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ABSTRACT

The investigation of biological conductivity has evolved from its classical foundation based on ionic fluxes underpinning cardiac
and neuronal excitability to a multifaceted regulator of cellular physiology. Traditional approaches for probing electrical events in
living matter focused largely on action potentials recording. However, bioelectricity in non-excitable cells governs key phenomena,
including developmental patterning, tissue homeostasis, and disease progression. Pioneering studies implicated endogenous
bioelectrics in many aspects of morphogenesis, wound healing, regeneration, and cancer. Early findings laid the groundwork for
viewing bioelectricity as a means to influence cell fate, cell cycle progression, differentiation, and senescence. More recently, spatial
variations in membrane potential within tumor microenvironments were found to correlate with metastatic potential. In parallel,
substantial breakthroughs have been achieved in designing advanced bioelectrical interfaces for the study of neuronal networks
and cardiac function. This perspective bridges the engineering and biological domains by examining how such technologies might
enable new insights into non-excitable cell electrical events at different scales of operation to ultimately manipulate cellular
pathways in cancer reprogramming, anti-aging interventions, and gene expression modulation.

1 | Introduction these cells, electrical events result from rapid ionic fluxes that

give rise to action potentials, implicated in transmitting infor-
Bioelectricity has traditionally been dominated by the exploration mation and coordinating function, making them ideal systems
of excitable cells, most notably neurons and cardiomyocytes. In to probe the principles of electrical signaling in biology [1]. Yet,
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a growing body of evidence has shown that bioelectricity is
neither exclusive to excitable cells nor confined to fast signaling
events [2]. Instead, it constitutes a fundamental layer of biological
regulation, influencing processes like tissue patterning, morpho-
genesis, regeneration, gene expression, and disease progression
[2, 3]. Non-excitable cells exhibit rich electrical landscapes that
can dictate fate decisions and even modulate organismal aging
[4]. Bioelectronic devices have been instrumental in decoding
the principles of cellular electrophysiology [5]. Microelectrode
arrays, [6] nanoscale probes, [7] and quantum-enabled sensors
[8] now allow precise interrogation of ionic currents, membrane
potentials, and electrochemical signaling across scales [5]. Such
tools are starting to be adapted to capture the lower-frequency and
smaller-magnitude fluctuations characteristic of non-excitable
cells, as well as high-frequency events in some non-excitable
tissues [3].

This shift presents both technical challenges and innovation
opportunities. On one hand, it requires a rethink in sensitivity,
stability, and biocompatibility to record and modulate electrical
phenomena that were previously overlooked [9, 10]. On the
other, it opens the route to applying bioelectrical principles to
address a series of biological and medical challenges [2]. In
cancer, bioelectric signals are emerging as powerful biomarkers
and potential therapeutic targets [11]. Tumor cells often display
depolarized resting membrane potentials compared with their
healthy counterparts, a state that correlates with enhanced
proliferation, invasiveness, and metastatic potential [3]. Elec-
trical modulation of ion channel activity has been shown to
reprogram malignant signaling pathways [12], suggesting that
bioelectronics could complement pharmacology, giving rise to
the emerging field of electroceuticals [8]. Similarly, in the
context of aging, depolarization of resting potentials is now
recognized as a hallmark of senescence [4]. By restoring hyper-
polarized states, it may be possible to slow or even reverse
age-associated decline at the cellular level, opening new pathways
in anti-aging interventions. Perhaps most transformative is the
realization that membrane potential dynamics directly regulate
gene expression [13]. Voltage changes influence calcium flux,
activate transcription factors, and remodel chromatin, orches-
trating transcriptional programs without the need for genomic
manipulation [13, 14]. The bioelectrical regulatory layer intro-
duces new strategies for cellular reprogramming to achieve
reversible control over lineage specification and differentiation
[14]. Bioelectronics represents a powerful tool to interrogate and
manipulate biology. Moving beyond excitable tissues, we can
begin to comprehensively address how electric signals shape
life, deepening our understanding of fundamental physiology
and enabling novel interventional approaches. Dissecting new
electrical communication principles in living systems might
also enable the development of new bioinspired systems [15].
This perspective provides an overview of how bioelectronic
devices could be deployed to modulate cancer, aging, and gene
expression.

