-
lated with a DC voltage and featuring a uniform electric field). The theory introduced to
explain those unexpected observations was then applied to conventional “DC-iDEP” de-
vices, demonstrating better prediction accuracy than that achieved with the conventional
DEP-centered theory. This contribution summarizes contributions made during the last
two decades, comparing both theories to explain particle trapping and highlighting chal-
lenges to address in the near future.
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1 Introduction

Dielectrophoresis (DEP), the force acting on polarizable mat-
ter subjected to a nonuniform electric field, has been exten-
sively used to manipulate and characterize a wide range of
micro- and nano- particles [1]. Mammalian cells [2], viruses
[3], bacteria [4], yeast [5], microalgae [6], DNA [7], and RNA
[8] have been studied through DEP. This interesting elec-
trokinetic (EK) technique, from its conception, has been as-
sociated with a pair of electrodes differing in size or shape
upon which a direct current (DC) or alternating current (AC)
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voltage is applied to generate a nonuniform electric field [9].
Such an approach to DEP is known as electrode-based DEP
(eDEP). ProfessorHerbert Pohl first describedDEP through a
careful experimental setup that included two small electrodes
(quite large electrodes for the current standard of the technol-
ogy) that created a radially distributed electric field [10]. Later,
because of significant improvements in micro- and nano-
fabrication tools and protocols, dimensions shrank consid-
erably. The reduced electrode size allowed generating highly
nonuniform electric field distributions, and the microfabri-
cation techniques allowed integrating those electrodes within
microfluidic devices [11].With this, it became possible to start
probing the DEP response of the many particles listed above.

Many motivations exist for working in the microfluidic
field [12]. However, one that is particularly interesting for the
DEP community is the possibility to develop Point-of-Care
(POC) or Lab on a Chip (LOC) devices. These devices would
be taken to low-income communities with no access to
clinical laboratories for immediate and reliable diagnosis of
illnesses. To truly serve this purpose, POC devices must be
portable, disposable, and low-cost. Also, these devices must
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not require excessive peripheral bulky instrumentation (e.g.,
power sources, syringe pumps, microscopes, potentiostats,
etc.). Otherwise, the device would be better described as a
“Chip in a Lab” and not as a “Lab on a Chip”. Electrode-
based DEP devices generally require syringe pumps to
drive fluid motion [13]; their fabrication process is lengthy,
cumbersome, and expensive [14]; and they incur in signif-
icant Joule Heating [15]. Because these features of eDEP
are not amenable for developing LOC devices, different
approaches to induce DEP were sought. It was under these
circumstances that attention was paid to insulators.

Insulator-based technology originally relied on using
insulating structures—embedded within a microfluidic
device—to distort an otherwise uniform electric field, in-
ducing DEP in particles suspended therein [16]. These
devices can be fabricated using different approaches includ-
ing photolithography + soft lithography, CNC milling, and
xurography, all of which can be carried out outside cleanroom
facilities, significantly lowering fabrication costs. As these
devices do not require integrated metallic electrodes, they
can be more easily disposed after use. Also, if a DC voltage
is applied across the channel using external electrodes, two
additional things will happen: (1) a net electroosmotic flow
(EOF) will be generated within, eliminating the requirement
of an external syringe pump to drive fluid motion and drag
particles along from the inlet to the outlet; and (2) a net
electrophoretic (EP) component of particle velocity will
develop, which may act in an opposite direction to that of
electroosmosis, collaborating with DEP in trapping particles
[17]. All these attractive features launched the insulator-based
dielectrophoresis (iDEP) term into scientific stardom [18].

Over the years, the iDEP community has produced
several successful branches of the technique (contactless
dielectrophoresis [cDEP], reservoir-based dielectrophoresis
[rDEP], curvature-induced dielectrophoresis, gradient iDEP,
etc.), all based on the fundamental principle of using insu-
lators to distort the spatial distribution of an electric field
and exploit DEP to control particle movement [19–22]. Some
of these iDEP variants work in the DC regime and some
work in the AC one. Nonetheless, recent findings suggest
that the classic theory of DEP might be unable to accurately
describe particle manipulation in insulator-based devices
operating under DC conditions. In 2020, Cardenas-Benitez
et al. successfully demonstrated that this scenario is better
described by an equilibrium between linear and nonlinear
electrophoresis and electroosmosis, and that the contribution
of DEP to particle manipulation is so small it can be, in gen-
eral, discarded [23]. This finding must lead to a change in our
vocabulary to refer to this field; because if DEP is a negligible
force, the DC-iDEP devices might be better referred to as DC
insulator-based electrokinetic (DC-iEK) devices. Moreover,
a rising theory published in 2018 states that, for proteins
and other polar molecules, permanent dipoles can lead to
a DEP force orders of magnitude larger than that predicted
by the classical DEP theory in the AC regime [24]. These
findings—and others to be discussed herein—represent
the promising present of this research field, which is filled

with potential to tackle new applications and address new
challenges.

This review will provide a historical overview of the
insulator-based electrokinetic (iEK) research field. Section 2,
Background, will provide the necessary basic theory for the
non-expert reader. Following this, Section 3, Insulator-based
Dielectrophoresis (iDEP), will discuss the origins of the
research field and contributions where DEP was considered
the dominant mechanism behind particle manipulation
and characterization—in both DC and AC fields. Then,
Section 4, DC-Insulator-based Electrokinetics (DC-iEK), will
describe recent findings that have the potential to change
our perspective of this technology. After that, challenges to
address will be outlined in Section 5, Future Perspectives
and Concluding Remarks.

2 Background

2.1 Electrical

Electrokinetic phenomena occur because of the interaction of
electric charges with an electric field and can be traced back
to Coulomb’s Law. Depending on the charge distribution
present in a channel-liquid-particle system and the properties
of the externally generated electric field (DC versus AC and
uniform versus nonuniform) different EK techniques can be
exploited to drive fluid and particle motion [25]. Moreover,
other electrically-driven phenomena (e.g., electrolysis and
Joule Heating) might also be present in an iEK experiment
[26,27]. This section briefly describes the basic fundamentals
behind electrically-driven phenomena acting in iEK devices.

