
Electrophoresis 2021, 42, 2423–2444 2423

Josie L. Duncan1,2

Rafael V. Davalos1,2

1Bioelectromechanical Systems
Laboratory, Department of
Mechanical Engineering,
Virginia Tech, Blacksburg,
Virginia, USA

2Bioelectromechanical Systems
Laboratory, Wake Forest School
of Biomedical Engineering and
Sciences, Virginia Tech,
Blacksburg, Virginia, USA

Received May 6, 2021

Revised September 19, 2021

Accepted September 23, 2021

Review

A review: Dielectrophoresis for
characterizing and separating similar cell
subpopulations based on bioelectric
property changes due to disease
progression and therapy assessment

This paper reviews the use of dielectrophoresis for high-fidelity separations and charac-
terizations of subpopulations to highlight the recent advances in the electrokinetic field as
well as provide insight into its progress toward commercialization. The role of cell subpop-
ulations in heterogeneous clinical samples has been studied to deduce their role in disease
progression and therapy resistance for instances such as cancer, tissue regeneration, and
bacterial infection. Dielectrophoresis (DEP), a label-free electrokinetic technique, has been
used to characterize and separate target subpopulations frommixed samples to determine
disease severity, cell stemness, and drug efficacy. Despite its high sensitivity to character-
ize similar or related cells based on their differing bioelectric signatures, DEP has been
slowly adopted both commercially and clinically. This review addresses the use of dielec-
trophoresis for the identification of target cell subtypes in stem cells, cancer cells, blood
cells, and bacterial cells dependent on cell state and therapy exposure and addresses com-
mercialization efforts in light of its sensitivity and future perspectives of the technology,
both commercially and academically.

Keywords:

Blood cells / Cancer cells / Dielectrophoresis / Stem cells / Subpopulation
DOI 10.1002/elps.202100135

1 Introduction

Heterogeneity of clinical samples has required technology
adept for identification, separation, and concentration of tar-
get subpopulations for in vitro testing, diagnostics, drug as-
sessment, and prognoses. One example is the heterogeneity
of the tumor microenvironment or the gut microbiome; the

Correspondence: Josie L. Duncan, Bioelectromechanical Systems

Laboratory, Virginia Tech – Wake Forest School of Biomedical En-

gineering and Sciences, Virginia Tech, Blacksburg, VA, USA.

Email: josied@vt.edu

Abbreviations: cDEP, contactless dielectrophoresis; CSC,
cancer stem-like cell; CTC, circulating tumor cell; DEP-FFF,
dielectrophoresis field flow fractionation; DEPIM, dielec-
trophoretic impedance measurement; DFF, Dean Flow Frac-
tion; eDEP, electrode-based dielectrophoresis; eROT, elec-
trorotation; FACS, fluorescence activated cell sorting; FFPE,
formalin-fixed paraffin-embedded; hMSC, human mesenchy-
mal stem cell; HTCD, highly toxigenic Clostridium\penalty
-\@M difficile; iDEP, insulator-based dielectrophoresis;
IDP, isodielectric position; IDS, isodielectric separation;
MACS, magnetic-activated cell sorting; nDEP, negative di-
electrophoresis; NSPC, neural stem/progenitor cell; NTCD,
nontoxigenic Clostridium difficile; PBMCs, peripheral blood
mononuclear cells; pDEP, positive dielectrophoresis; PMN,
polymorphonuclear neutrophils; TIC, tumor initiating cell;
tw-DEP, traveling-wave dielectrophoresis

isolation of target components will enhance the understand-
ing of disease progression and allow for drug assessment of
fast-developing diseases. To effectively understand all compo-
nents that make up a sample, it is useful to study each com-
ponent in isolation; thus, separation methods are necessary
for physiological samples.

Laboratory cell sorting has been primarily performed us-
ing centrifugation and flow cytometry methods. Centrifu-
gation methods are predominantly size- or density-based
separations which lack specificity for cells similar in size.
Traditional flow cytometry techniques such as fluorescence-
activated cell sorting (FACS) and magnetic-activated cell sort-
ing (MACS) require labeling of the cells by a fluorescent or
magnetic antibody that is specific to the effect by which the
cells are desired to be sorted. While these methods are use-
ful for the identification and separation of similar cell types
due to the use of labels that bind to specified surface antigens
or intracellular components, there are several disadvantages
for downstream applications and cell viability. In response to
traditional methods, the cell undergoes high levels of stress,
often resulting in a stark decrease in viability, and is mod-
ified with notable changes due to the marker, limiting the
possibility of downstream culture and accurate subsequent
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studies [1]. While traditional labels used to differentiate cell
types are often highly specific, it can be difficult to determine
new biomarkers and subsequent labels for sorting or char-
acterization. Cell separation and characterization techniques
requiring labels such as FACS and MACS are disadvanta-
geous when there are limited or altogether lack of available
biomarkers, such is the case for glioblastoma, neural, and
colorectal cancer stem cells [2–4]. Further, labels may also in-
duce phenotypic changes or have cytotoxic effects on the cell,
as seen with the detection of bacterial persistence and can-
cer cell isolation [5,6]. As a result of label-induced changes
and biomarker identification, development, and availabil-
ity required for identification and separation using tradi-
tional methods, electrokinetic techniques that exploit label-
free technologies have been explored as alternative methods.

Dielectrophoresis (DEP) is an electrokinetic technique
that has been used primarily for cell characterization and
separation in microfluidic devices. In this technique, a
neutral particle becomes polarized in a non-uniform electric
field induced by applied potentials. Dielectrophoresis is ad-
vantageous when generated from an alternating current (AC)
signal in that the frequency-dependent induced polarization
effect capitalizes on the bioelectric properties of the cell
membrane and cytoplasm (low-frequency) or intracellular
properties (high-frequency) of the particle of interest. DEP
is not limited to AC signals, however. Direct current (DC)
signals can also be used to vary the field gradient magni-
tude to differentiate cell types. In addition to harboring
advantages such as low-cost and rapid detection of target
bioparticles, DEP is a label-free technique, requiring no dyes
or biomarkers for identification.

Several reviews cover DEP applications in regard to
live/dead cell separations, subcellular/nanoscale characteri-
zation [7,8], and even rare cell isolation from heterogeneous
samples [9–14], spanning over several organisms from cancer
to bacteria to proteins. These applications, however, do not
exploit the high-sensitivity potential of dielectrophoresis and
its ability to detect minute intrinsic differences between sim-
ilar or related cells for clinical applications. Additionally, sev-
eral reviews provide an excellent characterization of DEP as it
compares to traditional andmicrofluidic methods of cell sort-
ing and characterization [15,16]. This review focuses on the
use of dielectrophoresis (DEP) for identification, characteri-
zation, and separation of similar or related subpopulations
obtained from blood, cancer, bacteria, and stem cell popula-
tions; exploring changes in the bioelectric properties due to
disease progression, therapy application, and cell state over
the past 25 years. Here, we review recent advances in applica-
tions of DEP for similar/related subtypes to highlight the sen-
sitive capabilities of this technology in contrast to its commer-
cialization patterns that focus on dissimilar cell separations.

