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Abstract

This review article presents an overview of the evolution of the field of insulator-based dielectrophoresis (iDEP); in particular, it
focuses on insulator-based electrokinetic (1IEK) systems stimulated with direct current and low-frequency(< 1 kHz) AC electric
fields. The article covers the surge of iDEP as a research field where many different device designs were developed, from
microchannels with arrays of insulating posts to devices with curved walls and nano- and micropipettes. All of these systems
allowed for the manipulation and separation of a wide array of particles, ranging from macromolecules to microorganisms,
including clinical and biomedical applications. Recent experimental reports, supported by important theoretical studies in the
field of physics and colloids, brought attention to the effects of electrophoresis of the second kind in these systems. These recent
findings suggest that DEP is not the main force behind particle trapping, as it was believed for the last two decades. This new
research suggests that particle trapping, under DC and low-frequency AC potentials, mainly results from a balance between
electroosmotic and electrophoretic effects (linear and nonlinear); although DEP is present in these systems, it is not a dominant
force. Considering these recent studies, it is proposed to rename this field from DC-iDEP to DC-iEK (and low-frequency AC-
iDEP to low-frequency AC-iEK). Whereas much research is still needed, this is an exciting time in the field of microscale EK
systems, as these new findings seem to explain the challenges with modeling particle migration and trapping in iEK devices, and
provide perhaps a better understanding of the mechanisms behind particle trapping.
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Introduction

Microfluidics, a research field born in the 1990s owing to the
advances in microfabrication techniques [1], has grown con-
siderably during the last two decades. One of the main pillars
of microfluidics is electrokinetics (EK), defined as the use of
electric fields to manipulate particles and liquid in miniatur-
ized systems [2]. An attractive feature of the subfield of
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microscale EK is that it exploits physical phenomena, i.e.,
no chemical reactions are required, making EK-based
microsystems simpler than their chemical assay—based coun-
terparts. Microfluidics has made a significant impact to the
field of bioseparations; in particular, EK-based miniaturized
devices have proved to be successful analytical platforms for
many bioparticles of interest: DNA [3-5], proteins [6, 7], vi-
ruses [8—11], bacterial cells [10, 12—14], yeast cells [10, 15,
16], mammalian cells (including cancer and tumor cells)
[17-20], and even parasites [21-23].

A main attribute of EK-based techniques is their ability to
analyze bioparticles across multiple scales, from macromole-
cules to parasites. Macromolecules, which are ubiquitously
electrically charged, have been successfully analyzed and ma-
nipulated with EK-based techniques for many decades [24,
25]. Applying EK-based techniques for the analysis, enrich-
ment and purification of microorganisms are possible owing
to the fact that all microorganisms possess electrical surface
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charges. Ktodzinska and Buszewski published an excellent
article explaining the origins of microbial charge [26].
Briefly, electrical charges on the surface of microorganisms
are the result of the ionization of surface molecules (proteins,
lipids, teichoic acids, and lipopolysaccharides) and the adsorp-
tion of ions from the suspending electrolyte solution.
Figure 1a illustrates a bacterial cell with a net negative surface
charge and the cloud of ions, known as the electrical double
layer (EDL), surrounding the cell; also included in the figure is
the representation of the interactions between the negatively
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charged bacterial cell and a negatively charged surface of a
fused-silica capillary used for capillary electrophoresis (CE)
separations and analysis [26]. Understanding the origin and
behavior of the electrical charge of microorganisms is essen-
tial for the design of engineered systems for the analysis, iden-
tification, and separation of microbes. Usually, the electrical
charge of microorganisms is measured and reported as their
zeta potential, as surface electrical charge cannot be measured
directly; thus, EK measurements must be employed. Polaczyk
et al. [27] recently reported the calculation of the zeta potential
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Fig.1 aRepresentation of the charged surface of'a bacterial cell depicting
the cloud of ions surrounding the cell, and the interactions of the charged
cell surface and a fused-silica capillary, adapted from [26], copyright
(2009), American Chemical Society. b Chart summarizing the correlation
of zeta potential models with microorganism type. The y-axis of the chart
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is the parameter ko, where £ is the reciprocal of the Debye length (\) and
« is the particle radius (for the rest of this article, a will be used to identify
the particle radius). The chart is divided into nine regions, labeled A to C
and 1 to 3. Adapted from [27], copyright (2020) Elsevier Ltd.
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of several microorganisms from electrophoretic mobility as-
sessments. This excellent study tested the applicability of the
main theoretical models for zeta potentials to each type of
microorganism: viruses, vegetative bacteria, bacterial endo-
spores, and protozoa. Figure 1b illustrates a chart summariz-
ing these findings that correlate zeta potential models with the
type of microorganism. Polaczyk et al. [27] identified, for
example, that the equation from the Helmholtz-
Smoluchowski model was the most appropriate for bacterial
cells, bacterial endospores, and parasites, while the modified
Booth and Henry models were more appropriate for viruses.

The need for rapid and effective techniques for the detec-
tion of pathogenic microorganisms [28] has been one of the
main driving forces of the rapid growth of microscale EK
systems, as antibiotic-resistant bacteria [12] are a major threat
to human health. Furthermore, the increasing demand for rap-
id diagnostic techniques for clinical applications in the detec-
tion of rare cells from peripheral blood has also pushed for-
ward the growth and development of EK-based microsystems.
Numerous reports have illustrated the use of EK techniques
for the analysis of cancer and tumor cells, blood cells, stem
cells, extracellular vesicles, and cell organelles [29]. The ad-
vances in EK-based methods have allowed highly sophisticat-
ed clinical assessments, such as the analysis of the stages of
the malignancy of cancer cells [30-33] and characterization of
T lymphocytes (T cells) [18, 34-36].

The present review article is focused on a specific sub-field
of microscale EK devices: insulator-based dielectrophoresis
(iDEP) systems, in particular systems stimulated with direct
current (DC) and low-frequency(< 1 kHz) alternating current
(AC) potentials [37, 38]. In these systems, the nonlinear EK
effect is generated in precise regions within the devices, where
the electric field magnitude is higher due to the presence of 3-
dimensional electrical insulating structures [38, 39]. There is a
plethora of iDEP designs that have been successfully
employed that feature insulating posts, curved channel walls,
sawtooth channel walls, etc. The section titled “First reports of
insulator-based electrokinetic (iIEK) microsystems” describes
the pioneer research studies that started this rapidly growing
research sub-field. The present review is proposing renaming
the field of iDEP to insulator-based EK (iEK) systems. The
justification for this proposal is that the more general term of
iEK provides a more accurate description of the several EK
phenomena that are present in these systems. The manipula-
tion of particles and microorganisms in insulator-based EK
systems is possible due to the effects of several phenomena,
not only DEP. Particle trapping, for example, is the result of an
equilibrium between the distinct forces acting on the particles
that renders particles with a net electromigration velocity of
zero. If an equilibrium is achieved in a given system, this
means that several forces or phenomena are significant in that
system. Thus, the name change for this field from iDEP to iEK
provides a better description of the several EK phenomena

behind particle manipulation and trapping in insulator-based
systems.

This review article, with 180 references, describes the evo-
lution of the field of iDEP microsystems under DC and low-
frequency(< 1 kHz) AC fields. The introduction discusses the
applicability of microscale EK systems in bioanalysis, which
takes the advantages of both charge-dependent EK phenome-
na and charge-independent EK phenomena. The theory sec-
tion presents a theoretical background outlining the main
equations that describe the physics behind particle migration
and trapping in these systems. The section titled “First reports
of insulator-based electrokinetic (iEK) microsystems™ illus-
trates how the field of insulator-based DEP (iDEP) was
established. The cited reports in the following three sections
of this article depict the progress and latest developments in
this field. In particular, a discussion is included that describes
how the term iDEP was coined and how an entire research
sub-field was created around this term, specifically for sys-
tems stimulated with DC and low-frequency(< 1 kHz) AC
potentials. A discussion on the recent reports on the effect of
electrophoresis of the second kind in DC-iEK systems is in-
cluded, which illustrates that DEP is not the main EK mech-
anism responsible for particle trapping, as trapping is a bal-
ance between two or more phenomena, and explains the surge
of the new field of DC-iEK. The conclusions summarize the
state of the art in this sub-field and speculate on the future
developments.

