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Abstract

Manipulation of microscale bioparticles including living cells is of great significance to the broad
bioengineering and biotechnology fields. Dielectrophoresis (DEP), which is defined as the
interactions between dielectric particles and electric field, is one of the most widely used
techniques for the manipulation of bioparticles including cell separation, sorting, and trapping.
Bioparticles experience a DEP force if they have a different polarization from the surrounding
media in an electric field that is nonuniform in terms of the intensity and/or phase of the electric
field. A comprehensive literature survey shows that the DEP-based microfluidic devices for
manipulating bioparticles can be categorized according to the methods of creating the
nonuniformity via patterned microchannels, electrodes, and media to generate the DEP force.
These methods together with the theory of DEP force generation are described in this review, to
provide a summary of the methods and materials that have been used to manipulate various
bioparticles for various specific biological outcomes. Further developments of DEP-based
technologies include identifying materials that better integrate with electrodes than current popular
materials (silicone/glass) and improving the performance of DEP manipulation of bioparticles by
combining it with other methods of handling bioparticles. Collectively, DEP-based microfluidic
manipulation of bioparticles holds great potential for various biomedical applications.
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1. Introduction

Cell sorting/isolation and microfluidics-based cell encapsulation have a wide range of
applications in the fields of bioengineering and biotechnology.! They are important for stem
cell culture and therapy,2-8 cancer diagnosis,®1 drug delivery,12-14 and water quality
analysis.1>-20 Manipulation of microscale bioparticles such as living cells is pivotal to both
cell sorting/isolation and microfluidics-based cell encapsulation.2146 For instance, in cell
sorting/isolation, different types of cells need to be separated based on their geometric,
mechanical, electrical, and/or biological properties. Due to its high controllability,
convenience, and high efficiency with negligible damages to the cells, microfluidics-based
cell manipulation such as cell encapsulation is a valuable technique for 3D cell culture, cell
cryopreservation, stem cell therapy, drug delivery, and disease treatment.#"=52 In
microfluidics-based cell encapsulation, hydrogel microcapsules are often generated in an oil
phase and need to be transferred into an aqueous phase for downstream applications.>3-55

Various techniques have been used for manipulating microscale bioparticles. Based on the
mechanism, bioparticle manipulation can be divided into two categories: extrinsic-property-
based manipulation and intrinsic-property-based manipulation.?! Fluorescence-activated cell
sorting,22-23 magnetic-activated cell sorting,24-2% and surface-affinity-based separation26-27
are typical extrinsic-property-based manipulation methods. Dielectrophoresis (DEP) sorting,
56-62 glectrophoresis sorting,28-30 optical sorting,3! acoustic sorting,32-34 obstacle-based
filtering,35-38 pinched flow fractionation,39-49 hydrodynamic filtration,! and inertial-lift-
force-based separation,*2-46 are typical intrinsic-property-based manipulation methods.
Among these methods, DEP has emerged as one of the most widely used techniques for the
manipulation of non-living bioparticles. As has been reviewed elsewhere,53-57 this is
possibly because it supports label-free manipulation with high efficiency, biocompatibility,
sensitivity, and controllability and allows for highly selective and sensitive analyses due to
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its dependence on dielectric properties which constitutes morphological, chemical, and
structural characteristics of bioparticles.

However, despite its potential, DEP has not been widely adopted for live cell manipulation,
possibly due to many complexities involved with system design. Various factors and
variables such as the design of the microfluidic device, fabrication materials, and the
medium used for suspending cells, as well as the shape and sizes of the electrodes, and their
orientation with respect to the channels play an important role in cell manipulation. Living
cells respond differently to electric field gradients due to the differences in their electrical
properties. Their responses may also vary based on the electric field strength and frequency,
and these properties can be utilized to separate them from other cells. Several recent studies
have reported on the dielectrophoretic separation and manipulation of live cells such as
white blood cells (WBCs),58-69 red blood cells (RBCs),”? cancer cells in suspension,9: 61
circulating tumor cells (CTCs) in patient blood,’? and tumor-initiating cells (TICs) or cancer
stem cells (CSCs).57-58. 72 These studies have shown great potential for utilizing DEP in the
fields of biotechnology and medicine.

In this review, we summarize the theory of DEP-based microfluidic manipulations of
bioparticles with particular emphasis on living cells and classify current DEP devices based
on the mechanisms of generating electric field gradient that is a key factor for DEP
manipulation. The mechanisms for creating electric field gradients are categorized based on
the patterns of channels, electrodes, and media in DEP devices. Moreover, typical devices in
each category are illustrated and discussed in an attempt to provide insights into how each of
these factors can be adjusted to develop a DEP-based system for efficient bioparticle
manipulation.

2. DEP Theory

For bioparticles in a medium under an electric field, there exists electrokinetics, consisting
of electroosmosis and electrophoresis which are linearly proportional to the electric field
intensity.”3 If the electric field is not homogeneous, there exists DEP-induced motion that
has a nonlinear relationship with the electric field intensity.”* Therefore, any kind of
particles in a DEP medium can be manipulated with the use of an electric field.”>~76 The
electric field can also be easily controlled by changing certain electric field parameters such
as the frequency, magnitude, phase, wave symmetry, and wave shape.” 77 In the presence of
a small electric double layer and with the Boltzmann distribution, the behavior of
bioparticles in a medium under an electric field is governed by the following equations:’3-74

J = —DVc+c(u+uEK+uDEp) )
UEK = UEO T UEP (2
upk = Uk E ®3)
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where Jis the flux of the particles, Dis diffusivity, and cis the concentration of bioparticles;
u, ugg, Upgp, UEQ, and ug p are non-electrokinetic, electrokinetic, DEP, electroosmotic, and

electrophoretic velocity fields, respectively; ugk, 1o, ugp, and upgp are electrokinetic,
electroosmotic, electrophoretic, and DEP mobilities, respectively; ¢, is the complex
permittivity of the medium, E is the applied electric field, ¢ and ¢, are the zeta potentials at
the channel and at the particle surfaces, respectively and n is the fluid viscosity.

2.1. DEP force

A polarizable particle in a medium may experience a DEP force in a non-uniform electric
field if the particle has different electric properties from the surrounding medium. There are
two kinds of DEP responses:’8-82 positive (pDEP) and negative (nDEP) (Fig. 1a). The
former occurs if the polarization of the particle is stronger than that of the medium, which
drives the bioparticle to move from a lower electric field intensity region to a higher electric
field intensity region. The nDEP response occurs if the polarization of the particle is weaker
than that of the medium, which drives the bioparticles to move from high electric field
intensity region to a lower electric field intensity region.

