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An implantable epiretinal device for  
near-infrared light perception
 

Won Gi Chung1,2,3,10, Inhea Jeong    1,2,3,10, Eun-Joo Lee    4, Gang Cui    5, 
Han Jeong6,7, Min Seok Choi6,7, Sanghoon Lee    1,2,3, Seung Hyun An    1,2,3, 
Eunmin Kim1,2,3, Sumin Kim1,2,3, Junwon Lee    8, Suk Ho Byeon    6,7  , 
Sun-Kyung Kim    4   & Jang-Ung Park    1,2,3,9 

Human vision relies on photoreceptor cells in the outer retina that are 
sensitive to visible light. However, many people suffer from blindness 
due to retinal diseases that cause photoreceptor degeneration. Electrical 
stimulation of retinal neurons can recreate the action potentials associated 
with seeing that are generated by these cells. Here we report a thin artificial 
retina that can be adhered to the epiretinal surface and can convert 
near-infrared (NIR) light into electrical stimuli that selectively stimulate 
ganglion cells. The artificial retina consists of a NIR-sensitive phototransistor 
array and three-dimensional liquid metal micropillar electrodes. The liquid 
metal electrodes enhance proximity to retinal ganglion cells, providing 
effective charge injection while minimizing tissue damage, owing to their 
low Young’s modulus. Ex vivo studies demonstrate its biocompatibility, and 
in vivo studies using healthy and blind mice demonstrate perception of both 
visible and NIR light, as indicated by cortical recordings and behavioural 
tests. The retina could, in the future, be used to create a NIR visual channel 
in patients with photoreceptor degenerative blindness without interfering 
with their remaining natural vision.

In the mammalian visual system, light within the 400-nm to 700-nm 
range (visible light) passes through the eye and is detected by sensory 
neurons, known as photoreceptor cells, in the outer retina1. These 
cells contain light-absorbing pigments, consisting of opsins and their 
covalently linked retinals. However, detecting longer wavelength light, 
such as near-infrared (NIR), is much more challenging due to their lower 
photon energy, which requires opsins with much lower energy barriers. 
This results in high thermal noise, making NIR visual pigments imprac-
tical, and thus there are no instances of mammalian photoreceptors 
that detect light beyond 700 nm.

Electrical stimulation of inner retinal neurons, such as retinal 
ganglion cells (RGCs) and bipolar cells, can produce artificial visual 
percepts. These activations elicit electrical spikes (that is, action 
potentials) within the retina, identical to when visual information in 
visible light is transmitted to the brain. Over the past decade, efforts 
have focused on generating artificial visual perception in people with 
degenerate photoreceptor cells due to retinal diseases, using photore-
active electronics—electronic retinal prostheses—to restore vision2–4.

The integration of optoelectronics with biological systems has 
developed devices that can interface intimately with mammals, 
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visible light transmits through the gaps between the filter patterns 
(spacing: 40 μm), optically stimulating visible-light-perceptive pho-
toreceptor cells. Conversely, NIR light activates the NIR-responsive 
phototransistors, generating photocurrents that electrically stimulate 
RGCs by means of the 3D LM electrodes connected to the drain pads. 
Consequently, the action potentials evoked within the RGCs can be 
transmitted to the visual cortex through the optic nerve, expanding 
the visual spectrum into the NIR range. Figure 1c illustrates a schematic 
layout of the NIR-perceptive artificial retina device. The phototransis-
tors consist of single-crystalline Si channels (thickness: 1,500 nm),  
Cr/Au/Pt source/drain electrodes (thickness: 5/100/30 nm), a transpar-
ent SiO2 dielectric layer (thickness: 1,300 nm) and transparent indium 
tin oxide (ITO) gate electrodes (thickness: 150 nm). Figure 1d shows a 
scanning electron microscope (SEM) image of the amorphous Si (a-Si)/
SiO2 NIR-transmission filter pattern positioned on the opposite side of 
the phototransistors. The 3D protruding micropillars of LM (EGaIn) 
were directly printed on the open surface of the drain pads using a capil-
lary nozzle to form the stimulation electrodes. After coating a parylene 
C layer (thickness: 1 μm) on the entire sidewall of the 3D LM pillars, 
their tips were locally opened using an anisotropic reactive ion etching 
(RIE) process to selectively deposit Pt nanoclusters on the tips. The 
detailed fabrication processes of the NIR-perceptive artificial retina are 
described in Supplementary Fig. 4 and Methods. The detailed design, 
optical properties and fabrication processes of the NIR-transmission 
filter are described in Methods and the Supplementary Information. 
A photo of the device is shown in Fig. 1e.

Cell viability and apoptosis tests were conducted to investigate 
the biocompatibility of the artificial retina. For the cytotoxicity test, 
the apoptosis assay was conducted using flow cytometry (Fig. 1f). We 
measured the cell viability by seeding human RPE cells on the fabri-
cated sample. For comparison, human RPE cells were also seeded on 
the references, negative control (a 1-μm-thick parylene C film with 
no 3D microelectrodes), positive control (cells with puromycin) and 
samples with the 3D microelectrodes. Human RPE cells grown on these 
electrode samples showed high viability (99.4%, Fig. 1g). The viability 
of cells grown on the parylene C film as a negative control was 98.5%, 
whereas puromycin-treated cells as a positive control showed a much 
lower viability of 4.01%. These results indicate that our artificial retina 
did not exhibit notable cytotoxicity, satisfying the in vitro cytotoxicity 
standard (>80%) for medical devices (ISO 10993-5)11.

To evaluate the long-term in vivo safety and stability of the 
device with 3D LM microelectrodes, immunohistochemical assays 
and cryosection imaging were conducted on eyeballs extracted from 
wild-type (WT) mice (n = 3) six months after implantation of the 
NIR-perceptive artificial retina (without interconnections). As shown in 
Supplementary Fig. 5, the device remained stably positioned on the reti-
nal surface without tilting or collapsing, and the 3D LM microelectrode 
tips were properly positioned within the RGC layer, with no signs of 
malignancy or inflammation. The immunohistochemical analysis also 
revealed preserved fluorescence signals for RGC markers and no nota-
ble gliosis or microglial activation (Supplementary Fig. 6), supporting 
the long-term biocompatibility of the artificial retina. Additional meth-
odological details are provided in the Supplementary Information.

