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ABSTRACT: Electroporation (EP) is a commonly used strategy to increase cell
permeability for intracellular cargo delivery or irreversible cell membrane disruption using
electric fields. In recent years, EP performance has been improved by shrinking electrodes
and device structures to the microscale. Integration with microfluidics has led to the design
of devices performing static EP, where cells are fixed in a defined region, or continuous EP,
where cells constantly pass through the device. Each device type performs superior to
conventional, macroscale EP devices while providing additional advantages in precision
manipulation (static EP) and increased throughput (continuous EP). Microscale EP is
gentle on cells and has enabled more sensitive assaying of cells with novel applications. In
this Review, we present the physical principles of microscale EP devices and examine design
trends in recent years. In addition, we discuss the use of reversible and irreversible EP in the
development of therapeutics and analysis of intracellular contents, among other noteworthy applications. This Review aims to inform
and encourage scientists and engineers to expand the use of efficient and versatile microscale EP technologies.
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1. INTRODUCTION

Electroporation (EP), or electropermeabilization, is a powerful
technique to increase cell membrane permeability via the
application of electric fields. EP temporarily or permanently
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impairs cell membrane integrity depending on electric field
conditions and is applicable to both prokaryotic and eukaryotic
cells. The phenomenon of biomembrane poration with an
electric field was first observed in 19721 and was applied
toward the delivery of plasmid DNA into mouse lyoma cells in
1982.2 Since then, EP has been used for intracellular delivery
of genetic materials and drugs, disinfection and extraction of
biomolecules,3 and cell−cell/vesicle fusion.4−6

Intracellular delivery enables modifications of cellular
function for cell-based therapy such as adoptive immuno-
therapies, cell reprogramming,6−9 biomanufacturing,3 biomass
and food processing,10−12 and biofuel production.13 A plethora
of intracellular delivery methods exist and are categorized as
carrier-mediated and membrane-disruption-mediated meth-
ods.14,15 Carriers include viral vectors,16 liposomes, and
dendrimers,17 whereas membrane disruption methods are
considered to be chemical (detergents18), mechanical (particle
bombardment,19 scrape loading,20 bead loading,21 and syringe
loading22), or field-assisted (sonoporation,23 optoporation,24

and magnetoporation25). While various strategies exist to
achieve these purposes, there are associated challenges with
cargo size capacity, cargo preparation complexity, and toxicity
associated with high doses or viral genome integration.26−28 In
comparison, EP is a physical cell membrane disruption method
that is not limited to specific cell−cargo interactions or cell
cycle stage29,30 and can be readily repurposed for different cell
types or molecules in a scalable manner. EP is widely used to
transport DNA, RNA, proteins, and other biomolecules into
individual cells. EP is also a key tool for biomedical research to
introduce different stimuli and observe cell response.
Conventional batch EP systems commonly require a

millimeter-sized cuvette lined with two parallel electrodes.31

Cell suspensions are mixed with cargo molecules in an EP
buffer for intracellular delivery, and high electric fields are
applied for permeabilization. The working principle is simple
and robust, and several systems are commercially available
from companies such as Biorad and Eppendorf. However, bulk
EP requires high voltages (>1 kV) to achieve sufficiently strong
conditions for cell permeabilization.32 Such high voltages are
required because the electric field intensity, E, is related to the
gradient of the electric potential, V.

= −∇E V (1)

There are challenges associated with cuvette EP. Since the
parallel plate electrodes in macroscale cuvettes are spaced
millimeters apart, high operational voltages are inevitable.
These high voltages not only are associated with safety hazards
but also trigger and exacerbate electrolysis, which decreases cell
viability. Electrolysis generates gas bubbles and hydroxyl and
hydrogen ions near the electrodes, all of which are toxic to
cells. Additionally, high current increases Joule heating, caused
by the passage of an electrical current through the solution,
which harmfully increases cell suspension temperature and
reduces cell viability.33 Aluminum electrodes, commonly used
in commercial cuvette EP, degrade and release toxic metal ions
into the buffer at higher voltages, further decreasing cell
viability.34 Furthermore, interactions between randomly
distributed cells in the cuvette generate nonuniform electric
fields, which diminishes EP performance.35 Overall, cuvette EP
has shown inconsistent EP efficiency and is ineffective in
transfecting hard-to-transfect primary cells,36 such as T
cells.14,37

EP technology development has shifted toward the micro-
scale and integration with microfluidic devices. Microscale EP
devices consist of a microfluidic channel that enables small
volumes of fluid to be exposed to precisely controlled electric
fields that are generated by embedded external wires or
micro-/nanopatterned electrodes. External wires simplify the
fabrication process while leveraging the benefits provided by
microscale fluidic device features. Alternatively, fully integrated
microelectrodes provide better localization and precise control
of electric fields while operating at lower voltages. This shift
away from cuvettes offers several benefits, including improved
EP uniformity, safety, and control. Microfluidic cell EP was
first demonstrated in 1999 by Huang and Rubinsky, where
mammalian cells were electroporated with different pulse
conditions and amplitudes.38 Since then, many examples of
microscale reversible32,36,39−45 and irreversible46−49 cell EP
have emerged and enabled cellular investigations with better
resolution than conventional methods.
Microscale EP devices, with electrode gaps or features on the

order of micrometers apart, require lower voltages to achieve
electric field strengths identical to those in cuvette EP. Low

Figure 1. Overview of the microscale EP device types alongside clinical and research applications presented in this Review.
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voltages mean reduced power consumption and minimal
electrolysis, so cells are less likely to be nonspecifically harmed.
Additionally, as devices are on the same length scale as cells
targeted for manipulation, cells are more controllably
positioned within the device with the possibility for single-
cell EP, which is particularly useful in studying individual cell
behaviors. Small sample volumes (micro- to attoliter) can be
processed with high precision, so microscale EP is suitable to
handle rare and fragile samples with minimal reagent use.
Moreover, large quantities of cells can be electroporated with
less batch-to-batch variation, and reduced human error using a
continuous and automated system. There are excellent reviews
about microfluidic devices for EP32,36,39,40,42−44,50−52 and their
clinical applications.8,41

In this comprehensive Review, we discuss advances in
different microscale EP systems to electrically permeabilize the
plasma membrane. We explain not only reversible EP to deliver
external cargo into cells but also cell lysis and electrofusion, as
the underlying physical mechanism and technological concepts
are related for these EP purposes. We begin with an overview
of governing principles that enable EP on a cellular level. We
then classify and explain trends in recent microscale EP
systems based on whether they operate in static or continuous
modalities. Static systems maintain cell position during electric
field treatment, whereas continuous systems involve a constant
flow-through of cell suspensions. This discussion is followed by
a summary of how microfluidic EP technologies have been
applied in clinical and research settings to develop and deliver
therapeutics, analyze cellular contents, and inactivate and fuse
cells (Figure 1). We conclude with an outline of future
directions for this multidisciplinary field.

2. MECHANISM OF ELECTROPORATION

Cell EP is the controlled application of an external electric field
to a cell membrane to increase its permeability. In this section,
we discuss the mechanism by which applied electric fields
generate pores in cell membranes and mention critical
equations and parameters that influence EP performance.

2.1. Electroporation at the Cellular Level

The cell membrane separates intracellular contents from the
external microenvironment and mediates selective material
exchange.53 The barrier is formed by a lipid bilayer with
membrane proteins with a range of functions, including highly
defined transport of peptides, amino acids, and sugars across
the barrier, even actively against concentration gradients.54

The entry of hydrophilic, membrane impermeable cargos
including dyes, DNA, and proteins that do not have a
dedicated transporteris restricted. External stimuli are
needed to reprogram cells or extract cytosolic contents for
additional analysis.
EP techniques apply an electric field to override natural cell

behavior and allow for the indiscriminate passage of molecules.
Without external disturbance, thermal fluctuations cause lateral
movement of amphiphilic lipids in the membrane and
randomly generate transient hydrophobic pores that are
insufficient for hydrophilic molecule transit.55−57 Electric fields
elicit the generation of larger hydrophilic pores, which permits
free travel of biomolecules across the membrane.39,55,57,58 The
mathematical representation of the transmembrane potential
(TMP) relates to changes in free energy of the cell membrane
caused by pore formation. The free energy change is affected
by the hydrophilic and hydrophobic surface tension, pore edge

tension, hydrophobic interactions, and applied electric fields.58

In particular, the hydrophilicity of a pore is determined by its
size, as a radius larger than ∼0.5 nm signifies the transition
from a hydrophobic to hydrophilic pore. Pores with radii or at
least ∼0.8 nm reach an energy minimum, in which pores are
stable even after the removal of the electric field. At a wider
radius, the membrane is irreversibly porated past a second
energy maximum. The threshold energy maxima are adjusted
based on the TMP58 (Figure 2).

The electrically induced TMP (ΔΦ) under a uniform
electric field is calculated with the Laplace equation and
expressed as the Schwan equation (eq 2; Figure 3).56,59−61

θΔΦ = − − τ−E M t f grE M( , , ) cos( ( ))(1 e )t
s

/
(2)

Here, fs is a factor determined by cell shape, g is controlled
by the electric permeability of the membrane, r is the target cell
radius, θ(M) is the polar angle of the point M on the cell
membrane, measured from the center of a cell with respect to
the electric field direction, t is the time since initial electric field
application, and τ is a time constant.62 The TMP is highest at
θ(M) = 0° and 180°, or directly facing the electrode, and
lowest at the point of θ(M) = 90° and 270°. Thus, poration
most likely starts at the poles of the cell facing electrodes
(Figure 3). Several assumptions are commonly made to
simplify this relationship. The cell is typically modeled as a
sphere, so fs = 1.5. Additionally, the cell membrane acts as a
dielectric material because its conductivity is much lower than
both the extracellular medium58 and cytoplasm.63−65 Thus, the
membrane is assumed to be a pure dielectric, and g = 1. Finally,
in most scenarios, the charging time is much shorter than the
pulse duration, so the Euler’s number term is often
disregarded. Thus, the Schwan equation can be simplified
(eq 3).

θΔΦ = −E M rE M( , ) 1.5 cos( ( )) (3)

Some EP devices operate using alternating current (AC),
which switches polarity at a given frequency. To account for
such differences, the Schwan equation is adapted (eq 4) to
reflect the frequency term, f.66,67

Figure 2. Relationship between the free energy change of a pore
(ΔW) and pore radius (r) with (ΔΦm > 0) and without (ΔΦm = 0)
an external change in TMP. The free energy change needed for pore
formation (ΔWf) decreases and pore resealing (ΔWres) increases
under an external field, which suggests that external electric fields
favor stable pore formation. r* is the critical radius for the
hydrophobic to hydrophilic pore transition, and rIRE is the pore
radius triggering irreversible EP. Reproduced with permission from ref
30. Copyright 2015 Springer Nature.
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θ
π τ

ΔΦ = −
+

E M
rE M

f
( , )

1.5 cos( ( ))
(1 (2 ) )2 1/2

(4)

In this instance, τ ρ= + ρrC ( )m env 2cyt , where Cm is the
membrane capacitance, and ρ is the resistivity of the cellular
environment and cytoplasm.

Figure 3. Schematic of a cell placed under uniform electric field E between two planar electrodes (left). θ(M) is a critical parameter for electric field
strength. The TMP is the highest at the poles of the cell, and the permeabilized cell membrane appears as a dashed line. Chinese hamster ovary
(CHO) cells were incubated with a fluorescently labeled, 4.7 kilobase pair (kbp) plasmid and electroporated with pulses in different polarities to
demonstrate the directionality of nucleic acid delivery (right). Pulses were applied either in a single direction (A, B), in opposing directions (C, D),
or in a cross pattern (E, F). Light contrast images before EP (A, C, E) and fluorescence images 30 s after EP (B, D, F) are shown. Black arrows
indicate the electric field direction. Reproduced with permission from ref 68. Copyright 2004 Elsevier.

Figure 4. Pore creation and annihilation steps visualized with MD simulations. Only water molecules (red) and phosphorus atoms (gold) are
shown for simplicity. When sufficient TMP is applied across the membrane, water molecules move through defects in the lipid bilayer, and lipid
head groups are reorganized until mature pore formation (top). When the external electric field is removed, water molecules and lipid head groups
migrate to the outside of the membrane, and pore size decreases (bottom). The lipid head groups revert to form a lipid bilayer as water molecules
in the membrane escape. Reproduced with permission from ref 75. Copyright 2010 Springer Nature.
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The external electric field increases the TMP and decreases
the requisite energy for stochastic membrane poration. A cell
normally maintains a resting TMP between −20 and −200
mV,69 which is insufficient for hydrophilic pore formation. The
probability of pore formation increases under a higher external
electric field intensity, as the first free energy maximum
decreases (Figure 2).58,70 Sufficient cell permeabilization is
achieved at a TMP between 0.2 and 1 V.70,71 The threshold
value does not represent a binary change between the intact
and porated status but rather the point at which EP is
experimentally detectable, often gauged by visualizing dye
molecule uptake or measuring impedance change.58 Fluo-
rescence detection of EP events is more accessible to research
facilities with basic fluorescence microscopes, but impedance
recordings provide more information and context about the
status of cell EP. The permeabilized surface membrane area is
dictated by the applied voltage amplitude.72

Cell permeability decreases within milliseconds after
completion of the electric pulse.73,74 Membrane impermeable
biomolecules continue to traverse the barrier while the cell
begins to heal, and pores are sealed over the course of seconds
to minutes.14,58 The cell membrane will eventually fully seal,
but it takes several more hours to regain homeostatic
cytoplasmic composition. The exception to cellular recovery
occurs in high TMP conditions or excessively long electric field
durations, which form bigger pores. While widening pores
improves cargo permeability, at a certain size, the pores are
overly large, and the cell is unable to recover, leading to
irreversible EP.57

It is notoriously difficult to experimentally determine on the
molecular level how nanopores are generated on the cell
membrane because they are too small for optical detection and
too fragile for electron microscopy.58 Molecular dynamics
(MD) simulations can provide insights about the molecular
mechanism of pore formation and membrane resealing. EP has
been simulated with a lipid bilayer model with hundreds to
thousands of lipid molecules, as permitted with existing
computational capabilities. Pore formation begins when a
high TMP is applied to a lipid bilayer (Figure 4).75 Water
molecules move through defects in the lipid bilayer, and
phospholipid head groups reorganize until a mature hydro-
philic pore is generated. As soon as the electric field is
removed, the pore annihilation sequence occurs as water
molecules and phospholipid head groups move to the outer
layer of lipid membrane, and the pore shrinks. Pore
annihilation is complete when lipid head groups are separated
into two separate layers, and water molecules have been
pushed out of the bilayer. Pore creation time decreases
exponentially with respect to TMP, but the pore annihilation
time is tens to hundreds of nanoseconds and is independent of
the applied voltage.75 Pore creation and annihilation time are
also dependent on the composition of lipids and ions.76

Incorporation of anionic phospholipids or Ca2+ ions to the
zwitterionic bilayer increases and decreases the pore creation
and annihilation times, respectively, because they change the
area per lipid and surface tension of the lipid bilayer. MD
simulations of membrane resealing time are 9 orders of
magnitude shorter than experimental observations. Kotnik et
al. explained this discrepancy with other mechanisms not
represented in simulations, such as lipid peroxidation and the
interaction of electric field to membrane proteins and
cytoskeletons during EP.58

2.2. Performance Affecting Factors

Beyond device design, EP systems must apply optimized
experimental variables to achieve the best performance.
Understanding the biological characteristics of the experiment,
such as cell and cargo types, provides insight for a general
range of desirable electric field conditions. Additional tuning of
electrical pulse parameters around this target is requisite to
improve EP effectiveness.

