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The recent advancement of dielectrophoresis (DEP)-enabled microfluidic platforms
is opening new opportunities for potential use in cancer disease diagnostics. DEP is
advantageous because of its specificity, low cost, small sample volume
requirement, and tuneable property for microfluidic platforms. These intrinsic
advantages have made it especially suitable for developing microfluidic cancer
diagnostic platforms. This review focuses on a comprehensive analysis of the
recent developments of DEP enabled microfluidic platforms sorted according to the
target cancer cell. Each study is critically analyzed, and the features of each
platform, the performance, added functionality for clinical use, and the types of
samples, used are discussed. We address the novelty of the techniques, strategies,
and design configuration used in improving on existing technologies or previous
studies. A summary of comparing the developmental extent of each study is made,
and we conclude with a treatment of future trends and a brief summary. Published
by AIP Publishing. https://doi.org/10.1063/1.5010158

I. INTRODUCTION

Cancer is a disease resulting from irreversible modifications to the genetic material in cells, due
to the continuous exposure of the cellular constituents to chemical carcinogens, ionization radiations,
and reactive oxygen species. There are several types of cancers such as breast,” prostate,” oral,*
melanoma,’ bladder,® and leukemia.”® The advancement of cancer cell research up to the cellular
level has resulted in numerous diagnostic studies related to cancer cell detection. One promising
research area in cellular-based cancer studies is the use of microfluidic platforms to manipulate cells.

Microfluidics has been used to promote the isolation, enrichment, and analyses of cancer
cells. These cells can be isolated from a large population of other cell types based on one or
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several unique properties.” The advantages of using microfluidic platforms stem from factors
such as suitable scale, unique fluidic phenomena, the ability to integrate multiple functions, and
their large surface-to-volume ratio.'”'" Additionally, the specificity of control of cell motion is
another leverage of the microfluidic platforms.

The external forces applied to control and manipulate biological particles (bioparticles) in a
microfluidic platform are known as bioparticle active manipulation forces.'> Dielectrophoresis
(DEP) is one of the forces widely applied to cells in microfluidic platforms to control their
motions. Dielectrophoresis (DEP) is an electro-kinetic phenomenon describing the motion of a
neutral particle or cell in a non-uniform electric field due to polarization effects.'? The dielec-
trophoretic force is the result of non-uniform polarization generated by the interaction of
induced dipoles with the externally applied alternating current (AC) or direct current (DC) elec-
tric field gradients. It enables the separation of particles and cells based on their different polar-
izabilities to their suspending medium manipulation. DEP is advantageous because it enables
precise control of cells using small sample quantity.'* In this review, we categorize DEP plat-
forms such as electrode-based DEP (eDEP),15 contactless-based DEP (CDEP),IG’18 insulator-
based DEP (iDEP),"’ and optically induced dielectrophoresis (ODEP).?

While a number of excellent reviews on DEP-based manipulation of bioparticles are avail-
able, reviews specifically focusing on the application of DEP confined to cancer studies are lim-
ited. Cetin and Li*' reviewed the modeling of DEP-based manipulation and recent applications
of DEP based studies on bioparticles and non-bioparticles. Qian er al.** described the funda-
mentals of DEP while introducing five distinct DEP techniques on bioparticles, namely, captur-
ing, focusing, characterizing, pairing, and separating. Another review by Demircan et al.> cate-
gorized DEP applications according to the bioparticles used such as blood and plasma
separation, fetal cell and blood separation, microorganisms, stem cells, and cancer cells.
Furthermore, Chen er al.** discussed the isolation of rare cells based on the dielectrophoretic
signature as one of the four categories of microfluidic applications.

Briefly, circulating tumor cells (CTCs) are tumor cells which have been shed into blood
from a primary tumor.” Isolating CTCs is challenging because CTCs can be very rare within
the bloodstream and maintaining CTC cell viability?® and purity®’ is important. Changes in the
viability of isolated CTCs will affect the morphology and molecular functionalities, which hin-
ders further biochemical or cell-based assays after isolation.”® Several reviews focused on DEP
applications in CTC studies. For example, Patil er al.?® reviewed recent work which exploits
the physical characteristics of tumor cells to efficiently isolate them and discussed the intricate
design perspective of experimental and commercialized DEP integrated microfluidic devices for
efficient in vitro cancer diagnosis and prognosis. Yu er al.*® focused on nanotechnological mini-
aturization strategies of lab-on-a-chip (LOC) and the advancements in fabrication of LOC.
They discussed three types of DEP devices, namely, eDEP, cDEP, and iDEP. In another review,
Cima er al.*° reported on technologies for label-free separation of CTCs, with a brief descrip-
tion and discussion of a few dielectrophoretic based device studies. The review of Cima ef al.*
covered the recent advances in label-free approaches to isolate and manipulate CTCs based on
their biomechanical and electrical properties. These reviews briefly describe examples of the
DEP method, highlighting the advantages and drawbacks of these technologies and the status of
implementation in clinics. The coverage of these reviews is very limited and does not cover
quantification and performance comparison of the devices.

Pethig®' covered the status of theory of dielectrophoresis and the developments of DEP
devices for biomedical applications. The review of Jubery, Srivastava, and Dutta®® is compre-
hensive on existing models on DEP, consisting of the effective moment Stokes-drag (EMDS)
method to more recently developed numerical methods accounting for the size, shapes, and
types of bio-particles. Both reviews have limited coverage on cancer cells as the former did not
review cancer enabled microfluidic platforms, while the latter did a review of some platforms
but primarily focusing only on yeast, bacteria, and proteins. The review of Khamenehfar and
Li*® presented a brief report on DEP-based separation of cancer cells focusing on breast and
leukemia cells only. More recent reviews provide different angles of the development of micro-
fluidic devices for cancer cells. Perez-Gonzalez et al>* reviewed extensively microfluidic
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devices for cancer cells with emphasis on immunomagnetic-affinity-based devices and surface-
plasmon-resonance microfluidic sensors. We found a lack of coverage on operating conditions
of the DEP devices covered such as multi-parametric settings. Meanwhile, the review of
Adekanmbi and Srivastava® on microfluidic applications for diseases such as cancer, malaria,
Human African trypanosomiasis (HAT), dengue, and Anthrax falls short in comparing the
advantages and disadvantages of the DEP devices with respect to cancer diagnostics. This infor-
mation would be useful for future developments of DEP-based microfluidic devices for cancer
diagnostics.

