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Abstract

lons and small molecules form the basic language of biology, enabling numerous biological
signaling activities. Biology has used the language of ions since the beginning of life, and
scientists are only now beginning to catch up. The field of bioiontronics is emerging, aiming
to communicate with living matter through ions and molecules for the detection and
modulation of biological activities. Bioiontronics is an interdisciplinary field that originates
from iontronics, the active control of ion transport. Specifically, bioiontronics refers to
iontronic devices that interface with biological systems, incorporate biological components,
or employ biomimetic designs. Therefore, understanding the ionic nature of biological
systems is essential to bioiontronics and may inspire future breakthroughs. Here, we
summarize ionic phenomena across different biological scales and examine their ionic
mechanisms. We further summarize the bioinspired endeavors of bioiontronics, including
energy harvesting and storage, sensing, signal processing, and biointerfaces. Finally, we
outline the potential applications and challenges of mimicking natural ionic processes. The
Review serves both as a source of information and as a benchmark and encouragement for
further bioiontronic developments.
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INTRODUCTION

Life communicates and powers itself with ions. Based on ion distribution and transport, biological systems
execute diverse processes, including maintaining osmotic equilibrium, conducting neural signals, and
facilitating metabolism. Conversely, impaired ion transport disrupts physiological balance and triggers
disease!"?. In aqueous media and at biointerfaces, ion fluxes can be rapidly established, modulated, and
reversed by changes in gradients and permeability, providing a versatile physical basis for biological signaling
and energy conversion. Understanding the ionic gradients and the bioelectricity they generate is therefore
central to explaining how organisms function and how their activities can be regulated'.

Bioelectricity arises from ionic gradients and the intrinsic ionic conductivities of cells, produced by the
selective distribution of ions and charged biomolecules across membranes. Ion channels, pumps, gap
junctions, and solute carriers establish these gradients that sustain normal physiology'. Although rooted in
single cells, bioelectric phenomena scale up to tissues, organs, and whole organisms, enabling cellular
collectives with information-storage and processing capabilities beyond those of isolated cells. For instance,
neural bioelectricity in the brain mediates coordinated actions in three-dimensional space, while non-neural
bioelectricity influences developmental and large-scale regenerative processes®”. Here, we focus on the ionic
nature and bioelectric phenomena spanning diverse tissue scales. Examples include nanoscale biomolecular
condensates that reshape local ion partitioning, sub-microscale organelles that convert light or redox energy
into proton gradients, microscale cellular excitability in neurons and muscle, tissue-scale electric fields that
guide wound healing and morphogenesis, and organismal-scale electric organs in electric fish [Figure 1].
Representative examples at these scales, along with their typical sizes and ionic parameters, are summarized
[Table 1].

Iontronics is the study of systems in which ions, rather than electrons, act as charge carriers for signal
transmission, transduction, and energy conversion. By leveraging ion transport, electrochemical interactions,
and electron-ion coupling, iontronic systems advance intelligent sensing and sustainable energy
harvesting'>**. In nature, ionic processes drive phase separation at the molecular scale, facilitate signal
transmission and motility at the cellular and organ scales, and even propel energy and information flow at
the individual and collective scales. These natural ionic processes have inspired design principles for artificial
devices, including power sources, sensing systems, computational units, and biointerfaces. Leveraging the
universal ionic language that connects biology and artificial devices, bioiontronics extends iontronics into the
biological domain in three ways. First, bioiontronics could communicate with living systems at biointerfaces,
reading and writing biological activities through ionic mechanisms**°!. Second, bioiontronics may
incorporate biological components through bottom-up approaches to control ion transport, such as the
integration of membrane channels into lipid bilayers®**. Third, bioiontronics could mimic natural ionic
processes to build iontronic machineries"***, which is the focus of this Review. Here, we describe the
bioinspired pathway from biological phenomena to the design of bioiontronics, introduce several categories
of bioinspired applications, and outline future directions and challenges in bioiontronics. Together,
bioiontronics bridges living matter and artificial systems by centring on ionic processes and their biological
implications.

BIOLOGICAL IONIC PROCESSES ACROSS SCALES

Molecular and subcellular scale

At the molecular and subcellular scale, ions and their associated electrochemical potentials are the key
drivers of cellular functions and energy conversion processes”>**!. We focus on the ionic processes in
biomolecular condensates, chloroplasts, mitochondria, and synaptic vesicles for illustration [Figure 2]. In
nature, there are many other biological phenomena that involve ions and ionic effects, which are not covered
in this Section.
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Figure 1. Biological ionic processes operate across scales, from the molecular scale to the collective scale.

Table 1. Typical geometric and ionic parameters across various biological scales

Scale Example Approximate feature size lonic parameters
) < o L
Molecular Biomolecular condensates!®! CDQl;)meter 1 um (inside Escherichia Alter the membrane potential
Long axis 5-10 um
Organelle 1910) 5 ApH ~1.8-2.1
(subcellular) Chloroplast Shgrt axis 2-4 um AW - 10-20 mV
Thickness 2-3 um
Mitochondriat Diameter 0.5-1.0 pm 180-200 mV.

