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Microfluidic chips exhibit unique advantages in both economy and rapidity, particularly for the separation
and detection of biomolecules. In this review, we first introduced the mechanisms of several electrically
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driven methods, such as electrophoresis, dielectrophoresis, electro-wetting and electro-rotation. We

then discussed in detail the application of these methods in nucleic acid analysis, protein manipulation
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1. Introduction

Microfluidic chip technology stands at the forefront of the
micro total analysis system, representing an innovative field
that intersects various disciplines.™” The sampling, separation,
and detection systems are seamlessly integrated onto glass,
quartz, silicon, or polymer wafers to create microfluidic chips.?
They are widely used in many domains, including DNA anal-
ysis,* protein separation,® cell biology,*” and medical diagnos-
tics.* This all-encompassing approach has found new
applications in tissue engineering,® drug screening,'® biomo-
lecular identification,'* and single-cell'> and stem-cell function
analysis.*

A variety of microfluidic devices have been used for particle
separation. Active microfluidic devices harness various external
forces, such as magnetic, electric, acoustic, centrifugal, and
optical trapping forces, endowing the systems with remarkable
versatility.”> For example, optical methods provide accurate
manipulation of individual particles but rely on precise optical
systems and manual operation. Utilizing sound waves for the
classification necessitates certain piezoelectric actuators and
flow channel configurations." In magnetic drive, a weak
magnetic field will cause problems in the interaction between the
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and cell treatment. In addition, we outlined the considerations for material selection, manufacturing
processes and structural design of microfluidic chips based on electrically driven mechanisms.

surface and the interior of the chip.”® The electrically driven
technique addresses the limitations of the aforementioned
methods and serves as a fundamental approach for character-
izing and manipulating particles. Electrokinetic operations can
be categorized into electrophoresis, dielectrophoresis, electro-
osmosis, electrorotation and so on. This review is organized
mainly based on this classification. Dielectrophoretic techniques
are used to manipulate uncharged particles, while electropho-
resis or electroosmosis controls the mobility of charged parti-
cles.’® The difference between dielectrophoresis and
electrophoresis is whether they work on the induced or fixed
charges of the particles, respectively. Dielectrophoresis is used to
manipulate, separate, and characterize biological particles,"”
while electroosmosis makes it easier for nanoscale biological
particles to move within tiny microfluidic chips, and electro-
rotation is commonly employed for the characterization of
micron-scale biological cells.*® This review focuses on electrically
driven mechanisms and biological applications, including elec-
trophoresis, dielectrophoresis, electroosmosis, electrowetting-
on-dielectric, and electrorotation(as shown in Fig. 1).

2. Advances of microfluidic-based
electrophoresis drive mode

Electrophoresis refers to the movement of charged surfaces and
their attached substances relative to a stationary liquid under
the influence of an external electric field. This motion is
brought about by the Coulomb force that the particles experi-
ence as a result of their surface charges.”

The combination of electrophoresis and microfluidic chip is
applied to the detection of biomarkers.”>** Many detection
modes, such as laser-induced fluorescence (LIF), ultraviolet
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Fig.1 An overview of the biological particle microfluidic drive techniques. The driving force of microfluidic techniques can be further subdivided
into optical, acoustic, magnetic, and electrical forces. EOF: electroosmotic flow; EWOD: electrowetting-on-dielectric.

(UV), and mass spectrometry (MS), as well as capillary zone
electrophoresis (CZE), capillary gel electrophoresis (CGE), iso-
tachophoresis (ITP), micellar electrokinetic chromatography
(MEKC), and isoelectric focusing (IEF), are based on micro-
fluidic electrophoresis technology and have been used for the
separation and analysis of various samples.”> The subsequent
discussion presents several representative electrophoretic
techniques, each generating an electric field through distinct
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mechanisms. A key feature of zone electrophoresis (ZE) is the
lack of solid support, which enhances the recovery rates and
allows active sample compounds to run continuously, boosting
sample throughput. ZE is distinguished by a high rate of bio-
logical activity recovery and separation efficiency, even when it
comes to purify proteins from complicated protein extracts.>* In
contact charge electrophoresis (CCEP), conductive particles and
droplets oscillate between two or more electrodes with the help
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Fig. 2 Electrophoresis modes used in microsystems: (A) free solution electrophoresis. (B) Gel electrophoresis. (C) Isoelectric focusing. (D)
Micellar electrokinetic chromatography (with negatively charged analytes depicted).?
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of a steady electric field. In contrast to conventional electro-
phoretic methods, constant and quick particle motion powered
by low-power direct current voltage is possible with CCEP.>* Free
solution electrophoresis is a method that separates molecule
analytes based on the speed at which they move in response to
an applied electric field. Surface charge and buffer pH should be
carefully regulated to achieve optimal separation performance.
Some of the basic principles of the electrophoresis models are
depicted in Fig. 2.>°

2.1 Capillary electrophoresis

The separating medium employed in Capillary Electrophoresis
(CE) is a fused silica capillary, which distinguishes it from other
electrophoretic techniques. Because of its high separation effi-
ciency, minimal reagent and sample consumption, and quick
analysis time, CE is a frequently used analytical technique that
has evolved into a potent microanalytical platform in biology
and medicine.”® Additionally, CE is compatible with many
detection methods such as absorbance, laser-induced fluores-
cence, mass spectrometry, and voltammetry. It is widely used to
control buffer flow and manipulate sample solutes, such as
sample injection, separation, mixing, dilution/concentration,
and reaction. CE is now widely used for the separation of
various analytes, ranging from tiny ions to big proteins and DNA
fragments, owing to its high throughput. Typical applications
include fragment size estimation, SSCP or RFLP analysis,” and
DNA sequencing.®

However, the process of manipulating sample separation in
CE is associated with certain defects. There are a number of
difficulties with protein separation using CE, including protein
adsorption on the capillary wall, coating stability, and lack of
electroosmotic flow (EOF) control. Protein and capillary elec-
trostatic interaction results in the imperfection of protein
adsorption on the channel wall. This adsorption will contami-
nate the surface of the channel wall, resulting in an uneven
potential in the separation chamber and ultimately peak
asymmetry or band widening. Protein adsorption thus causes
short migration duration, lower detection response, poor
reproducibility,* reduced resolution and decreased separation
efficiency. In an additional instance, ion mobility in CE is also
influenced by another process called EOF. Non-reproducible
electroosmotic flow (EOF) may affect the resolution and
repeatability of separated proteins. Reducing EOF helps
improve protein resolution because if the coating produces
a large amount of EOF, the protein will migrate out of the
capillary before it reaches the resolution.*

Thus, in order to reduce the non-specific adherence of
protein, the surface needs to be treated.’ Due to the extremely
high surface-to-volume ratio in microchannels and nano-
channels, any molecules that stick to the surface may block the
channel. Additionally, it is critical to note that the inherent
hydrophobicity of the PDMS material increases the likelihood of
biological samples interacting with the material surface in
a biological environment. Therefore, numerous capillary
surface modifications have been developed to prevent adsorp-
tion and provide effective and repeatable electrophoretic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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separation.*” Numerous strategies have been devised by
researchers to address the issue of protein adsorption; however,
none of them are universally effective. For example, Y. Liang
et al.*>* used trypsin photopolymerization and covalent binding
to synthesize a new hydrophilic monomer copolymer. Its great
hydrophilicity aids in reducing peptide overlap, preventing
sample cross-contamination, and preventing non-specific
protein and peptide adsorption. It also shows tremendous
promise for high-throughput proteomic analysis. With a two-
dimensional MCE device, R. Wu et al.** used a multidimen-
sional approach to improve the resolution of the significant
minor proteins by separating the major proteins in the chip. A
portable genetic analysis microsystem for pathogen identifica-
tion using integrated polymerase chain reaction (PCR) and
sliding valveless capillary electrophoresis (CE) has been
created.® PEG can be applied to the surface to stop non-specific
protein adsorption. Alkyne-PEG was covalently bonded to the
azide-PDMS surface after alkyne-PEG was created using stan-
dard synthetic methods.>*® EOF measurements demonstrated
a 30 days maximum suppression of EOF in modified PDMS
microchannels.

Because CE is particularly advantageous at separating DNA,
it is frequently employed in biological applications involving
DNA. Because capillary electrophoresis has no moving compo-
nents, pulse-free pumping, and can separate small sample
quantities quickly, it has been effectively employed for
measuring DNA.*” Common CE chip layouts for separating and
detecting DNA/RNA are shown in Fig. 3A.*®* DNA has a high
charge density, which is lessened on the backbone by manning
condensation in some counterions. When DNA dissolves in
solution, it has a negative charge since it is an acid (Fig. 3B).*
The effective breadth of the DNA skeleton is altered in solutions
due to electrostatic interactions. When two sections of DNA get
closer together, the electrostatic repulsion caused by their
overlapping double layers makes them appear thicker than their
bare width.** Usually, the material or higher Joule heating limits
the applied voltage.*” The separation length on microfabricated
devices with limited area can be enhanced by winding curved
channels. Sharp bends, furthermore, result in dispersion and
bandwidth, which are governed by the superposition of field
strengths inside and outside and the variation in inner and
outer corner lengths. To address these issues, it is advisable to
explore the possibility of reducing the separation length or
increasing the voltage in order to minimize the analysis
duration.