Electric fields for DEP can be created using either alternating current (AC) or direct current
(DC), to generate different electric field properties for different purposes. The time-
dependent force F(r) acting on a polarized particle in a medium with an AC electric field can
be calculated as follows:83

(F(1)) = Zﬁemr3[Re(f cm)VErps” + Im(f CM)(E>2<07¢x + ExVo, + EgoV(ﬂz)] )

E(t) = Ex(t)x + E,(1)y + E(1)z (®)
Ex(t) = Expe"®' %Y ©
Ey(t) = Eygel(@ + ) (10)
EJ(1) = Ey /(@1 #2) (1)
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where the (F(r)) is time-averaged force, ¢, is the permittivity of the medium, r is the
bioparticle radius; fcas is the Clausius-Mossotti (CM) factor; Re(fcay) is the real (in-phase)
part of the factor fc s, which determines pDEP versus nDEP (Fig. 1a); Im(fca) refers to
the imaginary part of the factor fcar; Erprs is the root mean square (RMS) value of the
time-averaged electric field; v is the gradient operator; x, y, and z are unit vectors in the
Cartesian coordinate system; E,(1), Ey(r) and E.(z) are the electric field components in X, y,

and z directions, respectively; Eyo, E,, and E are the magnitudes and ¢y, ¢,, and ¢, are

the phase angles in X, y, and z directions, respectively; w is the angular frequency of the
applied electric field; and j and t refer to the imaginary symbol and time, respectively.
Generally, the CM factor in an AC electric field is defined as follows:83-84

ey —&h
fem, ac = e + 265, (12)
where ¢} and ;;, are the complex permittivities of the bioparticle and the medium,
respectively, which can be calculated as follows:8°
JOm
Em = Em— o (13)
jo
e =g, %P (14)

where j = /=1, £, is the permittivity of the bioparticle, and ¢,, and o, are the conductivities

of the medium and the bioparticle, respectively. If  becomes zero, it turns into a direct
current (DC) electric field for which the conductivity dominates the CM factor. Therefore,
the CM factor in a DC electric field can be given as follows:86-87

Cp— O

opt+ 20y (19

fcm, pc =

Different factors such as local gradient, deformability of a particle’s shape, size, and
permittivity contribute to the dielectrophoretic velocity.88 For example, King et al. used a
nonuniform AC electric field imposed by planar electrodes patterned on an insulating
substrate and coated with a thin dielectric layer, to separate different particles in the
submicron range suspended in a liquid.8% They concluded that the size-based separation
occurred due to the positive DEP force imposed by the nonuniform electric field within the
liquid. This electric field attracts the larger particles more strongly, leaving the smaller
particles to be swept further along in the shear flow. Dielectrophoresis has also been used to
separate living cells based on different physical properties such as density and dielectric
properties.58: 90 Yang et al. used dielectrophoretic field-flow-fractionation, a cell-separation
technique that exploits the differences in the density and dielectric properties of cells, to
separate four major leukocyte subtypes, namely, T- and B-lymphocytes, monocytes, and
granulocytes, achieving a purity of more than 90% and a high separation performance.%® The
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cells with different densities and dielectric properties are levitated to different heights inside
a thin chamber where they are carried with the fluid-flow and separated by their different
velocity profile. Cell sorting occurs due to this difference in velocity, and different cells are
collected at varying locations in the chip.

In some DEP devices, both DC and AC electric fields are applied. Typically, the DC electric
field is applied on the whole channel to generate an electroosmotic and/or an electrophoretic
flow to drive bioparticles to pass through the channel. The electrophoretic motion of
particles has been used for many years especially for measuring surface potential.”® The DC
component of DEP force can be calculated as follows:

2 3 po| 0~ Em 2
FDEP = 2(6( + l)ﬂ'ﬁm}" Re m V|EDC| (16)
|Eacl
o= 7 17
[Enc] w

where E4 ¢ and Epc are the intensities of the AC and DC electric field, respectively. Under

DC electric field conditions, the existence of electrophoretic movement may cause some
undesired negative effects such as the Faradaic reactions at the electrode-electrolyte
interface, which can potentially lead to electrode degradation, generation of bubbles in the
channels, hydrodynamic instability, and sample contamination. These undesirable problems
can be reduced with AC electric fields.91-93 It is important to note that Eq. (16) is derived by
assuming homogeneous spherical bioparticles (Fig. 1b), and it can be modified for non-
spherical bioparticles such as ellipsoids, cylindrical rod-shaped, or spheroids.94-96 However,
living cells are not homogeneous and multi-layered models are needed for predicting their
DEP forces.

2.2. Single-layer model

The single-layer model assumes that cells are homogeneous dielectric spheres (with radius r,
permittivity 5, and conductivity ¢}) that are immersed in the medium with permittivity &,
and conductivity ¢z (Fig. 1b).%8 This model has been used to study various cells (Table 1)
including blood cells, viruses, eukaryotic single-celled microorganisms (e.g., yeast and
algae), and bacterial cells (e.g., Staphylococcus aureus and Mycobacterium smegmatis).
70,97-102 The magnitude of the time-averaged Fp g p exerted on a on a single-layered
bioparticle in conventional dielectrophoresis by an AC voltage®”: 103 can be described from
eq. (7) as:

F ) RMVE 2 1
DEP = 27 gy 95;5_,_25; |Eacl (18)

where &5 is calculated from eq. (14) by taking into account the membrane of the cell and

other molecular components that affect the polarization between the cytoplasm and the
membrane such as lipid composition and proteins,104-106
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Su et al. utilized a single layer model to measure electrical properties of cell populations on
a cell-by-cell basis by predicting the real part of the Clausius—Maossotti factor to determine
the distribution where part of the human Leukemia cell population would experience the
positive DEP.107 They then used this method to find suitable conditions at different
frequencies and media conductivities to separate certain cells from their subpopulations.
Moreover, with the current exponential rise in the use of cell-derived EVs (i.e. exosome,
microvesicles) for disease detection and therapy, DEP has shown excellent potential for
rapid isolation and detection of EVs due to its ability to cause minimal damage and
significantly reduce processing time while offering high isolation efficiency.198 Therefore,
the single layer model is especially important for determining both the conductivity and the
force to be exerted on EVs that are under the electric current at various frequencies. Frusawa
et al. used this model to measure the attractive forces acting on leukemia cells, red blood
cells, and vesicles that are under AC-DEP in different electrolytes and at different
frequencies of sinusoidal electric fields.19° The obtained magnitude of DEP force was used
to better capture vesicles on the electrode needle of a frequency-modulated wave DEP
device. The sorting of micro/nanovesicles is of utmost importance for biomolecule
characterization and single layer modeling is very critical for evaluating the efficacy and
advantages of the proposed DEP sorting methods.

2.3. Multilayer models for living cells

In the two-layer model for living cells (Fig. 1c), the inner layer (or core) is for both the
nucleus and cytoplasm while the outer layer is for the membrane.%7: 110-112 According to the
DEP theory, the effective complex permittivity can be calculated as follows:%7 113

3
eff* _ * 2(£rf—c_Erﬂ;tem)rn—c‘}'(Eﬁ—c+2£rﬁem)r§nem

~ €mem ’
(5;1;— ¢~ 6;1k1em)r2 —c~ (6/>1k— et Zgrﬁem)r?nem

(19)

where r,,.n, is the radius of the membrane, and e _ . and r,, _ . are the complex permittivity
and the radius of the nucleus and cytoplasm, respectively. r, and r.( = r,, _ .) are the radii of
the nucleus and cytoplasm, and &3 and e are the complex permittivities of the nucleus and
cytoplasm, respectively. Additionally, a living cell can be described using a three-layer
model (Fig. 1d), where the first layer is the membrane, the second layer is the cytoplasm,

and the third layer is the nucleus.119: 114 Thus, the overall effective complex can be
calculated from eq. (19) where & _ . is given by:

. L2 - €N + (e + 2e)r> 0
ef_,= —¢
N O G R

Furthermore, a cell with a cell wall (e.g., a plant cell) can be modeled using a three-layer
model (Fig. 1e), for which the first, second, and third layers are the cell wall, cell membrane,
and the cell nucleus and cytoplasm.6 102, 115-116 The effective complex permittivity of the
cell can be written as follows:97: 110 113
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3 3
w _ eff* _ *2(5;}:—c—mem_gllkJ)rn—c—mem'*'(Eﬁ—c—mem+2£1;k})rw
€p = Ecell T TEwT .3 ¥ 2653 (21)
(sn—c—mem_ew)rn—c—mem_(gn—c—mem"' Ew)rw
3 3
® Z(Srﬂf—c_5rﬁem)rn—c+(5;1k—c+25;lr<zem)rmem @)

% —
En—c—mem = — Emem
* * 3 * % 3
(En —-c= Smem)rn -c= (Sn —ct 2Emem)"mem

Where ryem = (Fn — ¢ — mem), €55 and r,, are the complex permittivity and the radius of the cell

wall, respectively.