2 DEP Theory

Dielectrophoresis is the induced motion in response to a
force exerted on a neutral particle in a non-uniform electric

field. The dielectrophoretic force is defined as:

⇀

FDEP = 2πr3εmRe [K (ω)]∇
(

⇀

E ·
⇀

E
)

(1)

where r is the radius of the particle, εm is the permittivity of

the media,
⇀

E is the applied electric field, and Re [K (ω)] is
the real part of the Clausius–Mossotti factor as a function of
frequency (ω) defined as:

K (ω) = ε∗
p − ε∗

m

ε∗
p + 2ε∗

m
(2)

where ε j
∗ is the complex permittivity of particle, p, or the me-

dia, m, and is defined as

ε∗
j = ε j − i

σ

ω
(3)

where ε j is the baseline permittivity, σ is the conductivity, and
i is the complex number

√−1.
The Clausius–Mossotti factor is a frequency-dependent

quantity that determines the direction of the DEP force. If the
particle of interest is more polarizable than the surrounding
media, the particle will move towards the area of the high-
est electric field gradient, experiencing positive DEP (pDEP).
Conversely, if the media is more polarizable than the parti-
cle, the particle will experience negative DEP (nDEP) and be
repelled from the areas of the highest electric field gradient
(Figure 1A).

From Equation 2, the two frequencies where the par-
ticle experiences a DEP force of zero, in transition be-
tween nDEP and pDEP, are known as crossover frequen-
cies (Figure 1C). The first crossover frequency (fxo), typically
<100kHz for cells, can be used to determine differences in
the membrane properties between cell types. The second
crossover frequency (fx1), typically >10MHz for cells, can be
used to determine differences in the cytoplasm and intracel-
lular components [17,18]. Within a heterogeneous sample,
similar cells can be differentiated using the DEP crossover
frequency method; that is, determining the frequency where
one subpopulation will experience pDEP while the other ex-
periences nDEP. Because DEP is able to detect intrinsic prop-
erties of cells, there are various factors that contribute to shifts
in the DEP spectra of cells, particularly similar subpopula-
tions. At low frequencies, minute changes in membrane ca-
pacitance and cytoplasmic conductivity due to changes in vi-
ability, membrane composition, membrane surface area, nu-
cleus to cytoplasm ratio, and ion transfer across the cell mem-
brane are detectable by DEP. At high frequencies, DEP is
useful for distinguishing similar cell types due to changes in
the nuclear conductivity and permittivity. That is, if cells dif-
fer in membrane capacity and/or cytoplasmic conductivity at
low frequencies, or intracellular properties such as nuclear
membrane capacitance or nucleoplasm conductivity at high
frequencies, one cell might experience pDEP while a similar
cell with varying properties will experience nDEP allowing for
separation as a result of bioelectric signatures.

While there are a variety of methods to induce dielec-
trophoretic forces on bioparticles in amicrofluidic device, the
main types of dielectrophoretic devices are electrode-based
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Figure 1. Schematic of (A) pDEP

and nDEP, (B) eROT, and (C) rep-

resentative frequency-dependent

Clausius–Mossotti curve for bacte-

ria, a cancer cell, and a blood cell at

a media conductivity of 120 μS/cm

[19].

DEP (eDEP), insulator-based DEP (iDEP), and electrorota-
tion (eROT). eDEP devices typically contain planar or 3D elec-
trodes made of a conductive material such as precious metals
like gold or platinum. This type of DEP is also known as con-
ventional DEP. Often, these electrodes are fabricated in an in-
terdigitated electrode array (IDE) allowing non-uniformities
in the field to concentrate between the electrode fingers. De-
vice evolution and applications specific to eDEP technology
can be found in other works [20–22]. iDEP uses conductive
electrodes to create a uniform electric field across a microflu-
idic channel containing insulating structures, often posts, to
induce areas of a high-field gradient. It is important to note
that recently it was discovered that the induced motion of a
particle by iDEP generated from a DC signal (DC-iDEP) is
predominantly a result of second-order electrophoresis on the
particle, rather than dielectrophoresis [23,24]. Various recent
applications of iDEP have been highlighted in other works
[25,26]. eROT is a single-cell analysis technique that employs
quadrupole electrodes energized by four out-of-phase sinu-
soidal signals that cause the cell of interest to rotate (Fig-
ure 1B). The rotation speed, dictated by the field and the imag-
inary part of the Clausius–Mossotti factor, can then be used to
calculate the electrical properties of the cell such as cytoplasm
conductivity and membrane capacitance for characterization
purposes. eROT is particularly useful in low-throughput cell

characterization, while separation experiments often are op-
erated under flow conditions to balance the DEP force and
the sedimentary force, also known as DEP field-flow fraction-
ation (DEP-FFF). Similarly, isodielectric separation (IDS) is
often used to capitalize solely on the dielectric properties of
the membrane capacitance and cytoplasmic conductivity ir-
respective of size or density, by inducing flow of a gradient
of media increasing in conductivity over planar electrodes
traversing the gradient at an angle. When a particle reaches
dielectric equilibrium with the corresponding media conduc-
tivity, the cells exit the planar electrodes and continue flowing
downstream. The location where the particle reaches equilib-
rium and exits the array is the isodielectric position (IDP), a
metric useful for quantification of this method. While this re-
view will highlight certain applications of eROT, the scope of
this review will be limited to the aforementioned methods of
DEP used for higher-throughput cell analysis translatable to
the commercial market.

3 Applications

Here, we present a variety of biomedical applications that
highlight the sensitivity of dielectrophoresis for characteri-
zation and/or separation of similar cell subpopulations such

© 2021 Wiley-VCH GmbH www.electrophoresis-journal.com
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Figure 2. Representative elec-

trode configurations and ex-

perimental setups. (A) Needle

electrode in a dish. Created

with BioRender.com. (B) inter-

digitated electrode array (IDE),

(C) castellated electrode array,

(D) 3DEP microwell system,

(E) iDEP, (F) cDEP.

as stem cells, cancer cells, blood cells, and bacteria. Fig-
ure 2 shows representative electrode configurations com-
monly used in the following applications.

Each study is summarized to display the value it has
added to the dielectrophoresis field in Table 1 to illustrate the
extensive use of DEP to separate closely related and similar
subpopulations . Table 1 also includes sensitivity metrics of
each study when available. Where a sensitivity metric is not
directly reported, experimentally determined cell properties
such as cytoplasmic conductivity and membrane capacitance
are included in the table to highlight the minute differences
between electrical properties of cells successfully detected by
dielectrophoresis.

3.1 Stem cells

Stem cells have the ability to self-renew and produce daugh-
ter stem cells or differentiate into cells with specialized func-
tions. Since their discovery in 1960, stem cells have been stud-
ied to better understand disease development and have been
hypothesized to be useful in regenerative medicine and tis-
sue engineering [27]. In order to reliably study disease and
regeneration therapies, it is necessary to predict and sort stem
cells in different cell states from the same lineage.Many stud-
ies have focused on developing markers for flow cytometry
of stem cells (primarily hematopoietic stem cells) [28]. These
markers, however, often lack specificity between different
stem cells from the same origin [3]. Recently, dielectrophore-
sis has been used to characterize differentiated cells from the
same undifferentiated parent as well as stem cells based on
their differentiation potential prior to differentiation, provid-
ing a solution to the unavailability of distinct biomarkers.