2.1.1 Dielectrophoresis (DEP)

To describe DEP, consider a homogeneous spherical particle
suspended in a liquid. Both the particle and liquid feature
different dielectric properties (i.e., electrical conductivity and
permittivity), and an electric field is applied across the sus-
pension. As a response to the electric stimulus, charges in the
system will redistribute themselves. At the particle/liquid in-
terface, two electric dipoles will be induced (Maxwell-Wagner
interfacial polarization [9]). The electric dipole induced on the
particle side of the interface is due to the free and bound
charges of the particle. The electric dipole induced on the liq-
uid side of the interface is due to the accumulation of coun-
terions therein—this is known as the Electrical Double Layer
(EDL); consult [1,12,25] for details. Both these dipoles point in
opposite directions and combine to produce a net dipole mo-
ment, which will interact with the electric field that induced
it. If the field is uniform, the force acting on one side of the
net dipole will be balanced by that acting on the other side,
and the particle will not move (hence, no DEP). In contrast,
if the field is nonuniform, we must carefully consider which
of the two induced dipoles is dominant (that on the particle
side of the interface or that on the liquid side of the inter-
face). If the particle is more polarizable than its suspending
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Figure 1. Schematic diagrams of the multishell particle model and basic electrokinetic phenomena present in iEK microfluidic devices.

(A) Dielectrophoresis (DEP); a homogeneous spherical polarizable particle suspended in a fluid and subjected to a nonuniform electric

field is attracted to regions where the electric field is highly nonuniform when it is more polarizable than the fluid (pDEP), or it is repelled

from those regions when it is less polarizable than the fluid (nDEP). (B)Multishell model; used to study the dielectric properties of cells. In

the case depicted in the figure, three spherical layers are considered—i.e., cytoplasm (1), membrane (2), and wall (3)—each with its own

set of dielectric properties. Using Eq. (4), an equivalent set of dielectric properties is obtained for the whole particle. (C) Electroosmosis

(EO); an ion-containing liquid is in contact with a charged surface in the presence of an external electric field. A layer of counterions

forms at the surface/liquid interface and responds to the electric field by moving. The liquid moves in the direction of the electric field for

negatively charged surfaces, and it moves in the direction opposite to the field for positively charged surfaces. (D) Electrophoresis (EP); a

charged particle suspended in a fluid is subjected to an electric field and responds by moving. If the particle is positively charged, it will

exhibit a positive electrophoretic mobility and move in the direction of the field (vEP (+)). If the particle is negatively charged, it will exhibit

a negative electrophoretic mobility and move in the direction opposite to the field (vEP (−)).

solution, the electric dipole on the particle side of the inter-
face will dominate. In this case, the orientation of the net
dipole and that of the electric field will be parallel, and the par-
ticle will be attracted towards those regions where the field is
highly nonuniform (positive DEP or pDEP). If the suspend-
ing solution is more polarizable than the particle, the electric
dipole on the liquid side of the interface will dominate. In this
case, the orientation of the net dipole and that of the electric
field will be antiparallel, and the particle will be repelled from
those regions where the field is highly nonuniform (nega-
tive DEP or nDEP) [9]. Both these scenarios are depicted in
Fig. 1A. The DEP force acting on a homogeneous spherical
particle is given by the expression:

FDEP (ω) = 2πa3εmRe {K} ∇ (ERMS · ERMS ) (1)

where a represents the radius of the sphere; εm is the permit-
tivity of the suspending solution; ERMS is the RMS value of the
electric field vector E; ω is the angular frequency of E; Re{ }
is the real operator; and K is the complex Clausius–Mossotti
factor:

K = ε∗
p − ε∗

m

ε∗
p + 2ε∗

m
(2)

with ε∗
i = εi − jσi/ω; where ε∗ is the complex permittivity;

ε stands for permittivity (the product of the permittivity of
free space, ε0, and the dielectric constant of the material);
σ represents electrical conductivity; and the subscript i is
p for particle and m for suspending solution. In Eqn. (1),
−0.5 ≤ Re{K} ≤ 1, giving rise to pDEP if Re{K} > 0 (i.e., the
particle is more polarizable than the suspending solution),
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nDEP if Re{K} < 0 (i.e., the suspending solution is more po-
larizable than the particle), and no DEP if Re {K} = 0 (i.e.,
particle and solution are equally polarizable). When, for a cer-
tain value of ω, Re {K} = 0, a crossover angular frequency
(that one for which pDEP turns into nDEP or where nDEP
turns into pDEP [28]) can be defined from Eqn. (2) as:

ωx =
(

σ 2
p + σpσm − 2σ 2

m

ε2p + εpεm − 2ε2m

)1/2

(3)

Moreover, if the particle is not homogeneous (e.g., a cell
that embodies a cytoplasm, a membrane, and a wall), a mul-
tishell model can be used to calculate ε̂∗

p, the equivalent com-
plex particle permittivity [9].

ε̂∗
p (n + 1) = ε∗

p (n + 1)

⎡
⎣b3 + 2

(
ε̂∗
p (n)−ε∗

p (n+1)
ε̂∗
p (n)+2ε∗

p (n+1)
)

b3 −
(

ε̂∗
p (n)−ε∗

p (n+1)
ε̂∗
p (n)+2ε∗

p (n+1)
)

⎤
⎦ (4)

In Eqn. (4), for a particle withN shells, n (the shell index)
varies from 1 to N − 1; also, ε̂∗

p (1) = ε∗
p (1); and b = an+1/an

(see Fig. 1B). Once ε̂∗
p(N ) has been calculated, it will substitute

ε∗
p in Eqn. (2).

Because of the suspending solution viscosity, η, a
spherical particle subjected to a DEP force (and in the
absence of other forces) will acquire a velocity vDEP =
μDEP ∇ (ERMS · ERMS ), where μDEP represents the DEP mobil-
ity, which is given by:

μDEP = a2εmRe {K}
3η

(5)

For particles with different geometries, the reader is re-
ferred to [29].

2.1.2 Electroosmosis (EO)

To describe EO, consider a charged surface in contact with
an ion-containing liquid. In this case, the charged surface
can be a microfluidic channel wall [e.g., polydimethylsilox-
ane (PDMS) is negatively charged]. At the surface/liquid in-
terface, an EDL will form mostly containing counter-ions to
mirror the surface charge [12]. In the presence of an electric
field—applied via an external set of electrodes stimulated by
a DC or AC power source—the EDL will interact with it, re-
sulting in EDL displacement (i.e., it will experience EO). If
the EDL is mostly composed of negative ions, it will move
in the direction opposite to the electric field; in contrast, if
composed of positive ions, it will move in the direction es-
tablished by the electric field. Because of the viscous effects,
the bulk of liquid will be dragged along the direction of EDL
displacement as shown in Fig. 1C.

For simplicity, let us assume a simple case where the elec-
tric field only has an x-component (i.e., E = Ex ax) so that the
linear electroosmotic velocity can be described as a scalar field
by the expression:

vEO = μEO E (6)

where μEO is the electroosmotic mobility, given by:

μEO = −εmζw

η
(7)

with ζw representing the zeta potential of the surface (i.e., the
electric potential at the slip plane of the EDL; the reader is
referred to [1] for details). ζw is positive for positively charged
surfaces and negative for negatively charged surfaces. There-
fore, according to Eqns. (6) and (7), the fluid flow follows the
electric field for negatively charged surfaces and goes against
it for positively charged ones. In the case of stimulation with
an AC voltage, zero time average EO results.

