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Abstract
Reversible electroporation (RE) involves applying pulsed electric fields to briefly disrupt cell membrane channels, allowing 
molecular transfer while preserving cell viability. Advances in RE combined with micro- and nano-devices have improved 
efficiency and safety in cellular analysis and engineering, holding substantial promise for biological research and precision 
medicine. This review summarizes progress in RE technology, spanning underlying theoretical principles, practical implemen‐
tation, and emerging applications. By integrating mechanistic insights with parameter assessment, we strengthen process under‐
standing of RE to support further optimization. To clarify RE implementation strategies, we present advances in micro- and 
nano-devices based on varying electric field control approaches. Using these platforms, we examine improvements in intra‐
cellular analysis, cellular engineering, drug delivery, and cell sampling to illustrate state-of-the-art RE applications. Finally, 
we outline future directions and trends for RE systems aimed at molecular mechanism mapping and personalized precision 
medicine, emphasizing their increasing relevance in practical settings.
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1 Introduction

The cell membrane acts as a selective barrier that tightly regu‐
lates substance exchange between intracellular and extracel‐
lular environments, a role essential for sustaining cellular 
homeostasis [1–3]. However, this barrier also imposes dual 
restrictions on the efficient entry of exogenous molecules and 
the nondestructive extraction of intracellular substances, 
thereby limiting detailed mechanistic studies and functional 
engineering [4–8]. Therefore, creating controllable transmem‐
brane channels that permit molecular transport while main‐
taining cell viability remains a central challenge [9, 10].

Reversible electroporation (RE), a cell manipulation 
method, uses regulated electric pulses to briefly increase 
cell membrane permeability, producing nanoscale pores that 
permit molecular exchange without inducing lasting dam‐
age [11–13]. With refined electric field control, advances in 
RE-integrated micro- and nano-devices have driven substan‐
tial improvements in delivery efficiency, cell throughput, 
and operational precision [14, 15]. For instance, nanopore-
enabled RE chips achieve highly efficient and safe probe 
transport across tens of thousands of individual cells simul‐
taneously [16, 17]. Moreover, coupling RE with flexible 
electronic microchips is broadening its applications to real-
time diagnosis and in vivo therapies [18].

In this review, we describe developments in RE technol‐
ogy. First, we examine the electroporation process under 

pulsed electric fields and identify key parameters governing 
RE performance and safety, providing a theoretical frame‐
work for understanding interactions between operational set‐
tings and cellular behavior. We then present the design, fab‐
rication, and optimization of RE devices, emphasizing novel 
micro- and nanostructured electroporation platforms that en‐
hance efficiency through controlled electric field distribution. 
Furthermore, we highlight diverse RE applications enabled by 
regulated transmembrane transport, including intracellular 
analysis, cell engineering, drug delivery, and cell sampling. 
Finally, we discuss the strengths and limitations of current RE 
systems and outline future directions involving molecular 
mechanism profiling and personalized precision medicine. 
Overall, this review offers guidance to support continued 
advances in biological research and translational medicine.

2 Mechanisms of reversible electroporation

In RE, electric pulses are applied to generate transient hydro‐
philic pores in the plasma membrane, enabling short-term bidi‐
rectional molecular transport across the membrane [19–22]. 
When the pulse ends, these pores contract and reseal within 
seconds to minutes, restoring membrane integrity and preserv‐
ing cell viability [23–26]. This process occurs in three phases: 
(1) pre-perforation, involving transmembrane voltage induc‐
tion; (2) perforation, involving pore nucleation and expansion 
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accompanied by molecular transport; (3) post-perforation, 
involving pore closure and membrane resealing (Fig. 1).

2.1 Pre-perforation stage

Without an external field, the plasma membrane maintains 
a transmembrane potential from −40 to −70 mV that serves 
as a barrier to hydrophilic molecules [27]. When an electric 
field is applied, charged particles accumulate on both sides 
of the bilayer, increasing the transmembrane voltage (ΔVm). 
Once ΔVm exceeds a critical threshold, pores may form in 
the membrane. For a spherical cell in a uniform field, the 
Schwan equation provides a quantitative description of this 
behavior [28]:

∆Vm(θ, t ) = 3
2 ERccosθ (1 − e− t τm ) , (1)

τm = Rcεm
é
ë
êêêê

ù
û
úúúú2d ( )σiσe

σi + 2σe
+ Rcσm

. (2)

In Eq. (1), E denotes the applied field strength, Rc is the cell 
radius, θ is the polar angle relative to the field axis, and τm 
is the membrane charging time constant. In Eq. (2), εm is 
the membrane permittivity, d is the membrane thickness, 
and σi, σe, and σm are the conductivities of the intracellular 
medium, extracellular medium, and membrane, respec‐
tively. Because induced ΔVm scales with cosθ, it peaks at 
the poles (θ=0° and 180°). Thus, membrane regions facing 
the electrodes experience the strongest electrical stress and 
are most likely to initiate pores, whereas equatorial regions 
perpendicular to the field are minimally affected.

2.2　Perforation stage

When ΔVm exceeds an approximately 0.2–1.0 V threshold, 
the cell membrane becomes highly prone to pore formation. 
Field-oriented water molecules align in single-file chains 
along the electric field and penetrate the lipid bilayer’s hydro‐
phobic core, generating transient defects [23]. These defects 
serve as nascent pores and rapidly induce lipid headgroup 
reorientation, stabilizing hydrophilic nanopores [29]. This 

molecular rearrangement occurs within nanoseconds to mi‐
croseconds and differs fundamentally from slower, energy-
dependent membrane remodeling governed by cytoskeletal 
dynamics [30].

2.2.1　Pore nucleation

As ΔVm increases, pore formation accelerates nonlinearly; 
even moderate voltage rises can produce sharp increases in 
pore count. However, this rapid growth is short-lived, as 
available nucleation sites become saturated and the effec‐
tive local field declines as charge accumulates [31, 32]. The 
Smoluchowski-type rate equation is a commonly used math‐
ematical model describing this process [32−35]:

dN
dt =αe(∆Vm/Vep )2é

ë
êêêê ù

û
úúúú1 − N

N0
e− q (∆Vm/Vep )2

, (3)

where α denotes the intrinsic pore‐creation rate coefficient, 
N0 is the pore density at ΔVm=0 V, Vep defines the charac‐
teristic voltage scale for efficient electroporation, and q is 
the parameter governing saturation as N approaches N0. 
This model shows that pore creation is highly dependent on 
the square of the transmembrane potential; thus, slight volt‐
age increases can markedly accelerate pore formation. How‐
ever, this growth does not continue indefinitely: as trans‐
membrane potential rises, the term é

ë
êêêê ù

û
úúúú1 − N

N0
e− q (∆Vm/Vep )2

 

gradually approaches unity, and as pore numbers increase, 
the moderating factor decreases the effective nucleation rate, 
thereby slowing additional pore formation relative to an ex‐
ponential rise. Consistent with this theoretical prediction, 
Bubnis and Grubmüller [36] showed that a single 1-ms pulse 
at 40 kV/m produced approximately 3×105 pores per cell 
within 1 ms. Most of these pores had approximately 1-nm 
radii, with only a minority expanding to tens of nanometers.