3.1.1 Neural stem cells

Following the first studies of DEP for stem cell separation,
prior to 1997, where CD34+ peripheral blood stem cells were
separated without the use of biomarkers, Flanagan et al. used
an interdigitated electrode array to determine a shift in fre-
quencies where each cell type was fully trapped for neural
stem/progenitor cells (NSPCs) based on their differentiation
potential [3,29,30]. A subsequent study used eDEP to char-
acterize NSPCs by correlating their membrane capacitance
to their differentiation potential [31]. This study found that
NSPCs exhibit DEP behavior similar to that which they are
biased to differentiate: lower frequencies for astrocytes and
higher frequencies for neurons. In 2014, Nourse et al. found
that plasma membrane properties are sufficient for the de-
tection of neural stem cell differentiation bias. Additionally,
N-glycans on the surface of the membrane are indicators of
whether an NSPC will differentiate into an astrocyte or a neu-
ron [32]. Recently, a two-element microfluidic device with a
hydrophoresis module upstream of a DEP module has been
developed by Jiang et al. for the enrichment of astrocyte-
biased progenitor cells from murine and human NSPCs
(Figure 3A) [33,34]. In 2019, Liu et al. characterized and sep-
arated NSPCs using DC-iDEP with fields ranging from 108

to 109 V/m2, concentrated on sawtooth electrode geometries
based on their fate−bias by quantifying the ratio of electroki-
netic mobility to DEP mobility [35].

3.1.2 Skeletal and mesenchymal stem cells

While neural stem cells have been of particular interest, other
stem cell populations have also used DEP for the separation

© 2021 Wiley-VCH GmbH www.electrophoresis-journal.com
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Figure 3. (A) Chevron electrodes preceded a hydrophoresis mod-

ule dividing the inlet into two focused streams to aid in the sep-

aration of stem cells and reduce cell-cell interactions. Adapted

from [33], copyright (2019) AIP Publishing B) Differences in cy-

toplasmic conductivity and membrane capacitiance of oral cells

of varying malignancy can be detected using dielectrophoresis.

Adapted from [42], copyright (2011) Springer Nature. C) cDEP de-

vice and generated gradient of electric field for the separation

of U251 cells and their spheroid forming derivative based on in-

creased stemness. Adapted from [2], copyright (2019) JohnWiley

and Sons.

of subpopulations from a heterogeneous mixture of similar
cells. Ismail et al. used the DEPWell System to characterize
MG-63, SAOS-2, and STRO-1 to represent early and mature
skeletal stem cell populations as a feasibility study for po-
tential isolation and separation of skeletal stem and mature
cells based on their bioelectric properties [36]. Human Mes-
enchymal StemCells (hMSCs) have been assessed for hetero-

geneity when compared to a sample treated with a polymer
to standardize morphology and limit sample heterogeneity.
This study suggests that even within a single sample, het-
erogeneity is not negligible in regards to changes of the DEP
crossover frequency, providing insight into just how sensitive
DEP might be for subpopulation detection [37]. Song et al.
used an angled IDE device to separate hMSCs from their
progeny osteoblasts. This device, in particular, introduces a
continuous flow separation system that uses an AC signal
cyclically triggered on and off to expose the sample to DEP
forces but avoid trapping or slowing of the cells. When the
field is on, the progeny osteoblasts are moved away from the
original streamline of the sample while the hMSCs are un-
deterred [38]. Giduthuri et al. used microwells to characterize
and identify tenogenically differentiating murine mesenchy-
mal stem cells as early as 3 days into differentiation [39]. Ac-
cording to this study, dielectrophoresis has the potential to
inform researchers of phenotypical changes of a stem cell
early in the differentiation process, creating a more complete
understanding of stem cells. In all, dielectrophoresis can be
used to characterize and separate stem cells based on their
differentiation bias and has a high sensitivity that is capable
of detecting heterogeneity in a single sample.

3.2 Cancer

Several reviews cover studies focused on dielectrophoresis
for characterization and separation of cancer cells from other
cells [11,40]. Most notably, dielectrophoresis has been exten-
sively studied for the isolation of rare cancer cells, circulat-
ing tumor cells (CTCs), from the blood for early diagnostics
[9,10]. This review, however, focuses on cancer cell subtypes
such as cancer cells with different stages of metastasis, drug
resistance, and therapy assessment.

3.2.1 Disease progression

Tumors are inherently heterogeneous and identification of
the make-up of the tumor can lead to more effective, person-
alized treatments and early detection of metastatic cancer.
Traditional methods to monitor disease progression such as
pathology, blood chemistry studies, or immunophenotyping
require either highly trained personnel or detectable target
markers to be present. Dielectrophoresis, on the other hand,
provides a unique ability to detect small changes in a sample
beyond that of which there are developed surface-markers.
Dielectrophoresis can provide insight into the true hetero-
geneity of a sample and thus better inform clinicians of the
composition of a tumor or blood sample to advise prognosis
and treatment by providing a new perspective to the cellular
properties from an electrokinetic perspective.

Dielectrophoresis has been used to successfully char-
acterize the dielectric behavior of normal, precancer, and
malignant oral cells [41,42]. Figure 3B shows the cytoplasmic
conductivity and membrane capacitance of oral cells of

© 2021 Wiley-VCH GmbH www.electrophoresis-journal.com
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differing malignancy, detectable by DEP. Not only can cancer
cells be separated from the blood, but dielectrophoresis has
the sensitivity to decipher different stages of cancer from a
similar origin. More recently, contactless dielectrophoresis
(cDEP), a type of DEP that uses insulating structures and
isolated electrodes to eliminate electrochemical changes to
the membrane of the cell and maintain sterility of the sam-
ple, was used to decipher early, intermediate, and late-stage
mouse ovarian cancer cells [43,44]. A similar study used cDEP
to differentiate mouse ovarian cancer cells based on benign
to malignant phenotypic expression, as well as differentiated
macrophages and fibroblasts, demonstrating the sensitivity
of cDEP for subpopulation detection based on phenotypic
changes and differentiation [45]. A related study from 2017
by Douglas et al. used a similar cDEP device to separate
highly-malignant murine ovarian cancer cells (MOSE-L)
from a slow-developing type of the same disease MOSE-
L_TICv by balancing the flowrate-induced drag force and the
DEP force acting on the cells at a frequency of 30kHz [46].
Similar malignant cells, B16F10 mouse melanoma clones
derived from the same origin, were characterized on a
castellated electrode array to show the feasibility of detectable
differences of cancer cells from a similar origin [47]. Bul-
foni et al. showed dielectrophoresis can be used to detect
cells based on surface markers without a label. This group
used the DEPArray microwells to detect subpopulations of
CTCs in epithelial-to-mesenchymal transition, one with only
mesenchymal protein expression and another void of any
other biomarkers. This study can be translated clinically as
the presence of the epithelial and mesenchymal markers in
a subpopulation can be correlated to a poorer prognosis for
patients with metastatic breast cancer [48].