2 | From Quantum Signaling to Cellular Network
Events

Bioelectronic devices for electrophysiology transformed our abil-
ity to probe and modulate cellular functions in excitable cells

and tissues [6]. Figure 1 displays selected current technologies
operating at different spatial scales, and how these enable to
access different biological phenomena. At the quantum level
(sub-nanometer), quantum bioelectronics controls electron tun-
neling mechanisms behind all bioelectric events [8]. At the
molecular scale (~1-10 nm), nanoswitches translate quantum
effects into controllable molecular interactions [16]. At the
subcellular scale (~10-100 nm), nanopores and nanotweezers
enable precision biosensing and manipulation of biomolecules
influenced by electrical states [7]. At the cellular and tissue level
(~100-100 um), micro and nanoelectrodes record and stimulate
cells [6], cell monolayers [17], and tissues [18]. The following
sections presents how state-of-the-art approaches serve diverse
functions and complement each other in interrogating and
modulating electricity in living matter. Bioelectronic interfaces
for non-excitable systems can be broadly grouped into (i) sensing
platforms that map endogenous electrical and electrochemical
variables (e.g., Vyem , iOnic currents, impedance, redox/pH),
and (ii) actuation platforms that deliver controlled stimulation,
currents, or fields to impose defined electrical states. Because
many device classes can be operated in both modes, here we
discuss each technology in terms of its read (measurement)
and write (stimulation) capabilities across length scales, and
we summarize practical performance alongside charge-delivery
constraints. Table 1 compares performance and applications
across the presented devices.

2.1 | Micro and Nanoelectrodes

Micro and Nanoelectrodes Have Scaled How We Access and
Manipulate Electrical Information in Excitable Cells, Overcom-
ing some Limitations of Patch-clamp Technology [6]. Com-
plementary Metal-oxide-semiconductor (CMOS)-based High-
density Microelectrode Arrays (HD-MEAs) Now Enable Extra-
cellular Recording From Thousands of Sites Simultaneously,
Capturing Spatial Electric Patterns in Neural and Cardiac Tissues
with Sub-cellular Resolution [6]. Planar Electrode Architectures,
However, Often Suffer From Weak Cell-electrode Coupling and
Limited Access to Intracellular Dynamics [6]. This Limitation
Has Motivated the Development of Vertical 3D Nanoelectrodes,
[19] Which Enhance Cell-electrode Interaction and, in some
Cases, Breach the Membrane to Probe Intracellular Voltages
or Deliver Direct Electrical Stimuli [19]. Meanwhile, Flexible
and Stretchable Electrodes Fabricated from Elastomeric Sub-
strates or Soft Conductive Materials Have Enabled Integra-
tion With Mechanically Active Tissues, Including Vasculature,
Epithelium, and Organoids [18]. Among These, Conductive Poly-
mers Like Poly(3,4-ethylenedioxythiophene) Polystyrene Sul-
fonate (PEDOT:PSS) Are Considered Particularly Promising due
to Their Volumetric Capacitance, Biocompatibility, and Abil-
ity to Form Low-impedance Contacts [20]. In Oncology, Such
Interfaces Could be Embedded in Peritumoral or Stromal Com-
partments to Monitor Ionic Gradients Associated With Immune
Evasion, Stromal Remodeling, or Epithelial-mesenchymal Tran-
sition (EMT), Bioelectrical Dimensions of Tumor Progression
That Remain Underexplored [9, 11, 12]. Carbon-based Materi-
als, Primarily Graphene, Carbon Nanotubes (CNTs), and Their
Composites, Offer the Additional Advantages of High Con-
ductivity, Electrochemical Stability, Mechanical Strength, and
Optical Transparency, [21] Potentially Enabling to Combine
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FIGURE 1 | Selected state-of-the-art bioelectronic technologies to probe and control biological activity across scales. Schematics of representative

platforms arranged from the quantum to the tissue level. At the atomic and molecular scale, quantum probes and electrically activated nanoswitches

regulate charge transfer and interactions. Nanopores and nanotweezers enable single-molecule analysis and subcellular sampling. At the cellular and

multicellular scale, planar and 3D nanoelectrodes provide access to extracellular and intracellular voltage dynamics. Quantum dots and nanoparticles

offer optical, electrochemical, and therapeutic functionalities.

Electrophysiology With Optical Mapping to Probe Mitochondrial
Dynamics, Cytoskeletal Remodeling or Chromatin Architecture.
CNTs Can be Vertically Patterned to Enhance Cell-material
Adhesion and Support Subthreshold Stimulation Which Could
Allow Modulating Signaling Pathways Without Triggering Full
Depolarization [21]. In the Context of Cancer,Electrical Stimu-
lation via Microelectrodes May be Used to Rewire Malignant
Signaling Without Chemical Intervention [3]. A Key Constraint
for Electrical Modulation Is the Chargeinjection- Capacity- (CIC)
of the Electrode-: for a Given- Waveform-, the Delivered- Charge-
per Phase- Q Over Geometric- Electrode- Area- A Must- Remain-
Within the Reversible- Electrochemical- Limits- of the Material-
to Minimize- Faradaic- Reactions- and pH Shifts- at the Interface-
. In Established- Stimulation- Protocols-, Charge- Density-
Is- Commonly- Discussed- Together- With Pulse- Parameters-
(e.g., via the Shannon model) and the Requirement- for -
Chargebalanced- Waveforms- [22, 23]. These Considerations
Become Especially Important for -Nonexcitablecell- Studies-
, Where- Modulation- May- Use- Lower- Amplitudes- but
Much- Longer- Durations- (minutes-hours), so Electrochemical-
-Byproducts- Can- Dominate- Unless- Stimulation- Is- either
Charge-balanced or Delivered- Through Electrochemically-
Buffered- Configurations- Using- Capacitive- Coupling-, Salt-
Bridges-, or -Redoxstable- Electrode- Chemistries- [23, 24].