Optoelectrical and electrochemical 
characteristics of the artificial retina
Supplementary Figs. 7a,b illustrate the transfer and output charac-
teristics, respectively, of our silicon field-effect transistor (FET) with-
out light exposure. The mobility was calculated as ~166 cm2 V−1 s−1, 
the on/off ratio (Ion/Ioff) as 4.41 × 106 and the threshold voltage (Vth) as 
4.08 V. The statistical analysis of the field-effect mobility, Ion/Ioff, and 
Vth of a 50 × 50 Si phototransistor array (2,500 pixels) is provided in 
Supplementary Fig. 8, and these data follow Gaussian profiles. The cal-
culations of these characteristics are described in the Supplementary 
Information. As plotted in Fig. 2a,b, the transfer (VD = 5 V) and output 

including humans5–7. As therapeutic technologies improve, these could 
lead to both restored and healthy abilities8, facilitating the restoration 
of deficient abilities or creating new ones, such as detection of NIR light. 
Enabling detection of NIR light could provide a way of supplementing 
light sensitivity in affected retinal regions without interfering with the 
visible vision that remains. For example, a clinical study has shown that 
patients with age-related macular degeneration were able to simulta-
neously use prosthetic central vision and natural peripheral vision, 
demonstrating that artificial and natural visual modalities can coexist8. 
It could also have potential applications, such as enhancing daylight 
vision, improving early disease detection through medical imaging 
and providing precise neural modulation by optogenetic therapies.

In this article, we report a flexible implantable artificial retina 
for perception in the NIR range. It consists of an array of thin pho-
tosensitive transistors covered by a NIR-transmission filter and soft 
three-dimensional (3D) stimulation electrodes made of liquid metal 
(LM). The thin (360 nm) transmission filter selectively detects NIR 
light while blocking visible light. The photosensitive transistors then 
convert the NIR light into electrical stimuli and deliver it to the retinal 
neurons of the eye through pillar-shaped 3D LM electrodes. These 
low-modulus, biocompatible electrodes conform to the non-uniform 
retinal surface, enhancing proximity to target RGCs and reducing 
stimulation thresholds. In addition, platinum nanoclusters on the 
electrode tips provide reduced impedance and effective charge injec-
tion. Selective stimulation can be achieved through varying the pillar 
heights of the electrodes.

Our device is designed for epiretinal implantation (Supplemen
tary Fig. 1), offering easier surgical access compared with subretinal 
approaches3,9. Biocompatibility studies using human retinal pigment 
epithelium (RPE) cells show negligible side effects. Furthermore, we 
demonstrate implantation of our artificial retina onto the inner reti-
nal surfaces of healthy and retinal degenerative mice. Simultaneous 
electrophysiological recordings from the mice retina and visual cor-
tex show that signal amplification during NIR-light illumination led 
to an increase in real-time neural responses. This confirms that both 
the retina and visual cortex of healthy and blind mice with the arti-
ficial retina are activated by NIR light. Our device could thus extend 
mammalian vision into the NIR, opening up possibilities for expanded 
human sensory capabilities, and offering practical applications such 
as perceiving thermal signatures.

NIR-perceptive artificial retina
Figure 1a illustrates the anatomical structure of the retinal tissues 
where our NIR-perceptive artificial retina device is implanted close to 
the retinal surface. The device integrates an array of photosensitive 
transistors covered by a thin patterned NIR-transmission filter (thick-
ness: 360 nm) and soft 3D microelectrodes (height: 60 μm, diameter: 
20 μm) made of LMs. The artificial retina conformably attaches to the 
innermost surface of the retina, with the 3D LM electrodes directly 
stimulating RGCs. When NIR light passes through the filter, it generates 
photocurrents within the semiconductor channel, leading to ampli-
fication of the drain current (ID). This amplified ID greatly increases 
the charge injection to RGCs through the 3D microelectrodes with 
pulsed stimuli of drain voltage (VD). The protruding pillar shape of 
the electrodes focuses electric fields on their tips, inducing neural 
responses more efficiently, compared with stimulation electrodes 
with a flat surface-type structure (Supplementary Fig. 2)10. To expand 
the mammalian visual spectrum into the NIR range while preserving 
original visible-light vision, we photolithographically patterned the 
NIR-transmission filter to allow visible light to pass through specific 
areas of our device while blocking it from the photosensitive chan-
nels of the phototransistors (Supplementary Fig. 3). This design ena-
bles the semiconductor channels to generate photocurrents only in 
response to NIR-light intensity, while allowing visible light to activate 
photoreceptor cells in the filter-free areas. As illustrated in Fig. 1b, 
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characteristics (VG = 70 V) show typical light-sensitive FET behaviour 
when illuminated with NIR light (wavelength: 900 nm) of intensities 
ranging from 0 to 1.2 mW cm−2. The range of the NIR-light intensi-
ties was set as environmental indoor NIR-light levels12. The inset of 
Fig. 2b shows the output characteristics in the cutoff range (VG = −20 V).  
As the level of the drain current (ID) and the sensitivity of the FETs  
were optimal for retina stimulation (1–20 μA), we selected this range  
for the operation of the artificial retina to ensure appropriate  
stimulation parameters for the retina. Figure 2c shows the real-time 
detection of incident light (VD = 5 V, VG = −20 V and light intensity of 
1.0 mW cm−2), and both the response and recovery time of the photo
transistor was 10 ms. As shown in Fig. 2d, the relative changes in ID of  
the Si phototransistor arrays (ΔID/I0) exhibit a linear relationship with 

the intensity of incident light (I0 is ID at the dark state and ΔID = ID − I0). 
This suggests that our device can stimulate the retina based on the  
intensity of the incident light. Furthermore, Fig. 2e shows the rela-
tive change in ID of the Si phototransistor arrays as a function of  
light wavelength ranging from 350 nm to 1,000 nm with the NIR- 
transmission filter.