Here, the limitations of current cancer diagnosis technologies, which indicate the impor-
tance of microfluidics based devices for cancer diagnostics, are reviewed. Several microfluidic
techniques for cancer cell manipulation are introduced. The importance of DEP manipulation in
cancer cell microfluidics is then highlighted, followed by a review of the recent literature
regarding the use of dielectrophoretic forces to sort and manipulate cancer cells. The aim of
this review is to make an in-depth comparison and critical review that provides an insight into
the latest advancements of DEP based microfluidics for cancer cell manipulation and diagnos-
tics. This knowledge would be useful for future research involving DEP-based microfluidic
devices for cancer diagnostics.

Il. CANCER, TUMOR, AND CANCER DIAGNOSTIC DEVICES

Cancer is a complex group of diseases characterized by the uncontrolled growth and spread
of abnormal cells and has long been the leading cause of death in many countries. A tumor is
formed by cells that multiply excessively and uncontrollably, and the resulting growth can be
either malignant (cancerous) or benign (non-cancerous).® Primary tumor cells that develop in
epithelial cells or in the blood and lymphatic system (carcinomas)®’ can spread via the vascular
or blood vessel network as circulating tumor cells (CTCs). CTCs form secondary tumors called
metastasis tumors which cause a majority of cancer-related fatalities.’®>° Figure 1 shows the
metastasis process of tumor cells in the body. CTCs can be more easily accessed and repeatedly
through blood,* and CTC isolation from a blood sample is increasingly shown to be reliable in
early detection and molecular characterization of cancer at diagnosis. Early and accurate detec-
tion of cancer is highly important for clinical diagnosis, effective toxicity monitoring, and, ulti-
mately, the successful treatment of cancers, thus improving the chances of survival.*'

Microfluidic platforms that can detect cancer cells and CTCs have been studied and devel-
oped, which make use of phenomena related to biomolecular interactions of cells** and physical
properties of cells.*® Microfluidic platforms based on biomolecular interactions of cancer cells
use biomarkers** to facilitate isolation, trapping, detection, and immobilization of target cells.
A biomarker is designated as a substance or activity that can be objectively measured and eval-
uated as an indicator for a normal biological process, pathogenic process, or pharmacological
responses to a therapeutic intervention.*> The physical properties of cells include the dielectric
properties of cells and media, cell size, and cell shape. Forces known as bioparticle manipula-
tion forces (BMFs) can be applied onto the cells and will cause the cells to respond based on
their specific physical properties. These forces include electrophoresis,*® dielectrophoresis,*’
magnetophoresis,*® optical tweezing,*’ thermophoresis,”® and acoustophoresis,”’ and they can
be incorporated into microfluidic platforms for particle manipulation. The fundamentals and a
brief description of each BMF were covered in a recent review by Ali e al.'

The selection of a suitable BMF for cancer or CTC diagnostic devices must take into
account the physical properties of cancer cells. Some physical properties of cancer cells include
an average cell diameter of 10.3-32.39 um,”>™>° they are electrically neutral,”® and they are
able to preserve cell viability and cell purity for downstream analysis.”’ A suitable BMF for
developing a cancer diagnostic microfluidic platform must be selected based on these physical
properties. Hydrodynamic based microfluidic systems are prone to be hindered due to clogging
by particles in the flowing medium®® and may not be suitable cells which are larger than metal
or synthetic particles. The electric field of electrophoresis influences charged particles,”® which
poses a problem in manipulating cancer cells (bioparticles)’® which are neutrally charged.’®
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FIG. 1. Metastasis Process of Cancer: (a) Transformation of healthy cells to cancer cells. (b) Proliferation of tumor cells.
(c) Tumor cells enter blood stream forming circulating tumor cells (CTCs). (d) CTCs adhere to endothelial cells at the wall
of blood stream and migrate out into a new location. CTCs invade cells in other parts of the body. (¢) CTCs adhere and pro-
liferate/metastasize to form tumor(s).

Magnetophoresis requires complex preparations of a conductive suspending medium, which
complicates the purification procedure and may limit the availability of the target cells.'*°
Meanwhile, optical tweezing requires complicated setup procedures and instruments,®’ while
acoustophoresis faces the challenge of chaotic streaming flow from acoustic waves®® inside a
complex microfluidic channel.®?

In dielectrophoresis (DEP), particles are temporarily polarized, by a spatially non-uniform
electric field,** establishing dipoles which induce unequal columbic forces causing the particles
to move.*> The incorporation of dielectrophoretic force into microfluidic platforms for cancer
cell diagnosis is advantageous because it has high selectivity, is label-free, can manipulate neu-
tral bioparticles, has ease of fabrication, can analyze with high sensitivity, and is compatible for
microfluidic devices.®*®” The Sec. III covers in detail fundamentals of DEP theory and also
briefly describes the different categories of DEP platforms that have been developed.

lll. THEORY OF DIELECTROPHORESIS (DEP)

DEP is the motion of particles in a spatially non-uniform electric field. The spatially non-
uniform electric field induces unequal columbic forces, temporarily polarizing the particles, and
causes the particles to move in the direction of increasing or decreasing field intensity. The
physical properties of the particles and the medium such as permittivity and conductivity deter-
mine how the particle polarizes.®® Figure 2 shows the DEP force of a polarized particle.