2.2 | Molecular Nanoswitches

Electrically Responsive Nanomaterials Have Been Shown to Mod-
ulate a Variety of Molecular Processes. Their Noninvasive Nature,
High Spatiotemporal Control, and Reversible Induction Allows
to Influence Cellular Adhesion, Release, Alignment, Polarization,
Migration, Proliferation, and Differentiation, [25] Providing New
Opportunities to Elucidate Complex Processes, From Surface
Charge, [26] Surface Ligand Conformations, [16] and Mechanical
Properties [27]. Cell Control Through Substrate Manipulation
Has Been Mediated by Conductive Polymer-based Scaffolds,
Peptide Surfaces and Piezoelectric Materials [16]. For Instance,

Changes in Hydrophilicity Induced by Conductive Polymer-
based Scaffolds Have Been Utilized for Capturing and Releasing
Cancer Cells [28]. Although Nonspecific Interactions Can be
Used to Regulate Cell Behavior, Achieving More Precise Control
Is Possible by Specifically Targeting the Modulation of Interac-
tions Between Material Surfaces and Cells. Cell Attachment to
Native Extracellular Matrices (ECMs) Is Orchestrated by Cell-
adhesion Proteins Such as Fibronectin, Collagen, and Laminin,
Which Bind Selectively to Receptors, Such as Integrins, on the
Cell Surface [16]. The Cell-ECM Interaction Is Crucial for Bidirec-
tional Signal Transduction, Guiding Cell Proliferation, Spreading,
and Differentiation [2]. Progress Has Been Made in Mimicking
the Native ECM at the Protein Scale. Surface Electrical Potentials
Generated by Piezoelectric Materials Have Been Shown to Induce
Conformational Changes in Adsorbed Fibronectin, Promoting
either Cell Adhesion or Proliferation Depending on the Mem-
brane Potential [2]. Piezoelectric Materials Have Also Been
Used to Polarize Macrophages, Accelerating Wound Recovery
[29]. Stimuli-responsive Materials Have Also Been Deployed in
3D Printing, Enabling Structural or Functional Transformations
Over Time to Achieve “4D Printing” [30] Various Stimuli Such
as Temperature and Light Have Been Explored in this Context,
but the Full Potential of Electroresponsive Material in Manipu-
lating Cellular Behavior Remains Underexplored. Current Efforts
Have Largely Focused on Building Electroactive Scaffolds, Often
Coupled to Dynamic Nanotopography, to Bias Lineage Commit-
ment; for Example, Electrochemical Switching of Nanostructured
Polypyrrole Interfaces Provides Coupled Electrical and Structural
Cues That Can Direct Stemcell- Differentiation-, Including-
Osteogenic- Outcomes- [31]. These Advancements Might Bring
Us Closer to Creating Dynamic Scaffolds with Organizational
Features and Hierarchical Architectures That Mimic Native
Tissues. Further Developments Are Also Necessary in the Areas
of Multi-responsiveness and Bidirectional Actuation at the Bio-
interface. Advancing these Aspects Will, for Instance, Enhance
the Development of Dynamic Systems That Better Replicate
the Natural Feedback Mechanisms Between Cells and the
ECM.
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2.3 | Nanopores and Nanotweezers