Low-modulus materials are essential for biomedical implants 
to minimize tissue damage and improve biocompatibility. LMs, 
with Young’s modulus below 300 kPa (compared with GPa for rigid 
solid-phase metals), offer a major advantage as bioelectrodes13–17. This 
low modulus allows LM electrodes to conform to a soft tissue environ-
ment, reducing mechanical mismatch and subsequent stress-induced 
inflammation or scarring, while maintaining excellent electrical neural 
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Fig. 1 | NIR-perceptive artificial retina. a, Schematic of the NIR-perceptive 
artificial retina with the NIR-transmission filter and phototransistor arrays.  
b, Detailed schematic of the artificial retina with the NIR-transmission filter and 
phototransistor arrays, illustrating how NIR light is detected and converted into 
electrical signals to stimulate retinal neurons. c, Schematic of the layouts of 
the artificial retina based on the integration of photosensitive transistors with 
3D LM electrodes. d, SEM image of the NIR-transmission filter. The grey part 
blocks visible light and the black part transmits visible light. Scale bar, 100 μm. 

The experiment was repeated ten times with similar results. e, Photograph of 
the fabricated NIR-sensitive phototransistor array integrated with the NIR-
transmission filter. Scale bar, 1 mm. The experiment was repeated ten times 
with similar results. f, Flow cytometry analysis for cell viability. g, Quantitative 
analysis of live cells (%) for each condition from f. Data presented as mean ± s.d. 
n = 3 biological replicates, each representing an independent sample. GCL, 
ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer;  
PI, propidium iodide.
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interfaces. The modulus of our 3D LM electrodes (236 kPa with parylene 
C sidewalls and Pt nanocluster tips) was comparable with that of the tis-
sues in the eye, such as the sclera, cornea and retina18–20. By contrast, as 
shown in Supplementary Fig. 9, the modulus of rigid solid-type materi-
als used as conventional stimulation electrodes, is at least three orders 
of magnitude higher than that of biological tissues, potentially causing 
retinal damage. In this work, 3D micropillar-shaped EGaIn electrodes 
were directly printed for recording and stimulation purposes (see 
Methods for the details of the printing procedures). Figure 2f shows 
an SEM image of the Pt nanoclusters locally coated only on the tip of 

our 3D LM electrodes. To use these electrodes for retinal stimulation, 
their electrochemical properties were measured by electrochemical 
impedance spectroscopy and cyclic voltammetry (CV) analysis using a 
multichannel potentiostat (Parstat MC-1000, AMETEK, USA). All elec-
trodes were immersed in a phosphate-buffered saline (PBS) solution 
(pH 7.4) under ambient conditions, with an Ag/AgCl electrode and a Pt 
sheet used as reference and counter electrodes, respectively. Figure 2g 
plots the impedance of the 3D LM electrodes (height: 60 μm) by sweep-
ing the frequencies from 10 Hz to 100 kHz, presenting an impedance 
of 210 kΩ (at 1 kHz) for an electrode area of 32.1 μm2. This impedance 
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Fig. 2 | Optoelectronic and electrochemical properties. a, Transfer 
characteristics under stepwise irradiation of NIR light (intensities of 0, 0.2, 
0.4, 0.6, 0.8, 1.0, 1.2 mW cm−2 at 900 nm) at VD of 5 V. b, Output characteristics 
under stepwise irradiation of NIR light (intensities of 0, 0.2, 0.4, 0.6, 0.8, 1.0, 
1.2 mW cm−2 at 900 nm) at saturation region (VG = 70 V). The inset shows the 
output characteristics in the cutoff region (VG = −20 V). c, Response time of the 
phototransistor arrays at VD = 5 V, VG = −20 V under light irradiation (intensity of 
1.0 mW cm−2 at 900 nm). d, Relative changes in ID of the phototransistor array as a 
function of light intensities at VD = 5 V, VG = −20 V. The slope of the plot represents 
the responsivity of the device. e, Relative changes in ID of the phototransistor 
array as a function of light wavelength with NIR-transmission filter at VD = 5 V, 

VG = −20 V. f, SEM image of Pt nanoclusters locally coated on the tip of the 3D 
LM electrode. Scale bar, 1 μm. The experiment was repeated twenty times with 
similar results. g, Impedance spectroscopy of 3D LM electrodes. h, Typical 
stimulation pulses using our 3D LM electrodes. i, Impedance spectroscopy of 
3D LM electrodes at 1-day intervals over 10 days under accelerated ageing test 
environments. j, Voltage transients in response to biphasic pulses (pulse width, 
200 μs; interphase delay, 40 μs; current amplitude, 15 μA) measured daily under 
accelerated ageing test environments over 10 days. k, Changes in impedance 
at 1-kHz frequency and CIC values over 10 days under accelerated ageing 
environments.
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was approximately three times lower than that of the Pt-uncoated 
sample. Supplementary Fig. 10 shows the CV characteristics of the 3D 
electrodes with Pt nanoclusters measured at a scan rate of 50 mV s−1 
with a potential limit range from −0.6 V to 0.8 V. The negative area 
enclosed by the CV curves presents their cathodic charge storage 
capacity (34.28 mC cm−2 for the electrode area of 32.1 μm2). As shown 
in Fig. 2h, a typical stimulating pulse signal (pulse width = 1 ms, fre-
quency = 10 Hz, VD = 1 V) was recorded by a recording electrode placed 
adjacent to the stimulation electrode (distance between electrodes: 
40 μm) when a voltage-controlled monophasic cathodic pulse was 
applied to the stimulation electrode. The charge injection capacity 
(CIC) was calculated as 9.35 mC cm−2. Electrochemical impedance 
spectroscopy was then conducted at one-day intervals to monitor 
impedance changes at 1 kHz (Fig. 2i). Over a ten-day period, corre-
sponding to approximately ten months under physiological conditions, 
the impedance at 1 kHz showed only a slight increase, from 234.6 kΩ 
to 253.59 kΩ. In addition, under accelerated ageing conditions, the 
CIC remained stable, decreasing only marginally from 9.35 mC cm−2  
to 9.04 mC cm−2 over the same period (Fig. 2j), demonstrating the  
good long-term electrical stability of the device (Fig. 2k).