2.2.2　Pore expansion

After nucleation, pore expansion reflects the competition 
between field-driven outward electrostatic pressure and the 
membrane’s intrinsic restoring forces [31]. The electrostatic 
pressure drives pore expansion, and membrane resistance 

Fig. 1  Stages of reversible electroporation. (a) Pre-perforation stage: transmembrane voltage induction. (b) Perforation stage: pore nucleation 
and expansion, accompanied by molecular transport. (c) Post-perforation stage: pore closure and membrane resealing
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occurs through three mechanisms: surface tension, acting as 
an elastic restoring force that tends to limit the stretched area; 
line tension at the pore rim, serving as a contractile force 
that decreases pore circumference; and steric repulsion, which 
becomes dominant at subnanometer radii and prevents un‐
physical collapse or deformation of the pores [37−39]. De‐
pending on the force balance, pores show three behaviors: 
they expand when the electric field predominates; they sta‐
bilize at an equilibrium radius when forces are balanced; 
they contract and reseal after external field removal when 
restorative forces dominate.

This process is quantitatively described within a continuum 
framework [40]:

drp
dt = Dp

kBT
é

ë

ê
êê
ê
ê
ê Fmax∆V 2m

1 + rh ( )rp+ rt
+ 2πrpδeff− 2πγ

+4β ( )r* rp
4

rp
ù

û

ú
úú
ú
ú
ú

,
(4)

where Dp denotes the pore‐radius diffusion coefficient, kBT 
is the thermal energy scale, and Fmax defines the maximum 
electrical stress per voltage squared. The geometric factors 
rh and rt account for electric field attenuation at the pore 

edge. The term Fmax∆V 2m
1+rh ( )rp+ rt

 represents outward electro‐

static pressure exerted by the applied field, which promotes 
pore expansion; 2πrpδeff captures the bilayer surface-tension 
contribution, reflecting membrane surface energy release with 
pore enlargement; − 2πγ indicates the line-tension penalty 
at the pore rim, which resists increases in rim length; 
4β ( r* rp )4 rp accounts for the molecular-scale steric re‐
pulsion of lipid headgroups, which dominates at subnano‐
meter pore radii, preventing collapse into unphysical pore 
configurations. Multiplying the algebraic sum of these forces 
by Dp/(kBT) yields effective pore mobility, where positive and 
negative values promote pore expansion and closure, respec‐
tively. Combined with nucleation kinetics, the continuum 
model helps predict pore lifetime, spatial distribution, and 
membrane permeability under various electroporation set‐
tings, including changes in pulse waveform, duration, and 
electrode geometry.

2.2.3　Molecular transport

During the membrane permeabilization window, molecular 
transport occurs mainly via diffusion, where neutral mol‐
ecules move passively along concentration gradients, and 
electrophoresis, where charged molecules are driven by the 
electric field. The Nernst–Planck equation describes this 
process, integrating three possible driving forces: diffusion 
driven by concentration gradients, electrophoretic drift 

governed by electric fields, and convective transport in the 
presence of bulk flow. When pore dimensions approach mo‐
lecular size or when large polymers are transported, model 
corrections are required to incorporate steric effects, reduced 
mobility, and conformational constraints. The Nernst–Planck 
equation’s general form is given as follows [41, 42]:

Ji =− Di∇ci − ziDiF
RT ci∇Φ+ civ, (5)

where Ji denotes molar flux, Di is the diffusion coefficient, ci 
represents concentration, zi denotes valence, F is Faraday’s 
constant, R represents the gas constant, T denotes absolute 
temperature, Φ is the electric potential, and v denotes the 
bulk fluid velocity. The term − Di∇ci represents Fickian dif‐
fusion, whereas ziDiF

RT ci∇Φ describes electrophoretic drift. 
In the absence of bulk flow, convection becomes negligible, 
reducing transport to a balance between diffusion and elec‐
trophoretic drift.

2.3　Post-perforation stage

After the external electric field is removed, the induced trans‐
membrane potential collapses rapidly, and the transient aque‐
ous pores in the membrane begin closing [43]. For small 
pores, resealing typically occurs through spontaneous lipid 
rearrangement, an energy-independent process usually com‐
pleted within a few seconds. Conversely, larger or more per‐
sistent defects (often termed large or long-lived pores) may 
require tens of seconds to several minutes to reseal and de‐
pend on active, Ca2+-driven repair pathways [44].

During persistent pore repair, Ca2+ influx acts as the pri‐
mary trigger. Elevated cytosolic Ca2+ levels promote fusion 
of lysosome-derived and other intracellular vesicles with 
the plasma membrane, supplying repair components and ex‐
tra membrane material [45]. In parallel, acid sphingomyelin‐
ase secretion induces membrane invagination and endocytic 
removal of damaged regions. Repair proteins, including 
annexins, dysferlin, and mitsugumin 53, are also recruited 
to the wound margin, where they cooperate with the actin 
cytoskeleton to build a contractile scaffold supporting final 
closure [45, 46]. Consequently, most mammalian cells restore 
plasma membrane integrity within seconds to minutes, with 
repair time varying according to electroporation intensity, 
temperature, and membrane fluidity [18, 47].

2.4　Key parameters for effective and safe RE

According to the preceding analysis of RE, the electric field 
around the cell and the surrounding environmental condi‐
tions shape the efficiency of cellular electroporation and sub‐
sequent molecular transport. The electric field is primarily 
governed by three parameters: voltage amplitude, pulse dura‐
tion, and pulse count. However, environmental conditions 
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are mainly influenced by temperature. This subsection offers 
a detailed examination of these parameters, establishing a 
foundation for achieving efficient and safe RE outcomes [48].

2.4.1　Voltage amplitude

According to the relationship E=V/d and the Schwan equa‐
tion, when electrode spacing is fixed, the applied voltage di‐
rectly defines the electric field strength and thereby modu‐
lates ΔVm. Once ΔVm surpasses the threshold, nanoscale 
hydrophilic pores emerge in the plasma membrane. Higher 
voltages produce more pores with larger radii, which in‐
creases the efficiency of molecular entry into cells [49−51]. 
For example, Brooks et al. [52] showed that DNA delivery 
efficiency peaked at approximately 60%–70% within a field 
strength of approximately 400–600 V/cm but declined rapidly 
outside this range. Similarly, Rols and Teissié [53] reported 
that raising the field strength from 200 to 600 V/cm substan‐
tially improved the uptake of fluorescent molecules but also 
markedly increased cell mortality.

Thus, voltage amplitude exerts a dual effect on electro‐
poration: moderate increases promote pore formation and 
molecular transfer, whereas excessive voltages trigger uncon‐
trolled pore growth, membrane integrity failure, and reduced 
cell viability [54, 55]. Therefore, identifying an optimal volt‐
age range is essential to balance high delivery efficiency with 
cell survival.

2.4.2　Pulse duration

Pulse duration determines the time available for charge re‐
distribution across the membrane under an applied electric 
field, thereby affecting pore stability and size. According to 
the Schwan equation, when pulse duration is shorter than the 
membrane charging time constant (τm), ΔVm cannot fully 
develop, reducing pore nucleation. In contrast, when the du‐
ration approaches or exceeds τm, ΔVm nears a steady state and 
supports more effective pore formation and growth [25, 56]. 
For instance, Pavlin and Kandušer [57] found that combin‐
ing long and short pulses improved gene delivery: four 200-
ms high-voltage pulses followed by a 100-ms low-voltage 
pulse increased transfection efficiency from approximately 
6% to 23% while preserving approximately 90% cell viabil‐
ity. Additionally, short microsecond-scale pulses (approxi‐
mately 100–200 µs) generally suffice for small molecule (<
1 kDa) delivery, whereas medium-sized cargoes (approxi‐
mately 10 kDa) typically require millisecond pulses, and 
large macromolecules, such as plasmid DNA, often need 
10–50-ms pulses to enter cells effectively.

In summary, the effects of pulse duration depend on mo‐
lecular size: larger molecules require longer pulses for effi‐
cient delivery. However, overly extended pulses elevate 
thermal load and the risk of irreversible electroporation (IRE), 

reducing cell viability. An optimal strategy is to tailor pulse 
duration to the cargo and cellular tolerance or use hybrid 
long–short pulse regimens that improve delivery efficiency 
while preserving viability.