There are several smaller-scale development areas for DNA
separation techniques based on CE. The target-binding single-
stranded DNA (ssDNA) can be carried by the applied potential
difference between the chambers, and J. Kim et al. developed
a method that combines solid-phase extraction and electro-
phoresis to separate and enrich ssDNA from a random DNA
mixture.”® C. Heller et al.** studied the mechanism of DNA
movement in a porous matrix, which helps to optimize the DNA
separation in capillary electrophoresis and improve the DNA
separation model in a porous matrix. Hui J. et al.** proposed
that CE could be helpful in purifying minuscule quantities of
DNA origami. Since the migration times of origami vary
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microchannels for CE analysis.*® (B) Diagram of the local electrostatics in the vicinity of a free-solution DNA coil.** (C) The protein-facilitated

affinity capillary electrophoresis (ProFACE) is used to detect miRNA.#°

depending on their shape, CE can also be used to identify
misfolded origami creations. Reducing the detection limit,
shortening the analysis time, and increasing the separation
efficiency are some trends of capillary electrophoresis micro-
fluidic separation technology.

The capillary electrophoresis technique is employed not only
for DNA separation but also for RNA separation. MicroRNAs
(miRNAs) are a kind of short, noncoding RNAs that contain
about 18-22 nucleotides.** MiRNA genes are considered crucial
for a wide range of physiological and pathological processes.
Consequently, the sensitive detection of multiple miRNAs has
become critically important, as many diseases are associated
with the dysregulation of several miRNAs.*” A capillary electro-
phoresis technique based on hybridization between DNA
probes and miRNAs was created for the direct detection of
multiplex miRNAs.*® In order to achieve multiplex detection of
miRNAs using CE separation, E. Ban et al.*’ constructed three
fluorescein amidite (FAM) and Cy5 labelled DNA probes that
would bind uniquely to various target miRNAs. P. Zhang et al.>°
conducted a highly sensitive study of three miRNAs using ligase
chain reaction (LCR) in conjunction with CE separation.
Moreover, proteins may assist in miRNA detection. A tiny plug

170 | RSC Adv, 2025, 15, 167-198

made of a miRNA and a fluorescently tagged probe is inserted
into a capillary and electrophoresed. A specific virus-encoded
protein only binds to the miRNA-RNA probe duplexes
(Fig. 3C).*

In summary, CE has a major advantage over traditional
approaches due to its small capillary size and perfect control
over experimental settings. Compared to other electrophoretic
methods, CE provides better resolution since it can reduce
diffusion effects and improve repeatability.

2.2 Gel electrophoresis

Gel electrophoresis is used for compound separation, which can
be carried out in capillary or slab gel form or with various forms
of affinity chromatography. A gel matrix with microscopic pores
is pushed through by an electrical field during the gel electro-
phoresis process to separate the molecules. Gel electrophoresis
can lessen diffusion and widen the separation zone because the
gel matrix adsorbs along the microchannel wall and neutralizes
the surface charge. The two common media used in gel elec-
trophoresis are polyacrylamide and agarose. While agarose
forms a physical gel that is typically used to separate longer
DNA, polyacrylamide gel is chemically crosslinked and used to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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separate shorter double-stranded and single-stranded DNA.**
Therefore, DNA fragment size can be ascertained and separated
samples can be recovered.

The migration rate of DNA molecules during gel electro-
phoresis is influenced by numerous factors. Lee, P. Y. et al.>*
listed the following among the most important impacts on the
rate of migration of DNA molecules through agarose gel: the
size of the nucleic acid molecule studied; agarose gel concen-
tration; nucleic acid conformation; the voltage applied; the
presence of ethidium bromide; the type of agarose gel; elec-
trophoresis buffer. Gel-based separations of nucleic acid
biopolymers entail sieving mechanisms that are determined by
the disparity between the gel's apparent pore size a and the size
of the polymer molecules R,.** The relationship between the
morphology and movement mechanism of DNA molecules in
gels is associated with the Ry/a ratio. For instance, Ogston
sieving takes place when the DNA molecules are smaller than
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the gel pore size (Fig. 4A). As the DNA size approaches (Fig. 4B)
or exceeds the gel pore size (Fig. 4C), it deforms by reptating or
stretching through the gel. These various modes of sieving are
harnessed to optimize gel-based separations, enabling the
resolution of specific size ranges within a given sample.

In general, the benefit of gel electrophoresis lies in its ability
to combine all processes onto a single chip, including cell
sorting, cell lysis, extraction of pertinent material (such DNA),
purification, separation, and analysis of DNA (Fig. 5A). Gel
zones in microscale channels have even facilitated the extrac-
tion of DNA from bacteriophage® as well as MCF-7 (ref. 55) and
SKBR3 (ref. 56) cells. In a distinct application of sieving-based
DNA separations, thermally reversible self-assembled gels,
specifically composed of Pluronic F127, were effortlessly
patterned within microfluidic channels. This setup enabled the
observation of gellimited diffusion during electrophoretic
stacking of DNA molecules. Subsequently, a size-dependent
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Fig. 4 DNA separation process utilizing gel electrophoresis. (A) Rg/a < 1. (B) Rg/a = 1 (C) Rg/a > 1.
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sieving process was executed, effectively separating the DNA
based on molecular size®” (Fig. 5B). Konishi, T et al.*® utilized
agarose gel electrophoresis to quantify DNA single-strand
breaks (SSBs) and double-strand breaks (DSBs), in order to
assess DNA damage in cell therapy. Similarly, Haberland, V
et al.>® used gel electrophoresis to assess the induction and
repair of DSB by manganese.

Even with widespread use, the system still has certain built-
in flaws: during the separation process, separation parameters
cannot be changed or optimized; significant shear force effects
can affect the integrity and function of the analytes; sample
elution and post-processing can be challenging and may even
require the use of toxic or mutagenic reagents;* the process is
semi-quantitative;** the analysis process
consuming.

can be time-

2.3 Free-flow electrophoresis (FFE)

Free-flow electrophoresis (FFE), also known as carrier-free
electrophoresis, is a matrix-free, high-voltage electrophoretic
separation technique. A sample is introduced into the carrier
electrolyte in a fluid dynamic pumping liquid system and flows
through the channel in a laminar state with an electric field
perpendicular to the fluid. Numerous techniques including
free-flow zone electrophoresis and free-flow isoelectric focusing
(Fig. 6A) have been developed for the multifunctional activity of
separating DNA, cells, protein isoforms, and
nanoparticles.®

peptides,
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The main benefit of FFE is that it can separate samples
dissolved in a liquid solvent quickly and gently, doing away with
the requirement for a matrix. Because analytes do not cling to
any carrier or matrix structure, this property guarantees an
extremely high recovery rate. Furthermore, native and dena-
turing conditions can be used for these separations. By creating
a pH gradient, FFE makes it easier to quantitatively separate
samples based on isoelectric point or charge variations
(Fig. 6B).*® The separation of charged particles and proteins was
the main focus of FFE developments. The greater resolution in
protein separation and improved particle electrophoresis
capabilities of free-flow electrophoresis, according to R. Wild-
gruber et al.,*® have made it an efficient method for preparing
relevant peptide mixtures. However, the utilization of free-flow
electrophoresis in comparative proteomic research is limited
since protein samples must be processed sequentially rather
than continuously, which raises inherent uncertainty when
attempting to undertake quantitative analysis. To solve this
shortcoming, the K. Y. C. Fung group introduced a technique
that uses fluorescent CyDye technology and free-flow electro-
phoresis to simultaneously separate and identify differentially
expressed proteins in a model cell system (DIGE).*®

Furthermore, several teams are developing micro FFEs, or
smaller versions of FFE systems. Micro free-flow electrophoresis
systems only require tens of nanolitres to hundreds of micro-
liters of samples, as opposed to the tens of millilitres of samples
that standard large-scale FFE machines consume.** The
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integration of electrodes and flow control can be accomplished
by combining free-flow electrophoresis with other methods in
micro FFEs (Fig. 6C).** For example, A. Zhang et al.®” proposed
utilizing laser-assisted chemical etching of glass, followed by
electrode integration and low-temperature bonding, to attain
high throughput and high stability in a micro-free-flow elec-
trophoresis device. S. Jezierski et al.*® demonstrated a rapid and
flexible technique for fabricating functional micro free-flow
electrophoresis devices. These microfluidic chips have hydro-
philic surfaces and ion-permeable segregation walls between
the electrode channels and the separation bed. The perfor-
mance of the chip is demonstrated by isolating fluorescent
xanthene dyes and fluorescently tagged amino acids via free-
flow electrophoretic separation.