Nanopores Are Increasingly Recognized as Powerful Tools in
Bioelectricity, Enabling Mapping of Electrical and Electrochem-
ical Signals in Living Systems with Molecular-level Resolution
[7]. Nanopipettes Are Tapered Glass Capillaries With Nanoscale
Apertures (10-100 s of nm) and Serve as Key Sensing Elements
in Scanning Ion-Conductance Microscopy (SICM) and Scan-
ning Electrochemical Microscopy (SECM), Providing Real-time
Insights Into Ion Flow, Action Potentials, Membrane Potential
Fluctuations, and Ion Channel Dynamics [7]. SICM Integrates
Electrophysiological Measurements with High-resolution Topo-
graphic Imaging of Living Cells Under Physiological Conditions
[32]. In Addition to Signal Mapping, Nanopipettes Can Func-
tion as Biosensors. When Configured as Nanopores, Transient
Tonic Current Fluctuations Induced by Biomolecule Transloca-
tion Enable Single-molecule Detection of DNA, RNA, Peptides,
and Proteins [33]. Their Functionality Is Further Enhanced
Through Chemical Modification, Improving Molecular Selec-
tivity, Transport Control, and Signal Fidelity [33]. Examples
Include the Use of DNA Origami Spheres to Trap Proteins
via Electroosmotic Effects, [34] and DNA Aptamers That Bind
Specific Amino Acid Motifs, Slowing Peptide Translocation for
Improved Resolution. For Small-molecule Sensing, Aptamer-
modified Nanopipettes Detect Neurochemicals Like Serotonin
and Dopamine by Undergoing Voltage-sensitive Conformational
Changes That Modulate Local Charge Distributions [35]. Beyond
Biosensing, Nanopores Have Been Demonstrated as Tools for
Minimally Invasive Cellular Nanobiopsy, Allowing Extraction of
Sub-picolitre Volumes of Cytoplasmic Content From Live Cells
with Spatial and Temporal Resolution [36]. Nanopipette Mounted
on SICM Were Optically Guided to Penetrate a Single Cell, Aspi-
rate ~50 fL of Cytosol Containing mRNA or Mitochondria, and
Re-eject the Material for RNA Sequencing via Electrowetting [37].
Dual-barrel Nanopipettes Extend to Subcellular Resolution and
Longitudinal Sampling, for Example Tracking Transcriptional
Responses in Glioblastoma Cells Before and After Chemotherapy
[38]. Unlike Suction-based Methods, Nanotweezers Operate via
Dielectrophoresis (DEP) and Do Not Require Fluid Extraction.
Two Pyrolytic Carbon Electrodes Are Separated by an Insulating
Septum and Fabricated at the Tip of a Dual-barrel Quartz Pipette
[39]. When an Alternating Electric Field Is Applied, Intense Local
DEP Forces Accumulate Target Biomolecules at the Pipette Apex,
Reducing Cellular Disruption, Improving Viability, and Enabling
Repeated Sampling. Applications Include Subcellular Profiling of
Adrenergic Receptor Compartmentalization in Cardiomyocytes,
Analysis of Gene Expression Heterogeneity Among Mitochondria
in Primary Neurons, and Longitudinal Molecular Tracking in
Cultured Breast Cancer Cells [40].

2.4 | Quantum Bioelectronics

The convergence of quantum mechanics and bioelectronics
has also enabled novel insights into biological processes and
therapeutic strategies [8]. Quantum mechanical phenomena (e.g.
superposition, coherence, entanglement, and tunnelling) are
being explored for their potential to enhance cancer diagnostics
and treatments, [8] as well as merging electromagnetic fields
(EMFs) and optics with quantum physics to precisely tune bio-
logical processes [43]. Nanoprobes and bionanoantennae, which
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receive signals and transduce them into biological actuators,
harness EMF interactions to modulate cellular behavior at the
quantum scale [43]. For example, recent studies have demon-
strated that quantum biological electron tunnelling (QBET) can
be sensed and actuated, affecting cancer cells specifically due
to endogenous differences compared with controls. One of the
earliest examples is the application of quantum dots (QDs) for
cancer treatment, operating via controlled photodynamic ther-
apy, inducing the production of reactive oxygen species (ROS) and
photothermal effects [44] Additionally, bipolar nanoelectrodes
have been employed as nanoprobes, such as carbon nanotubes
(CNTs), to modulate cellular electrochemistry at unprecedent-
edly low voltages [45]. However, precise control of quantum
phenomena must rely on capacitance and underlying quantum
events, such as the density of states, charge distribution, and
quantum coherence [46]. To achieve precise control, it is essential
to determine which specific quantum effects are at play in each
system. A primary challenge is scalability and reproducibility
in nanoparticle fabrication, as many synthesis methods (e.g.,
molecular self-assembly, electron beam lithography, and atomic
layer deposition) remain costly and low yield [43] Another
challenge revolves around biocompatibility, stability, and biodis-
tribution, which restrict their in vivo use [43]. Charge transfer
mechanisms and quantum coherence are difficult to control
in biological environments, where decoherence effects rapidly
destroy quantum states [46]. Additionally, bioelectrical modu-
lation remains poorly understood, as the precise mechanisms
by which electromagnetic fields influence cellular responses at
the quantum level remain elusive, making it difficult to achieve
targeted therapeutic effects [46] Lastly, immune responses tend to
eliminate nanostructures, reducing therapeutic efficacy [8]. Over-
coming these barriers requires advances in fabrication, surface
engineering, and biocompatibility to unlock the full potential of
quantum nanomedicine.