Theory

The migration of particles in iEK systems is dictated by linear
and nonlinear EK phenomena that act on the particles and on
the fluid. Linear phenomena are defined as those that have a
linear dependence with the electric field. In iEK systems, un-
der the effects of DC and low-frequency(< 1 kHz) AC poten-
tials, the main linear phenomena are electroosmotic (EO) flow
and linear electrophoresis (EP'"), which can be grouped to-
gether as linear EK; the expressions for these three velocities
are as follows:

Em
Veo = pgoE =L (1)
1 1 5m<
Vir = g E=—CE )
1
(.UEO + .U(E;g)
Vi = = —LF (3)

where v represents the velocity, p represents mobility, €, is
the absolute electric permittivity of the fluid suspending me-
dium, (is the wall zeta potential or the particle zeta potential, 7
is the viscosity of the suspending medium, and E is the electric
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field. Equation (2) for the linear EP velocity follows the
Helmholtz-Smoluchowski model, which is valid when the
EDL is considered “thin” in comparison to the size of the
particle (ka> > 1), where k is the reciprocal of the Debye
length (M) and a is the particle radius. Under different condi-
tions, other models must be applied, such as the Hiickel-
Onsager model for small particles, etc. An excellent summary
of the distinct models employed to relate ,u(El,g to (pis included
in Fig. 1b and described in detail by Polaczyk et al. [27].
Nonlinear EK phenomena are those that have a nonlinear
dependence with the electric field. These phenomena arise
when under the effects of an electric field, the diffuse layer of
the EDL is deformed due to the formation of ion concentration
gradients also known as concentration polarization. Briefly,
when an electric field is present, the diffuse layer of the EDL
around a charged particle is distorted; i.e., the screening of the
particle surface charge is no longer uniform; in some regions of
the diffuse layer, there is underscreening and in some regions
there is overscreening [39]. Concentration polarization is the
result of the flux of ions caused by the effects of the electric
field, which, as described, alters the spatial distribution of the
ions in the diffuse layer of EDL, deviating the diffuse layer
from equilibrium, giving rise to nonlinear EK phenomena [40].
For the purpose of this review article, two nonlinear EK
phenomena are considered under conditions of DC and low-
frequency(< 1 kHz) AC electric fields: EP of the second kind
and dielectrophoresis (DEP). When EP or EO velocities are
one or two orders of magnitude greater than those predicted by
Smoluchowky’s theory, these phenomena are referred to as
“second kind” phenomena [41]. An important concept to add
here, related to concentration polarization, is the difference
between the “first-kind” and the “second-kind” EK phenom-
ena. The first kind or linear phenomena depend on the perma-
nent surface charge, while the second-kind phenomena de-
pend on the bulk charge, which is the result of concentration
polarization. Furthermore, under certain conditions, second-
kind EK phenomena can be up to two orders of magnitude
greater than the first-kind phenomena [42]. There are several
models that describe particle migration under the effects of EP
of the second kind, since nonlinear electrophoretic phenome-
na can be categorized by two dimensionless parameters: the
Dukhin number (Du) and the Peclet number (Pe) [43]. The
Dukhin number (Eq. 4) is defined as the ratio of the surface
conductivity (K”) of a particle to the bulk conductivity of the
medium (K, times particle radius (a); thus, it is the competi-
tion between surface and bulk conductivity. At very small Du
values, the deviation from linear EK behavior is not notice-
able; however at Du > > 0.1, nonlinear EK effects are signif-
icant and must be considered [43]. In EK phenomena, the
Peclet number (Eq. 5) describes the ratio of the convective
transport to the diffusive transport of the electrolyte ions near
the particle surface; thus, it is the competition between con-
vection and diffusion of the electrolyte ions [40]. The particle
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radius (@) is used as the characteristic length in this expression
(Eq. 5) to account for the thickness of the EDL and the thick-
ness of the diffusion layer relative to the particle size [40, 42].
The Peclet number has a strong influence on the concentration
polarization of the fluid surrounding a particle and on the EP
velocity of a particle.

KO'
Du = 4
"= (4)
av
Pe=— 5
e=7 (5)

where v is the magnitude of the particle EP velocity and D is
the diffusion coefficient. The expression of the Peclet in num-
ber in EK depends on the magnitude of the electric field (as it
depends on EP velocity) and particle radius [42]. There are
numerous reports from the field of physics and colloids that
describe EP of the second kind; of particular importance are
the contributions by Dukhin [42, 44, 45], Mishchuk [46, 47],
Shilov [48], Schnitzer and Yariv [49-51], Khair [52], and
Barany [53]. The reader is referred to these references for
further details on the theory of EP of the second kind. In the
classical EP theory, the EP mobility of a particle with a thin
EDL is constant, i.e., linear dependence with E. For cases that
deviate from the linear dependence, at low Pe numbers, the
nonlinear EP velocity is proportional to the cubed strength of
the electric field (E3 ), while at large Pe numbers, with weak
concentration polarization, the nonlinear EP velocity is pro-
portional to 2. For the case of large Pe numbers and strong
concentration polarization, the complexity of the phenomena
does not allow identifying a clear relationship. Recent studies
[43, 54-56] that include experimental results have demon-
strated that the linear dependence of the EP velocity (Eq. 2,
vep~E"), is valid for Pe < 1 with Du < < 0.1, with weak
concentration polarization. These reports [43, 54-56] also
demonstrated the nonlinear dependences of the EP velocity
with E; the expressions for these velocities are [43]:

V(ES}Z = ug}lE3 for Pe << 1,Du >

> 0.1, with weak concentration polarization (6)

V(Eifz) = u(Eyz)Ez‘/z for Pe >

> 1 with weak concentration polarization (7)

It is essential to note that, since the value of Pe depends on
the electric field (E) and particle radius, it is possible for a
small particle to satisfy the condition of Pe < < 1, and for a
large particle to satisfy the condition of Pe > > 1, irrespective
of the magnitude of the local electric field [40]. Mathematical
complexities only allowed for the theory of nonlinear EP to be
developed for the limiting cases of the value of Pe; i.c., theo-
retical models exist for low (Pe < 1) and high (Pe > > 1)
values of Pe, but no theory has been developed for
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intermediate values (I < Pe < 10) [43]. An excellent sum-
mary discussing the theoretical models for nonlinear EP,
showing the effect of the magnitude of both Pe and Du num-
bers, has been reported by Rouhi and Diez (see Table 1 in ref.
[43]). For the specific case when Pe is less than or close to 1
(Pe < 1), the EP velocity has a linear dependence with electric
field (as described by Smoluchowski’s theory), if Du < < 0.1,
since at small values of the Dukhin number, the deviations
from linear behavior are not appreciable [43].

Our group has investigated experimentally the effects of EP of
the second kind in polystyrene particles, viruses, bacteria, and
protein nanoparticles, where a dependence with E* was observed
[14, 55-58]. For further information and discussion on EP of the
second kind in DC-iEK systems, the reader is also referred to an
excellent review article by Perez-Gonzalez [39].