Pohl®® first established the approximate model of conventional DEP on the basis of the
classical Maxwell electromagnetic field theory

Fpep = 21 g, Relfom(0)|VEZ, )

where r is the radius of a spherical particle, ¢,, is the absolute permittivity of the media, E,,; is
the root mean square value of the electric field, Re[fcy]| is the real part of the Clausius—Mossotti
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FIG. 2. Polarization of particles causes dielectrophoretic response; negative DEP, the particle is attracted to the region with
low electrical field density, and positive DEP, the particle is attracted to the opposite. Reproduced with permission from
Doh and Cho, Sens. Actuators, A 121, 59 (2005). Copyright 2005 Elsevier.'?*

(CM) factor, which refers to positive dielectrophoresis (pDEP) and negative dielectrophoresis
(nDEP), and f¢), is given by
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where ¢, is the absolute permittivity of a particle, o, and o, are the conductivity of the
medium and the particle, and ¢, and ¢, are the complex permittivity of the medium and the
particle, which are related to the conductivity, ¢ and the angular frequency, w of the electric
field

F=e—il 3)
w
where i = v/—1, ¢ is the relative permittivity, o is the electric conductivity, and ® is the angu-
lar frequency of the applied electric field. This equation reveals that the CM factor not only
depends on the dielectric properties of the particles and medium but also on the frequency of
the applied field.

Biological particles such as bacteria, viruses, spores, yeast, and other eukaryotic cell types
as well as proteins, nucleic acids, and other biomolecules have a more complicated internal
structure than a solid, homogeneous particle.”"®® These complications does not change funda-
mental physics but must be taken into account for expressions of the dipole moment and by
modifying the DEP force.?!

For biological particles, the common approach for theoretical modeling is the concentric
multishell model”® in which the simplest case is the single, spherical shell model. In the single,
spherical shell model,”""? the original two-layer particle (Fig. 3) replaces a homogenous sphere
with an effective complex permittivity of é;j
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where E; is defined as’®
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FIG. 3. Schematic illustration of the single-shell model. Reproduced with permission from Cetin and Li, Electrophoresis
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The single-shell model can be extended to multi-shell models,”* which can adequately
model the effective dipole moment of a typical mammalian cell’”®> which consists of a highly
conducting cytoplasm surrounded by an insulating membrane, which is known as the protoplast
model.”* The method of electrorotation (ROT), time domain dielectric spectroscopy (TDDS),”®
or single-cell dielectric spectroscopy’® can be used to measure the dielectric properties of the
cells. The commonly used method that is well developed is ROT where the applied rotating
electric field is measured as a function of field frequency.?' The electric field induces torque
that causes cells to rotate. Dielectric properties of cells are estimated by optimizing the parame-
ters of the single-shell’” or multi-shell’”® model to fit the experimental ROT spectrum data. The
estimated properties are used to determine the DEP spectra of cells.

DEP equations are used in simulations to optimize platform design, and the experimental
setup of DEP based microfluidic platforms incorporates studies of factors such as fluid flow
velocity, microchannel dimensions, ion-diffusion, and effect of the electric field gradient on tar-
get cells.””™®! For example, Shim er al.®' conducted simulation of the parabolic Poiseuille flow
velocity profile and ion diffusion zone of a continuous flow dielectrophoretic field flow fraction-
ation (FFF) microfluidic device. This study optimizes the ratio of the microchannel dimensions
(channel length and height), flow rate, and electric field gradient, which ensures that target cells
are separated by pDEP force in a thin lamina (skim layer) that flows beneath the main eluate
stream from peripheral blood mononuclear (PBMN) cells. In another simulation by Smith,
Huang, and Kirby,”® the probability of contamination by PBMN was reduced, while the capture
probability of target pancreatic cells was increased via Monte Carlo simulation using cell trajec-
tories in a range of geometries and applied electric fields. A previous simulation on cell trans-
port within a microfluidic obstacle array caused by fluid advection and DEP forcing was first
carried out. Another simulation by Hwang er al.*® determined optimal outlet channel flow rates
for deflection of target cells for establishing a high efficiency and high throughput device.

The understanding of the effect of electric fields on the movement of particles for precise
control enables the development of DEP enabled microfluidic platforms. The Sec. IV covers the
different categories of DEP enabled microfluidic platforms that have been developed.

~%

&, (¢1,8) = &

(&)

IV. CATEGORIES OF DEP ENABLED MICROFLUIDIC PLATFORMS

The use of microelectrodes in microfluidic platforms is advantageous based on several rea-
sons.* Micron-sized electrodes increase the dielectrophoretic force experienced by particles
near the electrode as demonstrated by direct dimensional analysis since dielectrophoretic force
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is dependent on the square of the electric field (V> m ). The micron-sized gap of micro-sized
electrodes is able to generate sufficient dielectrophoretic force at smaller voltages to manipulate
particles. Additionally, the viability of bioparticles is preserved as a result of miniaturization
that reduces Joule heating effects and electrode decay.®

Microelectrode fabrication is possible with the advances in soft lithography techniques that
are capable of creating the precise electrode shapes which generate the required specific field
gradients for DEP manipulation.> Some DEP techniques have been developed that do not
require soft lithography to fabricate the electrodes but instead use light or ionic liquid to form
the electrodes that induce dielectrophoretic force. Changes in the electrode shape or orientation
and modifying the frequency and phase of electric signals applied provide varying degrees of
dielectrophoretic control on the bioparticles such as trapping, sorting, electro-rotation, and
traveling-wave DEP effects.®® Here, we categorize the different DEP systems that have been
developed into different categories: (1) electrode-based DEP (eDEP); (2) insulator-based DEP
(iDEP); (3) contactless DEP (cDEP); and (4) optical-based DEP (oDEP).

A. eDEP

eDEP designs have electrodes that are positioned inside the microchannel and directly in
contact with the sample and the suspending medium.®® Microelectrodes in eDEP designs are
commonly fabricated using metals such as gold®*® and indium tin oxide (ITO)*” with an adhe-
sion layer of titanium® or chrome.® Metal electrodes have disadvantages of fouling and elec-
trolysis at high frequencies,” resulting in gas generation or dissolution of the electrodes which
will damage the biological sample. The use of ITO is advantageous due to its low capacitive
current and its fabrication practicability as it allows for easy micropatterning.”’

B. iDEP

This design uses external electrodes since the electrodes can be separately fabricated to
reduce fabrication costs. The non-uniform electric field is induced by an insulating hurdle or
obstacle in the microchannel and not the external electrodes which are placed at the outlet
ports.”? A disadvantage of iDEP is Joule heating from the high electric field intensity in the
microchannel. Biological fluids are highly conductive, and high temperatures in the microchan-
nel can lead to cell death.”

