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Implantable Nongenetic Optoelectronic Biointerfaces

for Neuromodulation

Jinglin Ye, Jinwei Huang, Wenyu Nie, Jianming Xu, Xing Sheng,* and Huachun Wang*

Electroceuticals are a novel type of therapeutics that employ electrical stimulation
to modulate neural circuits and recover impaired physiological functions.
Traditional systems using implanted leads as electrode and/or connecting wires
pose several clinical challenges, including infection risk, anatomical incompati-
bilities, and leads dislodgement. Recent progress in optoelectronic biointerfaces
is establishing new paradigms for electroceutical intervention by enabling pre-
cise, minimally invasive, and nongenetic neuromodulation through light-driven
wireless technologies. In this review, first, the modulation mechanism of
representative organic and inorganic semiconductor-based optoelectronic
biointerfaces is demonstrated, which can be designed into flexible and tissue-
conforming architectures. Then, further their capabilities to modulate structures
at various levels, including neurons, nerve tissues, and the cerebral cortex are
emphasized. Beyond neuromodulation, their promising therapeutic value and
translational potential are highlighted, encompassing vision restoration, nerve
regeneration, and treatment of Parkinson’s disease. Together, these advance-

essential for human existence.'* More
than one billion people around the world
suffer from neurological problems such
as neurodegenerative diseases, chronic
pain, nerve injuries, and depression, pre-
senting considerable social and economic
challenges.!**! Electroceuticals, employing
externally controlled electrical stimulation,
have emerged as a transformative strategy
in neuromodulation and neurotherapeu-
tics, enabling targeted modulation of neu-
ral cells, fibers, neurotransmitter systems,
and control circuits.®! Electrostimulation
modulates neuronal activity via complex
interactions at the cellular and molecular
levels. It works through three principal
mechanisms: 1) initiation of action poten-
tials occurs when charge transfer leads to

ments mark a transformative shift toward next-generation bioelectronic

medicine.

1. Introduction

The nervous system serves as the primary control center of the
body. It employs intricate neural circuits to integrate sensory
input and cognitive processes, facilitating adaptive responses
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membrane polarization beyond the thresh-
old potential; 2) frequency-sensitive modu-
lation of axonal conduction, influenced by
myelin capacitance and nodal sodium
channel kinetics; and 3) calcium-triggered
synaptic plasticity via calcineurin activation
and receptor trafficking.”™'*) By selectively repairing dysfunc-
tional neural networks without compromising physiological sig-
naling integrity, electroceuticals can modulate neural circuits
with sub-millisecond precision.

Conventional electroceuticals deliver electrical stimulation to
specific neural targets via wire-connected bioelectronic interfa-
ces. Representative clinical applications include deep brain stim-
ulation for tremor suppression in Parkinson’s disease,®”
spinal cord stimulation for chronic pain management, %"
and transcutaneous vagus nerve stimulation for addressing epi-
lepsy.?*2! Despite their therapeutic efficacy, these lead-based
systems present substantial clinical challenges, such as risks
of infection, anatomical constraints, and lead displacement,
particularly in pediatric populations. Additionally, reliance
on battery-operated equipment compromises long-term therapy
results by requiring frequent surgical procedures.”*"!
Optoelectronics integrates optics and electronics to create devices
that transform photon energy into electricity or vice versa.?'*?!
Optoelectronic biointerfaces that combine optoelectronic compo-
nents with biological systems have been investigated as versatile
tools for sensing, imaging, and stimulation in biomedical
engineering.?*% Recent advances highlight their potential
for neuromodulation by converting light into electrical signals
that directly stimulate cells and tissues. Unlike conventional
electroceuticals depending on wired electrodes, these light-
driven systems provide wireless neural modulation with high
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spatiotemporal precision, overcoming key limitations of tradi-
tional electrode-based approaches. Notably, optogenetics is
another well-researched light-based neuromodulation method
that relies on the genetic introduction of light-sensitive ion chan-
nels into target cells.*” % The genetic modification poses ethical
and translational challenges. Regarding of this issue, optoelec-
tronic modulation provides a practical, nongenetic alternative
that preserves the advantages of optogenetics while avoiding eth-
ical controversies and reducing complexity.

Semiconductor materials, characterized by their highly
tunable physical properties, are fundamental to the advance-
ment of optoelectronic based modulation platforms.>*34!
Recent progress in semiconductor technology has significantly
accelerated the development of optoelectronic biointerfaces,
facilitating neuromodulation across diverse scales.**** In this
review, we first elucidate the mechanism of signal transduction
at semiconductor-based optoelectronic biointerfaces and sum-
marize representative organic and inorganic semiconductor
materials and devices. To satisfy different application needs,
these semiconductors could be engineered into various flexible
architectures, such as nanorod arrays, quantum dots (QDs), thin
films, and mesh structures. The mechanically soft designs
provide intimate, conformal touch with delicate neural tissue.
To elucidate the mechanisms underlying neural modulation,
we then detail the functionality of semiconductor-based optoelec-
tronic biointerfaces in modulating neurons, peripheral nerves,
and the cerebral cortex. We finally highlight their expanding ther-
apeutic applications and clinical potential, including their roles
as nerve conduits for regeneration, retinal prostheses for vision
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restoration, and opto-electrodes for treating neurological disor-
ders such as Parkinson’s disease. This review concludes by sum-
marizing recent advances, discussing key challenges, and future
directions in optoelectronic neural interface research.