Ex vivo evaluation of retinal responses
We conducted an ex vivo evaluation of retinal responses by stimulation 
and in situ neural recording of RGC responses in mice retinas under 
NIR-light illumination using our artificial retina device (consisting 
of the NIR-transmission filter, phototransistors and LM electrodes). 
For this ex vivo recording, isolated small pieces of retinas (~4 × 4 mm) 
from both WT (C57BL/6 J, Japan SLC, n = 5) and retinal degenerative 
(rd1) (C3H/ C3H/HeNCrlOri, Japan SLC, n = 5) mice were directly placed 
on our device (consisting of 36 stimulating and recording electrode 
pairs), with 3D LM electrodes directed towards the RGC side of the 
retina in PBS media. The 3D LM electrode height was optimized to 
60 μm, based on the distance from the epiretinal surface to the RGCs 
in mice retina (Supplementary Table 1), to ensure that the electrode 
tips directly interfaced with the target cells (Supplementary Fig. 5) and 
to achieve maximum RGC firing activity during electrical stimulation, 
as determined by our previous study21. Figure 3a presents a schematic 
illustration of this experimental set-up, and Fig. 3b illustrates the inter-
face of our device with retinal layers. The position of the retina (with 
light exposure from the retina side) allowed native retinal responses 
from photoreceptor cells of the WT retina to visible light, despite the 
presence of the NIR-transmission filter. To avoid crosstalk between the 
NIR-transmission filter and the FET gate, a 2-μm-thick insulating layer 
of SU-8 was sandwiched between these two components. As plotted in 
Supplementary Fig. 11, the insertion of the SU-8 layer did not reduce 
the NIR absorption of the Si channel in the FET22. For recording retinal 
responses (that is, optically evoked or electrically evoked retinal spike 
potentials and firing rate of the spikes), each recording electrode was 
positioned adjacent to each stimulating electrode (pitch between the 
stimulating and recording electrodes: 40 μm). For electrically stim-
ulating the retina, the FETs were operated with a specific condition  
(VD: pulsed bias of 3 V with a pulse duration of 1 ms and frequency of 
10 Hz, VG: d.c. bias of −20 V). Detailed experimental procedures and 
set-up for ex vivo experiments are provided in the Methods. As plot-
ted in Fig. 3c, the neural activity of RGCs, such as optically evoked 
potentials (OEPs) and firing rates of RGC spikes, in WT mice retina 
were recorded under exposure to visible light (wavelength: 470 nm, 
intensity: 1.2 mW cm−2) and NIR light (wavelength: 900 nm, intensity: 
1.2 mW cm−2) without operating FETs. Although WT mice retinas neg-
ligibly responded to NIR light, they exhibited robust firing of RGCs in 
the visible light. Using WT mice retinas, we recorded their OEPs with-
out the FET operation under the illumination of visible light or NIR 
light. For comparison, the retinas’ electrically evoked potentials (EEPs) 
stimulated by operating our FETs (VD: pulsed bias of 3 V with a pulse 
duration of 1 ms and frequency of 10 Hz, VG: d.c. bias of −20 V) were 

also recorded for identical illumination conditions. These OEP and EEP 
signals were obtained at a 25-kHz sampling rate using a 300-Hz low-pass 
and a 3-kHz high-pass filter. As shown in Fig. 3d, the OEP magnitude 
of the WT retina under NIR illumination was negligible, in contrast 
with the OEP magnitude of 92 μV for the visible-light-exposure case, 
indicating that NIR-light illumination did not induce retinal responses 
within the WT retina.

When the FETs in the retina where operating, however, both 
visible-light and NIR-light exposure showed distinctive EEP signals 
with similar magnitudes (88 μV and 86 μV, respectively). Figure 3d 
demonstrates that the operation of our device generated similar levels 
of EEP signals from the WT retina when irradiating both visible light 
(natural ability) and NIR light (artificial ability). Figure 3e,f shows the 
neural activities (that is EEPs (top insets) and firing rates (bottom)) 
of both WT and rd1 mice retinas, respectively, with operating FETs 
under NIR-light exposure of different intensities ranging from 0 to 
1.2 mW cm−2. As shown in Fig. 3g, firing rates of RGC spikes increased 
with light intensity in both WT and rd1 retinas. Furthermore, these EEP 
signals demonstrated that the electrical stimulation provided by our 
device induced neural responses in both WT and rd1 retinas at levels 
comparable to the natural OEP signals generated during visible-light 
exposure without FET operation. This indicates that our device effec-
tively translates NIR-light input into neural responses similar to those 
naturally produced by visible light in healthy retinas. In addition, the 
firing rates showed negligible differences between the WT retina and 
the rd1 retina. This similarity can be attributed to the fact that the WT 
retina does not exhibit intrinsic photoresponses to NIR light in its func-
tional photoreceptor layers. Consequently, both WT and rd1 retinas 
rely on the artificial stimulation provided by our device to respond to 
NIR light, resulting in comparable neural activities.

In vivo induction of NIR vision in retinal 
degenerative and WT mice
To validate that our artificial retina device can induce NIR visual percep-
tion in living mice, we conducted in vivo experiments using both rd1 
mice (blind, n = 3) and WT mice (normal vision, n = 3), after implanting 
our artificial retina onto their epiretinal surfaces. In addition, deep 
brain probes were implanted into the brains of these mice, specifi-
cally targeting the primary visual cortex for cortical recording and 
the frontal lobe for reference (Fig. 4a). When the retina perceives light, 
the optical signal transitions to an electrical form, passes through the 
optic nerve and the lateral geniculate nucleus, and reaches the visual 
cortex. We implanted commercial tungsten brain probes to target 
layer four of the visual cortex, where the electrical signal is first pro-
cessed. This layer was chosen as the recording site owing to its known 
robust signal compared with other layers within the visual cortex20. 
Detailed implantation procedures for the brain probes are described 
in the Methods. Considering the eyeball size of the mouse (~3 mm in 
diameter), we fabricated an artificial retina device with a 6 × 6 array 
of Si phototransistors (pixel pitch: 500 μm, device dimension: 1 mm 
in width), integrated with the NIR-transmission filter and 3D LM elec-
trodes. This device was then implanted onto the mouse’s retinal surface 
with external interconnections. Figure 4b shows a photograph of a WT 
mouse after implantation of both brain probes and our artificial retina 
device. Our device adhered well to the retinal surface of the mouse 
without causing notable damage or bleeding. A cross-sectional optical 
coherence tomography (OCT) image obtained post surgery reveals 
the anatomical morphology of the retinal surface near our 3D LM elec-
trodes (Fig. 4c). To obtain a clear cross-sectional OCT image, only the 
3D microelectrodes (height: 60 μm, diameter: 20 μm) formed on an 
8-μm-thick PI film were implanted onto the retinal surface, preventing 
image distortion due to reflections from other device components 
(for example, NIR-transmission filter, FETs and other interconnect 
metals). This OCT image confirmed that our 3D microelectrodes were 
conformally surrounded by retinal tissues (with the interface between 
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their tips and RGCs) without collapsing. For simultaneous stimulation 
and recording using our device, each pixel consisted of a phototransis-
tor with a stimulation electrode and a recording electrode, with the 
recording electrode adjacent to the stimulation electrode at a pitch 
of 40 μm (Supplementary Fig. 12).