C. cDEP

In cDEP, microfluidic channels are filled with a high-conductive liquid and used as electro-
des. Thin insulating barriers that exhibit capacitive behavior separate the liquid electrodes from
the sample channel. Electric gradients are created in the sample channel when electric poten-
tials are applied across these side channels inducing DEP known as cDEP.**

D. oDEP

Another DEP technique developed is the oDEP which addresses the issue of delicate and
complex fabrication processes with the use of optical images to form the electrodes.””** The
non-uniform electric-field is produced when light is projected onto a photo-conductive layer,
which excites the electron-hole pairs and significantly decreases the electrical impedance of the
illuminated area. Operation of the oDEP device is less technically demanding as it uses
computer-interfaced control.”’

V. CANCER CELL ENABLED DEP PLATFORMS

In this section, DEP platforms incorporating cancer cells, also known as cancer cell enabled
DEP platforms, are presented. The platforms are categorized according to the target cancer cells
used. A summary of the operating conditions and performance of these platforms is presented
in Table I with the available information reported in the respective studies.



TABLE I. DEP-based cancer cell manipulation platforms and characteristics.

Optimum performance
of the platform for

Target cancer cell-line (References) DEP platform characteristic DEP platform type Optimum operating conditions target cells
Breast cancer cells
MCF-7 (Kim et a1.97) 3D-asymmetric microelectrode eDEP e Flow rate: 0.35 ul/min
dielectrophoretic activated cell e Frequency: 45 MHz ® 84% cell recovery
sorter e Voltage: 7V,
MCF-7 (Bhattacharya er al.”®) DC selective trapping iDEP platform iDEP e Electric field: 100 V/cm ® 68.5% cell viability after 2 min
exposure to the electric field
GX treated MCF-7-LCC9 Off-chip passivated-electrode iDEP e Flowrate: 20 ul/h
(Soltanian-Zadeh et al.*®) insulator based Dielectrophoresis o Drug dosage: 500 nM © 72% * 1.1% trapping efficiency
for separation o GX-treated cells

e Frequency: 1 MHz

e Voltage: 80 Vy,
GFP Labelled MDA-MB-231 Planar interdigitated transducer eDEP o Flow rate: 6 ul/h
(Alazzam et al.*%) electrodes for separation e Voltage: 15V, e Separation accuracy: 100%

e Frequency: 40 kHz o Purity: around 81%
MDA-MB-231 (Li and Anand'®") Wireless electrode array eDEP o Flow rate: 0.1 ml/h

e Voltage: 248 V,, o N/A

e Frequency: 40 kHz
MDA-MB-231 (Henslee et al.'®) cDEP fluid electrode channel cDEP e Flow rate: 0.02 ml/h

cell trapping device e Voltage: 20 Vs ® 90% or greater target
cell trapping

e Frequency: 180-210 kHz
Leukemia
HL-60 (Su et al.*) DEP spring method using angled eDEP ® g, : Min. - 1.47 S/m, o Characterization of

coplanar electrodes for electrical cell max. - 0.35 S/m approximately 10 cells/s
characterization e Algorithm accuracy of 96%

K562 (Lee et al.'") Gravitational and nDEP based eDEP e Throughput: 17 000 cells/min

electrode array cell sorter

e Voltage: 7 Vp,
e Frequency: 10 kHz

e Recovery rate: 49.42%
o Sorting efficiency: 94.74 = 0.77%
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TABLE 1. (Continued.)

Optimum performance
of the platform for

Target cancer cell-line (References) DEP platform characteristic DEP platform type Optimum operating conditions target cells
THP-1 (Yasukawa et al.'%7) nDEP based electrode with the eDEP e Flow velocity: 0.2 mm/s
navigator and separator e Voltage: Navigator - 15 V, e 88% passing accuracy
configuration e Separator — 14V,
for cell sorting by size e Frequency: 100 kHz
e g, : 110 mS/m
Jurkat T-lymphoblasts High pulsed magnetic field cDEP e Frequency altered magnetic
(Novickij et al.'*®) inducing pDEP electric field coil field: 1.3 MHz
e Average cell velocity: 73 um/s o N/A
o Pulse repetitive frequency:
1-25Hz
Prostate cells
ALDH expressing PC-3 cells pDEP based selective cDEP o Flow rate: 0.2 ml/h
(Salmanzadeh et al.'*?) trapping device e Voltage: 293 V .6 e Around 69% separation of PC-3
cells from non-PC-3 cells
e Frequency: 200 kHz
PC-3 live cells (Sun er al.'') Tonic liquid electrode device cDEP e Flow rate: 50 ul/h
for target cell separation e Voltage: 53 Ve © 89.8% live cancer cells deflected
to the designated outlet.
Frequency: 50 kHz
Live and dead PC-3 cells and nDEP optically induced ODEP e Flow rate: 2.5 uL./min
blood (Chiu er al.*®) dielectrophoresis e Voltage: 8 V
cell manipulation With l'flminar e Frequency: 50 kHz e Separation purity: 100%
flow CTC cell isolation X . .
e Hollow circular light images: e Cancer cell recovery rate: 41.5%
e Fixed ID — 40 um
e Bandwidth — 40 um
e Moving velocity — 50 um/s
22Rvl1 cells Crossflow microfilter-DEP integrated eDEP e Voltage: 11.5V

(Khamenehfar et al.'')

single cancer cell isolation chip

e Frequency: 3 MHz

e [solation time of cancer cells >60 s
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TABLE L. (Continued.)