2.1.3 Electrophoresis

To describe EP, consider a charged particle suspended in an
ion-containing liquid. This scenario can be analyzed in the
same terms used above for EO. Again, an EDL will form (this
time around the particle), characterized by a zeta potential of
its own, ζp, which will be positive for a positively charged par-
ticle, and negative for a negatively charged one [12]. In the
presence of an externally generated DC or AC electric field,
the particle will move relative to the fluid (i.e., it will experi-
ence EP).

Assuming, once more, that the electric field only has an
x-component, the linear electrophoretic velocity can then be
described by the scalar expression:

vEP = μEP E (8)

where μEP is the electrophoretic mobility, given by:

μEP = εmζp

η
(9)

It follows then, from Eqns. (8) and (9), that positively
charged particles move in the direction of the electric field
and negatively charged particles move against the field (see
Fig. 1D). In the case of stimulation with an AC voltage, zero
time average EP results.

2.1.4 Electrolysis

In the context of iEK devices, electrolysis, defined as the use of
an electric current to stimulate a non-spontaneous reaction,
can have a significant and adverse effect [14]. Consider a set of
platinum wires (electrodes) immersed in the inlet and outlet
reservoirs of a DC-iEK device filled with water. Commonly,
devices of this type operate with voltages ranging from a few
tens of volts to a few thousands of volts, depending on the
application.Water requires aminimumvoltage of 1.23 V to be
electrolyzed. Then, during the time course of an experiment:

2H2O (l ) → 2H2
(
g
) + O2

(
g
)

(10)

thus, affecting the solution pH (therefore also affecting the
EDL that forms on surface/liquid interfaces of particles, elec-
trodes, and microfluidic channel walls). Electrolysis can be
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avoided by operating in AC conditionswith frequencies above
a few kHz [30].

2.1.5 Joule heating

To describe Joule heating, consider a microfluidic channel
filled with a liquid with conductivity σm subjected to an elec-
tric field E. In such a scenario, an electric current I = ∫ J · dS
will develop (with J representing the current density). Joule
heating is an electrothermal effect that takes place while an
electric current I is flowing through a material [27]. This phe-
nomenon is modeled by an electromagnetic heat source term
(Fourier’s Law), Qe = J · E, which is included in the heat
equation—as a volumetric power source term—to calculate
the temperature field, T .

ρCp

(
∂T
∂t

+ (v · ∇T )
)

= ∇ · (k∇T )+ Qe (11)

where ρ is the density of the material, k is its thermal con-
ductivity,Cp is its specific heat capacity, t is time, and v is the
vector velocity field in the liquid domain.

In the present case, the material is the liquid, and many
applications for iEK devices (e.g., manipulation of mam-
malian cells or proteins) require particles to be suspended
in highly electrically-conductive solutions (producing larger
values of I). Thus, incurring in significant heating that may
damage the viability of the biological sample of interest [31].
Furthermore, the mechanical and electrical properties of the
fluid and the particles suspended therein are temperature
dependent. Therefore, the presence of Joule heating might
significantly deviate the experimental observation from the
expected outcome.

2.2 Fabrication

The fabrication processes used to produce iEK devices are just
as important to this research field as the fundamentals de-
scribed in subsection 2.1. This section does not attempt to
provide a comprehensive treatise of all fabrication tools and
protocols available to build iEK devices. Rather, it describes
the generalities of themost widely used processes, so the non-
expert reader may easily follow the upcoming sections. Excel-
lent reviews and books have been published on this specific
topic. The reader is therefore referred to [11,14,32] for details.

2.2.1 Photolithography

The goal of photolithography is to accurately transfer a
pattern onto a photosensitive material [33]. Several photo-
sensitive materials are commercially available. However, for
iEK devices, most research groups use SU-8, a high contrast,
epoxy-based negative photoresist. Therefore, the process
described next can be used on negative photoresists only (see
Fig. 2).

The photolithography process starts with a spin coating
step to spread the material evenly on top of a flat surface
(Figs. 2A and 2B). Depending on the spinning parameters
(velocity, acceleration, and time) and the viscosity of the
photoresist, the final photoresist layer thickness can be
adjusted. Next, soft baking must be carried out. During this
part of the process, the photoresist coated substrate is placed
in a convection oven or on a hot plate to evaporate solvents
and improve the substrate/photoresist adhesion (Fig. 2C).
Temperature and time settings depend on the photoresist
used and the thickness of the coated layer. Then, the pho-
toresist material must be exposed to UV light through a
photomask containing the pattern to transfer—transparent
for the regions to keep, dark for the regions to remove
(Fig. 2D). The exposed (and subsequently cross-linked) por-
tions of the film are rendered insoluble to liquid developers.
A post exposure bake is advised to complete the cross-linking
process initiated by the UV exposure step (Fig. 2E). Finally,
the photoresist coated substrate is immersed in a developer
solution to dissolve the unexposed (unwanted) regions of
the photoresist film (Fig. 2F). The recommended process
settings for each step, as functions of photoresist layer
thickness, are provided by the photoresist manufacturer.

The photolithography process is mostly used in the fab-
rication of molds or “masters” (the negative of the desired
microfluidic device) of iEK devices. If a positive photoresist
must be patterned via photolithography, one part of the pro-
cess must change. For positive photoresists, the photomask
will be transparent for the regions to remove and dark for the
regions to keep.

2.2.2 Soft lithography

With soft lithography, the actual microfluidic channel is ob-
tained based on the ’master’ obtained via photolithogra-
phy. For this process, the most popular material to use is
PDMS. To start, the monomers must be mixed with a cur-
ing agent (10:1 ratio is generally used) and the mixture de-
gassed in a vacuum chamber. Then, the degassed mixture
is poured over the mold and heated (120°C for 15 minutes
is a standard recipe) to solidify it (Figs. 2G and 2H). After
this, PDMS can be carefully peeled off the mold (Fig. 2I)
and bonded through plasma treatment on its substrate—
generally, a PDMS-covered glass slide (Figs. 2J–2M) [34].