Cellular

Tissue

Organismal

Collective

Neuront34]

Cardiomyocyte!™

Plant systemic response!™!
Epithelial’”
Electric eel’®

Collective electrosensing (electric
fish)zo1

Electroactive biofilmt22

Length 1.5-3.0 um

Soma: diameter 4-100 um
Axon: length Tum to >1m

Diameter 10-20 um
Length 80-150 um

Propagates across a leaf or entire
plant

Thickness 35-150 um
Max body length 2.5 m

Body length 11-19 cm (Gnathonemus
petersii)

Thickness 100-200 pm;
Area up tom?

-30 ~-90 mV (RP)

-80 ~-90 mV (RP)

~80-150 mV (Mimosa pudica)

10-60 mV (human transepithelial potential)

~150 mV per electrocyte;
Open-circuit voltage of the organ > 600 V

Peak current ~ 50 pA (conspecific-induced
electrical image)

Conductivity ~ 5 mS/cm (Geobacter
sulfurreducens)

RP: Resting potential; A¥: membrane potential.

Biomolecular condensates formed through liquid-liquid phase separation can enrich or exclude specific ions,

thereby regulating the intracellular ionic environment, including spatial pH and ion distributions!®*"**/

[Figure 2A]. Typically, cells regulate intracellular ion content through ion channels to modulate membrane

potential. Since membrane potential is sensitive to the intracellular electrochemical environment, condensate

formation alters this equilibrium by establishing a new intracellular ion distribution balance, thereby

modifying membrane potential***!! [Figure 2B]. Further research confirms that condensate-mediated

regulatory effects can modulate cellular physiology by altering intercellular communication with the

environment. For instance, bacteria harboring condensates exhibit greater susceptibility to positively charged

antibiotics compared to those without condensates. This may arise from condensate-mediated
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Figure 2. Molecular and subcellular ion dynamics. (A) Mechanisms of biomolecular condensation via phase separation: intrinsically
disordered regions and RNA scaffolds form multivalent interactions to drive nucleation and subsequent protein-RNA recruitment.
Post-translational modifications (PTMs) tune assembly/disassembly by altering interaction surfaces, while temperature, pH, ionic
strength, and crowding conditions set phase-separation thresholds. This figure is quoted with permission from Choi et al.B7}; (B) Diagram
showing how condensate formation shifts the intra- versus extracellular electrochemical balance, impacting membrane voltage; (C) Linear
electron transport across the thylakoid: PSII uses light energy to oxidise water and reduce plastoquinone, cytochrome b.f transfers
electrons to plastocyanin while releasing protons to the lumen, PSI reduces ferredoxin and FNR generates NADPH; the resulting proton
motive force powers ATP synthase; (D) Overview of mitochondrial oxidative phosphorylation organisation: electron carriers feed
complexes |-V, protons are pumped across the inner membrane to establish a proton electrochemical gradient, and ATP synthase at
cristae edges uses this gradient; carriers and supercomplexes coordinate flux and regulation. This figure is quoted with permission from
Middleton et al.8. AC: Change in concentration; AE: change in electrochemical potential; NADP*: nicotinamide adenine dinucleotide
phosphate; PSI: photosystem [; PSII: photosystem II; FNR: ferredoxin-NADP* reductase; PC: plastocyanin; ADP: adenosine diphosphate;
NADPH: reduced nicotinamide adenine dinucleotide phosphate; PQ: plastoquinone; NADH: reduced nicotinamide adenine dinucleotide;
NAD: nicotinamide adenine dinucleotide; FADH: reduced flavin adenine dinucleotide; FAD: flavin adenine dinucleotide.
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Table 2. Abbreviations

Acronym Description

AC change in concentration

AE change in electrochemical potential

AY membrane potential

ACh acetylcholine

ADP adenosine diphosphate

AP action potential

ATP adenosine triphosphate

FAD flavin adenine dinucleotide

FADH reduced flavin adenine dinucleotide

GLR glutamate receptor

NAD nicotinamide adenine dinucleotide

pH proton concentration

PSI photosystem |

PSII photosystem Il

Q ubiquinone

RP resting potential

NADP* nicotinamide adenine dinucleotide phosphate
NADPH reduced nicotinamide adenine dinucleotide phosphate
FNR ferredoxin-NADP+ reductase

PC plastocyanin

PQ plastoquinone

NADH reduced nicotinamide adenine dinucleotide

hyperpolarisation of the membrane potential, which enhances the uptake of positively charged antibiotics'®.
Intracellular ion homeostasis is crucial for cellular physiology, as precise regulation of ion concentrations
and their spatial distribution underpins intracellular biochemical activities, including transcription,
translation, and antibiotic resistance. Condensate formation modulates the spatial distribution of specific
ions within cells, thereby providing a complementary mechanism to ion channels for regulating cellular
electrochemical equilibrium/>*,