3.2.2 Cancer stem-like cells

Recently, cancer stem-like cells (CSCs) have become an inter-
esting field of study to providemore information about cancer
progression and metastasis. These malignant cells have been
shown to have self-renewing capabilities and are often resis-
tant to various drug therapies.Many studies have explored po-
tential biomarkers for identification and separation, but the
variability in surfacemarkers and sorting techniques have led
to inconclusive results [4]. Dielectrophoresis, however, offers
the ability to detect changes in bioelectrical properties within
a population, which might be particularly useful in instances
where there is not a specific biomarker to label. With the het-
erogeneity and, oftentimes, the mystery surrounding avail-
able CSC biomarkers and subpopulation properties, using a
technique such as DEP to interact directly with the intrinsic
properties of each subpopulation can be helpful for clinical
applications such as diagnostics and prognoses.

Select studies have shown that dielectrophoresis can
be useful in isolating CSCs from a heterogeneous sam-
ple. Salmanzadeh et al. used cDEP to characterize and
separate prostate CSCs (then denoted as tumor-initiating
cells (TICs) from non-TICs. At intermediate frequencies,

600kHz, ALDH+ and ALDH- PC3 cells were distinguished
and sorted based on stemness, or the ability to self-renew or
propagate new tumors [49]. In 2019,Manczak et al. used ultra-
high frequency DEP (>50MHz) with a quadrupole electrode
configuration to characterize two glioblastoma cell lines:
U87-MG and LN18 in distinct culture conditions to control
their phenotypes. This setup was able to detect differences of
these undifferentiated cell lines at lower crossover frequen-
cies than their differentiated counterparts [17]. Alinezhad-
balalami et al. also used cDEP to show feasibility for sep-
aration of spheroid-forming U251 glioblastoma cells from
U251 cells based on their increased “stem-ness” as evidenced
by nestin, a biomarker that indicates stemness [2]. A recent
study used quadrupole electrodes to characterize a decrease
in the second crossover frequencies for medullosphere form-
ing medulloblastoma cells with increased stemness from
their wild-type [50]. As shown by these studies, DEP is a fea-
sible option for identifying and separating CSCs from other
cancer cells based on their increased stem-like properties.

3.2.3 Drug resistance and assessment

Dielectrophoresis has been extensively studied as an in
vitro method for toxicant and drug assessment monitoring
for cancer cells. Several studies in particular focus on the
feasibility of dielectrophoresis to quantify drug assessment
to detect membrane changes as a result of apoptosis or
necrosis after drug exposure when compared to other meth-
ods such as staining. Wang et al. studied the feasibility of
using DEP to monitor apoptosis progression after exposing
HL-60 leukemia cells to genistein (GEN). An interdigitated
electrode array was used to determine the crossover frequen-
cies for normal (80–130 kHz), apoptotic (130–200 kHz), and
necrotic (>10 MHz) cells within as little as one hour post-
treatment [51]. In 2003, needle electrodes were used to
characterize leukemic cells, K562, and their multi-drug
resistant derivative, K652AR, before and after modulator
treatment. This study found that there is a mildly detectable
difference between the subtypes citing a difference in their
cytoplasm conductivity affecting the frequency where cell
collection begins to decrease from full trapping of each cell
type (3 MHz for K562 and 8 MHz for K562R). There is not a
detectable difference that correlates modulator treatment to
dielectric signature [52]. Using a similar setup to the one de-
scribed previously, Chin et al. detected changes of cytoplasm
conductivity dependent on ion concentration within 30 min-
utes of exposure to staurosporine. In particular, this study
found that the decline in trapping of the treated cells had two
plateaus signaling subpopulations in their treated sample
that might behave differently to the treatment [53]. Following
the study from 2003, Demircan et al. found that K562 cells
and their multidrug-resistant counterpart, K562AR, are sepa-
rable at 48.64MHz using a 3D electrode array where K562AR
experience pDEP and the drug-sensitive cells are overcome
by the drag force [54]. Labeed et al. used needle electrodes
in a petri dish to characterize breast cancer cells and
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multidrug-resistant derivatives show that an increase in
drug resistance is correlated with an increase in cytoplasmic
conductivity, detectable by DEP [55].

As evidenced by the previous studies, dielectrophoresis
has been used thoroughly for the characterization of drug-
sensitive and drug-resistant cells, particularly in the assess-
ment of cancer cell response to drug treatment, but more re-
cent studies have focused on the separation of drug-resistant
subtypes using DEP. In 2018, Chu et al. used optically in-
duced dielectrophoresis to sort and separate representative
cells of drug-resistant and drug-sensitive populations. No-
tably, not only was this platform useful for separating Dx5
(drug-resistant) and MES-SA (drug-sensitive) cells, but it was
able to sort subpopulations of the sample undergoing dif-
ferent levels of apoptosis [56]. An interdigitated electrode ar-
ray has been used to detect apoptosis progression after ex-
posure to ABT-263 of non-small cell lung cancer as early as
2 h post-treatment [57]. Henslee et al. used the 3DEP mi-
crowell technology to characterize and quantify the number
of cells in various stages of apoptosis progression of Jurkat
and HeLa cells after toxicant exposure. This method, while
similar to other studies that characterize apoptosis progres-
sion, provides validation for the use of the 3DEP system for
the accurate quantification of subpopulationswithin a sample
exposed to apoptosis inducers [58]. In 2016, an iDEP device
with passivated electrodes was used to monitor the response
of closely related breast cancer cells (LCC1, LCC9) derived
from theMCF-7 cell line to obatoclax. Both cell lines were dif-
ferentiable exhibiting different crossover frequencies (LCC1:
700 kHz, LCC9: 100 kHz), and the crossover frequencies for
both cell lines were shifted post-treatment with obatoclax [59].
These studies have shown that dielectrophoresis is a feasible,
rapid in vitro drug-assessment tool that can monitor drug-
resistance or membrane changes in less than a few hours. As
the technology advances, DEP can be used as a useful clinical
tool for in vitro monitoring of drug efficacy for personalized
cancer treatments.

3.2.4 Treatment assessment

While DEP has been studied for its use in drug assessment,
other treatment methods have benefited from efficacy mon-
itoring using dielectrophoresis. Oblak et al. used castellated
electrodes to separate electroporated cells, or cells with dis-
ruptedmembranes due to high voltage electrical pulses, from
non-electroporated cells based not only on their change in
cytoplasmic conductivity, but also as an indication for sig-
nificant changes in the membrane properties after electro-
poration [60]. This study suggests that DEP is a feasible
method for determining the precise effect alternative treat-
ments, such as electrical or mechanical stimulants, have on
cell properties. Dielectrophoresis can potentially be used in
tandemwith other technologies to quantify treatment efficacy
and, potentially, contribute to treatment planning.