3. Categories of Microfluidic DEP Devices

A microfluidic DEP device includes microchannels, electrodes, and DEP media. Typically,
one aqueous medium, such as an electrolyte solution or a sugar solution, with homogeneous
and constant electric properties is used DEP microfluidic device, as summarized in Table 2.
As shown in the aforementioned model, an electric field gradient is needed for generating
DEP forces on particles. A careful examination of the literature informs us that this has been
achieved by creating patterned microchannels, patterned electrodes, and/or patterned DEP
media (Fig. 2).

3.1. Patterned microchannels

DEP microfluidic devices that generate electrical field gradient with patterned
microchannels can be further divided into contact and contactless DEP based on the
presence and absence of direct sample-electrode contact, respectively (Fig. 2).

3.1.1 Contact DEP—An electric field gradient can be generated by insulating obstacles
patterned in the main channel. Typically, DEP devices with patterned channels are fabricated
using a single material, such as polydimethylsiloxane (PDMS), and the fabrication is simple
and low-cost. The masters for the channels are usually created using photolithography. The
electrodes are often located far away from the active part of the channels, to reduce the effect
of bubble formation and electrode fouling.117

Lapizco-Encinas et al. fabricated square, triangular, and circular insulating posts to generate
an electric field gradient in a DEP microfluidic device for separating and concentrating live
and dead bacterial cells (Fig. 3a).87- 118-119 The insulating microstructures in the device
produced a non-uniform electric field that removed and concentrated bacterial cells in water
by dielectrophoretically trapping them upon exertion of the electric field. This insulator-
based DEP device showed further potential for applications in different areas such as water
purification and protein manipulations. Even though this is the first known DC-insulating
DEP (iDEP) device used for live bacteria separation, it has since been applied in the
separation of other different cells such as white blood cells,220 red blood cells, 12! and E.coli
bacteria.122

Nonuniform electric fields in the patterned channels can be produced by intercalating oil
droplets inside the microchannel where the size of the oil droplet can be controlled and
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manipulated to achieve certain dynamic insulator-based DEP. Barbulovic-Nad et al. used an
oil droplet as the obstacle to control the electric field gradient in a DEP device for sorting
polystyrene particles based on their size (Fig. 3b).123 The separation of the microparticles
takes place in a compressed DC field between the channel wall and an oil droplet, and the
field gradient leads to the particle separation. Since the separation took place at both lower
and higher voltages, this system can be potentially applied to sorting live biological cells and
other biological samples that are sensitive to higher electric field intensity. Additionally,
insulating blocks inside the microchannel can facilitate the DEP-based bioparticle separation
by exerting the negative DEP on bioparticles, forcing them to deviate from their
electrokinetic path based on their sizes. Kang et al. reported DEP sorting of different cells
based on size using a rectangular or a triangular block (Fig. 3c).120 With an insulating block
inside the microchannel, a mixture of microparticles of different sizes mimicking white and
red blood cells were continuously separated into two reservoirs by adjusting the applied
voltages at the end of different branches. This separation method offers a high sensitivity at
which bioparticles of few to tens of micrometers difference in diameter can be continuously
and successfully separated.

The use of embedded electrodes in traditional DEP can lead to fouling and the potential for
other electrochemical reactions such as electrolysis, which might alter the sample quality
and can be toxic to living cells. To prevent issues associated with traditional electrode-based
DEP and iDEP, Srivastava et al. reported a direct current insulator-based DEP device to
distinguish the ABO-Rh human blood types based on their erythrocyte antigen expression.
124 They utilized embedded insulating obstacles of different geometries to create a spatial
non-uniform DC electric field that is applied remotely, which prevents electrochemical
reactions. They were able to determine that the red blood cell polarizability in the electric
field depends solely on their membrane antigen expression.

Liquid metal electrodes have also been used to overcome the problems associated with
traditional embedded electrodes such as Joule heating and fouling.125-126 Sun et al.
developed a DEP device with liquid electrodes to separate live and dead PC-3 human
prostate cancer cells with ~90% separation efficiency and achieved ~95% separation
efficiency for PC-3 separating human prostate cancer cell from polystyrene microbeads.2”
The device electrodes were made from an ionic liquid which was immiscible with a cell-
suspending DEP medium. The medium was made of a mixture of glucose, sucrose, and
PBS. Dynamically, a stable interface between the ionic liquid and the DEP medium was
established where an electric field gradient in both electrodes was generated by the
conductivity gradient which was used to separate different cells in the main channel.

Of note, the electric field in DEP devices can also be localized to separate a mixture of cells
of different origins into distinct populations due to unique responses when cells are under
electric field gradient. Kikkeri et al. created and incorporated a passivated-electrode
insulator-based DEP microchip to fabricate a separation channel that would expose cells to
the DEP forces as they travel through the microchip (Fig. 3d).128 By incorporating multiple
winding rows with several nonuniform structures into the sidewalls of the microchip, they
were able to produce a high electric field gradient and a high locally generated DEP force
for safely separating cancer cells spiked in whole blood based on their morphology with
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90% separation efficiency. The iDEP electrodes can also be externally placed in the inlets
and outlets. This not only simplifies the device operations, but also prevents unnecessary
fouling, bubble generation, and other electrochemical reactions that are frequently observed
in devices where electrodes are embedded inside the channels. Mohammadi et al. designed
and manufactured a straight channel based-microfluidic device with dead-end branches on
both sides (Fig. 3e).129 The device uses a low voltage to avoid cell lysis and takes advantage
of hydrodynamic effects to capture RBCs in the dead-end branches before the field gradient
is applied. Once the electric field is applied, the electro-osmotic flow is generated to remove
the RBCs from the central part of the channel, effectively making an RBC-free zone of
plasma with a 99% purity.

By adding a longitudinal feature to insulator based dielectrophoresis to generate a gradient
of dielectrophoretic traps in a microchannel with a patterned structure, Pysher et al.
developed a sawtooth geometry based-DEP device to separate live bacterial cells in the
weaker DEP traps and dead bacterial cells in the stronger DEP traps (Fig. 3f).86 When the
field was applied, the device continuously resolved the separation of the bacterial cells
according to both their electrophoretic and dielectrophoretic characteristics. This technique
is very versatile for biological cell sorting, although further studies are warranted to achieve
precise control over the resolution. Jones et al. modified the aforementioned sawtooth device
by changing the tooth insulator geometry to create distinct zones of increasing local electric
field gradient along the length of the channel.122 When three serotypes or strains of
Escherichia coli bacteria are driven through the channel, they encounter zones of increasing
DEP force as they approach each set of opposing teeth and are separated based on their
characteristic electrokinetic properties. With this device, red blood cells were successfully
and reproducibly isolated from whole blood (Fig. 3g).121 It is worth noting that the geometry
of the converging channel (e.g., the sawtooth microchannel) provides an important
advantage of allowing for controlled variation of electric field gradient that leads to the
increased strength of the DEP force acting on the particle. However, recent numerical
simulation studies130-134 that have been experimentally confirmed,135-136 have shown that,
due to a DC electrokinetic flow which gives rise to negative DEP force in converging/
diverging microchannel, particles can experience a chocking phenomenon. During this
process, DEP force can surpass other effects such as electrophoresis and electro-osmosis, 131
which prevents the particles from moving further into the converging channel. Even though
this phenomenon can be disadvantageous for some studies like particle separationl3” or
particle focusing,13° it is important for some applications including bioparticle trapping,
138-139 ce| sorting,86: 140 and some concentration procedures.118