Chloroplasts constitute a highly optimised bioiontronic energy-conversion system. During illumination,
water oxidation at the oxygen-evolving complex of photosystem II (PSII) releases electrons and pumps
protons (H") into the thylakoid lumen"**” (see Table 2 for acronyms used in the Review). The electrons are
passed to plastoquinone, which combines with two protons from the stroma to form plastoquinol.
Cytochrome b, f oxidizes plastoquinol and releases protons into the lumen, transferring electrons via
plastocyanin to photosystem I (PSI). Light-excited PSI oxidises plastocyanin and transfers electrons to
ferredoxin, which then reduces nicotinamide adenine dinucleotide phosphate (NADP*) to reduced
nicotinamide adenine dinucleotide phosphate (NADPH) through the ferredoxin-NADP" reductase (FNR).
These reactions constitute the linear electron transport chain from water to NADP* and build a proton
motive force across the thylakoid membrane that drives adenosine triphosphate (ATP) synthase to produce
ATP from adenosine diphosphate (ADP) and inorganic phosphate**! [Figure 2C]. These tightly coupled
electron and proton transfers convert light energy into electrochemical gradients and chemical fuels (ATP
and NADPH), demonstrating a sophisticated biological energy converter.
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Comparable bioiontronic processes operate throughout other organelles and enable various metabolic and
signaling functions through dynamic inter-organellar communication. Mitochondrial oxidative
phosphorylation is carried out by the electron transport chain (Complexes I-V) embedded in the inner
membrane. Reduced nicotinamide adenine dinucleotide (NADH) and reduced flavin adenine dinucleotide
(FADH,) generated from the tricarboxylic acid cycle deliver electrons to Complexes I and II, respectively,
which are transferred via ubiquinone and cytochrome ¢ to Complex IV, where molecular oxygen is reduced
to water. During electron transfer, the complexes pump protons into the intermembrane space, generating a
proton motive force across the inner membrane® [Figure 2D]. This generates an electrical potential and
energy across the membrane in the form of a pH gradient. When protons flow back into the membrane
through ATP synthase in the reverse direction, the stored energy is released. ATP synthase utilizes the
proton flow to convert ADP into ATP through a phosphorylation reaction. Mitochondria maintain intricate
connections with nearly all cytoplasmic metabolic pathways and with other organelles. Strictly regulated
communication between mitochondria and other organelles is achieved through specialized membrane
transporters, direct physical membrane contacts that facilitate lipid exchange, and localized signaling
pathways that coordinate organelle functions. At endoplasmic reticulum-mitochondria contact sites, the
endoplasmic reticulum releases Ca** via the inositol 1,4,5-trisphosphate receptor and ryanodine receptor, and
mitochondria take it up through the mitochondrial calcium uniporter to tune ATP production**?. Beyond
calcium, other inter-organellar ion fluxes play key roles. Lactate can trigger endoplasmic reticulum
magnesium release into mitochondria, while mitochondrial magnesium transporter-mediated magnesium
uptake inhibits pyruvate dehydrogenase activity. Another example is synaptic vesicles, which use vacuolar
H'-ATPase-driven lumen acidification together with the resulting membrane voltage to energise
neurotransmitter loading within the vesicle cycle®. Furthermore, in plant cells, the vacuoles establish large
trans-tonoplast ion and pH gradients through the vacuolar H*-ATPase and the vacuolar
H'-pyrophosphatase, generating proton-motive force that drives secondary active transport to sequester ions
and enable nutrient remobilization**.

Our examples show how biology uses ions and bioiontronic machineries at the molecular and subcellular
scales, transforming metabolic energy into spatiotemporally precise ionic signals that sustain homeostasis
and information processing.

Cellular scale

At the cellular scale, ion flows across membranes govern how living cells transform chemical gradients into
electrical and mechanical energy. Through the coordinated action of ion channels and pumps, cells maintain
dynamic voltage distributions, thereby precisely regulating excitability and signal transduction”. This level
of organisation marks the transition from local, organelle-based electrochemical events to coordinated
whole-cell phenomena that underlie neurotransmission, muscle contraction, and metabolic regulation
[Figure 3].

Neurons are the archetypal electrically excitable cells. Their membranes separate the extracellular and
intracellular ionic environments, maintaining distinct sodium and potassium concentrations through
selective permeability and active transport [Figure 3A]. The resting potential of approximately -75 mV arises
mainly from K* leak currents and the electrogenic action of the Na*/K*-ATPase. Synaptic input depolarises
the membrane toward a threshold near -55 mV, at which voltage-gated Na* channels open within
milliseconds, allowing Na* influx and producing a rapid rise in membrane potential®*!. During this phase,
the voltage approaches the Na* equilibrium potential of about +60 mV, reaching a spike amplitude of +30 to
+40 mV. The delayed activation of voltage-gated K* channels restores the resting potential through
repolarisation and transient hyperpolarisation [Figure 3B and C]. Communication between neurons occurs
across synapses, where neurotransmitter release and postsynaptic ion-channel activation couple electrical
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Figure 3. lonic mechanisms in the electrophysiological activities of excitable cells. (A) A synaptic connection between two neurons. The
upper inset shows the cross-section of a neuronal membrane with extracellular and intracellular ionic environments, while the bottom
inset magnifies the synaptic cleft, highlighting vesicular neurotransmitter release and postsynaptic ion-channel activation. This figure is
quoted with permission from Chen et al.*”; (B) Sequential states of voltage-dependent Na* and K* channels during the generation of an
action potential, showing membrane depolarisation, Na* channel activation, and subsequent K*-mediated repolarisation. This figure is
quoted with permission from Chen et al.”; (C) Transient membrane potential trace of a neuron illustrating an all-or-none action potential
(red), by comparison with a subthreshold stimulus that fails to trigger firing (green). This figure is quoted with permission from Chen et
al.73; (D) Simultaneous fluorescent and immunofluorescent confocal imaging analysis of mitochondria and sarcomeric Z-line (actinin)
tubulin beta-Il in rat cardiomyocyte. (a): Z-line (actinin); (b): Mitochondria; (c): Merge image. Scale bar, 5 um. This figure is quoted with
permission from Kuznetsov et al.*®); (E) lonic basis of the cardiac action potential and excitation-contraction coupling; (F) Structure of
intercalated disks connecting adjacent cardiomyocytes. Gap junctions within these regions enable direct ionic current flow, ensuring
synchronous propagation of action potentials and coordinated contraction across the cardiac syncytium. AP: Action potential; RP: resting
potential; ACh: acetylcholine.