Another nonlinear EK phenomenon considered in this re-
view is DEP, which is defined as particle migration under the
effects of a nonuniform electric field due to polarization ef-
fects. In iEK devices, nonuniform electric field distributions
are created by the presence of insulating structures, curved
channel walls, etc. The expression for the DEP velocity for a
spherical particle is defined as:

e,
3n

Vorp = ppgpVE = ReUCM]VEz (8)
where a is the particle radius and Re(f¢,) is the real part of the
Clausius-Mossotti factor, which accounts for the particle po-
larizability relative to that of the fluid-suspending medium.
This expression is valid for a spherical particle with radius «,
for which the Stokes drag force is F = 67rvna. Until recently,
it was believed that DEP was a dominant phenomenon in iEK
systems under the effects of DC and low-frequency(<
1 kHz) AC potentials; the present review includes a discussion
on this topic in the section titled “The missing link: electro-
phoresis of the second kind.” The effects of nonlinear induced
charge electroosmosis (also known as electroosmosis of the
second kind) and nonlinear electrothermal flows are out of the
scope of this review focused on highlighting the importance of
electrophoresis of the second kind in insulator-based systems;
therefore, these phenomena are not being discussed here. Fora
detailed discussion on these nonlinear EK phenomena, which
can become significant when insulating structures with sharp
edges are employed, the reader is referred to an excellent
recent review article by Xuan [59] and the studies by the
Buie research group [60].

First reports of insulator-based electrokinetic
(iEK) microsystems

After the discovery of DEP by Pohl in the early 1950s [61],
and subsequent reports by Pohl and collaborators that

highlighted the use of nonhomogeneous electric field distribu-
tion for enhancing nonlinear EK effects [62—68], a strong
interest on developing miniaturized devices that could pro-
duce nonhomogeneous electric fields was born. In particular,
researchers were interested in exploiting DEP employing
high-frequency AC electric fields, and many electrode-based
DEP (eDEP) microsystems were successfully developed; sev-
eral excellent reviews describe these pioneer studies on eDEP
[69-71]. The focus of the present review is on iEK systems, in
which nonhomogeneous electric field distributions are created
by employing electrically insulating structures between elec-
trodes. The first report on iEK was published by Masuda et al.
[72] in 1989. They created a microdevice for cell fusion that
employed EK effects. Briefly, they built a microfluidic device
connected to two cell suspension reservoirs; each reservoir
contained one type of cell, referred to as cell A and cell B,
as depicted in Fig. 2a. By employing micropumps, they sent
one cell of each type to a small opening between two insulat-
ing structures located between two electrodes. By energizing
the electrodes, the two cells formed a pearl chain at the con-
striction due to positive DEP forces; then a pulse voltage pro-
duced areversible break in the cells’ membranes (by rupturing
the phospholipid layer) forming a fused hybrid cell. The de-
vice by Masuda et al. demonstrated the first application of EK
forces for the trapping of the cells at a specific location within
an iEK device, which allowed for highly selective cell fusion.
A similar device for EK-based cell fusion was recently report-
ed by Gel et al. [73].

The second major advancement in the field of iEK
devices was the work by Cummings and collaborators in
2000-2003 [74-77] at Sandia National Laboratories, with
the design of simple glass microfluidic channels, which
featured, for the first time, square arrays of 3D insulating
posts of different shapes (cylindrical, square and dia-
mond). A representation of these devices is included in
Fig. 2b [78], this device had 12 independent channel re-
gions, and each channel region contained six channels
straddled by two liquid reservoirs. By employing these
engineered systems stimulated with DC electric fields,
Cummings et al. identified the regimes of particle
“streaming” and particle “trapping” with 200-nm polysty-
rene particles [76, 77]; experimental images of these two
particle migration regimes are depicted in Fig. 2c. In three
follow-up studies, the Sandia research group demonstrat-
ed the differentiation between live and dead bacterial cells
[78], the separation of distinct types of live bacterial cells
[79], and the enrichment of tobacco mosaic virus [80].
The term insulator-based DEP (iDEP) was first coined in
these two well-known studies [78, 79], and it has been
significantly employed for almost two decades.
Analogously, the term electrode-based dielectrophoresis
(eDEP) [81] was also coined to describe the more tradi-
tional microfluidic devices that featured arrays of
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Fig.2 a Representation of the device employed by Masuda et al. [72] for
the fusion of two cells. One cell of each type is first sent at the constriction
between the two insulating structures. By action of positive DEP, the two
cells are trapped at the constriction forming a pearl chain, when a pulse
voltage is applied that fuses the two cells together. b Representation of the
iEK devices employed by Cummings et al. Reprinted with permission

from [78], copyright (2004) American Chemical Society. ¢ Images
depicting particle streaming in a device with diamond-shaped posts and

microelectrodes (usually planar) to generate the nonhomo-
geneous electric fields required to generate DEP effects.
Almost at the same time of the Sandia work, a similar
device with uniformly arranged trapezoid-shaped insulat-
ing posts was reported by Chou et al. in 2002 [82] for the
trapping of single-stranded and double-stranded DNA
employing an AC electric potential of 5 V with low fre-
quencies (< 1 kHz). Figure 2d illustrates enriched DNA
molecules (shown bright white) trapped at the constriction
between the posts. In a follow-up study [83], which fea-
tured devices with triangular-shaped insulating structures
made from polydimethylsiloxane (PDMS), this group
demonstrated cell sorting of bacterial cells, cell lysis of
red blood cells (RBCs), and DNA purification and con-
centration. The publications by Chou et al. [82, 83]
coined the term electrodeless DEP (EDEP); however, this
term did not gain too much popularity as it could easily be
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(d)

particle trapping in a device with cylindrical posts (the inset in grayscale
depicts modeling results obtained in the same study); in both images, flow
direction is from top to bottom. Reprinted with permission from [76],
copyright (2003) American Chemical Society. d Image depicting the
trapping of 368-bp dsDNA between trapezoid-shaped insulating posts
made from glass; flow direction is from top to bottom. Adapted with
permission from [82], copyright (2002) Elsevier

mistaken for eDEP. The next section describes the major
developments in the subfield of DC-iDEP systems, in-
cluding a discussion of the many device designs featuring
insulating posts, curved channel, etc.

The surge of direct current insulator-based
dielectrophoresis (DC-iDEP)

The research at Sandia Laboratories [74-80] led the start of
the subfield of DC-iDEP. Numerous devices featuring a vari-
ety of insulating structures or carefully designed curved chan-
nel walls were developed to generate nonhomogeneous elec-
tric field distributions as illustrated by recent review articles
[37-39, 84, 85]. The next subsection presents a discussion on
these device designs.
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Fig. 3 a Representation of an iDEP device with cylindrical insulating
posts and images of 1-mm red particles at three distinct applied potentials,
illustrating particle streaming at 100 and 200 V and particle trapping at
300 V. Adapted with permission from [86], copyright (2015) John Wiley
and Sons. b(i) Representation of the DC-biased step AC signal and (ii) top
view of the iDEP device with asymmetric insulating posts used to sepa-
rate yeast cells from 2-um polystyrene particles, by eluting the yeast cell
first. (iii) Graph of the “peak” of enriched yeast cells eluted from the
system,; cells were fluorescently labeled and the corrected total fluoresce