2.4.3　Pulse count

The number of pulses regulates pore formation through cu‐
mulative effects. Before pore count reaches saturation, addi‐
tional pulses generate new pores, and subsequent pulses keep 
existing pores activated or expanding, thereby increasing 
overall pore density [58]. However, as nucleation sites be‐
come saturated and charge accumulation near pores alters 
local electric fields, the effective field strength in untouched 
membrane regions diminishes, limiting further pore forma‐
tion. Rather than improving delivery, excessive pulses deposit 
excess energy and generate harmful byproducts, shifting RE 
toward irreversible damage [59].

Experimental studies have demonstrated that pulse trains 
can enhance molecular uptake while allowing partial mem‐
brane resealing during interpulse intervals, thereby lowering 
the risk of cell damage. For instance, Mickevičiūtė et al. [59] 
showed that bipolar pulse sequences promote uniform per‐
meabilization and preserve high viability by pairing a short 
high-voltage pulse to form hydrophilic pores with a long 
low-voltage pulse to maintain openings.

Optimizing pulse count requires balancing enhanced de‐
livery with avoidance of excessive energy deposition. Using 
a moderate number of pulses with well-designed waveforms, 
such as bipolar sequences, represents a practical method 
for improving delivery outcomes while minimizing adverse 
effects.

2.4.4　Temperature

Temperature, a key environmental variable, influences elec‐
troporation efficiency and cell viability by altering membrane 
fluidity, pore formation thresholds, and resealing kinetics [60]. 
At lower temperatures, lipid mobility decreases and pore 
closure slows, extending the transport window but raising the 
ΔVm required for pore formation. At physiological or elevated 
temperatures, membranes become more deformable and re‐
seal faster, improving cell survival but shortening the per‐
meabilization window. Under high-energy pulse regimens, 
elevated temperatures may further exacerbate cellular stress 
via excessive membrane fluidity, protein denaturation, or 
oxidative damage [61]. For example, Kandušer et al. [60] 
reported that lowering the electroporation temperature from 
37 to 4 °C halved the permeability of cells under otherwise 
identical pulse conditions, highlighting the strong regulatory 
effect of temperature on membrane dynamics and molecu‐
lar transport efficiency. In summary, temperature exerts a 
dual effect on electroporation: low temperatures extend 
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transport duration but raise pore formation thresholds and 
may cause additional injury during rewarming, whereas 
higher temperatures support cell survival but shorten deliv‐
ery opportunities. Maintaining physiological temperatures 
or making only mild adjustments while monitoring and con‐
trolling thermal conditions helps ensure reproducibility and 
effective RE performance [62].

Systematic optimization of the aforementioned param‐
eters is essential for establishing suitable electroporation 
conditions (Fig. 2). Particular emphasis should be placed on 
electric field strength and pulse duration, as both govern the 
boundary between RE and IRE (Table 1). RE is typically in‐
duced by lower field strengths (e.g., 0.2–1.0 kV/cm) and 
shorter pulses (microseconds to milliseconds), generating tran‐
sient nanopores that reseal and maintain cell viability [63]. 
In contrast, IRE relies on markedly higher field strengths 
(>0.8 kV/cm) and/or longer pulses, which produce wide‐
spread irreversible pore formation that disrupts cellular 
homeostasis and induces cell death [50]. This boundary also 
depends on factors such as cell type, temperature, and buf‐
fer conductivity [64]. Thus, precise control of these param‐
eters is crucial to achieve sufficient permeabilization while 

minimizing cytotoxicity. Besides direct parameter tuning, 
advances in micro- and nanoscale electroporation technolo‐
gies, including microfluidic and chip-based systems, have 
provided powerful platforms for improved control of the 
RE process.

3　Electric field control method for RE

Precise modulation of the electric field enables highly effi‐
cient and safe membrane electroporation, establishing a 
critical technological foundation for advanced cellular diag‐
nostics and genetic engineering. Advances in RE-enabled 
devices have enabled fine manipulation of electric fields, 
providing a promising direction for future research.

Conventional RE devices, typically based on bulk cell 
electroporation instruments, consist of a main unit that con‐
trols electrical pulse parameters and a specialized cuvette 
that generates the electric field. Electric field regulation is 
usually achieved by directly adjusting pulse settings, includ‐
ing voltage, pulse width, and pulse count. Although these 
instruments can introduce exogenous molecules into cells, 
their relatively coarse electric field control limits the ability 
to simultaneously achieve both high delivery efficiency and 
cell viability.

In contrast, RE devices integrated with micro- and nano‐
structures have been developed to achieve precise electric 
field control. These devices modulate the electric field dis‐
tribution around cells, enabling elevated delivery efficiency 
and viability. Based on their structural mechanisms of electric 
field distribution, newly developed micro- and nano-devices 
for RE can be categorized into five major types: microflu‐
idic chips, nanopore-based chips, nanostraw-based chips, 
microneedle patches, and electrode array-based chips.

3.1　Microfluidic chips

Microfluidic electroporation devices employ microchannels 
as the electroporation region and integrate electrodes to 
apply electric fields. Within these microchannels, the distance 
between electrodes and cells is reduced to the micron scale, 
and the electric field is tightly confined, substantially mini‐
mizing field attenuation [70]. Additionally, multiple cells pass 

Table 1  Comparison of key operating parameters distinguishing RE from IRE
Parameter
ΔVm

Electric field strength
Pulse duration
Pulse count
Repetition rate

RE
0.2–1.0 V
200–800 V/cm
10 µs–10 ms
1–10 pulses
1–5 Hz

IRE
>1.0 V
>800 V/cm
50–100 µs
>80 pulses
1–4 Hz

Ref.
[50, 63, 64]
[65, 66]
[67]
[44, 66, 68]
[69]

RE: reversible electroporation; IRE: irreversible electroporation; ΔVm: transmembrane voltage

Fig. 2  Effects of voltage amplitude, pulse duration, pulse count, and 
temperature on pore formation and transport dynamics during revers‐
ible electroporation (RE)
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through the narrow microchannels at the same flow rate 
under a uniform electric field, ensuring consistent RE effects 
across the entire population and eliminating batch-to-batch 
variation. Furthermore, the hydrodynamic environment in the 
microchannels maintains fluid flow during electroporation, 
protecting cells from thermal accumulation and prolonged 
high-field exposure.

Microfluidic electroporation devices are typically fabri‐
cated using polydimethylsiloxane casting and bonding pro‐
cesses. Electrodes positioned on both sides of the microchan‐
nels allow electric fields to fully cover the channel region. 

Platinum wire electrodes are favored in microfluidic chips 
because they do not release harmful metal ions under high 
voltage. Dong et al. [71] used nanosecond pulses to open the 
organelle membranes of flowing cells, facilitating plasmid 
entry into the nucleus and activating pathways related to small 
extracellular vesicle (sEV) secretion (Fig. 3a). Compared 
with traditional systems, this approach increases sEV secre‐
tion by >30-fold while reducing damage to nontarget cells.