2.2.1. Experimental Components. An important first
step in designing an EP device is understanding the general
experimental protocols. EP parameters have to be exper-
imentally optimized for each cell, cargo, and EP system. As a
starting point, the target cell type influences the required
electrical pulse because different cell types have intrinsic
membrane characteristics that affect the electrical conditions
necessary to achieve EP. The Schwan equation (eq 3) shows
how cell size and electric field intensity are inversely related to
reach a target TMP. Larger cells require lower electric field
strengths than small cells to achieve EP. Thus, >10 μm
mammalian cells require approximately 10× lower electric field
strengths than ∼1 μm bacteria to achieve EP. Experiments
show that this correlation holds true, although not on a linear
scale.77 The induced TMP is also affected by cell shape and
interactions with adjacent cells.71 Immortalized cell lines are
typically used when establishing and gauging its performance
of an EP system because they are easy to handle and
electroporate efficiently. Primary and stem cells are more
difficult to electroporate, a tendency that has also been
observed with other permeabilization techniques.14 Never-
theless, EP has demonstrated improved transfection efficiency
for lymphocytes,78 dendritic cells,79 and hematopoietic cells80

compared to other transfection methods.14

Conversely, delivered cargo characteristics, including size,
shape, and charge, affect intracellular delivery efficiency.81

Small, neutral molecules enter the cell via diffusion when
membrane pores are open.30,82 Charged molecules, such as
propidium iodide (PI) and nucleic acid, are transported with
additional electrophoretic forces into the cell.30,83,84 During
nucleic acid delivery, cellular uptake is biased toward the
cathode-facing side of the cell because negatively charged
molecules move from the cathode to anode (Figure 3).85

Electrophoresis is more dominant than diffusion in driving
nucleic acid movement. Smaller nucleic acid strands readily
enter cell pores, whereas large DNA plasmids require a
multistep mechanism to enter the cell.61,86 The electric field
also causes large charged DNA to aggregate outside the
cathode-facing membrane. Later, plasmids are transferred into
the cytoplasm using endocytosis and are trafficked by
endosomes within several hours.87 Nucleic acid delivery into
the nucleus is more challenging because it relies on additional
biological processes such as endosomal escape, intracellular
migration, and passage through the nuclear membrane. The
mechanism for plasmid trafficking through the nuclear
membrane for transfection is still under study.14,61 Large
molecules, such as antibodies or dextran, rely on diffusion
because they are neutral or weakly charged.72 The size
distribution for larger nanoparticles (>10 nm) affects the
delivery efficiency and dispersion within each cell during EP.88

The choice of EP buffers affects EP efficiency and cell
viability during electrical treatment. A range of commercial and
custom buffers vary in conductivity and osmolarity.89,90 Buffer
composition is designed to mitigate pH changes during EP.
Some additives, such as Mg2+, ATP, glucose, and antioxidants,
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are included to mimic native cellular microenvironments and
have led to improved EP efficiency.14 Usage of hypoosmolar
buffers that swell the cell has also demonstrated better EP
performance.91 Buffers with low conductivity increased cell
viability without altering reversible EP efficiency because the
low current reduced the harmful Joule heating.92−94 High
conductivity buffer performance is limited by pulse generator
hardware, which may not be able to handle high currents to
matched the desired energy input.95

2.2.2. Electric Pulse Parameters. Adjusting the applied
electric pulse alongside experimental components greatly
improves device effectiveness. EP performance is directly
affected by electric pulse parameters, such as waveform
shape.14,58 Exponential decay waves were used widely in
early conventional EP systems, where an initial peak voltage is
applied, and the electric field decays based on electrical
component properties.96 DC square waves are commonly used
for cell EP, and Jordan et al. reported better transfection rates
for hard-to-transfect cells using square compared to
exponential decay waveforms.97 Nevertheless, there is no
consensus regarding the best universal electrical conditions for
EP. Selected studies have opted for a more gentle bilevel signal
with a short, strong pulse followed by a longer, weaker
pulse.98,99 The high initial pulse forms pores rapidly at a
sufficiently high TMP. Later, the lower, sustained pulse
prevents premature pore closure and facilitates electrophoretic
movement of biomolecules without the toxicities relevant in
more extreme conditions.
Electric field polarity has significant implications for

reducing cellular toxicity because the membrane permeabiliza-
tion and delivery depend on the polarity of electrodes. In
addition, the polarity affects the direction of electrophoretic
movement of charged molecules. EP typically requires voltages
that are sufficiently high and/or pulses that are adequately long
to induce harmful electrolysis.40 Brief DC voltages reduce the
formation of toxic electrolysis byproducts that compromise cell
viability. Alternatively, bipolar square pulses with time-
averaged current of zero have been shown to be more effective
for EP because both cell poles are permeabilized, and
electrolysis is minimized.40,81 Switching the polarity causes
the byproducts of redox reactions to neutralize one another
and to limit pH changes. More commonly, EP systems use an
AC voltage source to mitigate these effects.100 AC voltage
pulses are effective in the delivery of charged DNA into both
ends of the cell membrane facing electrodes for more efficient
transport.101

Pulse length may also induce different cell membrane and
organelle behaviors after exposure to electric fields. Most EP
implementations use microsecond pulses, which are sufficiently
long to charge the membrane.58,73 The membrane acts as a
capacitor that causes plateaus and decay of electric fields
exponentially at the completion of the pulse. Pulse durations
must be limited to prevent excessive pore expansion for
reversible EP. In contrast, if the pulse is only nanoseconds
long, then the cell membrane does not adequately charge and
will not experience maximum TMP.102 Under such conditions,
organelles, with their own cell membranes, may experience
sufficiently high TMPs for EP if their contents are more
conductive than the cellular cytoplasm.102,103 Nanosecond
pulses have been used for proof-of-concept gene delivery into
the nucleus.104 The mitochondrion also has a higher resting
TMP than the cell membrane, which may cause an additive
effect and can reach the threshold more easily for organelle

poration. Organelle membranes have been selectively per-
meabilized using high electric fields (MV/m).105−107

3. TECHNOLOGICAL IMPROVEMENTS
Microfluidic EP systems that exploit physics at the microscale
have been developed to improve device performance, reduce
variation in conditions exerted between cells, and improve
ease-of-use. The transition from macro- to microscale
separation of parallel planar electrodes decreases the requisite
voltage to achieve the target electric field strength and TMP
for permeabilization (eq 1). Interdigitated electrodes further
decrease the separation distance with a higher electric field
strength closer to the patterned features. Alternatively, wire
electrodes may be placed on the fluidic inlet and outlet, and
the solution in the microchannel acts as a conductor because
biological solutions are inherently conductive. According to
Ohm’s law, the electric field is defined as

σ σ
= =E

J I
A (5)

where J represents current density, σ represents conductivity, I
represents current, and A represents cross-sectional area.
Compared to a macroscale channel, microchannels have
smaller cross-sectional areas, so the electric field within the
microchannel is higher. Novel designs in electrode or
microchannel geometry may further reduce required voltages,
improve the uniformity of applied conditions, or limit cellular
damage during EP.
EP system performance is commonly evaluated by the

delivery/lysis efficiency, cell viability, and throughput. EP
efficiency is defined as the fraction of cells with successful
molecular delivery or lysis relative to the number of cells
introduced into the system. For reversible EP, cell viability is
widely represented by how many cells are alive post-EP. Like
other delivery methods, there is a trade-off, as a higher electric
field contributes to improved EP efficiency at the cost of
decreased cell viability.41,108 In this section, we classify recent
technological innovations based on whether the devices
operate as static or continuous systems and broadly discuss
trends in device features. Finally, we discuss additional
advances that are universally applicable to EP systems or
improve the experimental workflow.
3.1. Static Electroporation

Static EP systems confine target cells in a defined region during
the application of electric fields. Innovative static EP devices
integrate small micro-/nanoscale electrodes or structures in the
channel to locally enhance the electric field. These design
choices are integrated with on-chip cell positioning strategies
to form tight interfaces between cells and micro-/nanoscale
features to best leverage their effects. Compared to batch EP in
which cells experience uneven conditions and must be
processed and analyzed in bulk, static EP systems enable
individual cell monitoring during and after EP, which is
especially useful in biomedical research settings. The earliest
microfluidic EP devices were static systems capable of real-time
observation of cells.38,109−112 Static systems uniquely provide
deterministic cell positioning to localized electric fields. Thus,
devices generally exert even electric field conditions across
several cells for better consistency. Static systems are relatively
throughput-limited because the maximum number of cells
processed is restricted by the size of the device. Nevertheless,
up to 105 cells have been electroporated in a single experiment
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by scaling up unique features.113,114 Below, we discuss how
static EP devices incorporate geometrical changes and
integrate other microfluidic elements to improve overall EP
performance.
3.1.1. Localization of Enhanced Electric Field. Recent

innovations in static microscale EP design leverage highly
replicable control of cell positioning to generate localized
electric fields. Static EP devices generally exert consistent
electric field conditions across all cells within the system.
Electric fields are highly concentrated in a defined region for
more selective EP of a portion of the cell. Since cell
permeabilization focuses on small regions of the membrane,
the cell generally experiences fewer stresses, and viability is
improved. Localized EP demonstrates an ideal balance
between minimizing cellular stressors and maximizing
throughput relative to chemical, viral, and bulk EP cargo
delivery.115 Adhering to eq 1, localized EP has been achieved
by reducing the counter electrode gap to as narrow as 70−500
nm.116−120 The electric field is highly concentrated at the cell
membrane regions directly above the electrode nanogap. A
range of additional modifications to electrode or device

geometries have been implemented to achieve localized
electric field amplification.

3.1.1.1. Subcellular Channels. Recent improvements in
micro-/nanofabrication methods have enabled the creation of
small features with high precision. Subcellular channels, with
constrictions that are smaller than the diameter of target cells,
have been fabricated for localized and scalable EP (Figure
5A,B). Each subcellular channel is flanked by larger micro-
channels reserved for cell suspensions and biomolecules.
Electrodes positioned in both microchannels are activated to
trigger localized, static EP. In accordance with eq 5, the highest
electric field strength is generated at the subcellular channel,
and the intensity rapidly wanes further from the ends of the
channel. Thus, cells must be positioned close to the subcellular
channel to experience the enhanced electric field, surpass the
threshold TMP, and permeabilize. For intracellular delivery,
biomolecules loaded in the opposing microchannel are swept
up through the subcellular channel into the cell. Conversely,
intracellular biomolecules may diffuse out of the cell through
the same passage. Different iterations of subcellular channels
have been devised for efficient static EP.

Figure 5. Examples of subcellular channels implemented for static EP. (A) Schematic illustration of nanochannel (left) and nanostraw (right) EP
systems with cells above the nanostructured membrane and biomolecular cargo below. Cells are plated on the nanochannel structures or
nanostraws. Cargo is delivered through the nanostructure during EP. (B) Simulated 2D slice of electrical field lines and potential distribution at the
cell−nanochannel interface with an applied voltage of 100 V. Reproduced with permission from ref 148. Copyright 2015 Royal Society of
Chemistry. (C) Single-cell EP with NEP fabricated using the DNA combing technique.140 A Jurkat cell is placed at the tip of a ∼90 nm wide
nanochannel using optical tweezers (left). Increasing the pulse length increases the fluorescence and quantity of fluorescently tagged
oligonucleotides that are delivered into the cell (right). Reproduced with permission from ref 140. Copyright 2011 Springer Nature. (D) SEM
image of CHO cells cultured on nanostraw covered surface for 24 h. Reproduced with permission from ref 152. Copyright 2013 American
Chemical Society. (E) Schematic of NFP when the tip is in contact with the cell membrane. Contact is made by a micromanipulator, and an electric
pulse is applied to deliver the cargo. Adapted with permission from ref 161. Copyright 2013 American Chemical Society.
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The earliest demonstration of a subcellular channel for EP
was reported by Rubinsky and colleagues, who immobilized a
cell on a micropore on a silicon nitride membrane.38,109,121,122

Single-cell EP was observed by electrical and optical methods
in real time with 100% EP efficiency after parameter
optimization. Later, Kapton films with a UV-patterned
micro-orifice array123 and lateral trapping channels111,124,125

were used to trap and electroporate multiple cells in a single
experiment. Khine et al. used polydimethylsiloxane (PDMS)
channels with a height only a fraction of the diameter of HeLa
cells for trapping for parallelized activity.111,124 These channels
were easy to fabricate, and an array of trapped cells could be
monitored simultaneously during EP to optimize conditions.
With this strategy, not only did localized EP occur at a low
voltage through the trapping channel, but also, anionic
molecules were delivered through the channel more efficiently
via electrophoresis.126

After these fundamental works, there was a desire for device
fabrication that was less specialized and amenable to higher-
throughput processing, as conventional complicated nano-
fabrication steps were prohibitive to broader adoption of
subcellular channel devices. For example, Lu and colleagues
filled straight microchannels with nonconductive silica
microbeads to trap Escherichia coli and hard-to-lyse mycobac-
teria for cell lysis.127,128 The narrow gaps between the beads
achieved the same effect in locally increasing the electric field
intensity 3× compared to open channels. Commercially
available poly(ethylene terephthalate) (PET), alumina porous,
or polycarbonate (PC) membranes with randomly distributed
micro-/nanopores have been modified to achieve similar
localized EP effects. Works by Fei et al.129−131 and Ishibashi
et al.132 demonstrated the integration of porous membranes
into EP devices to enhance the electric field applied on
immobilized cells on the membrane surface. A second
negatively charged porous membrane was placed above the
cell layer to confine DNA to areas close to the cells.129−132 The
charged membrane restricted gene diffusion away from the
cells during EP, causing increased local DNA concentration
and transfection efficiency. Kang et al. developed a localized EP
device (LEPD) using a PC porous membrane coated with
poly-D-lysine for adherent cell EP.133 The process was gentle
enough to culture and transfect fragile differentiated neuronal
stem cells on the integrated microfluidic platform. Mukherjee
et al. found that cells in hypoosmolar buffers in the LEPD had
higher membrane tension, which caused wider, more stable cell
membrane pore formation and more uniform transport of large
cargos.134 Cao et al. designed an affordable nanopore EP
device using a water filter PC membrane with 100 nm pores to
deliver macromolecules into both adherent and centrifuged
suspended cells.135 Only 0.05% of the cell membrane was in
contact with the nanopores, so most the cell membrane
maintained its integrity with an applied voltage. Islam et al.
used a multilayered device divided by a PC membrane to
collect E. coli for lysis.136 The bacterial suspension was loaded
above the membrane, and 0.5 μm cells were electrophoretically
driven to plug 0.4 μm pores prior to EP at elevated electrical
conditions. Additional photolithographic membrane patterning
helps to spatially organize cells and apply more uniform
conditions. Microwells have been patterned on top of the
membrane to organize a subset of adherent cells for efficient
optical observation.131,132,137,138 Small, 20 μm microwells have
been fabricated to compartmentalize single cells for character-
ization of thousands of cells per experiment.137 Even smaller,

subcellular channels have been lithographically patterned on
top of porous membranes to control the number of nanopores
in contact with each cell.130,139 These wells helped better
control the uniformity of delivered macromolecule dosages
than bare membranes because pore density per cell was
consistent.
Incorporating nanofabrication protocols has enabled static

EP with more control of cargo delivery. For example,
nanochannel EP (NEP) was proposed for single-cell, dose-
controlled static EP. In the initial study, Boukany et al. bridged
two microchannels with a 90 nm nanochannel fabricated using
DNA combing (Figure 5A,C).140 Individual cells were aligned
close to the nanochannel using optical tweezers for the delivery
of a range of charged cargos. Active cargo injection through the
nanochannel with electrophoresis permitted controllable
biomolecule dosage based on the applied pulse length.
Electrolysis effects on cell viability were minimal because
cells were placed far from the electrodes; thus, electrolysis
byproducts were unlikely to diffuse from the electrodes to the
cells.141 Nonendocytic uptake of larger cargos, such as
plasmids, into the cell improved dosage control and enabled
more rapid transcription compared to delivery with bulk EP.
Early studies used 2D NEP devices for precise and uniform
delivery of macromolecules.141−145 Higher-throughput 3D
NEP systems have since been developed using micro-
channe l 1 1 4 , 1 4 6 and nanochanne l ar rays (F igure
5A).35,139,147−150 The configuration of these devices is similar
to previously described membrane devices, except that the
subcellular channels here are more orderly. Subcellular
channels are accessible from a single microchamber for
parallelized cell to subcellular channel pairing. Delivery cargos
are loaded in a separate microchamber beneath the subcellular
channel array, and the channel fabrication density is controlled
to regulate the number of channels per cell to maintain dosage
control. 3D NEP devices have demonstrated biomolecule
delivery into hard-to-electroporate cell types, including natural
killer (NK) cells,147 cardiomyoblasts,148 and primary cardio-
myocytes.35 This principle has also been applied for the
delivery of cargos and the formation of exosomes from
adherent cells.151

Nanostraws achieve the same localized EP effect with hollow
needle nanostructures protruding from planar membranes
(Figure 5A). Xie et al. first developed the nanostraw EP system
(NES), in which 1.5 μm tall, 250 nm wide aluminum oxide
nanostructures separated cells and biomolecule suspensions
(Figure 5D).152 Adherent cells cultured on the patterned
surface maintained high cell viability while engulfing 10−50
nanostraws. The permeabilized cell membrane region was
small enough to recover within 10 s after the last electrical
pulse, which improved cell viability.152 Cao et al. optimized the
NES and demonstrated tight dosage control for a plethora of
cell types and cargos.113 The platform was robust enough to
culture several hard-to-transfect primary cell types, including
human-induced pluripotent stem cell (iPSC)-derived cardio-
myocytes, human embryonic stem cells, human fibroblasts,
mouse glia cells, and mouse primary neuron cells with 60−80%
transfection efficiency. Importantly, the protocol for electro-
porating these cell types was identical to that for the
immortalized HEK 293 cell line, proving the universality of
this approach without additional process optimization. Fang et
al. optimized EP conditions using a custom image processing
software that determined cell viability and EP efficiency via
fluorescence images of cells on the NES membrane.153 The
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surface of nanostraws may be modified to specifically capture
cancer cells154−156 and/or be repurposed to study intracellular
contents.154,157−159 Tay and Melosh determined that localized
EP with nanostructures was more efficient and less damaging
to cells compared to viral, chemical, and bulk EP methods.115

Pretreating the surface can reduce the potential cytotoxicity of
nanostructures to certain sensitive primary cell types. Pop and
Almquist found that the nanostructures were harmful
specifically when culturing primary basal keratinocytes on-
chip without additional treatments.160 Cell viability signifi-
cantly increased by adding a fetal bovine serum coating, which
reduced membrane perturbations caused by the nanoscale
protrusions.
Nanofountain probes (NFP) have also been fabricated for

more spatially controlled single-cell EP (Figure 5E).161−165

NFP chips are designed with a 750 nm tip opening, a ∼3 pL
microreservoir, and a connection to a conductive wire. Low-
voltage, bilevel pulses are sufficient to permeabilize individual
cells with good cell−probe contact. NFPs can be positioned
with a nanomanipulator for lower-throughput, but spatially
precise, EP of single cells. NFPs enable selection of specific
cells for processing, which could be especially useful to target
specific cells in heterogeneous populations. Recently, an image
processing algorithm was created to identify cells in a field of
view and deliver cargos using the NFP for faster automated
processing.165