2.5 | Optical Approaches

Optical methods have significantly advanced our understanding
of bioelectrical phenomena in excitable cells. Techniques such
as voltage-sensitive dyes [10], calcium probes [47], and geneti-
cally encoded voltage indicators [48] (GEVIs) have enabled the
monitoring of the spatial and temporal patterns of membrane
potential in excitable and, more recently, in non-excitable cells
[41]. However, these fluorescence-based methods are hindered
by limitations such as photobleaching, which restricts long-
term measurements and the scope of research questions. This
limitation has driven the development of alternative more stable
approaches for tracking bioelectrical dynamics. For instance,
nitrogen-vacancy (NV) defects in diamonds offer a photostable
charge-modulated fluorescence with experimentally validated
voltage sensitivity at metal-electrolyte interfaces [49]. Similar
sensors have demonstrated the ability to detect action potential
in squid [50] and mouse [51] neurons. Plasmonic sensors offer
another label-free approach for voltage sensing that has been
successfully applied to neurons [52], cardiac cells [42], and
pancreatic beta cells [41]. Beyond their label-free capability,
plasmonic sensors provide several advantages including the
ability to detect subcellular signaling events while simultaneously
exposing how they integrate to orchestrate network-level patterns
[41]. A recent study has introduced a surface plasmonic reso-

nance microscopy (SPRM) method for studying cell bioelectrical
networks monitoring connectivity in pancreatic beta cells [41].
This approach could capture coordinated electric activity, record
subcellular signals that integrate to cell-level patterns and reveal
the propagation of extracellular signals beyond the immediate
cell-sensor interface [41]. These label-free and information-rich
imaging techniques hold considerable promise for bioelectricity
research. They could be explored, for instance, to further our
understanding of electrical dynamics in cancer-cell network,
elucidate the influence of electric fields in wound healing [53] and
unfold their role in developmental pattern formation. Moreover,
the ability to perform long-term imaging of electrical signaling
is particularly advantageous for studying processes such as
gene expression, aging, and their modulation via bioelectrical
interfacing.

3 | Prospective Research Areas

Emerging evidence suggests that precise mapping of cellular
bioelectricity may reveal early diagnostic biomarkers, disease
mechanisms and novel therapeutic targets (Figure 2) [2, 3, 43].
In cancer, dysregulated electrical properties of tumor cells have
been correlated with proliferative and metastatic behaviors [3, 11].
Similarly, age-related changes in cellular communication via
altered electrophysiological patterns are increasingly recognized
as contributing factors in the morphological and functional
decline of tissues [4]. Controlled modulation of cellular electrical
states is also gaining attention as a potential non-invasive method
to induce phenotypic transitions [2]. We hereby address three
envisioned areas of application, namely cancer, aging, and gene
expression modulation.

3.1 | Cancer Biology, Diagnostics, and
Therapeutics

Cancer cells exhibit a characteristic bioelectric signature
(Figure 2a) marked by membrane depolarization, with resting
potentials ranging from —10 to —40 mV compared to the —70 to
—90 mV observed in healthy cells, resulting from alterations in ion
channel expression and function, documented across breast [9],
prostate [54], and lung [55] cancers, particularly downregulation
of K* channels [56] (Kv1.3, Kv1.5, and Kv10.1), and upregulation
of voltage-gated Na* channels [11] (Navl.5, Navl.7) and Ca**
channels [57] (Cav3.l, Cav3.2). This contributes to cancer
pathophysiology through several mechanisms that influence
fundamental cellular processes. Depolarized V.., affects Ca*"
dynamics by altering the electrochemical gradient for Ca®*
influx, leading to disrupted intracellular signaling that impacts
proliferation and migration [11]. Furthermore, V., influences
voltage-sensitive enzymes and transporters modulating Na*-
dependent nutrient transporters that affect cellular metabolism
[10]. It also disrupts intercellular communication through
gap junctions, which are critical for tissue homeostasis [8].
Current technologies have significant limitations for studying
bioelectricity in cancer cells. Traditional MEAs are optimized for
detecting high-frequency action potentials in excitable cells, with
challenges arising in consistently measuring the tinier voltage
changes characteristic of some cancer cells [3]. In this context,
the cell-material interface and electrode signal-to-noise ratio are
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Envisioned applications of bioelectronic platforms in oncology, aging, and gene expression modulation. (A) Concept for probing tumor

tissue while delivering controlled stimulation, allowing dynamic readout of malignant electrical signatures and assessment of how imposed fields may
suppress tumor activity. (B) Single-molecule tools such as nanopores and nanotweezers can provide access to ionic currents from individual membrane
channels, Ca** imbalance, as well as mitochondrial stress and ROS production, potentially providing a window into electrical events associated to
senescence. By extracting or reading nucleic acids and proteins from single cells, nanotweezers could track senescence-associated states and test strategies
to restore hyperpolarized potentials. (C) Electroactive switchable interfaces yield surfaces whose adhesive properties change in response to applied
voltage. By toggling between non-binding and high-affinity states, these can regulate integrin engagement, cytoskeletal architecture, and downstream

nuclear organization, reversibly tuning gene expression and transcriptional activity.