We used two light sources (visible: wavelength of 470 nm, NIR: 
wavelength of 900 nm, commercial light-emitting diodes (LEDs)) 
projected sequentially onto the fundus of the mouse eye. Before the 
experiment, we confirmed the complete degeneration of the pho-
toreceptor layer in 8-week-old rd1 mice through histology analysis 
(Supplementary Fig. 13). Detailed experimental procedures, includ-
ing anaesthesia and surgery processes, are provided in the Methods. 

For both rd1 mice and WT mice, we exposed NIR light to the fundus 
of the eye for 1 s, rested for 3 s, and then exposed visible blue light 
to the fundus of the eye for 1 s. As illustrated in Fig. 4d, for the rd1 
mouse, the photoreceptor cells were fully degenerated, indicating that  
the mouse could perceive visible light. However, due to the activation 
of RGCs stimulated by our artificial retina device under NIR expo-
sure, the rd1 mouse was able to perceive NIR light, as evidenced by the  
cortical recordings plotted in Fig. 4e. Figure 4f quantitatively compares 
the retinal responses (that is, firing rates) elicited after the exposure 
of NIR and visible light, with or without operating our artificial retina 
device. As expected, neither NIR nor visible light could elicit retinal 
responses in the rd1 mouse without operating our device. However, 
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under visible light and NIR light without device operation. d, Comparison of the 
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e, Neural responses of evoked RGC spikes of WT mouse retina under the various 
intensities of light illumination (wavelength of 900 nm, intensities of 0, 0.3, 0.6, 
0.9, 1.2 mW cm−2) during the operation of the NIR-perceptive artificial retina with 
3D LM electrodes (height, 60 μm). f, Neural responses of evoked RGC spikes of 
rd1 mouse retina under the various intensities of light illumination (wavelength 
of 900 nm, intensities of 0, 0.3, 0.6, 0.9, 1.2 mW cm−2) during the operation of the 
NIR-perceptive artificial retina with 3D LM electrodes (height, 60 μm). g, Firing 
rates of evoked RGC spikes as a function of illuminated light intensities for  
WT and rd1 mouse retina. Data are mean ± s.d. with n = 5 biologically  
independent mice.

http://www.nature.com/natureelectronics


Nature Electronics

Article https://doi.org/10.1038/s41928-026-01601-8

a b

d e

g h

c

i

f

Primary visual
cortex (active) NIR-perceptive 

artificial retina

Frontal lobe 
(reference)

Frontal lobe
(reference)

NIR-perceptive artificial retina

1

NIR Visible

NIR Visible

2

Tr
ia

l

Fi
rin

g 
ra

te
 (H

z)

Tr
ia

l
Tr

ia
l

Tr
ia

l

3

3

1

2

3

1

2

3

1

Primary visual cortex 
(active)

Retinal stimulation
and recording

WT mouse
WT/rd1 mouse

rd1 mice 
(blind mice) 

WT mice 
(normal mice) 

0

20

40

60
Fi

rin
g 

ra
te

 (H
z)

0

20

40

60

900-nm LED 
470-nm LED 

3D LM microelectrodes

N
IR

 a
rt

ifi
ci

al
 re

tin
a

N
IR

 a
rt

ifi
ci

al
 re

tin
a

INL Degenerated 
ONL

GCL

INL Healthy
ONL

GCL

NIR-perceptive artificial retina

900-nm LED 
470-nm LED 

3D LM microelectrodes

Visible

NIR

NIR

Visible

NIR light exposure
Visible light exposure

NIR light exposure
Visible light exposure

Retina 

NIR-perceptive artificial retina

NS (P = 0.238)

NS (P = 0.449)
P = 0.012

P = 0.005
P = 0.006

P = 0.004

2

With
 FE

T

operat
ion

With
out F

ET

operat
ion

With
 FE

T

operat
ion

With
out F

ET

operat
ion

Fig. 4 | In vivo induction of NIR vision in both rd1 and WT mice. a, Schematic 
illustration of the experimental set-up of the in vivo experiment using both  
rd1 mice and WT mice. b, Photograph of experimental set-up during the in vivo 
experiment using the live WT mouse. Scale bar, 6 mm. c, OCT image of the  
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with device operation, cortical responses from the rd1 mouse showed 
robust activities only upon NIR-light exposure, indicating that our 
artificial retina device can selectively stimulate under different types 
of light (that is, visible light and NIR).