3.1.1.2. Nonplanar Micro-/Nanoelectrodes. Alongside
innovations in channel design, novel electrode geometry
helps to locally amplify the electric field. Specifically, electrodes
with sharp or pointed features are subject to enhanced electric
fields at their tips. Relevant electrode geometries include 1D
nanofibers or thicker 3D electrodes that still maintain high
aspect ratios and conductive microparticles. With an applied
voltage, charges spread out on the conductive surface and
gather at the electrode tip, as it is furthest from other surfaces.
The accumulated charge generates a large surface charge
density and electric field intensity. Importantly, this phenom-
enon only enhances the electric field close to sharp electrode
tips, so electric fields that are sufficiently high for pore
formation are generated only close to these features. Static EP
devices position cells close to the features for localized,
efficient membrane poration.
3D hollow nanoelectrodes harness the field enhancement at

needle tips for efficient local EP at low voltages. Unlike NES,
the nanostructures themselves are fabricated from conductive
materials to serve as the electrodes for electric field
enhancement (Figure 6A). Hollow nanoelectrodes are used
to electroporate nearby cells and act as the path for
intracellular delivery. Caprettini et al. developed hollow, 700

nm wide nanoelectrodes arrays that achieved highly efficient
EP of adherent cells with applied voltage pulses at 2 V.166 The
nanoelectrode sharpness aided tight cell adhesion, EP, and
diffusion of biomolecules through the nanoneedle into the cell.
The 3D hollow nanoelectrode system was gentle enough for
EP of human iPSC-derived cardiomyocytes.167 Caprettini et al.
used the hollow nanoelectrodes for surface-enhanced Raman
scattering (SERS) to study intracellular contents.168 The
nanoelectrode served multiple roles of providing biomolecule
passage for electrophoretic delivery and amplifying SERS
signals for cargo monitoring. The SERS system detected
changes in membrane configuration, amino acid vibrations, and
nuclear poration. Huang et al. used hollow nanoelectrodes for
on-demand delivery and monitoring of 25 × 90 nm2 gold
nanorods into cells.169 Wire electrodes on the cell and
biomolecule channels, separate from the nanoelectrodes,
generated electrophoretic biomolecule movement, allowing
for on-demand, single nanorod delivery, detectable using
SERS.
Solid 3D nanoneedles achieve the same electric field

enhancement at their tips as hollow nanoneedles (Figure
6B). Riaz et al. designed scalable, 1 μm tall nanospikes (NSPs)
that demonstrated improved cell viability compared to a
parallel plate equivalent.170 The NSP aspect ratio was
controlled by changing anodization parameters, and higher
aspect ratios enabled up to ∼9× higher maximum generated
electric fields than planar electrodes. The primary limitation of
further enhancement is fabrication complications at higher
aspect ratios. Liu et al. powered solid nanoneedles with a
triboelectric nanogenerator (TENG) for highly localized cell
EP.171 Electrical pulses applied with the nanostructures
increased the EP efficiency of adherent cells >4× compared
to mechanical perturbations from the nanoneedles alone. The
system enabled gentle EP of hard-to-transfect primary rat bone
mesenchymal stem cells. Madiyar et al. used randomly
dispersed, vertically aligned carbon nanofiber nanoelectrode
arrays to reversibly electroporate vaccinia virus samples.172 The
1D electrodes first used dielectrophoresis (DEP) to attract
viral particles before generating an electric field upward of 105

V/cm for the delivery of small molecules. Liu et al. similarly
added carbon nanotubes on the surface of micropillar
electrodes,173 which provided many locally amplified regions
and improved EP over previous device iterations without the
nanostructures.174,175

Localized EP is also achievable using suspended micro-
particles that act as mobile point electrodes. Half metal, half
dielectric Janus particles were fabricated to trap and electro-
porate bacterial176 and mammalian cells.177 When magnetically
drawn to an indium tin oxide (ITO) electrode, Janus particles

Figure 6. Sharp nanoelectrodes for static EP. (A) Hollow (left) and solid (right) nanoelectrodes used for localized EP. Cells are placed on the
nanoelectrodes protruding out from the passivation layer. Cargos are delivered through the hollow nanoelectrodes from the microfluidic channel
underneath. (B) Simulation of electric field strength at the tips of nanoelectrodes with high aspect ratios. Up to 2.8 kV/cm is reached at the tip
when 20 V is applied. Reproduced with permission from ref 171. Copyright 2019 John Wiley and Sons.
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generated an enhanced electric field between the electrodes on
the bottom substrate and hemisphere of the metal and
dielectric surfaces, respectively. At different voltages and AC
frequencies, cells were collected at these regions via DEP and
electroporated for cargo delivery. The application of positive
DEP (pDEP) forces aided the aggregation of plasmids on the
Janus particle alongside single-cell capture, which improved
transfection efficiency due to the increased local concentration
of DNA.177 Moreover, these mobile electrodes can be
controlled to transport smaller cells or locally EP a larger cell
with spatial precision on its membrane.
3.1.2. Microscale Cell Positioning. In tandem with

recent innovations in electric field enhancement based on
micro-/nanostructures, cells must be placed at predefined
positions to monitor single-cell activity or maximize EP
efficiency because the electric field strength rapidly wanes
away from electrode or device features, as outlined in section
3.1.1. Static EP devices have integrated a range of microfluidic
techniques to encourage precise cell alignment with device
features with increased throughput.

3.1.2.1. Passive Methods. Passive techniques rely on
biochemical processes, gravity, or hydrodynamic forces
generated by microstructures to arrange cells rather than
secondary forces generated by external equipment. Generally,
these strategies are effective in positioning cells without
significantly increasing device complexity. The easiest method
to implement simple and scalable cell positioning is to incubate
cells in the microfluidic system and allow cells to adhere to the
substrate.120,133−135,139,152,171 Cell adhesion may be aided by
pretreating the device with a protein coating,135 a common
practice for cell culture, or nanofibers.131 Adherent cells may
be cultured for prolonged time periods and periodically
transfected.138 Alternatively, the earliest microscale EP chips
used a gent le vacuum to trap cel l s to micro-
pores38,109,111,121−124,126 and remain a viable option for cell
positioning on micropores.114,129,130,148 Cells are hydro-
dynamically trapped by the negative pressure applied across
micropores. Hydrodynamic forces generated at high flow rates
have been used for the trapping of cells in rectangular
chambers for EP.178−181 Cells were trapped at higher flow rates
using inertial microfluidics, where inertial lift forces cause

Figure 7. Different methods used for improved cell placement on static EP devices. (A) Bright field (top) and fluorescent (bottom) images of cells
inertially trapped in microvortices within reservoirs patterned with interdigitated electrodes.180 The nuclei of HEK293 cells are stained blue.
Reproduced from ref 180. Copyright 2017 Springer Nature under Creative Commons CC BY license, https://creativecommons.org/licenses/. (B)
Cells are trapped in U-shaped microcaps after dipping the array into cell suspension. Each cell is placed over a nanochannel for EP. Reproduced
with permission from ref 35. Copyright 2016 John Wiley and Sons. (C) False color SEM images of a cell on a flat substrate (top), nanostraws
(middle), or nanoflower (bottom). Reproduced with permission from ref 156. Copyright 2020 Elsevier. (D) Schematic of an electromagnetic setup
for magnetic alignment of cells. Four orthogonal electromagnets and a solenoid create an external 3D magnetic field. Micropatterned permalloy
disks are placed next to 5 μm pores to capture and electroporate cells labeled with magnetic beads.146 Cells are attracted to the patterned magnetic
disks that align with subcellular pores under an external magnetic field. Then, an enhanced electric field is applied through micropores to
electroporate the cells. Reproduced with permission from ref 146. Copyright 2014 John Wiley and Sons.
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larger cells to stay trapped in microvortices within chambers
patterned with interdigitated electrodes (Figure 7A). This
configuration offers the benefit of continuous flow to flush out
electrolysis byproducts generated during EP while keeping the
cells circulating within the chambers for further analysis.
Additionally, rare cells in biologically relevant mediums, such
as blood, may be separated based on physical cell properties for
EP.181

Structural elements have been designed to assist with cell
loading. A simple dip trapping technique has been optimized
for high-throughput cell alignment with U-shaped caps to
capture individual cells above individual nanopores (Figure
7B).35 When the membrane was dipped in a cell suspension
solution, cells naturally settled on each cap and remained
lodged during withdraw. An opposing U-shaped structure has
been implemented to trap cell pairs in an orderly array for
observation of EP and fusion.182 The combination of an
applied vacuum and a pyramidal pore shape allowed for better
cell alignment compared to planar pores, so EP could be
achieved at lower voltages.114 Particular device geometries are
designed for device centrifugation load cells and promote tight
adhesion.115,135,142,143 Microwells are designed to guide single
cells toward nanochannels during centrifugation.143 Centrifu-
gation is highly scalable, fast, cheap, and suitable for suspended
cells, though a direct comparison revealed that centrifuged cells
require stronger EP conditions for permeabilization than cells
that naturally adhere to membranes due to worse cell−pore
contact.135

Microstructures may be covered with additional surface
modifications to improve cell capture efficiency. Zhou et al.
constructed a degradable, porous nanoflower structure for cell
capture and EP (Figure 7C).156 Submerging ZnO nanostraws
in a magnesium buffer solution altered the structure into a
nanoflower with cracks large enough for large biomolecule
passage. The structure was functionalized with anti-epithelial
cell adhesion molecule (anti-EpCAM) antibodies to promote
adhesion with cancer cells overexpressing EpCAM. The
nanoflower could later be degraded for processed cell release.
He et al. added branched networks on nanostraw surfaces to
mimic the extracellular matrix and improve cell−post
interactions.154 The nanostructures were further coated with
anti-EpCAM antibodies for cell targeting and assaying without
cellular release. Together, these strategies vastly improved rare
cancer cell isolation from blood on the nanostraws for
subsequent EP. Antibody-labeling is not always effective
when sample cells heterogeneously express target markers.
Thus, Feng et al. incubated cancer cells spiked in blood on a
branched nanostraw device for several hours to achieve
stronger cell adhesion to the nanostructures.155 The adhered
cancer cells remained on the chip during a subsequent wash
step to flush other blood cells out of the system. Cancer cells
were later released from the device by further increasing the
flow rate and hydrodynamic shear forces to strip the cells away
from the nanostructures.
3.1.2.2. Active Methods. Active cell organization methods

using secondary forces are versatile and effective in providing
more spatial control of cells. These on-chip techniques
incorporate optical, electrical, and magnetic forces to reversibly
bring cells closer to electrodes or microscale features. For
single-cell applications, optical tweezers have demonstrated
high precision in cell manipulation.140,141,143−145,183,184 Optical
tweezers trap cells using a focused, movable laser beam to align
cells near desired features.185 Although optical tweezers are

useful for precise manipulation, their low throughput is a
significant limitation. It takes 3−5 min to align a single cell,
parallelization is challenging, and optical forces may not be
sufficiently strong to easily move particularly sticky cells.143

Instead, DEP forces have been used frequently to position cells
in microscale EP devices.139,147,149,172,176,186−193 Unlike optical
tweezers, DEP forces are effective for large numbers of cells in
parallel. DEP forces are exerted on polarizable particles using a
nonuniform electric field to manipulate cells at the microscale
and have been widely used for microfluidic cell sorting.194,195

The earliest example of DEP to assist microscale EP used
triangular electrode arrays to draw cells toward sharp-edged
electrodes in a microfluidic channel for yeast, bacteria, plant,
and mammalian cell lysis at low voltages.186,196 Kim et al. used
DEP forces to guide bacteria into a microwell array with single-
cell trapping.197−199 The DEP forces were stronger than
bacteria motility to restrict cells from swimming out of the
microwells. DEP forces were also used to attract and center
cells in lateral microchambers for homogeneous EP.187

Madiyar et al. used DEP forces to attract viral particles toward
nanofibers prior to EP.172 Punjiya et al. manipulated cell
position by changing the flow rate and drag forces applied to
cells in relation to DEP forces generated using half-ring and flat
electrodes.189 In subcellular channel devices, DEP is a label-
free positioning technique that can be applied by changing
voltage pulses.139,147,149 In other systems, dedicated DEP
electrodes have been fabricated on-chip for single-cell loading
over separate EP electrodes.188,200 Jayasooriya et al. used DEP
forces to align large numbers of primary T cells along the gap
between interdigitated electrodes to apply more uniform
conditions across all samples.201 Magnetic forces can also be
applied to reposition cells conjugated with magnetic
beads.146,202 Using patterned, on-chip magnetic features,
magnetic tweezers may be formed for parallelized loading of
cells onto static cell arrays (Figure 7D).146 In contrast, Wu et
al. actively steered Janus particles using a movable magnet
under ITO electrodes.176,177 The magnet brought the particles
close to the electrodes to help generate localized electric field
amplification for cell aggregation and EP. Uniquely, this
platform was advantageous in developing an integrated cell
selection, navigation, and EP workflow by moving the magnet
and applying different electric pulse conditions.

3.1.3. Rapid Parameter Optimization. A recurrent step
in EP operation is a trial-and-error-based-optimization of
electric field parameters to balance cell viability and EP
efficiency. Microscale EP offers better control of electric field
strength and allows for testing of different conditions
simultaneously with lower reagent use. Pioneering works
from Huang and Rubinsky incorporated optical and electrical
monitoring of single cells during EP, but this required
sequential experiments to optimize experimental conditions.38

The incorporation of transparent PDMS elements improved
the ease of optical detection of EP.110 Recently, single-cell
tracking capabilities with static EP have facilitated paralleliza-
tion of experimental conditions to more rapidly assess optimal
EP parameters.109−111

A range of electric field strengths can be tested within a
single experiment to compare the extent of cell permeabiliza-
tion. Early on, Kim et al. demonstrated this benefit by bridging
inlet and outlet electrodes with five microchannels of varying
lengths.203 Since electric field strength is dependent on the
distance between electrodes (eq 1), different electric field
conditions are simultaneously generated between the different
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microchannels for parallelized trials. A continuous electric field
gradient was generated across bilaterally converging devices, as
decreasing cross-sectional areas from the wall curvature
increase the electric field (eq 5).204,205 Tuning the degree of
channel curvature affected the steepness of the gradient.
Confluent cell suspensions were loaded into the channel and
electroporated to deliver dye molecules. The physical
boundary of fluorescent and nonfluorescent cells represented
the threshold electric field strength for reversible EP. Bilaterally
converging electrodes were also used to generate a gradient of
electric field conditions based on the decreasing distance
between the electrodes.206 Different pulse conditions could be
tested alongside different electric field strengths to determine
the most energy efficient conditions for cell inactivation.
Array-based techniques are also informative in testing

multiple experimental conditions or different cargo delivery
without the need for repetitive and labor-intensive experi-
ments. The NFP system is unique in its control of electrode
positioning on cells.161−165 Yang et al. cultured cells on a
protein patterned substrate to generate separate cell wells
within the same field of view.164 Monoclonal cell lines were
generated by stably transfecting individual cells in each well
and allowing them to proliferate. The patterned colonies could
be used to compare different cargos or EP conditions in
parallel on the same plate. Since electrodes interfacing with
each cell well/drop are independently controlled, multiple EP
parameters could be tested in parallel in a single experiment.

Bian et al. loaded cells into an open-faced microwell array
patterned with electrodes for parallelized cargo delivery.207

The sealing glass slide was spotted with droplets containing
different biomolecules and carefully aligned for to seal each
well with no cross contamination. Zhang et al. electroporated
cells in separate open wells to test different EP conditions.208

By adding dyes at different time points, the membrane
resealing time was determined to be ∼10 min.208

3.2. Continuous Electroporation

Continuous EP systems permeabilize a constant stream of
randomly dispersed cells in flow while exerting more uniform
electric field conditions than bulk EP. Unlike in static EP,
electric fields in continuous EP are often not as spatially
localized, so electric fields are enhanced across larger areas of
the fluidic chamber. Harsher conditions generate more toxic
electrolysis byproducts, but continuous systems maintain
constant flow to minimize the buildup of contaminants.
Additional measures have been used to further reduce the
cellular damage for reversible EP. Continuous EP devices are
intrinsically high throughput due to the constant cell
suspension flow. In practice, continuous microscale EP devices
have demonstrated processing rates up to 109 cells/min while
maintaining high EP efficiency.209 In this section, we examine
current research to improve continuous EP device perform-
ance.