2. Mechanism and Semiconductor Materials for
Optoelectronic Biointerfaces

The modulation capability of optoelectronic biointerfaces stems
from the ability of semiconductors to convert light into electrical
or electrochemical signals in complex biological aqueous micro-
environment containing water and electrolytes. As shown in
Figure 1a, the light-to-electricity conversion in semiconductors
primarily occurs through three main types of homojunctions
and heterojunctions. Despite differences in energy band struc-
ture, the underlying mechanisms are fundamentally similar.
Upon absorption of incident photons, electrons in the semicon-
ductor are excited to higher energy states, leaving behind holes in
the valence band. These photogenerated electron-hole pairs
are driven toward the semiconductor surface by the built-in elec-
tric field established at the homojunction or heterojunction
interface. As charge carriers (e.g., electrons) accumulating near
the semiconductor-solution interface, oppositely charged ions
(e.g., cations) in the biological solution are attracted to the inter-
face, forming electric double layer and generating a transient
charging capacitive current.*> If charge carriers are injected into
solution, this occurs via redox reactions, typically involving neu-
tral species like dissolved oxygen or water, leading to sustained
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Figure 1. Diagrams of modulation mechanism for optoelectronic biointerfaces. a) Band structures of different semiconductor junctions used in con-
structing optoelectronic biointerfaces. b) Schematics of the photoresponse measurements setup for optoelectronic biointerfaces (left) and the two major
response types, the capacitive and the Faradaic (right). c) Illustration of membrane potential changes driven by light-induced faradaic and capacitive

charge transfer mechanisms.
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Faradaic current.®” The capacitive biointerfaces generally exhibit
superior stability and reversibility compared to the Faradaic
counterparts, as their operation avoids electrochemical reactions.
Consequently, the electrochemical water window is a key con-
straint for design of long-term stable optoelectronic biointerfaces.
It defines the potential range within which water remains electro-
chemically inert, thereby preventing Faradaic reactions such as
electrolysis and gas evolution.!*®! Actually, this window depends
on multiple factors, including the semiconductor’s bandgap,
Fermi level, band edge alignment, surface states (e.g., defects
or metallic modification), and electrolyte compositions. The
bandgap and Fermi level offset primarily determine the photo-
voltage that a semiconductor can generate under illumination.
When this photovoltage exceeds 1.23V (theoretical potential
for water splitting), water electrolysis will occur.*”! Band edge
alignment refers to the positioning of a semiconductor’s con-
duction band minimum and valence band maximum relative
to the redox potentials of chemical species in solution (e.g.,
0,/H,0, H*/H,). The alignment dictates whether photogener-
ated electrons or holes have enough energy to drive reduction or
oxidation reactions.[*¥! Surface states also play a significant role
in modulating interfacial charge transfer. For example, Jiang
et al. demonstrated that noble metal Au (gold) or Pt (platinum)
decoration of silicon significantly enhanced Faradaic currents
by lowering activation barriers.*”) Additionally, a recent study
highlighted the definition of water window is strongly influ-
enced by electrolyte composition, with phosphate-buffered
saline (PBS) producing different electrochemical responses
compared to culture media.®% The capacitive and Faradaic
processes induced by light at the biointerface (namely, optoelec-
tronic biointerface) can be characterized using electrochemical
measurement systems and/or patch-clamp techniques. The elec-
trochemical techniques based on three and/or two-electrode
setups such as cyclic voltammetry, chronoamperometry, and
electrochemical impedance spectroscopy are widely used to
characterize the electrochemical properties of traditional wired
electrodes.'*°">? These methods allow quantitative assessment
of charge transfer, interfacial impedance, and the distinction
between capacitive and Faradaic processes. While optoelectronic
biointerfaces operate wirelessly, electrochemical measurements
are still essential for probing interfacial charge dynamics,
drawing on approaches established in semiconductor photoca-
talysis and photoelectrocatalysis. Recently, patch-clamp systems
(widely used in electrophysiology) have been adapted to evaluate
the wireless photoresponse of optoelectronic interfaces in vitro.
As shown in Figure 1b (left), a glass micropipette electrode
(1-10 MQ) is positioned closely (~2 pm) to the semiconductor
surface in electrolyte (e.g., PBS). Controlled light pulses from
a laser or LED are delivered via an optical fiber or microscope
objective, and the resulting photocurrent or photovoltage at the
semiconductor—electrolyte interface is recorded in real time.
This configuration provides high spatiotemporal resolution
recordings of subtle ionic dynamics at the biointerface, particu-
larly in wireless optoelectronic devices under physiologically
relevant conditions.***3 A typical photocurrent trace captured
by patch-clamp system shown in Figure 1b (right),it can be
decoupled into capacitive and Faradaic components. The capac-
itive current exhibits upward and downward transient spikes,
corresponding to the charging and discharging processes,
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respectively. In contrast, the Faradaic current appears as a sus-
tained (during illumination), low-amplitude signal, indicating
redox reactions at the interface. In both scenarios, the current
changes the local electric potential in cellular microenviron-
ment. Neurons, as excitable cells, are particularly sensitive
to these changes and respond by adjusting their membrane
potential (Figure 1c). Briefly, the operational principle of
optoelectronic neuromodulation is governed by two synergistic
mechanisms: 1) the photoelectric response of semiconductors
and 2) the electrophysiological sensitivity of neurons to exter-
nally generated electrical signals. Unlike conventional electrical
stimulation techniques, this approach allows for wireless and
nongenetic modulation of neural activity. Modifying key optical
parameters (illumination intensity, pulse duration, frequency,
and spot area) enables precise, spatiotemporally controlled neu-
ral stimulation via programmable light inputs.