Microfluidic free-flow electrophoresis offers several advan-
tages such as reduced sample residence time, quicker separa-
tion time, cost savings, ease of portability, integration of
multiple operation units, high aspect ratios that facilitate quick
heat dissipation and high electric field strength settings, and
enhanced laminar states in channels with micron-scale feature
sizes.®® The biological sciences greatly depend on the identifi-
cation and separation of proteins, peptides, and amino acids,”
while high-efficiency separation with little sample dilution is
possible with electrophoretic injection.” The use of a liquid
matrix affects the parallelization of separation, meaning that
only one mixture/sample is separated at a time, but it also
enables quick separation and direct sample collection. A
summary of the analysis of several typical electrophoretic
techniques is given in Table 1.7>"**

3. Advances of microfluidic-based
dielectrophoresis (DEP) drive mode

When a dielectric particle is subjected to an uneven electric
field, it experiences a phenomenon known as dielectrophoresis
(DEP). In this non-uniform electric field, particles move due to
the interaction of their respective dipoles with the spatial
gradient present. Particle dipoles come from two sources: the
permanent dipole, which is always present and is produced by
the orientation of the atoms. The other source is the induced
dipole, which results from the presence of an external electric
field causing the charges on the particle surface to reorient
(Fig. 7B). The frequency of the applied field dictates the exact
composition of the dipoles. At lower frequencies, free charge
dipoles are predominant, whereas at higher frequencies,
polarized charge dipoles dominate.**

The particle experiences distinct forces at both ends when
the particle-medium system is subjected to an uneven electric
field. Depending on the rate at which the particle and the
medium polarize, the difference in force at both ends will result
in a net force in either direction.®® The concept of polarization
rate can be thought of as an indicator of the capacity of
a substance to produce charge at the interface. An extra mech-
anism resulting from the build-up of charge at the interface
between two distinct dielectrics is interfacial polarization. An
alternative approach to polarization, known as particle

174 | RSC Adv, 2025, 15, 167-198
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Fig. 7 Diagrams that illustrate the principle of DEP. (A) Positive die-
lectrophoretic (pDEP) diagram. (i) In a homogeneous electrical field,
the particle is symmetrically polarized, producing a net DEP force
(FDEP) with zero amplitude. (ii) The particle moves into an area with the
largest amplitude of the electric field because it is asymmetrically
polarized in the non-uniform electric field (NUEF) and the net FDEP.*?
(B) A non-uniform electric field causes the dielectrophoretic force to
act on the induced dipole: (i) positive DEP and (ii) negative DEP.%®

polarization, is not universally applicable. The effectiveness of
the interaction between the polarized particles and the elec-
trodes is limited to the immediate vicinity of the electrodes. It is
ineffective for transporting particles over great distances. The
lateral dimension of the channel is within the range of this
contact force when combined with microfluidic devices. The
driving force that results in the separation and lateral focus of
the channel is formed by the repulsive force that exists between
the electrodes and the particles.”

In DEP, the polarized objects experience a force from the
electric field gradient, which leads to either migration or
capture. Particles do not necessarily need to have a surface
charge in order to be polarized by an alternating current.
Depending on the electroosmotic characteristics of the particles
and the liquid, particles in an alternating electric field will
migrate toward or away from the strongest field zone. Positive
DEP, or the maximum field, attracts particles whose perme-
ability is greater than that of the fluid; negative DEP is the
opposite (Fig. 7A). By measuring the frequency of individual
particles, DEP can be used to determine the electrical charac-
teristics of the particles.” It is simpler to discriminate between
different particles when the electrical properties of particles are
measured at different frequencies.®® In contrast to electropho-
resis, DEP is capable of detecting a large number of intrinsic
properties including permittivity, deformability, size,”” shape,
charge distribution, and mobility.”® DEP may differentiate and
categorize biological cells based on internal conductivity, size

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra05571c

Open Access Article. Published on 03 January 2025. Downloaded on 4/1/2026 3:12:18 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

variation, and membrane properties (permeability,” capaci-
tance," and conductivity’®) by measuring the dielectric
difference between various particles or cells.

Numerous elements will also impact the result of dielec-
trophoretic force. The dielectrophoretic force must be strong
enough to overcome opposing forces including buoyancy, drag
force, electrothermal force, alternating current electroosmotic
force, and Brownian motion in order to be used to manipulate
particles and cells. Several factors influence the dielectropho-
retic force acting on the particles, including their charge, the
shape of the device, the permittivity of the medium and the
particles, and their physiological characteristics.’® Other
factors that can affect DEP include the suspending medium's
electric field and molar concentration; however, their range of
adjustment is constrained. In a different scenario, the cell
position is mapped to the Clausius-Mossotti (CM) factor by the
force balance between the DEP force and the fluid resistance,
producing an observable equilibrium position.'** With the DEP
spring, which was developed by H.-W. Su et al.,'** the fluid
resistance balances the DEP force produced by the coplanar
electrodes, creating a clear equilibrium position.

3.1 Classification of dielectrophoretic techniques

The gradient of the electric field had a significant impact on the
dielectrophoretic force that caused the movement.'” Conse-
quently, DEP can typically be categorized into the following
groups based on the type and gradient of the electric field: AC-
DEP, DC-DEP, insulator-based DEP (iDEP), DC-iDEP, combined
AC/DC (AC-iDEP), and traveling wave DEP (twDEP).

In AC DEP, to produce a spatially nonuniform electric field, an
array of metal electrodes is often inserted inside a microdevice
for AC DEP. This technology simplifies particle separation by
altering the properties of the medium and adjusting the
frequency of the applied electric field (Fig. 9A). Furthermore, it
can counteract any electroosmotic and electrophoretic effects.'*®
However, the need for external pumping to drive the particles
through the device complicates its operation. DC DEP and AC
DEP can both be used to separate particles based on size, but the
fundamental issue with size separation with DC DEP is that it
requires a significant size difference between the particles,
whereas AC DEP can separate particles based on attributes.

In DC DEP, specifically engineered electrically noncon-
ducting barriers or hurdles within a microdevice are often
responsible for producing the spatially nonuniform electric
field.'” External pumping is not necessary since the DC electric
field creates EOF within the system. There are various benefits
to using insulating impediments to induce nonuniformities in
the channel such as continuous flow inside the microdevice and
streamlined device construction procedures.'® However, this
microdevice relies on a relatively high-conductivity medium for
the separation of biological particles, which may make it
susceptible to the negative effects of Joule heating and electro-
thermal flow. Compared to AC dielectrophoretic techniques, it
also requires relatively high electric potentials to achieve similar
electric effects.'® The integrity of biological particles and their
separation may be jeopardized by these occurrences.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The combined AC/DC DEP method makes use of both AC
and DC effects: AC DEP is used for particle separation, while DC
DEP uses electrokinetic effects such as electroosmosis to
promote particle transport. High voltage is needed for DEP
applications because the electrodes at the inlet and exit reser-
voirs create the electric field. Direct current or low-frequency
alternating current fields are preferred because it is more
feasible to generate low-frequency high alternating current
voltages. Thus, the connection between the DEP force field and
the flow field is determined by the voltage applied by the
reservoir. This restricts the adaptability of the system and
maintains voltage as the only control parameter.

Using a traveling wave DEP approach, an electric field
gradient is created between two parallel electrodes by changing
the phase of the applied electric field. Particle transport and
separation in traveling-wave DEP are accomplished solely using
the AC electric field. This technique includes phase-shifting AC
voltages one after the other in order to produce spatial
nonuniformity in the electric field's magnitude and phase.'*®
Particle movement is driven by phase nonuniformity, and
particle separation is facilitated by magnitude nonuniformity.
Once the sample is inserted at its microchannel, a pressure-
driven flow pulls it through the channel during the twDEP
process for cell separation (Fig. 9D)."**

Apart from dividing according to the electric field gradient,
dielectrophoretic devices can also be categorized according to
the designs they have. The creation of an inhomogeneous electric
field that produces the dielectrophoretic force can be accom-
plished by two methods: either by applying a voltage to an inte-
grated metal microelectrode array (an electrode-based DEP)'*?
(Fig. 8) or by placing an insulating structure between two elec-
trodes (an insulator-based DEP, contactless DEP)."* The
preceding examples illustrate DEP systems using electrodes,
while this section focuses on DEP systems that employ insulating
materials. The conductive media and channel insulators in iDEP
define the electric field. Several materials have been used to
fabricate microdevices that alter the electroosmotic velocity and
wall surface charge, allowing for field non-uniformity regulated
by the geometry of the obstacle. Researchers suggested various
designs of insulating barriers including rectangular, triangular,
circular, sawtooth,”* snake-shaped channel,"” circular
column,'® and open-top microstructure."’” Different insulating
materials can be employed in DEP.'*® An insulating structure can
be positioned between the electrodes in addition to determining
the shape of the insulating barrier. Examples of such structures
include oil barriers,"® membrane pores," filters,”” channel
setting insulating obstacles,” and column arrays.’”* Further-
more, iDEP can be employed with both AC and DC fields;"** DC
fields promote overall particle mobility by inducing electroki-
netic and DEP transport, whereas AC fields can improve sepa-
rations that only have an impact on DEP. A few of the most
significant discoveries regarding iDEP are categorized according
to the kind of dielectrophoretic mode: streaming and trapping
iDEP. While the latter offers significant potential for particle
enrichment, the former is mostly employed for particle sorting
(Fig. 9B). Although iDEP is an effective tool for particle separa-
tion and characterization, its use is constrained by the absence of
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quantitative characterizations. This constraint can be overcome
by Weiss. N. G. and colleagues'” using a technique that
measures the DEP mobility of particles. iDEP is used for protein
manipulation; appropriate column arrays are created in micro-
fluidic channels based on the convection diffusion models of
positive and negative DEP; and the electric field distribution and
protein concentration are computed using numerical simula-
tion. The primary protein aggregates in buffer'*® are captured by
DEP. Moreover, brain stem cells and progenitor cells may be
distinguished and described using DC-iDEP.**