and chemical signaling [Figure 3A]. In myelinated axons, action potentials propagate rapidly via saltatory
conduction at nodes of Ranvier, where local ionic currents recharge the membrane. Recent studies have also
shown that synchronised activity of neighboring axons can induce weak extracellular electric fields that can
modulate adjacent membranes, a phenomenon termed ephaptic coupling!®*?!. Such field-mediated
interactions add an additional iontronic dimension to neuronal communication, allowing subtle
coordination of timing and synchrony across densely packed neural fibers'®. The cyclical gating of Na* and
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K* channels and the precision of synaptic transmission together create the all-or-none action potential that
enables long-distance, high-fidelity information transfer in nervous systems.

Cardiac muscle cells employ similar ionic principles as neurons but integrate them with mechanical output.
The structural organisation of human cardiomyocytes features a well-developed transverse-axial tubular
system that distributes excitation signals deep into the cytoplasm”*****! [Figure 3D]. At rest, the membrane
potential of atrial and ventricular cardiomyocytes typically lies between -70 and -90 mV, maintained
primarily by inward rectifier K* currents and sustained by the Na*/K*-ATPase!"***.. Upon depolarisation,
voltage-gated Na™ channels open, driving the potential up to about +20 mV and initiating the cardiac action
potential that triggers excitation—contraction coupling [Figure 3E]. During the plateau phase, L-type Ca*'
channels permit Ca** influx, which in turn induces Ca** release from the sarcoplasmic reticulum through
ryanodine receptors. The ensuing rise in cytosolic Ca** activates troponin C and initiates cross-bridge
cycling, translating electrical excitation into mechanical contraction. Repolarisation follows as K* channels
reopen and Ca*" is re-sequestered by sarcoplasmic/endoplasmic reticulum Ca*-ATPase pumps or extruded
through Na*/Ca** exchangers, restoring ion gradients and membrane potential'*>*”. Electrical continuity
between adjacent cardiomyocytes is maintained via intercalated disks, where gap junctions mediate direct
ionic current flow and synchronise the spread of action potentials across the myocardium!*®’ [Figure 3F].
This coupled network allows the heart to function with syncytial-like electrical and mechanical integration,
ensuring precise temporal coordination of depolarisation, Ca’* signaling, and contraction in each heartbeat.

Comparable ionic mechanisms link metabolism to excitability in other cell types. In pancreatic B-cells, for
instance, glucose metabolism raises the ATP/ADP ratio, which closes ATP-sensitive K* channels and
depolarises the membrane. The subsequent opening of voltage-gated Ca’* channels triggers Ca’* influx,
thereby initiating insulin secretion®”. Smooth muscle cells similarly exhibit rhythmic depolarisations and
Ca** oscillations that couple ionic activity to contractile function". In these different cells, the controlled
movement of ions enables the conversion of chemical energy into mechanical motion or other physiological
functions.

Tissue scale

At the tissue scale, long-range ion transport and electric fields (termed bioelectricity) mediate diverse
physiological events ranging from plant signaling to animal morphogenesis [Figure 4]. This section
demonstrates how ionic processes and bioelectricity extend from single-cell excitability to the coordination
of multicellular behavior.

As previously mentioned, the central nervous system in animals constitutes a highly complex signaling
network, with neurons communicating via various neurotransmitters. Although plants lack the cell types and
structures specific to animals, they appear to possess the fundamental components for long-distance signal
transmission, such as ion channels and second messengers’* 7. Research indicates that plants can coordinate
long-distance responses at the tissue and organ scales by coupling calcium signals with electrical signals””7*.
Studies in Arabidopsis thaliana reveal that local wounding activates glutamate receptor (GLR) channels (e.g.,
GLR3.3), launching self-propagating Ca** waves accompanied by membrane depolarisation along the
vasculature into distal tissues. A Ca**/calmodulin-mediated negative-feedback mechanism desensitises
GLR3.3 and thereby shapes the duration of these systemic signals”™’. In parallel, simultaneous recordings in
Mimosa pudica show that touch or wounding elicits cytosolic Ca** concentration ([Ca*'],) elevations that
travel along leaflet veins and rachilla in tight temporal lockstep with surface potential changes and leaflet
movements [Figure 4A-C], establishing that rapid Ca’* waves and electrical signals are co-propagating
carriers that drive pulvinar motor responses and systemic defence behaviors".
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Figure 4. lonic mechanisms in tissue-scale bioelectric signaling. (A-C) Coupled Ca?* and electrical signaling in Mimosa pudica: (A)
simultaneous imaging and electrophysiology showing that gentle touch (white arrow, O s) evokes a cytosolic Ca** rise (yellow arrowhead)
accompanied by leaflet movement (red arrowhead) (scale bar, 5 mm); (B) schematic of the experimental setup showing electrode
positions (blue rectangles el, e2) and regions of interest (red arrows) T mm from the electrodes; (C) changes in [Ca?'],,, and surface
potential in response to touch. These figures are quoted with permission from Hagihara et al.l'); (D) In animal epithelia, disruption of the
barrier collapses the transepithelial potential, generating a lateral electric field that directs cell migration and wound closure. This figure is
quoted with permission from Jia et al.l'7}; (E) Developing tissues form bioelectric networks where ion channels and gap junctions establish
structured voltage domains that guide morphogenesis. This figure is quoted with permission from Hansali et al.’"; (F) Voltage gradient
across the anterior/posterior axis of planarian flatworms, visualized by a bioelectric reporter dye, which determines the location and
number of heads. Orange arrowhead indicates a depolarised region, which will develop a head. This figure is quoted with permission from
Durant et al.72 (G) Early depolarised focus predicts a later tumor-like outgrowth. Left, membrane-potential imaging shows a localized
depolarised region (red arrowhead). Depolarisation along the neural tube (yellow arrowhead) marks the characteristic bioelectric pattern
of neurulation. Right, the embryo later develops an induced tumor-like structure at the position corresponding to the earlier depolarised
focus. Scale bars: 150 um (left); T mm (right). This figure is quoted with permission from Chernet et al.”*!. [Ca?*]_: Cytosolic Ca?*
concentration; V... membrane potential.