3.2.1. Electric Field Enhancement. Continuous EP
devices have incorporated design choices reminiscent of static

Figure 8. Examples of channel constrictions implemented for continuous EP. (A) Schematic of single-cell, continuous EP through a narrow
uniform constriction (top).223 COMSOL Multiphysics simulations at three different points in the channel demonstrate sufficiently high TMP, but
EP is achieved only when cells were elongated in the channel. Reproduced from ref 223. Copyright 2020 MDPI under Creative Commons CC BY
4.0 license, https://creativecommons.org/licenses/by/4.0/. (B) Illustration of a continuous device for enhanced electric field generation at each
channel constriction in series.224 Reproduced with permission from ref 224. Copyright 2010 Elsevier. (C) Numerical simulations revealed the
expected electric field intensity in a bilaterally converging constriction (left) and straight channel (right).231 The maximum electric field intensity is
around 2× higher in a bilaterally converging channel compared to a straight channel. Reproduced with permission from ref 231. Copyright 2016
Royal Society of Chemistry.
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EP systems to increase electric field strength. However, cells
are not immobilized at the optimal location with the maximum
electric field strength. Innovations are geared toward localizing
electric field strength to defined regions of the microchannel
where cells pass. Below, we discuss different measures used in
continuous EP devices to achieve sufficient electric field
strength at lower voltages.
3.2.1.1. Channel Constrictions. Channel constrictions have

been designed to permeabilize cell membranes for reversible
EP100,210−212 and lysis213−219 of cells in defined flow-through
regions without necessitating high voltages. Constrictions are
capped by wider microchannels that facilitate the continuous
flow of cell suspensions and serve as entry points for electrode
placement. The operating principle of channel constrictions is
guided by eq 5, where narrow microchannels exhibit the
highest electric field intensity, so cells are electroporated when
traveling through this region.220,221 These microchannels are
just wide enough for the passage of single or small numbers of
cells at a time, which allows easier single-cell observation.222 By
remaining comparable in size to the diameter of target cells,
the microchannel provides the maximal electric field enhance-
ment and minimizes undesirable cell−cell interactions during
electropermeabilization. EP conditions are affected by device
geometries (i.e., constriction cross-sectional area, length, and
count) and operational parameters (i.e., flow rate and applied
voltage).
Simple channel constrictions are easy to fabricate and have

demonstrated considerable success for continuous EP. Ye et al.
developed a single narrow constriction for EP where the
channel was 60% the diameter of an average A549 cell (Figure
8A).223 Thus, each cell formed a tight seal while passing
through the constriction, and applied voltages were as low as 3

V. The leading and lagging ends of each cell surpassed the
threshold TMP for permeabilization and intracellular delivery
was achieved with up to 96% efficiency. Other works have
implemented repeated constrictions in series to mimic a series
of pulses with a DC voltage source (Figure 8B).210−212,224−227

Simple DC voltage source can be used to electroporate
Chinese hamster ovary (CHO) cells with 75% efficiency under
flow rate of 1.87 mL/min.225 Pudasaini et al. fabricated an
array of insulated cylindrical micropillars to act as a yeast lysis
region amid continuous flow.228 The narrowest region between
two pillars generated a locally enhanced electric field to
electroporate passing yeast cells irreversibly. At fixed
conditions, the pillars enabled 56% cell inactivation versus
24% in an equivalent device without the constricted regions.
Later, Pudasaini et al. found that rhombus micropillars caused
higher electric field enhancement relative to straight channels
(29×) and cylindrical micropillars (13×) due to their sharp
corners.229 Packed microbeads achieved a similar feat while
avoiding the need for micropillar fabrication.230

Within a channel constriction, the electric field distribution
can be further altered by changing the cross-sectional
dimensions. Garcia et al. found that channels with nonuniform
cross-sectional areas have a higher maximum electric field
(15−17 kV/cm) compared to that of an uniform constriction
channel (9 kV/cm) with the same minimum feature width
(Figure 8C).231 Bilaterally converging constrictions were the
most consistent in electroporating different strains of E. coli
with >1000× better throughput than that of cuvette EP.
Gomaa et al. reported the first demonstrated transfection of
Priapulus caudatus, a marine protist, and compared the
effectiveness of using the bilaterally converging microfluidic
device and a cuvette.232 The microfluidic device had the

Figure 9. Examples of enhanced electric fields at electrode edges or tips. (A) Illustration of cell lysis by three-dimensional sharp-tipped electrode
(3DSTE) arrays in the microfluidic channel.236 Bacteria are lysed when they flow between nanoelectrodes. Reproduced with permission from ref
236. Copyright 2014 Royal Society of Chemistry. (B) Overview of the TENG-powered, nanowire-modified microfoam for continuous EP. Cell
suspensions flowed through microfoam electrodes placed in parallel within the flow channel. Polypyrrole microfoam was modified by silver
nanowires at the anode to enhance the electric field at the tip of the nanowire. The cathode microfoam was left unmodified to increase cell viability.
Reproduced with permission from ref 237. Copyright 2020 Royal Society of Chemistry. (C) Schematic of E. coli (blue) flowing through gold
microtube electrodes (left).246 Illustration showing 3D structure of gold microtube on the PC membrane (right). Reproduced with permission
from ref 246. Copyright 2016 Royal Society of Chemistry.
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highest transfection efficiency with 100× better throughput
than bulk EP.
3.2.1.2. Novel Electrode Design. Electric fields at the edges

of micro-/nanostructures in EP systems are sufficiently
enhanced to efficiently permeabilize cells at lower voltages.
However, field enhancement is restricted to regions close to
the electrodes, as with static EP devices. The same issue occurs
with 2D planar electrodes, where the electric field exponen-
tially decays from the plane of the features. Maintaining cell
position close to the electrodes is possible in static EP systems,
as discussed in section 3.1.2, but is an added challenge in
continuous methods. Pressure-driven flow in a channel causes
buoyant spherical particles to migrate away from channel walls
with a lower flow rate,233 so most cells flow distant from
channel walls and patterned electrodes on the wall surfaces.
Continuous microscale EP devices address this issue by
adjusting electrode placement or manipulating cell flow paths
to force cells to move closer to electrodes without obstructing
flow. This effort significantly improves device performance
while maintaining high throughput.
One strategy for more thorough EP is the addition of

multiple 1D electrodes within a microchannel. 1D electrodes
are effective in locally enhancing the electric field at their tips
so long as cells can reliably come in close contact. Shahini and
Yeow used a commercial substrate with randomly aligned
carbon nanotubes as an electrode to lyse bacteria234 and
mammalian cells.235 The localized field enhancement at the
nanoelectrodes’ tips enabled more efficient cell lysis using half
of the voltage needed without nanostructures. Poudineh et al.
used similar ideas when patterning bands of 1D metal
electrodes and applying alternating polarities on each strip
(Figure 9A).236 High-throughput bacterial cell lysis (1600
cells/s) was achieved with 2.5× stronger electric fields than a
planar electrode equivalent. A different guiding strategy
involved flowing cells through meshes or sponges decorated
with high-aspect-ratio nanoelectrodes. The porous structures
enable flow-through of cell suspensions for high-throughput
EP, and the decorated nanostructures provide a surplus of
locations with an amplified electric field. Liu et al. modified
flexible polypyrrole microfoam with silver 1D nanowires for
hand-powered EP with a TENG (Figure 9B).237 The
nanowires generated a 90 000× higher electric field intensity
at their tips compared to nondecorated microfoam at 20 V. In
this system, microfoam pores were ∼300 μm wide so that
throughputs of 105 cells/min were achievable without cell
clogging. Microfoam has also been decorated with carbon
nanotubes,238 Cu3P nanowires,239 or CuO nano-
wires229,240−243 with applications in cell inactivation for water
disinfection. Nanostructures were densely packed throughout
the microfoam for ample contact surface areas, which
improved disinfection efficiency during device operation.
Alternatively, cells may be forced to interact with electrodes

by changing the electrode or channel geometry. Lu et al. used
3D carbon electrode pillars so that cells flowed closer to the
electrodes.244 This caused a leukocyte lysis efficiency (>30%)
higher than that of 2D electrodes at low voltages (10 V).
Mernier et al. employed 3D carbon electrode pillars to achieve
a similar effect.245 These carbon electrodes were not only
easier and cheaper to fabricate but also more electrochemically
stable than metals. Up to 600 μL/min of samples at 108 cells/
mL were processed with 90% lysis efficiency. Experton et al.
electroporated E. coli by forcing cells through hollow 3D gold
microtubes (Figure 9C).246 While the microtubes generated

the highest electric field gradient rings at their edges, most cells
did not interact with the electrode edge, so the bulk electric
field within the microtubes was only considered when
optimizing device geometries. Device performance was 20×
more efficient and had 500× higher throughput relative to
commercial systems. Chen et al. electroporated cells passing
across one side of a metal-coated, porous membrane.247

Deformable cells were squeezed through a short microchannel
to ensure consistent contact between the cells and electrode.
The electric fields at the electrode edges were 3.2× larger than
the bulk electric field strength, so cells could be electroporated
at low voltage conditions (1−4 V). Lo and Lei found that a
long rectangular channel with an array of interdigitated
electrodes caused Joule heating and electrothermally induced
flow, which brought red blood cells (RBCs) close to the
electrodes and improved cell lysis.248

3.2.2. Minimizing Cellular Damage. Continuous EP
prevents the accumulation of electrolysis-derived heat, bubbles,
and ions while fluid flows throughout the device. Additionally,
electroporated cells and generated byproducts are diluted with
cell culture media immediately after EP to create more
favorable conditions for recovery. In some devices, the simple
addition of flow is sufficient to improve cell viability. Lin et al.
first reported in 2001 that cell viability after continuous EP was
increased with higher flow rates because of greater heat
dissipation.249 del Rosal et al. observed a negligible temper-
ature difference within a channel constriction at flow rates of
21 μL/min, compared to a 16 °C temperature increase at low
flow rates (∼2 μL/min) (Figure 10).250 Zu et al. previously

designed a dense array of micropillar electrodes such that cells
were exposed to a different number of pillars based on their
size.174 The addition of flow to this electrode geometry
increased cell viability by 10−15% due to the constant
flushing.175

The concentration of toxic EP byproducts is the highest near
electrode surfaces, so cell viability can be improved if cells are
separated from the electrodes. Kim et al. placed highly

Figure 10. Effects of Joule heating on a channel constriction with flow
rates at (a) 0 μL/min, (b) 2 μL/min, (c) 4 μL/min, and (d) 21 μL/
min.250 Thermal images are obtained under an operational electric
field of 500 V/cm and visualized by comparing images taken using
temperature-sensitive and temperature-insensitive dyes. Reproduced
with permission from ref 250. Copyright 2013 Royal Society of
Chemistry.
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conductive, polyelectrolyte salt bridges between flowing cell
suspensions and Ag/AgCl wire electrodes.251 Electrolysis did
not decrease cell viability because generated bubbles were not
in contact with cells and easily vented. Similar objectives were
achieved using highly conductive sheath flow for hydro-
dynamic cell positioning to separate cells and electrodes. It is
compatible with continuous EP because it only relies on the
constant fluidic force, so no strong external controllers are
needed. Wei at al. first introduced a sheath buffer layer in
laminar flow to isolate cells from electrodes and showed
enhanced EP efficiency and cell viability.252 Lissandrello et al.
used a similar strategy but with a high-conductivity buffer as
sheath flow, separating the electrodes from cell media to
concentrate the electric field at the cell suspension and
minimize the voltage drop at the sheath layer.253 Flow rates
were controlled to remain in the laminar regime to limit sheath
flow mixing with cell media. Kang et al. shielded hard-to-
transfect microalgae from parallel plate electrodes by
introducing 3D sheath flow, created by stacking patterned
layers of polyimide film (Figure 11A).254 Experiments
comparing microalgae EP with and without the sheath layers
revealed 30% higher cell viability when cells were hydro-
dynamically focused away from electrodes. The sheath layer
additionally aligned cells at the center of the channel in both
lateral and vertical axes for more uniform electric field
application. Luo and Yobas added a series of microcapillaries
between outer buffer channels and a center cell suspension
channel (Figure 11B).255 Flow rates were controlled so that
the buffer/cell suspension interface was located within the
microchannels to minimize the crossover of buffer to cell
suspension and fluidic perturbations. Cell media and sheath
layers did not mix within the microcapillaries, so generated
toxins did not affect passing cells or affect viability. Huang et al.
devised a curved channel that uses a sheath layer and Dean

flow to separate toxins from cells (Figure 11C).209 The relative
cell and sheath flow positions controllably changed within the
channel due to the Dean flow. Thus, ions generated at the
electrodes were kept separate from the flowing cells and rapidly
neutralized. This device could process 107 primary cells/min
due to the high flow rates needed for Dean flow.
Long-term exposure to EP buffers can be harmful to cells, so

the dwelling time in the buffer should be minimized.92,256−259

Microfluidic technologies help to perform solution exchange
on-chip to minimize buffer exposure and increase cell viability.
Lee et al. used micropost array railing (μPAR) structures to
exchange cell culture media with EP buffer on-chip for EP with
optically induced electrodes (Figure 12A).259 μPAR structures
consisted of tightly packed pillars that gradually confine cells
into central streamlines with 80% transfer efficiency. Active
methods have also been designed for cell manipulation with
higher precision. Hsi et al. devised a straight channel with
central EP buffer flow and sheath cell suspension streams
controlled by acoustophoresis (Figure 12B).258 Cells con-
tinuously migrated from the outer streams into the EP buffer,
away from the electrodes, using ultrasonic waves without
solution mixing. Immediately after EP, cells in the buffer were
diluted in cell culture media, lowering the residence time in the
hypotonic environment to under 3 s. This device demonstrated
87% transfer efficiency into and out of the EP buffer with
throughputs as high as 1.2 × 105 cells/min. Microfluidic
manipulation techniques are also applicable to sort live cells
from dead cells after EP. Wei et al. used DEP forces to
manipulate the cell viability of the collected sample after EP.260

After passing EP electrodes, cells were focused in more
uniform streamlines with a sheath buffer layer, similar to their
previous device.252 Focused cells experienced DEP forces
generated from angled electrodes (Figure 12C). Intact, viable
cells were polarizable and deflected toward a collection outlet,

Figure 11. Efforts to reduce the effects of electrolysis-generated toxins on cell viability. (A) 3D flow focusing channel to focus microalgae at the
center of the channel.254 Cell suspension was introduced at the central inlet and two sheath flows, from the left and the right, to induce 2D focusing
(see cross section view 1). Two additional sheath flows, from the top and the bottom, focused cells vertically to the center of the channel (cross
section view 2). Reproduced with permission from ref 254. Copyright 2020 Elsevier. (B) Schematic of a continuous device that decoupled buffer
channels from the main cell suspension channel using microcapillaries for electrical coupling. Reproduced with permission from ref 255. Copyright
2014 AIP Publishing. (C) Schematic of curved device that generated Dean flow with buffer and cell suspension in flow (left). Demonstration of pH
changes from electrolysis in different channel geometries (right). Bubbles and hydroxyl ions (pink from a pH indicator) were not neutralized in a
straight channel but were neutralized and flowed into a waste outlet in the curved channel. Reproduced with permission from ref 209. Copyright
2017 Elsevier.
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whereas dead cells flowed out of the waste outlet. DEP sorting
improved the overall EP performance of several hard-to-
transfect cell types.
3.3. General Advances

Recent engineering progress in microscale EP systems includes
improvements relevant to both static and continuous modal-
ities. These developments include efforts toward improving
accessibility in designing and fabricating devices in non-
specialized laboratories. In addition, more broadly applicable
innovative techniques are developed to reduce cellular toxicity
and improve EP performance. Such strategies are outlined in
this section.
3.3.1. Electrode Passivation. Electrodes in microfluidic

systems are usually fabricated out of gold, aluminum, platinum,
or ITO, which do not inhibit electrolysis byproduct formation.
Passivation layers have been added on top of electrodes to
shield cells from damaging EP byproducts. In several studies,
nanogap planar ITO electrodes were passivated with a SiO2
layer for localized single-cell EP.117−120 Pulses of 2−10 V
caused ITO electrode degradation in a nonpassivated device,
which was evident in an electrode color change, significant
bubble formation, and cell death.119 A SiO2-passivated device
did not display such effects under the same conditions and had

increased cell viability after EP. TiO2 has also been proposed as
a suitable dielectric material for titanium electrodes.77,261,262

This layer limits the passage of off-target currents through the
electrolyte solution. Wimberger et al. found that passivated
electrodes led to more consistent cell inactivation at different
electric field strengths than exposed electrodes because
stochastic electrolysis effects were minimized (Figure
13A).262 18 μm thin layers of PDMS have also been used as
a passivating layer for interdigitated electrodes.263 The PDMS
layer protected electrodes under conditions as extreme as an
applied DC voltage of 800 V for several hours (Figure 13B).
Higher voltages were necessary for EP because the PDMS layer
dampened the electric field experienced by the cells. Talebpour
et al. used surface-enhanced blocking (SEB) electrodes with a
dielectric layer to improve microbial lysis efficiency.264

Importantly, the dielectric layer was patterned with micro-
structures to increase its surface area and capacitance, which
lengthened the surface charging time and period of enhanced
electric field.

3.3.2. Improving Permeabilization Uniformity. The
permeabilized area of the cell membrane is dependent on the
angle between the electric field axis and the cell membrane in a
uniform electric field (eq 3).68,72,184 Cells treated with parallel
plate electrodes are primarily permeabilized on its electrode-
facing poles. Other configurations, such as interdigitated
electrodes, have a similar imbalance in poration locations
across the cell membrane.265 A suboptimal number of
generated pores leads to fewer points of entry for biomolecules
into the cell. Longer poration durations, creating a higher
density of pores, are required to achieve a desired intracellular
concentration, but they reduce cell viability. Spreading the
pore distribution across the entire cell membrane helps to
create a higher number of entry points across the entire cell
membrane, enabling EP with milder conditions. Microscale EP
devices are designed to enable this gentle EP with more
efficient experimental workflows.
An imbalance of permeabilized regions on the membrane is

common in continuous systems because cells undergo laminar
flow, which minimizes cell perturbances. Electrodes patterned
on the bottom of the channel exert a nonhomogeneous electric
field on cells, so only a portion of the cell is porated.
Continuous EP accommodates hydrodynamic cell manipu-
lation to produce cell rotation and generate more evenly
distributed pores in flow. Wang et al. first utilized the rotation
of cells using Dean flow generated in a spiral-shaped channel
for efficient DNA delivery.266 The combination of rotation and
transverse advection from the curved channel caused plasmids
to be delivered more uniformly across the cell surface
compared to microscale EP in a straight channel. This
vortex-assisted EP method almost doubled the transfection
efficiency of CHO cells. Bhattacharjee et al. designed a
serpentine microfluidic channel with repeated expansions and
constrictions to change the polarity of the electric field to the
cells while traveling along the channel.226 Hyperpolarized and
depolarized halves of cells flipped at every turn to maximize the
permeabilized area of the cell membrane for improved delivery
homogeneity. Zheng et al. used pinched flow with a sheath
layer to control cell rotation in flow (Figure 14A).267 Particles
experienced shear forces and rotated near the wall in laminar
flow due to nonslip boundary conditions. By increasing the
ratio of shear flow rate to cell suspension flow rate, the cell-
containing stream was narrowed, and cells experienced greater

Figure 12. Passive and active solution exchange techniques to
improve cell viability. (A) Composite time-lapsed images of
continuous medium exchange with μPAR structures. HEK293 cells
are transferred from cell culture medium to EP buffer. Time interval
between images is 10 ms. Reproduced with permission from ref 259.
Copyright 2015 Springer Nature. (B) Schematics of acoustophoresis-
assisted solution exchange for high-throughput T cell EP. Cells were
briefly transferred to EP buffer with low conductivity at the center of
the channel by acoustic actuation followed by EP. Reproduced with
permission from ref 258. Copyright 2019 Royal Society of Chemistry.
(C) Schematic of DEP sorting segment downstream of cell EP to
separate live and dead cells.260 After EP, live cells are deflected by
DEP force and collected at a separate outlet from dead cells, which do
not deflect. Reproduced with permission from ref 260. Copyright
2014 American Chemical Society.
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rotation. This increased the homogeneity of PI delivery
compared to laminar conditions with minimal cell rotation.
EP-induced pores can also be more evenly distributed by

applying permeabilizing forces in multiple directions. Long-
sine-Parker et al. combined EP with sonoporation for more
evenly distributed pore formation around the cell.268 In a
straight channel, cells were exposed to a horizontal electric
field and a vertical ultrasonic wave. The combined orthogonal
electric fields and acoustic waves generated pores on different
axes of each cell and yielded a higher EP efficiency (95%)
compared to that of EP (77%) or sonoporation (84%) alone

while maintaining high viability. Zhu et al. constructed an EP
system for 3D cell cultures with multidirectional electric field
application.269 Electrodes were positioned on four sides of a
25-cell spheroid, and the electric field was programmed in a
different direction for each pulse (Figure 14B). EP efficiency
was higher when fields were applied in four different directions
(∼80%) compared to maintaining the same polarity (∼40%).