The primary goal of this procedure for contactless DEP
(cDEP)* is to break the contact between the electrodes and the
sample (Fig. 9C), which effectively stops bubbles from forming
and lessens device contamination.””® Using cDEP, a label-free
technique for bacterial separation and identification, one can
use a non-uniform electric field to separate bacteria and capture
them to obtain Raman spectra.”* H. Shafiee et al.** distinguished
living cells from dead cells using a microfluidic device based on
the differences in dielectric between the two types of cells.
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A summary of the analysis of several typical dielectrophoretic
techniques is given in Table 2.%33

A challenge in the separation of particles using dielec-
trophoretic forces is that when subjected to these forces,
particles in contact with a metal surface tend to adhere to it.
This phenomenon is particularly noticeable on some biological
cells and potentially useful microelectrodes. Therefore, the
particles must be repelled from the high field area to preserve
their freedom of movement and to shield them from the
potentially harmful high fields and field gradients on the elec-
trode surface. By setting the dielectric polarization rate to be
higher than the particle polarization rate,*** this problem can be
resolved. In addition to the above-mentioned approaches, this
issue can be resolved using three-dimensional electrode
designs. Three-dimensional (3D) electrodes improve the
gradient of the electric field and, hence, the capabilities of the
system, but they also tend to raise the level of complexity and
consequent cost. Bioparticles have been captured, manipu-

lated,"** accumulated, sorted,"** focused,'** and separated using

» Phase =0°

Bottom pair

Electrodes

Fig. 8 DEP devices categorized based on the arrangement of microelectrodes:*? (A) parallel or intersecting, (B) cylindrical, (C) angled, (D)
curved, (E) quadrupole, (F) microporous, (G) matrix, (H) extruded, (I and J) top-down pattern, (K) sidewall pattern, and (L) insulator-based or

nonpolar.
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Fig.9 DEP device classification based on a few principles. (A) Diagram of the separation principle.*** (B) Chip schematic of proteins controlled by
direct current (DC) field and insulator-based dielectric electrophoresis (IDEP).*?* (C) The main channel (yellow) and side channel (pink) in the
schematic of the cDEP device are connected by a very thin membrane. An electric field gradient forms in the main channel around the
membrane when the conductive side channel is polarized using a linear electrode.*?® (D) Using twDEP for separation.***

3D thin-film electrodes. The following examples focus on the
design and optimization of 3D electrodes and highlight their
applications in DEP systems (Fig. 10). A constant electric field is
supplied to the channel height by the 3D electrode on the chip
sidewall (Fig. 10A). An even electric field is supplied to the
channel height by the 3D electrode on the chip sidewall. One
method of processing samples is to catch small particles on the
electrode and gather larger particles at the device outlet
(Fig. 10A(ii)). Another method is to gather small particles at the
device outlet after they are freed from the electrode during the
process of rinsing with a buffer solution (Fig. 10A(iii))."** For the
purpose of dielectrophoretic production, an AC field with
alternating on/off control is applied between the interdigitated
electrodes. Particles are transported into relative outlets by the
twDEP at different velocities or directions by combining 3D
electrodes (Fig. 10C).*° To assist in cell separation, a series of
oblique interdigitated electrodes on the microchannel floor are
slanted 45° with regard to the direction of flow (Fig. 10D)."*” The
posts and orifices on opposing sides of the solidified liquid
metal electrodes provide an uneven 3D field across the channel
width. Another approach is the uneven 3D field throughout the
channel width caused by the orifices and posts located on
opposing sides of the liquid metal electrodes that have solidi-
fied (Fig. 10E)."

© 2025 The Author(s). Published by the Royal Society of Chemistry

3.2 Biological applications

Driving bioparticles is a crucial task, and using a label-free
approach like DEP offers benefits for bioparticle manipula-
tion. Consequently, DEP is employed in micro devices for the
purposes of separating, focusing, -classifying, capturing,
concentrating, filtering, and patterning microparticles, cells,
and bioparticles. The dielectrophoretic force, the electrical
characteristics of the medium, and the particle volume are all
connected. DEP has made it feasible to characterize and
manipulate biological particles such as neurons, blood cells,
B cells in the pancreas, chromosomes, proteins, and viruses.
When an AC field is provided at a specific frequency, DEP can be
used to separate particles that have distinct sign polarizabilities
as they move in various directions." In order to achieve the
separation effect, blood cells and other micron-sized entities are
separated to the low-field region, while sub-micron and nano-
particles such as DNA, mitochondria, and viruses are separated
to the DEP high-field region on the microelectrodes. Particles
associated with cancer and other disorders can be quickly
separated and detected in biological samples based on size
differences, with the particles being distributed to distinct
locations.**® After washing away larger plasma particles to reveal
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the drug delivery nanoparticles in the DEP chip, the different
nanoparticles from plasma are extracted and analysed.**

Electrode designs differ based on the specific application
requirements. The elliptical channel circumference of the
microelectrode edge field, which was produced by the negative
dielectrophoretic force toward the centre of the microchannel
allowed Yu. C." to design and create a three-dimensional die-
lectrophoretic particle focusing channel that focused biological
cells. Deterministic lateral displacement provides nanoscale
resolution for biological sample separation, while DEP offers
the benefit of simple tuning. By combining the two, these
benefits can be fully utilized.*® Using a modified polystyrene
microsphere containing anti-mouse IgG and a substrate
equipped with three-dimensional microelectrodes to control
particle flow and collect particles in a cage region, the micro-
fluidic device captures particles under a high electric field (n-
DEP) to isolate the necessary analytes and label antibodies.***
Along with performing parametric modelling and dielec-
trophoretic force quantification, it can also simulate the
distribution of electric fields.”® The primary goal of forming
square and triangle loops is to bend the lines of the electric field
inside the microfluidic channel, which forces the cells to
frequently visit the capture area and expedites the process of
cell concentration and separation.® The system performs
quick, automatic molecular labelling analysis and includes
a fluid device to sort, isolate, and burst target cells from
samples. Target particles and cells in the suspension media can
be manipulated, differentiated, and separated'” (Fig. 11).'°%"°

Different designs are employed for DNA capture in the DEP
applications on DNA. In microfluidic systems, DEP can effec-
tively separate and capture individual DNA molecules.'® Die-
lectrophoretic capture is a viable technique for capturing
polarizable molecules within the system. DNA molecules can be
fixed in a stretched shape when exposed to a powerful, high-
frequency electric field."* In a microfluidic chip, the DNA
bridge establishes a connection between electrodes and can
rapidly capture stretched long DNA fragments. It can also
separate double-stranded A-DNA molecules by direct current
electrophoresis and capture them by alternating current die-
lectrophoresis (Fig. 12A).*** Due to the fact that dielectropho-
retic force is mostly dependent on DNA molecule length,
electrodeless DEP can also collect and concentrate single-
stranded and double-stranded DNA molecules. Dielectropho-
retic force at a particular capture voltage grows with the length
of DNA molecules and has a high dispersion.**® Through careful
selection of the electric field and parameters, one can selectively
capture a range of DNA molecules and delete another range of
DNA molecules. Compared to microelectrodes, insulator-based
DEP turns out to be a more cost-effective option for collecting
DNA.*%

Intrinsic mechanical and electrical property indicators are
useful cell-specific characteristics for drug screening, custom-
ized therapy, and disease diagnostics. Typical mechanical
characteristics encompass shear modulus, and steady-state
viscosity,"® among other things. These characteristics are
crucial in determining adhesion, migration, polarization, and
differentiation, among other cellular and subcellular

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Dielectrophoresis microfluidic chip design in three dimensions. (A) Electrodes on the side walls to provide a consistent electric field
directed towards the channel height. (i) Diagram of the suggested microfluidic device; (i) diagram of microparticle separation; (iii) diagram of
microparticle aggregation.*** (B) PDMS microdevice with 3D sidewall composite electrodes and a built microdevice separation mechanism.*** (C)

The 3D electrode design diagram.**¢ (D) Schematic of the design and principle for the microfluidic cell separation using continuous flow DEP.*4”

(E) Diagram of a microfluidic device that uses a focused flow to separate samples from consecutive non-uniformities in the field.*4®
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180° 90 o