Importantly, patterned microchannels can be angled to constrict the depth of the channel.
This provides some additional degrees of freedom by which the bioparticles in the system
are governed by the magnitude of the DEP force. Hawkins et al. reported an insulative DEP
device with an angled structure to separate polystyrene spheres of different sizes to mimic
Mycobacterium cells (Fig. 3h).”* The device uses DEP effects to transverse channel position
and DC-offset-DC electric fields to control the electrokinetic effect on the bioparticles. It
overcomes the limitations brought by traditional insulation-based DEP by decoupling linear
and nonlinear electrokinetic effects and actuating nonlinear forces.
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One of the main hurdles in traditional cell sorting techniques is the lack of separation of
different cells of different origins. By modifying AC electrical frequency changes in
different media of varying conductivities, DEP response from cells of varying origin can be
measured by leveraging the difference in crossover frequency for each cell type to determine
an appropriate frequency at which the cells of different origins can be separated. Alshareef et
al. demonstrated the use of a dielectrophoretic lab-on-a-chip device that can effectively
separate different cancer cells of different epithelial origin by adjusting the frequency in
diluted phosphate-buffered saline (PBS, Fig. 3i).141 With this device, MCF-7 breast cancer
cells, and HCT-116 colorectal cancer cells were efficiently separated from each other by
finding a frequency at which one cell type experienced a negative DEP, while the other cell
experienced no DEP force. Another bottleneck of conventional cell sorting techniques is the
inability to separate the flow and capture zones which leads to lower capture efficiency and
cell damages caused by higher flow speeds. To address this issue, Sun et al. created a
patterned DEP-based microfluidic device, ZonesChip, with separate capture and flow zones
created to isolate circulating tumor cells (CTCs) from blood (Fig. 4a).”t Two copper wires
were inserted into the two sides of the main channel. When the electric field was applied, an
electric field gradient was generated by patterned PDMS microposts. The main channel is
separated into a flow zone (with high flow speed and low electric field intensity) and a
capture zone (with low flow speed and high electric field intensity). DEP force drives the
cells from the flow zone into the capture zone (Fig. 4b), which contributes to the high
throughput and high efficiency for CTC detection using the device.

3.1.2 Contactless DEP—In contactless DEP devices, thin insulating barriers are
fabricated between electrodes and the main microchannel. Therefore, the non-uniform
electric field in the main channels that is necessary for DEP cell manipulation can be
achieved without any direct contact of the electrodes with the sample. The contactless DEP
devices also rely on patterned structures in the main channel to generate an electric field
gradient, meaning the gradient is generated by the geometry of the insulating structures in
the main channel.142 Liquid electrodes (e.g., salt solutions) are typically used in contactless
DEP devices, where the conductivity of the liquid electrodes is much higher than that of the
samples. The insulating barriers also act as a capacitor to couple the electrodes and the main
microchannel; therefore, the electric field gradient can be generated in the main channel by
applying an AC field across the barrier. Typically, the frequency of the electric field applied
on the device is high in order to overcome the thin insulation barrier between the electrode
and sample, so that a sufficient electric field intensity is generated in the main microchannel
for manipulating bioparticles. Similar to contact DEP devices, contactless DEP devices are
low-cost and can be fabricated easily. Additionally, the thin insulating barriers between
electrodes and samples in the contactless DEP devices can prevent bubble formation and
electrode fouling. However, in order to cross the insulating barrier and generate a strong
electric field gradient, contactless DEP devices require a very high voltage with high
frequency.12” In some DEP devices, only a positive DEP response can be applied, because
the breakdown voltage of the thin barrier limits the use of negative DEP response. Shafiee et
al. reported the concept of contactless DEP (Fig. 5a) and found that cells present unique
DEP responses in the contactless DEP device, which demonstrates the potential applications
of this device for cell sorting.142 In this device, the electric field was created in the sample
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microchannel using electrodes that are not in direct contact with the biological sample. The
electrodes are, instead, directly inserted into microchambers and are separated from the
sample by thin insulators. Using this device, they were able to identify various cells from
three different cell lines based on their electrical properties without contamination from
electrodes. Liquid electrodes-based devices are advantageous because they do not require
metal electrodes and do not need to be bonded to PDMS. Shafiee et al. developed a
microfluidic device with contactless liquid electrodes to isolate and enrich isolate and enrich
a cell population (Fig. 5b).5¢ They investigated the DEP response of live and dead THP-1
human leukemia monocytes under various electrical experimental conditions and further
reported a 95% removal efficiency of viable THP-1 cells from dead ones.

The geometry of the insulating barrier between the sample and the electrodes can be
customized to create a device that presents a high sensitivity towards specific cells.
Salmanzadeh et al. developed and customized a contactless DEP device to separate prostate
tumor-initiating cells (TICs) from regular tumor cells based on their dielectrophoretic
properties (Fig. 5¢).>’ Moreover, Zellner et al. reported another type of contactless DEP
device, an off-chip passivated-electrode insulator-based DEP microchip ( OrtDEP, Fig. 5d),
143 capable of generating DEP forces which are larger by two orders of magnitude for the
same applied voltage than the previous iDEP reported in the literature. Parallel metal
electrodes were fabricated onto the device to produce a DEP force which allowed for high
flow rates exceeding 1 ml/h. A100-um-thick cover glass substrate acts as the insulating
barrier between the metal electrodes and the main channel, which makes the metal
electrodes reusable. With this device, Escherichia coli was isolated from polystyrene beads
at 60% and 100% efficiency when the flow rate was 1.2 ml/h and 0.4 ml/h, respectively.

It is worth noting that both the geometry and materials used in contactless DEP devices have
a significant impact on the frequency and the magnitude of the electric field gradient within
the channel. Sano et al. studied the effects of geometry on the development of electric field
gradients across a wide frequency spectrum and fabricated a low-frequency contactless DEP
device to isolate human leukemia cells from dilute blood samples (Fig. 5e).144 The electric
field gradient was applied across a wide range of the frequency spectrum under 100 kHz,
resulting in continuous isolation of cancer cells from a large number of red blood cells.
Additionally, the DEP system can be manipulated by controlling the location of liquid metal
electrodes and operating conditions can, hence, be determined by modifying the DEP force
and the friction forces. Gwon et al. developed a movable liquid-drop DEP system for
effective manipulation of yeast cells by actively controlling the location of an electrically
conductive liquid metal that is used as the electrode instead of patterned surface electrodes.
145 With this system, they were able to demonstrate the active manipulation of yeast cells
and measured both the collection efficiency and the dielectrophoretic velocity for different
AC electric field strengths and applied frequencies. This DEP system is advantageous due to
its ability to control the local position at which the particles can be collected by properly
manipulating a liquid drop.
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3.2. Patterned electrodes

In DEP devices, the electrodes through which an electric field is applied can be fabricated
using either solid or liquid materials. Conventionally, electrodes were designed and
manufactured using costly and sophisticated manufacturing methods that restrict their shape
and area, limiting high throughput capabilities and device sensitivity. Additionally,
numerous methods and techniques have been utilized to fabricate microelectrodes such as
soft lithography, wet etching, traditional machining, hot embossing, laser ablation, plasma
etching, and reactive ion etching.14® However, photolithography is considered the foundation
of all the processes. Metals such as gold, platinum, and copper are commonly utilized for
solid electrodes. Kang et al. fabricated embedded-copper electrodes for a DEP device to
generate a localized non-uniform AC electric field that is capable of separating yeast cells
from polystyrene particles.14” Other materials such as silver-polydimethylsiloxane
(AgPDMS), ionic liquid, and oil emulsion are also used for fabricating electrodes.>3: 127, 148
Based on the structures of electrodes, DEP devices can be categorized into angled-electrode
DEP devices and parallel/perpendicular-electrode DEP devices (Fig. 2).