In addition to silicone-based microchannels, hollow tubing 
is widely used in microfluidic RE devices owing to its 
simple fabrication and strong scalability. Electrodes are 

Fig. 3  Reversible electroporation (RE) devices and structures. (a) Bulk electroporation using a platinum wire electrode (reproduced from [71], licensed 
under CC BY 4.0). (b) Large-scale transfection at single-cell resolution enabled by heterogeneous nanopores (reproduced from [76], with permission 
from Elsevier Inc.). (c) Microfluidic chip supporting long-term cell culture and repeated transient electroporation (reproduced from [78], with per‐
mission from The Royal Society of Chemistry). (d) Hollow alumina nanostraws (reproduced from [79], licensed under CC BY-NC-ND). (e) Electro‐
active nanoinjection (ENI) platform using vertically configured conductive nanotubes (reproduced from [80], licensed under CC BY 4.0). (f) In-skin 
electroporation via microneedle electrode arrays (reproduced from [81], with permission from Elsevier B.V.). (g) Electronic blood vessel enabling 
site-specific gene delivery through localized electroporation (reproduced from [98], with permission from Elsevier Inc.). (h) Self-powered electronic 
bandage providing dual electrostimulation for enhanced wound healing (reproduced from [99], under exclusive licence to Springer Nature Limited)
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positioned at both ends of the tubes, and an alternating elec‐
tric field is generated using an external power supply or a 
triboelectric nanogenerator (TENG). Using such a device, 
Liu et al. [72] delivered 40-kDa fluorescein isothiocyanate 
(FITC)-dextran into cells while maintaining >90% cell viabil‐
ity. Huang et al. [73] investigated the relationships among 
fluid velocity, electric field intensity, and cell viability in the 
device, identifying an optimal residence time of 5 ms.

In summary, microfluidic electroporation chips provide a 
uniform electric field to every cell, are simple to fabricate, and 
are convenient to operate, making them powerful tools for 
high-throughput cell processing. However, when more precise 
electric field control is required, channel clogging, especially 
by large cell clusters or primary cells with irregular mor‐
phologies, can impair device function and reduce processing 
efficiency. Balancing precise control with high throughput 
remains a key challenge for future design improvements.

3.2　Nanopore-based chips

Nanopore-based chips integrate a nanoscale porous mem‐
brane between a pair of parallel electrodes, with cells posi‐
tioned directly on the nanopores. Most nanopores are fabri‐
cated on polymer membranes, such as polycarbonate, poly‐
ethylene terephthalate, or polyimide, using laser ablation or 
plasma etching. Because these membranes are insulating, the 
electric field preferentially conducts through the electrolyte 
inside the pores rather than through the membrane, leading 
to strong electric field enhancement at the pore edges. This 
configuration locally focuses the electric field onto a small 
region of the cell membrane attached to the nanopore, allow‐
ing electrophoretic exchange of intracellular and extracellular 
materials. Compared with bulk electroporation, which re‐
quires high voltages, this localized electroporation achieves 
efficient delivery at only 10–25 V, minimizing Joule heating 
and membrane damage.

Leveraging these electric field characteristics, nanopore-
based chips can achieve efficient electroporation and targeted 
molecular delivery while maintaining high cell viability. For 
example, Ma et al. [74] used polycarbonate nanopore mem‐
branes to deliver plasmid DNA into human adipose-derived 
mesenchymal stem cells, achieving 75% transfection effi‐
ciency with 75% cell survival. Dong et al. [75] developed 
an electroporation chip using engineered pore geometries to 
enhance directional field focusing, achieving >90% deliv‐
ery and 90% cell survival at low voltages (10–25 V).

To further enhance RE efficiency, researchers have refined 
nanopore configurations. Gallego-Perez et al. [76] optimized 
nanopore size to regulate electric field gradients and control 
plasmid dosage, enabling large-scale, uniform transfection 
with single-cell resolution (Fig. 3b). Pathak et al. [77] com‐
bined 200-nm nanopores with a bipolar pulse protocol to 
simultaneously improve delivery efficiency and cell activity.

Integration with microfluidic systems further enhances the 
electric field control effect by promoting the electrophoretic 
transport of charged molecules. Kang et al. [78] integrated a 
nanopore membrane with microelectrodes on both sides of 
a microchannel (Fig. 3c), with their channel design ensuring 
uniform cell flow across the pore surface, providing consis‐
tent delivery efficiency. This platform also supports long-term 
cell culture and repeated transient transfection, maintaining 
cell viability above 85% after multiple treatments.

In conclusion, nanopore-based chips support efficient mo‐
lecular delivery to large numbers of cells while maintaining 
high viability. Their compatibility with microfluidic systems 
offers broad potential for applications in cell analysis and 
engineering. However, because efficient nanopore electro‐
poration requires cells to be in close contact with the mem‐
brane, performance is limited for weakly adherent or loosely 
attached cells, reducing applicability across certain cell types.

3.3　Nanostraw-based chips

Nanostraw-based chips for RE feature hollow, high-aspect-
ratio nanochannels that concentrate the electric field into an 
extremely small region at the nanostraw tips while minimiz‐
ing field diffusion to nontarget areas. This concentration, 
amplified by curvature-induced edge effects, generates a 
localized high-intensity electric field that enables effective 
membrane electroporation and molecular delivery at low 
applied voltages. Nanostraw devices are typically fabricated 
using continuous thin-film processes: aluminum oxide is first 
conformally deposited onto a polymer film via atomic layer 
deposition or plasma-enhanced chemical vapor deposition, 
followed by anisotropic reactive ion etching to define pore size 
and oxygen plasma etching to release the nanostructures.

The oriented nanostraw architecture directs the electric field 
and molecular transport, ensuring that charged molecules pass 
through the nanochannels and enter the cytoplasm under 
electrophoretic forces. Several studies have validated the ad‐
vantages of nanostraw structures. For example, Schmiderer 
et al. [79] engineered aluminum oxide nanostraws with an 
inner cavity measuring 100 nm, markedly enhancing electric 
field confinement at the tip (Fig. 3d). This structural optimi‐
zation enabled the delivery of 2000-kDa dextran molecules 
into cells using a low-power pulsed field.

Nanostraw chips also maintain higher cell viability rela‐
tive to bulk electroporation systems owing to their highly 
localized field distribution, which restricts membrane per‐
meabilization to the immediate vicinity of the nanostraw tips. 
Shokouhi et al. [80] employed vertically aligned conductive 
nanostraws that achieved an edge electric field strength of 
1.5 kV/cm under an input voltage of 5 V (Fig. 3e). Using 
this platform for small interfering RNA (siRNA) delivery, 
they achieved a gene knockout efficiency of 41.3% while 
preserving high cell viability.
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In conclusion, nanostraws effectively confine electric fields 
and provide directed channels for molecular transport. Their 
compatibility with a variety of physical and chemical deliv‐
ery modalities further enhances synergistic effects in the 
transfection of biomolecules, such as DNA, supporting the 
development of cell therapy and gene editing technologies. 
However, a fundamental limitation of nanostraw-based chips 
lies in their restricted physical length, which prevents effec‐
tive penetration into three-dimensional cellular aggregates or 
thick tissues. This geometric constraint reduces their suitabil‐
ity for in vivo RE but also confines their application primarily 
to two-dimensional culture systems.

3.4　Microneedle patches

Microneedle patches leverage high-aspect-ratio conductive 
arrays to enhance electric field intensity at the target site 
while limiting the spatial extent of its influence. By integrat‐
ing conductive microneedle arrays, these devices can pen‐
etrate tissue matrices and establish direct electrical contact 
with cells located beneath the surface. When voltage is ap‐
plied, charge preferentially accumulates at regions of high 
curvature, resulting in a substantially higher charge surface 
density at microneedle tips. Compared with planar electrodes, 
microneedles reduce the required voltage by 1–2 orders of 
magnitude and avoid electric field attenuation within bulk 
tissue, ensuring that deeper cells achieve sufficient trans‐
membrane potential for effective electroporation. The con‐
fined electric field also minimizes nonspecific permeabiliza‐
tion of adjacent cells and reduces collateral damage.