. Particle experiencing positive DEP force

' Particle experiencing negative DEP force

Fig. 11 DEP structural design for biological applications. (A) Schematic of electrodes.**® (B) A chevron electrode configuration eliminating the
erratic electric field and unexpected DEP and twDEP behaviours of the cells.**® (C) Spiral electrode array intended to create an electric field phase
gradient in a three-phase travelling-wave DEP system.®
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Illustrations of DEP in biological contexts. (A) In microfluidic chips, alternating current DEP is used to collect double-stranded A-DNA

molecules between aluminum electrodes. (B) Working principle of employing DEP in a ramping electric field to isolate Hela cells.*** (C) Bacterial
cells trapped and accumulated for detection. When an electric field is generated, S. typhimurium is injected into a microfluidic channel and
trapped at the detection region by pDEP.*¢* (D) CTC enrichment technique principle. A DEP force is applied to the cells, and as a result of the non-
uniformity of the electric field is exposed on the bottom surface of each microwell in this design.*

processes,'® and they shed light on the health of cells and
disorders involving them. Cell manipulation involves the use of
various control strategies. Examples of mechanical techniques
are micropipette absorption tests”® and cell transport
analyzers."”* Electrical properties are widely used in addition to
mechanical ones to characterize the growth, viability, and traits
of various cell types. Electrical characteristics such as the
conductivity and dielectric constant of the membrane and
cytoplasm are intimately associated with the morphology and
molecular makeup of the cell."”> A range of techniques such as
electrical rotation methods, cell-matrix impedance sensing,'”
and impedance flow cytometry'”* can be used for measurement.
Numerous applications in biology and biotechnology from
basic cell-based screening to surface immunoassays for diag-
nostics are based on the manipulation of cells (Fig. 12B).***
DEP detects and separates cells using the electrical charac-
teristics of the cells indicated above. While every cell has
different dielectric characteristics based on factors such as
species, complexity, stage of the cell cycle, and fluctuations in
vitality."”® The skill of cell sorting lays the essential foundation
for further medical and diagnostic procedures. This distinct
dielectric property can be utilized by AC-DEP to detect and
isolate diseased or damaged cells, as well as to identify and
separate cells from other particles. One method for identifying
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circulating tumor cells (CTCS) is to use the physical differences
between tumor cells, such as size, charge, density, and expres-
sion of biomarkers, to finally lead to target cell separation
(Fig. 12D).** For example, the herringbone microfluidic system
developed by S. L. Stott et al.'’® uses antibody-biomarker
binding to harvest CTCs from blood. While this technique
works well for capturing CTCs in general, it is not able to
distinguish between CTCs with identical biomarker expression.
DEP is capable of addressing many of the previously mentioned
challenges."” Its specificity is notably high, as evidenced by the
distinct actions displayed by various cell types under a consis-
tent medium conductivity.'”® In DEP spectroscopy, Z. Caglayan
et al.'” proposed a method that uses the inherent dielectric
properties of suspended cells to separate CTCs from blood
without directly analysing the properties of the cell membrane
and cytoplasm, in contrast to conventional methods that rely on
theoretical assumptions and complex modelling.

DEP is a valuable cell enrichment method in addition to cell
isolation. DEP can enrich small groups of cells from cell
mixtures,"”® and identify stem cells and differentiated cell
populations.”® Controlling the size and frequency of the
applied field can enable fine control of pumping and manipu-
lation of cell-specific bioparticles by driving the interfacial
polarization of cells, colloids, and artificial microelectrode
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surfaces, resulting in the formation of bulk flow and particle
motion.*®* The frequency is different, and the layout of the cells
is also different. For example, when the frequency is lower than
the crossover frequency, the cells rearrange into chains and
move to the electrode edge.'® When the frequency is close to the
crossover frequency, the cells move individually to the collec-
tion area and aggregate along the electrode edge (Fig. 12C)."**
Dielectrophoretic force can be used to arrange cell arrays such
as negative dielectrophoretic traps can capture cells at the
minimum electric field.'®* With a variety of addressable DEP
traps integrated into microchannels a few millimetres long,
using nested electrode structures to bulk enrich live yeast cells
through DEP, the combination of microfluidic channels and
dielectrophoretic electrode structures allowed for the develop-
ment of more complicated cell processing.

Furthermore, DEP has been utilized in viruses in addition to
DNA and cells. DEP has been applied to lyse different viruses as
well as to isolate, define, assess, and react to physiological and
pathological changes. Due to the tiny size of the virus, surface
conductivity plays an essential part. As a result, when the
conductivity of the suspended medium increases in the range of
1-10 mS m ™%, the cross frequency also increases, which can
have an effect on DEP analysis."* Improvements are still needed
in the application of DEP to viruses. For example, there is a lack
of research on DEP at the individual virus level, while other
factors such as electrothermal influence or Brownian force have
a greater impact on viruses than larger particles.'®® Besides the
above-mentioned applications, DEP can be integrated with
other technologies to achieve more versatile applications. For
example, combined with light induction, optical-induced DEP
(ODEP) is another mechanism based on light-induced dielec-
trophoresis,'® which has also been proposed for extracting the
density and mass'® as well as electrical® and mechanical
properties'® of particles. Similar to DEP, this method also relies
on alternating non-uniform electric field to polarize and drive
particles. The difference between them is that ODEP can effec-
tively use optical projection images to generate virtual elec-
trodes, which means that this method can dynamically and
programmatically manipulate cells without any metal
electrodes.

Microfluidic chip can combine the multifunctional fluid
processing in the microfluidic device with precise engineering
tools in order to further promote the manipulation capability
for more systematic analysis and practical biomedical applica-
tions.” The advantage of DEP lies in the simplicity, reliability,
and affordability of the required device for its operation. Addi-
tionally, DEP offers electronic control and comprehensive
programmability.*®®

4. Advances of fluidic electric control
mode

Droplet microfluidic is a new technology for manipulating
small volumes of liquid on microfluidic chips, using discon-

tinuous fluid control systems. The droplet microfluidic system
uses two immiscible fluids to form droplets via shear force and
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interfacial tension at the microchannel interface. One of the
fluids acts as the continuous phase, forming monodisperse
droplets. W/O-type droplets and O/W-type droplets are the two
general categories into which droplets can be classified based
on the distinct water phase or oil phase of the dispersed phase.
The W/O-type droplets are classified as the dispersed phase of
water and the continuous phase of oil, while O/W-type droplets
are the opposite. The initial and crucial phase in conducting
droplet manipulation and application research is droplet
generation. Massive amounts of sophisticated biological and
chemical experiments can be conducted using droplets thanks
to precisely planned droplet processes such as droplet fusion,
droplet fission, droplet classification, and droplet mixing. Cell
carriers can also be employed via microspheres created by
microfluidic technology.

The two electrical driving techniques discussed herein,
namely electroosmotic flow (EOF) and electrowetting-on-
dielectric (EWOD), are widely used in droplet creation and
propulsion. Chatterjee, D. et al.*®* proposed that by applying
alternating or direct current potential to the electrode under the
dielectric, the droplets in contact with the dielectric surface will
move, merge and mix. They demonstrated the feasibility of
manipulating droplets, moving liquid by using only appropriate
voltage and frequency, which can be empirically predicted
based on its frequency-dependent complex dielectric constant.

Electroosmosis depends on the surface charge of the
electrode/electrolyte interface. Most materials acquire a fixed
surface charge when they contact liquids containing ions. The
surface charge attracts counterions from the solution and repels
co-ions from the surface to maintain local charge neutrality.
Therefore, excess charge accumulates near the electrode
surface, forming an electrical double layer (EDL). The interlayer
charge will move under the action of the external electric field,
at this time the solid is stationary, and the hetero charged ion
and its solvation layer on the surface will move directionally to
the electrode surface under the electric field. Due to the
viscosity of the fluid, the fluid around the ions moves, causing
the so-called electroosmosis (Fig. 13A).**° Electrowetting-on-
dielectric (EWOD) is an effective method of droplet manipula-
tion. It uses the electrostatic energy stored in the dielectric layer
between the droplet and the electrode to change the local
surface tension and droplet contact angle. The difference in
contact angle at the droplet edge generates a net capillary force
to drive the droplet (Fig. 13B).** Another method of propelling
the droplets, continuous electrowetting (CEW), which takes use
of the change in surface tension between liquid (liquid metal)
and liquid (dielectric), powers rotating liquid micro-motors and
micro-pumps. According to this theory, the drivable medium
must be limited by filling liquid (some electrolyte) containing
liquid metal. The system needs two liquids since it is based on
surface tension electric control of aqueous liquid droplet
movement. Different surface tensions are produced at the two
bending liquid surfaces as a result of the applied voltage, which
results in a pressure differential that drives movement. The
liquid-solid surface tension at the liquid-solid—-gas interface is
what drives electrowetting (EW) and EWOD (Fig. 13C).*> The
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(A) Diagram showing the typical electroosmosis process in a microchannel. The electric double layer, which is predominant in cations, is

subject to a tangential force from the electric field. The fluid travels as a result of this tangential force **° (B) Typical external voltage EWOD setup
to assess change in contact angle.** (C) Driving principle comparison diagrams connected to EWOD: (i) electrowetting (EW). (ii) Electrowetting-

on-dielectric (EWOD).*2 (iii) Continuous electrowetting (CEW).

liquid flows into and out of the channel as a result of variations
in this tension.

4.1 Electroosmotic flow (EOF)

From chip laboratory equipment for biological applications to
fluid flow manipulation of microfluidic chip logic compo-
nents, the use of microfluidic applications is becoming
increasingly prevalent. Electroosmotic flow (EOF)-driven
movement and focusing occur simultaneously, making it the
most ideal for reduction reactions when compared to the
chemistry and fluid dynamics because of its quick speed,
compatibility, and affordable instrument requirements. A
charged surface or porous solid medium submerged in an
electrolyte solution will flow at a set speed when an electric
field is provided to both ends of the surface or medium. This
phenomenon is known as electroosmotic flow. In microfluidic
chip injection methods, electric injection predominates,
wherein the sample is propelled into the separation channel
through electroosmotic flow induced by an applied electric
field (Fig. 14A).*>* The coulombic force that the electric field
exerts on the net moving charge in the solution is what causes
electroosmotic flow (Fig. 14)."** Because of the preferential
adsorption of certain ions from the solution or the dissociation
of surface groups, the solid surface in the solution frequently
carries a charge. Excess counterions that are equal in number
to the surface charge but opposite in sign must exist in the
liquid next to the charged surface for there to be electrical
neutrality. This is another electroosmotic flow principle
(Fig. 14C)." An electrical double layer is formed by the
charged surface and counterions. To determine the role of the
ion polarization layer, A. Alizadeh et al'’ discussed the
physicochemical phenomena caused by the double-layer
interaction when the characteristic length of the conductive

182 | RSC Adv, 2025, 15, 167-198

medium decreases from micrometre to nanometre. The rela-
tive size of the EDL and the intermediate domain channel
relative to the EDL thickness are both factors affecting the
transport phenomenon. Depending on the nature of the
applied electric field and device configuration, electroosmosis
can be classified as DC electroosmosis, time-periodic electro-
osmosis, AC electroosmosis®® and induced charge
electroosmosis.

