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Figure 1 (Color online) The types and application scenarios of MNEP devices!'* . MNEP devices include nanostraw-based electroporation chips,
nanofilm-based electroporation chips, microfluidic-based electroporation platforms, and electrode array-based electroporation systems. Their
application scenarios mainly encompass cell analysis, cell engineering, and organ therapy. Extracellular vesicles (EVs). Copyright © 2020, 2023, 2024

Springer Nature; 2019, 2024 American Chemical Society; 2025 Wiley
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Figure 2 (Color online) MNEP for cell analysis. (a) Nanoporous membrane-based electroporation platform for the intracellular delivery of nucleic
acid probes®!). Copyright © 2019 National Academy of Sciences. (b) Circulating tumor cells capture and probe delivery chip®*. Copyright © 2024
National Academy of Sciences. (c) Live-cell sampling and in situ detection platform®®. Copyright © 2025 Wiley. (d) A nano-electroporation system
integrating cell culture, intracellular sampling, and intracellular delivery functions®”. Copyright © 2022 American Chemical Society
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Micro—/nano—electroporation (MNEP) technology represents a significant advancement in the field of physical cell
manipulation by leveraging micro— and nanoscale structures to precisely control electric field distributions. By confining
the field to near—cellular dimensions, this approach achieves efficient permeabilization of cell membrane while
maintaining high cell viability. Consequently, MNEP provides a powerful platform for advanced biomedical applications,
including cell analysis, targeted drug delivery, and precision disease therapy.

This article systematically reviews the fundamental principles of MNEP and dissects the underlying mechanisms through
three sequential stages: membrane poration, molecular transmembrane transport, and membrane resealing. First, the
localized enhanced electric field, often generated by nanotips, nanochannels, or constriction microstructures, triggers rapid
nanoscale pore formation within microseconds. The pore size, density, and lifetime can be finely tuned by adjusting pulse
parameters, including voltage, duration, and number of pulses. Second, electrophoretic forces drive exogenous molecules,
such as plasmid DNA, messenger RNA, and small interfering RNA, across the permeabilized membrane. Conversely, this
technology also enables the extraction of intracellular contents, including proteins, metabolites, and nucleic acids, for
single-cell analysis and diagnostic applications. Importantly, the nanoscale confinement reduces the required voltage by
orders of magnitude compared with conventional bulk electroporation, minimizing irreversible cell damage. Third, the
natural resealing of the lipid bilayer, typically occurring within seconds to minutes, traps functional molecules inside the
cytoplasm or even directs them toward the nucleus for genome integration. These mechanistic insights provide a robust
theoretical foundation for the development of electroporation devices with enhanced safety, throughput, and precision.

Subsequently, the biomedical applications of MNEP are discussed from three key perspectives: in vitro, ex vivo, and in
vivo. In vitro, the technology enables high—throughput single—cell analysis, real-time intracellular delivery, and the study
of complex signaling pathways with minimal perturbation to cellular homeostasis. Ex vivo, it facilitates efficient genetic
modification of primary cells and stem cells for adoptive cell therapies, such as chimeric antigen receptor T—cell (CAR-T)
engineering, where traditional viral vectors pose safety concerns and bulk electroporation compromises cell viability. In
vivo, minimally invasive MNEP devices, including implantable microneedle arrays and flexible nanoelectrode patches,
offer new opportunities for targeted therapeutic interventions in diseased tissues, enabling localized cancer immunotherapy
and regeneration of damaged neural circuits via direct delivery of gene editors.

Finally, the advantages of MNEP are summarized, including high delivery efficiency, low cellular damage, scalability for
high—throughput workflows, and compatibility with a wide range of molecular cargos. Despite its promise, several
technical challenges require further investigation: (1) the development of a unified cross-scale physical model that couples
field distribution, membrane deformation, pore energetics, and transport dynamics; (2) the implementation of closed-loop
feedback control to achieve single-cell resolution in high-throughput systems; (3) the establishment of scalable
manufacturing strategies, such as 3D printing or self-assembly, to replace costly photolithography; and (4) the integration
of in situ detection, precision delivery, and real-time analysis into a single platform. Addressing these challenges will be
instrumental in advancing smart, closed-loop electroporation platforms with the potential to transform next-generation
gene therapy and precision medicine.

cell electroporation, micro—/nano—biodevices, intracellular molecule delivery, live—cell sampling, gene therapy
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