3.3.3. Droplet Encapsulation. Droplet microfluidics
involves the encapsulation of cells in fluid droplets with
diameters ranging from tens to hundreds of micrometers.270,271

Integration of EP with droplet microfluidics offers benefits

Figure 13. Experimental validation of the electrolysis inhibition with passivated electrodes. (A) Lysis efficiency of HEK293 cells using
nonpassivated (left) and passivated (right) electrodes in buffers with three different conductivities. Passivation decreases the variation in lysis
efficiency across all buffer types. Reproduced with permission from ref 262. Copyright 2019 Royal Society of Chemistry. (B) Comparison of bubble
formation and electrode erosion in bare (left) and PDMS-passivated (right) electrodes. Bubble formation was observed within 5 min at 10 V
without passivation, but the 18 μm PDMS layer over electrodes inhibited electrolysis even after 2 h under 800 V. Reproduced with permission from
ref 263. Copyright 2020 AIP Publishing.

Figure 14. Different strategies to improve the homogeneity of applied electric fields and cell poration. (A) Schematic illustrating induced cell
rotation using pinched flow (left). Buffer infused from bottom inlet pinched and rotated cells.267 Dye delivery into cells rolling at 5°/ms or 0°/ms
were visualized during two electric pulses (right). Reproduced with permission from ref 267. Copyright 2016 Springer Nature. (B) COMSOL
Multiphysics simulation of a multidirectional electric field across a 3D culture chamber. Planar electrodes were placed on four sides of the main cell
culture chamber, and medium perfusion channels were placed outside of the cell culture chamber. The arrows indicate the intensity and direction of
the electric field. Reproduced with permission from ref 269. Copyright 2019 Royal Society of Chemistry.
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from both techniques. Individual droplets containing cells and
reagents are isolated from other empty droplets, so entire EP
and screening workflows are performed continuously without
cross contamination. The ratio between cells and biomolecules
is more controlled within small discrete droplets compared to
that in continuous, bulk fluid volumes.272 Cells and cargo
molecules within a droplet are quickly mixed during droplet
formation and EP, so there is an increased likelihood of cargo
molecules interacting with permeabilized areas of the cell
membrane. Finally, the high surface area to volume ratio of
each droplet can improve cell viability by rapidly dissipating
excess heat.273 Different forms of droplet microfluidics that
mirror continuous and static EP have been effective in cell EP.
Continuous droplet microfluidic devices have been adapted

for microscale EP. In this modality, cell-containing droplets are
continuously formed in an immiscible fluid. Thus, high-
throughput encapsulation for cell EP and screening is achieved
solely by increasing operation time rather than device size. Ji et
al. first reported the EP of cells encapsulated in droplets.272

Yeast cells were suspended in aqueous phase and formed
picoliter droplets in a T-junction channel. Droplets experi-
enced an electric field high enough to electroporate cells only
when they are simultaneously in contact with two micro-
patterned electrodes while migrating across the channel. This
design was versatile to electroporate plant273 and mamma-
lian274 cells. Pulse generators were not required because each
droplet experienced a short, flow-rate-dependent electric pulse
when in brief contact with electrodes. A serpentine channel
upstream of the electrodes induced chaotic mixing of cells and
cargo within the droplet, which improved transformation
efficiency 3× relative to a straight channel.275 Transformation
efficiencies of plant cells encapsulated in droplets were
reported to be ∼200× higher than that in the bulk EP system
without cell wall removal treatment.273

Digital microfluidics systems differ by handling individual
droplets simultaneously on an electrode array.276 Such systems
resemble static EP systems that isolate individual cells in
microwells, but with additional sample maneuverability.
Programmable droplet movement, splitting, and merging are
controlled with high precision by tuning the applied electric
field on the array, which affects droplet surface tension and
hydrophilicity. Digital microfluidics is advantageous for
controlling many heterogeneous droplets in parallel and to
generate and manipulate droplets on demand. Experimental
workflows can be performed autonomously by programming

sequences of active electric fields on the electrode array,
decreasing the cost of parallelized experiments. Minute reagent
volumes are required for plasmid construction with inter-
changeable fragments277 or genome engineering that require
sequential washing and transferring steps.278,279 Droplets
containing cells and biomolecules migrated across the
electrode array to a dedicated EP electrode for intracellular
delivery.

3.3.4. Impedance Measurements. Changes in fluores-
cence intensity are a common indicator of EP because delivery
of biomolecules and expression of transfected DNA can be
monitored easily in real-time with fluorescence labeling using
broadly available fluorescence microscopes. However, fluo-
rescent indicators require sufficient time to accumulate
adequate quantities for optical detection, which limits the
sensitivity of dynamic EP monitoring, and these molecules may
interfere with downstream assay or cell metabolism study.280

Other methods of verifying EP are desirable for applications
beyond novel device validation. Physical measurements, such
as impedance change, taken of electroporated membranes can
be used for label-free, dynamic EP monitoring.280 Microfluidic
impedance cytometry has been developed for cell counting,
size measurements, and label-free subcellular characterization
at the single-cell level.281,282 Electrical current between
dedicated electrodes changes in the presence of a cell, based
on cell size and conductivity. When a cell is electroporated,
there is a sharp drop in cellular impedance because cell
permeabilization increases the conductivity of the cell
membrane.188 As the cell membrane recovers, membrane
pores reseal, and the impedance returns to pre-EP levels
(Figure 15A). If the cell is irreversibly electroporated, the cell
membrane remains permeabilized, and the impedance will not
revert.
Impedance measurements can reveal sample characteristics

prior to EP. Madiyar et al. used DEP forces to collect virus
particles on the tip of carbon nanofibers.172 Electrical
measurements showed an increase in impedance as more
particles collected on the nanofiber array. A limit of detection
of ∼3 × 103 particles/mL was determined after viral collection.
Sukas et al. designed a continuous microfluidic device with
dedicated impedance electrodes upstream of irreversible EP.283

Upstream cell count was validated with both fluorescence- and
impedance-based methods on the device. Impedance measure-
ments can determine cell size, which is relevant in single-cell
applications where heterogeneous cell size distribution may

Figure 15. Monitoring how cell EP affects impedance. (A) Normalized impedance change after reversible EP (10 V, 12 V) and irreversible EP (14
V).188 Cell impedance eventually recovered after reversible EP but continued declining after irreversible EP. Reproduced from ref 188. Copyright
2016 Springer Nature under Creative Commons CC BY 4.0 license, https://creativecommons.org/licenses/by/4.0/. (B) Electrical impedance
spectroscopy (EIS) spectra of a single cell before and after EP at five selected time points. Both magnitude (left) and phase spectrum (right)
changed in 200 ms after EP, implying that the material exchange across plasma membrane begins within 200 ms. Reproduced with permission from
ref 286. Copyright 2015 Elsevier.
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demand changes in EP conditions. Ghadami et al. developed a
theoretical model, based on cell diameter, that proposed a 20%
increase in EP efficiency and 9% increase in cell viability.284

Impedance could be used to estimate cell size prior to EP and
adjust cell pulse conditions using a feedback control system.
Impedance measurements have been used in the earliest

microfluidic EP systems to monitor electropermeabilization
events and efficiency at the single-cell level.38,109,111,122,124

Early work from Khine et al. revealed how impedance
measurements were rapidly collected to permit real-time,
feedback-controlled EP of single-cell arrays.124 Square waves
with increasing magnitudes were applied until there was a
150% change in current. Mernier showed how the combination
of low- and high-frequency impedance measurements on a
single device revealed cell size and membrane conductance,
respectively.285 The latter measurement provided evidence of
cell lysis and was a robust technique irrespective of cell size.
Guo and Zhu used DEP to align cells along central electrodes
and applied an electric field to perform EP.188 Immediately
after alignment, the same electrodes were used to continuously
measure cell impedance. The impedance of reversibly electro-
porated cells reverted after 200−300 s, whereas the impedance
of lysed cells never recovered. Zhang et al. used the same
device to track changes in impedance across a wide range of EP
conditions, including voltage, pulse length, number of pulses,
and pulse frequency.200 Optimal EP conditions were
determined by monitoring an impedance curve over time
with a sharp descent, indicating maximum poration, followed
by signal recovery, indicating high cell viability. Ye et al.
compared the impedance drop with fluorescent signals
measured during single-cell continuous EP.223 The authors
noted a ∼186 ms delay from the initial impedance drop until
the earliest fluorescence detection. This lag is attributed to the
time between initial cell poration and the time it takes for
enough transported dye molecules to accumulate inside the
cell to exceed the microscope limit of detection. Bürgel et al.
reached similar conclusions after repeated electrical measure-
ments of single cells before and after EP.286 Impedance
changes due to EP were almost instantaneously recognized,
whereas fluorescence images revealed a gradual uptake of dye
over time. The most significant change in impedance and
phase signals occurred within 200 ms of cell EP (Figure 15B).
Stolwijk and Wegener delivered bioactive proteins into cells
and used impedance measurements to determine the effect of
the biomolecules of cells.287 As expected, the delivery of an
apoptosis trigger caused a permanent drop in normalized
impedance, but its codelivery with a protein inhibitor caused
impedance recovery and improved cell viability.
3.3.5. Reducing Device Complexity. Many recent

developments in microfluidic EP stem from highly specialized
research laboratories that have access to sophisticated
fabrication facilities and significant engineering expertise.
Additionally, coupling EP devices with conventional biological
assays requires protocol modification and optimization.
Reducing the costs and complexity of device fabrication and
operation would increase the use of microscale EP devices for
end users and those interested in furthering these technologies
with novel applications. From a manufacturing standpoint,
selecting cheaper material alternatives or integrating commer-
cial products helps to make the design process more
economical. After fabrication, automation of experimental
protocols simplifies user input and enables consistent treat-
ment of both rare and large-scale samples.

Selection of cheaper or more readily accessible materials
helps reduce fabrication costs while maintaining operational
precision. For example, nanofeatures produced with cutting-
edge technologies have been implemented to improve EP
performance, but they require complicated fabrication
protocols and equipment.135 Efforts have been made to
develop devices that achieve the core benefits of microscale
EP with cheap, commercially available porous membranes or
beads, as shown in section 3.1.1.1.127−139,246 Gold and other
noble metals are common electrode materials that are stable
and demonstrate consistent EP performance. However,
precious metals can be expensive to deposit and pattern
using conventional lithography. Riaz et al. used an inexpensive
nanoimprinting and anodization step to fabricate NSPs on
aluminum foil.170 The entire workflow did not rely on costly
microfabrication steps and was highly scalable for cheap device
fabrication. Alternatively, carbon electrodes have been cheaply
produced using a pyrolysis process and have demonstrated
comparable EP performance.175 Carbon electrodes were easier
to fabricate and more resilient against electrode degradation
than metal electrodes. Additive manufacturing is an emerging
technique for microfluidic device fabrication because it is
automated and economical and may be employed to generate
more unique 3D features.288,289

Other works have taken steps to avoid micropatterned
electrode deposition, which is time-consuming and costly. One
alternative is inserting electrical wires at defined locations
within the channel to generate appropriate electric fields.290

Such a design is suitable for devices where cells are not
required to be processed in direct contact with the electrodes,
as the further electrode gap requires higher voltages and
increases electrolysis. In an early demonstration, Kim et al.
replaced a conventional cuvette with a microscale capillary
with wire electrodes.290 Cell suspensions were loaded into the
capillary with a pipet. pH changes from electrolysis were
reduced, and viability was improved relative to bulk EP
because the wire electrodes were smaller than those used in a
conventional cuvette. Alternatively, to fabricate microelectr-
odes without sputter deposition, a PDMS channel has acted as
a template for flowing conductive materials that solidify as
electrodes, such as a silver-PDMS mixture,291 silver-plating
solution,292 and liquid alloy.293 The device proposed by Han et
al. used passive capillary pressure to fill side channels with the
liquid alloy solution (Figure 16).293 Altogether, the system was
powered with 1.5 V batteries and controlled with a
programmable printed circuit board (PCB) using a smart-
phone, for a total system cost of $150.
EP devices commonly require a flow controller, a voltage

source, and a pulse generator. Device costs may be reduced by
replacing expensive external hardware to simple microfluidic
elements. For in situ EP of cells cultured on-chip, pulse
generators are needed because application of a continuous
electric field will damage the sample. Wang et al. used PDMS
valves to generate an electric pulse with a DC power supply
instead of a pulse generator.294 Pneumatically controlled
elastomeric valves295 were used to selectively block the
channel and prevent current flows. The valves were computer
controlled to generate electrical pulses as short as 30 ms
without a dedicated pulse generator. As an alternative to an
external flow source, electroosmotic flow has been generated
using a pair of platinum wire electrodes at the inlet and
outlet.215 RBCs traversed the channel via electroosmotic flow
and were lysed upon reaching a narrow gap. EP devices have
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been powered using TENG, a portable, cheap voltage source
that is powered using mechanical hand slapping or
cranking.171,237

4. APPLICATIONS
Microscale EP encompasses a wide variety of functions with
both basic research and translational applications. Microscale
EP is capable of more efficient and gentler permeabilization of
cell membranes for delivery of biomolecules or cell inactivation
than traditional cuvette EP, as examined in section 3.
Microscale EP offers single-cell functionality because integra-
tion with existing microfluidic technologies allows for control
of cell position and targeted processing of individual cells. The
devices are designed to handle nano- to picoliters of fluid, so
the systems are inherently capable of handling samples with
sensitive or low cell counts. Moreover, such capabilities are
also scalable when needed for more expansive operations.
Finally, unique applications are realized because EP can be
monitored in real time, and cell response can be tracked over
time. Collectively, these devices are unique tools that offer
functionalities useful for biomedical research.
4.1. Development of Therapeutics

A primary objective of EP is the delivery of cargos to modify
cell function and behavior. Recent progress in sequencing
technologies has yielded unprecedented insight into the
physiological and pathological roles of genes,296,297 linking
gene sequences to biological function and creating the
opportunity to synthesize sequences to program cells and
alter gene expression for novel therapeutic development.
Microscale EP technologies are well-equipped for cargo
transfer because delivery into cells is highly controlled. Most
commonly, nucleic acids, such as oligonucleotides, RNA, or
plasmids, are delivered into cells to modify gene expression.
The emergence of various gene editing technologies has
created emergent opportunities to apply microscale EP devices.
Alongside nucleic acid deliverables, different biomolecules may

be screened with microscale EP for efficient testing of multiple
dosing regimens. Cargos may also be delivered into other
membrane-based vessels that may aid with in vivo trafficking of
therapeutics to desired disease targets. Novel, proof-of-concept
microfluidic technologies for reversible EP are often validated
with the delivery of reporter cargos, such as dyes, green
fluorescent protein (GFP)-encoding plasmids, and fluores-
cently tagged dextran, to demonstrate the potential of such
capabilities.32,36,39−45 As such, references in this section
primarily include studies that have used microscale EP to
deliver biologically functional cargos that modify cell behavior.
Microscale EP serves as an experimental validation of
therapeutic efficacy before translation to in vivo cargo delivery.
In this section, we discuss the demonstrated potential of both
static and continuous microscale EP in the therapeutic
workflow.