Building on these principles, the efficacy of optoelectronic
neuromodulation is fundamentally dependent on the photocon-
version efficiency and stability of the biointerface, both of which
are crucial for dependable neural modulation. Extensive inves-
tigations have been conducted on a wide range of semiconductor
systems. Table 1 summarizes the representative materials
currently employed in optoelectronic biointerfaces. The design
of materials and devices for neural optoelectronic interfaces
must consider several key criteria. First, a suitable bandgap is
crucial, especially for fully implantable devices. Leveraging
the optical transparency window of biological tissue simplifies
light delivery, minimizes invasiveness, and enables efficient
wireless operation. Four optical biological windows defined in
biomedical optics: near-infrared (NIR)-I (650-950 nm), NIR-II
(1000-1350 nm), NIR-III (1600-1870 nm), and NIR-IV (2100—
2300 nm).>*) NIR-I and NIR-IT are preferred, providing suffi-
cient tissue penetration and alignment with the bandgaps of
commonly used semiconductor materials. In contrast, light in
the NIR-IIT and NIR-IV ranges is more strongly absorbed by
water, leading to increased thermal effects that may impair neu-
ral viability.”® To minimize thermal damage, irradiance should
comply with established safety thresholds, such as those set by
ANSI 7136.1 and ICNIRP, which define maximum permissible
exposure based on wavelength, exposure time, and tissue prop-
erties.’®%7] Adhering to these limits and guidelines is essential
for safe and effective in vivo neuromodulation. Second, scalable,
cost-efficient fabrication methods, along with high processabil-
ity of materials are important for practical application. For exam-
ple, high material processability allows the creation of diverse
architectures (e.g., nanorod arrays, QDs, thin films, and mesh
structures), tailored for specific applications. It can also improve
mechanical compatibility via structurally soft and flexible
design, thereby reducing immune responses and promoting
long-term neural interface stability.*® Last but not the least,
material stability and biocompatibility are critical factors to con-
sider. The stability requirements differ by application: transient
electronic devices are intended to biodegrade after a defined
period, while chronic implants demand highly stable and
corrosion-resistant optoelectronic interfaces. Notwithstanding
this, biocompatibility is essential in every instance. However,
extensive, longitudinal assessments of biosafety and biocompat-
ibility are still few and necessitate additional advancement.!*’!
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Table 1. Representative semiconductor materials used in optoelectronic
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biointerfaces.

Category Materials Structures Applications Ref.
Inorganic S Nanowires, Neuron/nerve/cortex modulation, vision restoration, nerve [62,81,87,95,109—
semiconductors thin film, regeneration 114]
nanoporous
Te? Nanowires Vision restoration [89,90]
TiOz/TiOx‘) Nanowires, [89,90]
nanorods
FAPbI;,9 CsPbl;® Nanowires array [93]
HgTe", InP®), Zns", QD, Neuron modulation [63,64,115-123]
AISb?, Pbs, cds¥, thin film
AgBiS,"
NUNCD™ Thin film Neuron modulation [124]
Organic semiconductor PTCDI"-H,Pc® Thin film Neuron and nerve modulation [66,71,82,125,126]
ZnTPyPP) Nanorods Neuron modulation and treatment of Parkinson’s disease [96]
P3HTY-PCBM" Thin film Neuron modulation and vision restoration [88,127-130]

si: silicon P Te: tellurium c)TiOZ/TiOx: titanium oxide PFAPbI;: formamidinium lead

iodide ®CsPbls: cesium lead triiodide ?HgTe: mercury telluride ®InP: indium phosphide

MZns: zinc sulfide PAlSb: aluminum antimonide ?PbS: lead sulfide ¥CdS: cadmium sulfide ‘)AgBiSZ: silver bismuth sulfide ™ NUNCD: nitrogen-doped ultrananocrystalline
diamond WPTCDI: N,N’-dimethylperylene 3,4,9,10-tetracarbon diimide ®H,Pc: phthalocyanine PZnTPyP: zinc porphyrin PP3HT: poly-3-hexylthiophene "PCBM: [6,6]-phenyl-

C61-butyric acid methyl ester.

3. Optoelectronic Biointerfaces for Neuronal
Modulation

Neurons are the basic units of the nervous system. Under normal
conditions, neurons transmit signals via alterations in mem-
brane potential and ions flow, facilitating the communication
and coordination essential for many physiological tasks.%¢"!
However, abnormal neuronal electrical activity can disrupt this
delicate balance, potentially leading to various neurological dis-
orders. In this context, optoelectronic modulation devices offer
the capability to regulate neuronal activity by generating localized
electrical stimulation in response to light cues. The goal of this
technique is to activate, inhibit, or modify the electrophysiologi-
cal activity of neurons, which is fundamental to neuromodula-
tion and neural therapeutics.

Recent researches have explored the ability of various semi-
conductor materials to modulate cellular activity. Gao et al. pro-
posed an injectable magnetically manipulated optoelectronic
hybrid micro-robot (MOHR) for optically targeted nongenetic
neuromodulation.® The integration of magnetic components
enables targeting with high precision. As shown in Figure 2a,
the MOHR was fabricated with a core-shell nanowire metal-
insulator-semiconductor (MIS)structure, exhibiting a rod-like
geometry. The results demonstrated changes in hippocampal
neuronal membrane potential in an Ap42-induced Alzheimer’s
disease (AD) model, before and after light-driven electrical stim-
ulation (532 nm. 10 ms pulse duration, powers of 530 mW cm ™2,
photocurrent ~ 75 nA) via internalized MOHR, confirming its
targeted optical neuromodulation capability and its potential
for Alzheimer’s disease treatment. The biocompatibility of
MOHR was further evaluated using a nonradioactive colorimet-
ric assay. After 48 h of exposure, no significant reduction in cell
viability was observed at concentrations < 16 pg mL™" for Si and
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MOHR, indicating their low cytotoxicity and favorable
biocompatibility.

The junction-type thin-film structure is a typical structure uti-
lized in biointerfaces for cellular optoelectronic modulation.
Figure 2b shows that the study provided a thin-film single-crystal
silicon-based p-n diode that selectively produces photo-induced
electrical signals for deterministic neuromodulation.®® The acti-
vation or inhibition of neuronal activity depends on the ability of
different types of junctions (p™n and n*p type Si) to attract or
reject charged particles. The right picture in Figure 2b shows
the membrane potential recordings from rat dorsal root ganglion
neurons when they were exposed to different types of thin-film
diodes. The p™n type Si film generated a photovoltage of —30 to
—60 mV, increasing membrane potential and inducing depolari-
zation. In contrast, the n*p type Si film produced a photovoltage
of 430 to +60 mV, decreasing membrane potential and leading
to hyperpolarization. This study exploited photoelectric modula-
tion to achieve wireless, nongenetic, and bidirectional control of
neural cells.

