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Biomimetic stimuli-responsive ion channels hold significant potential for advancing 
innovative functional devices. However, achieving the efficient large-scale integration 
of stimulus-sensitive nanochannels remains a major challenge in the production of 
such devices. Huang et al. reported their research on photo-responsive highly oriented 
nanochannels (pHANCs) in Science Advances. This work not only demonstrates excellent 
photo-responsive osmotic energy-harvesting performance but also addresses critical 
challenges related to the scalability and functionality of ionic devices.

Ion channels, which are nanoscale channels with selective ion transport properties, 
are ubiquitous in biological systems. The transport of ions across cell membranes 
is regulated by the opening or closing of these channels under various chemical and 
physical stimuli, which plays a crucial role in neuronal signal transduction and cell 
excitability regulation.1 For example, voltage-gated potassium ion channels are pivotal 
in cellular electrical signal transduction, with their gating controlled by the movement 
of transmembrane voltage sensors.2 Similarly, the biological visual system relies on 
the opening or closing of light-responsive ion channels in retina cells, converting light 
information to electric signal.3 Employing solid-state nanochannels to mimic the stimuli-
responsive gating functions observed in biological systems holds significant potential. It 
will be not only valuable for probing the ion transport mechanisms within biological 
channels,4 but also for developing nanofluidic devices with a wide range of applications, 
such as ion extraction,5 biosensing,6 and energy conversion.7

To fabricate stimuli-responsive nanochannels, two main strategies are commonly 
employed: using stimuli-responsive materials to construct nanochannels, and doping 
or modifying nanochannels with stimuli-responsive molecules/nanomaterials. Upon 
external stimuli, such as light,8,9 voltage,10 force,11 and pH,12 the properties of nanochannels, 
including pore size,13 surface charge,14 and wettability,15 can be altered, thereby inducing 
corresponding variations in ionic transport. Among these stimuli, light is particularly 
advantageous due to its superior spatiotemporal resolution and versatile remote-control 
capabilities, making photo-responsive nanochannels a subject of increasing interest. For 
instance, metal-organic frameworks encapsulating light-responsive spiropyrans have 
been used to efficiently regulate the ion flux under ultraviolet light irradiation.9 Despite 
significant progress in developing smart nanochannels over the past decades, large-
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scale fabrication and integration of stimuli-responsive 
nanochannels remains challenging, which is primarily due 
to the poor chemical stability of nanoscale materials and 
the extreme difficulty in ensuring the consistency of pore 
structures.

Recently, Huang et al.16 reported a bioinspired 
nanofluidic photoreceptor constructed with highly 
oriented nanochannels (pHANCs) and a self-powered 
ionic light sensor with massively integrated photoreceptor 
units (Figure  1A). The pHANCs are two-dimensional 
nanochannels obtained by stacking graphene oxide 
modified with photo-responsive pyranine dye. These 
channels exhibit outstanding ion selectivity and 
permeability, leading to remarkable osmotic energy-
harvesting performance. Upon light irradiation at 405 nm, 
ion transport within the nanochannels is significantly 
enhanced due to the light-induced excess surface charge 

(Figure 1B and C). The osmotic current of pHANCs under 
light illumination is approximately 3  times higher than 
that without light illumination (Figure  1C). Moreover, 
the osmotic power density of pHANCs is correlated 
linearly with the light intensity within the range of 0 – 
100 mW cm−2 (Figure 1D). In a typical salt concentration 
gradient system of 0.5 M/0.01 M NaCl, the osmotic power 
density of pHANCs with an optimal amount of pyranine 
reaches 148.3 W m−² under illumination (Figure  1D), 
outperforming commercial ion-exchange membranes 
and previously developed ion-selective membranes. 
Importantly, the planar structure of the pHANCs is highly 
compatible with microfabrication techniques, allowing 
for easy large-scale integration through serial and parallel 
connections (Figure 1E). The integrated device maintains 
good performance comparable to that of individual 
biomimetic photoreceptor. A  high osmotic voltage of 

Figure 1. Light-sensing nanochannels for self-powered ionic breakthroughs. (A) Schematic illustration of a biological visual system grounded in ion 
channels. (B) Representation of osmotic energy harvesting through pHANCs. (C) Current-voltage curves of pHANCs recorded in a 50-fold NaCl 
concentration gradient, with and without light illumination. (D) Power generation of pHANCs at different light intensities (mW cm−2) by mixing artificial 
river water (0.01 M NaCl) and seawater (0.5 M NaCl). (E) Optical images of a magnified biomimetic photoreceptor. Scale bars: 5 mm (left); 1 mm (right). 
(F) Electric voltage output of the biomimetic photoreceptor array in serial connections. The inset illustrates the serial connection scheme of biomimetic 
photoreceptors. Reproduced with permission from Huang et al.16 Copyright © 2024, The American Association for the Advancement of Science.
Abbreviation: pHANCs: Photo-responsive highly oriented nanochannels.

A

B

E F

C D

https://dx.doi.org/10.36922/EER025120022


Volume 2 Issue 2 (2025)	 3� doi: 10.36922/EER025120022

Scalable nanofluidic photoreceptors

Explora: Environment 
and Resource

76 V was achieved for 640 biomimetic photoreceptors 
connected in series at a 50-fold NaCl gradient (Figure 1F). 
Furthermore, an ionic image sensor comprising light-
responsive pHANCs was demonstrated to mimic the 
human visual system. This biomimetic photoreceptor array 
as a self-powered visual system has the potential to perceive 
incoming light patterns. By detecting and analyzing the 
current signals from the biomimetic photoreceptor array, 
the incident light information can be effectively decoded.

Over an extended period, research in the realm of 
biomimetic nanochannels has predominantly centered 
on fundamental investigations of ion transport, 
primarily leveraging single channels or single membrane 
architectures. However, to realize their practical 
applications, maintaining the performance consistency 
of nanochannels during large-scale fabrication and 
integration is essential. This work demonstrates a 
successful case of large-scale fabrication and integration 
of nanochannels with excellent light-responsive ion 
transport performance. The pHANCs demonstrate high 
compatibility with microfabrication techniques and 
display remarkable performance consistency, laying a 
solid foundation and stability for large-scale integration. 
This work not only advances the design and fabrication 
of biomimetic functional nanochannels but also provides 
inspiration for the development of large-area ionic 
nanofluidic devices. Meanwhile, the self-powered ionic 
image sensor has the capacity to sense and decode incident 
light information without relying on an external power 
source, making it highly promising for applications in 
wearable optoelectronics and other self-powered devices.

On the other hand, significant efforts are still 
needed to promote the application of photo-responsive 
nanochannels in self-powered ionic devices. Specifically, 
it merits further investigation whether the pHANCs array 
devices can maintain their performance stability when 
the substrate is at different bending angles. In addition, 
the stability of light-responsive channels under extreme 
conditions, such as high or low temperatures, and varying 
humidity levels, remains to be studied. Furthermore, long-
term performance stability is crucial but has not yet been 
adequately addressed. Long-term stability will be vital in 
laying a solid foundation for the practical application of 
such devices.
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