For transdermal applications, microneedle patches bypass 
the high-impedance stratum corneum and deliver a concen‐
trated electric field directly to the viable dermis. The tar‐
geted field distribution increases the delivery efficiency of 
DNA vaccines and clustered regularly interspaced short pal‐
indromic repeats (CRISPR) ribonucleoproteins by 3–5-fold 
relative to surface electrode systems. Yan et al. [81] devel‐
oped high-aspect-ratio microneedle electrode arrays (Fig. 3f), 
which simultaneously pierce the skin barrier and function as 
electrodes to apply electric fields within the tissue. This 
technique enhances deep macromolecular drug delivery by 
inducing transient electroporation and creating permeation 
pathways, achieving >7-fold higher transdermal dextran de‐
livery compared with conventional on-skin electroporation.

Conductive hydrogel materials, with strong plasticity and 
biocompatibility, have also emerged as promising candidates 
for microneedle fabrication. Wang et al. [82] designed a 
pyramid-shaped microneedle array possessing DNA-loaded 
tips, with DNA release driven by iontophoresis at a low 
voltage of 1 V, followed by the application of a 90-V pulsed 
voltage generating an electric field strength >400 V/cm near 
the electrode tips. By combining hydrogels with microneedle 

structures, this device improves skin permeability while 
minimizing irritation.

In summary, microneedle patches effectively overcome 
electric field attenuation in tissues, expanding the application 
landscape of RE and providing a feasible approach for imple‐
menting electroporation in wearable devices and in vivo sys‐
tems. However, despite their biocompatibility, microneedle 
penetration inevitably causes localized tissue damage. Such 
trauma can trigger inflammatory responses that may com‐
promise the local microenvironment and interfere with the 
long-term repeatability of RE treatments.

3.5　Electrode array-based chips

A key structural feature of electrode array-based chips is the 
miniaturization of electrode size and interelectrode spacing 
to the micro- and nanoscale. This configuration enables the 
generation of high electric field intensities at ultra-low volt‐
ages, producing a predominantly transverse field confined 
parallel to the electrode plane. Such spatial confinement 
supports effective electroporation of superficial tissues, in‐
cluding epidermal and corneal layers, while minimizing 
damage to deeper cells [83].

Electrode array-based chips are typically fabricated using 
micro-electro-mechanical system processes or screen print‐
ing, allowing consistent replication of nanoscale features and 
high reproducibility of electric field characteristics across 
devices [84]. Efficient transmembrane electroporation also 
requires minimizing perturbations from electrochemical re‐
actions [85]. Two complementary strategies, geometric opti‐
mization and material selection, can reduce electrode im‐
pedance and are readily integrated into the fabrication pro‐
cess [86]. Geometric strategies increase effective surface area 
through electrodeposition of nanostructured materials, such 
as carbon nanotubes, or conductive powders, including plati‐
num black [87]. For instance, Gharia et al. [88] developed 
rough-surfaced poly(3,4-ethylenedioxythiophene) (PEDOT):
polystyrene sulfonate (PSS) electrodes that increase contact 
area at the electrode–tissue interface, preventing localized 
heating and excessive field concentration caused by poor 
contact. Concurrently, materials with high charge-injection 
capacity and low impedance, including activated iridium 
oxide and titanium nitride, further reduce irreversible Fara‐
daic reactions and gas evolution [89]. Lin et al. [90] fabri‐
cated iridium oxide nanotube electrodes exhibiting high ca‐
pacitance without inducing redox reactions, while supporting 
prolonged intracellular pathway activity. Collectively, these 
approaches lower the voltage required for effective electro‐
poration while improving efficiency and biocompatibility.

The interdigitated electrode represents a common example 
of controlled electric field modulation in electrode array-
based chips [91]. Its alternating finger-like coplanar layout 
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generates uniform, localized electric fields within the narrow 
electrode gaps, restricting electroporation to cells within 
these regions. Combining such electrodes with microfluidic 
systems enhances control precision. Ouyang et al. [92] aligned 
planar electrodes with microchannel flow paths, ensuring 
that cells traverse the optimal field zone. Segmenting micro‐
chambers to correspond with individual electrode pairs fur‐
ther stabilizes current distribution and improves electropora‐
tion consistency by isolating field regions [93, 94].

Flexible planar electrodes extend RE to curved biological 
surfaces [95, 96]. Fabricated as micro-electro-mechanical 
systems (MEMS) on biocompatible polymer substrates, these 
electrodes conform to irregular tissue geometry and ensure uni‐
form field delivery through close contact. For example, the 
carbon nanotube mask developed by Xu et al. [97] forms con‐
formal contact with skin to enhance nicotinamide delivery via 
controlled electroporation, enabling transdermal application.

When integrated with flexible materials, electrode array 
chips demonstrate advantages for in vivo applications. Cheng 
et al. [98] developed an “electronic blood vessel” incorpo‐
rating thin-film electrodes into vascular grafts, enabling site-
specific gene delivery by confining the electric field to 
selected vascular segments while preserving >90% patency 
post-implantation (Fig. 3g). Degradable thin-film designs, 
such as the Mg/Mo electrode developed by Wu et al. [99], 
introduce temporal control over field application (Fig. 3h). 
These magnetron-sputtered electrodes gradually degrade af‐
ter triggering intestinal epithelial transfection, eliminating 
sustained field exposure and reducing adverse reactions.

Overall, electrode array-based chips offer geometric ver‐
satility, scalability, and conformability, establishing them as 
robust platforms for diverse in vivo applications. Their com‐
patibility with flexible materials and integration potential with 

artificial intelligence further enhances functionality, support‐
ing advanced biosensing and precision therapeutic systems. 
Despite these advantages, both degradable and permanent 
arrays face biostability challenges that limit repeated RE. De‐
gradable electrodes exhibit unpredictable performance decay, 
whereas nondegradable electrodes show impedance increases 
due to fibrous encapsulation and biofouling, collectively 
impairing electric field delivery and long-term reliability.

Based on their electric field control capabilities, these RE 
platforms exhibit broad applicability in both in vitro and 
in vivo contexts (Table 2). Microfluidic chips, nanopore-
based chips, nanostraw-based chips, and electrode array-
based chips are widely used in vitro for precise molecular 
delivery under controlled conditions. Several device types, 
including nanopore-based chips, microneedle patches, and 
electrode array-based chips, have also demonstrated strong 
potential for in vivo delivery, enabling localized and mini‐
mally invasive electroporation in living tissues. Section 4 
highlights the practical applications of these devices and il‐
lustrates their translational relevance from bench to bedside.

4　Molecular control applications of RE

Controlled membrane permeabilization provides directional 
propulsion for charged molecules, enabling precise intracel‐
lular delivery, extraction, and sampling. This propulsion 
mirrors electrophoretic forces in biological assays, where posi‐
tively and negatively charged species migrate toward the 
negative and positive electrodes, respectively. Therefore, by 
configuring electrode polarity and placement, RE enables 
regulated transport of charged molecules either into the cell 
or outward for sampling. Based on the molecular type, such 
as probes, nucleic acids, drugs, or intracellular components, 

Table 2  Comparison of key parameters and performance across reversible electroporation device types

Type

In vitro

In vivo

Microfluidic 
chips

Nanopore-based 
chips

Nanostraw-based 
chips

Electrode 
array-based 
chips

Nanopore-based 
chips

Microneedle 
patches

Electrode 
array-based 
chips

Parameter 
range
50–200 V;
0.5–5 ms
10–100 V;
0.25–2 s
5–40 V;
0.2–0.4 ms
5–150 V;
0.1–200 ms

20–50 V;
20 ms
30–50 V;
10–100 ms

30–200 V;
1–100 ms

Delivery 
efficiency
>90%

75%–95%

>60%

70%–90%

90%–98%

>50%

30%–95%

Cell/Tissue 
viability
>90%

>90%

>89%

>80%

No damage

>90%

>90%

Cell 
throughput
Medium

High

High

High

High

High

High

Advantages

Easy to operate, low cost

Low cell damage, broad 
range of delivery types

Low voltage, accurate 
transmission

High spatial resolution, 
miniaturizable

Broad range of delivery 
types

Minimally invasive, 
painless, efficient 
targeting

High biocompatibility, 
high fitness

Limitations

Cell size limitation

Pore size 
limitation

Cell invasive 
injury

High degradation 
requirement

Lack of organ 
suitability

Tissue damage

Implantable, 
degradable 
requirements

Ref.