It is important to not only create this new ability (NIR visual percep-
tion), but also for it to coexist with the original abilities (visible-light 
perception). For the WT mouse, the remaining healthy photorecep-
tor cells could only detect visible light (Fig. 4g). However, due to the 
effective stimulation of our artificial retina device upon incident NIR 
light, robust activities from the visual cortex were observed from both 
visible and NIR light (Fig. 4h). The electrophysiological activation 
of the retinal neurons induced rapid cortical responses comparable 
with normal vision (visible-light perception with photoreceptors). 
Before the device operation, there was a large difference between the 
retinal responses (that is, firing rates) after visible-light and NIR-light 
exposure. However, after the device operation, the retinal responses 
to NIR exposure greatly increased, becoming comparable with that of 
the visible-light case (Fig. 4i). Supplementary Fig. 14 shows real-time 
neural responses of RGC spikes (that is, traces of spike potentials and 
firing rates of evoked spikes) in WT mice under constant NIR-light 
illumination (intensity of 1.2 mW cm−2). In contrast with negligible 
neural responses without operating FETs, the FET operation gener-
ated RGC spikes in all pixels upon NIR-light exposure, presenting 
good uniformity in the firing rates recorded from all 36 pixels. For 
example, Supplementary Fig. 15 plots the statistical analysis of firing 
rates upon NIR illumination, and these data follow Gaussian profiles. 
Similar responses with good uniformity were also recorded from all 
36 pixels under visible-light illumination. These results demonstrate 
the perception of both visible and NIR light, effectively broadening the 
visual spectrum to include naturally invisible NIR light in both normal 
and blind mice models.

To assess light-guided behaviour using two different visual modali-
ties, we conducted a head-fixed behavioural task in water-restricted 
WT mice (n = 5) and rd1 mice (n = 5), either implanted with the 
NIR-perceptive artificial retina or serving as non-implanted controls. 
In this task, either NIR or visible-light pulses were presented as vis-
ual cues predicting delayed water delivery (Extended Data Fig. 1a). 
The anticipatory lick rate, defined as lick responses occurring after 
the light cue but before water delivery, was used as a behavioural 
readout. As shown in Extended Data Fig. 1b, implanted rd1 mice 
exhibited strong anticipatory responses specifically to NIR cues, 
confirming the presence of NIR-based visual behaviour. By contrast, 
non-implanted control mice did not show anticipatory licking in 
response to NIR stimuli. Extended Data Fig. 1c,d shows that WT mice 
responded robustly to both visible and NIR light. Quantitative analysis 
showed that the average anticipatory lick rate in NIR-stimulated rd1 
mice was comparable with that of visible-light-stimulated WT mice 
(Extended Data Fig. 1e). Furthermore, we evaluated lick rate across 
various light intensities and found that anticipatory licking increased 
with NIR intensity in implanted rd1 mice, reaching levels similar to 
visible-light-driven behaviour in WT controls (Extended Data Fig. 1f). 
These results demonstrate that the NIR-perceptive artificial retina 
enables behaviourally relevant NIR vision while preserving the normal 
visual behaviour of sighted animals.

Conclusion
We have reported an artificial retina capable of extending visual per-
ception into the NIR spectrum. Our device integrates NIR-sensitive 
phototransistor arrays, an ultrathin NIR-transmission filter and soft 3D 
LM electrodes, allowing effective stimulation of retinal neurons under 
NIR illumination. The integration of NIR-sensitive phototransistors and 
3D LM electrodes provides effective charge injection while minimiz-
ing tissue damage, owing to the electrode’s low Young’s modulus. The 
combination allows the selective stimulation of RGCs in a less mechani-
cally invasive way compared with conventional rigid, solid-based 3D 

electrodes23,24, making our device suitable for epiretinal implantation. 
The ultrathin NIR-transmission filter effectively blocks visible light 
while transmitting NIR light, enabling the device to function without 
interfering with normal vision. Ex vivo experiments demonstrate 
that our device can elicit retinal signals in healthy and blind retinas, 
suggesting its potential in restoring vision. Cortical recordings and 
behavioural tests of mice implanted with the artificial retina indicate 
perception of both visible and NIR light, suggesting that the artificial 
retina could restore or supplement vision as a visual prosthetic, or be 
used for therapeutic interventions.

The primary application of the NIR-perceptive artificial retina is 
supplementing vision in patients with photoreceptor degenerative 
blindness. For example, in patients with advanced retinitis pigmentosa 
(that is, intact inner retina but with little or no rod/cone function), our 
implant could provide a NIR-based visual channel while preserving the 
natural vision that remains. By using an NIR illumination source in dark 
environments, a blind user could perceive surroundings by means of 
the implant, effectively granting vision in conditions where normal 
sight is minimal.

To enhance practicality in real-world environments, multilayer- 
based optical filtering strategies (such as frequency filtering, band-
width tuning and angle selectivity), can be employed to suppress back-
ground NIR noise from solar radiation and artificial sources. These 
filters, composed of alternating layers of SiO2 and amorphous silicon, 
can achieve selective transmittance based on wavelength and incident 
angle (Extended Data Fig. 2; further details on the filter design are 
provided in the Methods). By implementing these strategies, signal 
specificity under complex lighting conditions can be improved and 
environmental interference reduced.

Although our current device is designed to detect NIR light, it 
could be adapted to sense other wavelengths by changing the chan-
nel material of the phototransistor or modifying the filter structure. 
For example, the same mechanism could be used to stimulate the 
retina if the phototransistor was designed to absorb ultraviolet light. 
This adaptability opens possibilities for creating devices that can 
detect a range of wavelengths, from ultraviolet to visible to NIR, for 
various applications. Future work will focus on further miniaturizing 
the device to enhance its structural flexibility and reduce power con-
sumption. This can be achieved by substituting the silicon channels 
in the phototransistors with flexible, highly NIR-sensitive semicon-
ducting nanomaterials. In addition, long-term in vivo studies are 
needed to assess the biocompatibility and stability of the device over 
extended periods.