Alongside conventional silicon-based semiconductors, QD
materials derived from lead sulfide (PbS) mercury telluride
(HgTe), cadmium selenide (CdSe), indium phosphide (InP),
and aluminum antimony (AlSb) have been investigated. QDs
are extremely small semiconductor materials, typically ranging
from a few to tens of nanometers in size. QDs display quantum
mechanical phenomena, particularly the quantum confinement
effect, as their dimensions are equivalent to or lower than the
Bohr radius of the material. These “zero-dimensional” nano-
structures restrict electrons and holes, resulting in discrete
energy levels and imparting QDs with unique optoelectronic
capabilities that differ from bulk materials. A flexible PbS
QDs-based optoelectronic biointerface was developed to activate
cells using near-infrared light (A = 780 nm) within the spectral
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Figure 2. Optoelectronic biointerfaces for neuronal modulation. a) Magnetically manipulated optoelectronic hybrid microrobots for neuromodulation.
Scanning electron microscopy images of MIS nanowires array grown on the silicon substrate (left). Representative membrane potential recordings of a
hippocampal neuron with internalized MOHRs incubated with 2 pm oligomeric AB42 for 1 h, before and after laser illumination. Reproduced with per-
mission.! Copyright 2024, Wiley-VCH. b) Scheme of the setup for the photoresponse measurement (left) and typical traces from current-clamp record-
ings of the dynamic depolarized and hyperpolarized membrane voltages generated by differently polarized photoelectric fields during a train of varying
light intensities (right). Reproduced with permission.!? Copyright 2023, Springer Nature. c) Schematic of the multilayered biointerface architecture (left)
and simplified schematic of intracellular recording setup using patch-clamp amplifier (middle), current-clamp recordings of hippocampal neurons under
increased light intensity (right). Reproduced with permission.l®! Copyright 2022, ACS Publications. d) Schematic of the ZnO-AgBiS, QDs-based pseu-
docapacitive device (left), photocurrent characteristics of the AgBiS,-NW-based device (middle), rainbow-colored calcium imaging of a single neuron
cultured on the device following 780 nm light stimulation (5 Hz, 20 ms). Reproduced with permission./*? Copyright 2025, Wiley-VCH. e) Structure of
organic photocapacitors. Reproduced under terms of the CC-BY license.!®™ Copyright 2019, The Authors. American Association for the Advancement of
Science. f) Cortical primary neurons cultured on type | devices and Ca®" imaging traces. Reproduced with permission.!®! Copyright 2018, Wiley-VCH.
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tissue transparency window. The integration of a 25 nm ultrathin
QD layer into a multilayered photovoltaic structure enabled the
conversion of near-infrared light into safe capacitive ionic cur-
rents, reliably eliciting action potentials in primary hippocampal
neurons. This platform delivered over 5 uC cm™2 of charge during
20ms pulses at a light intensity of 1mW mm ™ >—within the
threshold range for stimulating neural structures such as the optic
nerve, auditory nerve, and subthalamic nucleus (Figure 2c).[%*
Although this investigation revealed that the system has little bio-
toxicity, its stable photoelectric response characteristics suggest
great potential for applications in neural modulation and the treat-
ment of neurological diseases. Recently, Balamur et al. developed
an optoelectronic biointerface based on AgBiS, (silver bismuth
sulfide) QDs integrated with zinc oxide nanowires (Figure 2d left).
In this system, AgBiS, QDs function as the photoabsorber, hole
transport medium, and pseudocapacitive electrode—electrolyte
interface, effectively enhancing the device’s photoelectrochemical
response (Figure 2d middle). Notably, AgBiS, is free of lead
and other heavy metals, offering improved biosafety and biocom-
patibility. Upon pulsed 780 nm illumination, the device could
produce a charge injection density of ~29 pC cm™2, and effec-
tively triggered intracellular calcium release (Figure 2d right),
demonstrating its potential for safe and efficient neuronal
photostimulation.®¥

Research on neural stimulation utilizing organic semiconduc-
tors reveals a viable approach that incorporates PTCDI as an
n-type material and H,Pc as a p-type material to fabricate organic
electrolytic photocapacitors (OEPCs), as shown in Figure 2e.l”!
These devices could generate sufficient localized capacitive cur-
rents under light exposure to stimulate neurons. Figure 2f
presents calcium imaging traces of primary neurons cultured
on samples (chromium/gold/H,Pc/PTCDI) under illumination
(600 nm, 480 mW cm ™2, 5 ms, photovoltage ~40 mV),’*® dem-
onstrating the potential of organic photocapacitor for effective
neuromodulation.

Table 2 summarizes the key parameters (wavelength,
pulse duration, frequency, and power) used in optoelectronic
biointerfaces for neuronal modulation, enabling comparison
across invivo and exvivo studies. These examples demonstrate
that optoelectronic biointerfaces can deliver spatially confined
electrical stimulation to neuronal cells at the microscale, allowing
precise modulation of cellular activity without genetic modifica-
tion. As a lead-free platform, they serve as a valuable tool for
investigating the effects of electrical stimulation. Beyond their

Table 2. Key parameters for neuronal modulation.

Wavelength Pulse Power density ~ Frequency Photocurrent/ Ref.

[nm] duration [MW cm™2] [Hz] photovoltage
[ms]

532 10 530 - ~20 [nA] 61]
635 5000 1800 - ~70 [mV] 162]
780 10 500 80 ~7 [nA] 63]
780 20 58 5 ~1.9 [mA-cm™3  [64]
630 20 600 175  ~670 [pA-cm3  [65]
600 5 480 67 ~40 [mV] [66]
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experimental role, these systems can deepen our understanding
of the mechanisms underlying neurological disorders.