Optimum performance
of the platform for

Target cancer cell-line (References) DEP platform characteristic DEP platform type Optimum operating conditions target cells
Ovarian cells
MOSE cells Cell-scale micropillar (20 pum) cDEP e Flow rate: 20 ul/min
(Cemazar et al.""*) pDEP cell isolation and o Voltage: 300 Vyoe o 71%-90% cancer cell viability

trapping device e Frequency: 50 kHz o Sorting over 1 x 10° cancer cells/h
Cervical cells
HeLa cells from RBC pDEP stepping electric eDEP e Voltage: 8 Vp,
(Chen et al."®) field cancer cell concentration e Frequency: 1 MHz ® 76%—-80% cancer cell survival rate

and collection e Relay switching interval: 20 s ® 76%-80% cancer cell concentration

cha?rf)l:;_:ioelif ice o Cell concentration: 500 cells/ml
HeLa cells (Das et al.'"®) 3-inlet 3-outlet microfluidic platform eDEP e Voltage: 10 Vp,

with a tapered planar microelectrode o Frequency: 1 MHz o N/A
e Cell concentration: 10° cells/ml
Colorectal cells
HCT116 cells Continuous flow IDT-3D eDEP e Flow rate: 0.2 ml/h
(Xing and Yobas'?®) ring array microelectrode e Voltage: 10 V,, o 949 cancer cell viability
(40 ) e Frequency: 100 kHz ® 82% cancer cell recovery
o Cell concentration: 107 cells/ml

Lung cells
AS2-GFP from RBC 3D LDEP nDEP lateral eDEP e Flow rate: 10 ul/min
and WBC displacement CTC e Voltage: 18 V,,, e Recovery was greater than
cells (Cheng ez al.*%) isolation system 85% and the isolation

e Frequency: 10 kHz

e Cell concentration:
600 cells/ml

e Channel length: 6 and 13 cm

o Purity was greater than 90%

o Enrichment factor of 10°
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A. Breast cancer cell

The use of breast cancer cells in microfluidic research is extensive due to their complexity
and heterogeneity.”> Upon literature review and to the authors’ best knowledge, MCF-7 and
MDA-MB-231 are the most common epithelial breast cancer cell lines used in research on DEP
enabled microfluidic platforms. This may be due to the popularity of these cell lines in breast
cancer cell related research.”®

Kim et al.,97 Bhattacharya et al.,98 and Soltanian-Zadeh er al.”® conducted DEP-based
separation experiments using the MCF-7 epithelial breast cancer cell line. The study by Kim
et al.’’ on a 3D-asymmetric microelectrode system device showed a 20% error in separation
efficiency of MCF-7 cells from non-cancerous breast epithelial cells, MCF-10A cells [Fig.
4(a)]. They reported that a weak DEP force region (“blind spot”) in the DEP field generated
by the pair of electrodes that caused small sized MCF-7 cells (within 20 um) is found at the
MCF-10A cell collecting outlet. Bhattacharya et al.’® studied selective trapping of MCE-7
cells on a DC iDEP in mixtures containing mammalian peripheral blood mononuclear cells
(PBMCs) and MDA-MB-231. This device shows the selectivity of weakly metastatic MCF-7
versus highly invasive MDA-MB-231 from the cancer-cancer cell mixture, while in mixtures
containing the cancer-PBMC mixture, PBMCs showed less favorable cell viability. Figure
4(b) shows the sequence of trapping of viable MCF-7 cells (red outline) between the tips of
teardrop posts, while the smaller PBMCs (white contour lines) flow through the trapping
region.

A: presented DACS device
B: function generator b: top electrode path

C: micro syringe pump & c: three dimension electrode

D: inverted microscope ‘ d: input flow direction

E: CCD camera

F: computer

FIG. 4. Dielectrophoretic platforms for MCF-7 cell manipulation. (a) Images and fundamental schematic of the microflui-
dic platform. Reproduced with permission from Kim et al., J. Mech. Sci. Technol. 23, 3132 (2010). Copyright 2010
Springer. (b) Snapshots depicting a selective trapping sequence for MCF-7 and MDA-MB-231 in an insulated-based dielec-
trophoretic (iDEP) device. Reproduced with permission Bhattacharya et al., Anal. Bioanal. Chem. 406, 1855 (2014).
Copyright 2014 Springer. (c) Off-chip passivated electrode insulator-based dielectrophoretic (iDEP) platform. Reproduced
with permission from Soltanian-Zadeh et al., Electrophoresis 70, 1 (2017). Copyright 2017 John Wiley and Sons.””
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The single cell selectivity approach suggests that this device can be employed for the
detection and enrichment of rare cancer cells in cancer diagnostics. Another study conducted by
Soltanian-Zadeh er al.”® detected changes in the DEP profile of MCF-7 cells treated with anti-
tumor drug GX using an off-chip passivated electrode iDEP platform [Fig. 4(c)]. This is advan-
tageous compared to proliferation assays, a traditional drug assessment method, which is unable
to detect the changes after drug treatment. However, iDEP requires large electric field magni-
tudes that result in limited frequency ranges due to equipment restrictions and large electronics
due to a thick passivation layer (100 um).

Alazzam et al.'® demonstrated continuous dielectrophoresis separation of green fluorescent
protein (GFP)-labelled MDA-MB-231 cells from normal blood cells on a planar interdigitated
electrode (IDT) transducer electrode platform [Fig. 5(a)]. The lateral design makes separation
independent of gravity, which improves throughput and eases placement of the outlets for ease
of collection of separated cells. The current design has a maximum flow rate for optimum

(a)
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(b) . . )
Fluorescent micrograph of single- Graph plot of single-cell capture
Schematic diagram of wireless bipolar electrode. cell capture of MDA-MB-231 cells performance at three average linear
X flow velocities.
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FIG. 5. (a) Interdigitated electrode (IDT) microfluidic device. Reproduced with permission from Alazzam et al.,
Electrophoresis 32, 1327 (2011).Copyright 2011 John Wiley and Sons. (b) Wireless bipolar electrode (BPE) microfluidic
platform. Reproduced with permission from Li and Anand, J. Am. Chem. Soc. 139, 8950 (2017). Copyright 2017 ACS
Publications. (c¢) Contactless dielectrophoretic (¢cDEP) microfluidic platform. Reproduced with permission from Henslee
et al., Electrophoresis 32, 2523 (2011). Copyright 2011 John Wiley and Sons.
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separation at 6 ul/hand achieving 100% separation accuracy and a purity of around 81%.
Further studies are required to support theoretical calculations that the flow rate can be
increased by increasing the electrode pairs and distribution length.