In animal epithelia, endogenous bioelectric fields emerge as both acute injury signals and steady-state
organisers of tissue architecture. Under intact conditions, many epithelia maintain a transepithelial potential
difference on the order of millivolts, generated by directional ion transport and sealed by tight junctions,
which makes the basal side electrically distinct from the apical surface. When the epithelial barrier is
breached, this potential is locally short-circuited and the wound site becomes electrically negative relative to
surrounding intact tissue, establishing a lateral electric field that can reach tens to hundreds of millivolts per
millimeter near the wound edge'™' [Figure 4D]. This injury-induced field drives directed migration of
keratinocytes, fibroblasts, and immune cells toward the lesion, and persists until re-epithelialization restores
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the barrier and eliminates the voltage drop'®"*?l. Beyond endogenous cues, externally applied fields can
actively reshape lumenized epithelia by boosting ion transport and water influx, inflating kidneyoids and gut
organoids and altering their three-dimensional geometry. These electro-inflation effects highlight that tissue
size and shape can be steered by tuning the electrical microenvironment, with mechanics and ion flow tightly
coupled at the organoid scale®**. Consistent with this view, experimentally imposing controlled fields
aligned with, or opposed to, the natural transepithelial potential difference can either reinforce cohesive
junctional organisation and preserve a flat, confluent monolayer, or disrupt junctional actin, generate domed
cell morphologies, and induce multicellular mounding and extrusion. In this view, the tissue-scale electric
field is not merely a by-product of ion pumping; it is an active mechanical input. Field-driven ion flux can
generate electromechanical stress on the order of kilopascals at the cell-substrate interface, biasing whether
an epithelium spreads, stratifies, or breaks into protruding aggregates, and even rescuing defective epithelia
with weakened adhesion by compressive stabilization'®’. These findings position transepithelial voltage and
its associated current loops as physiologically meaningful control parameters for wound closure, epithelial
integrity, and long-term tissue morphology, linking ionic transport to collective cell behavior at the tissue
scale.

During embryonic development, bioelectric patterning acts as an instructive control layer for tissue
organisation and morphogenesis®*>*”\. All cells, not just neurons, possess ion-channel proteins and pumps

that establish a resting membrane potential (V__ ), which serves as a key regulator of cellular behaviors,

including proliferation, differentiation, apoptosis, migration, and polarity"**’. Developing tissues form
coupled bioelectric networks in which individual cells maintain distinct V__ values, and gap junctions
propagate these voltage states across neighboring cells to generate spatially structured electrical domains at
the tissue scale”"*! [Figure 4E]. These patterned voltage landscapes emerge very early - in some vertebrate
systems as early as the two-cell stage - and persist as stable electrical prepatterns that carry positional
information for large-scale anatomy. Optical mapping of membrane potential across regenerating and
developing tissues shows that these spatial distributions correlate with future morphological outcomes, such
as the anterior-posterior polarity in planarian body fragments [Figure 4F] and the patterned ‘bioelectric face’
in early frog ectoderm, which anticipates the location of eyes, mouth, and branchial structures>*>*". Local
deviations from these tissue-scale electrical states are also associated with pathological transitions: cells that
depolarise relative to their surroundings can electrically decouple from normal patterning control and
initiate proliferative, tumor-like programs!” [Figure 4G]. Importantly, these ionic phenomena and
bioelectric states are not mere by-products of morphogenesis but active regulators of it. By modulating
ion-channel activity or gap-junctional connectivity, transient ion transports or perturbations of bioelectric
networks may redirect developmental trajectories - inducing ectopic organ formation, restoring normal
morphology after perturbation, and even reprogramming tissue identity. These insights not only deepen our
understanding of developmental control but also reveal new opportunities for bioiontronic therapeutic
strategies, in which targeted manipulation of voltage states could guide tissue regeneration and repair
through programmable ionic circuits, thereby laying conceptual foundations for future
‘morphoceuticals’™>".

At this level, ionic processes not only transmit signals across tissues but also mediate growth, repair, and
morphogenesis within organisms. These phenomena hold potential to inform the development of novel
bioiontronic therapeutics.