4. Optoelectronic Biointerfaces for Brain
Modulation

The brain serves as the body’s command center, regulating every-
thing from movement and sensory perception to memory and
emotion. It communicates with the rest of the body via the cen-
tral nervous system. The outer layer, the cerebral cortex, is critical
for higher cognitive functions such as reasoning, decision-
making, and language.*”~*%) Recent studies have investigated
optoelectronic biointerfaces for modulating cortical activity,
showing promise for treating neurological disorders such as
Parkinson’s disease, epilepsy, and depression.

Jiang et al. developed a flexible membrane composed of a gold-
decorated p-i-n silicon mesh integrated with a porous PDMS
(polydimethylsiloxane) substrate to interface with the mouse
brain cortex for neural modulation (Figure 3a).*” This device
conforms well to the cortical surface, ensuring strong adhesion.
Photoelectric stimulation via an extracellular linear array placed
on the cortical surface showed significant enhancement of neural
activity in response to light exposure (473 nm, ~5 mW, 100 ms,
~216 pm spot size). Notably, the device also induced specific
limb movements in anesthetized mice, highlighting its potential
for precise neural control. Building on this, Huang et al. demon-
strated that p*n junction thin-film silicon diodes could robustly
activate superficial neurons, while n™p configurations could
effectively suppress pre-existing cortical activity under illumina-
tion (Figure 3b).*” This demonstrated the bidirectional regula-
tion capability of the junction-type thin-film silicon diodes for
cortical neural activity.

Organic semiconductor junctions such as PTCDI/H,Pc have
been also used for cortical stimulation in mice. Missey et al.
implanted PTCDI/H,Pc-based OEPC on the cortical surface
and activated it with deep red light (638 nm, 5ms pulses at a
33 mW cm ™2, photocurrent 1.5 mA cm™?), evoking electrophys-
iological responses and visible whisker movements without
removing skin or skull (Figure 3c).”% Although responses atten-
uated over time due to the delamination either between the
device and neural tissue or among internal functional layers
of the device, the approach enabled noninvasive motor cortex
activation. Nowakowska et al. extended this work by stimulating
multiple brain regions, somatosensory cortex, entorhinal cortex,
and hippocampus (Figure 3d).”" Statistical analysis of c-Fos pos-
itive neurons revealed a significant increase in expression across
all examined regions, indicating that OEPC stimulation induces
widespread neuronal activation during brain tissue modulation.

Optoelectronic biointerfaces enable wireless, flexible, and bidi-
rectional control of cortical activity, offering potential therapies
for disorders such as depression, epilepsy, and Parkinson’s dis-
ease. However, clinical translation faces major challenges due to
the thicker human scalp and skull, and the need for long-term
treatments. Limited light penetration and device stability remain
key obstacles. Progress requires tuning stimulation wavelength
within the 650-950 nm biological window to enhance tissue
penetration, and alongside improving conversion efficiency
(e.g., via semiconductor bandgap engineering). Durable and
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Figure 3. Optoelectronic biointerfaces for brain modulation. a) Schematic diagram of in vivo optoelectronic stimulation testing on the intact mouse
somatosensory cortex with a silicon mesh attached. Reproduced with permission.!*) Copyright 2018, Springer Nature. b) Thin-film silicon diodes installed
on the mouse cortical surface (left) and typical extracellular electrophysiological recordings of spike events in response to stimulation (right). Reproduced
with permission.l®? Copyright 2023, Springer Nature. c) Photoresponse performance and schematic diagram of whisker deflection induced by OEPC
(left), applied light to the exposed cortex, stimulating the whisker deflection angle recorded through the skull or by penetrating both the skin and skull
(right). Reproduced with permission.”% Copyright 2021, IOP Publishing Ltd. d) lllustration of the placement of OEPC (orange-deep blue circles) and the
section sampled (blue rectangle between) (left) along with the percentage of c-Fos™ cells in the somatosensory cortex (right). Reproduced under terms of

the CC-BY license.”") Copyright 2024, The Authors, Wiley-VCH.

biocompatible encapsulation materials, such as PDMS, parylene,
and silicon dioxide, are also essential to maintain long-term per-
formance and safety.

5. Optoelectronic Biointerfaces for Peripheral and
Vagus Nerves Modulation

The peripheral nervous system (PNS) links the brain and spinal
cord to peripheral organs, enabling the central nervous system to
monitor internal and external environments and regulate vital
physiological functions.”?) As a key component of the PNS,

Adv. Photonics Res. 2025, 6, 202500176 €202500176 (7 of 16)

the vagus nerve modulates cardiovascular, gastrointestinal, pul-
monary, and immune functions, influencing heart rate (HR),
digestion, and inflammatory responses.”*”*) Neuromodulation
of peripheral and vagal nerves holds therapeutic potential in pain
relief, restoration of motor and visceral function, and treatment
of psychiatric disorders.”>~® Clinically, left-sided vagus nerve
stimulation (VNS) is approved for refractory epilepsy and depres-
sion, while right-sided VNS has shown benefit in heart failure
in both preclinical and clinical studies.”*#") Recent advances in
optoelectronic biointerfaces for vagal and peripheral nerve stim-
ulation highlight the potential of light-based, minimally invasive
approaches for next-generation neuromodulation therapies.
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Thin-film silicon diodes, as previously described, can also be
applied to peripheral nerve modulation (Figure 4a).l*” After
being transferred onto flexible polyethylene terephthalate
(PET) substrates, these devices could conform to the surface
of exposed sciatic nerves in mice. Illumination with 635 nm laser
light (0.04~1.8W cm ?) induced compound muscle action
potentials (CMAPs) and hindlimb movement through photonic
activation of p*n type silicon-based optoelectronic biointerfaces.
These interfaces generated a positive potential (430 to +60 mV),
sufficient to depolarize nerve fibers and trigger motor responses.
In contrast, n*p type silicon-based optoelectronic biointerfaces
failed to elicit motor activity under identical conditions, as the
resulting negative potential (—30 to —60 mV) inhibited nerve sig-
nal propagation and suppressed CMAP generation. Prominski
et al. developed a nanostructured porous/nonporous silicon
heterojunction via stain etching (Figure 4b).BY Compared to con-
ventional p-n junctions in Si, nanoporous/nonporous hetero-
junctions achieve diode-like behavior without the need for
complex doping process. The increased surface area and anti-
reflective properties of the nanoporous structure improved light
absorption and overall photoelectrochemical performance. After
an oxygen plasma treatment, the nanoporous Si film could obtain
a charge injection of ~0.25nC under 532 nm light irradiation
(pulse duration 10 ms, ~4.3 W cm™2). Moreover, the porous sur-
face offers enhanced mechanical compliance, facilitating seam-
less integration with soft biological tissue. By varying 808 nm
laser power (15, 112, and 209 mW mm™?), the study achieved
muscle activation selectively, reflecting differential thresholds
within the nerve bundle, which provides a strategy to enhance
specificity and minimize discomfort in clinical applications.