3.2.1 Angled electrodes—In angled-electrode DEP devices, electrodes are parallel and
angled on the top and bottom of a microfluidic channel. Angled electrodes generate an
electric field gradient to change the direction of cell movement by a DEP force, and different
cells may have different displacements due to their distinct DEP properties.14° Typically,
angled-electrode DEP devices have two pairs of electrodes on the bottom surface and the top
surface of the main channel. If an electric field is applied at nDEP frequency in angled-
electrode DEP devices, dielectric bioparticles that are in the vicinity of the electrode pair are
repelled from the edges of electrodes. Therefore, the maximum Fpgpexerted by the nDEP
barrier on a spherical bioparticle can be approximated by:150-151

gk _ g 3
k), -

»

where V is the applied electrical potential, and # is the height of the microchannel.
Moreover, there is drag force on bioparticles in the medium, which is a viscous Stokes flow
with a small Reynolds number can be calculated as follows:152-153

Fprag = 67[/”"(“[) - um) (24)

where g is the viscosity of the medium, and «, and u,, are the speed of the bioparticle and the

surrounding medium, respectively. In the main channel, the movement of bioparticles is
driven by both the DEP and drag forces.

Hu et al. developed a DEP device with angled electrodes for marker-specific sorting of rare
cells (Fig. 6a).154 The electrodes were designed and fabricated on the device at an angle to
the direction of the flow in order to reduce the nDEP force that is required to deflect the
sample. With angled electrodes, rare cells with dielectrophoretic responsive labels are
electrokinetically directed into the collection channel while rejecting unlabeled cells. It is
worth noting that the performance of this device is governed by the balance between the
Fpep and the hydrodynamic forces (Fyp) on the labeled cells (Fig. 6a). In the same manner,
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Pommer et al. conducted a size-dependent separation of platelets from diluted whole blood
in an angled-electrode DEP device by tuning the device to deflect all larger cells such as red
blood cells while keeping the smaller cells (i.e. platelets) in the collection channel (Fig. 6b).
155 Moreover, by implementing the architecture of the device with variable electrode angles
and several outlets, it is possible to isolate a mixture of cells into multiple subpopulations
within a particular cell division phase. Kim et al. reported the use of the dielectrophoresis
phenomenon for a size-dependent selection of mammalian cancer cells based on their cell-
cycle phase using an angled-electrode DEP device (Fig. 6¢).1%6 The device operates in the
negative DEP regime by physically repelling cells away from higher electric field regions,
based on their volume and their phase in the cell cycle, into weaker electric field regions.
Angled electrodes have been used in both 3D and planar forms for cell trapping,157-158
sorting,159-160 and particle focusing.161-162 However, the performance of angled electrodes-
based microfluidic devices relies on several factors including the geometrical properties and
the working conditions such as channel height, electrode angle, spacing between electrodes
and their width, and the voltage applied.163

Dalili et al. further examined the effect of the width and length of the microchannel, the
deflection angle of the electrodes, the sample volume, and the particle size on the
performance of the angled-electrode-based system.164 Using a linear model and statistical
analysis to determine the significance of each factor on the particles, they concluded that
except the channel width, all the factors they studied have a major effect on the DEP-
induced displacement of particles. Kralj et al. developed an analytical model to predict the
lateral displacement of the particles as a result of the hydrodynamic drag and DEP forces.165
In agreement with their experimental data, they concluded that the length of the
microchannel, voltage, particle size, and flow rate have a major effect on the particle
displacement in the main channel. It is worth noting that this model did not consider the
height and width of the microchannel or the deflection angle of the electrodes that are
important factors in particle manipulation using an angled electrodes-based system.
Importantly, angled electrodes in addition to their ability to attract/repel dielectric
bioparticles by directing them to different outlets based on their distinct DEP properties,
166-167 can be used to generate a lateral force in a microfluidic channel.168-169 This force is
necessary for separating a mixture of bioparticles into distinct populations while achieving a
high degree of spatial separation14%: 163 Hence they are very promising for non-invasive and
label-free bioparticle manipulation.

3.2.2 Parallel/perpendicular electrodes—Parallel/perpendicular-electrode DEP
devices, including changing-phase DEP devices and constant-phase DEP devices, typically
have more than one pair of electrodes that are parallel to each other and perpendicular or
parallel to the main channel. Changing-phase DEP is often called traveling-wave DEP
(twDEP), where the phases of the voltage of different electrodes are different. This generates
a continuous force acting on cells, and different cells will gain different acceleration and
velocity due to their different DEP properties.

If the electric field phase gradient is not zero, cells will experience a DEP force even though
there is no electric field intensity gradient in the main channel. Therefore, in the changing-
phase DEP devices, the DEP force has two parts as shown in eq. (7). One part is due to the
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electric field intensity gradient, which is given by the left part of the eq. (7) The other part is
the traveling-wave DEP force due to the electric field phase gradient, which is proportional
to the out-of-phase component of the induced dipole moment and the square of the field
magnitude and can be calculated as follow:83: 170

(25)

e - 25 5
twDEP = — m
w A £p% + 2e,*

where 4 is the wavelength of the traveling electric field which is equal to the repetitive
distance between the electrodes of the same phase.193: 171 As shown in Fig. 7a, Cheng et al.
fabricated a continuous 3D traveling-wave DEP device, which was used to separate red
blood cells from debris-filled heterogeneous samples.12 Constant-phase DEP devices can
be divided into two types based on the separation mechanisms: one captures targeted cells
and lets the remaining cells pass through the devices relying on different DEP responses of
bioparticles or cells, while the other type actuates different cells into different layers in terms
of height or streamlines due to different DEP responses of the bioparticles or cells.”8 Li et al.
conducted a DEP separation of live and heat-treated Listeria innocua cells using
interdigitated electrodes, achieving a separation efficiency of ~90% (Fig. 7b).173 This device
takes advantage of the difference in dielectric constant between dead and live cells.
Therefore, as the frequency increases, the DEP for live cells changes to positive, and they
are captured at the edges of electrodes while dead cells experience nDEP and are at the
center of the electrodes. The pDEP can be used to attract cells toward the high electric field
at the electrodes. Since the electric field intensity along with its non-uniformity decreases
with increasing distance from the electrodes, the nDEP can then be used to trap cells in a
stable position at a distance away from the electrodes. Rousselet et al. reported a DEP device
to levitate and separate erythrocytes and latex beads using field-flow fractionation (Fig. 7c).
174 parallel gold interdigitated microelectrodes were fabricated onto the device and by
changing the frequency, the erythrocytes were attracted to the electrodes by pDEP while the
latex beads were levitated above electrodes by nDEP.