Practical applications of EOF encompass the following. EOF
can be used to regulate fluid dynamic diffusion to achieve
continuous cell separation, and combining the stability of
pressure-driven flow and the adjustability of EOF, it can be
easily adjusted to suit different particle size ratios of separation.
The separation mechanism of particles depends on the
frequency and voltage of the applied electric field. Under high-
frequency conditions, particles are positioned in a way consis-
tent with DEP, under low-frequency conditions, positioning is
a strong coupling between gravity, the vertical component of
dielectric force and the Stokes resistance induced by alternating
current electroosmotic flow on the particles (Fig. 14D).*® This
low-frequency state of fluid flow is a useful tool for capturing
particles on the electrode surface using coplanar electrodes.*””
The coupling of alternating current electroosmosis and DEP can
achieve cell separation that cannot be achieved based on DEP
alone.” J. Wu et al.>** used alternating current electroosmotic
flow to bring bacteria to the capture area or stagnation area, to
achieve faster detection with impedance spectroscopy.

The drive and control of electroosmotic flow, though
advantageous, have some limitations. One of the disadvantages
of EOF is that its initial phase and sample injection are
unstable. For instance, several dynamic processes occur during
the first stage of EOF, such as the establishment of a tempera-
ture gradient in the electrolyte and matrix, the propagation of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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EOF pump.**3 (B) Schematic of the five-stage EOF pump.*** (C) Sorting of electroosmotic cells using direct current (DC). Solvated negative ions in
the counterionic layer along the positively charged microchannel floor migrate to the oppositely charged electrode after laser inspection and cell
identification. This causes the surrounding liquid to be drawn for cell transport to various outlets.*** (D) Proteins concentrated toward the anode
(low pH) end when the electromigration effect is stronger and near the cathode (high pH) end when the electroosmotic effect is more

prominent.t°®

the electric field, and the capacitive charging of the double
layer. In order to address this issue, G. Tang et al.>*** developed
a mathematical model that is three dimensional and described
how Joule heat affects the electroosmotic flow transport of
limited samples in microfluidic channels. They came to the
conclusion via a numerical simulation that Joule heat speeds up
sample transport and modifies the sample band shape, making
it lower in peak and wider. S. V. Puttaswamy et al.*** combined
negative DEP (nDEP) focusing and alternating current electro-
osmotic flow (AC EOF) technique to perform electric-driven cell
sorting, overcoming Faraday reaction, to achieve three different
functions of focusing, transporting cells to detection site and
reloading unsorted cells. The production of electroosmotic
flow, for instance, requires a high voltage power source, which
has issues with power consumption, safety, and space, making
it difficult to miniaturize the system. Research studies focus on
enhancing several facets of EOF technology, such as refining
low-cost fabrication methods, ensuring reliable device perfor-
mance, and enabling efficient droplet manipulation at lower
voltages. Similarly, the EOF technology can be further opti-
mized to allow parallel manipulations of even larger arrays of

© 2025 The Author(s). Published by the Royal Society of Chemistry

liquid droplets, thereby massively boosting its functionality in
biological sensing applications.

4.2 Electrowetting-on-dielectric (EWOD)

Adding a dielectric layer to the metal surface can apply a high
voltage, called electrowetting-on-dielectric (EWOD). Unlike
traditional electrowetting®™ and continuous electrowetting,?*
EWOD has been proven to not only switch droplets between
beading and wetting but also move droplets along the desired
path on the surface. Polarizable and conductive droplets are
initially stationary on the hydrophobic surface when a potential
is applied between the droplet and the insulating counter
electrode below the droplet. The droplet of conductive liquid
initially forms a contact angle with the solid hydrophobic
insulator (solid outline). Applying a voltage between the droplet
and the counter electrode below the insulator reduces the solid-
liquid interfacial energy, resulting in a decrease in the angle and
an improvement of the wetting of the droplet on the solid**®
(Fig. 15A).>°° The improvement of wetting is due to the reduc-
tion of the effective solid-liquid interfacial energy by the elec-
trostatic energy stored in the capacitor formed by the droplet-
insulator-electrode  system. Using solid insulators as
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imbalance that results from applying an electric field to only one side of a droplet leads to the bulk flow of the droplet.?%” (C) Envisioned digital
microfluidic circuit that can be utilized as a lab-on-a-chip or micro total analysis device, together with the four essential droplet activities
required: liquid droplets are created, transported, sliced, and merged using electrowetting techniques.?°® (D) Procedures for separating particles

within droplets using twDEP and EWOD.2%°

dielectrics, larger surface energies can be obtained at lower
electric fields, and the surface chemistry can be better
controlled. It is possible to switch droplets between beading
and wetting and also to move droplets along the desired path on
the surface (Fig. 15B).>”” Multiple droplets can be physically
moved by electrical signals, without any physical pumps or
valves, to achieve simple microfluidic devices.>*®

EWOD has been proven to provide complete droplet func-
tionality from droplet injection, delivery, merging, and mixing
to splitting (Fig. 15C).>*® Numerous microfluidic processes
including droplet transport, mixing, splitting, and distribu-
tion are made possible by chips based on EWOD. Two sets of
opposite planar electrodes are fabricated on glass, directly
controlling the surface tension, under certain conditions; the
repeatable transmission of droplets has been proven and this
speed is nearly 100 times higher than the electric method of
transmitting droplets on the solid surface.*® Mixing can be
done by making two droplets directly contact and allowing
them to merge.>*® Zhao et al.>*® suggested that there are now
two types of in-droplet separation and concentration. Particle
transport by twDEP and droplet splitting by EWOD are the
primary microfluidic operations (Fig. 15D). Two parallel plates
are sandwiched by a droplet containing mixed particles
(Fig. 15D(i)). Particles of type B (black) are transported and

184 | RSC Adv, 2025, 15, 167-198

concentrated on the right side under the twDEP produced by
the bottom electrodes, whereas particles of type A (white) are
transported on the left side (Fig. 15D(ii)). The droplet divides
into two daughter droplets under EWOD. With the twDEP
electrodes on the bottom plate grounded, the two electrodes
on the top plate are triggered (Fig. 15D(iii)). Consequently,
type A particles are concentrated in the left droplet while type
B particles are concentrated in the right daughter droplet
(Fig. 15D(iv)). To fully describe and predict the flow, other
influences must also be considered, including the viscous
resistance of the solvent, the flow resistance of the channel,
and the induced pressure caused by the difference in elec-
troosmotic mobility of different parts of the complex
channels.

Applications for EWOD in cell detection and microbiology
are varied. Applications for clinical chemistry involve the
detection of analytes, including metabolites, electrolytes, and
liver function indicators. Researchers V. Srinivasan et al.®**
showed that the electrowetting process of droplets does not
result in the loss of enzyme activity, and that it can measure
glucose in physiological fluids while also transferring human
whole blood, plasma, urine, and saliva droplets in a dependable
and repeatable way. Barbulovic-Nad, I. et al.**> compared the
vitality and growth of electrowetting-driven and non-driven
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cells, and found no significant difference, suggesting that the
effect of droplet driving on cell vitality, proliferation and protein
expression can be neglected. Single-cell analysis plays a crucial
role in comprehending cellular specificity. One category of
single-cell assays is label-free, allowing the measurement of cell
phenotypes or the isolation of cells based on these phenotypes
without altering them using markers such as dyes or anti-
bodies.”*® Microdroplets offer a well-defined and potentially
sterile environment for the controlled loading of individual
cells, contributing to the miniaturization of cell-based assays.?**
H. Hufnagel et al.*** have described an integrated cell culture
lab-on-a-chip for cultivating mammalian cells and delivering
them into microfluidic droplets. In a similar vein, Yu, Z. et al.**
devised an intelligent droplet microfluidic system capable of
selectively cracking and real-time sorting of single cells. The
system utilizes droplet microinjection and image recognition
technology for selective cracking and real-time sorting of indi-
vidual cells, automating the collection of cracked single-cell
droplet samples. It exhibits notable advantages in precision,
throughput, automation, and pollution-free operation. For
nucleic acid analysis process, first it needs to extract and purify
DNA or RNA from crude samples. S. Paul et al.>*” adopt droplet-
to-droplet (DTD) form of liquid-liquid extraction (LLE) method
for microfluidic DNA separation. Electrowetting microfluidic
can easily handle two-phase liquid systems, and ionic liquids
encapsulate DNA molecules by electrostatic interactions and
extract nucleic acids from impurities. The sample droplets and
extractant droplets are separated by a simple mixing. In addi-
tion to extraction, sometimes nucleic acids also need to be pre-
concentrated, especially for real samples, because the sample
volume is reduced, the detection limit of microfluidic devices
may be affected.”*® S. Kalsi et al.>* pre-concentrated bacterial
DNA in 1 mL urine sample to 2 uL droplet, thereby detecting the
antibiotic resistance gene of Klebsiella pneumoniae in the
sample.