3.3 Bacteria

Bacteria is another popular area of differentiation for applica-
tions such as clinical sepsis detection, tumor microenviron-
ment make-up, and antibiotic resistance identification. Tradi-
tional methods of bacterial identification from clinical sam-
ples often require a multi-day culture followed by fluorescent
in situ hybridization, phenotypic assays for identification and
antibiotic resistance assessment, polymerase chain reaction
(PCR), ormass spectrometry. Not only do thesemethods have
limitations based on the required medium, but they are gen-
erally time-consuming: requiring multi-day cultures to gen-
erate an adequate amount of bacterial cells for detection [61].
Dielectrophoresis offers the capability of identification of bac-
teria from the same genus as well as characterization of the
drug-resistance profile of each strain, mitigating the sample
processing time and culturing requirements associated with
the gold standard techniques. Dielectrophoresis has been
used to isolate bacteria of varying families or genera as well as
isolating bacteria from blood [62,63]. This section, however,
will focus on the characterization and separation of bacteria
on the strain level to highlight the sensitivity of DEP and the
life-cycle progression after antibiotic treatments to demon-
strate the clinical applications of DEP for infection treatment
assessment.

3.3.1 Antibiotic-treated bacteria

In 2003, Johari et al. used needle electrodes to characterize
the dielectrophoretic behavior of antibiotic-sensitive and re-
sistant strains of the Staphylococcus epidermidis from 1 Hz
to 20 MHz. The sensitive and resistant strains had similar
signatures prior to treatment with antibiotics. After antibi-
otic treatments, the sensitive strain was unable to be trapped
completely under frequencies below 200kHz 2 days follow-
ing treatment. Separation of antibiotic-sensitive and resis-
tant strains is possible using dielectrophoresis after treatment
[64]. In all, experiments that employ DEP for bacteria sub-
type characterization are predominantly focused on changes
in membrane properties as a result of antibiotic treatment.
From this, there is an opportunity to use DEP to study the di-
electric behavior of bacteria dependent on intracellular prop-
erties. A specific type of eDEP using 3D carbon electrodes
has shown to be a high-throughputmethod for assessment of
antibiotics on bacteria, particularlyMycobacterium smegmatis,
often requiring techniques capable of detecting the target bac-
teria in fractions as low as 10–6 in a mixed population. Elitas
et al. used this platform to separate antibiotic-treated bacteria
from untreated bacteria at a frequency of 7MHz [5]. Dielec-
trophoresis is a promising in vitro technique for the assess-
ment of antibiotic treatments on bacteria that could be used
for developing new antibiotics, infection treatments, and iso-
lating targets of resistant strains for on-chip treatment expo-
sure.

© 2021 Wiley-VCH GmbH www.electrophoresis-journal.com
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3.3.2 Strain-level bacteria

Varying isogenic mutant derivatives of Escherichia coli 5K par-
ent strain were examined for differences in their crossover
frequencies based on the presence of one mutant allele. The
first cross-over frequency of the parent strain shows notice-
ably different behavior from the hns, hha, and hns & hna
derivatives. At the second crossover frequency, the parent
strain was not differentiable from the hha mutant, while the
hns and double mutant have a much lower crossover fre-
quency [65]. Braff et al. characterized six mutant strains and
a parent strain of Pseudomonas aeruginosa (PA14) using DC-
iDEP. Mutant strains from the same parent strain showed
differences in dielectric behavior that can be correlated to
differences in polarizability of the membrane among iso-
genic strains [66]. Jones et al. characterized three strains of
E. coli: O157:H7, O55:H7, O6:K1:H1 using DC-iDEP with a
sawtooth geometry with varying distance between sawtooth
points to alter the gradient along the channel. After applying
potentials ranging from 160 to 470 V/cm, the strains were dif-
ferentiated based on the field magnitudes where the onset of
trapping occurred relative to the gate width between sawtooth
points [67]. This study shows the feasibility of DC-iDEP for
the characterization of bioelectrical differences among bac-
teria of the same genus (Figure 4A). Su et al. used iDEP
with potentials <300 V/cm to characterize mixed samples
of Clostridium difficile strains with different levels of toxi-
genicity and antibiotic efficacy [68]. A follow-up study used
3DEP and eROT for characterization of Clostridium difficile
based on toxigenicity and culture conditions that contribute
to highly-toxigenic (HTCD) strains. While the DEP spec-
tra showed light trends, eROT detected stark differences in
peak frequencies for HTCD cultured in HTCD supernatant
(175 kHz) as opposed to HTCD cultured in nontoxigenic su-
pernatant (NTCD) (250 kHz), suggesting that toxigenicity is
induced by extracellular factors [69].

3.4 Blood cells

Separation of subpopulations within blood cells is almost ex-
clusively performed using density gradient or cell lysis meth-
ods. Density gradient separation uses centrifugation and a
density-varying medium to stratify subpopulations of a sin-
gle blood sample, while selective cell lysis allows for the rup-
ture of unwanted cells that leaves behind debris and elim-
inates cell types that might be desired downstream. These
techniques, however, have low specificity and can only be
used for blood cells of different sizes and densities or cell
types (e.g., elutriation, red blood cell lysis). Dielectrophoresis
provides a label-free method that goes beyond size-based sep-
arations as well as a rapid detection method for diagnostics.
Several studies have used dielectrophoresis for the separation
of leukocytes or platelets from RBCs [70,71]. This review will
focus on identifying and separating blood cell subpopulations
and blood cell infection.

Figure 4. (A) Trapping of E. coli mutant O6:K1:H1 only appar-

ent after onset voltage value achieved. Adapted from [67], copy-

right (2013) Springer Nature. (B) Sawtooth iDEP device used to

separate red blood cells infected with Babesia protozoan para-

sites from normal blood cells. Adapted from [84], copyright (2016)

AIP Publishing. C) iDEP device and 3DEP characterization of cells

based on mitochondrial structure. Adapted from [90], copyright

(2017).

3.4.1 Blood cell subtypes

Other blood cells characterization using dielectrophore-
sis capitalize on the membrane differences between cells
based on activation state or surface antigen expression. T-
lymphocytes were characterized based on induced activation
state where the mean crossover frequency of the activated
cells was higher than that of the control cells as a result
of changes to membrane topography and configuration
following activation [72]. In addition to the activation state of
T-lymphocytes, Su et al. characterized neutrophils by activa-
tion state using a DEP spring to quantify the DEP and drag
forces acting on the cells. Similar to the previously described
experiment, DEP was able to discern the differences in elec-
trical signature between activated and inactivated neutrophils
at frequencies greater than 6.4 MHz [73]. Han et al. used an

© 2021 Wiley-VCH GmbH www.electrophoresis-journal.com
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interdigitated electrode array with two signals 180˚ out of
phase and found that a frequency of 6.8 MHz was optimal
for separating activated T-cells (treated with anti-CD3 and
anti-CD28) from naïve T-cells.

Dielectrophoresis for immune response monitoring has
potential applications in disease diagnostics and prognoses
[74]. Dielectrophoretic force measurements using 3D carbon
electrodes were used to characterize undifferentiated U937
monocytes and U937 macrophages differentiated from the
same lineage [75,76]. DEP-induced deformation can be used
as an “electromechanical biomarker” for characterizing dif-
ferentiated subtypes from their progenitor.

Dielectrophoresis has also been used for blood typing by
analyzing the dielectric signatures of erythrocytes based on
the ABO antigen present on the membrane of the cell [77–
79]. Following a study by Prieto et al. showing that isodielec-
tric separation can be used to detect differences in resting
and activated polymorphonuclear neutrophils (PMN), Jundi
et al. used a similar platform to exploit these differences in
PMNs for sepsis progression monitoring for clinical applica-
tions [80,81]. Clinically relevant studies, such as the one per-
formed by Jundi et al., give a unique insight into the useful-
ness of dielectrophoresis platforms in clinical settings such
as a quick approach to sepsis detection.