Numerical studies have shown that differential sidewall electrodes not only prevent the need
to apply high DC dielectrophoretic voltages but also decrease the Joule heating effect.
Shirmohammadli et al. have manufactured differential sidewall gold electrodes into a
microfluidic device channel and achieved 100% collection efficiency of cancer cells from
blood cells.1’® By introducing sidewall electrodes, they were able to reduce the applied DC
potential to 3 V and observed a significant decrease in Joule heating as a result of the
reduced applied voltage. Nonspecific adherence of bioparticles on the electrodes is one of
the limitations that complicate DEP-based microfluidic devices. To overcome this pitfall,
Choi et al. reported the first microfluidic device for particle separation and analysis based on
a trapezoidal electrodes array (TEA).176-177 |n this study, TEA is used as a source of
negative DEP, which generates an electric field gradient along the perpendicular direction to
fluid flow. This unique design allows for a continuous separation and analysis of different
bioparticles based on their dielectric properties with improved recovery and selectivity while
eliminating the nonspecific adherence of bioparticles onto the electrodes.
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Other studies have used silver-based interdigitated electrodes due to their inhomogeneous
two-layer structure, which creates a highly non-uniform electric field that can separate cells
not only laterally but also vertically along the channel depth. Nie et al. demonstrated the use
of AgPDMS to construct 3D microelectrodes for continuous-flow dielectrophoretic cell
separation (Fig. 7d).1® During the continuous separation, cells undergo an attraction by a
pDEP force onto the gold electrode tips while those under nDEP force are repelled down to
a lower position. Parallel/perpendicular-electrode DEP devices are very advantageous due to
their simple structure and their straightforward microfabrication which facilitates efficient
bioparticle manipulation.1’® Furthermore, with these types of electrodes, DEP force can be
customized by modifying the electrode spacing or width.148: 180-181 However, the large gap
region between the electrodes can have some disadvantages such as a weak electric field in
the regions that are further away from the electrodes, which leads to a relatively low DEP
trapping efficiency.182 Consequently, the low trapping forces in the main channel can limit
the flow rate that can be used, therefore restricting the throughput of the device.183 This
limitation can be overcome by introducing a separate flow zone and capture zone in the main
channel”® which can minimize the impact of high flow speeds and the force in the flow
zones on the capture efficiency.

3.3. Patterned media

Since the electric field distribution is dependent on the electric conductivity of the DEP
media, DEP manipulation may be achieved by controlling the conductivity distribution of
the DEP media to create an electric field gradient. For cell studies, the osmotic pressure of
the DEP medium should be similar to that of the solution inside cells. Therefore, the
concentration of electrolytes (which contribute to both the osmotic pressure and the
conductivity) and/or sugars (which contribute to the osmaotic pressure), may be varied to
adjust both the osmotic pressure and the conductivity of the DEP medium (i.e., pattern the
DEP medium).

Two different ways to pattern the DEP media have been explored (Fig. 2). Some studies used
multiple types of DEP media of different electrical conductivities, such as multiple aqueous
solutions with various concentrations of electrolytes flowing in different layers, in a device
to control the electric field distribution. This takes advantage of the laminar nature of
microfluidic flows with minimal mixing. Moreover, some materials (e.g., oil emulsion) with
very different electric properties from water were used as DEP media for the manipulation
of bioparticles.>3-54 Sun et al. developed an electric-conductivity gradient-induced DEP
microfluidic device for continuous separation of different human cells.127 In this study, two
different types of DEP buffers (original versus modified) with different conductivities were
used to generate a strong electric field gradient in the main channel (Fig. 8a). Vahey et al.
developed an equilibrium method for continuous-flow cell sorting using multiple types of
DEP media of various conductivities (Fig. 8b).21 Angled metal electrodes were used to
generate an electric field gradient and guide the cells in the direction of decreasing medium
conductivity until the DEP force becomes sufficiently small that it is overwhelmed by
hydrodynamic drag and the barrier is breached to allow cell collection. The conductivity
gradient modulates DEP to achieve sorting of multiple particles in parallel. Huang et al.
fabricated a DEP device to achieve extraction of cell-laden hydrogel microcapsules from an
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oil phase into an aqueous solution (Fig. 8c),53 where oil emulsion and aqueous solution were
used as the two different DEP media of very different conductivities in the electrode region.

4. Outlook and Summary

The electric field (intensity or phase) gradient is a crucial factor for DEP manipulation of
bioparticles, especially live cells, and can be generated by patterning the microchannels,
electrodes, and media, individually or together in a DEP microfluidic device. This review
categorizes current DEP devices based on the method of generating electric field gradients.
In each category, various DEP devices have been developed for the manipulation of cells,
depending on the requirements and conditions of specific applications. These devices
present great potential for bioparticle manipulation although their throughput might be
further improved. Additionally, new materials such as carbon electrodes, 184187 liquid metal
electrodes, 188 along with new manufacturing methods such as screen-printing, 189 and three
dimensional (3D) printing,190-192 may be developed to further improve the performance of
DEP techniques; because the PDMS or glass used for making nearly all the devices reported
so far can limit the integration of the electrodes.

More recently, optically induced DEP (0DEP) has emerged as a promising DEP technique
for cell manipulation in microfluidic systems. With this technique, light is projected onto a
photoconductive surface forming virtual electrodes, and they generate a local non-uniform
electric field in the solution layer between the bottom and the top substrates.193-194 This
leads to the electric polarization of cells that are usually suspended in the solution layer.
Unlike traditional DEP devices in which electrodes are fixed in one position, the oDEP
possesses several advantages such as its non-contact cell manipulation and its simple
manufacturing and operation. Furthermore, its electrode layout can be easily created or
modified through the control of optical patterns, therefore acting as virtual electrodes.19°
The oDEP technique also allows for a quick modification of the electrode set up through the

control of optical images which contributes to a more flexible manipulation of the cells.
196-197

This method has been successfully applied to different cells and applications such as
circulating tumor cells purification1%8 and isolation1®® with higher performance than the
conventional counterparts. Furthermore, this technique has the potential to be integrated with
other microfluidic separation methods to further enhance the purification processes.2% For
instance, it has been integrated with fluorescence technique in which the fluorescence dye
was used to differentiate the targeted cell from surrounding cells followed by
implementation of ocDEP to isolate live CTCs from the blood with 100% purity which is
higher than conventional techniques.2%° Its integration with other methods would help to
improve the cell isolating/sorting purity of each method alone, especially for those that are
based on negative selection to isolate cancer cells from blood.162: 201 For the negative
selection methods, blood cells are targeted for removal, leaving behind cancer cells in the
sample. For example, Chiu et al. integrated the oDEP with a laminar flow in a microfluidic
system to achieve almost 100% CTC purity from blood.292 The group designed a
microfluidic system with a T-shaped channel in which a moving light bar was utilized to
selectively transport leucocytes to the side of the microchannel for collection without
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deflecting cancer cells. Under an oDEP field, a smaller light image was used to generate a
more focused electric field which contributed to the higher oDEP manipulation force. This
force was subsequently used for highly efficient CTC isolation from patient blood with
purity as high as 100%.

Another important advantage of oDEP is the capability of achieving high resolution with
low optical intensity.203 Moreover, the oDEP can be driven by different conditions such as
the magnitude and frequency of the applied AC voltage.193: 204-205 However, the biological
cells being separated are prone to random aggregation due to the electric fields in the main
channel, which could hinder the use of oDEP force to effectively separate the two cell
species. To overcome this hurdle, Huang et al. designed an aggregation-free oDEP system to
separate cancer cells from leucocytes based on their differences in size and electric
properties.293 In addition to varying the AC voltages with different magnitudes (2—7 V) and
frequencies (50-1500 kHz), the group used a charge-coupled device (CCD) camera-
equipped microscope to track and record the dynamic movement of cell aggregation in the
main channel. They then used the voltage that generated the least aggregation to isolate
viable cancer cells that were spiked in a leukocyte suspension with a recovery rate and purity
of more than 76% and 74%, respectively. The recovery rate is the percentage of the isolated
cancer cell number over the spiked cancer cell number while the purity (%) is defined as the
percentage of the isolated cancer cell number over the total collected cell number.