Devices with insulating posts

Microchannels with 3D insulating posts became popular as a
result of the work at Sandia Laboratories [74—80]. A represen-
tation of an iDEP microchannel with cylindrical insulating
posts is included in Fig. 3a, including three images of 1-um
red polystyrene particles illustrating the regimes of particle
streaming at 100 and 200 Vpc, and particle trapping at
300 Vpc [86]. One attractive feature of these devices is their
simplicity in fabrication, as the entire device, including the
insulating posts, can be made from a single substrate. The
most common materials are glass [76], PDMS [86], Zeonor
[87], and PMMA [88]. Extending the work at Sandia
Laboratories, Lapizco-Encinas employed iDEP devices made
from glass and PDMS to demonstrate for the first time the
trapping of protein molecules [89] in DC-iDEP systems.
This group also worked with DNA [81]; algal, bacterial, and
yeast cells [90-93]; bacteriophages [8]; nano-sized particles
[94, 95]; and polystyrene particles [91, 96]. A main focus of
this group has been on improving the geometry of the insulat-
ing posts to enhance particle manipulation and trapping. Their
findings have demonstrated that sharper and narrower post
shapes enhance particle trapping [97, 98] and that reducing
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was used for detection. Adapted with permission from [92], copyright
(2016) John Wiley and Sons. ¢ Trapping of gold-coated(orange) and plain
(green) 2.4-um polystyrene particles at 200 Vpc. Adapted with permis-
sion from [127], copyright 2019 AIP Publishing. d Trapping of f3-
galactosidase with micron-sized triangular posts and nano-sized rectan-
gular posts. Adapted with permission from [108], copyright (2015) The
Royal Society of Chemistry. e Separation of a mixture of three distinct
sizes of polystyrene particles with DLD-iDEP. Reprinted from [113],
copyright 2019 AIP Publishing

the number of columns of insulating posts decreases the re-
quired electric potential to achieve particle trapping [99]. The
Lapizco-Encinas group has employed DC potentials and low-
frequency(< 1 kHz) AC potentials. In particular, they have
developed several schemes for applying low-frequency AC
potentials, such as an EO flow gradient [93] and DC-biased
AC potentials combined with asymmetric insulating posts
[92], as well as cyclical potentials [100]. These schemes with
low-frequency AC and cyclical potentials exploited differ-
ences in particle electromigration in the post array that resulted
in effective particle separations. For example, the combination
of an asymmetric AC signal (DC-biased AC potential) with
asymmetric insulating posts allowed changing the “elution
order”—i.e., larger particles were eluted first, which is essen-
tial when handling fragile eukaryotic cells. Figure 3b.i shows
the asymmetric DC-biased AC step function signal used to
enrich and separate yeast cells from 2-pum polystyrene parti-
cles in less than 70 s; Fig. 3b.ii illustrates the asymmetric post
iDEP device; and Fig. 3b.iii contains a graph of the “peak” of
the separated yeast cells [92]. Another important contributor
to iDEP is the research group at Tecnologico de Monterrey,
with their unique work with pegylated proteins [101] and
exosomes [102].

@ Springer



Lapizco-Encinas B.H.

The research group led by Thoming and Pesch at the
University of Bremen also studied the impact of insulating
post shape and post material on particle trapping [103, 104],
and their findings, in agreement with the Lapizco-Encinas
group [97, 98], also indicated that shaper and narrower posts
are better for enhancing particle trapping. In a more recent
study, they published the first report on iDEP of gold-coated
polystyrene particles and designed strategies for dealing with
particle agglomeration in iDEP systems by adjusting the pH
and conductivity of the suspending media. Figure 3¢ shows
the trapping of gold-coated(orange) and plain (green) 2.4-um
polystyrene particles at 200 Vpc in an iDEP device with cy-
lindrical insulating posts. The Casals-Terré group also studied
in detail how insulating post shape and arrangement could be
manipulated to improve particle trapping in DC-iDEP systems
[105]; they proposed the use of a new parameter called the
trapping value (7), which is discussed later in this article.

The Ros group at Arizona State University has made major
contributions to iDEP. They have demonstrated the manipu-
lation of DNA [106], proteins [107, 108], carbon nanotubes
[109], cell organelles [110], and cells [111, 112]. In 2015, this
group proposed the unique combination of nano-sized and
micron-sized insulating posts within the same device.
Shown in Fig. 3d is an image of fluorescently labeled (3-
galactosidase molecules trapped at 50 Vpc employing
micron-sized triangular posts and nano-sized rectangular posts
located between the triangular posts. This strategic approach,
which created nanometer-sized constriction between posts,
significantly decreased the required DC electric potential to
achieve trapping.

Another important trend in iDEP devices with insulating
posts is combining deterministic lateral displacement (DLD)
with DEP. The Morgan group has made several important
contributions [113—115] where they employed DC-biased
low-frequency AC potentials with devices with cylindrical
insulating posts. In DLD, particles migrate in a continuous
mode across a post array arranged at a specific angle (usually
< 6°); by having the posts tilted, particles that are larger than
the critical diameter (Dc) bump onto the post, and their migra-
tion is deviated by the tilt angle, while smaller particles con-
tinue flowing straight through in a zigzag pattern. This type of
continuous particle migration is similar to the particle stream-
ing regime identified by Cummings [77]. Figure 3e shows the
separation by size of a mixture of 100-nm, 500-nm, and 1-pm
polystyrene particles, illustrating a clear separation between
the three particle populations by applying 320 Vpp at 500 Hz
with a DC offset of — 0.25 V. Asit can be seen, low-frequency
AC DLD-iDEP devices require rather large post arrays (when
compared with a “classic” iDEP channel, such as the one in
Fig. 3a), which are wide enough for distinct particle popula-
tions to separate along the post array width. In this work by
Calero et al. [113], the post array measured 2.6 mm by
31.2 mm.
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Devices with insulating structures on the
microchannel wall

A prominent trend developed in iDEP systems was the use of
devices with insulating structures on the microchannel walls,
creating devices with an array of single constrictions along the
channel width. The Hayes group at Arizona State University
has made the most contributions; they have worked with poly-
styrene microparticles, bacterial cells, viruses, RBCs, and
even mammalian cells [116—124]. They called their designs
gradient iDEP (g-iDEP), since the insulating sawtooth struc-
tures increased in size along the channel length, creating zones
of gradually increasing electric field intensity.

One of their many significant contributions was the differ-
entiation of three Escherichia coli serotypes by assessing the
required average electric field to trap the particles (£, =
applied voltage/channel length). They also defined a threshold
electric field (E,pse) Which occurred when the applied electric
potential was sufficient for particles to begin to accumulate
and trap near the entrance of the constriction between two saw
teeth. Figure 4a depicts a representation of a g-iDEP channel
and a series of images of trapped E. coli cells at increasing
voltages, illustrating that the number of trapped cells strongly
depends on the applied voltage. The Hayes group has also
made major contributions to the understanding of the forces
behind particle trapping and has established the resolution
theory [125] and determined an expression for the trapping
condition of particles [126], which is discussed later in this
article.

Another major contributor to iDEP is the Xuan group at
Clemson University. In 2020, this group reported the passive
DEP-based focusing of polystyrene particles (3, 5, and
10 um) and yeast cells (5 wm) [128] employing micro chan-
nels with symmetrical and asymmetrical triangular insulating
structures on the channel wall (similar to the device shown in
Fig. 4b). Employing these devices, and under the effects of
DC potentials, they achieved tight streams of highly focused
particles and cells. The overall electric field in their systems
were 250 V/cm and 312.5 V/ecm for the polystyrene particles
and cells, respectively, which should result in nonlinear EK
effects at the constriction regions. Their work included math-
ematical modeling where a correction factor of 0.7 was
employed to adjust for the DEP velocity. More recently, this
group published an “infinite” microchannel, with triangular
insulating structures on the channel wall (Fig. 4b), for the
continuous focusing of the same types of polystyrene particles
and yeast cells, but this time they used low frequency AC
potentials [129]. They developed a clever strategy where par-
ticles, under the effects of the applied AC field, move back
and forth inside the channel as EO and EP forces change
direction with the AC field, while DEP forces remain un-
changed (as DEP does not depend on field direction). This
periodic process resulted in particles gradually being tightly
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Fig.4 a Representation of a g-iDEP channel and images of fluorescently
labeled E. coli cells (strain O6:k1:H1) as function of the applied DC
potential (reported as E,y, in a 4.1-cm-long channel). Reprinted with
permission from [167], copyright (2016) Springer Nature. b Image of
the “infinite” channel with triangular insulating structures on the channel
wall, and experimental and numerical results illustrating the gradual fo-
cusing of 5-um polystyrene particles after a total time of 60 s, resulting in
a tight stream of particles at the channel centerline. Adapted with permis-
sion from [129], copyright (2021) American Chemical Society. ¢ Device
with rounded insulating structures on the channel wall used for the sep-
aration of RBCs from plasma. Adapted with permission from [135],
copyright (2015) Springer Nature. d Device with a single constriction
used for the sorting of protein nanocrystals. Adapted with permission
from [144], copyright (2015) American Chemical Society. e Illustration
ofa magnified view of the device with the 3D constriction used by the Bui

focused to the channel centerline, as depicted in Fig. 4b, after
four 15-s periods (60 s total), all particles are efficiently fo-
cused to the channel centerline. This work also included