3.4.2 Infected blood cells

In 1997, Gascoyne et al. discovered changes in membrane
capacitance and conductance of erythrocytes due to malar-
ial infection using eROT and eDEP using two out-of-phase
sinusoidal techniques [82]. A follow-up study in 2002 used
traveling-wave dielectrophoresis (tw-DEP) and DEP field flow
fractionation (DEP-FFF) to separate 5% infected cells from
normal erythrocytes [83]. This characterization of membrane
properties of normal and infected blood cells suggests that
cells with intracellular differences might exhibit membrane
changes that are detectable by dielectrophoresis for character-
ization and separation applications. More recently, Adekan-
mbi et al. used DC-iDEP to enrich erythrocytes infected with
Babesia protozoan parasites that cause liver failure, anemia,
and kidney failure (Figure 4B). This is a feasibility study for
point-of-care devices for intracellular infections of the blood
[84].

3.5 Other cells

While this review has primarily focused on stem cells, cancer
cells, and blood cells, there are select studies that used dielec-
trophoresis to discriminate between similar cells outside of
the aforementioned categories. For example, Choi et al. used
dielectrophoresis to select oocytes based on their potential
for viable fertilization in an in vitro fertilization setting [85].
Planar microarray dot electrodes were used to determine the
crossover frequency discrepancy between normal hepatic
cells (WRL-68) and WRL-68 cells infected with the dengue

virus [86]. Changes in electrical properties of Chinese
hamster ovarian (CHO) cells induced by electroporation
have been studied using dielectrophoresis. Čemažar and
Kotnik used DEP field-flow fractionation (DEP-FFF) to
separate electroporated cells and non-electroporated cells at
an optimal frequency of 65 kHz [87]. A more recent study
used a similar approach to characterize electroporated CHO
cells based on changes in the internal conductivity at a
higher frequency of 10MHz on an interdigitated electrode
array [88]. As the understanding of cell complexity grows,
characterization and separation of cells based on intracellular
organelles and structure has become increasingly popular.
One subpopulation of interest includes the characteriza-
tion of wild-type and GFP-Histone-infected human lung
fibroblasts (MRC-5). Yao et al. used digitated electrodes
along the length of a microfluidic channel to characterize
MCR-5 cells based on their intracellular contents. With
an AC signal of 20 Vpp and 10 MHz, the velocities of the
wild-type and the GFP-Histone transfected population were
discernibly different [89]. Rohani et al. used the DEPTech
3DEP and iDEP to characterize the mitochondrial structure
of the human embryonic kidney cells (HEK) and murine
embryonic fibroblasts (MEF) (Figure 4C). These results show
that an intact mitochondrial structure increases the internal
conductivity of the cell and experiences enhanced pDEP at
intermediate frequencies of 0.5–15 MHz in this setup [90].

4 Dielectrophoresis to market

Since DEP was discovered in the 1960s, the optimistic rev-
elations about its sensitivity for cell detection, small sam-
ple requirement, and label-free differentiation, have hardly
left the laboratory bench. While dielectrophoresis has been
shown to be a feasible cell characterization and separation
technique for research questions that require high sensi-
tivity, downstream assays, and heightened cell viability, this
label-free electrokinetic technique is still primarily used aca-
demically. One of the principal advantages of dielectrophore-
sis, its sensitivity, which does not require extensive adjunct
biomarker development studies, appears to be a promising
solution not met by other cell-sorting technologies. Dielec-
trophoresis might not prove to be overly advantageous in the
industry among other cell-sorting techniques for select appli-
cations of cells being sorted based on size or cell type (i.e.,
cancer cells from healthy cells, bacteria from blood), but its
selectivity based on intrinsic properties of cells otherwise dif-
ficult to distinguish could provide researchers in academia
and industry a solution not readily available.

In order to discuss the future of DEP, this section will
detail current efforts in commercializing dielectrophoresis as
well as other label-free technologies that will be direct com-
petitors as DEP continues to enter the market. It will also
highlight the future directions of commercializing DEP and
the opportunity for highly sensitive cell-sorting techniques in
the industry.

© 2021 Wiley-VCH GmbH www.electrophoresis-journal.com
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4.1 Commercialization of DEP

In the past 20 years, few companies have commercial-
ized dielectrophoresis. Namely, Menarini Silicon Biosystems,
DEPTech, and Precision forMedicine (formerly Apocell) have
dominated the commercialization of this technology.

Menarini Silicon Biosystems is a biotechnology company
specializing in image-based cell sorting. Their product, the
DEPArrayTM, uses DEP to create field cages for individual
cells that can then be automated to move select cages to a
recovery zone for downstream analysis. The primary applica-
tions for the DEPArrayTM are forensic science and oncology
research, notably formalin-fixed paraffin-embedded (FFPE)
tissue samples and CTCs from blood [91–95]. This technol-
ogy, however, does not capitalize on the sensitivity of DEP,
but uses the technique for manipulation. The DEPArrayTM

requires fluorescent markers to identify the target cells and
uses DEP to manipulate cells expressing a certain marker in-
dependent of the cell electrical properties.

DEPTech, recently joined by DEParator, provides two
technologies for characterization and sorting using dielec-
trophoresis. The DEPTech 3DEP system characterizes up to
20 000 cells in 10s by determining the DEP spectra for a
cell sample loaded onto microwell electrodes. This device
records the normalized DEP force acting on the cell in re-
sponse to an AC signal spanning from 1 kHz to 45 MHz [96–
99]. The 3DEP system has been used for determining the
DEP spectra and estimating the crossover frequency of stem
cells, antibiotic-resistant bacteria, and cancer cells in differ-
ent stages [55,100,101]. While this technology is useful for
characterizing cell samples, there is no opportunity for isola-
tion and separation using this system, nor is there a way to
differentiate between cell subtypes within a sample. The DE-
Parator, on the other hand, is a label-free sorting system that
uses dielectrophoresis. The sample flows through a microw-
ell electrode energized by a user-defined frequency AC signal
allowing for target cells to experience pDEP and the rest of
the sample to flow through the well [102,103].

Precision for Medicine, formerly known as Apocell, mar-
kets the ApostreamTM, which is a cell sorting device opti-
mized for separating CTCs from blood. This system capital-
izes on the differing bioelectric signatures of peripheral blood
mononuclear cells (PBMCs) using DEP-FFF, allowing for
the isolation of rare metastatic cancer cells [104,105]. While
the ApostreamTM is primarily promoted as a label-free sorter
for CTCs, other applications include stem cells and immune
cells. To date, the ApostreamTM is the only commercially avail-
able product that capitalizes on the selectivity ofDEP for label-
free cell separations under flow conditions.

Panasonic produced the Bacteria Counter as a rapid de-
tection method for evaluation of oral hygiene by quantify-
ing the number of bacteria present in the oral cavity with
comparable accuracy to that of traditional culture methods
[106]. This apparatus employs dielectrophoretic impedance
measurement (DEPIM), or the concentration of a population
using positive dielectrophoresis for subsequent impedance
measurement of a concentrated sample as a result of capaci-

tance and conductance between electrodes due to pearl chain-
ing [107].