2.2.3 CNC milling and xurography

An altogether different approach to Photolithography + Soft
Lithography for fabricating an insulator-based microfluidic
device is that of Computer Numerical Control (CNC) milling
[35]. With this process, the desired geometry is programmed
in a computer through a specialized software and an au-
tomated mill, controlled by the computer, etches the mi-
crofluidic channel in a substrate. Materials such as glass
and polymethyl methacrylate (PMMA) are commonly used
for microfluidic applications. Also, Xurography represents
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Figure 2. Schematic diagram of the

fabrication process of a PDMS-based

microfluidic device. (B-F) Photolithog-

raphy. (G-I) Soft lithography. (A) Clean

substrates for mold (1) and microflu-

idic channel (2). (B) Photoresist dis-

pensing and spin coating. (C) Soft

baking. (D)UV exposure through pho-

tomask. (E) Post exposure bake. (F)

Development. (G) PDMS dispensing

overmold. (H) PDMS curing. (I) PDMS

peel off frommold. (J) PDMSdispens-

ing and spin coating over substrate

(2). (K) PDMS curing. (L) Air-plasma

treatment. (M) Bonding.

an attractive alternative for simple microfluidic channel ge-
ometries (e.g., microfluidic channels featuring no structures
within). The process is the same as in CNC milling, except
for the tool andmaterial to use, which in this case are a cutter
(i.e., a plotter with a blade instead of a printing head), a Pres-
sure Sensitive Adhesive (PSA) film, polycarbonate (PC), and
a roller press [36].

2.2.4 Other techniques

Depending on the application at hand, other fabrication pro-
cesses can be exploited to our benefit. If very high resolution
is needed for the “master” (i.e., dimensions smaller than a
few micrometers), electron beam (e-beam) lithography [37]
or ion beam lithography [38] can be used. If larger dimen-
sions are needed, 3D printing might be an attractive alterna-
tive to fabricate molds or the microfluidic channel itself [39].
Because these techniques are not frequently used in iEK de-
vices, the interested reader is referred to [32,40] for details.

3 Insulator-based dielectrophoresis (iDEP)

Inspired by the abundant existing literature on eDEP, in
2003, Cummings and Singh used electrically-insulating posts

built within a long microfluidic device to distort, what other-
wise would be, a fairly uniform electric field distribution [16].
The electric field, E, (with magnitude |E| = 800 V/cm in the
regions without insulating posts) was generated through the
application of a large DC electric potential difference between
two platinum electrodes, one immersed in the inlet reservoir
of the channel and the other in the outlet reservoir. It is a
fact that this design effectively produced regions of high and
low electric field intensity—therefore ∇ (ERMS · ERMS ) �= 0 in
Eq. (1)—allowing for DEP to act upon polarizable particles
(200 nm carboxylated latex nanospheres) suspended in a
liquid contained therein. It is also a fact that these suspended
particles featured a surface charge, which produced EP in
the presence of E. Finally, a third fact is the presence of
ions in solution, which formed an EDL at the surface/liquid
interface that interacted with E generating EO flow from the
inlet to the outlet. Because the microfluidic channel did not
contain posts everywhere, regions existed therein where the
distribution of E remained mostly uniform (i.e., before and
after the array of posts) and ∇ (ERMS · ERMS ) ∼= 0. At these
regions, it was observed that particles migrated with the
fluid from the inlet to the outlet. Therefore, it was clear that
electroosmosis dominated over electrophoresis, and that
DEP was negligible there. Moreover, at the region of posts—
where the electric field magnitude is amplified—particles
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Figure 3. Comparison of eDEP and iDEP systems for manipulation of polystyrene spheres. (A) Theoretical plot of the real part of the

Clausius–Mossotti factor of a polystyrene sphere as a function of frequency of the applied field (Reprinted with permission from [47],

© (1999) American Chemical Society). (B) Example of experimental observation of pDEP at low frequencies in an eDEP system; in good

agreementwith the theoretical plot (Reprintedwith permission from [47], © (1999) American Chemical Society). (C) Example of experimen-

tal observation of nDEP at high frequencies in an eDEP system; in good agreement with the theoretical plot (Reprinted with permission

from [47], © (1999) American Chemical Society). (D) Example of experimental observation of particle repulsion—attributed to nDEP—from

the regions between adjacent posts in a DC-iDEP system; not in agreement with the theoretical plot (Reprinted with permission from [48],

© (2018) American Chemical Society).

kept on traveling from inlet to outlet at low applied voltages.
Nonetheless, also at this region, if the applied voltage was
increased sufficiently, there was a value for it that allowed
particles to stop flowing ( |E| = 1000 V/cm in the region
without posts). Because this experimental fact always took
place at the regions where ∇ (ERMS · ERMS ) �= 0 (i.e., slightly
before each column of posts, at the gap between two posts in
the same column), it was evident that an additional force was
pushing the particles backwards, toward the inlet. This effect
was attributed to nDEP. At this point, the insulator-based
dielectrophoresis (iDEP) and the DC-iDEP terms were born.

For a while, iDEP devices like the one introduced in 2003
have allowed for successfully manipulating a wide range
of particles, including bacteria [41], yeast [42], DNA [43],
proteins [44], microalgae [45], and exosomes [46], among
others. Interestingly, all these particles exhibited what would
be considered nDEP (when stimulated with a DC voltage)
for all tested scenarios. At this point we must pause and
look at the theory of DEP and the reported observations
obtained from eDEP experiments with polystyrene spheres
(the standard particle of choice to characterize DEP systems)
[47]. Theoretically, the Clausius–Mossotti factor defined in
Eqn. (2) indicates that conductivities control polarization

effects at DC and low frequencies and that, in contrast,
permittivities take over at high frequencies. This implies that
for a system where, for example, σp > σm and εp < εm, the
particle will experience pDEP at DC and low frequencies,
nDEP at high frequencies, and a single crossover at some in-
termediate frequency as illustrated in Fig. 3A. Ermolina and
Morgan extensively characterized suspensions of polystyrene
spheres over a wide range of solution conductivities and
found that, for most cases, pDEP would be observed at low
frequencies and nDEP at high frequencies [28]. Fig. 3B
and Fig. 3C reproduce micrographs of clear experimental
evidence of pDEP and nDEP, respectively, in eDEP systems.
Nonetheless, when a suspension of particles with properties
similar to those reported for eDEP systems is analyzed in
a DC-iDEP system, the observation indicates a repulsion of
particles from regions with high ∇ (ERMS · ERMS ) (i.e., nDEP),
not an attraction (i.e., pDEP) [48]. Such a scenario is shown
in Fig. 3D. It is important to note that the plot shown in
Fig. 3A does not include low frequencies and DC. However,
Eqn. (2) and Eqn. (3) cannot provide an explanation for
a possible second crossover frequency and nDEP at DC
(nonetheless, a debate exists in the literature regarding the
validity of the Maxwell-Wagner polarization model at low
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frequencies [49]). Thus, some DC-iDEP studies opted for as-
suming σp ∼ 0 to justify nDEP, with the added consequence
of setting Re {K} = −0.5 (i.e., the strongest nDEP force for
a given particle and ∇ (ERMS · ERMS )) [50,51]. It is evident that
bioparticles are significantly more complex than polystyrene
spheres and that more than one crossover frequency can
be expected over a frequency sweep [52]. However, again,
eDEP systems have successfully demonstrated pDEP at low
frequencies [53], while DC-iDEP systems have not.