Organismal and collective scales
At the organismal and collective scales, biology manifests as coordinated bioiontronic machinery that
bridges physiology, behavior, and environmental interactions [Figure 5].
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Figure 5. Biological ionic processes at organismal and collective scales. (A) Cephalopod skin is covered in thousands to millions of
chromatophores - expandable neuromuscular organs that are controlled by motor neurons projecting from the brain. Upper box: expanded
chromatophore; lower box: relaxed chromatophore. This figure is quoted with permission from Shook et al.®; (B) Schematic of the
cephalopod reflex arc illustrating how sensory inputs are converted into neural signals that drive chromatophore muscle contraction,
enabling rapid, reversible color change. This figure is quoted with permission from Yu et al.°®}; (C) Electrophorus electricus and a schematic
of its electric organ. The right image depicts ion fluxes during a discharge, with the innervated posterior membrane becoming
Na*-permeable and the anterior side K*-selective, so that many electrocytes in series collectively produce a high-voltage output. This
figure is quoted with permission from Zhang et al.t?’}; (D) Scanning electron micrograph of S. oneidensis MR-1grown under
electron-acceptor-limited conditions, showing bundles of pili-like, electrically conductive nanowires that bridge cells. Scale bar, 2 pm. This
figure is quoted with permission from Gorby et al.®”. MR: Manganese reducer.

In cephalopods, camouflage is implemented by a distributed, electrically controlled skin display that converts
sensory context into rapid optical output via a brain-skin motor pathway*'*. Cephalopod camouflage is
driven by an ionic cascade in which sensory inputs are encoded as spikes that trigger Ca*'-dependent
neurotransmission at chromatophore motor terminals. The ionic processes depolarise radial muscle fibers,
and convert ionic current into mechanical expansion of pigment sacs on subsecond timescales'”>** [Figure
5A and B]. Iridescence provides a slower, secondary channel in which neural input activates intracellular
cascades in iridophores, leading to the condensation of phosphorylated reflectin proteins and water efflux.
The process reduces platelet spacing, and thereby retunes structural color on tens-of-seconds timescales,
extending ionic control to structural-color modulation. The core mechanism is the retina — optic lobe —
lateral basal lobe — chromatophore lobes pathway that projects motor commands to skin, implementing

[101]

‘stimulus — ionics — mechanics — optics’ transduction"".

Electric eels and other electric fishes exemplify the large-scale conversion of ionic energy into electrical
discharge!"*?. In Electrophorus electricus, thousands of electrocytes are stacked in series, each acting as an
ion-driven capacitor. The posterior membrane is rich in voltage-gated Na* channels, while the anterior face
contains mainly K* channels, creating directional ionic flow during activation [Figure 5C]. At rest, opposing
transmembrane potentials across the anterior and posterior faces largely cancel, whereas during an impulse
the posterior membrane depolarises, yielding an effective transcellular potential of roughly 150 mV per
electrocyte; stacking thousands in series produces open-circuit voltages exceeding 600 V and, with parallel

[103

columns, peak currents approaching the ampere scale"*. Near-synchronous activation along the organ is
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achieved by tailored conduction delays from the command nucleus, ensuring that virtually all electrocytes
fire within the ~ 2 ms discharge window. Neural activation triggers this process almost simultaneously across
the organ, converting electrochemical gradients into brief yet powerful electric pulses that enable predation
and sensing!*!.

Beyond individual organisms, certain species of weakly electric fish engage in collective electrosensory
behavior'**. Recent modeling, neural recordings, and behavioral tests demonstrate that conspecific electric
organ discharges (EODs) provide additional ‘cons-images’ on a receiver’s skin that extend electrolocation
beyond the range achievable by self-EODs, effectively creating a shared sensory field. Because cons-images
traverse shorter paths to the sensing surface and are funnelled by the nearby fish’s body, their decay with
distance is shallower than self-images, yielding range extension without requiring explicit knowledge of
conspecific position; moreover, the peak location and width of cons-images closely match self-image cues,
supporting object localization and discrimination™’.

At the microbial level, conductive nanowires and electroactive biofilms exhibit collective electrical behavior.
In communities of Shewanella oneidensis and related species, cells produce cytochrome-rich nanowires that
interconnect neighboring cells and create extended conductive networks"”” [Figure 5D]. These networks
enable long-range ion transport and electron flow between cells and distant mineral surfaces, allowing the
entire biofilm to function as a coherent electrochemical system" ). Within the same collective context,
Bacillus subtilis biofilms propagate potassium-mediated electrical waves that synchronise metabolism and
membrane potential across millimeter scales. Cells experiencing nutrient stress release K* through the
potassium efflux channel (YugO channel), generating depolarisation fronts that coordinate growth and
resource use within the community"*”". Together, these mechanisms reveal how microbial populations
integrate ionic and electronic signaling to achieve communication, forming living networks that operate
collectively rather than as isolated cells.

Among animals, migratory birds provide one of the most compelling examples of collective sensing. The
navigational mechanism is likely to rely on the quantum spin dynamics of photoinduced radical pairs in the
cryptochrome flavoproteins of bird retinas'°*'*!. The process concerns the ionic responses of
magnetosensitive proteins. In the night-migratory European robin, the cryptochrome 4 (CRY4) protein
shows intrinsic magnetic sensitivity!"'’. Moreover, under identical in vitro measurement conditions, its
magnetic sensitivity surpasses that of CRY4 proteins from non-migratory pigeons and chickens. This ionic
magnetoreception exemplifies how quantum processes can shape coordinated behavior across populations.