4.1.1. Genetic Engineering. A common application of
intracellular delivery is the delivery of nucleic acids and
proteins to genetically engineer cells and shape cell behavior.
EP is excellent in delivering a range of cargos at these different
length scales. Microscale EP devices have proven versatile in
different contexts to transiently silence or upregulate specific
genes or in permanent gene editing.
Microscale EP enables controlled post-transcriptional gene

silencing and modulates protein production to inhibit cell
function and induce cell death. RNA interference (RNAi) is
achieved through the delivery of 20−25 bp small interfering
RNA (siRNA) and microRNA (miRNA) mimics into cells.298

Within the cell, the sequence-specific RNA strands bind to
mRNA (mRNA) and induce nucleic acid cleavage, transiently
inhibiting gene-specific protein production. miRNA and siRNA
are commonly delivered into cells using liposomes, but results
have been inconsistent due to the reliance on endosomal
escape and inconsistent miRNA loading.299,300 Microscale EP
enables consistent, dose-specific delivery of siRNA and miRNA
into target cells to affect cell function. Several proof-of-concept
studies have delivered siRNA or miRNA targeting previously
transfected GFP genes174,180 or calcium channel proteins171 in
cell lines with improved delivery efficiency compared to bulk
EP. Several studies have demonstrated the therapeutic efficacy
of microscale EP in the delivery of miR-29b35,141,180 or
siRNA140,142,145 silencing Mcl-1, a protein that regulates
apoptosis, at toggleable doses. Experiments with different
dosages revealed that the delivery of frequent, low-concen-
tration doses is preferable to a single large dose, as the
continuous approach maintained a comparable response while
requiring 22% less siRNA.142 RNAi has also been used with
microscale EP to deliver miR-181a into cells to promote
fibroblast proliferation.160 Additionally, microscale EP was
effective in the delivery of cell penetrating peptides conjugated
to peptide nucleic acids (CPP-PNAs) into macrophages
infected with bacteria.301 A PNA sequence was selected to
selectively inhibit bacteria growth within the cell. EP avoided
challenges with endosomal escape to improve the overall
therapeutic efficacy compared to cell incubation with CPP-
PNAs.
Microscale EP devices are capable of efficient delivery of

large, several kilobase pair plasmids into cells to modulate cell
function. Aside from delivery of GFP-encoding plasmids, some
studies transfected bacteria with reporter antibiotic resistance
genes.164,254,277,302 Microscale EP allows plasmids to be
delivered directly into the cytoplasm. This mechanism
increases transfection efficiency and consistency relative to

Figure 16. Integration of liquid electrodes for device fabrication at
lower costs.293 The liquid alloy was injected in 50 μm tall side
channels and stopped at the 20 μm tall channel restriction. Cell
suspension flowed through the central channel, and a uniform electric
field could be applied. Reproduced with permission from ref 293.
Copyright 2020 Elsevier.
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traditional methods that rely on endosomal escape. Recent
microscale EP devices have delivered biologically relevant
plasmids for cellular reprogramming. The 3D NEP device has
been used to transfect mouse embryonic fibroblast cells with a
plasmid cocktail collectively known to reprogram fibroblasts
into induced neurons (iNs).139,150 The 3D NEP platform has
enabled plasmid dosage control and revealed optimal iN
formation at nonuniform plasmid ratios.139 Genes from
plasmids transfected with NEP were expressed more rapidly
than genes delivered via bulk EP methods. This in vitro study
was a precursor to in vivo tissue repair and stroma cell
alterations.150 Zhao et al. used the NEP system to discern the
relative strengths of competing intracellular pathways in the
production of miR-181a, which is also a known tumor
suppressor.141 Indirect upregulation of miR-181a with a
plasmid encoding a mutated CEBPA gene, which is present
in a fraction of acute myeloid leukemia (AML) patients,
upregulated miR-181a synthesis more efficiently than direct
upregulation with an miR-181a-encoding plasmid. Despite the
success of existing technologies for plasmid delivery, a noted
challenge is traversing the second barrier and transporting
plasmids from the cytoplasm into the nucleus, which could
further improve transfection efficiency. Recent studies have
used the combination of nano- and millisecond electrical
pulses303 or mechanical squeezing and EP304 to achieve this
feat.
Conversely, the clustered regularly interspaced short

palindromic repeats (CRISPR)/Cas9 genome editing system
has emerged as a powerful tool in biomedical research to edit
genomes with high specificity.305,306 This technology enables
permanent changes to the genome, in contrast to the transient
behavior of siRNA, miRNA, or plasmid delivery. A broad range
of emerging applications use genome editing, from engineering
new abilities into existing cell lines to removing undesired
mutations to treat diseases.307,308 Microscale EP enables
precise dosage control when delivering large Cas9 ribonucleo-
proteins (RNPs) or CRISPR/Cas9-encoding plasmids. The
process is sufficiently gentle to preserve cargo functionality for
efficient gene editing. Proof-of-concept studies have used the
CRISPR/Cas9 platform to edit GFP expression in207,269 or
out.164,165 Cas9 RNPs have also been transported into
mammalian cells to target the housekeeping PPIB gene.113,135

The moderate editing efficiency (25−31%) was possibly due to
the added challenges of protein navigation from the cytosol
into the nucleus for effective activity. In another study, >9 kbp
CRISPR/Cas9 plasmids were delivered into cells to knock out
p62 and CXCR7, two tumor proliferation genes.114 Alongside
slower proliferation, genomic sequencing and Western blot
assays revealed successful genome editing and decreased
production of target proteins.
High-throughput microscale EP systems are also applicable

to program immune cells, potentially for reintroduction into
patients to target diseased cells.147,193,253,258 Select studies have
delivered GFP-encoding mRNA into primary human T cells at
up to 2 cells/min to mimic potential cell engineering for
adoptive cell transfer.253,258 An emergent cancer therapeutic
strategy is the engineering of synthetic chimeric antigen
receptors (CARs) to program immune cells to target cells
expressing specific antigens.309 Chang et al. transfected NK
cells with CAR-encoding plasmids as an early demonstration of
immune cell engineering using microfluidics.147 Jayasooriya et
al. characterized the cellular response to CAR-encoding mRNA
into primary T cells using interdigitated electrodes.193 GFP

and CAR levels peaked 24 and 48 h after mRNA delivery,
respectively, underscoring the differences in gene expression
based on mRNA sequences. CAR T cells formed with
microscale EP were effective in killing target cells without
off-target cytotoxicity.

4.1.2. Drug Screening and Delivery. Alongside genetic
manipulation of cell behavior, microscale EP is also suited for
screening of different cargos and generation of therapies.
Operation at the microscale reduces the quantities of
therapeutics necessary for screening. Similarly, efficient
delivery enables high-throughput generation of therapies that
demonstrate in vivo localization.
In vitro drug screening is a useful first step in determining

the drug efficacy in a biological system. EP is an effective
strategy to increase drug uptake of cells to assess therapeutic
efficacy. Operating on the microscale reduces the quantities of
cells and drug required for experiments and enables more rapid
dosage testing. Dong et al. used the 3D EP platform to deliver
small chemodrugs into melanoma cells.114 EP-based delivery of
dacarbazine caused a greater decrease in cell viability compared
to chemical agent-based delivery of the drug. Liu et al. used a
porous foam lined with 1D silver nanowires to continuously
electroporate the MCF-7 breast cancer cells and a known drug-
resistant counterpart (MCF-7/ADR) with doxorubicin hydro-
chloride (DOX).237 The MCF-7 cells had a 20% lower cell
viability compared to the MCF-7/ADR cells, whereas the EP-
free, 24 h DOX treatment of MCF-7/ADR cells had a marginal
effect on altering cell viability. Interestingly, Yan et al. found
that decreased EP efficiency of different nonsmall cell lung
cancer cell lines was linked with higher resistance to erlotinib, a
commonly used anticancer drug.310 This behavior may be
related to changes in membrane tension, which followed the
same trend as EP efficiency. Vickers et al. reported an inertial
microfluidic device that trapped cells in EP chambers using
microvortices for drug cocktail testing.179 Rapid solution
switching kept cells hydrodynamically while allowing the
passage of different drugs or wash buffers. This feature enabled
rapid sequential delivery of different drugs to identify
compounds at different intracellular concentrations with
synergistic effects. Sung et al. demonstrated a workflow to
simultaneously isolate rare cells spiked in blood samples and
test the effects of combinatorial drug delivery on attenuating
drug resistance.181

In addition to the validation of therapeutics, microscale EP is
also effective in encapsulating molecules in delivery vessels and
engineering immune cells. Instead of delivering cargos directly,
therapeutics are loaded within an enclosed cell membrane, and
the resulting structure is delivered in vivo. Cell-membrane-
based carriers shield the therapeutic cargo from premature
degradation and limit off-target toxicities.311 Liu et al. delivered
fluorescent mRNA probes into blood cells using a micropillar
array coated with carbon nanotubes.173 Yang et al. used the
cellular nanoporation (CNP) device to deliver a plasmid
encoding PTEN, tumor-suppressor gene, into cells and to
generate large quantities of exosomes.151 The CNP device
resembled NEP devices with subcellular nanochannels close to
adherent cells. Here, the EP process generated localized
stresses that increased the release of exosomes containing
PTEN mRNA in higher, more consistent quantities compared
to gold standard exosome delivery methods. CNP-formed
exosomes demonstrated significant accumulation at a tumor
site and improved clinical outcomes in a mouse model. Zhao et
al. developed a workflow to extract and continuously deliver
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fluorescent RNA to mouse RBCs, which were then
reintroduced into a mouse within 1 h.312 Several hours after
reintroduction, there was significant particle accumulation in
the kidney and spleen, two common organ targets for RBC-
based nucleic acid therapies. Rao et al. generated a similar
construct by stably delivered magnetic nanoparticles into RBC-
vessels to form RBC membrane-capped magnetic nanoparticles
(RBC-MNs).313 After particle synthesis, RBC-MNs were
delivered into mice and accumulated in tumors via the
enhanced permeability and retention effect, with applications
in both MRI imaging and photothermal therapy.

4.2. Intracellular Sample Preparation

The detection and measurement of intracellular molecules
such as nucleic acids, proteins, and metabolites are a
fundamental tool in biomedical research. Understanding the
internal cell composition, especially after stimuli, helps in the
understanding of cellular mechanisms and the efficacy of
administered therapeutics. These biomolecules must be
harvested from cells before they can be processed with
established bioassays, such as gel electrophoresis, polymerase
chain reaction (PCR), enzyme-linked immunosorbent assay
(ELISA), and mass spectroscopy. Microscale EP addresses the
key need of extracting intracellular biomolecules. Extracted
analytes remain concentrated after EP because the total
working volume is small. The small amounts of fluid are also
well-suited for rare samples, which may be extracted from
patients for in vitro testing. Furthermore, gentle microscale EP
maintains cell viability after processing. This section discusses
unique functions of microscale EP to isolate and enrich
intracellular material.
4.2.1. Longitudinal Intracellular Content Sampling.

Longitudinal intracellular analysis is essential to immunology,
stem cell differentiation, and other cell biology applications
where cellular response changes over time.314 However,

sampling intracellular molecules, including mRNA, proteins,
and metabolites, from the same cells at repeated intervals with
high sensitivity is challenging. Most technologies are limited to
studying molecules at a single time point by analyzing the cell
lysate, so extended studies characterizing the same cells are not
possible. Early work from Zhan et al. demonstrated that
microscale EP was sensitive enough to study proteins that
diffused out of the cell after reversible membrane permeabi-
lization.315 From there, collected contents can be analyzed
with diverse, sensitive assays to collect a snapshot of
intracellular contents at a given time point. Repeating this
process on the same set of cells over the course of hours
permits longitudinal studies to examine changes in intracellular
contents. Microscale EP is unique for its selective, gentle, and
efficient sample processing, along with integrated optical and
electrical monitoring systems.
The nanostraw-based EP platform has proven to be

appropriately gentle for intracellular sampling. Localized EP
at lower voltages reduces cell damage and limits uncontrolled
biomolecule diffusion into bulk solutions. The tight interface
between the nanostructures and the cells ensures that
intracellular contents only pass through the nanostraw into a
dedicated collection chamber for maximum extraction
efficiency. During nanostraw extraction (NEX), cells were
electroporated and intracellular contents diffused through the
nanostructure into a collection channel for pipet collection and
off-chip analysis.157 The NEX system demonstrated >95% cell
viability and no irregular cellular morphologies despite five
sample collections at 4 h intervals, extracting ∼7% of cellular
contents per collection. Samples were collected from beating
human iPSC-derived cardiomyocytes cultured on-chip every
24 h for 5 days. After 2 days, cells were subjected to heat
shock, which upregulated HSP27 production. This uptick was
quantified from the extracted samples using ELISA. Addition-

Figure 17. Examples of studies designed to analyze intracellular contents. (A) Longitudinal analysis of intracellular caspase-3 enzyme at four
sampling points.159 Enzymes were extracted from HeLa cells in a staurosporine solution and analyzed using a caspase-3 colorimetric assay kit. (B)
Repetitive enzyme sampling and mass spectroscopy measurement of the same cells using a removable SAMDI slide. Reproduced with permission
from ref 138. Copyright 2020 John Wiley and Sons. (C) Schematic of electromechanical bacteria lysis by electroconvective vortices.322 Drag forces
caused bacteria to migrate toward the cathode, where conditions were sufficiently harsh for irreversible EP. (D) Single-cell lysis and RNA extraction
in a cross chamber using ITP.330 Due to the electrode positions, cell 1 (left channel) was lysed whereas cell 2 in the lower channel was not.
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ally, mRNA collected from NEX samples agreed with a cell
lysate control. He et al. further optimized the NEX system for
improved intracellular extraction yield.158 The inner diameter
of the nanostraw was increased 3 times to aid protein diffusion
through the nanostructure. Additionally, the pulse was
optimized at a lower voltage and frequency to increase the
duration of cell permeabilization from 20 s to 30 min.
Threefold more cellular contents were captured using the
optimized nanostraws compared to the original structure. Only
20% of the cell count was used compared to the original NEX
study for adequate protein collection because of the improved
extraction efficiency. Similarly, Wen et al. used a conductive
nanostraw device to collect caspase-3, an indicator of
apoptosis, before and after an apoptosis inducer treatment
(Figure 17A).159 Visually, more cells underwent apoptosis, and
there were higher caspase-3 concentrations in cell extracts
collected in 3 h increments after treatment. He et al. captured
cancer cells using targeting antibodies and a branched
nanostraw format and validated intracellular sampling capa-
bilities with the same caspase-3 assay.154

Intracellular monitoring is also achievable using planar
membranes with subcellular channels due to the localized
electric fields and maintenance of tight cell−nanochannel
adhesion. Mukherjee et al. studied protein extraction using
planar devices.134 The concentration of collected intracellular
proteins plateaued with applied voltages ranging from 30 to
100 V, even as cell viability decreased, demonstrating a critical
condition for molecular transmembrane movement. Addition-
ally, when cells were suspended in hypoosmolar buffers to
increase membrane tension, molecules escaped out of the cell
more rapidly. Mukherjee et al. functionalized the electro-
porating electrodes with a self-assembled monolayer for
matrix-assisted laser desorption/ionization (SAMDI) mass
spectroscopy.138 When cells were electroporated, enzymes
diffused into a lower extraction chamber and bound to the self-
assembled monolayer on a gold electrode. The SAMDI slide
was removable, and enzymatic activity on its surface was
measured using mass spectroscopy (Figure 17B). Integrating
the enzyme fixation on-chip likely reduced potential sample
loss on the device or in the collection pipet. The gentle EP
process extracted ∼1.1% of intracellular proteins per event and
minimally affected cell viability.
4.2.2. Cell Lysis for Analyte Extraction. Cell lysate

analysis is the most common method to study intracellular
contents in biochemical and biomedical studies. EP is one of
many established techniques to lyse cells, but if conditions are
too harsh, then electrochemical lysis occurs, and electrolysis
byproducts degrade biomolecules.316 Microscale EP controls
electric field conditions across processed cells to limit these
adverse effects. This improves collected analyte yield for more
accurate downstream analysis. This section discusses engineer-
ing developments that reduced degradation of intracellular
molecules.
Electrode materials have been selected to reduce electrolysis

and improve the quality of collected cell lysates. Electrode
passivation is one approach to protect lysate from electrodes,
as discussed in section 3.3.1. The first microfluidic lysis device
used sawtooth-shaped gold electrodes coated with Teflon.186

The sawtooth design attracted cells to the electrode tips with
local electric field amplification, and the coating reduces
electrode breakdown. This validation was compatible with
various cell types, such as yeast, bacteria, and Chinese cabbage
and radish protoplasts after cell wall removal by enzymes.

Electrodes covered with PDMS dielectric layers facilitated cell
lysis for extraction of gDNA.263 >100 ng/μL DNA was
collected from multiple mammalian cell populations after an
intermediate filtration step. Talebpour et al. found that RNA
collected from cells treated with passivated electrodes yielded
16× more PCR product compared to cells electroporated with
nonpassivated electrodes.264 Ameri et al. opted to use graphene
as an electrode material to lyse RBCs.317 The combination of
the electrochemically inert properties of graphene and low
operational voltages at the microscale reduced harmful
electrolysis-generated toxins.
Another strategy to reduce sample degradation is to

optimize electric field conditions for more gentle lysing
conditions. Lu et al. demonstrated continuous on-chip cell
lysis on a PDMS chip with sawtooth microelectrodes.318 By
tuning the operational frequency, the plasma membrane could
be porated to release intracellular contents, while the organelle
membranes were preserved and could be harvested down-
stream for organelle analysis. Moreover, the nonhomogeneous
electric field generated DEP forces that focused cells to the
center of the channel to concentrate low-abundance molecules
for downstream assays. Poudineh et al. used 3DSTEs, with
local electric field enhancement at the electrode tips, for
efficient lysis of bacteria while limiting RNA degradation by
avoiding electrochemical lysis.236 At frequencies of >500 kHz,
electrolysis was avoided, and 95% of cells were lysed. >32×
more RNA was collected from electrically lysed E. coli relative
to electrochemically lysed samples. Morshed et al. tuned both
applied voltage and pulse length to determine optimal
conditions for cell lysis and gDNA extraction.319 At 20 V,
cells were lysed using interdigitated electrodes, but it required
a pulse width of 5 s to break up the nucleus and extract the
nucleic acids. Similar analyses confirmed nucleus breakup by
staining the whole cell, cytoplasm, and nucleus and visualizing
the loss of fluorescence after irreversible EP.320

The implementation of subcellular channels also improved
the collection yield of cell lysates. A packed bed of silica beads
concentrated bacteria and locally amplified electric fields
without severely damaging intracellular molecules.127,128,321