(b.ii)
15s 30s 60s

Y,

group to study the relationship between extracellular electron transfer and
surface polarizability of bacterial cells. Reproduced from [147], copyright
(2019) Wang et al., open access article under the Creative Commons
Attribution Non Commercial License 4.0 (CC BY-NC). f(i) Serpentine
channel used for size-based separations. (ii) Depiction of the forcer gen-
erated at the comers of the channel walls. (iii) Four experimental images
demonstrated effective size-based sorting of 5-um and 1-pum particles
under a resulting field of 15 kV/m; the left column and right column
images are taken at the channel inlet and outlet, respectively. The top
images are single snapshots while the bottom images are superimposed
images. Adapted with permission from [160], copyright (2011) Springer
Nature. g(i) Representation of the EK forces in the micropipettes, (ii)
trapping of nanovesicles at the micropipette tip. Adapted with permission
from [166], copyright (2019) The Royal Society of Chemistry

mathematical modeling that required the use of correction
factors. The Xuan group has also investigated the enrichment
of nanoparticles by taking advantage of Joule heating effects
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in these systems [130] and the focusing and trapping of parti-
cles in non-Newtonian fluids [131].

Another major contributor to this area is the Swami group
at the University of Virginia; they have published extensively
on the use of high-frequency AC potentials with iDEP and
proposed the use of nano-constrictions [132, 133] (similar to
the Ros group [108]). In their work with low-frequency AC
fields, this group developed devices with triangular insulating
structures on the channel walls for enhancing DNA hybridi-
zation. They called this strategy “constriction-based DEP,”
and demonstrated that DEP effects enhanced the transport of
DNA molecules to the vicinity of a sensor, enabling pre-con-
centration, hybridization, and sensing without any wash steps.
A unique characteristic of this work is that they were able to
carry the entire process under conditions of high-conductivity
suspending medium, which is highly challenging. Their work
illustrated that enhancing sensing operations by means of
iDEP allows decreasing the sensing limit down to 10 pM
[134].

The Casals-Terré group, at the Technical University of
Catalonia, also contributed to this area; they developed a de-
vice with distinctive curved insulating structures on the chan-
nel wall; this device is shown in Fig. 4c [135]. This system
was successfully employed for separating RBCs from plasma
under the action of DC fields and hydrodynamic effects. First,
a sample of whole blood is introduced by capillarity into the
channel, followed by the trapping of RBCs at the stagnation
zones at the dead-end branches by hydrodynamic effects. The
second step is when a DC voltage is applied, where negative
DEP forces prevent the RBCs from entering the main channel,
thus producing an RBC-free zone plasma zone within the
main channel, as shown in Fig. 4c [135].

Devices with a single constriction

Another major approach developed in iDEP was devices with
a single constriction and several outlets, which were used for
continuous particle sorting. In these systems, a single insulat-
ing hurdle produced enough DEP effects that directed distinct
particles to distinct outlets within the device, achieving effec-
tive particle sorting. The Li group was a pioneer in this area,
developing several devices [136—138]; some of them even
combined embedded electrodes with iDEP [139]. The Kirby
group studied electrothermal flow effects in these systems,
and their findings demonstrated that particle deflection and
trapping are enhanced by the perturbations in the EO flow
caused by electrothermal effects [140]. More recently, the
Minerick group studied a DC-iDEP device for the sorting of
polystyrene particles by size [141] and RBCs by ABO-Rh
blood type [142]. Their results showed that DC-iDEP devices
have potential for applications in rapid blood typing in clinical
settings. Another major player in single-hurdle DC-iDEP sys-
tems is the Ros group at Arizona State University [143, 144].
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They were the first group to report the sorting of protein
nanocrystals with DC-iDEP systems. Figure 4d shows one
of the devices used by the Ros group for the sorting by size
of protein nanocrystals; in this device with three outlets, neg-
ative DEP forces exerted at the single-constriction region in
the device deflected smaller crystal to the two side channel,
while larger crystals were focused to the center outlet [144].
Their work illustrated that DC-iDEP devices can handle high-
throughput operations with high efficiency (> 90%) that can
be used for subsequent serial femtosecond crystallography
experiments. This report demonstrated the suitable capabili-
ties of these systems in protein crystallography. The authors
speculated that this particular device could also be extended to
DNA and carbon nanotubes sorting applications, thus show-
casing the versatility of iDEP microfluidic sorters. The Xuan
group at Clemson University also reported the use of single-
constriction devices for the focusing of microparticles using
DC-biased low-frequency AC potentials [145]. Another im-
portant trend initiated by the Xuan group is reservoir-based
iDEP [146, 147], which mainly consisted of particle manipu-
lation and trapping at the constriction between the large inlet
liquid reservoir and the main channel. The Esfandiari group at
the University of Cincinnati [148] also employed a single-
constriction device with triangular insulating structures in
their integrated lab-on-chip system for the enrichment and
electrical impedance characterization of nanovesicles.

The Buie group at Massachusetts Institute of Technology
[88, 149] also contributed to the development single-
constriction systems with the creation of a 3D-iDEP device,
where constrictions between the insulating structures were
3D, i.e., the constriction regions were also constricted along
the height of the microchannel. This ingenious design worked
similarly to the nano and micropost combination proposed by
the Ros group [108]; the reduced constriction resulted in lower
voltages required to achieve particle or cell trapping. Figure 4e
illustrates a magnified view of the device with the 3D con-
striction that this group recently employed to study the rela-
tionship between extracellular electron transfer and surface
polarizability of bacterial cells [150]. An alternative novel
application of iDEP systems was proposed by the Yang group
in 2019 [151] by developing devices for cell electroporation.
They took advantage of the characteristic of these devices to
generate zones of higher electric field intensity, by using these
zones as electroporation zones. A follow-up study was recent-
ly published [152]; this study, which considers EP of the sec-
ond kind, is discussed in the section dedicated to DC-iIEK
systems.

Devices with curved channel walls
Besides using insulating structures, non-homogeneous elec-

tric field distribution in a microfluidic device can be created
with curved channel walls. The Xuan group at Clemson
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University has made the most contributions to this subfield
[153-160]. Their first reports in 2009 [153—155] illustrated
the efficacy of these devices for rapid, label-free, and contin-
uous particle sorting by taking advantage of the electric field
distortion formed by the curvature of the channel walls. One
of the devices used by the Xuan group is shown in Fig. 4f.i.
This serpentine device with two inlets and two outlets was
successfully employed for separating microparticles and cells
by size [160]. As it can be observed from Fig. 4f.ii, DEP
forces are generated at the corners of the channel wall, where
negative DEP will deflect larger particles towards the channel
centerline in a stronger manner than smaller particles; this is
how size-based separation is achieved in this ingenious sys-
tem. The four images in Fig. 4f.iii show the particles at the
inlet and outlet of the channel under an effective field of
15 kV/m. At the channel inlet, it is observed that the particle
suspension, containing randomly distributed 1-um and 5-pm
particles, enters from the bottom inlet reservoir, while at the
outlet, the sorted particles exit the channel as two distinct
particle populations directed towards distinct reservoirs, thus
illustrating a complete separation. Similar excellent results
were achieved for the separation of yeast cells from 3-pm
particles, with a sorting efficiency > 90%. Furthermore, this
device was proven to be successful with an estimated high
throughput of 200 particles or cells per minute and can operate
in a continuous manner for 15 min. The authors discussed the
potential of this DC-iDEP serpentine device in biomedical and
clinical applications. A device that combined insulating obsta-
cles and curved walls (S-shaped channel) was proposed by Li
et al. in 2013 [161] for the size-based separation of larger
(10-pm and 15-pum diameter) polystyrene particles. The au-
thors discussed that the combination of insulating obstacles
with curved walls proved a greater control of particle
migration.