Compared to the conventional biochemical methods with antibodies, the specificity of DEP-
based manipulation of bioparticles may not be as high. Therefore, the combination of DEP
with biochemical methods may facilitate the widespread application of the DEP-based
microfluidic manipulation of bioparticles, including living cells, in the fields of stem cell
technology, cancer detection and therapy, drug delivery, and environmental safety. It is worth
noting that a combination of both passive and active methods may overcome their individual
weaknesses and maximize the benefits of both methods.2% Passive methods like the
biochemical methods take advantage of the channel geometry or other intrinsic
hydrodynamic phenomena and do not require an external field whereas active methods
involve the utilization of external fields.297 Therefore, DEP integration with other
manipulation methods can enable more powerful functionality to achieve both higher purity
and capturing/sorting/separating efficiency.

Lately, several studies have reported the integration of DEP with other passive methods such
as hydrophoresis, a newly emerging hydrodynamic particle focusing method that takes
advantage of the steric effects between particles and grooves, to improve separation
efficiency.298-212 DEP has also been integrated with inertial microfluidics, a method that
uses inertial force to separate cells in a laminar flow,*2-46. 213-214 5 improve throughput and
separation efficiency and purity.215-217 Other studies have also combined DEP with
viscoelastic focusing,218-219 flow fractionation,162. 220-222_deterministic lateral
displacement,223-226 and machine learning?2’, to achieve improved separation efficiency
and purity. As an active method, DEP has also been used in tandem with other active cell
manipulation methods including magnetophoresis,228-230 gptical tweezers,231-233 and
acoustofluidics?34-239 to improve the versatility and performance of the device.
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Furthermore, this integration is important to achieve both augmented throughput and
sensitivity that are crucial for point-of-care applications.

DEP-based microfluidic devices have consistently been shown to be promising for label-free
separation, characterization, and manipulation of bioparticles including living cells.
However, there remains issue stemming from insufficient capability of cell isolation/
characterization with high throughput. For DEP-based microfluidic devices to be applicable
in a commercial setting, this pitfall needs to be overcome. Integrating DEP with other
methods as aforementioned may be a promising strategy to address this pitfall. Furthermore,
the majority of DEP-based microfluidic devices are made of PDMS which is a relatively
high-cost material in comparison to the widely used and more accessible industry-standard
materials such as cyclic olefin copolymer (COC), polymethyl methacrylate (PMMA),
polystyrene (PA), and polycarbonate.240 Furthermore, PDMS presents more disadvantages
due to its hydrophobic surface and tendency to swell in organic solvents.241 Therefore, more
studies are needed for improving the throughput and achieving low-cost fabrication of DEP
devices to facilitate their commercial uses.

It is worth noting that despite these challenges, DEP-based microfluidic devices continue to
evolve in numerous fields. A number of DEP-based microfluidic devices have been
successfully incorporated into the commercial settings. For example, the Panasonic bacteria
counter which uses the changes in impedance between electrodes to measure bacterial
concentration.242 The Silicon Biosystems DEPArray uses electrodes to generate an electric
field around cells, which enables image-based isolation of single cells.243 Additional DEP-
based microfluidic devices that are integrated with different techniques including the
Shimadzu 1G-1000 nanoparticle analyzer, DEPtech,244-245 and ApoStream system,222. 246
have successfully attained commercial labels.

In summary, DEP force may be generated for bioparticle manipulation based on the patterns
of microchannels, electrodes, and media. DEP-based microfluidic devices are promising
tools for bioparticle manipulation such as sorting, focusing, trapping, and cell isolation/
capture with applications in medicine, pharmaceutics, biology, and chemistry. Their
attractiveness continues to rise due to their ability to manipulate bioparticles including
various biological cells based on their geometric parameters and physicochemical properties.
DEP-based microfluidic systems have been widely studied, particularly in academic
research settings, and they may be further improved in terms of throughput, specificity,
complexity, and cost. This may be done by combining DEP with other approaches and
making DEP devices with new materials, to facilitate their wide applications in both
academic and industrial settings
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Fig. 1.
DEP responses and models used for DEP analysis of bioparticles. (a) Positive versus

negative DEP forces. (b) Single-layer model. (c) Two-layer model. (d) Three-layer model for
mammalian cells without a cell wall. (e) Three-layer model for plant cells with a cell wall.
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Fig. 2.
Categorization of DEP devices based on their patterns of channels, electrodes, and media for
generating electric field gradient.
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Fig. 3.
Some typical channel patterns of contact DEP devices. The devices have (a) insulating posts

to separate various cells and particles, (b) an oil droplet to sort polystyrene particles based
on their size, (c) a rectangular or a triangular block to sort fixed white blood cells and breast
cancer cells individually based on their size, (d) a microfluidic channel with multiple rows
uses an array of localized electric fields for DEP separation of breast cancer cells spiked in
whole blood, (e) a corrugated microchannel for hydrodynamic trapping of RBCs, (f) a
sawtooth structure to separate live and dead bacteria, (g) a sawtooth insulator-based channel
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for separation of Escherichia coli bacteria based on their electrokinetic properties and (h) an
angled structure to separate microparticles based on their size. i) a cell sorter with optically
transparent electrodes that separates cancer cells based on their cross-over frequencies. (a)
Reproduced with permission from ref. [87]. Copyright 2004 American Chemical Society. (b)
Reproduced with permission from ref. [123]. Copyright 2014 Royal Society of Chemistry.
(c) Reproduced with permission from ref. [120]. Copyright 2007 Springer Nature. (d)
Reproduced with permission from ref. [128]. Copyright 2021 John Wiley and Sons. (e)
Reproduced with permission from ref. [129]. Copyright 2015 Springer Nature. (f)
Reproduced with permission from ref. [86]. Copyright 2007 American Chemical Society. (g)
Reproduced with permission from ref. [121]. Copyright 2011 Springer Nature. (h)
Reproduced with permission from ref. [74]. Copyright 2007 American Chemical Society. (i)
Reproduced with permission from ref. [141]. Copyright 2013 American Institute of Physics.
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Fig. 4.

Ct?annel pattern of the ZonesChip device. (a) Device pattern overview and dimensions. Two
parallel electrodes were used to apply an electric field, and the electric field gradient was
generated by the patterned microposts in the main channel. (b) Diagram of flow and capture
zones (left), flow velocity (middle), and electric field strength (right). The main channel was
separated into a capture zone with high electric field intensity and low flow speed, and a
flow zone with low electric field intensity and high flow speed. Cells moving in the main
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channel can be moved into the capture zone from the flow zone by DEP force. (a and b)
Reproduced with permission from ref. [71]. Copyright 2019 Elsevier.
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Fig. 5.