pivotal [17], potentially enabling the recording and stimulation
of cancer cells and tissues (Figure 3a). Voltage-sensitive dyes
have captured electrical dynamics in cancer, yielding single
cell-resolved measurements, but suffer from phototoxicity,
limited dynamic range, and delayed timescales [10]. Preliminary
in vitro implementations could adapt impedance-based cellular
monitoring systems that have successfully detected bioelectric
properties in non-excitable tissues, modified for cancer cell lines
known to exhibit depolarized membrane potentials, such as
MDA-MB-231/468 breast cancer cells or PC-3 prostate cancer
cells [9]. The development of reliable in vitro models will enable
comparisons across platforms and broader adoption toward
future translation [58].

Key open questions remain on how field strength, duration, and
waveform act. Applied field amplitudes ranging from 1-100 V/m
have been shown to influence cell behavior in other contexts
without causing electroporation or thermal damage, though
would require longer durations (minutes to hours) in cancer, in

contrast to the brief pulses used in neural stimulation [3, 43]. This
would allows to determine if hyperpolarization via applied fields
can reduce proliferation rates by measuring Ki-67 expression, or
promote differentiation, assessed by cell-type specific markers, in
cancer cells [59]. Translating optogenetic nanoswitches to cancer
studies presents other technical challenges. Although standard
optogenetic tools are shown to control V.., in neurons, cancer
translation would require engineering stable expression of modi-
fied light-sensitive K* channels, which could provide a starting
platform [10]. Several classes of photoswitchable K* channel
modulators have been developed, including azobenzene-based
compounds that change configuration upon light stimulation,
altering their binding to target channels [60]. These could be
screened for their ability to activate K* channels overexpressed
in specific cancer types, such as Kv10.1 in breast cancer [56] or
Kvl.3 in lymphomas [61]. Previous studies have demonstrated
that pharmacological hyperpolarization of cancer cells through
K* channel activators reduces proliferation rates and decreases
migration in scratch assays [43]. Standard cell biology coupled to
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bioelectronics approaches could reveal mechanisms connecting
electric states to molecular pathways. For example, RNA-seq
analysis before and after bioelectric normalization could identify
voltage-responsive gene networks, and metabolic flux analysis
could determine how V., shifts affect the Warburg effect
characteristic of cancer metabolism [62].

3.2 | Probing and Modulating Cellular Aging

The Bioelectric Dimension of Senescence Is Starting to be
Considered as a Set of Parameters That Can be Probed to
Induce Anti-aging Effects (Figure 2b) [4]. A Hallmark of Aging
Cells Is a Depolarized Resting Membrane Potential (~—50 mV)
Compared to Youthful Cells (~—70 mV), Arising From Ion
Channel Remodeling [4]. Key Hyperpolarizing Potassium Cur-
rents Weaken With Age, for Instance Expression and Activity
of K* Channels (decline in Kv1.3, Kv1.5 and KCa3.1), and Depo-
larizing Currents Increase via Upregulated Voltage-gated Na*
and TRP Cation Channels, Which Drive Aging Phenotypes by
Aberrantly Activating Voltage-sensitive Enzymes [63]. Depolar-
ization Triggers Phospholipases and Phosphatases That Alter
Signaling Cascades Governing Cell Senescence, Including Pro-
inflammatory Pathways That Underlie the Senescence-associated
Secretory Phenotype (SASP) [64]. Depolarization Also Boosts
Intracellular Ca** Levels by Opening Voltage-gated Ca** Chan-
nels, With Consequent Ca?* Release Leading to Mitochondrial
Overload, Metabolic Impairment, and Elevated Reactive Oxygen
Species (ROS) [65]. These Events Back Into Gene Regula-
tion: Ca?*-dependent Activation of Histone Deacetylases and
DNA Methyltransferases in Depolarized Cells Drives Chromatin,
Hence Cell Shape and Morphology, Toward Pro-aging Con-
figurations. Generally, More Hyperpolarized (negative) V..
Correlates with Enhanced Cellular Longevity, Whereas Chronic
Depolarization Accelerates Aging Processes [66]. Despite these
Insights, the Electrical Aspect of Aging Remains Comparatively
Unexplored, Partly due to Technical Gaps in Measuring and
Manipulating Subtle Bioelectric Signals [3, 43]. In this Con-
text, Molecular Nanoswitches Such as Optogenetic Ion Pumps
Might Provide Cell-type Specific Voltage Control, and Light-
driven Proton Pumps (Arch) or Chloride Pumps (halorhodopsin)
Could Hyperpolarize Aged Cells, Counteracting Depolarization,
Whereas Depolarizing Channels Like Channelrhodopsins Could
be Deployed to Dissect How Brief Pulses of Depolarization Might
Trigger Senescent Phenotypes [67]. Early Studies Already Hint at
the Therapeutic Potential of Tuning Bioelectricity in Aging. In
C. elegans, Genetic Enhancements of K* Channel Activity (thus
preventing depolarization) Have Shown to Extend Lifespan, and
Pharmacologically Hyperpolarizing Mammalian Cells Delayed
Senescence [68]. In Drosophila, Hyperpolarization Was Shown to
Slow Systemic Aging via Cell-nonautonomous Signaling, Demon-
strating That Local Electric Changes Propagate Organism-wide
[69]. Bioelectronic Devices Could be Deployed Across Specific
Contexts Where Senescence Manifests Differently. In Neurons,
for Example, Gradual Depolarization Disrupts Ca** Homeostasis
and Synaptic Plasticity [70]; in Cardiomyocytes, Impaired K*
Channel Activity Contributes to Reduced Contractility [71]; in
Fibroblasts, Depolarization Accelerates Transition to Senescence-
associated Secretory Phenotypes [72]. Recording Progressive
Viem Drift Over Weeks in Organoid or Cell Cultures Could
Map Tissue-specific Senescence Processes, Enabling Longitudi-