Following the assumption of σp < σm, to prove the appli-
cability of the DEP theory to DC-iDEP devices, many papers
were published where the electric field distribution present
within the microfluidic channels was studied through com-
putational modelling [54–57]. Finite Element Analysis (FEA)
has been extensively used tomodel microchannel geometries
varying in size and shape, also considering the size and shape
of the posts. Results correctly indicate that there are regions
in the devices where the magnitude of ∇ (ERMS · ERMS ) is sim-
ilar to those obtained in eDEP designs [58]. Models evolved to
further predict the combination of experimental parameters
that would lead to particle trapping in these devices. At this
point, the trapping condition (TC) was defined as the ratio of
the DEP velocity to the EK velocity [59]:

TC = vDEP · vEK
vEK · vEK = μDEP∇ (ERMS · ERMS )

μEK |E|2 · E > 1 (12)

where vEK = vEP + vEO, and μEK = μEO + μEP. Eq. (12)
states that particle trapping will take place in regions where
DEP dominates EO and EP. However, it was soon demon-
strated that this ratio was unable to predict trapping unless
it was multiplied by an empirical correction factor, c [42].
The use of this correction factor became widespread with val-
ues as high as 600 for some applications, as has been re-
cently reviewed [60]. It must be noted that the requirement
of an empirically-determined correction factor eliminates the
possibility of predicting the outcome of any experiment per-
formed in a DC-iDEP system.

At this point in our discussion, there are two clear ques-
tions to address 1) Why is it that no pDEP can be observed
in DC-iDEP devices? and 2) What is represented by the cor-
rection factor c? Nonetheless, chronologically, while a quest
for the answers to these questions (which will be presented
in Section 4) was conducted, new knowledge that allowed im-
proving the performance of DC-iDEP devices was developed.
The Lapizco-Encinas group presented a parametric study to
optimize the size and shape of insulating posts as well as
the gap between themselves for maximizing |∇ (ERMS · ERMS )|
[61]. Six geometries for the posts cross-section were thor-
oughly analyzed in that contribution (one circular, two oval,
three rhombus-shaped with curved corners). It was demon-
strated that slim oval posts with small gaps represent the
best possible choice to reduce stimulation voltage and achieve
particle trapping in DC-iDEP devices. Later, Perez-Gonzalez
et al. proposed to model DC-iDEP systems as an electric cir-
cuit composed of a battery and resistors connected in series
[48]. One of those resistors accounts for the resistivity of the
suspending solution, while each additional resistor accounts

for one column of posts. Therefore, an array containing N
columns of posts acts as a voltage divider, reducing the volt-
age drop (and thus, the magnitude of the electric field) across
each column as N increases. By removing columns of posts
from a conventional array, a significant reduction of stimu-
lation voltage was achieved to trap polystyrene particles. At
the time, an important concern regarding this optimization
emerged. If the magnitude of ∇ (ERMS · ERMS ) is being maxi-
mized, will the device incur in significant Joule Heating? Two
different approaches were proposed in the literature to mea-
sure fluid temperature. In the first one, Rhodamine B was
used by Nakano et al. as a temperature indicator (Rhodamine
B fluorescence changes as a function of temperature) [62]. In
the second one, Gallo-Villanueva et al. designed a serpentine-
shaped metallic structure that, when placed in contact with
the microfluidic channel, acted as a temperature sensor (the
conductor resistivity changes as a function of temperature)
[27]. It was demonstrated that the temperature rise for a wide
range of experimental setups in DC-iDEP devices is almost
negligible for several post geometries tested. This negligible
temperature rise is mostly attributed to EOF injecting fresh
solution continuously during an experiment.

AC voltages have also been used in iDEP devices. The
Swami research group and the Ros research group have par-
ticularly exploited this approach to manipulate and charac-
terize a wide range of bioparticles [63–69]. For this purpose,
they use sophisticated electronic instrumentation to provide
an AC voltage with sufficient amplitude to induce a detectable
DEP response. Once more, we must pause and analyze the
differences that exist between DC-iDEP systems and AC-
iDEP systems. In DC-iDEP, because the electric field is not
time dependent, EP and EOF play an important role in par-
ticle migration. In contrast, the electric field is time depen-
dent in AC, changing its direction constantly during the
time course of an experiment. This oscillation produces zero-
average EP and EOF velocities [1]. Therefore, the only phe-
nomenon to be considered in this scenario is, in fact, DEP.
Actually, because of the zero-average EOF in AC-iDEP sys-
tems, it has been demonstrated that the rise in solution tem-
perature ismore significant than inDC-iDEP systems [27,70].
Despite this issue, cells, organelles, DNA, and proteins, have
been successfully manipulated by DEP with AC fields. As ex-
pected, particles manipulated with AC-iDEP systems can ex-
hibit both pDEP and nDEP responses.

Over the years, many variants have emerged from the
original iDEP concept (see Fig. 4A). The Hayes group in-
troduced “gradient-induced iDEP” where, by the inclusion
of two identical arrays of posts in the lateral walls of a long
rectangular channel (stimulated by a DC voltage), its cross-
sectional area is gradually reduced [71]. These posts generally
feature a triangular shape with one vertex pointing into the
channel. Because the gap between posts becomes smaller as
the particle of interest moves through the channel, at some
point it will find a constriction that promotes the equilibrium
between EP, EOF, and DEP [20]. This approach is very simi-
lar to the original concept of iDEP, as demonstrated by multi-
section DC-iDEP systems used to separate particles from a
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Figure 4. Comparison of different dielectrophoretic systems implemented in channels made from insulating materials that distort the

distribution of electric field therein. (i) Schematic diagrams or photographs of devices. (ii) Physical description of the particle manipu-

lation problem. (A) Insulator-based dielectrophoresis; microfluidic channels containing insulating obstacles that decrease the effective

cross-sectional area of the device in specific regions (i Reprinted with permission from [17], © (2004) John Wiley and Sons, ii Reprinted

with permission from [42], © (2011) John Wiley and Sons). (B) Contactless dielectrophoresis; microfluidic channels—that may or may not

contain insulating obstacles—that are capacitively-coupled to lateralmicrochannels serving as external electrodes (Reprintedwith permis-

sion from [79], © (2010) The Royal Society of Chemistry). (C) Curvature-induced dielectrophoresis; microfluidic channels with curvatures

in its geometry preventing a uniform electric field distribution therein (Reprinted with permission from [21], © (2011) American Institute

of Physics). (D) Reservoir-based dielectrophoresis; microfluidic channels that feature a very slim and thin constriction at its connection

with a reservoir (Reprinted with permission from [22], © (2012) American Institute of Physics).
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heterogeneous mixture. In these devices, each section fea-
tures a different array of posts (i.e., differing in size, shape, or
interpost gap) [56]. The gradient-induced iDEP concept has
been successfully used to manipulate bacteria [72], viruses
[73], and proteins [74]; while the multisection DC-iDEP con-
cept has been recently able to separate a heterogeneous mix-
ture of exosomes [46].