[71, 72, 100]

[74, 76–78]

[79, 80, 101]

[83, 93–95]

[102]

[81, 82]

[97–99]
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RE applications can be categorized into intracellular detec‐
tion, cell engineering, drug delivery, and cellular sampling.

4.1　Intracellular detection

Each cell contains approximately 8000–12 000 RNA species 
and approximately 10 000–20 000 protein types, collectively 
governing behaviors such as proliferation, migration, and 
stress responses [103–105]. Sensitive detection of these mol‐
ecules requires transient membrane permeabilization and 
accurate intracellular detection tools. For RE-mediated intra‐
cellular detection, current approaches primarily rely on two 
probe classes: fluorochromes and DNA probes [106–108].

Fluorochromes, such as propidium iodide (PI), a red fluo‐
rescent dye used to assess cell viability, are commonly used 
to optimize RE conditions. PI cannot passively cross intact 
membranes but readily enters cells during electroporation, 
where its positive charge promotes rapid influx and signal 
activation. When PI is combined with calcein acetoxymethyl 
ester (calcein-AM), used to evaluate cell viability through 
green fluorescence, the proportion of successfully trans‐
fected and viable cells can be quantified via dual-staining 
analysis. These dyes are inexpensive with high fluorescence 
efficiency but exhibit limited molecular specificity, restrict‐
ing their ability to identify particular biomolecules.

To achieve molecular specificity, negatively charged DNA 
probes can be delivered by RE for real-time analysis of 
intracellular RNA and protein targets [109]. For RNA de‐

tection, DNA probes hybridize with target transcripts via 
complementary base pairing, displacing paired strands and ini‐
tiating downstream signal transduction. For example, Chang 
et al. [110] used RE to deliver molecular beacons into leuke‐
mia cells for GATA2 transcript detection. Molecular beacons 
are stem-loop oligonucleotides conjugated with fluorophore–
quencher pairs; binding to target RNA separates the fluoro‐
phore from the quencher and restores fluorescence, enabling 
quantitative RNA measurement. However, molecular bea‐
cons are susceptible to intracellular nuclease degradation, 
compromising detection accuracy. To improve stability, Dong 
et al. [111] engineered a tetrahedral DNA probe (DNAT) tar‐
geting programmed death-ligand 1 (PD-L1), glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), and cytokeratin (CK) 
mRNAs (Fig. 4a). The rigid three-dimensional architecture 
provides nuclease resistance and enhances detection accuracy. 
Integrated with a microfluidic chip, DNAT probes were de‐
livered into circulating tumor cells (CTCs) by RE with high 
efficiency (95%) and cell viability (90%). Through subsequent 
coculture of CTCs and immune cells, a novel predictive in‐
dex, the nanoplatform for interrogating living cell host-gene 
and (micro- )environment (NICHE, the ratio of CTCs with 
high PD-L1 expression and lengthened phenotype) was pro‐
posed for evaluating lung cancer immunotherapy response, 
improving diagnostic accuracy from 0.578 to 0.906.

Given the low abundance of many intracellular molecules, 
multiple cooperative probes are often required to amplify 

Fig. 4  Intracellular detection enabled by RE-based probe delivery. (a) DNAT probes delivered by RE into living CTCs for quantifying intracel‐
lular mRNA expression. Fluorescent images show DNAT-labeled cells (reproduced from [111], licensed under CC BY 4.0). (b) Domino probes 
delivered by RE for identification of mutant RNAs (reproduced from [112], with permission from the American Chemical Society). (c) Plasmids 
encoding dual peptide probes for specific nuclear protein recognition (reproduced from [113], with permission from Elsevier B.V.). (d) RE deliv‐
ers plasmids encoding probe pairs: (d1) RE-mediated nuclear delivery of probes for detecting enhancer activity; (d2) simulated electric fields 
show electrophoretic forces that drive probe entry into the nucleus after membrane electroporation (reproduced from [114], with permission 
from the American Chemical Society)
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signal output. RE excels at multiplexed probe delivery, 
achieving rapid and uniform probe loading within seconds. 
Dong et al. [112] developed a “Domino” probe for signal 
amplification (Fig. 4b). Delivered via RE into thousands of 
single cells with >90% efficiency and viability, Domino 
probes reduced the total cell analysis time to <30 min, sub‐
stantially faster than the 4–24 h required by conventional 
incubation-based delivery methods.

For protein detection, aptamers, also referred to as 
“chemical antibodies,” are used to recognize specific pro‐
teins. One strategy involves using plasmids encoding pep‐
tide aptamer probes produced via endogenous cellular ex‐
pression (Fig. 4c) [113]. RE delivers plasmids encoding probe 
pairs that incorporate three functional elements: (1) a protein-
recognition polypeptide, (2) nuclear localization signals, 
and (3) green fluorescent protein (GFP) fragments. Binding 
of the two probe components to the target nuclear protein re‐
constitutes GFP fluorescence, enabling quantitative measure‐
ment of protein abundance as well as real-time tracking of 
protein expression and cell migration. Additionally, residual 
electrophoretic field forces following membrane permeabili‐
zation can facilitate nuclear import through nuclear pore com‐
plexes, a phenomenon validated experimentally and applied 
to enhancer activity within the cell nucleus (Fig. 4d) [114].

A critical factor for intracellular detection accuracy is the 
amount of delivered probe; inconsistent loading leads to sig‐
nal fluctuations and quantitative errors. A major challenge 
in achieving uniform probe delivery via RE is inherent cel‐
lular heterogeneity, i.e., variations in cell size, membrane 
composition, and gene expression, even within clonal popu‐
lations [115]. These differences alter membrane stability and 
electrophysiological properties [116], producing heteroge‐
neous electroporation outcomes. Advanced technologies ad‐
dress this limitation through single-cell RE platforms and 
intelligent feedback-controlled systems. For example, micro‐
fluidic platforms with isolated chambers enable cell-specific 
parameter tuning by eliminating intercellular crosstalk and 
reducing electric field heterogeneity [93]. Complementarily, 
deep learning models trained on multi-omics datasets can 
predict optimal pulse parameters from cellular features [117]. 
A model trained on >10 000 cells achieved >85% delivery 
uniformity across five cell types by dynamically adjusting 
parameters based on cell diameter and membrane capaci‐
tance, markedly outperforming fixed-parameter approaches. 
These technologies enable real-time monitoring and adap‐
tive control, improving delivery consistency and strengthen‐
ing quantitative intracellular analysis.

4.2　Cell engineering

RE enables the introduction of exogenous genetic material 
into target cells for efficient gene transfection, thereby support‐
ing diverse cell-engineering applications. Delivered genetic 

cargoes fall into two major categories: RNA- and DNA-based 
molecules. RNA-based agents, including siRNA, microRNA, 
and mRNA, are selected to downregulate or upregulate target 
gene expression. DNA-based regulation primarily involves 
plasmid delivery [118]. Plasmids are small, circular, double-
stranded DNA molecules capable of autonomous replica‐
tion and stable gene expression within host cells [119, 120]. 
Owing to its efficiency, safety, and broad applicability, RE is 
widely used for in vitro and in vivo cell engineering [121−123].