The primary use of dielectrophoresis both academically
and commercially is the characterization of cell lines and sep-
arations of dissimilar cells. The sensitivity of dielectrophore-
sis, however, has not been fully realized in a clinical or com-
mercial setting. Further, studies within the academic regime
capitalize on the sensitivity of dielectrophoresis for character-
ization or identification, but devices that employ both the sen-
sitivity and separation capabilities are lacking when it comes
to the isolation of similar cells within a heterogeneous popu-
lation. There remains a wide market for the commercializa-
tion of dielectrophoresis with a heightened sensitivity that is
optimized or readily tunable for subtype detection and sepa-
ration within a single sample.

4.2 Non-DEP competitors

Generally, dielectrophoresis is still an emerging technology
not widely implemented in the industry; therefore, it must
compete with other cell-sorting technologies widely used
in the current market. Coincidentally, most of the market
is comprised of biomarker sorting technologies. Of course,
when entering the market of cell sorting, dielectrophoresis
must set itself apart from other label-free cell sorting compa-
nies.

LumaCyte and their product Radiance® combine mi-
crofluidics and optics to identify sort cells. The sample will
flow through a microfluidic channel, inducing a drag force,
and a laser is used to apply an optical force to the sample. The
image acquisition system then sorts the cells based on their
deformation. The Radiance® is optimal for the study of vi-
ral titer, vaccine development, and cell therapy assessment
[108,109].

The Beacon®Optofluidic Platform fromBerkeley Lights
advertises cell sorting for cell line and therapy development
and biopharmaceuticals. Optical forces are used to manipu-
late single cells into tiny chambers called NanoPens. In these
chambers, single-cell cloning and synthetic biology develop-
ment are made possible through media profusion for on-
chip culturing while providing information on cell properties
such as size, phenotype, RNA expression, and cell-cell inter-
actions to name a few. Optical forces are then used to move
the cells/clones out of each NanoPenTM for export.

Clearbridge Biomedics produces the ClearCell® FX1
System for enriching CTCs from blood enabling downstream
analyses [110,111]. From a clinical blood sample with red
blood cells chemically lysed, the modified sample is loaded
into the CTChip®, a disposable microfluidics chip using
Dean Flow Fraction (DFF), an on-chip centrifugal technique,
to enrich CTCs in less than 1h from 7.5 mL of patient blood.
By usingmicrofluidic hydrodynamic forces for the separation
of CTCs, the target cells remain label free and can be collected
for downstream immunofluorescence, protein analysis, and
in vitro tumor models or co-culturing.

© 2021 Wiley-VCH GmbH www.electrophoresis-journal.com

 15222683, 2021, 23, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/elps.202100135 by V

irginia Polytechnic Institute, W
iley O

nline L
ibrary on [03/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



2440 J. L. Duncan and R. V. Davalos Electrophoresis 2021, 42, 2423–2444

Biosyntagma aims to map the heterogeneity that con-
tributes to the therapy resistance of complex biological sam-
ples. Their product, mPrint MindTM , identifies areas of tis-
sue that acquire drug-resistant properties and employs artifi-
cial intelligence to recommend treatment plans to address the
heterogeneous sample. The mPrint MindTM is most useful
for the oncology sector by providing methods for biomarker
discovery and personalized treatment recommendations.

The CellCelectorTM from Automated Lab Solutions al-
lows for themanual or fully automated selection of cells from
a sample using an inverted microscope and imaging. The
identification of the target cell can be performed automat-
ically by setting size or morphology gates as well as posi-
tive/negative fluorescent staining. For a manual approach,
the user can select the cell(s) of interest. Once the target cell(s)
are identified, amicro-manipulation robot retrieves the cell(s)
and places it in a designated location. This system can se-
lect for single cells, adherent colonies, and semi-solid cul-
tures (e.g., spheroids). This system is advertised as beneficial
to several applications including stem cell research, cell line
development, cell cloning, and CTCs from blood [112–114].

While the aforementioned products have certainly
introduced new ways for label-free cell sorting that have
advantages over FACS, dielectrophoresis has the potential
to separate cells based on their intrinsic bioelectric signa-
ture. Further, many of these technologies adopt superficial
methods of distinguishing cells that lower the sensitivity
of the separation or require user identification, fluorescent
staining, or long culture times to be successful. Dielec-
trophoresis, on the other hand, provides another label-free
alternative that capitalizes on the electric phenotypes of cells
under an applied field, which, in theory, does not require
extensive knowledge from the user to detect distinguishable
heterogeneities in a single sample.

5 Future perspectives

While the studies discussed in Section 3 show the sensitiv-
ity of DEP to separate similar/related cell types to monitor
therapy assessment, disease progression, and cell state, this
particular application of DEP to differentiate similar cell sub-
types has not been realized commercially. Several works high-
light the trajectory of device design and the overall progress
of the field [115,116]; this review will serve as insight into the
possible directions of dielectrophoresis as it relates to simi-
lar/related cells and therapy assessment.

5.1 Commercialization

Commercialization of label-free cell sorting technologies,
while available in many forms including dielectrophoresis,
have not quite taken over the cell sorting market despite their
advantages over traditional methods. Continued commercial-
ization of dielectrophoresis is an attainable goal that can serve
as a benchmark for the progression and evolution of the tech-

nology. Difficulties in commercializingDEP can be attributed
to many factors such as difficult scale-up of the microflu-
idic manufacturing processes and unavailability of easy ac-
cess to established protocols and characterization data from
experimental set-ups in the literature. Further, more research
should be done comparing DEP metrics such as specificity,
sensitivity, and viability of the sample post-processing, to that
of the golden standards in cell sorting to clearly and accurately
communicate the advantages.

As mentioned, dielectrophoresis has been largely bound
to the laboratory benches of the researchers studying the tech-
nology. This is generally due to the extensive sample prepa-
ration requiring the sample to be suspended in a low con-
ductivity buffer as well as the expertise required to perform
a successful dielectrophoresis experiment, particularly those
that require induced flow (e.g., DEP-FFF) for separating sub-
populations. Requiring an “expert experimentalist” not only
keeps it out of the hands of the general user, but it makes the
process difficult to automate.

Menarini, Precision Medicine, and DEPTech have been
successful in creating apparatuses for cell characterization,
manipulation, and physical separation of dissimilar cells, but
these systems require the user to be well-versed in DEP to
make them effectively tunable for varying needs. The hall-
mark of DEP is largely its sensitivity, but it lacks the automa-
tion needed to make it useful for general users wanting to
separate similar cells as these frequency ranges are much
more narrow than separations of dissimilar cells. While DEP
is certainly capable of capitalizing on these narrow regimes
for separation, minute detections in heterogeneity within a
population could result in an undesirable hyper-sensitivity
and generating difficulty in commercialization and automa-
tion efforts. Nonetheless, dielectrophoresis has been used for
dissimilar cell separations successfully with modifications to
device design and applied field parameters; thus insinuating
a tunable sensitivity for clinical or commercial applications.