With a quite innovative approach, the Davalos research
group developed “contactless DEP” (cDEP) [19]. In cDEP
systems (see Fig. 4B) there are different channels serving
different purposes. There is one main channel, where the
bioparticles to manipulate must flow through, either by
using a syringe pump or inducing a net DC-driven EOF [75].
In addition, there are two or more lateral channels filled with
a highly conductive solution. Lateral channels are separated
from the main channel by a thin insulating membrane. The
external AC voltage is applied not across the main channel,
but across the lateral channels, therefore avoiding electroly-
sis in the main channel. Each lateral channel is capacitively
coupled to the main channel (the insulating membrane
separating the lateral and main channels is the dielectric in
the capacitor), therefore, a nonuniform AC electric field is
induced within the main channel. Moreover, the main chan-
nel may or may not feature an additional post array to further
distort the spatial distribution of the electric field. Contactless
DEP systems are perhaps the only variant of the iDEP concept
that has been proven to efficiently manipulate mammalian
cells [76,77]. In addition, cDEP systems have also been used
to manipulate bacteria and inert microparticles [78].

Following a different path, the Xuan group introduced
two different variations of the original iDEP concept,
“curvature-induced DEP” [21] and “reservoir-based DEP”
(rDEP) [22]. In curvature-induced DEP (shown in Fig. 4C), a
long channel is built (similar to iDEP and gradient-induced
iDEP). However, in curvature-induced DEP, the channel
features a spiral shape. The curvatures in the microfluidic
channel distort the spatial distribution of an electric field
generated between its ends [80]. This produces regions
where the density of electric field lines changes abruptly (i.e.,
the innermost part of the curvature) and regions where the
density of electric field lines changes slowly (i.e., the out-
ermost part of the curvature) [81]. Particle manipulation in
curvature-induced DEP channels has been mostly explored
in the DC regime, where the successful manipulation of
yeast cells has been demonstrated [82]. Finally, rDEP (see
Fig. 4D) consists of a straight rectangular channel with
inlet and outlet reservoirs. Nonetheless, the main feature
of these systems can be found in a tiny region intercon-
necting the inlet reservoir with the main channel. There, a
short rectangular microchannel—featuring a much smaller
cross-section than that of the main channel—acts as a
bridge to connect the reservoir with the main channel. This
constriction produces a very large |∇ (ERMS · ERMS )| [83].
Successful separations of live and dead yeast cells, bacteria,
and polystyrene spheres have been demonstrated in AC
stimulated rDEP systems [22,84]. Moreover, the Buie group
introduced 3DiDEP systems, where the tiny constriction is

not found interconnecting any reservoir and the main chan-
nel (as in rDEP), but it resides within the main channel [85].
3DiDEP channels are built through CNC milling processes
on PMMA and have been shown to significantly reduce the
voltage stimulation requirements to manipulate bioparticles
[86,87].

Themanipulation of bioparticles in iDEP devices (and its
variants) has been thoroughly explored in the literature. Ex-
perimental observations of particle trapping are available for
mammalian cells, bacteria, yeast, exosomes, DNA, proteins,
and virus, among other bioparticles of interest as detailed
in Table 1 and Table 2 for DC- and AC- driven systems,
respectively. The interpretation of such observations is based
in Eqns. (1), (2), and (4) for DEP of particles with spherical
symmetry (and in modified versions of those equations for
different particle geometries). However, a new theory of DEP
has been recently proposed for polar bioparticles that states
that the DEP force (pDEP in particular) experienced by this
type of particles may be 3 or 4 orders of magnitude larger
than those predicted by the classic DEP theory [24]. Recently,
the Hayes group reported protein trapping in gradient-
induced iDEP systems and explained their observations in
terms of this theory [74].

4 Insulator-based electrokinetics (iEK)

As stated in section 3, there are twomain questions to address
in this review. The first one is: “Why is it that no pDEP can be
observed in DC-iDEP systems?” The second one is: “What is
represented by the correction factor c that is required in the
DEP trapping condition?” I will provide plausible answers to
these two questions in this section.

To start our discussion, consider a charged dielectric
particle immersed in solution. The particle has radius a,
and surface charge density ρq. The solution is an infinite
symmetric electrolyte with valency ±Z, ionic diffusivities D+
and D−, electrical conductivity σm, equilibrium concentra-
tion n0, permittivity εm, viscosity η, and at temperature T .
Extensive theoretical work has been carried out to explain
what would happen to that charged particle when immersed
in that solution and subjected to a high electric field [98–103].
This research field is known as “nonlinear electrophoresis”,
“electrophoresis of the second kind”, or “induced-charge
electrophoresis”. As one of its name suggests, in this regime,
electrophoresis will no longer be linearly dependent on the
electric field. Instead, its relation will be nonlinear.

Induced-charge electrophoresis might be better ex-
plained through Fig. 5A, where two different scenarios
are shown. In the first scenario (top), a negatively charged
spherical particle is suspended in an ionic solution and no
external field is present, |E| = 0. An EDL forms around the
particle to mirror its surface charge, which exhibits a
potential—relative to the liquid bulk—in the order of the
thermal voltage [ ϕT = kBT/Ze = 25.85 mV at room tem-
perature (T = 300 K), with kB representing the Boltzmann
constant, and e representing the elementary charge]. The
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Figure 5. Nonlinear EP effects in microfluidics. (A) The electrical double layer surrounding a charged particle suspended in solution in

the absence of an external electric field (top) and when the magnitude of the external electric field is larger than ϕT /a (bottom) (Reprinted

with permission from [23], © (2020) American Chemical Society). (B) Experimental measurement, numerical modelling prediction, and

analytical model prediction of the nonlinear electrophoretic velocity of two different charged particles as a function of applied electric

field in a microfluidic channel with constant cross-section (Reprinted with permission from [110], © (2019) American Physical Society).