Organic semiconductors have also shown advancing potential
in peripheral nerve modulation. Ejneby et al.®?! and Donahue
et al.®¥ applied OEPC and organic photovoltaics for sciatic nerve
stimulation in rats (Figure 4c) and vagus nerve stimulation in
mice (Figure 4e), respectively. In the former, the OEPC yields
a photoinduced charge density exceeding 1.25 pC cm™2 under
638 nm illumination with a 1ms pulse. Chronic stimulation
using a 638 nm laser at 700 mW over three months elicited stable
CMAPs for more than 60 d. A decline on day 77 was reversed by
reducing tissue light attenuation, suggesting reduced efficacy
was due to suboptimal excitation from device degradation rather
than nerve damage. In the latter, right cervical vagus nerve stim-
ulation, which is related to sinoatrial node regulation, induced a
real-time reduction in HR. The vagus nerve’s smaller size limited
light absorption, weakening stimulation efficacy. To overcome
this, the authors developed a “photovoltaic flag” device, relocat-
ing the light-harvesting area outside the nerve. This design
achieved HR reductions > 5% in mice with moderate or normal
stimulation thresholds.

In studies on various optoelectronic materials, Jake$ova sys-
tematically investigated the impact of photovoltaic cell size, series
configurations, and microelectrode coupling with various mate-
rials, outlining design principles for implantable photovoltaic
nerve stimulators (Figure 4d).®* In practical applications, stim-
ulation currents are often limited by the electrode interface
rather than the photovoltaic driver. To address this, the authors
systematically compared eight commonly used neural interface
electrodes: Ti, TiN (titanium nitride), Pt, Au, W (tungsten), IrO,
(iridium oxide), PEDOT:PSS (poly(3,4-ethylenedioxythiophene)
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poly(styrenesulfonate), and PtO,, (platinum oxide), representing
capacitive, Faradaic, and pseudocapacitive charge injection
mechanisms. PEDOT:PSS showed the lowest impedance,
followed by IrO, and nanoporous Pt (PtO,). Charge injection
capacity scaled with electrode surface area. Furthermore, photo-
voltaic cell configuration played a key role: series connections
increased output voltage, favoring high-impedance or small-
area electrodes, while parallel connections enhanced current
delivery, benefiting low-resistance, large-area, or Faradaic sys-
tems. Simulations and experiments revealed a strong interdepen-
dence among electrode material, geometry, and photovoltaic
configuration, highlighting the need for co-optimization to
enable efficient and precise neural stimulation. Nongenetic
optoelectronic biointerfaces have been validated in rodents for
peripheral and vagus nerve stimulation, providing flexible, pro-
grammable, bidirectional, and stable electrophysiological modu-
lation with therapeutic potential in pain management, motor
disorders, and organ dysfunction. Key challenges include vari-
able nerve size and depth across anatomical sites, requiring
application-specific adaptation beyond considerations of stimula-
tion intensity and tissue penetration. Notably, the larger nerve
dimensions in humans and large animals may facilitate transla-
tion to clinical settings.

6. Optoelectronic Biointerfaces as Retinal
Prosthesis for Vision Restoration

Retinal degeneration such as retinitis pigmentosa, is a major
cause of irreversible blindness, primarily resulting from photo-
receptor loss and consequent disruption of visual signal trans-
mission.[®>] Retinal prostheses have emerged as a promising
strategy, electrically stimulating surviving retinal neurons to
bypass degenerated photoreceptors (rods/cones) and convert
optical input into electrophysiological signals interpretable by
the brain.®®! These typical optoelectronic biointerfaces aim to
directly activate residual neurons to reconstruct visual pathways.

Lorach et al. developed a hexagonal silicon array incorpor-
ating multistage series-connected photodiodes, as shown in
Figure 5a.*”! Using localized electric field confinement, this
design limits single-pixel activation to 70 pm and achieves a spa-
tial resolution of 64 + 11 pm in degenerate rats. In rodent mod-
els, the system restored up to 50% of normal visual acuity.
Expanding visual field coverage is equally critical for optimizing
visual prosthetic performance. Chenais et al. advanced this par-
adigm with a 10 498-unit photovoltaic implant featuring micro-
scale pixels (diameter: 80 pm, 120 pitch: 120 pm) spanning
13.4mm?* of retinal surface (Figure 5b).®! When exposed
to 560 nm, light at 0.9 mW mm ™2, each pixel could produce a
photovoltage of ~30pV. In the editing of retinal prostheses, it
is particularly important to improve their response to different
wavelengths of light. Tang et al. addressed this by developing a ret-
inal prosthesis based on Au nanoparticle-decorated TiO, nanowire
arrays, as shown in Figure 5c. This one-dimensional semiconduc-
tor nanowire array demonstrated multiwavelength photoresponse,
including near-ultraviolet (375 nm, 133 uW mm™?), blue (470 nm,
691 uW mm?), and green (546 nm, 470 uW mm ?) light, with
corresponding average photocurrent changes of ~1450, 108,
and 87pA, respectively. Combining high spatial resolution
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Figure 4. Optoelectronic biointerfaces for peripheral and vague nerves modulation. a) Schematic diagram of light irradiation on a silicon-based thin-film
photodiode attached to the sciatic nerve, modulating mouse hindlimb movement (left), along with the principle of bidirectional neural modulation
(middle) and the recorded CMAP amplitude (right). Reproduced with permission.!? Copyright 2023, Springer Nature. b) Schematic diagram of sciatic
nerve stimulation in an acute in vivo rat model using a porosity-based heterojunction, with the CMAP amplitude generated under a 808 nm NIR laser,
10 ms pulse. Reproduced with permission.®"! Copyright 2022, Springer Nature. c) Schematic diagram of in vivo optical stimulation of the sciatic nerve

using an implanted OEPC (left) and representative average CMAP during a 103 d chronic implantation period (right). Reproduced with permission.