Methods
Fabrication of Si phototransistor arrays for the artificial retina
First, an array of single-crystalline Si, which serves as the channel of the 
transistor, was photolithographically patterned using a negative photo
resist (SU-8, MicroChem) on a silicon-on-insulator (SOI) wafer (1.5 μm Si 
on 3 μm buried oxide, Soitec, France). The Si channels were etched with 
an RIE system with tetrafluoromethane (CF4) plasma (CF4 40 sccm/O2  
4 sccm, 200 mTorr, 150 W/530 s) to complete the channel isolation 
process. Photoresist residue was subsequently removed through  
Piranha solution (15 min). To separate the Si channel from the SOI wafer, 
the buried oxide layer was etched in a 50% hydrogen fluoride solution 
(18 min). Next, the pattern of Si channels was transferred from an SOI 
wafer onto a thin and transparent polyimide film (thickness: 8 μm) 
using a polydimethylsiloxane stamp (Sylgard 184, 10:1 weight ratio of 
base and curing agent). Cr 5 nm/Au 100 nm were deposited using an 
electron-beam evaporator and were patterned photolithographically 
to form source, drain electrodes and interconnects. Subsequently, 
a 1.3-μm-thick silicon dioxide (SiO2) layer was deposited at 150 °C 
using plasma-enhanced chemical vapour deposition (PECVD) and 
patterned photolithographically to serve as a dielectric layer. For the 
patterning of the gate electrode, a sacrificial layer (LOR 3 A photoresist, 
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Kayaku) was spin-coated on the substrate and was patterned photo-
lithographically. Then ITO was deposited with a thickness of 150 nm at 
room temperature by radio frequency magnetron sputtering and was 
immersed in mr-Rem 700 (Lift-off solution, Micro resist technology) 
at 60 °C for 30 minutes to melt the sacrificial layer. As a biocompatible 
encapsulation layer, a 1-μm-thick layer of parylene C was deposited. 
The local areas of these drain pads were opened by dry RIE etching (O2 
40 sccm, 100 W/240 s) as the sites for printing the stimulation elec-
trodes. Before the formation of 3D EGaIn electrodes, a 30-nm-thick 
layer of Pt was deposited on the opened areas with an electron-beam 
evaporator to prevent gold penetration into the EGaIn. After this step, 
the device was detached from the Si substrate and flipped to face the 
bottom side of the substrate (opposite the phototransistor side). Then 
PECVD was used to deposit an NIR-transmission filter on the bottom 
side of the PI film. The NIR-transmission filter comprised alternating 
layers of ultrathin a-Si and SiO2, with a total thickness of 360 nm. After 
deposition, the filter was photolithographically patterned using dry RIE 
etching with tetrafluoromethane (CF4) plasma (CF4 40 sccm/O2 4 sccm, 
200 mTorr, 150 W/135 s). Subsequently, the device was flipped again, 
and 3D protruding micropillars of LM (that is, EGaIn) were directly 
printed on the open surface of the drain pads using a capillary nozzle 
to form the stimulation electrodes. After coating a parylene C layer 
(thickness: 1 μm) on the entire sidewall of 3D LM pillars, their tips were 
locally opened using an anisotropic RIE process to selectively deposit 
Pt nanoclusters on the tips.

Optical properties of the NIR-transmission filter
Considering the structure of our artificial retina, we designed a thin 
NIR-transmission filter (thickness: 360 nm) that can effectively cutoff 
transmission of the visible-light range and transmit only NIR light. 
Supplementary Fig. 16a illustrates the artificial retina when illumi-
nated with incident light, and Supplementary Fig. 16b shows the mag-
nified schematic of a single pixel of the phototransistor; specifically 
the photoactive region. As depicted in Supplementary Fig. 16b, the 
only membrane that light passes through to reach the Si channel is 
an 8-μm-thick PI film. We therefore designed a filter for the optimal 
cutoff of visible light and transmittance of NIR light as light passes 
through this PI film and reaches the Si channel. As shown in the sche-
matic in Supplementary Fig. 17a, the optical filter consists of seven 
alternating layers of a-Si and SiO2. Supplementary Fig. 17b shows 
a cross-sectional SEM image of the NIR filter. The thickness of the 
layers are optimized for high transmissive efficiency, using stacks 
of the ‘H/2LH/2’ unit of antireflection coatings, based on Herpin’s  
equivalent index25, where H and L denote the high and low refrac-
tive index materials with a quarter-wavelength thickness, respec-
tively (that is, H = λc/4nH and L = λc/4nL; λc = critical wavelength;  
nH = refractive index of the high-index layer; nL = refractive index of 
the low-index layer). The refractive indices used in our studies are 
shown in Supplementary Fig. 18. Considering the refractive indi-
ces and the critical wavelength (520 nm), we set H, the thickness 
of the high refractive index material (that is, a-Si), as 50 nm and L, 
the thickness of the low refractive index material (that is, SiO2), as 
75 nm. This design enabled effective blocking of light transmis-
sion from 440 nm to 600 nm. Moreover, the a-Si layer within the 
filter absorbed incident visible light due to its intrinsic absorptivity, 
resulting in near-complete blocking of visible-light transmission 
(Supplementary Fig. 19). For the transmission spectra shown in 
Supplementary Fig. 19, a quartz substrate was used. Detailed expla-
nations of the fabrication and simulations regarding the optical 
filter are in Methods and the Supplementary Information. Simu-
lations of absorptivity spectra for the Si layer only are shown in 
Supplementary Fig. 20. The results indicate that the NIR filter effec-
tively blocks visible-light transmission while allowing NIR-light trans-
mission, which thus maintains the absorptivity in the NIR range of 
the Si channels comprising the phototransistors.

Fabrication of NIR-transmission filters
A substrate coated with SU-8, ITO and SiO2 was prepared. The design 
configuration of NIR-transparent optical filters consisted of a multi-
layer with alternating layers of a-Si and SiO2. The deposition of all a-Si 
and SiO2 layers was performed using PECV; HiDep-SC, BMR Technol-
ogy). The process began with the deposition of the first a-Si layer, fol-
lowed by the deposition of the SiO2 layer. This sequence was repeated 
until the final multilayer was achieved.

Multilayer NIR-filter design and simulation
To suppress background NIR noise originating from environmental 
sources such as solar radiation and artificial lighting, we designed 
multilayer optical filters using alternating layers of SiO2 and a-Si based 
on three approaches: (1) frequency filtering; (2) bandwidth filtering; 
and (3) angle filtering, which are illustrated in Extended Data Fig. 2a. 
These filters were engineered to selectively transmit specific NIR wave-
lengths or angles of incidence, thereby improving spectral fidelity and 
minimizing noise in complex illumination environments.

Each multilayer structure was constructed by alternating 
30-nm-thick layers of SiO2 (denoted ‘0’) and a-Si (denoted as ‘1’), with 
binary sequences defining the transmission characteristics of each 
design as shown in Extended Data Fig. 2b. Optical simulations were 
conducted assuming an infinitely thick SiO2 glass substrate to eliminate 
interference effects from substrate reflections and boundaries. The 
optical constants of a-Si and SiO2 are shown in Supplementary Fig. 21.