In another study, Li and Anand'®' developed a high throughput, scalable wireless bipolar
electrode (BPE) array and tested it on MDA-MB-231 cells [Fig. 5(b)]. The wireless feature of
the device enables branching of the microchannel, which further increases throughput. They
successfully demonstrated that the device was able to perform selective separation and single
cell capture of MDA-MB-231 cells. Currently, further evaluation of the capture efficiency and
the performance of the technique in clinical samples is in progress. Henslee er al.'® used a het-
erogeneous mixture containing MDA-MB-231, MCF-10A, and MCE-7 cells to represent early,
intermediate, and late-staged breast cancer and achieved selective concentration of MDA-MB-
231 cells using cDEP [Fig. 5(c)]. Future studies for this device are targeted on improving sensi-
tivity and efficiency with the use of clinically relevant sample mixtures.

B. Leukemia cells

Cancer of the blood, commonly known as leukemia, is caused by uncontrolled proliferation
and accumulation of leukocytes, one type of white blood cell (WBC).'"* There are four main
categories of leukemia: acute lymphoblastic leukemia (ALL), acute myeloid leukemia (AML),
chronic lymphocytic leukemia (CLL), and chronic myeloid leukemia (CML).'® There are
many existing leukemia cell lines used in various research studies on leukemia,'**'%> and we
came across four common leukemia cell lines in our studies of DEP enabled platforms: HL-60,
K-562, THP-1, and Jurkat T-lymphoblasts.

HL-60 cells were tested using a newly developed method, named as DEP spring by Su,
Prieto, and Voldman.®” This device has an angled coplanar electrode configuration and incorpo-
rates an automated system to measure the electrical properties of cells at different frequencies
and different medium conductivities under continuous flow conditions by determining the
Re[fcm] data from the DEP and hydrodynamic drag force balance [Fig. 6(a)]. This provides
insight into the heterogeneity of the electrical properties of the cells and overcomes the limita-
tions reported in other studies that were only able to measure cell electrical properties in low-
conductivity media.

In another study, Lee er al.'® proposed a platform that integrates nDEP force and gravita-
tional forces to sort K-562 cells [Fig. 6(b)]. The repeated nDEP barrier configuration was
shown to be an effective method of enhancing separation efficiency, while the minimization of
components reduced assembly difficulties, leaking between components, and cell adhesion in
component gaps. The device achieved a maximum separation efficiency of 94.74 £0.77%, a
throughput of 17 000 cells min~', and a recovery rate of 62.5%. Some studies show potential
but required further investigation into the methodology and performance optimization.
Yasukawa et al.'’’ developed a microelectrode array configuration using repulsive nDEP forces
induced by navigator and separator electrodes to guide and separate red blood cells (RBCs) and
THP-1 cells [Fig. 6(c)]. Novickij, Grainys, and Novickij108 conducted experiments with Jurkat
T-lymphoblasts using a pulsed magnetic field cDEP device.

C. Prostate cancer cell

Prostate cancer affects one in six men, with a 3.4% chance of death, and it is the second-
leading cause of death in men.'”>''% Prostate tumors grow slowly and have a long latent period
that makes early diagnosis possible. The most common screening methods currently used for
prostate cancer are digital rectal examination''' and serum prostate specific antigen (PSA) test-
ing."'? Digital rectal examination is invasive,''' while serum PSA testing tends to cause over
diagnosis and over treatment''® while lacking sensitivity for men who have elevated serum
PSA but do not develop lethal prostate cancer. Here, DEP-enabled platforms using prostate can-
cer cell lines, PC-3 and 22Rvl, to develop simple, fast, and accurate early diagnostics will be
discussed.



011503-14 Chan et al. Biomicrofluidics 12, 011503 (2018)

(a) (b)

Motion of K562 cells in cell sorter device

PDMS layer

Glass layer
PCB layer

Stabilization P non-paired

1 electrodes
ayer Outlet.A  Space

500 um

FIG. 6. (a) Image of a microfluidic device with the angled coplanar electrode configuration. Reproduced with permission
from Su et al., Lab Chip 13, 4109 (2013). Copyright 2013 Royal Society of Chemistry Publishing (b) Motion of K-562 cells
in the dielectrophoretic activated cell sorter. Reproduced with permission from Lee et al., Micro Nano Syst. Lett. 4, 2
(2016)."%° Copyright 2016 Springer. (c) Timed sequence of the movement of THP-1 in the microelectrode array configura-
tion. Reprinted with permission from Yasukawa et al., Sens. Actuators, B 186, 9 (2013). Copyright 2013 Elsevier.

PC-3 has been used in DEP-enabled microfluidic platforms by Salmanzadeh er al.,'” Sun
et al.,'"* and Chiu er al.*® Salmanzadeh et al.'” demonstrated the separation of PC-3 cells and
non-prostate cancer cells using cDEP [Fig. 7(a)]. The advantage of cDEP is the absence of con-
tact between the electrodes and the sample inside the fluidic channels, which avoids any con-
taminating effects the electrodes may have on the sample. This method separates the cells based
on the difference of membrane surface proteins and their electrical charge. The experiments
showed that PC-3 exhibited stronger DEP force than other cells at a specific frequency and
voltage. Sun er al.""* conducted continuous separation of PC-3 cells from polystyrene microbe-
ads and between live and dead PC-3 cells using a metal-electrode-free device. The technique
used is conductivity-induced dielectrophoresis with 3D self-assembled ionic liquid electrodes.
The schematic diagram in Fig. 7(b) shows that particles with different electrical properties and
sizes are deflected by the DEP force differently and separate from each other in the electrode
region. The dashed circles represent the intermediate position of the particles. They reported
that features of this device enhance cell viability such as low-voltage and low-frequency operat-
ing electric fields, there is no direct contact between cells and ionic liquid, and cells are col-
lected in culture medium. Additionally, the absence of metal electrodes makes fabrication sim-
pler and cheaper.

