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PERSPECTIVE
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Biocompatible connections between external artificial devices and living organisms show promise for 
future neuroprosthetics and therapeutics. The study in Science by Zhao and colleagues introduces a 
cascade-heterogated biphasic gel (HBG) iontronic device, which facilitates electronic-to-multi-ionic signal 
transduction for abiotic–biotic interfaces. Inspired by neuron signaling, the HBG device demonstrated 
its biocompatibility by regulating neural activity in biological tissue, paving the way for wearable and 
implantable devices, including brain–computer interfaces.

Brain–computer interfaces (BCIs) play a crucial role in estab-
lishing direct communication between living organs or tissues 
and external electronic devices [1]. Particularly in neuropros-
thetics, these interfaces replace impaired nervous system func-
tions, connecting with the remaining neural network systems. 
Such BCIs have shown promise in restoring various physiologi-
cal functions, from sight and hearing to movement, commu-
nication, and even cognitive function. More importantly, BCIs 
have the potential to alleviate and treat conditions such as 
amyotrophic lateral sclerosis (ALS) and other neurodegenera-
tive diseases [2]. However, ensuring the biocompatibility of 
external devices with natural neural networks remains a chal-
lenge for clinical BCI applications.

In a recent publication in Science, Zhao and colleagues intro-
duced a cascade-heterogated biphasic gel (HBG) iontronic 
material capable of transducing electronic signals into mul-
tiple ionic signals, mimicking neuron signaling. This iontronic 

interface holds the potential to control and modulate the neural 
activities of implanted biological tissues [3].

Conventional electronic devices rely on electrons or single-
type ions as signal carriers, whereas natural neurons use mul-
tiple ions or neurotransmitters for processing neural signals 
[4]. While ions and neurotransmitters were employed as signal 
carriers in a synthetic nerve [5], the diversity of signal carriers 
for artificial neurons has never quite matched native ones [6]. 
Zhao and colleagues addressed this limitation by developing 
a cascade-heterogated HBG system, which incorporates a 
microscale ion-enriched internal gel phase (IE phase) and a 
low-conductivity continuous gel phase (LC phase), as illus-
trated in Fig. 1.

The IE phase features hydrogel microinclusions designed 
for storing and transmitting hydrated ions. In contrast, the LC 
phase functions as an organogel matrix, serving as a partially 
dehydrated ion transmission medium. When subjected to 
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Fig. 1. Fabrication of the PAA/Cel hydrogel. (A) Schematic of the developed microstructure from the PAA/Cel hydrogel. (B) Photograph of the PAA/Cel hydrogel. (C) Photographs 
of the PAA/Cel hydrogel with original and twisting state at −70 °C. (D) A comprehensive comparison between the PAA/Cel hydrogel from this work and previously reported 
robust counterparts in several key metrics including freezing temperature, compressive strength, tensile strength, toughness, fracture strain, and ionic conductivity.
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external electrical field stimulation, this structure initiates ionic 
cross-medium transmission, prompting the shedding and recon-
figuration of cationic hydration shells. These orchestrated pro-
cesses enhance the distinction among multivariate cations, each 
experiencing varied cross-interface free energy barriers during 
ionic transport. This intricate mechanism allows for electronic-
to-multi-ionic hierarchical transmission and selective ionic 
cross-stage transmission.

Zhao and colleagues demonstrated electric field-controlled 
heterogated ion transport and introduced a chemical-gated 
structure using crown groups for K+ and carboxylic groups for 
Fe3+. This approach would provide an alternative for modulat-
ing the transport of ions with the same valence, such as Na+ 
and K+, resembling ion channels in cellular membranes [7]. 
Moreover, the adaptability of HBG materials allows for integra-
tion with biorecognition receptors specific to neurotransmit-
ters, including neurotransmitter aptamers [8], thereby expanding 
the potential for gated transport of organic signal carriers 
beyond ions.

Biological neuronal signaling relies on the gated transmis-
sion of ions and neurotransmitters. The unique capability of 
HBG systems to convert electronic signals into diverse bioionic 
signals renders them compatible with biological contexts. This 
work demonstrated its biocompatibility by successfully regu-
lating cardiomyocyte permeability and modulating cardiac 
electrical activities in a bullfrog heart. This biocompatible con-
nection holds promise for implanting living organs or tissues 
with external assistance devices while preserving normal neural 
activity controls. The iontronic devices developed by Zhao and 
colleagues could lead to wearable or implantable devices, includ-
ing advancements in BCIs. Future developments might involve 
the integration of micro- or nano-fluidics, aiming to enhance 
transmission performance, reduce device sizes, and improve 
ion or neurotransmitter selectivity.
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