nal Analysis and Current Injection to Restore Hyperpolarized
States.

This closed-loop approach provides a foundation for developing
bioelectronic manipulation protocols, in which the parameters
of stimulating electric currents are precisely aligned with the
targeted membrane potential and the corresponding cell func-
tion. Nanopores could detect redox-active metabolites or tracking
ion fluxes through individual channels that become dysregulated
with age [33] (Figure 3b). Nanotweezers, by contrast, could
extract and reposition mitochondria or cytoplasmic fractions
from single cells in an aging population, linking bioelectric
depolarization with organelle-specific dysfunction such as loss of
mitochondrial membrane potential or altered ER-mitochondria
calcium exchange [36]. Complementary readouts could include
impedance spectroscopy to track extracellular matrix stiffening,
as stiffness is tightly coupled to both senescence and altered
electrical states [73].

3.3 | Gene Expression Reprogramming

Gene expression is strongly influenced by the electrical state of
cells, with V., shifts acting as a primary layer of regulation
(Figure 2c) [13]. In non-excitable cells, changes in resting poten-
tial from hyperpolarized (~—90 mV) to depolarized (~—20 mV)
values shape transcriptional outcomes by modulating signaling
cascades, transcription factor activity, and chromatin architecture
[74]. Depolarization promotes the opening of voltage-gated Ca?*
channels, leading to Ca’>* influx and activation of calcineurin
and CaMK pathways that drive nuclear translocation of NFAT,
CREB, and NF-xB, thereby altering the expression of hundreds
of genes involved in metabolism, stress adaptation, and lin-
eage specification [74] Voltage-sensitive phosphatases (VSPs) can
transduce membrane depolarization into changes in phospho-
inositide levels, which may disrupt PI3K/Akt signaling [75]. On
the other hand, hyperpolarization has been shown in neural
progenitors to restrict Wnt/B-catenin signaling via altered S-
catenin localization, and inhibition of KCNQ1 channels (causing
depolarization) correlates with downregulated Wnt activity via
B-catenin mislocalization [76]. Electrical shifts are not confined
to single cells: gap junctional coupling allows V., changes to
propagate across tissues, producing domains of synchronized
transcriptional activity that underlie morphogenesis and coordi-
nated differentiation [2]. A further layer of control arises from
the spatial compartmentalization of electrically driven signaling.
Nuclear Ca** transients, generated when depolarization-induced
cytosolic Ca?* influx couples to nuclear pore complexes and
inner nuclear envelope channels, exert particularly strong effects
on transcriptional regulation by activating CREB- and NFAT-
dependent promoters directly within the nucleus [14]. Nuclear-
restricted Ca** events differ from global cytoplasmic signals in
duration and amplitude, producing transcriptional specificity
that could be dissected with low-noise microelectrodes config-
ured to deliver focal depolarizing currents near the perinuclear
region [14] In addition to Ca®*, V., shifts modulate redox
balance and pH, both of which target chromatin-modifying
enzymes, creating voltage-sensitive epigenetic checkpoints [76].