For automation to occur, however, establishedDEP proto-
cols and an accessible library of collected cell electrical prop-
erties and DEP analyses should be readily available. It is im-
portant to note that some works are working towards stan-
dardizing dielectrophoresis. One example, in particular, is the
Clausius–Mossotti simulation software, myDEP. This free
software allows researchers to not only model the Clausius–
Mossotti curve(s) relevant to their study, but it also allows for
researchers to contribute to an accessible database after pub-
lishing on new cell properties [19]. Software such as myDEP
has the potential to reduce variability in reported electrical
properties of cell subpopulations, while also providing a stan-
dardized source and accessible location for cell lines charac-
terized by DEP. Further, Hyler et al. has recently introduced
a new low conductivity buffer that has been shown to reduce
noise in dielectrophoretic spectra on the 3DEP and maintain
cell viability and normal metabolic behavior [117]. Creating a
standardized buffer for both researchers and end-users that
maintains cell satisfaction will ultimately reduce the variation
of cell characterization via DEP and improve the integrity of
downstream culturing of sorted samples.

© 2021 Wiley-VCH GmbH www.electrophoresis-journal.com
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5.2 Direction of DEP technology

Dielectrophoresis has been extensively studied at low and
intermediate frequency ranges (1 kHz–50 MHz) to iden-
tify cells based on the properties of their membrane; very
few, however, have explored the ultra-high frequency range
(>50 MHz) [17]. While several cell lines have been well-
characterized based on their membrane capacitance, the
sensitivity of DEP could be enhanced past detection of
differences in surface expression and towards intracellular
differences due to organelle content, cytoplasmic changes, or
nuclear characteristics. The commercialized label-free meth-
ods, DEP and others, have yet to provide cell sorting based on
intrinsic intracellular differences which are theoretically de-
tectable in this frequency range. Increasing the range of DEP
studies will provide a larger picture of the bioelectric signals
that distinguish similar subpopulations. While heterogeneity
within subpopulations is common, it is possible the sample
could be more heterogeneous than previously thought if the
internal structure of the cell was analyzed. The ultra-high
frequency range (>50 MHz) is not extensively studied and
could expand the potential applications of DEP as well as
the commercialization possibilities. Similarly, the absolute
resolution for dielectrophoresis remains unclear. While the
aforementioned studies clearly show the capability of DEP to
distinguish between similar subtypes, there is no conclusive
measurement that defines precisely how sensitive this tech-
nology is. The development of standardization in evaluating
the efficacy of DEP will not only provide a method for effec-
tively drawing conclusions from various publications, but
will also aid in characterizing the resolution and sensitivity
of DEP.

The literature is rich with characterization of the di-
electric behavior highlighting the sensitivity of DEP and its
ability to separate similar cells without biomarkers. The next
step, however, is to use the well-documented dielectric signa-
tures of cells of different subtypes in devices that maintain
high sensitivity under flow conditions for separation appli-
cations. This can be performed for similar cell separations
by employing techniques like DEP-FFF active separation
of target cells from a heterogeneous population. Current
characterization methods are less helpful because without
isolation, there is no potential for downstream retrieval and
analysis, limiting the information collected from a single
sample.

Dielectrophoresis, while shown to have high-fidelity de-
tection capabilities for similar subpopulations, has remained
bound primarily to laboratory benches for technology devel-
opment or cell characterization. As the technology continues
to advance, it is worthwhile not to forgo cell characterization
and feasibility studies, but to in tandem pursue clinical appli-
cations where DEP will succeed. Dielectrophoresis does not
need to perform superior to or replace every method of cell
sorting and characterization currently being used, but its sen-
sitive, label-free capabilities would be highly instrumental in
clinical settings.

5.3 Specific biological applications

Dielectrophoresis has amyriad of potential applications, both
in tandemwith other technologies and on its own; some high-
lighted in previous sections. Research surrounding cancer
and bacterial infection are two recently thriving fields where
current and future DEP research could be highly beneficial.

Recently, the role of the tumor microenvironment in dis-
ease progression, metastasis, immune system evasion, and
drug resistance, has been prominently studied for increased
understanding as a whole as well as opportunities for new
therapies. Similarly, the gut microbiome and the factors that
influence it as it relates to immunity and the overall health
of an individual has been another quickly emerging topic
among researchers. Studying the tumor microenvironment
and gut microbiome, both areas of high heterogeneity, re-
quire cell identification and separation techniques that are
capable of distinguishing between hyper-similar cells, such
as CSCs in different cell states or antibiotic-resistance of mi-
crobiota within the same genus, all with the intent for down-
stream assays and culturing. The use of dielectrophoretic
techniques in these booming fields could provide the neces-
sary viability of these precious samples, while maintaining
desirable selectivity. In turn, a heightened understanding of
these areas at a cellular or subpopulation level could lead to
better platforms for in vitro treatment planning and person-
alized medicine.

In a relatedmanner, dielectrophoresis has been shown to
be useful in identifying subtypes of bacteria from the same
genus. Particularly, gram-negative bacteria, with their affin-
ity of acquiring drug-resistant genes, are associated with se-
vere cases of sepsis, particularly bacteria from the genera of
Enterobacteriaceae and Staphylococcus [61]. The feasibility of
DEP as a method for rapid detection of strains within these
genera has been shown through the aforementioned stud-
ies. Further, one current method for identification of bacte-
rial infection in the blood is performing PCR following at
least a 12h culture. While PCR offers the sensitivity required
for infection detection in blood, this method cannot distin-
guish between live and dead cells. Additional techniques such
as mass spectrometry, fluorescent in situ hybridization, or
phenotype assays have been used to perform diagnostics in
tandem with PCR for an accurate description [61]. Dielec-
trophoresis, as shown, has not only the capability to distin-
guish between similar strains of bacteria, but can also sepa-
rate minute amounts of bacteria from blood cells and deter-
mine the antibiotic resistance of subpopulations. The estab-
lishment of dielectrophoresis as a feasible method for rapid
diagnostics could be a method to performmultiple processes
on a single microchip or multiple microchips in series.

6 Concluding Remarks

In the first 35 years following the introduction of di-
electrophoresis, researchers have harnessed its ability to

© 2021 Wiley-VCH GmbH www.electrophoresis-journal.com
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characterize, manipulate, and separate differing cell popu-
lations. More recently, dielectrophoresis has been studied as
a high-sensitivity tool for the identification and separation
of similar/related subpopulations. This review summarizes
the evolution of dielectrophoresis towards highly sensitive
applications including distinguishing stem cells, cancer
cells, blood cells, and bacteria for more complete profiles
useful for describing differentiation potential, metastasis and
stemness, and drug-resistance/-sensitivity. These studies,
however, primarily focus on the low-frequency regime of
DEP and capitalize on the membrane and cytoplasmic prop-
erties, while a full profile might be gained by exploring cell
behavior at high frequencies. Despite the abundant literature
highlighting the unique capabilities of DEP for character-
izations and separations requiring high fidelity, current
commercialization efforts of DEP perform best for dissimilar
cells and still primarily remain on lab benches away from
clinical settings. With recent advances in dielectrophoretic
technology for subpopulations and similar cell types, there
is an opportunity to develop standardized protocols and
evaluation metrics, as well as high-sensitivity, user-friendly
commercialization platforms created for the end-user.
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