Devices featuring nano- and micro-pipettes

Another form or DC-iDEP systems are nano- and micropi-
pettes. The conical shape of the pipette provides a decreasing
cross-section area that creates a nonhomogeneous electric
field distribution along the pipette length, enhancing nonlinear
EK effects. Some of the first reports were the nanopipettes
developed by the Klenerman group for the manipulation of
DNA and proteins [162—164]. This group demonstrated bio-
molecule enrichment and characterization by assessing sur-
face conductivity. More recently, the Esfandiari group at the
University of Cincinnati [165, 166] used nano- and micropi-
pettes for the rapid enrichment of nanoparticles, liposomes,
and extracellular vesicles (EVs) from bodily fluids. This group
developed a narrow 1-pum-diameter tip pipette to extract EVs
from plasma [165] and a four-parallel pipette system [166]
which was used with plasma and saliva samples. The parallel
system allowed processing larger sample volumes (200 uL

total, 50 uL per pipette). The pipettes were made from boro-
silicate glass and had pore diameters of 1 and 2 pm.
Figure 4g.i shows a schematic representation of the EK forces
present in one pipette, while Fig. 4g.ii contains an image of
trapped nanovesicles from human plasma at a DC field of
10 V/ecm applied for 10 min. This system is an excellent ex-
ample of the potential of EK devices in clinical and biomed-
ical applications.

Devices featuring glass beads, nano- and microporous
membranes

There is substantial flexibility on how insulating structures
can be used in microfluidics devices to generate nonhomoge-
neous electric fields, which in turn enhance nonlinear EK
effects. The field of DC-iDEP and low-frequency AC-iDEP
systems also includes devices that feature microporous mem-
branes made from an insulating material and, thus, effectively
distort the electric field distribution. These types of
membrane-based iDEP systems have been used to manipulate
cells and microparticles [168, 169]. Glass beads, contained in
a chamber straddled by two electrodes, have also been used to
create nonhomogeneous electric fields, allowing for the use of
nonlinear EK effects for the filtration and recovery of mi-
crobes from water [170, 171].

The missing link: electrophoresis
of the second kind

During the surge of the field of DC-iDEP and low-frequency
AC-iDEP, many mathematical models were also developed to
predict the performance of EK devices as they were continu-
ously gaining more attention. One of the first models was the
potential flow solver “Laplace” developed by Cummings and
Singh [76], which solved a modified Laplace equation. Other
models, also based on the Laplace equation, were developed
later on to predict the “trapping condition” illustrated in Eq.
(9), to define the location of the particle-trapping region within
the insulating post array. Figure 5a illustrates the results by the
Lapizco-Encinas group on predicting particle trapping in a
device with cylindrical posts; the top image is the model pre-
diction and the bottom image is the experimental result [172].
It is important to note that correction factors, added to the
model, were necessary for the model to agree with experimen-
tal results [173, 174], as illustrated by the parameter ¢ added to
Eq. (9). In a more recent study, this group defined the term
“trapping barrier” and was able to predict the location of a
“barrier” that the particles could not penetrate, resulting in a
band of trapped particles as shown in Fig. 5b. This image is a
superposition of modeling results and experimental results,
where a correction factor of ¢ = 43 was added to the model.
Significant research efforts were devoted by numerous groups
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Fig.5 aPrediction of the particle-
trapping region with COMSOL
(top) and experimental results
(bottom) under the same condi-
tions for 1-pm particles trapped in
a device with 470-pum-diameter
cylindrical insulating posts with
40-um gaps. Adapted with per-
mission from [172], copyright
(2009) The Royal Society of
Chemistry. b Prediction of the
trapping “barrier” for 2-um parti-
cles in a device with circular posts
(200-pm diameter) and 50-um
gaps. The image is a superposi-
tion of modeling and experimen-
tal results. The barrier region was
obtained with modeling with a
correction factor of ¢ = 43, while
the band of trapped particles was
obtained experimentally. Adapted
with permission from [86], copy-
right (2015) John Wiley and
Sons. ¢(i) illustration of the dis-

YIEE . E in the muli-
scale device (circular posts with
triangular nano-teeth) used by the
Hayes group. (ii) Trapping of 2.7-
pm silica particles at 600 Vpc.
Adapted with permission from
[126], copyright (2017) The
Royal Society of Chemistry. d

Prediction of the parameter VE—F;Z E

tribution of

in devices with circular insulating
posts of three distinct sizes, with
longitudinal and transversal dis-
tances of 20 um and 30 pm, re-
spectively. Adapted with permis-
sion from [105], copyright (2016)
Springer Nature

to identify correction factors in DC-iDEP systems as reported
by this recent review article [175]. As it is discussed below, it
is possible that the need for correction factors was the result of
not considering the effects of EP of the second kind. An ex-
cellent discussion on this was recently published by Perez-

Gonzalez [39].
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The Kwon [176] group also developed a mathematical

model to predict the trapping condition using Eq. (9); their
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model optimized microchannel geometry. The Hayes group
published in 2011 the experimental characterization of DEP
mobility [117], where they noted that experimentally mea-
sured values of upgp were lower than what would be neces-
sary to achieve particle trapping. In a more recent report from
2017, the Hayes group defined dielectrophoretic trapping with
the expression shown in Eq. (10) [126], which they evaluated
with COMSOL in devices with different shapes of insulating
posts (they tested 40 shapes), including devices with multi-
scale insulators (circular post with triangular nano-teeth).

2
VIE| > HEK

E? ~ MpEp (10)

VE?
EZ
-E in the multi-scale device used by the Hayes group as pre-
dicted with COMSOL, and Fig. 5c.ii shows the experimental
trapping of 2.7-um silica particles at an applied voltage of
600 Vpc. This work illustrated that using the multi-scale de-
signs resulted in a more homogeneous electric field distribu-
tion, eliminating extraneous particle trapping. Another major
contribution by the Hayes group was identifying the parame-
ter /J’D% (RHS in Eq. 10), as the electrokinetic mobility ratio

Figure 5c.i illustrates the distribution of the parameter

(EKMr = £ ); this parameter was used as electrokinetic sig-
"DEP

nature to identify subtle differences in the electrokinetic re-
sponse between cells and microparticles [123, 124]. The
Hayes group also studied how dielectrophoretic data obtained
in g-iDEP systems could be used to predict cell properties; for
these assessments, they measured the fluorescence signal of
trapped cells and studied how fluorescence intensity varied
with the applied DC potential.

The Casals-Terré group also made major contributions to
the prediction of the conditions under which particle trapping
occurred in iDEP systems [105]. They studied how the spac-
ing (longitudinal and transversal distance) between insulating
posts and post radius affected particle trapping, and proposed
the use of a new parameter, called the trapping value, which
was defined as

(11)

In their study, they evaluated in detail the effect of post
spacing and post size on particle trapping in terms of the trap-
ping value. They performed extensive modeling with
COMSOL and experimentation. Figure 5d shows an example
of their modeling results by illustrating the distribution of VE—EZZ E
for insulating posts of three distinct sizes. As it can be observed,
from the color scale in the figure, higher magnates of VE—EZZE are

reached with the smaller insulating posts (20-um radius). The
average value of T was 7.38 x 10%, 6.63 x 10% and 3.60 x
10% V/m? for the three post sizes, respectively [105].