Chiu et al®® reported on the separation of PC-3 cells from leukocytes using an oDEP-
based microfluidic device [Fig. 7(c)]. oDEP is advantageous due to the flexibility and user-
friendly manner of creating or modifying the electrode layout. The electrode layout is designed
and controlled with a computer interface and projected onto the microchannel via a digital pro-
jector. They characterized the light configurations and parameters for effective manipulation of
leukocytes and PC-3 cells and reported an isolation purity of PC-3 cells of 100% and a cell
recovery rate of 41.5%.
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FIG. 7. (a) Contactless DEP (cDEP) microdevice (bottom). Reproduced with permission from Salmanzadeh et al., Lab
Chip 12, 182 (2012). Copyright 2012 Royal Society of Chemistry. (b) Schematic showing the mechanism of the particle
and cell separation of the DEP device with ionic liquid electrodes. Reproduced with permission from Sun et al., Anal.
Chem. 88, 8264 (2016). Copyright 2016 ACS Publications. (c) Optical induced dielectrophoretic (ODEP) device.
Reproduced with permission from Chiu et al., Sci. Rep. 6, 32851 (2016). Copyright 2016 Nature. (d) Single-cell capture
microfluidic platform. Reproduced from permission from Biomicrofluidics 9, 064104 (2015). Copyright 2015 AIP
Publishing LLC.

Khamenehfar er al.''> demonstrated single cell capturing of 22Rv1 cells using a cell reten-
tion chamber with a 3 DEP electrode configuration [Fig. 7(d)]. The microfluidic platform incor-
porates cross-flow microfilters to first remove red blood cells (RBCs), followed by selective
trapping of 22Rv1 cells from white blood cells (WBCs) in the cell retention chamber. They
were also able to demonstrate good cell viability and the ability for drug accumulation measure-
ments from single cell trapping of 22Rv1 cells. While this study offers a better understanding
of incorporating filtration and DEP techniques in label-free single cell trapping for multiple
rounds of single cell measurements, it lacks in reporting on optimal operating parameters that
are crucial for developing a clinically viable device.

D. Cervical and ovarian cancer cells

Cervical and ovarian cancers are malignancies of female reproductive organs.''® Cervical
cancer is unstoppable growth of abnormal tissue within the cervix of the uterus. HeLa cells,
derived from an aggressive cervical adenocarcinoma, are a commonly used cervical cancer cell
line."'” Ovarian cancer research commonly uses mouse ovarian surface epithelial (MOSE) cells
that are derived from mouse ovary cancer.

Cemazar et al.''® reported trapping of MOSE cells in a new high-throughput cDEP device
[Fig. 8(a)]. The device achieved optimum cell viabilities of 71% and 81% in untrapped and
trapped MOSE cells, respectively, and is capable of sorting over 10° cells/h. The improvements
in the design include small trapping areas for even distribution of cells along the channel to
increase throughput. The device also incorporates a multilayer design that enhances robustness
and enables more electric field penetration through the insulating membrane to improve separa-
tion between similar cell types at lower frequency electric fields. These improvements alleviate
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FIG. 8. Contactless dielectrophoresis (cDEP) device. (a) Reproduced with permission from Biomicrofluidics 10, 014109
(2016). Copyright 2016 AIP Publishing LLC. (b) Stepping field dielectrophoretic device. Reproduced with permission
from Chen et al., Biochip J. 8, 67 (2014). Copyright 2014 Springer. (c) 3-inlet 3-outlet tapered planar microelectrode.
Reproduced with permission from Das et al., Med. Eng. Phys. 36, 726 (2014). Copyright 2014 Elsevier.

the issues of cell-to-cell interactions of typical iDEP and cDEP devices. Additional efforts are
needed to assess and quantify the enhanced selectivity of the device over the more conventional
platform.

HeLa cells were also used in another study by Chen er al.'® in a polydimethylsiloxane
(PDMS) chamber that concentrates the cancer cells with DEP force generated by stepping fields
[Fig. 8(b)]. Target cells experienced pDEP and were collected in the center of the chamber.
They achieved 76%—80% separation efficiency of HeLa cells from blood in the central elec-
trode. They noted that further studies were needed to identify and optimize separation of cancer
cells from WBCs, which are of similar size and shape. Das et al.'"? characterized the DEP
response of HeLa cells in phosphate buffer solution (PBS) on a 3-inlet 3-outlet microfluidic
platform with a tapered planar microelectrode configuration [Fig. 8(c)]. It was determined that
the crossover frequency at 10V,,, was between 700 kHz—1 MHz. Cell viability was not affected
as the electric field from numerical simulations was lower than the electroporation threshold
value.

E. Bone, colorectal, and lung cancer cells

This section summarizes the studies of the DEP-enabled microfluidic platform on cancer
cells which are less reported, i.e., bone, colorectal, and lung cancer cells.

Xing et al.'* reported on a DEP-enabled IDT ring-array microelectrode for label-free enu-
meration of colorectal cancer cells, HCT-116, from blood lymphocytes. A 3D rendering of the
overall design is shown in [Fig. 9(a)], which shows the electrode structure in a partially drawn
PDMS cap. Two adjacent inlet ports that feature separate syringe pumps supply the chamber
with cell suspension and elution buffer. A single outlet port collects the eluent. Selective trap-
ping of HCT-116 cells (green) by pDEP when AC voltage is applied is indicated with arrows.
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FIG. 9. (a) 3D interdigitated microelectrode platform. Reproduced with permission from Xing et al., Biosens. Bioelectron.
61, 434 (2014). Copyright 2014 Elsevier. (b) The lateral dielectrophoretic (LDEP) CTC isolation system. Reproduced with
permission from Cheng et al., Lab Chip 15, 2950 (2015). Copyright 2015 Royal Chemistry of Society.

Although the lymphocytes were under a weak pDEP, they appear to be unaffected by the field
because of the overwhelming drag force of the flowing cell suspension.

The device achieved a high loading density of 107 cells ml~" with an 82% recovery rate of
cancer cells and a removal of 99% of blood lymphocytes with 94% cell viability. The data
show that the device has a highly effective/influential force field across the entire flow chamber.
This design can be incorporated into electrical detection and enumeration of the cancer cells
isolated from lymphocytes by measuring impedance or conductivity changes across the IDT
microelectrodes before and after capturing cancer cells.