BIOINSPIRED IONTRONIC APPLICATIONS

Drawing on the controlled ion transport strategies described in Section 2, bioinspired iontronics seeks to
recapitulate these motifs in artificial architectures. By mimicking biological principles (bionic design),
iontronic systems can be engineered to perform key functions, including power supply, sensing, signal
processing, and biointerface control, which we detail in this section [Table 3 and Figure 6].

Direct ionic current stimulation synergises with the tissue’s intrinsic charge carriers, conferring unique

114

advantages for bioiontronic batteries!"'!. Microscale soft ionic power sources take inspiration from the
electric eel’s stacked electrocytes, which convert internal ion gradients into voltage. They arrange nanoliter
hydrogel droplets (termed dropletronics) to pattern salt gradients and ion-selective pathways that, once
triggered, sustain diffusive ionic currents for electrode-free neuromodulation. The droplet networks operate
as compartmentalized structures linked by droplet interface bilayers, resembling how stacked electrocytes

regulate ion flux through selectively permeable membranes. This correspondence underscores how
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Figure 6. Bioinspired bioiontronics. (A) Dropletronic power source for the modulation of neuronal activities. This figure is quoted with
permission from Zhang et al.l?”}; (B) Organogel-encapsulated npn-type dropletronic transistor interfaced with living cardiac tissue for ionic
signal recording. This figure is quoted with permission from Zhang et al.'?; (C) The OECN based on Axon Hillock circuit. This figure is
quoted with permission from Harikesh et al.t'"}; (D) Bioinspired artificial afferent nerve: top, biological tactile pathway with
mechanoreceptors, spike initiation, and synaptic relay; bottom, flexible organic counterpart integrating pressure-sensor arrays, an organic
ring oscillator that encodes pressure into spike frequency, and a synaptic transistor that sums inputs. This figure is quoted with permission
from Kim et al.t"2; (E) Valinomycin-doped block-copolymer bilayer shuttles K* across the membrane under a NaCl/KCl gradient,
producing an ionic output power. This figure is quoted with permission from Sproncken et al.l"; (F) A bioinspired power unit comprising
serial stacks of ion-selective membranes and conductive bridges; each cell contributes an incremental potential, so total voltage scales
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Table 3. Biological models and their corresponding iontronic principles and implementations

Biological model Key principle Bioinspired iontronics

Electrocytes Stacked ion-selective layers that convert ionic gradients into ionic outputs  Dropletronic ionic power sources!?”?

Redox-driven proton and electron coupling that generates sustained

Redox metabolism electrochemical gradients

Enzyme-enabled droplet biobatteriest**!

Voltage-dependent, reversible alteration of ionic conductivity that

synaptic connection underlies short-term/long-term plasticity

Dropletronic memristors(?*!

Neuronal electrophysiology Membrane depolarisation driven by ion accumulation Organic electrochemical transistorst™
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droplet-based architectures recapitulate the essential ion-gradient-driven mechanism underlying electrogenic
biological systems. In a droplet network layout, a high-salinity reservoir couples through cation- and
anion-selective droplets to a target droplet containing neural microtissues or brain slices, driving ionic
current to modulate neuronal network activities'”” [Figure 6A]. Another application, inspired by cellular
redox metabolism, employs enzyme-enabled droplet biobatteries. These devices couple NADH oxidation to
O, reduction across droplet-interface bilayers via redox mediators and cation-selective pathways to deliver
hours-long, steady ionic currents that drive ion migration and directional chemical signaling in synthetic
tissues"*.

Moving forward, the control of ionic outputs requires bioiontronic circuitry components. Early
ion-channel-doped biomembranes showed that reversible, voltage-driven insertion of peptide pores into a
lipid bilayer produces memristive switching with synapse-like facilitation/depression and short retention"*".
The development of a set of freestanding, microscale, soft dropletronic modules, through
surfactant-supported hydrogel droplet assembly, has further addressed the need for bioiontronic circuits®’
[Figure 6B]. Hydrogel modifications provided cation- and anion-selective hydrogels as ionic analogues of p-
and n-type semiconductors. By configuring droplet combinations, dropletronic diodes, transistors, various
reconfigurable logic gates, and synthetic synapses with ionic memory effects have been developed. Further, a
dropletronic device can interface with living heart cells and record the ionic signals from their coordinated
beating. The variety and scope of dropletronics will contribute to tissue engineering and organ repair, as cells
can be incorporated into droplets to form hybrid constructs"'*''”. More recently, dropletronic devices further
exhibited paired-pulse plasticity, spike-rate dependence, Hebbian/associative learning, and performed
reservoir-computing tasks at pico- to nanowatt power!"'*l.

Dropletronic devices still face challenges in bioiontronic applications. Coalescence, evaporation, and shape
instability of synthetic droplets could disrupt ionic pathways and compromise circuit reproducibility.
Addressing these issues will require advances in droplet stabilisation strategies, including robust surfactant
and lipid formulations, osmotic balancing, humidity-controlled or oil-immersed environments, and
microstructured or polymer-coated encapsulations that eliminate coalescence and evaporation. Looking
ahead, extending dropletronics beyond planar or linear networks toward hierarchically organised
three-dimensional architectures would more closely mimic the multiscale organisation of tissues. In such
three-dimensional assemblies, droplets of different sizes and functions could interact across multiple
hierarchical levels, similar to how cellular microdomains are organised within tissues, enabling integrated
sensing-processing-actuation pathways or multiscale ionic computation that are inaccessible in
two-dimensional configurations.