Some typical channel patterns of contactless DEP devices. The devices with channel patters
(a) that allow for three cell lines, THP-1 human Leukemia monocytes, MCF-7 breast cancer
cells, and MCF-10A breast cells, to be distinguished through their unique responses to DEP,
(b) for separating live and dead THP-1 human leukemia monocytes, (c) for separating
prostate tumor-initiating cells from regular tumor cells, (d) that use both an AC and a DC
electric fields to drive and trap polystyrene microspheres, () for separating Escherichia coli
cells from polystyrene beads. (a) Reproduced with permission from ref. [142]. Copyright
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2009 Springer Nature. (b) Reproduced with permission from ref. [56]. Copyright 2010
Royal Society of Chemistry. (¢) Reproduced with permission from ref. [57]. Copyright 2011
Royal Society of Chemistry. (d) Reproduced with permission from ref. [143]. Copyright
2013 Springer Nature. (e) Reproduced with permission from ref. [144]. Copyright 2011
Elsevier.
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Angled electrode patterns. DEP devices with angled electrodes (a) for separation of rare
target E. coli cells labeled with streptavidin-coated polystyrene beads, and nontarget E. coli
cells, (b) for separation of platelets from diluted whole blood, and (c) for separation of
polystyrene beads based on their size, and human breast ductal carcinoma cells in different
cell-cycle phases. (a) Reproduced with permission from ref. [154]. Copyright 2005 The
National Academy of Sciences. (b) Reproduced with permission from ref. [155]. Copyright
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2008 John Wiley and Sons. (c) Reproduced with permission from ref. [156]. Copyright 2007
The National Academy of Sciences of the USA.
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Parallel/perpendicular electrode patterns. DEP device with parallel/perpendicular electrodes

(a) for separation of red blood cells from debris-filled heterogeneous samples and poly-
dispersed liposomes based on their size using changing-phase DEP, (b) for separation of live
and dead Listeria innocua cells using constant-phase DEP, (c) for separation of erythrocytes
and latex beads using constant-phase DEP, and (d) for separation of human erythrocyte cells
from similar-size polymer beads using constant-phase DEP. (a) Reproduced with permission
from ref. [172]. Copyright 2001 Royal Society of Chemistry. (b) Reproduced with
permission from ref. [173]. Copyright 2008 John Wiley and Sons. (c) Reproduced with
permission from ref. [174]. Copyright 1998 Elsevier. (d) Reproduced, with permission, from
ref. [178]. Copyright 2019 IEEE.
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Fig. 8.

Mgdia patterns. DEP devices with (a) two kinds of DEP buffers of different electrical
conductivities to separate several types of cells, (b) DEP media of various conductivities to
sort polystyrene beads based on size, and live versus dead budding yeast Saccharomyces
cerevisiae, and (c) oil emulsion and aqueous solution of very different electrical
conductivities to extract hydrogel microcapsules from the oil emulsion into aqueous
solution. (a) Reproduced with permission from ref. [127]. Copyright 2016 American
Chemical Society. (b) Reproduced with permission from ref. [21]. Copyright 2008 American

ACS Biomater Sci Eng. Author manuscript; available in PMC 2022 June 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kwizera et al.

Page 47

Chemical Society. (c) Reproduced with permission from ref. [53]. Copyright 2015 John
Wiley and Sons
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Table 1.

A summary of different models used for modeling different bioparticles. NA: Not available

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny
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Study Cdll Bioparticleradius | Conductivity of the medium
Single-layer model
(oL S 2omam
Madiyar®® Vaccinia virus 125 nm NA
Gan?-sﬁjiw:::;l/amz Algae T & oim
Two-layer model
Becker!1? Leukemia cells 5um 56 mS/m
Sulo? HL-60 cells 6.1 um 1.36 S/m
Huang®® Fission yeast cells NA NA
Ibsent?” Exosomes 25-75nm NA
Chan106 Liposomes >1.25 um 13 mS/m
Three-layer model for mammalian cellswithout a cell wall
Hao-Weil0” HL-60 cells 6.1 pm 0.89 S/m
Becker!1? Leukemia cells 5um 56 mS/m
Irimajiri110 lymphoma cell 6.5 um 10 mS/cm
Nguyenl14 gggi 3‘25 'Sm 55 mS/m
Three-layer model for plant cellswith a cell wall
Roberto102 Plant protoplasts NA NA
Aldeaeus!16 Bacteria 5um 0.23 S/m
Kumar24? Algae 10 um ~47 mS/cm
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A summary of the media commonly used for bioparticle manipulation in DEP devices with the three different
methods of DEP generation. NA: Not available

Study

DEP medium

Conductivity of the
medium

Bioparticle studied

Patterns of

channels

Lapizco-
Encinas8” 118-119

Deionized water

2.25mS/m

Deionized water with NaOH and KCI

2.2 and 10.4 mS/m

Bacterial cells (Live and dead E.
coli)

Barbulovic-Nad!23 Deionized water NA -Polystyrene particles
Lysis buffer (1x DMEM) NA
Kang!2° Nutrition solutions:10 mM Tris, 50 mM White bLOOd <t:ells and ml?mmalian
NaCl, 250 mM Trehalose, and 0.02% NA reast cancer cefls
EDTA
Srivastaval?4 Isotonic buffers: de;< t(;ose and PBS at pH 0.52 t0 9.1 mS/cm Erythrocyte
1 mM phosphate buffer with Tween 20
(0.5% vIv) 20 mS/m
Zhu248-249 Polystyrene particles
10 mM phosphate buffer with Tween 20
(0.5% viv) 200 mS/m
Bacterial cells (Bacillus subtilis, E.
Pysher86 1 mM phosphate buffer NA coli, and Staphylococcus
epidermidis)
Hawkins’ Deionized water NA Polystyrene spheres
. . 10-15 pm polystyrene beads
250
Li 10 mM NaCl solution NA comparable to white blood cells
DEP buffer: 10% (w/v) sucrose and 0.3% .
127 R .
Sun (wiv) glucose 1 mS/m Live and dead PC-3 cells
. DEP buffer: 8.5% (w/v) sucrose, 0.3% .
56 -
Shafiee (wiv) glucose, and 0.725%(v/v) RPMI 10 mS/m THP-1 human leukemia monocytes
DEP buffer: 8.5% (w/v) sucrose, 0.3% R
57
Salmanzadeh (wiv) glucose, and 0.725%(v/v) RPMI 11 mS/m prostate tumor initiating cells
Zellner43 Deionized water 0.8 mS/m E. coli strain MG1655
Sanol4 DEP buffer: 8.5% (w/v) sucrose, 0.3% 11 mS/m THP-1 human leukemia monocytes
ano (wiv) glucose, and 0.725%(v/v) RPMI and red blood cells
Patterns of electrodes
Kang4 0.75 mM sodium borate buffer 27 mS/m Yeast cells and polystyrene particles
Hu?54 0.1xPBS, 1% BSA, and 20%(v/v) glycerol NA Bacterial cells (E. coli)
Pommer?ss LEC buffer: sugar-based solution 50 mS/m Platelets
0.1xPBS, 1% BSA and 20% (v/v) glycerol 100 and 200 mS/m
Kim1s6 MDA-MB-231 human breast tumor
0.1xPBS, 2% BSA, 1mM EDTA, and cells
8.5% (v/v) sucrose 100 to 200 mS/m
280 mM D-mannitol solution and 1x PBS Erythrocytes and Staphylococcus
172
Cheng solution in an 11:1 ratio 120 mS/m aureus
Lit73 Deionized water 0.2 mS/m Listeria innocua cells

Rousselet!74

2.5% mannitol solution with NaCl

1,2,5,and 10 mS/m

Erythrocytes and latex beads

Lewpiriyawong!48

NaCl solution

38 and 60 mS/m

Yeast cells) and E. coli
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; Conductivity of the . . .
Study DEP medium medium Bioparticle studied
Zhang?1-252 Deionized water NA Polystyrene beads

Patterns of media

Original DEP buffer: 10% (w/v) sucrose
and 0.3% (w/v) glucose, and modified

Sun®?’ DEP buffer: 10% (wiv) sucrose, 0.3% 1and 14 mS/m -Live and dead PC-3 cells
(w/v) glucose, and 0.8% (v/v) PBS
Vahey?! Deionized water, 1% BSA, and PBS 105, 19';:;’/;0’ and 55 Yeast cells
Huang®3 C3H10T1/2 cells
Sun% Oil emulsion ~0 mS/m MCF-7 cell aggregate
White?2? MCF-7 cell aggregate
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