For in vitro cell engineering, Liu et al. [72] developed a 
bulk electroporation system for transfection (BEST), charac‐
terized by its simplicity, self-assembly, high throughput, and 
self-powered operation (Fig. 5a). Comparing RE without 
free-standing (FS)-TENG stimulation to stimulation at 10 and 
15 Hz, the system showed substantially increased transfection 
efficiency under electrical modulation. BEST achieved >50% 
gene delivery in HeLa cells while maintaining >90% cell vi‐
ability, demonstrating safe and efficient bulk electroporation.

To further enhance control over RE, the electric field dis‐
tribution can be precisely regulated. Liu et al. [124] created 
an RE platform employing nanopore-focused electric fields 
(Fig. 5b), achieving delivery of genetic material with up to 
93% efficiency. This system enables the genetic modifica‐
tion of aggressive cancer cells, noninvasively isolated from 
heterogeneous tumor samples. The engineered cells secrete 
extracellular vesicles (EVs) with improved tumor-targeting 
capability and therapeutic efficacy. These EVs activate im‐
mune responses in macrophages and T cells, yielding strong 
antimetastatic and treatment-enhancing outcomes.

For in vivo cell engineering, Yin et al. [102] developed a 
battery-free, soft nanofluidic patch for intracellular delivery 
to visceral organs (Fig. 5c). Its chip-free architecture and flex‐
ible functional layers allow seamless integration with organ 
surfaces, and a nanopore–microchannel–microelectrode struc‐
ture provides safe, efficient, and precise electroporation. 
This device accelerates intracellular transport by approxi‐
mately 105-fold relative to conventional diffusion methods, 
even at low voltages (20 V). Validated across multiple 
in vivo contexts, including breast tumor treatment, acute 
liver injury therapy, and tumor development modeling, the 
patch enables efficient, safe, and controllable organ-targeted 
gene delivery [125].

A central challenge for in vivo electroporation systems is 
achieving controlled biodegradability without loss of electri‐
cal and mechanical function. To address this, Wu et al. [99] 
designed a biodegradable, flexible, self-powered electronic 
bandage to promote intestinal wound repair (Fig. 5d). This 
device employs dual-mode electrical stimulation: pulsed fields 
induce electrotransfection in epithelial cells and enhance the 
expression of healing factors (e.g., epidermal growth factor), 
and a magnesium–molybdenum galvanic cell provides con‐
tinuous direct-current stimulation to further boost factor 
secretion. The electronic bandage achieves high transfection 
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efficiency and viability in vivo, increases epidermal growth 
factor expression during surgery, and naturally degrades 
after healing, eliminating the need for device removal.

Beyond genetic cargoes, RE also supports the delivery of 
proteins, antibodies, and other bioactive molecules, offering 
versatility for cell therapy development. Shokouhi et al. [80] 
proposed a low-voltage, reusable electroactive nanoinjection 
platform based on vertically aligned conductive nanotubes 
(Fig. 5e). This system enabled highly localized, efficient de‐
livery of antibodies, mRNA, and plasmid DNA into mouse 
fibroblast cells while maintaining >90% cell viability. It 
also successfully achieved gene knockdown by delivering 
TRIOBP-targeting siRNA with 41.3% silencing efficiency, 
underscoring its potential for gene therapy applications.

4.3　Drug delivery

In RE, short, high-intensity electrical pulses are applied to 
form transient pores in the cell membrane, increasing per‐
meability and enabling rapid intracellular entry of therapeu‐
tic agents. Its ultrafast operation (often <1 s) substantially 
shortens the prolonged drug incubation time required in 

traditional assays. Effective drug delivery via RE depends 
on two factors: (1) the drug must carry an inherent charge 
to permit electrophoretic transport, and (2) electroporation 
parameters must be precisely tuned to maintain cell viability. 
Achieving efficient, targeted drug delivery while ensuring 
biosafety remains a key research challenge.

To address this, a nanoelectroporation system incorporating 
DNA tension probes was developed, achieving 90% delivery 
efficiency, strong biosafety, and a total delivery time of only 
3 s (Fig. 6a) [126]. Localized nanochannel-confined electric 
fields enable controlled membrane perforation and acceler‐
ate intracellular delivery by 103-fold. Coupled with single-cell 
array chips for cellular barcoding, the system captures cellu‐
lar heterogeneity and enables precise assessment of drug re‐
sistance among tumor subpopulations [127]. Using the United 
States Food and Drug Administration (FDA)-approved drugs, 
such as paclitaxel and doxorubicin, the platform demonstrated 
high potential for rapid and precise drug screening.

Beyond mechanical probes for drug screening, RE elec‐
trodes are also employed for concurrent physiological moni‐
toring. Abbott et al. [128] developed a scalable microelec‐
trode array enabling massively parallel electroporation and 

Fig. 5  Application of RE in cell engineering. (a) High-throughput, self-powered BEST for safe and efficient gene delivery (reproduced from [72], 
with permission from the American Chemical Society). (b) Nanopore-focused platform for tumor cell evolution screening and RE-based genetic 
modification (reproduced from [124], licensed under CC BY 4.0). (c) Battery-free, flexible nanofluidic patch enabling enhanced and customiz‐
able payload delivery in visceral organs (reproduced from [102], under exclusive licence to Springer Nature Limited). (d) Self-powered, biode‐
gradable electronic bandage for accelerating intestinal wound healing (reproduced from [99], under exclusive licence to Springer Nature Limited). 
(e) Low-pressure, reusable electroactive nanoinjection platform for efficient delivery of diverse macromolecules (reproduced from [80], licensed 
under CC BY 4.0)
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intracellular recording from thousands of cells. Vertically 
aligned nanocolumns permit long-term recording of extracel‐
lular and intracellular action potentials in cardiomyocytes 
and detect subtle changes in ion channel-specific drug re‐
sponses [129]. Subsequent refinement by Wang et al. [130] in‐
troduced nanoporous electrodes that improved biosafety and 
enhanced electrode–cell coupling. The average intracellular 
coupling rate of the complementary metal-oxide semicon‐
ductor (CMOS) microhole array can reach 90%, more than 
twice that of the earlier design. These advances not only 
highlight the expanding utility of RE in electrophysiological 
studies but also suggest that similar array-based platforms 
could be adapted for high-throughput, cell-resolved molecu‐
lar delivery. This approach represents a promising direction 
for scaling drug screening and development workflows.

Beyond in vitro drug evaluation, RE enables localized 
in vivo delivery that increases drug concentration at target 
sites while reducing systemic toxicity [131]. Among avail‐
able systems, RE-integrated microneedles are widely used for 
drug delivery owing to their minimally invasive operation, 
ease of use, reduced dosing frequency, and strong biocom‐
patibility. Yang et al. [132] designed a microneedle-based 

self-powered transcutaneous electrical stimulation system 
(mn-STESS) to enhance epidermal growth factor pharmaco‐
dynamics in wound healing (Fig. 6b). The system integrates 
a sliding freestanding TENG with a two-stage composite 
microneedle patch made from gold-coated polylactic acid/
crosslinked gelatin and hyaluronic acid. The resulting 
mn-STESS markedly improved epidermal growth factor 
performance in vivo. Ghosh et al. [133] developed a con‐
ductive microneedle patch for targeted delivery of antibacte‐
rial agents into deep skin layers (Fig. 6c). These microneedles, 
fabricated from carbon nanotubes and gelatin methacrylate, 
enable electrically stimulated directional transport of small 
molecules into deep tissue layers. Notably, in vitro evalua‐
tion demonstrated that electrostimulated miconazole nitrate-
loaded microneedles (M-MNs) exhibited superior biofilm 
penetration and fungicidal efficacy compared with either 
miconazole cream or nonelectrostimulated M-MNs. None‐
theless, microneedle-based techniques face challenges re‐
lated to tissue trauma caused by needle penetration.