(C) Experimental measurement of total particle velocity (i.e., linear electrophoretic velocity + linear electroosmotic velocity + nonlinear

electrophoretic velocity) for three different particles as a function of applied electric field in a microfluidic channel with constant cross-

section (Reprinted with permission from [23], © (2020) American Chemical Society). (D) Superposition of computational model prediction

of particle velocity (colored surface plot) and experimental observation of particle trapping (white particles) in a DC-iEKmicrofluidic device

with posts (gray circles) (Reprinted with permission from [23], © (2020) American Chemical Society). (E) The different regimes currently

available to explain electric double layer formation as a function of Dukhin number and Debye length (Reprinted with permission from

[108], © (2014) American Institute of Physics).

EDL—with a Debye length κ−1 = √
εmϕT /2Zen0 —exhibits

and a Stern layer composed of positive counter ions and a
diffuse layer that is mostly heterogeneous and uniform. In
contrast, when an externally generated electric field with
magnitude |E| > β = ϕT /a is present (β is the characteristic
field strength), the EDL surrounding the particle develops
a concentration polarization in its diffuse layer. This means
that a surface charge over-screening exists in some region
of the particle and an under-screening exists in the opposite
region. In this case, the “deformed” diffuse layer of the
EDL deviates from electroneutrality, altering the distribution
of the applied electric field and giving rise to nonlinear
electrokinetic phenomena [23,104].

In insulator-based DC electrokinetically-driven microflu-
idic devices, the electroosmotic velocity is generally obtained

either through current monitoring [105] or through particle
image velocimetry (PIV) of uncharged conducting micropar-
ticles, which are suspended in the solution to be used in
the “DC-iDEP” experiment but contained in a long unob-
structed rectangular channel [106,107]. Therefore, knowing
vEO, the permittivity of the solution εm, and the viscosity of
the solution η, the wall zeta-potential ζw can be calculated
from Eqns. (6) and (7). After this is carried out, the particle
of interest is suspended in the solution and injected in the
same long unobstructed rectangular channel. PIV is carried
out again at low stimulation voltages and vEK = vEP + vEO is
measured. However, since vEO is already known, vEP can be
easily calculated and ζp obtained from Eqns. (8) and (9). The
problem with this approach is that the electric field gener-
atedwithin themicrofluidic device during PIV is smaller than
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ϕT /a. Therefore, linearity of EP and EOFwith the electric field
is guaranteed. However, insulating posts commonly used in
DC-iDEP devices concentrate electric field lines in the inter-
post gap region, significantly rising its magnitude [48]. More-
over, the voltages applied during a “DC-iDEP” experiment
commonly surpass those used during the EP and EOF charac-
terization stage. This means that, when a particle suspended
in solution flows through a gap region, it will be subjected
to a ∇ (ERMS · ERMS ) �= 0, but more importantly, it will be sub-
jected to an electric field with magnitude |E| > ϕT /a. As a re-
sult, the particle will experience a nonlinear electrophoretic
force and the particle velocity can be expressed as:

vp = vEO + vEPlinear + vEPnonlinear + vDEP (13)

where |vEPnonlinear | has been shown to vary as ∼ |E|3 or as ∼
|E|3/2, depending on the experimental conditions [108,109].

Introducing the dimensionless ionic drag coefficient
α± = εmϕ2

T /ηD± ,and assuming a stationary Stokes flow
(Reynolds number 
 1), a thin EDL (κa � 1), and an elec-
tric field E = Ex ax, it is possible to calculate vEP = vEPlinear +
vEPnonlinear far from the highly charged particle surface via the
weakly nonlinear version of the Schnitzer and Yariv model
[109]

vEP = μ
(1)
EP Ex + μ

(3)
EPE

3
x (14)

with mobilities

μ
(1)
EP = −εmϕT

η

(
ζ0 + Du · ln (16)

1+ 2Du

)
(15)

μ
(3)
EP = −a2εm

ηϕT
f
(
Du, ζ0, α,

‘
α

)
(16)

In Eqns. (15) and (16), Du = (1+ 2α+ ) ρq/2Zen0a is
the modified Dukhin number, ζ0 = 2ln(ρq/εmκϕT ) is the di-
mensionless particle zeta potential, α = (α+ + α− )/2 and
‘
α = (α+ − α− )/2 are two dimensionless coefficients related

to the ionic drag, and f (Du, ζ0, α,
‘
α) is a nonlinear function

of the EK properties of the particle/liquid system defined as:

f
(
Du, ζ0, α,

‘
α

)

= Du
(
k0 + k1Du+ k2Du2 + k3Du3 + k4Du4 + k5Du5

)
840(1+ 2Du)4 (1+ 4Du) (1+ 6Du)

(17)

The definitions for the ki coefficients are shown in the
original work by Schnitzer and Yariv [109]. Eqns. (14)–(17)
are valid for cases where (Ex/β ) ∼ O(1). However, this condi-
tion is not always satisfied. An alternative model for the elec-
trophoretic velocity exists for cases with arbitrary magnitude
of Ex and small (but finite) Du.

vEP = εmϕ2
T

ηa

(
ζ0
Ex
β

+DuU1

)
(18)

where U1 is a nonlinear function that varies as ∼ (Ex/β )3/2

(see [108] for details).

Recently, the Keyser research group reported careful
experimental observations of nonlinear electrophoretic
velocity of polystyrene and PMMA particles in long unob-
structed rectangular channels [110]. For this, they generated
electric fields with magnitudes in excess of 1 kV/cm. In
addition to the experimental observations, they conducted
computational modelling of the electrokinetic behavior of
the particles in their microfluidic device. Computational
model predictions and experimental observations were
in good agreement. Moreover, they also compared their
experimental observations against the theoretical curves
of nonlinear electrophoretic particle velocity—Eqns. (14)
and (18)—proposed by Shnitzer and Yariv [108,109,111].
Theoretical predictions and experimental observations were
also in good agreement. This is shown in Fig. 5B. Then,
in 2020, Cardenas-Benitez et al. characterized total particle
velocity—Eqn. (13)—in long unobstructed rectangular chan-
nels and in “DC-iDEP” channels featuring only two circular
posts [23]. In the unobstructed channels it was observed that
particle motion would have an average value of zero for a
certain magnitude of the electric field |E| �= 0. This value
would be different for different particles and, as a result, it
was called the “electrokinetic equilibrium condition”, EEEC
(Fig. 5C shows the EEEC for three types of particles. It can be
observed that when |E| < EEEC, electroosmosis dominates
and particles move in the direction of fluid flow. It can also
be observed that when |E| > EEEC, the combination of linear
and nonlinear EP dominates, and particles move in the
direction opposite to fluid flow). If vDEP is neglected and
|vEPnonlinear | ∝ |E|3 is assumed in Eqn. (13), then