182)

Copyright 2021, Springer Nature. d) Concept diagram of potential applications for an implantable photovoltaic-driven neural stimulator. Reproduced with
permission.®* Copyright 2024, IOP Publishing Ltd. e) Schematic diagram of a photovoltaic flag, with microelectrodes wrapped around the right vagus
nerve and the photovoltaic flag placed above the salivary glands and skin. Reproduced with permission.3! Copyright 2022, IOP Publishing Ltd.
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eyeballs. Reproduced with permission.®” Copyright 2015, Springer Nature. b) The photovoltaic prosthesis with 10498 pixels (left) and its sketch of the
cross-section structure (right). Reproduced with permission.[®8 Copyright 2021, Springer Nature. c) Comparison of a retina and NW arrays-interfaced
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(smallest resolvable light spot) and long-term stability, the device
offers an optimized platform for the clinical translation of retinal
prostheses.®! Building on these results, the newly fabricated nano-
wire arrays by Yang et al. showed markedly enhanced photorespon-
sivity with average photocurrents of =13 000 (375nm), ~1300
(470 nm), and ~1100 pA (546 nm) under comparable illumination
intensities. In blind mouse models, these devices achieved signifi-
cant functional restoration, demonstrating a spatial resolution of
77.5 pm and restored visual acuity of 0.3-0.4 cycles per degree,
thereby successfully recovering light perception capabilities
(Figure 5d).”” In very recently, they developed a next-generation
retinal nanoprosthesis based on tellurium nanowire networks,
which intrinsically convert broadband light (from visible to infra-
red) into electrical signals through efficient photovoltaic conver-
sion, generating large photocurrents under zero external bias

www.adpr-journal.com

without requiring additional auxiliary equipment.”” Beyond tita-
nium dioxide and tellurium nanowire arrays, recent research on
chalcogenide nanowire arrays in the bionic eye has also made
significant progress. Gu et al. pioneered an electrochemical bionic
eye featuring a hemispherical perovskite (FAPDI;) nanowire array
(4.6 x 10® cm ™2 density) grown on porous alumina via vapor depo-
sition process (Figure 5e).”” The nanowire array generated a pho-
tocurrent of 0.3 nA under weak illumination of 0.3 pW cm 2, with
a responsivity of up to 303.2 mA W', Liquid metal interconnects
enabled nanoscale addressing, delivering rapid photoresponse,
high responsivity, and ultralow-light sensitivity across a wide
field-of-view with preliminary grayscale image reconstruction
capability. This study achieved a functional upgrade from the work
of Long et al. by developing a neuromorphic retina of fully
inorganic CsPbI; nanowire arrays composite with SnO,/NiO
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Figure 6. Optoelectronic biointerfaces for neural therapeutics. a) A biodegradable and flexible neural interface for optoelectronic stimulation of peripheral
nerves to promote its regeneration. The CMAP amplitude of mouse at 8 weeks postoperatively. Reproduced with permission.”® Copyright 2024, Springer
Nature. b) Non-Faradaic capacitive mechanism of ZST-mediated optoelectrical modulation for therapeutic intervention in a mouse model of Parkinson’s
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(tin dioxide/nickel oxide) core-shell nanotubes, as shown in
Figure 5f°! Under illumination at 650 nm (4.88 mW cm?),
520 nm (4.93 mW cm™?), and 405 nm (6.59 MW cm™~?), the device
generated photocurrent densities of ~2.5, 4.0, and 6.0 pA cm ™2,
respectively. The wavelength-dependent bidirectional synaptic pho-
toresponse mechanism modulated by ionic liquids allows filter-free
color visual recognition at zero bias and full-color image recon-
struction. This is achieved by exploiting the polarity difference
between the negative photocurrent induced by red/green light
and the positive response to blue light, together with bias-
modulated color selectivity.

Despite progress, retinal prostheses based on optoelectronic
biointerfaces still face challenges: 1) material stability in physio-
logical conditions, 2) reliable wireless power transfer, 3) precise
implantation of high-density electrodes, and 4) adaptive neural
interfaces for post-implantation cortical plasticity. To enable
effective visual restoration in degenerative retinal diseases,
next-generation systems must integrate wireless functionality,
dynamic polychromatic vision, and biocompatible energy
solutions.

7. Optoelectronic Biointerfaces for Neural
Therapeutics

Precision neuromodulation has become a pivotal area in modern
medicine, given that neurological dysfunction underlies a broad
spectrum of disorders.”* Recent advances in optoelectronic
modulation devices—featuring implantable, minimally invasive
systems with high spatial and temporal resolution—offer trans-
formative potential for biomedical applications, including nerve
repair and disease intervention.