Applied bioelectric fields could therefore be tuned not only
to activate acute transcription factors but also to imprint
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long-lasting transcriptional programs through chromatin modi-
fications [76]. At the tissue level, engineered electrical gradients
imposed across organoids have been shown to bias regional
expression of positional identity genes, suggesting that bioelec-
trical patterning can recapitulate aspects of morphogenesis [77].
Nanopores, providing both gated transport and molecular sensing
functions, [7, 33, 78] could be capable of monitoring RNA or
protein markers of transcription in real time as cells respond to
electrical cues, and extracting subcellular samples from living
cells without inducing cell death might allow measurement
of chromatin modifications as a response to localized stimuli.
Electroactive switchable surfaces might introduce another level
of control by exposing or hiding integrin-binding motifs under
electrical stimulation, [16] thereby engaging the cytoskeleton and
transmitting mechanical forces to the nucleus, where they reorga-
nize lamina structure and chromatin state to reinforce or redirect
transcriptional programs (Figure 3c). Electrical stimulation has
already been shown to induce expression of developmental
regulators such as SOX9 in chondrogenic contexts, TBX5 in
cardiac differentiation, and HOX clusters that encode positional
identity. In cultured stem cells, brief pulses of current induce
lineage-defining transcription factors [79]. Advances in biology
have started to create the experimental conditions where gene
networks could be electrically interrogated and modulated in real
time without genetic intervention.

4 | Outlook

Moving from high-precision measurements to practical bioelec-
tronic tools for oncology and aging will require the field to
treat bioelectricity as a set of variables that can be quantified.
For non-excitable cells, this shift is particularly urgent because
the signals of interest are mostly smaller, slower, and more
context-dependent than action potentials, and they unfold within
heterogeneous microenvironments (ECM remodeling, hypoxia,
inflammation) that can dominate over the specific variable
of interest. Progress therefore depends on coupling recording
with stimulation, and on designing experiments that convert
correlations (e.g., depolarized V., in tumors or senescence)
to relationships between electrical inputs and molecular out-
puts. A first practical step is to define standardized electrical
endpoints that can be compared across devices and biological
models. In addition to reporting mean V., , non-excitable
systems will likely require distributions and spatial structure
(e.g., gradients, network effects and temporal scales) because
tissue-level phenotypes are expected to emerge from multicellular
states. Other variables that can be measured with electrical tools
such as impedance (barrier integrity, cell-substrate coupling), and
electrochemical markers (local pH, redox) can provide additional
readouts useful for interpretation. On the device side, establishing
a standard on working electrode materials and geometries,
impedance, stimulation numbers, expected waveforms, estimated
field exposure, temperature, and biological conditions, would
help improving interpretability and reproducibility, just as how
stimulation became standardized in neurotechnology.

Device translation for non-excitable cell biology will also require
device stability for long experiments, as many of the envisioned
interventions in cancer, aging, and gene regulation described
herein happen in minutes, hours or days. Materials that have

transformed neural and cardiac interfacing such as TiN, con-
ducting polymer coatings, and mixed ionic-electronic conductors
in transistors, offer promising routes to reduce impedance and
operate at low voltages, but their use in non-excitable contexts
has yet to be demonstrated. Next, progress will depend on
field delivery in 3D constructs, such as tissue slices, spheroids
and organoids. Equally important is where these technologies
are validated. To aim at clinical relevance, electrical interfaces
should be tested in models that preserve multicellular coupling
and microenvironmental constraints while remaining compatible
with early testing in this initial phase. Here, the most impactful
near-term experiments are longitudinal studies for mapping slow
drift in electrical state and impact of electrical modulation to
map, maintain or restore a target voltage range while tracking
phenotypic outcomes (e.g., invasion, differentiation). The value
of single-cell tools discussed herein is that they can connect elec-
trical manipulations to molecular events by enabling controlled
sampling of RNA, protein, or organelles from the same living
cells, reducing the reliance on external assays. From a molecular
biology standpoint, the next phase should target experiments that
link electrical inputs to known transducers highlighted in the
previous sections, such as calcium channel dynamics, voltage-
sensitive enzymes, gap-junctions, and chromatin remodeling.
Electroactive switchable interfaces are particularly valuable here
because they can reversibly impose controlled changes at the
interface (e.g., integrin engagement and cytoskeletal organiza-
tion), enabling to distinguish between material interface effects
and biological voltage shifts.

Once the engineering and scientific foundations are more solid,
translation could follow examples that have already navigated
safety, scalability, reliability and broader adoption. Bioelectronic
medicine so far has been defined around dosing, device per-
formance, and medical regulation, providing a possible path
to building solutions suitable for patient translation. In the
nearer term, some of the most realistic translational opportunities
may arise in in vitro early diagnostics, drug screening, and
electricity-based drug development across the pharmaceutical
sector.
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