Electrowetting on dielectric (EWOD) has distinctive advan-
tages. EWOD can be used to handle micro-scale aqueous
liquids, without any second liquid medium. This driving
method has many advantages, by electrically changing the
wetting of each electrode pattern on the surface, the liquids on
these electrodes can be shaped and driven along the active
electrodes, simplifying the fabrication and operation of micro-
fluidics.™ Controlling the surface tension for liquid handling
and driving has many advantages in micro-scale applications,
and as the liquid handling system becomes smaller, surface
tension has a dominant and effective role. Thermal drive
devices that leverage surface tension, including thermal capil-
lary,* micro-pumping of liquid,” and micro-optical
switches,”” are subject to several limitations. These limita-
tions encompass high power consumption, the necessity for
liquid heating, rapid evaporation, and a slower operational
speed. In contrast to thermal drives, EWOD-based micro drives
eliminate the need for liquid heating, offering enhanced speed
and reduced power consumption. Furthermore, the EWOD
drive technology extends the scope of influence on droplet
propulsion, encompassing factors such as gravity, equipment
configuration, material properties, temperature, tilt behaviours,
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compensation methods, energy consumption, response time,
physical limitations, and the operation of the autofocus
function.**

5. Advances of microfluidic-based
electrorotation (ROT) mode

Biological particles exhibit rotational motion, and the rotation
rate of a particle is influenced by the applied voltage and
frequency, as well as the distance of the particle from the centre
of the electrode. This unique feature offers an additional
method of manipulating particles, providing a subtle control
mechanism that can be investigated and used in combination
with other electrodynamic methods for increased adaptability
in microscale applications.”**

A typical ROT chip is made up of four metal-based electrodes
that are positioned in a mutually orthogonal layout, creating
a crisscross, using conventional micro-lithography techniques.
With a phase difference of /2, each of the four electrodes is
coupled to an AC bias potential. A rotating, non-uniform electric
field is produced by this arrangement, which torques the sus-
pended cells and causes ROT. ROT does not happen if there is
no phase difference voltage between the quadrupole elec-
trodes.” In his optimization research, Hughes**® claims that
compared to cone, ellipse, and polynomial electrode structures,
the polynomial electrode structure assures uniform torque
distribution by finding a workable equilibrium between
maximal rotational torque and maximum area. Four sinusoidal
signals applied in phase orthogonality to a three-dimensional
micromachined polynomial electrode cause rotating torque
on the cell.

Within the context of electrical rotation, a rotating electric
field has two purposes: first, it creates a dipole moment in the
particle; second, it imparts torque to the dipole moment. The
coordinated movement causes the particle to rotate, show-
casing the flexibility of electric fields in finely adjusting objects
at the microscopic level.”” The electric field is often composed
of two oscillating components with phase shifts: one oscillates
perpendicular to the direction of the static field, while the other
oscillates in the direction of the electrostatic field. Together,
these oscillating components produce a rotating electric field
that impacts each particle. Electrical rotation is a useful metric
when assessing membrane integrity, characterizing cells, and
assessing the vitality of cells. The efficient application of Micro-
Electro-Mechanical Systems (MEMS) and Micro Total Analysis
Systems requires a variety of control functions, such as fluid
mixing and non-contact object manipulation in microchannels.
Coupled electrical rotation (CER) offers an easy way to use
a consistent external RF electric field to control the rotation of

dielectric objects.>*®

5.1 Biological applications

Electrorotation emerges as a label-free analytical technique
capable of discerning the dielectric properties of cells and
effectively distinguishing between various cell lines.”” While
this technique exhibits relatively low parallelism, the dielectric
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properties of cells play a pivotal role in characterizing distinct
stages and types of cells. Electric field-induced particle rotation
serves as a robust technique for assessing the dielectric prop-
erties of cell membranes. This method offers the advantage of
non-invasive, in vitro study of individual cells. Beyond dielectric
property measurements, cell rotation can be employed to
investigate cell morphology. Its utility extends to applications
such as monitoring cell culture®® and differentiated cell
lines.”** Employing electrorotation provides valuable insights
into cellular behaviour and composition, offering a versatile
tool for diverse cellular analyses.

The majority of biological investigations involving cells are
carried out in batch trials with an emphasis on cell population
analysis. For many biological studies, average data are
frequently sufficient. Yet, although having the same outward
appearance, individual cells differ in terms of important
metabolite quantities and particular gene expression. These
intrinsic variances between individual cells can occasionally
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lead to false information in cell-based assay findings from
population analysis. Consequently, the examination of indi-
vidual cells is required for the early detection of mutations
within a population of cells.”** Single-cell manipulation is
important for many fields such as biology and medicine, and
includes basic movements such as rotation and displacement.
As many methods as there are for physically moving, arranging,
ensnaring, and joining biological cells, very few studies deal
with the regulation of single-cell rotation. While conventional
cell analysis provides average population results and some new
tools allow single-cell function understanding, they often face
limitations in terms of throughput or analysis accuracy. Elec-
trical rotation, although slower in processing, possesses unique
capabilities for single-cell characterization. In biological appli-
cations such as nuclear transfer,®® dielectric parameter
assessment,** cell imaging,*®* and injection,**® achieving rota-
tion is crucial yet difficult.
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(A) Effective electric field distribution on the device surface simulated by COMSOL.?*® (B) Using microtubules, a 3 mL cell solution was

added to the PDMS reservoir in the ER test setup.2*® (C) Working principle of the microfluidic chip. Optical and electrical stretch devices rotate and
stretch cells in particular directions.?*® (D) Principles of electrospinning and the light-trapping and light-stretching process.?** (E) Operating

principle of an ROT chip with 3D cells.?#?
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Electrorotation can be synergized with DEP to ascertain the
dielectric properties of a single cell. The rotation method
induces cell rotation, complemented by negative DEP forces to
ensure cells remain unaffected by flow.*®*” The underlying
principle involves polarizing the cell under an alternating
current field. This involves initially applying a dielectrophoretic
force to secure the single cell at the centre of a four-set electrode
structure, followed by the application of rotational torque to
induce electrical rotation of the cell. The differentiation of
various cell samples is achieved based on rotational speed.**®
The rotating effective electric field's direction at each instant is
depicted in the three-dimensional graphic (Fig. 16A). This
method offers high controllability, allowing adjustment of
electrical signal parameters to govern rotation speed and
direction. For instance, Trainito, C. et al.>** combined negative
dielectric power for sphere trapping with electric rotation tor-
que for measuring dielectric properties. Analysing the rotation
velocity curve with electric field frequency enabled the estima-
tion of dielectric parameters, proposing different models for
determining these properties. After a negative DEP force was
applied from the two electrodes, a single cell that had been
hydrodynamically trapped by a unit was released by backflow
and continued to remain in the spinning chamber (Fig. 16C).
According to Vaillier, C. et al.,*** human cells rotated by a fluid
vortex created by the interaction of DEP forces and Joule heat in
the absence of a revolving electric field. To tackle unstable cell
rotation, numerical simulations were conducted to analyse
electric fields under different signal configurations, cell self-
adaptation effects, and single-cell suspension. To create rota-
tional torque on the cell, a sinusoidal signal with an orthogonal
phase stimulates the polynomial electrode (Fig. 16B). In exper-
iments, spatial positioning and 3D rotation were achieved
through electrode signal configuration, facilitating full-angle
imaging of cells and subsequent contour reconstruction using
appropriate algorithms.**® The corresponding AC signals were
produced by the Z, ¥, and X axes of cell rotation (Fig. 16E).>** In
this process, dielectric electrophoresis captures individual cells,
allowing the estimation of their dielectric properties such as
cytoplasm and membrane permittivity through the application
of rotating electric fields.>*® Conventional DEP technology
typically requires at least three electrodes to generate a rotating
electric field for inducing cell rotation. L. Huang et al?"
proposed an innovative microfluidic chip, utilizing polarized
cells as additional electrodes for phase shift signals. This
approach allows the rotation of single cells using only two
planar electrodes, simplifying microdevice structures. S.-I. Han
et al.**® conducted measurements of cell dielectric properties by
combining a negative dielectrophoretic force with electric
rotational torque. The obtained dielectric properties enable the
discrimination of target cells from heterogeneous cell mixtures,
facilitating the identification of rare cells in peripheral blood
amid normal blood cells.