Hard-to-lyse mycobacteria were inactivated and intracellular
mRNA was extracted with 10−20× better efficiency compared
to performance with the bead beating method.128 The packed
bed of beads was also used to capture gDNA of lysed
eukaryotic and bacterial cells.321 After electrical lysis, the beads
captured gDNA and were washed by pressure-driven
oscillatory flow in the channel, with a final yield higher than
that from chemical lysis. Similarly, gDNA was preserved after a
nanopore membrane was used to concentrate and lyse E.
coli.136 Kim et al. combined mechanical shearing and electrical
cell lysis to inactivate bacteria with low electric field strengths
(∼100 V/cm), reducing harm on intracellular materials and
energy requirements.322 Electroconvective vortices were
generated by flowing solutions alongside ion-selective mem-
branes, which served dual roles of mechanically agitating
flowing cells and directing cells toward ion-depleted, amplified
electric field regions (Figure 17C). Both proteins and RNA
were collected downstream with equal or better efficiency than
bead beating-induced lysis. Won et al. used microscale EP to
lyse cells infected with the varicella-zoster virus.227 The virus
causes shingles and chickenpox, and there are clinical
limitations in developing vaccines based on cell-associated
virions in infected cells.323 Microfluidic cell lysis and off-chip
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purification extracted viable, cell-free virions for further
analyses.
4.2.3. Target Purification. Microscale EP devices may

integrate other microfluidic modules or rely on selective lysis
to improve the purity of the processed output. Typical off-chip
purification steps increase sample loss due to imperfect
solution transfers and filtration elements. Removing cell debris
and other undesirable components on-chip reduces user
intervention and eliminates intermediate steps, causing
improved collection yield. This is especially useful for
processing rare or fragile samples, where expected collected
biomolecules are already limited. Overall, microscale EP is
effective in streamlining experimental workflows to improve
sample purity while minimizing user intervention.
Integration of microfluidics into EP enables on-chip,

electrophoretic preprocessing of cell lysates for improved
purity during final collection. Established capillary electro-
phoresis technologies were first to demonstrate the combina-
tion of cell lysis and electrophoretic movement of lysates.
These devices used perpendicular channels to lyse cells and
separate lysates from ghost cells continuously214,324,325 or
semicontinuously.326 Cells were pumped through one channel,
and an electric field was applied across the perpendicular
channel. At the junction, cells were lysed, and charged lysate
electrophoretically traversed the perpendicular channel for
optical detection. McClain first demonstrated the detection of
a small fraction of cells that showed an anomaly of dye
hydrolyzation with processing speeds 100× faster than the gold
standard, benchtop capillary electrophoresis devices.324 The
throughput was increased to 80 cells/min by Wang et al. using
a similar channel design.214 This capability would be useful to
identify anomalous cells for early disease detection. This
system325 has been coupled with electrospray ionization−mass
spectroscopy to detect hemoglobin from RBCs.327 Other
works combined cell lysis and electrophoretic purification of
short RNA in an integrated device to reduce the processing
time, protecting RNA from degradation and increasing the
extraction efficiency from rare samples.328,329 Recent studies
have adopted this idea to separate RNA from DNA to better
understand transient cell behaviors. Several microscale EP
studies have used isotachophoresis (ITP), which uses similar
perpendicular channels filled with different mobility electrolyte
solutions, to separate RNA from DNA in a collection
channel.330−334 Shintaku et al. lysed single cells and quantified
relative concentrations of DNA and RNA based on the
fluorescence intensity of their respective bands (Figure
17D).330 Kuriyama et al. added a microfluidic T-junction
with separate electrode connections for a timed, directional
collection of faster-migrating RNA and bulkier gDNA for off-
chip analysis.331 Parimalam et al. found that fixing cells with a
reversible cross-linker limited premature RNA degradation
prior to sample collection.332 Abdelmoez et al. devised a single-
cell integrated nuclear and cytosolic RNA sequencing (SINC-
seq) workflow to better understand single-cell physiology.333

Surprisingly, gene expression profiles were different based on
its origin of collection, indicating that the cell manipulates
RNA expression during transport out of the nucleus.
Some metabolites are sensitive to intracellular enzymes in

cell lysates that naturally break them down. For example, in
microbial metabolomic analysis, mixing quenching solutions
with cell lysates is necessary because intracellular metabolites
rapidly degrade from enzymatic reactions.335 Rockenbach et al.
found that electric pulses not only induced irreversible lysis of

E. coli and S. cerevisiae but also inactivated the enzyme glucose-
6-phosphate dehydrogenase so that glucose-6-phosphate could
be collected without degradation.336 Additional microfluidic
tools have been integrated to chemically lyse undesired
enzymes. Filla et al.337 and Coulton and Edwards338 used
flow-switching devices to switch seamlessly between different
reagents for cell lysis and metabolite analysis. Rapid use of
chemical lysing agents degraded intracellular enzymes that
would otherwise decrease metabolite concentrations. The
combination of electrical and chemical lysing techniques was
10× faster than chemical lysing alone. Collected samples were
further analyzed off-chip with conventional methods such as
MALDI, mass spectroscopy, and liquid chromatography.

4.3. On-Chip Assays

Microfluidics is an established field with an abundance of
assays that can be performed on a device. Integration of
microfluidic assays with microscale EP offers many benefits.
Since EP and downstream analysis can be performed on the
same chip, sample loss and processing time are reduced.
Compared to off-chip analysis, the sensitivity of these assays is
higher due to smaller working volume per sample. Microfluidic
devices can also be used to compartmentalize cells into smaller
pockets to study single-cell behavior in parallel. This
functionality is more effective than bulk analysis of cell lysate
to understand heterogeneous behavior of cells. The devices are
also capable of electroporating slightly larger multicellular
samples that are surrogates of larger biological systems. In all,
this section covers how microscale EP pairs well with other
microfluidic assays in studying cell activity.

4.3.1. Single-Cell Assays. Static EP systems allow for
single-cell monitoring by immobilizing and confining cells in
small structures. Microscale EP devices can deliver a broad
range of cargos to perform different assays. For example, EP
devices can deliver robust biosensors made from different
materials to optically detect specific intracellular gene
expression. When targets do not have adequate deliverable
biosensors, samples may be discretized to isolate single-cell
lysates. Coupled with optical detection methods, microscale
EP is suitable for performing assays to assess single-cell gene
expression and response.
Delivery of biosensors into cells helps to assess intracellular

changes such as gene expression following transfection or cell
perturbation. For on-chip assays, fluorescent biosensors are
widely used to study the location and quantity of intracellular
molecules.339,340 Biosensors are designed to be highly specific
to biomolecules and can track their movement and relative
concentration within the cell. They are fabricated from a
variety of materials, including semiconductors, nucleic acids, or
metals, with drastically different physical characteristics.
Microscale EP is capable of delivering bulky cargos such as
Förster resonance energy transfer (FRET)-based protein
biosensors341 and quantum dots (QDs)342 in a dose-depend-
ent fashion irrespective of cell type. Microscale EP enables
nonendocytic delivery of QDs into cells for more rapid
transport and concentration control because delivery is not
cell-process-limited. Nonendocytic delivery is critical for 15−
20 nm QDs with surface modifications to be effective in
intracellular targeting.342 QDs functionalized with antibodies
specific to kinesin could track kinesin movement over time.
The importance of nonendocytic delivery was also validated
with the delivery of QDs and fluorescent oligonucleotides in
∼64 nm lipoplex nanostructures.145 Nanoparticles delivered
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with NEP rapidly lost fluorescent signal as the lipoplex broke
down, and the FRET pairs separated in the cytosol. In
comparison, structures delivered with bulk EP continued to
accumulate and fluoresce in the endosome due to an inability
to escape. Additionally, microscale devices can precisely
introduce smaller cargos, such as molecular beacons (MBs),
into cells. MBs are single-stranded, ∼30 bp hairpin nucleic acid
biosensors with bilabeled fluorescence in the presence of a
target mRNA sequence.343 When a complementary target
sequence binds to the MB, the quencher is separated from the
fluorophore, enabling real-time, spatial identification of specific
sequences within the cell. NEP devices have been used to
deliver MBs targeting native proteins114,140,149,161,163,344 or
validating the efficacy of RNAi gene silencing.141,142 Similar
deliveries of domino nucleic acid probes have been applied to
detect specific epidermal growth factor receptor (EGFR)
mutations in primary cancer cells.137 In one study, the
nonendocytic delivery of larger cargos, such as multiwalled
carbon nanotubes and QDs, into cells caused increased cellular
stresses compared to endocytic delivery.144 The finding
suggested that the delivery of larger cargos in vivo should be
accompanied by a method to quell nonendocytic transport, or
cargos should have a biocompatible coating because the cell
would otherwise recognize these biomolecules as foreign and
react poorly.
Microscale EP has been effective in the isolation and

detection of intracellular proteins in combination with various
detection techniques. Sedgwick et al. captured intracellular β-
actin from carcinoma cells with 10 μm antibody-coated latex
microspheres.196 Single cells were trapped on and lysed by
sawtooth-shaped electrodes before lysates flowed and accu-
mulated on the downstream microparticles. This format was
applicable to identify protein targets with known antibodies.
For cancer therapy, it is also important to understand how
nucleocytoplasmic transport and gene activation levels are
affected by anticancer agent, both of which can be determined
by studying protein translocation. Conventional determination
methods include subcellular fractionation, Western blotting, or
subcellular imaging, which are not suitable for large
populations of cells in single-cell study. Microscale EP and
on-chip flow cytometry have been paired to reveal single-cell
protein translocation without imaging.219−221 Wang et al.
developed an electroporative flow cytometer to observe the
translocation of protein-tyrosine kinase Syk to the cell
membrane after B cell activation220 and the kinetic behavior
of transcription factor NF-κB of CHO cells.221 The protein of
interest was labeled with a fluorescent probe prior to lysis, so
the remnant fluorescence intensity is related to the fraction of
cytosolic and membrane proteins.
Microscale EP devices have sufficiently small features for

complete cell compartmentalization for effective delivery of
biomolecules and analysis of cell lysates at the single-cell level.
Microwell arrays are simple to fabricate and enable large
numbers of cells to be organized, electroporated, and
monitored in parallel.345,346 Isolation of small numbers of
cells and generated lysates allows for improved resolution
when studying intracellular contents. Various microfluidic
strategies, discussed in section 3.1.2, have been employed to
load cells into isolated chambers. 3D micropore arrays that
isolated each cell were used to show melanoma cell inhibition
of a chemodrug, dacarbazine,114 and regulation of the GATA2
gene of leukemia cells.146 Dong et al. demonstrated high-
throughput gene mutation identification and drug resistance

analysis by delivering sequence-specific domino probes.137

This system could analyze >10 000 cells in 40 min, including
incubation time. EGFR mutation ratios from 20 primary
cancer cell samples, detected with single-cell resolution,
correlated with expected drug resistance. This workflow
would replace existing protocols for identification of specific
mutations using single-cell sequencing which is powerful but
low-throughput, expensive, and time-intensive.347 By fully
sealing off individual cells prior to cell lysis, lysates may be
individually isolated to perform on-chip assays with single-cell
resolution. As a demonstration, caspase activity of individual
RBCs was monitored over time. Kim et al. used DEP forces to
guide bacteria or mammalian cells into individual micro-
wells.197−199,348 The DEP forces fixed cells in place during
solution exchange steps and microwell closing with a PDMS
membrane to isolate each sample. After cell lysis, released
intracellular contents remained within individual wells. This
device displayed cellular heterogeneity in active β-galactosidase
expression198,348 and pluripotency marker protein Nanog of
mouse iPSCs.199 Chatzimichail et al. designed microwells for
cell capture, lysis, and protein detection using patterned
antibody spots.292 PDMS microwells were loaded with cells
and sealed with a glass slide patterned with electrodes and anti-
GFP antibodies. Following cell lysis, fluorescence intensity in
each well due to accumulated GFP at the antibody spots
roughly matched the number of cells. Li and Anand trapped
single cells in individual wells using a wireless bipolar electrode
array prior to lysis.349 Split electrodes were activated by an
external electric field to nudge cells into the well with DEP
forces and keep them trapped. A hydrophobic, conductive,
low-viscosity ionic liquid sealed individual wells for minimal
contamination prior to cell lysis. de Lange et al. electroporated
single E. coli and encapsulated the cells in droplets for single-
cell lysate analysis.350 A fluorescent catalysis reaction was used
to quantify the fraction of lysed cells containing β-glucosidase,
a cellulase used to convert biomass into biofuels.
Static EP systems enable continuous monitoring and

repeated EP of the same cells over longer time spans. EP
and targeted simulation of neuronal axons were demonstrated
by Chang and Sretavan using vertical sidewall electrodes.351

Neurons were cultured such that randomly distributed cells
adhered between the electrodes. After delivery of an
impermeable calcium chelator, EGTA, a fluorescent calcium
indicator in the axon was locally quenched, with the neural
body and surrounding neurons unaffected. More recent
techniques provided direct control of EP position on cell
cultures. The NFP device uses a micromanipulator to select
individual cells to permeabilize with precise control and
supports long-term tracking of cellular response.161,163,165 The
gentle cell transfection has applications in cell differentiation
studies. Similarly, Janus particles held similar capabilities to
gather, transport, and electroporate small numbers of
bacteria176 and mammalian cells177 with high efficiency. Both
techniques offer not only the ability to select which cells for EP
but also the opportunity to specify where on the cell to apply
an electric field for delivery. This advantage provides
opportunities to provide direct treatments toward specific
regions on neurons and other elongated cells.

4.3.2. Cellular Response under an Electric Field.
Microscale EP provides the ability to study cell responses
under electric fields. The technology exerts repeatable,
consistent EP conditions onto cells at the single-cell level, so
systematic screening of conditions can be performed. A better
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understanding of the cellular responses to applied electric fields
may help adjust EP conditions to improve efficiency for
translational applications and novel biological systems. Micro-
scale EP allows for precise control over electrical and delivery
conditions exerted on single cells and larger in vitro biological
systems. For example, Gencturk et al. examined the response of
S. cerevisiae cells to electric fields at different voltage
magnitudes.352 Cells treated at sub-EP voltages underwent
prolonged mitosis and took 200−300 min to divide instead of
the normal 80−90 min. This finding suggests that low voltages
may be applied in combination with other therapies to slow
tumor growth during in vivo treatment. Graybill et al. used
nanofiber-based probes to study the cytoskeletal impacts of
applied electric fields on single cells.353 Cells underwent three
stages after EP: initial reduction of contractility, biphasic force
response, and reversion to initial contractility (Figure 18).
Electric fields applied parallel to the direction of cell elongation
yielded higher cell viability, but perpendicular forces produced
more uniform cargo delivery between the anodic and cathodic
cell sides. Henslee et al. also found directional electric field
effects on threshold EP conditions by manipulating cell pairs
with optical tweezers.184 Cell pairs perpendicularly aligned to
the electric field direction were electroporated at weaker
electric field compared to a single cell exposed to the same
electric field direction. However, cells placed in parallel to the
electric field shielded one another and required higher electric
field strengths for EP while achieving lower efficiency. These
findings may inform more efficient EP parameters for single-
cell studies where cell position may be controlled. Changes in
cytoplasm conductivity post-EP have been characterized and
suggested as a label-free indicator of cell permeabilization.354

4.3.3. Electroporation of Multicellular Models. Micro-
scale EP devices are capable of processing both individual cells
and larger samples that mimic tissues. For many cell types, 3D
cell cultures better represent in vivo cell physiology than planar,
2D cultures.355 Zhu et al. devised a PDMS device designed to
electroporate 50−150 μm 3D spheroids with ∼10 cells.269

Intracellular delivery of 80% of all cells was demonstrated by
orthogonally switching the polarity of the electric field.
Artificial organ-on-a-chip technologies have been created to
replicate elements of in vivo environmental conditions for
inexpensive and physiologically relevant experimentation.356

For example, the blood−brain barrier (BBB) is notoriously
difficult for biomolecules to traverse into the central nervous
system. Biomolecules must travel either through endothelial
cells (transcellular) or through intercell tight junctions

(paracellular). Bonakdar et al. cultured mouse brain
endothelial cells in a bilaterally converging device to determine
optimal EP conditions for adequate delivery and high cell
viability.205 Intracellular delivery achieved half of the goals of
transcellular movement of brain disease therapeutics. Later,
Bonakdar et al. designed a two-layer microfluidic device
separated by a human cerebral microvascular endothelial cell
monolayer to mimic the BBB.357 This device enabled rapid
testing of multiple experimental conditions using this model.
High-frequency, low-electric-field-strength pulses, which were
insufficient for cellular EP, were sufficient to transport
molecules across the cell monolayer. This suggests that weaker,
sub-EP electric fields may be preferable to permeabilize tight
junctions for paracellular movement while improving the safety
of treatment. Beating cardiomyocytes cultured within micro-
scale EP devices allowed for sensitive testing of the effects of
EP on the heart.157,167 The 3D hollow nanoelectrode system
was employed to electroporate and take electrophysiological
recordings of beating iPSC-derived cardiomyocytes.167

Changes in depolarizing and repolarizing currents were
noted when comparing electroporated cells compared to a
normal state. These signal alterations are critical parameters for
studying the intracellular effects of drugs on cardiac cells. Some
exploratory work has led to the delivery of reporters into
model organism embryos using microscale EP. Zebra fish
embryos were electroporated with parallel plate electrodes to
deliver dyes, QDs, and GFP plasmids.358 Embryos were loaded
in a microwell array, so parallel in vitro transfection of embryos
is achievable. Mazari et al. locally electroporated mouse
embryos by positioning the organisms close to dielectric
guide electrodes that limited electrolysis close to the
organism.359 This tool was applied to fluorescently label distal
cells and observe cell migration over time to better understand
development. Beyond the scope of this Review, there also exist
other works that focus on downstream electrotransfer for in
vivo delivery of different therapeutics.360,361

4.4. Cell Inactivation

One goal of microscale EP is the inactivation of target cells
while preserving other analytes in the liquid sample. This goal
is pertinent in applications like water disinfection or clearance
of unwanted cells. In both instances, microscale EP is beneficial
in generating reliable process conditions and reducing energy
expenditure. Increasing the throughput of microscale EP to
match bulk processing techniques for such applications is an
added challenge.

