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INTRODUCTION

Ions and molecules are vital for physiological functions. For instance, Na” and K* gradients establish
neuronal resting potentials, and Ca’* binding to troponin regulates muscle contraction?. Additionally,
molecules such as dopamine, y-aminobutyric acid (GABA), and acetylcholine modulate diverse biological
processes”. As shown in Figure 1A, molecularly regulated ion channels facilitate signaling and transport via
unique gating, selectivity, and ultrafast permeation'”’. Mimicking the geometry and surface properties of
these biological models, artificial 0D-3D nanofluidic channels [Figure 1B] show robust potential in energy
harvesting"*”, neuromorphic computing®, biosensing!, and physiological regulation"'""). Based on the
channel, iontronic devices are developed. Analogous to biological ion channels, iontronic devices regulate
physiological activities via ionic and molecular signaling. Key technologies developed for monitoring and

[12

modulating these signals include the organic electrochemical transistors'?, organic electronic ion pumps
(OEIPs)!"* "), dropletronic devices!"*, and cascade-heterogated biphasic gel iontronics"”. These devices
directly interface with living systems by utilizing biological ionic and molecular signals, referred to as biotic
iontronics, showing promise in physical monitoring, healthcare, perception augmentation, functional
substitution, and brain-computer interfaces (BCIs) [Figure 1B]. Currently, biotic iontronics enables precise,
controllable ion release to modulate a wide range of physiological processes'"*, most of which are governed
by ions and molecules, featuring low energy consumption and inherent feedback regulation. Iontronic
devices can use the same “language” as biological systems, offering high spatiotemporal resolution, low
operating voltage, and biocompatible modes of actuation. In contrast, conventional electronics rely on
electrical stimulation and the measurement of resulting signals, which are external representations of the
spatiotemporal variations of ions in living systems, to modulate and monitor physiological processes!"**"\.
They also lack the ability to selectively and specifically regulate ions and molecules. However, existing biotic
iontronic platforms are still limited to the release of inadequate ion species, restricting their ability to
manipulate complex physiological activities.

In this perspective, we trace the development of biotic iontronic devices. We begin with a brief overview of
recent advances in using these devices to modulate physiological processes, followed by a comparison
between electronic signals and ionic and molecular signals. Finally, we outline potential future directions and
discuss feasible applications.

BIOTIC IONTRONIC DEVICE FOR THE REGULATION OF LIFE PROCESS

Ionic and molecular signals serve as the interaction medium and form the basis of communication between
biotic iontronic devices and living systems. This interaction requires the transduction of easily modulated
and encoded electrical signals into ionic or molecular signals to regulate physiological activities. The key
design principle is to enable on-demand, spatiotemporally controlled release of ions and molecules while
maintaining a biocompatible and stable biotic-abiotic interface to support efficient bidirectional
bioinformation exchange. Based on this principle, biotic iontronics requires advances in modeling studies of
ion and molecule release, practical strategies and demonstrations for regulating living tissues, and the
imitation of physiological processes mediated by ionic and molecular signaling.

As shown in Figure 24, in 2007, Isaksson et al."*! developed the first OEIP, which consisted of
poly(3,4-ethylenedioxythiophene) doped with poly(styrene sulfonate) (PEDOT:PSS) and enabled
high-efficiency, electrically regulated cation transport, subsequently inducing biological signaling events at
the single-cell level. Furthermore, Simon et al."* demonstrated precise neurotransmitter delivery, thereby
specifically stimulating neurons. Positively charged molecules, including aspartate, glutamate, and GABA,
were stored in the cathode region [Figure 2B] and released into targeted regions through electrophoresis
under electrochemical activation. The OEIP is a groundbreaking model for ion and molecule release, taking
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Figure 1. Living systems and biotic iontronic systems regulate physiological processes through ion channels. (A) The biological system
utilizes natural ion channels to perceive and transmit multiple ion signals, achieving low energy consumption and feedback regulation; (B)
Biotic iontronics employs artificial ion channels to process single-ion signals, with the potential to enable multimodal signal processing,
multisensory enhancement, biotic-abiotic communication, and closed-loop regulation.

advantage of controllable switching, non-volumetric interference, and precise dose control. However, it
suffers from limitations including high activation voltage, low biocompatibility, and restricted release
capacity. To explore its practicality in regulating living tissues, a series of studies on biological systems has
been carried out. Zhao et al. developed a hydrogel iontronic device with an all-aqueous connective interface,
achieving local muscle stimulation in vivo under low voltage"*). Additionally, Uguz et al. developed an
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Figure 2. Advances in biotic iontronic devices. (A) The OEIP device utilizes electrochemical reactions at the cathode to drive the transport
of ions from the left side to the targeted area on the right™’; (B) The OEIP device is applied for transporting moleculest™; (C) Implantable
lonogel assembly as a soft neural interface?®’; Reproduced with permission of ref. 20, Copyright 2023, American Chemical Society; (D)
WFIP for charged molecular release, where the central region releases the neurotransmitter under a small voltage!?’; Reproduced with
permission of ref. 21, Copyright 2018, The American Association for the Advancement of Science under CC BY 4.0 license
http://creativecommons.org/licenses/by/4.0/; (E) The biphasic gel is applied for selective transmission of multiple ionic signalst'};
Reproduced with permission of ref. 17, Copyright 2023, The American Association for the Advancement of Science; (F) The dropletronic
device of a micrometer- scale gel generates the voltage output™®; Reproduced with permission of ref. 16, Copyright 2023, Springer Nature
under CC BY 4.0 license http://creativecommons.org/licenses/by/4.0/. PSS: Poly(styrene sulfonate; V... applied bias voltage; 4AP:
4-amoniopyridine; puFIP: microfluidic ion pump; OEIP: organic electronic ion pump; |IE phase: ion-enriched internal phase; LC phase:
low-conductive continuous phase.