Bioinspired bioiontronic interfaces can also transduce mechanical inputs into spikes and synaptic currents
while remaining biocompatible with living tissue!'*'**). Organic electrochemical neurons (OECNs)
constructed based on all-printed complementary organic electrochemical transistors (OECTs) exhibit diverse
neuronal characteristics. Similar to neuronal mechanisms, integrating injected currents into input terminals
generates spike signals within OECN circuits [Figure 6C]. Printed OECNs can be tuned in frequency by
changing electrolyte composition, and they have been interfaced with living tissues to demonstrate direct
ionic coupling""l. In parallel, an artificial afferent nerve integrates three modules: resistive pressure sensors,
an organic ring oscillator that converts pressure into spike frequency, and a synaptic transistor that
aggregates multichannel inputs into postsynaptic currents [Figure 6D]. This architecture supports tactile
feature fusion and Braille discrimination. It also establishes a hybrid reflex arc that can actuate muscles" .
Together, these platforms demonstrate how ion-coupled hardware realizes the biological flow from sensation
to synaptic integration, with applications in prosthetics and robotics.
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Large-area, self-healing ion-selective membranes extend iontronics to macroscale energy conversion. Using
an aqueous two-phase system as a soft template, molecularly thin block-copolymer bilayers form over
centimeter areas and self-repair while maintaining high ionic resistance'”). Doping with the K* carrier
valinomycin confers strong K* selectivity, so an ion concentration gradient is transduced into a stable ionic
output [Figure 6E]. Tandem stacking of selective and non-selective interfaces enables compact modular units
to generate cumulative ionic outputs [Figure 6F], allowing the development of macroscopic, scalable ionic
power sources.

CONCLUSION AND OUTLOOK

Natural ionic processes provide archetypes and grant germane inspirations for bioiontronics. The Review
summarizes the bioinspiration across various biological scales for the development of bioiontronic devices.
Future breakthroughs may happen at biointerfaces, as bioiontronics often employs soft, biocompatible
materials and uses ions as carriers for information transfer!"?''**l. Applications may occur at the skin and
intestinal interfaces, where physiological ions such as K*, Na*, Ca*, and Cl" are exchanged to enable activity
recording and modulation"”>"**"*/. Guided tissue repair and regeneration may use mild ion gradients to

127-131]

coordinate cell migration, promote wound healing, and support tissue integrity .

The ionic mechanisms found in biology may also benefit the development of human-computer
interfaces!** " and neuromorphic systems"'"'>***!, Bioiontronic neurons may couple with living tissues,

141-143

enabling spike-based, event-driven sensing and interaction"**!. Applications include adaptive therapeutics
and soft robotics. Moreover, the electrogenic phenomena observed in fish species and bacteria offer insights
for self-powered devices"****”), such as bioiontronic batteries and fuel cells. Collective electro-sensing
phenomena in the biological realm also provide biomimetic models for developing information transmission

and navigation systems!"**..

Challenges exist in two directions. First, the performance and stability of bioiontronic systems must be
improved to ensure that they are not merely gimmicks used by experts in academic laboratories. Regarding
energy supply, harnessing endogenous resources in biological environments, such as glucose, may provide a
long-term energy solution for bioiontronic implants. For ion selection and ionic rectification, the
performance of many synthetic systems is still inferior to that of their natural counterparts. For system
integration, few biomimetic devices have truly integrated multiple functions, such as sensing, information
processing, and actuation. Such integration becomes essential in applications that require closed-loop
operation, where rapid sensing, in situ processing, and timely actuation must occur within a continuous
feedback cycle. For example, an implantable bioiontronic platform that monitors biochemical or ionic
fluctuations and autonomously delivers a corrective stimulus would rely critically on this closed-loop
capability to maintain local physiological balance. However, the establishment of complex computational
and feedback mechanisms remains under exploration. In addition, practical deployment will require
attention to several material and chemical parameters at the biointerface. Ionic environments in vivo exhibit
variations in pH, ionic concentration, protein content, and enzymatic activity, all of which can alter the
stability and performance of organic, polymeric, or mixed ionic-electronic materials. Minimising chemical
mismatches, such as swelling, ion depletion, hydrolysis, or protein-induced fouling, will be essential for
maintaining device fidelity over time. Ensuring compatibility with established biocompatibility standards,
including ISO 10993 guidelines for cytotoxicity, sensitisation, irritation, and long-term implantation, will
further guide material selection and surface engineering strategies. Moreover, as bioiontronic systems
increasingly interface with living tissues, the field will benefit from the establishment of specific quality
parameters to evaluate device performance and stability under physiological conditions. Relevant quality
parameters include ionic conductivity stability, transconductance retention, hysteresis, leakage current,
impedance drift, mechanical fatigue resistance, and long-term ion-electron transduction fidelity, which
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together provide quantitative benchmarks for assessing robustness and ensuring reproducible operation in
biologically relevant environments!"*'*"). Finally, many underpinning ionic mechanisms of natural
phenomena remain elusive. The unravelling of nature’s mysteries is likely to continue as new bioiontronic
theories and approaches are further developed. Overcoming these challenges will involve a multipronged
approach, with bioiontronic technologies filling a valuable niche.
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