Figure 18. Biphasic force recovery of electroporated cells.353 A glioblastoma cell was placed on extracellular matrix-mimicking nanofibers to detect
changes of cytoskeleton-driven forces by fiber deflection as it underwent multistage recovery after EP. Scale bar: 25 μm.
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Cell lysis is a viable approach in water disinfection or food
sterilization to remove undesirable bacteria because electrical
treatment can inactivate cells without degrading heat-sensitive
ingredients.362,363 Existing cell inactivation methods, such as
chlorination and UV radiation, are effective in cell inactivation
but generate toxic byproducts and can consume excessive
energy.364−366 Emerging microfluidic EP techniques mitigate
these challenges by focusing on decreasing energy con-
sumption and controlling precise lysis parameters while
increasing throughput for practical device use. Low energy
consumption is important for industrial use of bacterial lysis
since it requires high electric field intensity (∼10 kV/cm) and
large processing volumes. Electric field enhancement strategies
as presented in previous sections have been adopted for
efficient cell inactivation in low voltage. E. coli were lysed with
low-voltage pulses by reducing the electrode distance from
millimeters to 100 μm.217 Huo et al. initially used CuO
nanowires modified on a copper foam to achieve 7 log bacteria
removal at 25 J/L.240 Huo et al. later opted for a carbon
nanotube-decorated sponge for E. coli inactivation with a
<0.000 01% survival rate.238 This device required only 2 V for
efficient lysis, which is lower than the voltage required for UV
sterilization or membrane filtration, so samples could be
purified with minimal energy consumption (20 J/L). Cell lysis
efficiency was increased by electrophoresis and DEP which
transported cells close to the amplified electric field regions for
more efficient lysis at lower voltages.242 Huo et al. optimized
the microfoam system using Cu3P nanowires to filter the water
using only 1.2 J/L.239 Liu et al. sought to inactivate microalgae
in culture media to better replicate real-world conditions.229

Cell damage was attributed to the applied electric field and not
the trace amounts of released copper ions, which have negative
effects on human health. Yue et al. found that functionalizing
CuO nanowires with silver beads improved antibacterial effects
for high-throughput processing.243 At 2 L/min and an applied
voltage of 10 V, silver NP-CuO nanostructures inactivated E.
coli ∼25% better than CuO nanostructures. These devices were
effective in most water quality conditions, aside from the rare
instance of high-molecular-weight or low-solubility organic
matter at high concentrations.241 Pudasaini et al. continuously
electroporated bacteria with local electric field enhancement
caused by micropillars228 or silica beads.230

Microscale EP technologies allow for fine-tuning electrical
conditions to induce size-selective EP for cells of interest from
heterogeneous cell populations. Selective cell inactivation has
clinical relevance in lysing only circulating tumor cells (CTCs)
from blood and preserving RBCs and white blood cells
(WBCs).367 Bao et al. lysed cancer cells from blood218 with a
continuous, channel constriction EP device with a maximum
flow rate of 1 mL/min for rapid processing.210 Kinio et al.
relied on the different magnitudes of DEP forces, based on cell
size, to isolate surrogate CTCs from blood cells for lysis in a
continuous device.368 Cancer and blood cells were subjected to
identical electric field gradients, causing larger CTCs to deflect
via DEP into a different streamline than blood cells because
DEP force is dependent upon the cube of a cell radius.369

Cancer cells were positioned closer than blood cells to locally
amplified electric fields, so only the cancer cells were lysed with
57% efficiency. Interestingly, Wimberger et al. found that the
relationship between cell size and threshold EP voltage did not

Figure 19. Passive (A) and active (B−D) cell pairing strategies for cell fusion. (A) Sequential images of the cell loading and fusion process. eGFP
expressing NIH 3T3 cells were (i) captured at the traps and (ii) transferred into two-cell traps by flow-induced deformation. (iii, iv) DsRed
expressing NIH 3T3 cells were trapped with the same protocol followed by fusion. Scale bar: 50 μm. Reproduced with permission from ref 380.
Copyright 2014 Royal Society of Chemistry. (B) Electrical simulation showing electric field and TMP distribution at the microcavity/discrete
microelectrode structure.385 TMP at points I and II were similar and higher than that at point III which is beneficial to selectively fuse two cells.
Reproduced from ref 385. Copyright 2015 PLOS under Creative Commons Attribution License, https://creativecommons.org/licenses/by/4.0/.
(C) Procedure for cell pairing by DEP, electrofusion, and culture using adjacent electrodes. pDEP, nDEP, and fusing electric fields are achieved
using the same electrodes by changing electrical conditions. Reproduced with permission from ref 387. Copyright 2019 AIP Publishing. (D)
Schematic process of one-to-one cell pairing at microslits for fusion using a channel constriction. Reproduced with permission from ref 393.
Copyright 2016 AIP publishing.
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always correlate when lysing blood cells, possibly due to
differences in cell shape.77 Cancer cell lines whose diameters
were >10 μm were lysed at 13 V, and nonspherical ∼7.8 μm
erythrocytes were lysed at ∼17 V. 6−10 μm leukocytes
required the harshest conditions of ∼36 V for cell lysis. While
this result was unexpected, cancer cells were still selectively
lysed when mixed with leukocytes. Blood cells may also be the
lysis target to preserve smaller bacteria, with potential
applications in speeding up sepsis diagnosis. Wassermann et
al. lysed blood cells with passivated electrodes while minimally
affecting spiked bacteria viability.261

4.5. Cell Fusion

Cell fusion is a process to merge the cytoplasm and/or nuclei
of two or more cells together to generate hybrid cells. Fused
cells have biological applications for antibody production,370

immunotherapy,371 regenerative medicine,372 production of
cloned offspring,373 and nuclear reprogramming.374 Typical
viral and polyethylene glycol (PEG)-assisted cell fusion
methods are associated with increased toxicity and formation
of larger cell aggregates. An alternative, electrofusion, uses an
electric field to permeabilize and join the membranes of cells in
close proximity.375 This method is attractive due to its lower
toxicity and broader application to different cell types, but
similar challenges remain in controllably forming only cell
pairs, instead of multicell fusion, and evading toxic effects of
Joule heating.376 Maintaining cell contact and initiating
reversible EP are imperative for successful electrofusion.377

As such, microscale EP is well-suited for electrofusion as
devices can efficiently permeabilize cells. Moreover, there are
numerous strategies to control cell placement and optimize the
pairing of only two cells. Reducing cell movement during the
pairing process is useful because fusion efficiency is higher
when cells are paired prior to application of electric fields.378

An early microscale device achieved electrofusion in a
continuous system using a channel constriction after chemi-
cally pairing cells together off-chip before electrofusion, but
this technique required prior cell membrane functionaliza-
tion.379 Instead, many existing electrofusion devices use
structural or active components to facilitate cell assembly. In
this section, we discuss cell assembly strategies that have been
developed for electrofusion.
Passive cell pairing techniques with hydrodynamic forces use

microstructures to pair cells together in a highly scalable
manner. Voldman and colleagues devised an array of weir-
based single- and double-cell hydrodynamic cell trap micro-
structures for cell pairing before electrofusion (Figure
19A).182,380 Target cells were first individually confined in
capture cups before being transferred into a larger trap by
changing the flow direction182 or increasing the flow rate to
squeeze cells through a constriction.380 Microstructure-assisted
cell pairing works for homotypic and heterotypic cell pairing
and is compatible with chemical and electrofusion. The passive
technique enables scalable processing with microstructure
arrays and on-chip observation of fusion events. Cells may also
be confined in pairs using droplets. Schoeman et al. fabricated
a continuous droplet generator to encapsulate suspended cells
in droplets upstream of EP.381 EP conditions were controlled
by flow rate as droplets passed an interdigitated electrode
array. Two-cell pairing efficiency was limited to 15% due to the
natural Poisson distribution of cell encapsulation in droplets.
DEP forces are also widely used to actively align and guide

cells to designated electrofusion regions with embedded

electrodes. DEP has diverse uses in selecting cells for fusion,
positioning cells close to enhanced electric fields, or trans-
ferring fused cells for collection. Cao et al. demonstrated how
microscale features could improve cell fusion by aligning cells
with DEP using serpentine channels fabricated with counter
electrodes.382 Hundreds of microelectrode pairs were
fabricated in a single chip for fusion of ∼450 cells per batch.
The same group of researchers formed 2D383 and 3D384

electrodes to generate discrete electrode pairs and eliminate
dead areas of cell pairing. Over 99% cells were aligned, and the
averaged fusion efficiency reached 43%. Wu et al. deflected
NIH 3T3 and mouse embryonic stem cells (mESCs) into
microcavities with DEP forces for cell reprogramming into
pluripotent stem cells (Figure 19B).385 Electrodes were
patterned on the back wall of individual microcavities. Cells
could be collected after electrofusion by turning off DEP
forces, and the collected cells showed gene expression similar
to mESCs. Zhang et al. fabricated the microwell electrodes on
three channel walls to alter the TMP uniformity of captured
cells.386 This design produced a more consistent cell
membrane TMP distribution so that cells could be fused
without undesirable irreversible EP. He et al. designed adjacent
electrodes to attract two cells with pDEP forces.387 nDEP
forces were then activated to push the two cells together for
electrofusion. After fusion, cells could be collected in individual
wells for culture and future analysis. Electrofusion was 4×
faster and more efficient than PEG-assisted fusion (Figure
19C). DEP forces were also used for monitored selection and
release of cell pairs from the continuous cell stream.
Kirschbaum et al. developed a cell manipulation device to
select and fuse a pair of cells interested for cell fusion.388

Selected cells were deflected by DEP force to a field cage
composed of eight electrodes for fusion under an AC pulse. Lu
et al. devised a curved microfluidic device that combined
hydrodynamic trapping with DEP forces for two-cell trapping
and fusion.389 The first target cell was hydrodynamically
trapped in a curved microchannel, and the second was brought
close by using DEP forces. With this method, the maximum
cell pairing and electrofusion efficiencies were 68% and 64%,
respectively. Similarly, Pendharkar et al. trapped cells in
separate hydrodynamic traps and flipped the device so cell
pairs would settle in a microwell.390 By applying DEP forces,
cells were joined together and electroporated for 73%
electrofusion efficiency.
Subcellular channels may serve dual functions as a point for

localized electric field enhancement and electrofusion. Masuda
et al. first proposed a microfluidic electrofusion system with a
subcellular channel in 1989.391 Two kinds of cells were flowed
from separate inlets and trapped at the pore in the middle of
the channel by DEP for electrofusion. Arrays of subcellular
channels for cell pairing allowed for parallelized observation of
fused cells.392 Sakamoto et al. flowed cell suspensions down
microchannels connecting both ends of a subcellular channel
(Figure 19D).393 High-frequency AC voltages generated DEP
forces that caused single-cell pairing across the gap, and only
the properly positioned cells were fused. The fused cells
remained at the pores until they grew and divided. Okanojo et
al. modified the experimental protocol to combine a somatic
cell nucleus with iPSC intracellular cytoplasm to artificially
program pluripotency with 60% efficiency.394 Somatic cells
were initially paired with a sacrificial cell, and the flow rates
were tuned to generate shear forces that squeeze the somatic
cell cytoplasm into a sacrificial cell. Drag forces on the swollen
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sacrificial cell split the fused cells apart, and the somatic cell
nucleus was then paired with a target iPSC. The flow rates
were switched so that the iPSC cytoplasm combines with the
somatic cell nucleus, and the reprogrammed cells could be
collected.

5. CONCLUSION
In this Review, we outlined recent engineering advances and
applications of microscale EP systems. Technological develop-
ments focus on improving both EP efficiency and processing
throughputs using novel device design, application of external
forces, or optimized electric field conditions. Operating on the
microscale reduces the necessary voltages to achieve
sufficiently high TMPs for cell EP, which improves cell
viability and makes the overall system safer. Milder electrical
conditions reduce the undesirable effects of electrolysis on cell
viability. Cargo delivery is precisely controlled with micro-/
nanofeatures, as cells experience more uniform electric field
conditions. In addition, there is renewed focus on implement-
ing microscale EP systems using fabrication and operational
techniques that lower the overall costs.
We categorized microfluidic EP devices primarily as static or

continuous systems based on cell movement during the
application of electrical pulses. The distinction is useful to
highlight specific engineering choices and advantages specific
to a certain modality that help with improving cell EP
performance. Cells processed by static EP devices are confined
to a specific region by either natural cell adhesion or the
application of passive or active forces. Static EP is effective for
localized enhancement of electric fields through subcellular
channels or sharp features because cell placement is highly
controllable. With these systems, there is potential for precise
temporal and dose control because poration regions are well-
defined. Static EP is useful for biomedical research applications
impacted by the behavior of individual cells because each cell
can be tracked and visualized in real time, instead of relying on
bulk collection, where heterogeneous behaviors may be
obfuscated. In comparison, continuous EP devices include
systems where cells are constantly flowing past an EP region.
Efforts are underway to focus electric fields within the
microchannel and improve the uniformity of conditions
applied to each cell. Different strategies have been applied to
mitigate the negative effects of electrolysis. Continuous EP
devices have inherently high throughput with potential
applications in processing cells for clinical therapies. In
addition to innovations in these microscale EP strategies,
general advances have been made to passivate electrodes or
improve permeabilization uniformity for improved EP
performance, encapsulate cells in droplets, incorporate
impedance measurements to extract additional information
during cell processing, and reduce overall barriers to
technology development and adoption.
Most microscale EP devices are developed by researchers

who have micro-/nanofabrication experience to produce
microfluidic channels and integrated micro-/nanoelectrodes.
On-chip manipulation of cells also needs external systems for
fluidic, electronic, or optical control. For biologists and
clinicians who want to use microscale EP beyond proof-of-
concept assays, user-friendly microscale EP devices are
becoming commercially accessible. Existing systems include
the neon transfection system (Thermo Fisher Scientific, Inc.)
with microcapillaries and wire electrodes,290 the fully
automated NFP-E system (iNfinitesimal, LLC) based on

NFPs,161−165 and a continuous flow EP module (The Charles
Stark Draper Laboratory, Inc.), which can process 500 million
T cells at a rate of 20 million cells/min.253 An electrofusion
device (Harvard Bioscience, Inc.) uses DEP force to align cells
for fusion.395 These devices have enabled genetic modification
of cells with potential therapeutic applications in cell therapy
or tissue engineering. Additionally, applied EP studies helped
determine the effect of external stimuli on cell behavior.
Intracellular contents can be probed using targetable
biosensors, via repeatable sampling, or by studying cell lysate
following irreversible EP. Cell inactivation has general utility in
water disinfection and clinical treatments. Finally, microscale
EP enables controlled cell fusion to increase cell functionality.
Microscale EP systems have already demonstrated signifi-

cant potential as tools in clinical and research settings.
Nevertheless, future works should be dedicated toward
expanding the capabilities of these devices. For example,
many devices are validated using known, immortal cancer cell
lines that may be more resistant to external stimuli. Concerted
efforts are needed to electroporate sensitive primary cells with
such devices. In line with this goal, future studies should
transition toward engineering cells with new functionalities
with clinical relevance. Similarly, investigation of electro-
porating cells in nonidealized biological samples, such as blood,
is warranted. Developing entire workflows from sample
collection to EP may increase the utility and expansion of
these devices. Alongside these goals, efforts should be made to
better understand the mechanism of EP. More fundamental
work is needed to determine optimal EP conditions
irrespective of channel geometry, instead of the trial-and-
error optimization currently practiced. Integration of EP with
feedback systems may help determine optimal experimental
conditions more rapidly. With an improved understanding of
the mechanisms of EP, more methods may be devised to
improve cargo delivery to specific subcellular components,
such as DNA to the nucleus, for more efficient transfection.
Finally, efforts should be made to reduce the cost and
complexity of device fabrication for broader technology
adoption. These advances would help scale up microscale EP
for applications for industry and clinical settings.
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3DSTE 3D sharp-tipped electrode
AML acute myeloid leukemia
AC alternating current

bp base pair
BBB blood−brain barrier
CNP cellular nanoporation
CPP cell penetrating peptide
CAR chimeric antigen receptor
CHO Chinese hamster ovary
CTC circulating tumor cell
CRISPR clustered regularly interspaced short palindromic

repeats
DEP dielectrophoresis
DC direct current
DOX doxorubicin
EIS electrical impedance spectroscopy
EP electroporation
ELISA enzyme-linked immunosorbent assay
EGFR epidermal growth factor receptor
EpCAM epithelial cell adhesion molecules
FRET Förster resonance energy transfer
gDNA genomic DNA
GFP green fluorescent protein
ITO indium tin oxide
iN induced neuron
iPSC induced pluripotent stem cell
ITP isotachophoresis
LEPD localized electroporation device
MN magnetic nanoparticle
mRNA messenger RNA
miRNA microRNA
μPAR micropost array railing
MB molecular beacon
MD molecular dynamics
mESC mouse embryonic stem cell
NEP nanochannel EP
NFP nanofountain probe
NSP nanospike
NES nanostraw electroporation system
NEX nanostraw extraction
NK natural killer
PNA peptide nucleic acid
PC polycarbonate
PDMS polydimethylsiloxane
PEG polyethylene glycol
PET poly(ethylene terephthalate)
PCR polymerase chain reaction
PCB printed circuit board
qRT-PCR quantitative reverse transcription PCR
PI propidium iodide
QD quantum dot
RBC red blood cell
RNP ribonucleoprotein
RNAi RNA interference
SAMDI self-assembled monolayer for matrix-assisted laser

desorption/ionization
siRNA small interfering RNA
SEB surface-enhanced blocking
SERS surface-enhanced Raman scattering
TMP transmembrane potential
TENG triboelectric nanogenerator
WBC white blood cell
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Influence of Medium Conductivity on Electropermeabilization and
Survival of Cells in Vitro. Bioelectrochemistry 2001, 54, 107−115.
(93) Li, Y.; Wu, M.; Zhao, D.; Wei, Z.; Zhong, W.; Wang, X.; Liang,
Z.; Li, Z. Electroporation on Microchips: The Harmful Effects of PH
Changes and Scaling Down. Sci. Rep. 2016, 5, 17817.
(94) Silve, A.; Leray, I.; Poignard, C.; Mir, L. M. Impact of External
Medium Conductivity on Cell Membrane Electropermeabilization by
Microsecond and Nanosecond Electric Pulses. Sci. Rep. 2016, 6,
19957.
(95) Zand, E.; Schottroff, F.; Steinacker, E.; Mae-Gano, J.;
Schoenher, C.; Wimberger, T.; Wassermann, K. J.; Jaeger, H.
Advantages and Limitations of Various Treatment Chamber Designs
for Reversible and Irreversible Electroporation in Life Sciences.
Bioelectrochemistry 2021, 141, No. 107841.
(96) Heiser, W. C. Optimizing Electroporation Conditions for the
Transformation of Mammalian Cells. In Transcription Factor Protocols;
Tymms, M. J., Ed.; Methods in Molecular Biology; Humana Press:
Totowa, NJ, 2000; pp 117−134. DOI: 10.1385/1-59259-686-X:117.
(97) Jordan, E. T.; Collins, M.; Terefe, J.; Ugozzoli, L.; Rubio, T.
Optimizing Electroporation Conditions in Primary and Other
Difficult-to-Transfect Cells. J. Biomol. Technol. JBT 2008, 19, 328−
334.
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