For noninvasive drug delivery, Qin et al. [134] developed 
a wearable electrodriven switch (WES) to noninvasively 
deliver macromolecular drugs to the posterior segment of the 

Fig. 6  Application of RE in drug delivery. (a) Nanoelectroporation chip enabling rapid, efficient, and safe delivery of charged drug molecules 
(reproduced from [126], with permission from Wiley-VCH GmbH). (b) Microneedle-based self-powered transcutaneous electrical stimulation 
system (mn-STESS) improving epidermal growth factor pharmacodynamics in wound healing (reproduced from [132], licensed under CC BY 
4.0). (c) Conductive microneedle patch for targeted delivery of antibacterial therapeutics into deep skin tissue (reproduced from [133], with per‐
mission from Elsevier Ltd.). (d) WES for noninvasive delivery of macromolecular drugs to the posterior eye (reproduced from [134], licensed 
under CC BY-NC-ND)
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eye (Fig. 6d). Integrating an electro-driven lens with a square-
wave generator, the WES enhances drug penetration through 
the sclera–choroid–retina pathway via electrical stimulation. 
The system achieved 14% delivery efficiency for immuno‐
globulin G, approaching the 16% efficiency achieved through 
intravitreal injection, and substantially improved anti-vascular 
endothelial growth factor (anti-VEGF) therapy (showing 86% 
efficacy in choroidal neovascularization suppression) and 
anti-PD-L1 treatment (enhancing inhibition of choroidal mela‐
noma growth compared with intravenous administration) 
without observable ocular toxicity.

4.4　Cellular sampling

Under the electric field of RE, the permeabilized membrane 
permits not only intracellular delivery but also the extraction 
of endogenous components. These retrieved materials enable 
multi-omic profiling through integration with gene sequencing 

or mass spectrometry, offering advantages over traditional 
intracellular analysis, which faces interference from com‐
plex cellular environments and finite fluorescent channel 
availability [135, 136].

The RE-coupled nanopipette single-cell sampling tech‐
nique is widely used for extracting intracellular components 
from living cells. This approach relies on the manipulation 
of hollow microneedles under a microscope. First, a localized 
electric field is generated at the pipette tip to induce pora‐
tion, followed by the application of negative pressure to 
withdraw cellular contents for downstream protein or genetic 
analysis. However, because only trace amounts are collected 
from each cell, sample loss during transfer and loading is 
common. To mitigate this, Li et al. [137] developed a method 
in which single cells migrate directly to the capillary tip via 
electro-driven transport, after which electroporation releases 
intracellular molecules for immediate mass spectrometry 
analysis (Fig. 7a). This method supports long-term metabolite 

Fig. 7  Cellular sampling using RE-based systems. (a) Single-cell electroporation for mass spectrometry analysis (reproduced from [137], with 
permission from the American Chemical Society). (b) On-chip sampling and analysis of living cells via SAMDI mass spectrometry (reproduced 
from [138], with permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim). (c) Deep learning-enhanced cell sampling for analysis 
of cell behavior and molecular profiles (reproduced from [139], with permission from the American Chemical Society). SAMDI: self-assembled 
monolayers for matrix-assisted laser desorption/ionization
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monitoring in individual cells. Nevertheless, single-cell work‐
flows still require substantial effort to generate statistically 
meaningful datasets.

To improve throughput, cell chips have been integrated 
with RE systems for large-scale sampling. Mukherjee 
et al. [138] created a microfluidic chip with microwell arrays 
enabling localized electroporation of cells (Fig. 7b). These 
RE-integrated platforms can process >10 000 cells in paral‐
lel while maintaining cell viability. Extracted enzymes were 
captured on self-assembled monolayers for matrix-assisted 
laser desorption/ionization (SAMDI) slides, allowing mea‐
surement of phosphatase activity and its oxidative response 
to H2O2 in live cells, demonstrating the system’s suitability 
for long-term cell profiling. By combining deep learning-
driven morphometric analysis with mass spectrometry-based 
protein activity mapping, this platform also establishes strong 
correlations between cellular behavior and molecular signa‐
tures (Fig. 7c) [139]. This integration highlights a promising 
direction for intelligent RE-enabled cell analyses.

Although RE is widely used for single-use sampling, ex‐
tending it to repeated or longitudinal operation remains tech‐
nically challenging. Major obstacles include electrode fouling, 
impedance drift, gas formation, and local pH changes, all of 
which affect cell viability and treatment consistency over 
time [140, 141]. To address these issues, several promising 
design strategies have been proposed: (1) using inert, high-
capacity electrode materials (e.g., platinum and gold) [142]; 
(2) applying charge-balanced biphasic or symmetric wave‐
forms to reduce Faradaic reactions and ion deposition [143]; 
(3) integrating real-time impedance or pH monitoring with 
closed-loop pulse control [144]; (4) incorporating microflu‐
idic perfusion or biocompatible hydrogels to rapidly clear 
electrochemical byproducts [145]. Additionally, transferring 
the collected sample and replacing the electrode before each 
use remains standard practice [146]. Such approaches may 
help preserve electroporation stability and biocompatibility 
across multiple sessions, broadening the applicability of RE 
for dynamic cell monitoring.

5　Future directions and outlook

As a controllable method for cell membrane perforation and 
molecular transfer, RE has advanced rapidly through micro- 
and nano-fabrication innovations. With the emergence of 
flexible electronics, RE is evolving into a multifunctional 
in vivo biointerface capable of delivering biomolecules with 
spatiotemporal precision and extracting intracellular compo‐
nents for dynamic molecular profiling. This evolution is 
broadening RE from basic delivery toward applications in 
molecular mechanism analysis and personalized medicine.

For molecular mechanism profiling, RE is emerging as a 
key technology for single-cell and high-throughput studies, 

supporting efforts to decode cellular heterogeneity in molecu‐
lar and behavioral phenotypes. Its compatibility with supra‐
molecular constructs (e.g., CRISPR plasmids) and combina‐
tions of genetic regulators (e.g., mRNA cocktails) makes RE 
an appealing, nonviral, tunable approach for genome and 
transcriptome modulation across sensitive cell types, such as 
stem cells, neurons, and immune cells. In parallel, coupling 
RE with multi-omics technologies will enable minimally 
disruptive extraction of intracellular components, providing 
single-cell insights into gene expression, protein activity, 
and metabolic state.

For personalized precision medicine, next-generation RE 
systems are expected to achieve greater precision, lower op‐
erational voltages, and enhanced biocompatibility through 
minimally invasive and implantable devices. These systems 
will advance precision diagnostics and support the develop‐
ment of real-time, closed-loop therapies. Intelligent plat‐
forms with automated feedback control will enable adap‐
tive, patient-specific operation for diagnostic and therapeutic 
applications. Flexible and biodegradable electrode materi‐
als, including soft electronics and resorbable thin films, will 
further enhance safety for in vivo uses, such as localized 
gene therapy, wound repair, and continuous biosensing in 
physiological settings.

In summary, the future of RE lies at the intersection of 
nanotechnology, systems biology, and translational medi‐
cine. By allowing controlled access to the intracellular 
space, RE can play an increasingly important role in funda‐
mental biological research and the evolution of personalized 
healthcare.
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