All of these models for trapping condition, mobility ratio
(EK M), and trapping value (7)) were excellent contributions
that advanced the understanding of the force balance behind
EK particle trapping in iEK devices. However, as illustrated
by the Hayes group in 2011 [117], experimental measure-
ments of DEP forces were lower than what was required to
achieve particle trapping. None of the models proposed
seemed to fully explain this discrepancy. That is why the use
of correction factors added to mathematical models for iDEP
systems gained popularity [175]. However, it is believed by
the author of this review article that the reason why mathe-
matical models were unable to accurately (without correction
factors) predict particle trapping in these systems was because
a major nonlinear EK phenomenon was not being included in
these models. This missing phenomenon—or missing link—
is EP of the second kind, which is briefly described in the
“Theory” section of this review article. The importance of
EP of the second kind has been described in many reports in
the field of physics and colloids [42, 45-51], and an excellent
discussion was recently published by Perez-Gonzalez [39].
Recent experimental work by Rouhi and Diez. [43] and
Tottori et al. [54] studied the electrophoretic velocity of mi-
croparticles with particular focus on nonlinear EP effects.
Rouhi and Diez studied ultrafast EK by applying a high elec-
tric field to microparticles of a variety of materials and com-
pared their results with a wide range of data available in the
literature [43]. In their report, they illustrated that EP velocity
of the second kind, as explained in the “Theory” section in the
present article, can have a dependence with E* or E*? depend-
ing on the experimental conditions (magnitude of Pe, Du and
concentration polarization [43]). Figure 6a.i-a.ii contains ex-
perimental results that illustrate the dependences of vgp with
E’and E*?, respectively, from the data that Rouhi and Diez
analyzed from the literature [43]. In Fig. 6a.i, the data obtained
by Mishchuk [47] (inverted triangles and diamonds) exhibit
an excellent fit with the E> dependence, while in Fig. 6a.ii, the
experimental data by Kontush [177] (squares and triangles) is
in great agreement with the E** dependence. The work by
Rouhi and Diez [43] unveiled that EP velocity depends greatly
on the magnitude of the local field strength, and categorized
this behavior into three groups. Tottori et al. [54] employed a
simple microchannel made from PDMS to analyze the
electromigration of submicron particles made from polysty-
rene and poly-(methyl methacrylate) (PMMA) under high
electric fields. In their work, this group observed that at high
electric fields the particles were not able to enter the channel,
as the device had a constriction region at the channel entrance,
as depicted in Fig. 6b.i. This constriction produced a region of
higher electric field intensity where nonlinear EP effects be-
came dominant preventing the particles from entering the
channel, as their EP migration is towards the inlet for these
negatively charged particles. Tottori and collaborators were
the first to propose that the phenomenon of particle trapping
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Fig. 6 Reports illustrating the
importance of electrophoresis of
the second kind. a(i) EP velocity
as a function of the applied field
illustrating the dependence with
E>; see data by Mishchuk [47]
(inverted triangles and diamonds).
(ii) EP velocity as a function of
the applied field illustrating the
dependence with E>?; see data by
Kontush [177] (squares and tri-
angles). Adapted from [43],
copyright (2016) John Wiley and
Sons. b(i) [llustration of the de-
vice used by Tottori et al.; please
note the constriction at the chan-
nel entrance. (ii) Nonlinear EP
velocity (v,) as a function of the
electric field. Adapted from [54],
copyright 2019 American
Physical Society. ¢(i)
Microchannel used for velocity
assessments by Cardenas-
Benitez. (ii) Particle velocity as a
function of the electric field.
Adapted from [55], open access
article under the Creative
Commons Attribution (CC-BY-
NC-ND) 4.0 license (2020). d
Velocity of bacterial and yeast
cells as a function of the electric
field. Adapted from [56], copy-
right (2020), American Chemical
Society
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observed in their system was not due to DEP (as it had been
believed for the so-called DC-iDEP systems); they explained
that particle trapping, which was a function of the electric
field, was better explained by nonlinear EP effects. Their ex-
periments included high-speed video tracking that allowed
them to accurately extract particle mobility data and compare
with mathematical modeling. Figure 6b.ii shows the depen-
dence of the nonlinear EP velocity (vi,) as a function of the
electric field, where the dashed lines represent the EP velocity
dependence with E* (model by Schnitzer and Yariv [50]), and
the solid lines are their own simulations with the Stokes-
Poisson-Nernst-Planck(SPNP) model [54]. The recent work
by Cardenas-Benitez [55] confirmed these findings by
Tottori et al. [54]: the EK effect responsible for particle trap-
ping in DC-iEK systems is not DEP, it is the balance between
EP of the second kind, linear EP, and EO flow. Cardenas-
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Benitez [55] investigated the migration of negatively charged
polystyrene microparticles in a plain (post-less) PDMS
microchannel as illustrated in Fig. 6¢c.i. Since the channel used
in this work did not have any type of constrictions or posts,
there are no DEP effects present in the system. The total par-
ticle velocity was assessed under the action of DC potentials,
and the particle behavior in Fig. 6c.ii was observed, where
three distinct regimes can be identified: (i) linear velocity at
low electric fields, (ii) a maxima velocity at medium-strength
fields, and (iii) a decreasing velocity that even turns negative
at higher fields. The authors concluded that EP of the second
kind, which becomes significant at higher electric fields, is the
phenomenon responsible for ending the linear increase in the
total particle velocity and decreasing the velocity as the elec-
tric field increases. The effects of EP of the second kind are so
strong that all particles reached a negative velocity (i.e., the
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particle velocity was reversed, towards the inlet).
Furthermore, under their experimental conditions, the authors
also concluded that EP of the second kind had a dependence
with E* (as was also reported by Tottori et al. [54]). In a
follow-up study, Antunez-Vela et al. [56] used the same sys-
tem to characterize the migration of polystyrene microparti-
cles and bacterial and yeast cells. Figure 6d shows the veloc-
ities of the yeast and bacterial cells as function of the electric
field, where the same exact behavior can be observed: (i)
linear increase, (ii) velocity reaches a maximum, (iii) followed
by a velocity decrease (even reaching a negative velocities),
confirming the findings of Tottori et al. [54] and Cardenas-
Benitez et al. [55]. A major contribution proposed by
Cardenas-Benitez [55] was the identification of the electroki-
netic equilibrium condition (Egzc), which is defined as the
local electric field magnitude required to balance EO flow
with linear and nonlinear EP migration, producing a net par-
ticle velocity of zero (vp = 0). Considering that in the
microchannel used by Cardenas-Benitez the electric filed is
uniform, as there were no insulating posts or any other struc-
tures that produce an electric field gradient, then no DEP
forces were present; thus, for this system, the expressions for

the total particle velocity (for vp = 0), Eggc and ,ugp), can be
written as:

Ve = Veo + Vi + Vi = 1o + i E + B =0 (12)

1
(.U(Ez2 + NEO)

) (13)
HEp

1
) (m(sﬁ + qu)

uf) = - IE0) (14)
EP Egrc?

where u,f}l and V(E312 are the nonlinear EP of the second kind

mobility and velocity with a E*dependence, respectively. It is
important to note that the development of the £z parameter
[55] is valid for negatively charged particles that satisfy this
condition: |(p| < |Cwl, in the microchannel that also possesses
a negative (y; this condition is fulfilled by many polystyrene
microparticles and cells employed in these systems. A posi-
tively charged particle or a negatively charged particle with
|Cpl > |Cwl will not reach vp = 0 as required for Eggc deter-
mination. Only a handful of recent reports [54-56] include the
experimental characterization of ,u(;g. The Eggc parameter has
potential to be used as a unique EK signature for the rapid
identification of microparticles and microorganisms that pos-
sess a negative charge and fulfill this condition |(p| < [(w].
Significant efforts have been dedicated to identifying an elec-
trical phenotype for microorganisms [178, 179]; the Eggc pa-
rameter may be the answer to these efforts, since for the first
time in the field of DC-iEK systems, the effects of EP of the
second kind are being taken into account.