implantable neuronal modulation device based on a microfluidic ion pump (uFIP), enabling long-term drug
delivery through microfluidic channels". A series of studies on the selective modulation of specific ions or
charged molecules to stimulate or regulate biological activities has demonstrated the feasibility of biotic
iontronics, including a conformable neural interface based on ionogel assemblies for neurostimulation®”’
[Figure 2C] and the pFIP implanted into the brain for on-demand drug delivery”" [Figure 2D]. To match the
sophisticated ion release patterns of living systems and establish intimate communication, biotic iontronic
devices must achieve multi-stage, complex ion transport behavior and be miniaturized to minimize
interference with host tissues. Chen et al. developed a cascade-heterogated biphasic gel, enabling selective
transport of cations with different chemical valences"”. As shown in Figure 2E, during transmission, intrinsic
differences in ion mobility were amplified through cascade-heterogated effects, achieving selective transport
of multiple ions. The biphasic gel is promising for coupled release of ions and molecules. As a pioneering
effort toward device miniaturization, Zhang et al. developed a microflexible battery based on a nanoliter
dropletronic device, matching the microscopic scale of physiological activities and functioning as a power
source"”. As shown in Figure 2F, the device could generate a voltage output of approximately 125 mV and
modulate neural network activity following substitution of a low-salinity droplet with one containing neural
organisms.
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THE ADVANTAGES, DISADVANTAGES, AND DEVELOPMENT ORIENTATION OF THE BIOTIC
IONTRONICS

Ionic and molecular signals are the intrinsic signals of living systems, which, compared to electronic signals,
can convey more precise and higher-density information””. Moreover, ionic and molecular signals are
capable of modulating ion channels, thereby regulating cellular states and directing physiological processes.
Currently, biotic iontronics still lags behind conventional electronics in terms of response speed, device
compatibility, and integration level. Therefore, it is necessary to apply standard electronic theories and
methods to achieve realistic, precise, and selective control of artificial ionic and molecular signals, as
ionic-electronic transduction forms the basis of biotic iontronics. Ionic-electronic signal transduction occurs
at the interface; thus, for biotic iontronic devices, biocompatibility, modulus matching, and adhesion stability
of the bio-abiotic interface are essential®!. Additionally, owing to the complexity of diverse physiological
processes, the capability for multimodal signal detection and output should be further developed. Since the
macroscopic behaviors of living organisms are often determined by rapid and efficient microlevel
interactions, precise in situ regulation and monitoring are crucial for achieving desired functional outcomes,
requiring devices that are functionally integrated, miniaturized, and highly compact.

APPLICATION IN THE COMMUNICATION WITH PHYSIOLOGICAL PROCESS

Biotic iontronics, as an emerging approach for information transfer and substance exchange between
biological and abiotic systems, exhibits broad application prospects. Biotic iontronic devices can directly
perceive, process, and output ionic and molecular signals, thereby enabling closed-loop therapeutic
devices””** that allow real-time monitoring and on-demand drug delivery, laying the foundation for future
personalized medicine. Owing to the intrinsic complexity of ionic and molecular signals, as shown in Figure
3A, biotic iontronics can achieve perception of multimodal signals through device design - for example,
monitoring muscle activity, pulse, and human metabolites - thereby supporting health management, disease

26-29]

prevention®*, environmental condition prediction, human touch localization, and proprioceptive data
generation. Biotic iontronics also serves as a bridge connecting biological tissues with mechanical devices,
showing promising potential in the fields of multisensory enhancement and functional compensation [Figure
3B], such as enabling and enhancing assistive devices including controllable prostheses”**”, bionic eyes"*”,
and exoskeletons”. Particularly in the rapidly advancing field of BCIs""***), as shown in Figure 3C, biotic
iontronics offers distinctive advantages in ultrahigh fidelity, biocompatibility, and enhanced information

density and complexity, with ions and molecules serving as information mediators.

OUTLOOK

Biotic iontronics is a promising and emerging field, yet it faces numerous unknowns and challenges. Current
devices and methods still exhibit certain limitations. Although selective output of various ionic signals has
been achieved, there remains a lack of integrated and controllable approaches for the simultaneous delivery
of both ions and molecules, which is crucial for expanding the regulatory capabilities of biotic iontronics.
Furthermore, constrained by limited reproducibility and high production costs, functional integration of
devices remains inadequate. Biomimetic design offers inspiration for further development, drawing on the
ultrahigh speed, specificity, complexity, and ultralow energy consumption of living systems to realize
closed-loop medical devices, multimodal signal processing, multisensory enhancement, and advanced BCls.
With a deeper understanding of bionics and continued technological integration, sustained efforts in this
area are expected to drive substantial advances and enable real-world applications.
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Figure 3. Applications of biotic iontronics in closed-loop signal processing systems. (A) Biotic iontronics enables multimodal signal sensing
based on a hydrogel-based electronic skin, detecting thermal, mechanical, and chemical signalst?!; Reproduced with permission of ref. 26,
Copyright 2025, The American Association for the Advancement of Science; (B) Prosthetic control system enhanced by gel-based
electrodes, with further improvements possible through the application of biotic iontronics®; Reproduced with permission of ref. 30,
Copyright 2023, American Chemical Society; (C) Hydrogel-based brain-machine interface achieving neural activity recordingt®;
Reproduced with permission of ref. 36, Copyright 2021, Springer Nature under CC BY 4.0 license
http://creativecommons.org/licenses/by/4.0/.
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