The development of biodegradable optoelectronic devices
represents a paradigm shift in peripheral nerve repair.
Sun et al. engineered a silicon-/molybdenum-based bioresorb-
able neural interface that mediates transdermal photostimulation
under 635 nm red light (Figure 6a).”* In a rabbit facial nerve
injury model, the photogenerated current (=35nA, ~0.1nC
at 0.95W cm™? illumination) from this device accelerated
axonal regeneration and promoted remyelination. Notably, the
device’s self-degradation profile—complete absorption within
6 weeks post-implantation—could eliminate secondary surgical
extraction, establishing a “implant-stimulate-vanish” therapeutic
paradigm for traumatic neuropathies. For disorders requiring
deep-tissue neuromodulation, Chen et al. developed a design of
zinc porphyrin supramolecular nanorod coated by TiO, (ZST).
This system employed non-Faradaic (capacitive) charge injec-
tion activated by far-field femtosecond laser irradiation, achiev-
ing 2mm penetration depth in brain tissue, as shown in
Figure 6b.°®) Under 532 nm illumination, ZST generated cur-
rents exceeding 200 pA at a power density of 13.5mW cm™2.
Increasing the pulse duration from 0.5 to 1.5 ms produced only
subthreshold depolarizations, whereas an action potential was
elicited either at 2.0ms (27.0 uJ cm ?) or at 1.0 ms when the
power density reached 23.5 mW cm 2. In a Parkinsonian murine
model, chronic ZST-mediated neuromodulation restored motor
function while preserving dopaminergic neuron viability in the
substantia nigra pars compacta, demonstrating dual therapeutic
and neuroprotective efficacy, as shown in Figure 6c. However,
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current brain modulation devices still need additional optimiza-
tion in terms of performance metrics, material degradation
characteristics, and light penetration efficacy. The use of photo-
electronic biointerfaces in neural tissue repair and treatment
of neurological disorders remains relatively underexplored,
with ongoing efforts focused on expanding their biomedical
applications.®”-%®!

8. Conclusion and Outlook

This paper reviews the latest developments in wireless, implant-
able optoelectronic interfaces for nongenetic neural modulation
and therapeutics, focusing on photo-responsive systems that
combine biocompatible materials with advanced engineering
to achieve minimally invasive, spatiotemporally precise stimula-
tion of neural and tissue activity. By converting programmed
light inputs into electrical signals, they support targeted modu-
lations ranging from single cells to entire organs. This platform
shows promise for clinical applications in epilepsy, Parkinson’s
disease, and visual impairment, while reducing ethical concerns.
Notwithstanding recent progresses, several key technical and
translational challenges are yet to be resolved.

First, poor optoelectronic conversion efficiency of existing
materials and attenuation of light as it propagates through bio-
logical tissue, both of which greatly constrain stimulation effi-
cacy. As a result, high-power light sources are often required
to achieve adequate electrical output. Such high-intensity illumi-
nation increases the risk of thermal damage due to localized heat-
ing. This challenge is amplified in deep-tissue applications,
where photon scattering and absorption by intervening tissues
reduce optical energy delivery, further compromising the reliabil-
ity and uniformity of optoelectronic stimulation.”” Another
key issue is ensuring precise alignment of external light sources
with implanted optoelectronic devices, particularly in freely mov-
ing subjects where body motion can disrupt light delivery.
Solving this issue demands strategies for motion compensation,
dynamic beam steering, or the integration of autonomous, body-
conformal light delivery systems that maintain optical coupling
under real-world biomedical scenarios.

Second, although the operational principles of optoelec-
tronic biointerfaces have been discussed previously, a deeper
and quantitatively defined mechanistic understanding is still
incomplete—particularly in distinguishing the functional out-
comes of suprathreshold and subthreshold stimulation. Most
existing platforms operate in the suprathreshold regime, gener-
ating sufficient photogenerated current to depolarize mem-
branes and evoke action potentials. Deep brain stimulation
and cochlear implants are examples of this method that provide
effective and localized stimulation. They stop bad activity or
restore function by activating high-frequency signals.['-1%%
However, suprathreshold stimulation lacks the precision
required for highly selective or sustained neuromodulation. In
contrast, subthreshold stimulation modulates neuronal excitabil-
ity and network dynamics without eliciting action potentials. This
makes it possible to use more subtle and long-lasting treat-
ments.'** Subthreshold methods keep spatial specificity while
using less power and reducing neural fatigue, as shown by appli-
cations like retinal prosthetics and transcutaneous vagus nerve
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stimulation."**1%) While offering these advantages, subthresh-
old strategies are still underdeveloped in optoelectronic systems
for neurological therapeutics. Bridging this gap needs advances
in circuit design and closed-loop control to realize real-time,
adaptive neuromodulation. Such progress could pave the way
for more personalized therapies across a wide range of neurolog-
ical disorders.!*°¢!

Finally, future study should focus on constructing standard-
ized and comparable evaluation methodologies. It is difficult
to evaluate the optoelectronic performances of various biointer-
faces introduced in this review, owing to lacking of a unified stan-
dard test method. Meanwhile, because of the inherent complexity
and tissue-specific properties of light propagation, the actual elec-
trical stimulation generated by an implanted device cannot be
precisely quantified. Consequently, even for the same device,
its photoelectric response and modulation effects under in vitro
and in vivo conditions often show limited correspondence. Since
accurate electrical stimulation is fundamental to effective neural
modulation, the relationship between light intensity, stimulation
strength, and efficacy should be thoroughly evaluated under
both invivo and invitro conditions. The fundamental mecha-
nisms underlying optoelectronic neuromodulation closely paral-
lel those of well-established electrode-based neurostimulation.
Therefore, further evaluations should prioritize quantitative, sys-
tematic comparisons between optoelectronic and conventional
electrical stimulation paradigms. Such comparisons require care-
ful alignment of stimulation parameters, including target sites,
energy delivery, charge density, pulse frequency, and readout
metrics (e.g., evoked potentials, calcium dynamics, or behavioral
responses). Establishing this benchmark framework will not only
facilitate cross-study comparisons, but also accelerate clinical
translation by providing clear, reproducible therapeutic efficacy
metrics.['?7-1%8!

In summary, ongoing multidisciplinary research efforts are
expected to systematically address these multifaceted challenges.
By integrating advances in the development of biocompatible
materials, precise neuromodulation techniques, and closed-loop
bioelectronic systems that combine real-time neural sensing with
adaptive stimulation, these collaborative initiatives could lay the
groundwork for a new generation of targeted, patient-specific
therapies for various neurological disorders.
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