Ling er al."*' presented a periodic array of discrete but locally asymmetric triangular bot-
tom microelectrodes and a continuous top electrode, and they achieved a separation efficiency
of 82.8% of bone cancer cells, MG-63, from erythrocytes. This was a modified and an
improved design from a previous study that had eliminated unwanted trapping of cells at the
microelectrodes and a failure to promote effective separation of cells under pDEP. The periodic
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array design configuration was to replicate the non-uniform electric field cycles generated by
the power on/off duty cycles to achieve cell separation with low cell adhesion. This study, how-
ever, did not present results on cell viability and design configuration of outlet channels for col-
lecting the separated cells.

Lung cancer cells, AS2-GFP, were separated from blood in a study by Cheng er al.*® using
a 3D lateral dielectrophoretic (LDEP) configuration, which provides a long-range field gradient
for rare cell isolation [Fig. 9(b)]. The induced LDEP forces on the blood cells and CTCs pro-
duce different LDEP velocities normal to the through-flow and balance the fluid viscosity at
different equilibrium positions, resulting in the separation of CTCs and blood cells which are
collected at a distance of 150-200 um from the channel side walls by hydrodynamic focusing.
When a determined electric field was applied, AS2-GFP cells experienced a higher LDEP force
that induced a longer lateral displacement, which manipulated them into the middle region of
the channel. Blood cells experienced a lower LDEP force that induced a shorter displacement,
and they were only transported to a distance of ~200 um from the channel side walls. The
device achieved an enrichment factor of 10° and a recovery rate of 85% from a 0.001% cancer
cell sample. An optimal flow rate of 20 ul min~' passing through a 6-cm long LDEP channel
with an appropriate voltage at a frequency of 10kHz was used. The throughput of this platform
can be increased by increasing the channel length, which prolongs the particle residence time in
the LDEP field. We emphasize that the fabrication of this platform is also simplified as the
steps for electrode patterning and precise alignment in the top and bottom layers are
eliminated.

VI. FUTURE TRENDS

Important developments are being made to further improve the capabilities of established
techniques of DEP-enabled cancer cell manipulation microfluidic devices. These developments
give insights into the requirements of various aspects of a clinically suitable cancer diagnostics
device that is commercially viable. They address the needs by improving various design aspects
of the microfluidic platforms, which we will briefly summarize here.

A focus in developing DEP platforms that are compatible with the existing and emerging
cancer treatment approaches and modalities including chemo-, radiation, plasma, and hybrid
onco-therapies is needed to address the deficiencies of methods currently available. This is
demonstrated by Soltanian-Zadeh er al.”® where changes in drug-treated MCF-7 cells from
untreated MCF-7 cells were detected with their iDEP platform which traditional methods have
failed to detect. This shows that DEP devices offer the possibility for better post-treatment anal-
ysis and diagnosis than conventional and traditional methods.

Design flexibility is important in improving throughput and efficiency of the DEP device
for fast and accurate cancer diagnostics. One strategy that enhances design flexibility is the use
of a wireless bipolar electrode (BPE) array as demonstrated by Li and Anand.'®" This electrode
design removes the need for ohmic contact to individual array elements, which enables more
flexible device configurations such as allowing non-target cells to pass through the array in the
open-design and achieving high-fidelity single-cell capture for interconnected parallel micro-
channel design when pocket dimensions were matched to those of the cells. This is an impor-
tant feature in developing single-cell sorting platforms which could be used to enumerate or
identify the cells after the desired isolation/sorting has been achieved. An additional flexibility
feature of the device is the scalability in the x- and y- directions to increase throughput of the
device. Studies with other clinically relevant samples such as heterogeneous cell mixtures, sam-
ples at different stages of cancer, and samples with cancer cell concentration that resemble
CTCs would further emphasize this application for cancer diagnostics.

Most DEP platforms available are demonstrated with regular laboratory cancer cell suspen-
sion mediums which have high conductivity. Low conductivity suspension mediums have a
lower cross-over frequency,'? and hence, the ability for DEP platforms to operate at low fre-
quencies is vital for low conductivity suspension mediums. Small electrodes experience high
electrode interfacial impedance at low frequencies due to double layer capacitance.”® Tonic
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liquid electrodes have demonstrated the ability to perform sorting and impedance measurements
of cancer cells at low frequencies.”®''* Additionally, ionic electrodes are advantageous for
dielectric spectroscopy since the field in the measurement region is horizontal and perpendicular
to the flow. Hydrodynamic focusing ensures passage of the cells in the center of the channel
only, eliminating the influence of the cell trajectory with respect to the electrodes. The signal
amplitude is determined by the cell size and cell dielectric properties, while the exact cell tra-
jectory does not interfere. This increases the accuracy of dielectric characterization of cells.
Another method that has demonstrated the ability to operate in a wide range of medium con-
ductivities is the DEP spring method developed by Su er al.*” The ease of use of this device
was enhanced with the incorporation of an automated system that measures the electrical prop-
erties of cells at different frequencies and different medium conductivities under continuous
flow conditions by determining the Re[fcy] data from the DEP and hydrodynamic drag force
balance.

VIl. SUMMARY

In this review, recent technological advances in DEP-enabled cancer cell microfluidic plat-
forms are discussed and critically reviewed. Emerging methods have been highlighted for their
simplified and cost-efficient fabrication methods, improvement in cell sorting performances,
ability to perform continuous sorting with heterogeneous cell samples, and single-cell trapping
capabilities. Studies have also been conducted to further develop the portability and clinical via-
bility functions of microfluidic devices. Many studies on microfluidics have demonstrated their
biomedical applications in the CTC detection single-cell analysis and dielectric spectroscopy.
These microfluidic technologies have shown promising opportunities in cancer cell studies
through precise control of cells. Although there are still many challenges in further applications
of DEP-enabled microfluidic platforms for cancer cell analysis, significant advances have been
achieved in recent years. With continuous advancements and development, this technology
could potentially and commercially compete or complement other approaches for companion
diagnostics of cancer.
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