Electrorotation can be applied more effectively with three-
dimensional electrodes by means of dielectrophoretic forces.
Combining 3D electrodes with microfluidics establishes
a closed fluid system, enabling precise single-cell treatment
with controlled injection volumes.**® Electrical rotation can be

© 2025 The Author(s). Published by the Royal Society of Chemistry
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achieved using either planar electrodes or 3D electrodes, both
of which are easy to manufacture. However, the electric field
intensity generated by planar electrodes is non-uniform and
decays faster in the vertical direction. Since cell rotation speed
is influenced by the electric field intensity, this parameter varies
significantly at different spatial locations of the electric field
generated by planar electrodes.”* In contrast, the 3D electrode
configuration produces a more uniform electric field distribu-
tion in the vertical direction, resulting in a consistent and stable
cell rotation speed.”® According to DEP theory, an in-plane
rotating electric field is formed in a virtual rotating chamber
surrounded by electrodes by applying an AC signal with a 90°
phase shift to four vertical electrodes. Cells in this rotating
chamber exhibit in-plane rotation corresponding to the rotating
electric field. The rate of cell rotation is dependent on the cell
type, solution composition, and the electrical parameters of the
external electrical signal. A microfluidic chip, equipped with
two relative optical fibres and four three-dimensional elec-
trodes, is designed for the simultaneous measurement of
multiple physical parameters. This chip is capable of capturing
and stretching single cells using optical fibres, as well as
rotating single cells using the 3D electrodes. These four elec-
trodes serve as microchannel walls, creating two orthogonal
microchannels. The microchannel along the X-axis serves as the
primary channel for the flow of cell samples. The vertical
channel along the Y-axis functions as the fibre loading channel,
housing two Y-axis-aligned single-mode fibres for cell capture
and stretching.” Addressing challenges in single-cell 3D
rotating operation platforms, L. Huang et al.>** devised a top
capture section, leveraging the principle of minimum flow
resistance to automatically place individual cells in the rotation
chamber, enhancing stability. In addition to traditional metal-
based microelectrodes, photocoupled microfluidics using
digital programming and light activation can achieve cell
translation and spin behavior.>®* Electrorotation confines the
separated biological particles to a specific electrode structure,
so once the biological particles have been separated, electrical
rotation is best used as an identification/performance evalua-
tion technique rather than as a separation technique.

6. Design of electrically driven
microfluidic chips
6.1 Design of the structure

A microfluidic system is a fluid device that has channels that
range in diameter from a few hundred microns to approxi-
mately 100 nanometres. Tiny channels result in unexpected
features that open up a wide range of unconventional applica-
tions. For instance, multiplexing, automation, and high-
throughput screening can be accomplished by systems built
to handle such small amounts of fluids. The minuscule size of
the channels causes special behaviors in fluids that are contrary
to assumptions. The causes of this discrepancy include surface
tension, fluidic resistance, and energy loss. It takes specific
theories and technology to address these unique behaviors.
Leading the way in addressing these issues is the scientific

RSC Adv, 2025, 15, 167-198 | 187


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra05571c

Open Access Article. Published on 03 January 2025. Downloaded on 4/1/2026 3:12:18 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

discipline of microfluidics, which provides researchers with
practical methods for using and modifying fluids in tiny
spaces.**

The primary construction of the microfluidic chip consists of
two substrate layers (PMMA, PDMS, glass, etc.) with sample
inlets, detection windows, microchannels, and microstructures.
Complementary peripheral equipment includes peristaltic and
micro-injection pumps, temperature control systems, and UV,
fluorescence, electrochemical, and chromatographic detection
components. The integrated electrical equipment, which
manages temperature, automates control, takes and analyses
pictures, and drives and controls microfluidic flow, is an inte-
gral component of the microfluidic chip. Compact electrically
driven mechanisms and minimal power consumption are
required for microfluidic chips. Numerous researchers have
created various micropumps such as the micro-mechanical
pump,>* electrowetting,*** and electroosmosis,** to address
these issues. Pei Wen Yen et al.>®” constructed a microfluidic
pump device for circuit integration to address low power
consumption and easy integration with low-voltage drive
systems. Munyan®*® and associates have led the way in creating
novel electrically driven micropumps that are smoothly incor-
porated into microfluidic systems. These devices use only tiny
voltages (about 10 V) and take advantage of the accumulation of
electrolysis gasses to enable pressure-driven pumping. This
approach could provide simple, affordable, and readily inte-
grated microfluidic analytical components. Even though there
has been a lot of progress in creating microvalves that are
appropriate for biological applications, these devices are still
costly, large, and energy-intensive due to the off-chip compo-
nents that are frequently needed for their actuation. For
instance, air pressure sources and solenoid valves are required
for the actuation of pneumatic polydimethylsiloxane (PDMS)
valves, which are commonly found in integrated microfluidic
systems.”® This restriction prevents such valves from being
widely used in disposable, inexpensive, and portable micro-
fluidic devices.>*

In each method employed for inducing fluid motion, the
surface characteristics of the device can be harnessed to offer
supplementary control. For example, the channel and network
of channels can be patterned or modified in terms of their
geometrical, chemical, and mechanical characteristics. The
sample injection region, the electrophoresis separation
channel, and the method for detecting the migrating analytes
are the three fundamental components of the design of the
microfabricated electrophoresis system. A separation column
must be built for electrophoresis applications that are long
enough to give the appropriate sensitivity and resolution while
taking up just a little bit of space. The migration rate (migration
velocity) and diffusion coefficient (i.e., the band broadening rate
during electrophoretic migration) must be specified and the
separation channel must be folded into a compact geometry.
Another crucial step in the separation process is putting the
sample into the channel. When non-concentrated and non-
focused samples are injected, the region may diffuse and the
associated signals of the components may fall below the
detectable range, necessitating a longer separation distance to
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separate the components. Each component can be found within
a commensurately short separation distance by injecting
concentrated and targeted sample zones. Surface forces are
fundamental to electrokinetic pumping and particle manipu-
lation, and they become much more important in micro-
dimensions because of the elevated surface-to-volume ratio.
Increasing the contact area and contact time of the sample
streams is one method of improving the performance of elec-
trokinetic microfluidic mixers. Other methods include con-
structing irregular flow fields in the mixing channel or
implementing various possible schemes, the majority of which
entail vertical cross-channel geometry. To increase the contact
area in these kinds of devices, a number of microchannel
layouts have been proposed, including T-shaped, cross-shaped,
double-cross-shaped, and multi-T-shaped arrangements.”*
Where the voltage is switched after the analytes are electrically
carried through the separation channel. Volumetric flow,
diffusion-based, pressure-driven,*** nanocapillary array inter-
connect,” and fluid dynamics are examples of common
channel geometries.

6.2 Material selection and processing

Innovative materials for the production of microfluidic chips
are constantly being developed in tandem with the continual
development of micro total analysis systems. Inorganic,
organic, hybrid, and composite materials can all be used to
describe these materials. Quartz, silicon, and glass are a few
examples of inorganic materials used to create a microfluidic
chip.”®* An essential component of the semiconductor industry,
silicon dioxide was largely used in the early stages of microchip
creation. Because of its great purity, large inertia, and effective
heat dissipation, ecrystalline silicon is essential to the
manufacturing of microchips. Conventional techniques entail
photolithography using standard techniques, followed by wet
etching to form microchannels on silicon wafers.>®® Glass
microchips are widely used in chemical analysis because of
their remarkable optical characteristics. Moreover, a negative
charge is present on the glass surface, which promotes consis-
tent electroosmotic flow. The polymers are gas permeable and
have surfaces that are suitable for cell culture, in contrast to
glass, silicon, and other inorganic materials.>*®

Microfluidic systems possessing a wide range of unique
properties have been fabricated by means of the constant
development of new materials and creative ways to combine
and arrange already existing parts. X. Hou®® presents a thor-
ough analysis of the benefits and drawbacks of every kind of
material, highlighting significant instances of how each has
evolved in the creation of microfluidic devices and emphasizing
more recent applications. The covalent alteration of PMMA
channels to introduce an amine functionality has been reported
by Henry et al.*®®* When compared to unmodified channels, it is
discovered that the electroosmotic flow in aminated PMMA
microchannels is inverted. It is possible to derivatize the amine
group further to create several stable surface chemistries on
PMMA channels. Barker et al.>*® at NIST treated microchannels
by polyelectrolyte multilayer deposition, a non-specific coating
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technique. As long as the plastic material has a sizable surface
charge to promote electrostatic interactions between the poly-
electrolyte and the surface, this coating technique is adaptable
and stable for a range of plastic materials. The principal gains
offered by this technique are enhanced protein adsorption,
increased mass transport efficiency of immune reactants, and
consequent reduction in the equilibration time of the immu-
nochemical reactions.””® Specific application requirements
frequently serve as guidance for the selection and processing of
materials for microfluidic chips, taking stability, performance,
and cost into account. Future developments in this subject
could result in the synthesis of new materials and the design of
fabrication methods.

7. Conclusion and prospects

This review provides an overview of various electric driving
modes and their applications in microfluidic chips. Based on
solid particles, electrophoretic techniques drive charged parti-
cles, while dielectrophoretic techniques manipulate uncharged
particles, and both of them move in a plane. Electrical rotation
is primarily utilized for the three-dimensional movement of
cells. Depending on the distinct separation media, various
electrophoresis techniques such as Capillary electrophoresis,
gel electrophoresis, and FFE are appropriate for different bio-
logical particles. AC-DEP, DC-DEP, and twDEP are introduced
according to the types and gradients of the electric field. Based
on droplet driving, EOF and EWOD are applicable to different
scenarios. Moreover, it exhibited the distinctive design prin-
ciple of electric-driven microfluidic chips and future develop-
ment trends. Future advances will encompass developing high-
throughput systems for the detection of many biomarkers,
broadening applications across multiple fields***”* and
creating portable equipment ideal for urgent field inspection,
such as rapid point-of-care testing.>”*>’¢ Additionally, artificial
intelligence integrated with microfluidic chips improve the
precise control of droplet motion and dynamic assessment of
biomolecular interactions. In summary, microfluidic-based
particle manipulation techniques have broad application pros-
pects in disease diagnosis and biomedical engineering.
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