EEEC =
√

−μ
(1)
EP + μEO

μ
(3)
EP

(19)

therefore, if EEEC,μ
(1)
EP, andμEO aremeasured experimentally,

μ
(3)
EP can then be calculated. Moreover, they proposed that for

a particle to be trapped in a region of a “DC-iDEP” microflu-
idic device, the electric field at that regionmust have amagni-
tude |E| = EEEC . This proposition was successfully validated
experimentally. Also, computational modeling allowed pre-
dicting the conditions for particle trapping with no require-
ment of a correction factor. Prediction error was smaller than
10% for all studied cases (an example is shown in Fig. 5D,
where a prediction from a computational model has been su-
perimposed with an experimental observation). In addition,
it was possible for them to derive an analytical expression for
the electric field distribution in their channel, providing ad-
ditional insight into the geometric variables controlling “elec-
tric field amplification” in the region between posts. Finally,
this work demonstrated that the DEP force acting on those
particles in those experiments is, for every practical purpose,
negligible, and that, therefore, DC-iEK is amuch better suited
term to describe the technology than DC-iDEP is. Nonethe-
less, this work also demonstrated that a gap needs to be filled
in the literature, for most DC-iEK experiments are performed
in setups described by the blank region in Fig. 5E, for which
no analytical models of nonlinear electrophoretic velocity
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exist. The electrokinetic equilibrium condition, EEEC, has
been recently exploited primarily by the Lapizco-Encinas re-
search group to prove that the electrokinetic equilibrium
condition is, in fact, independent of the microfluidic chan-
nel design [112], and also to characterize the nonlinear EP
mobility of different cells and protein aggregates [113–115].

Going back to our two questions, I can now provide those
two plausible answers based on the recent findings discussed
in the previous paragraphs. First, it can be concluded that it
was impossible to observe pDEP in “DC-iDEP” channels be-
cause the DEP contribution to particle migration was prac-
tically negligible—several orders of magnitude smaller than
EOF and EP. Second, it can also be concluded that the cor-
rection factor c used in the trapping condition in Eqn. (12)
accounted for the unconsidered nonlinear EP effects. As a
matter of fact, Eqn. (12) must be significantly altered, for the
equilibrium that leads to particle trapping in these systems
seems to be mostly dependent on EP and EOF. However,
careful and extensive additional experimental work must be
carried out to further validate these conclusions. Moreover,
induced-charge electroosmosis (also known as electroosmo-
sis of the second kind or nonlinear electroosmosis), has re-
cently been shown to also play a significant role in DC-iEK
systems. Strong evidencewas presented by the Buie andXuan
research groups on its potential to produce particle recircu-
lation (together with electrothermal flow produced by Joule
heating) near trapping regions [70,116–120].

5 Future perspectives and concluding
remarks

The future of this research field holds great potential for
innovative contributions. From its conception and until
recently, it was fully accepted that DEP was the dominant
mechanism for particle manipulation in DC-iEK systems.
It was acknowledged that EP and EOF were present in the
system, but their role in particle migration was considered
to be only secondary to DEP. Equipped with this theory,
many research teams achieved extraordinary experimental
observations (see Table 1 and Table 2) of the manipulation of
a wide range of bioparticles; even a company (LabSmith) was
created to provide the instrumentation required to conduct
experimental work in this field and analyze the observa-
tions. It is therefore evident that electrokinetically-driven
insulator-based microfluidic devices hold great value for
many biomedical and biotechnological applications.

Two decades after this technology was born, a new
possible interpretation of its experimental observations has
risen from theories developed many years ago on nonlinear
EK phenomena. In this interpretation, DEP is not presented
as the main character of the story. This new perspective
does not challenge the experimental observations previously
reported, it merely concludes something different about the
experiment. For example, let us consider a heterogeneous
mixture of two types of particles (type A and type B)—of the
same size but with different electrical properties—injected

into a DC-iEK system. If, at a certain voltage, one of those two
types of particles (e.g., type B) gets trapped while the other
(type A) keeps flowing, the classic DC-iDEP theory would
make a conclusion about the electrical conductivity of both
types of particles with respect to that of the suspending so-
lution (i.e., type A particles are more conductive than type B
particles, and both types of particles are less conductive than
the suspending solution). In contrast, the new perspective
would make a conclusion regarding the surface charge den-
sity of both types of particles (i.e., the surface charge density
of type B particles is greater than that of type A particles).

Despite all the attractive and intriguing features of
DC-iEK systems, we must recognize that this technology
presents limitations that have been successfully solved by
using AC-based approaches. All contributions reviewed in
Table 2 evidence that having the frequency of the applied
voltage as an additional control parameter during a particle
manipulation experiment, provides a new level of flexibility
to the technology. The frequency of the applied voltage allows
probing different polarization regimes in the bioparticles
(i.e., the conductive regime at low frequencies and the dielec-
tric regime at high frequencies). Moreover, from all distinct
iDEP approaches, contactless DEP avoids the unwanted
effects of electrolysis in the main channel, allowing for the
bioparticles to remain in their most adequate environment
through the experiment. Unfortunately, just as in any RC
circuit, a cutoff frequency (controlled by the thickness and
composition of the insulating membrane) exists in cDEP
systems, eliminating the possibility to test the DEP effect on
particles over a wide frequency range.

There are many challenges our research community
must address in the years to come. The first challenge I can
see is that of reducing the stimulation voltage requirements
of all iEK devices (both DC-driven and AC-driven). Because
our electrodes are relatively far away from each other (in com-
parison to distances found in eDEP devices) we normally re-
quire voltages superior to 100 V to achieve particle trapping.
If working in DC, this requirement can be readily met by us-
ing a not so bulky power source. If working in AC, however,
we need to connect our waveform generator to an RF ampli-
fier, and sometimes we need an additional amplification step
provided by a transformer. All this goes against the main ob-
jective of the technology, which is to produce portable LOC or
POC devices. Efforts have been made towards reducing volt-
age requirements [121], but it is clear that much more work
is still needed. A second challenge to address is the lack of
an analytical model of the EDL that is valid in the blank re-
gion shown in Fig. 5E. It must be clear that Eqn. (19) only
applies to scenarios where the nonlinear EP velocity varies as
∼ |E|3. If |vEPnonlinear | exhibits any other dependency with the
electric field, the EEEC can be measured, but it will not allow
us to extract information about the electrokinetic properties
of the particle of interest in the way Eqn. (19) does. Finally,
a critical challenge is to test the validity of the new theory
that takes into consideration nonlinear electrokinetics in DC-
driven devices. Up until today, it has been validated using a
few different channel designs, some polystyrene spheres, a
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few bacteria, and a few protein aggregates. It would be dan-
gerous to assume it is true for every possible scenario and that
DEP can always be neglected. Muchmore experimental work
is still needed to assess its completeness and applicability.
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