Besides trapping, successful particle separation and enrich-
ment by continuous sorting or continuous focusing were
achieved by employing the migration regime of particle
streaming as identified by Cummings [76, 77]. The Xuan
group has made numerous major contributions to the devel-
opment of this continuous particle separation methodology, in
particular by developing devices with curved walls
[153—160]. For devices that use the streaming particle migra-
tion regime, the following expression for particle velocity has
been proposed by the Xuan group [128, 129], where A is the
correction factor, which was in the range of 0.6 to 0.8 for
polystyrene microparticles.

Vp = Vgg + AVpep, where : Veg = Vo + V,(;}Z (15)

Considering these recent findings [43, 54-56], it is pro-
posed to rename the field formerly known as DC-iDEP with
the new name of DC-iEK; analogously, the field of low-
frequency AC-iDEP should be called low-frequency AC-
iEK (see next section). These recent reports suggest that EP
of the second kind was present in the studies referenced in the
previous section of this article, but its effects were perhaps
identified as negative DEP, which led to the use of correction
factors [175]. As stated recently by Perez-Gonzalez, not con-
sidering the effects of EP of the second kind may also explain
why positive DEP was never observed in DC-iDEP systems
[39].

The new field of direct current
insulator-based electrokinetic (DC-iEK)
devices

In a recent report from our group [58] where we studied the
trapping of bacterial and yeast cells in PDMS devices with
insulating posts, it was identified that the contribution of
DEP to the total particle velocity was only 5.85% of that of
EP of the second kind under the conditions of particle trap-
ping. This means that DEP, although present, is not a domi-
nant effect when compared to both EP effects and EO flow.
These findings further support the work by Tottori et al. [54]
and Cardenas-Benitez et al. [55] that proposed that DEP was
not the dominant phenomenon responsible for particle trap-
ping in DC-iEK systems, and that particle trapping is mainly
the result of an equilibrium between EO flow and EP forces
(linear and nonlinear). Figure 7 illustrates the new representa-
tion of forces exerted on a negatively charged particle in DC-
iEK and low-frequency(< 1 kHz)AC-iEK devices with arrays
of insulating posts, where, for the first time, both linear and
nonlinear EP effects are considered, along with EO flow and a
smaller DEP force.

The identification of the significant effects of EP of the
second kind has initiated a new and exciting new area in
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Fig. 7 Illustration of the forces
present in a DC-iEK device with
cylindrical insulating posts for a
negatively charged particle with
|Cpl < [Cwl, in a channel with a
negative zeta potential, consider-
ing both linear and nonlinear EP,
EO flow, and DEP, where DEP is
depicted as a smaller force com-
pared to the two EP forces (linear

Post

and nonlinear)

microscale EK separations. The new parameter of Ezzc holds
great promise to be used as a unique EK signature [14, 58] for
rapid identification of microorganisms. By including EP of the
second kind in mathematical models, it is now possible to
predict particle EK migration in DC-iEK systems in a more
accurate manner than before, without the need of correction
factors [175]. It is believed that EP of the second kind was the
missing piece of information that prevented accurate model-
ing of particle EK migration in these systems. As recently
stated [59], the effects of nonlinear EP had been previously
predicted theoretically by several studies [42, 47, 49, 50, 53],
and the new contributions [43, 54-56] provide the much need-
ed experimental demonstration. New studies that consider EP
of the second kind in DC-iEK systems are now being pub-
lished [11, 39, 57, 152, 180], supporting the findings in these
recent reports [43, 54-56] and demonstrating the enthusiasm
motivated by this potential major change in our understanding
of DC-iEK systems.

Concluding remarks

This is an exciting time in the field of iIEK microsystems under
DC and low-frequency(< 1 kHz) AC fields. The recent exper-
imental findings reported by several groups [43, 54-56] sup-
port the theory that the nonlinear EK phenomenon of EP of the
second kind plays a major role in particle migration and par-
ticle trapping in these systems. Considering these findings,
particle trapping is mainly the result of the balance between
EO flow and EP forces (linear and nonlinear), as demonstrated
by Tottori et al. [54] and Cardenas-Benitez et al. [55], and not
a product of DEP forces as it has been believed for two de-
cades, since the reports by Cummings et al. [74—77]. This new
proposed theory seems to explain the discrepancy between
experimental and predicted DEP forces that was identified
by the Hayes group in 2011 [117], where experimentally mea-
sured DEP mobilities were lower than what was required to
achieve particle trapping. Furthermore, this new theory, that
considers EP of the second kind may also explain the
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discrepancy between experimental and modeling results that
gave rise to the use of correction factors in the models [175]
and originated the search for expressions for the trapping con-
dition [126, 172], electrokinetic ratio [123, 124], and the trap-
ping value [105] to describe particle trapping. Although these
modeling efforts [105, 123, 124, 126, 172, 175] advanced our
understanding of the mechanism behind particle trapping, it
was necessary to bring together the knowledge reported by
many researchers in the field of physics and colloids [42,
45-51] to the field of microscale EK separations [43, 54-56]
to finally understand the forces behind particle trapping.
Much research is still needed, in particular, the effects of
EO of the second kind must be investigated as nonlinear EO
flow might also play a role in these systems, as reported by the
Xuan [59] and Buie [60] research groups. Another aspect that
must be addressed is the high voltage requirement [84], which
is an impediment for the miniaturization of these systems,
which also limits the choice of suspending media to be used
to low-conductivity media. Strategies for reducing voltage
requirements have been proposed by the Ros [108] and
Swami [132, 133] groups with the use of nano constrictions.
Despite these particular challenges and other drawbacks not
mentioned here, these new findings of the effects of EP of the
second kind open new opportunities in the field of microscale
EK separations. By considering both linear and nonlinear EP
effects on particle migration, it may be possible to now devel-
op, for the first time, more accurate mathematical models that
will allow precise predictions of the conditions necessary for
particle trapping. Only a few recent reports [S4-56] are avail-
able in the literature that report the experimental characteriza-
tion of the nonlinear EP mobility of particles (and cells) with a

E’ dependence (u,(;}Z ); more studies are needed aimed to char-
acterize particles and microorganisms in terms of their linear
and nonlinear EK migration, so their behavior can be accu-
rately modeled. As a summary statement, this review article
describes the start and evolution of the field of DC-iEK(and
low frequency AC-iEK) systems; it also describes an impor-
tant recent change, where the effects of EP of the second kind
were identified as a major force influencing particle migration.
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Dielectrophoresis is still a force present in these systems, but
as demonstrated by recent reports [54, 55, 58], DEP seems not
to be a dominant force in systems stimulated by DC and low-
frequency(< 1 kHz) AC potentials. Of course, this assessment
needs to be applied with caution, as the system performance
depends on the specific operating conditions. The relative ef-
fects of EP of the second kind and DEP must be evaluated for
each system, as it is not possible to assume that DEP is always
negligible and that EP of the second kind is always significant.
The recent reports [43, 54-56] have unveiled new and exciting
findings, but much more research is still needed. Finally, the
author of this review article considers that renaming this field
from DC-iDEP to DC-iEK provides a more accurate descrip-
tion of the several EK phenomena (not only DEP) behind
particle manipulation and trapping in insulator-based EK
systems.
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