Three distinct filtering strategies were employed.

	(1)	 Wavelength-selective filtering: designs (i)–(iii) were optimized 
to transmit narrow spectral bands centred at 950 nm, 1,000 nm 
and 1,050 nm, respectively. The simulated transmission spectra 
of these filters revealed sharp peaks at the target wavelengths 
(Extended Data Fig. 2c), demonstrating effective frequency 
discrimination against broadband NIR background light.

	(2)	 Bandwidth tuning: designs (iv)–(vi) were developed to modu-
late the full-width at half-maximum (FWHM) of the transmis-
sion peaks at a fixed centre wavelength (950 nm). By adjusting 
the binary layer sequence, FWHM values of 30 nm, 135 nm and 
215 nm were achieved (Extended Data Fig. 2d), enabling tunable 
spectral bandwidths to accommodate different application 
needs.

	(3)	 Angle-dependent filtering: design (vii) was engineered to  
exhibit strong angle selectivity, reducing transmittance for 
oblique incidence angles. As shown in Extended Data Fig. 2e, 
the filter maintained a high transmittance (~0.99) at 980 nm 
under normal incidence, but transmittance dropped substan-
tially for both transverse electric and transverse magnetic 
polarizations with increasing incident angle, reaching ~0.5 at 
10° (transverse electric) and 6° (transverse magnetic). This  
feature helps to suppress off-axis NIR interference and  
enhances signal-to-noise ratio during device operation.

All optical simulations were performed using a transfer matrix 
method implemented in MATLAB (MathWorks, USA), assuming 
non-dispersive refractive indices for SiO2 and a-Si. These filtering 
strategies were experimentally validated by means of transmission 
spectroscopy and implemented in the final device fabrication to 
enhance real-world performance.

Fabrication of 3D LM electrodes
The key steps in the fabrication of the 3D LM electrodes are as follows.

	(1)	 Direct printing of 3D EGaIn electrodes: the direct printing  
system consisted of a capillary nozzle connected to an ink  
reservoir; a pneumatic pressure controller and a six-axis stage 
(H-820 6-Axis Hexapod, Physik Instrumente) with automatic 

http://www.nature.com/natureelectronics


Nature Electronics

Article https://doi.org/10.1038/s41928-026-01601-8

movements in the x, y and z axes; two tilting axes in the x and  
y axes; and rotation in the x–y plane. First, a pipette puller  
(P-1000, Sutter Instrument) was used to make a glass capillary  
(Sutter Instrument) as a nozzle with inner diameters of 
5–50 μm. Then the nozzle was mounted onto a syringe-type 
reservoir, and a substrate was placed on the six-axis stage. All of 
the LM printing steps were recorded by a microscope camera 
(QImaging MicroPublisher 5.0 with real-time viewing, Teledyne 
Photometrics) to control the nozzle relative to the substrate us-
ing the six-axis stage during the printing process. The distance 
between the tip of the nozzle and the substrate was controlled 
to be in the range of 2–16 μm according to the diameter of the 
nozzle, and pneumatic pressure (∼50 psi) was applied to  
deliver EGaIn ink (75.5% gallium and 24.5% indium alloy by 
weight; Changsha Santech Materials) through the nozzle onto 
the substrate. After we controlled the z axis of the six-axis stage 
to make contact between EGaIn and the opened area of the 
drain electrode, the ink was directly printed in a circular shape 
on the top surface of the drain to exhibit a thicker base of the 
3D micropillar for structural stability. By adjusting the printing 
motion along the z axis at a velocity in the range 1–500 μm s−1, 
the 3D pillar of EGaIn with a uniform diameter (except the circu-
lar base part) can be printed. On exposure to air, EGaIn instantly 
forms a thin solid layer (~1 nm) of gallium oxide on its surface 
under atmospheric oxygen levels to maintain its vertical 3D 
structure. This oxide skin is thin enough to avoid substantially 
damaging the cellular interfaces, and it is solid enough to main-
tain its 3D shape against gravity and surface tension.

	(2)	 Selective opening of 3D electrode tips: after the printing of the 
3D pristine EGaIn electrodes, additional parylene C (thickness, 
1 μm) was deposited on the entire device, including the 3D 
electrodes for the passivation of their sidewalls. Only their tips 
were selectively opened using anisotropic O2 RIE (100 W/240 s). 
In addition to the encapsulation layer of the sidewalls of the  
3D micropillars, the additional parylene C layer served as a 
protective layer of the first parylene C encapsulation layer.

	(3)	 Deposition of Pt nanoclusters: to prepare 50 ml of an electro-
plating solution, we mixed 50 ml of deionized water, 10 mg of 
lead acetate trihydrate (Sigma-Aldrich) and 0.5 g of platinum 
tetrachloride (Sigma-Aldrich) at room temperature. This elec-
troplating solution was stirred for 20 min by ultrasonic vibra-
tion. The electroplating was performed by ion transfer between 
the cathode and anode in the Pt electroplating solution. After 
mounting the device to a multichannel recording interface 
(MZ-60, Tucker-Davis Technologies), a cathode (the 3D pristine 
EGaIn microelectrode that is to be electroplated) and an anode 
(Ti/Pt electrode) were immersed in this electroplating solution, 
and each electrode was connected to a source meter (Keithley 
2400, Tektronix). An electrical current of 0.1 mA was applied 
for 60 s to generate the electroplating reaction. Owing to 
potential variations in current under light exposure, we  
performed the electroplating of Pt nanoclusters in the dark.

	(4)	 Rinsing process of the artificial retina: before implantation of 
the device, the artificial retina was rinsed by gently immersing 
the device in 70% ethanol solution (15 min) and deionized water 
(15 min) followed by ultraviolet exposure (30 min).

Ex vivo animal experiments
The retinas of WT (C57BL/6 J, Japan SLC) and rd1 (C3H/HeNCrlOri, 
Japan SLC) mice were explanted. A small piece (~4 × 4 mm) of retina 
was isolated and transferred to the artificial retina with PBS media by 
placing ganglion cell side down to face the device and maintained at 
37 °C with a heating pad. The animal was sacrificed immediately by 
cervical dislocation after the extraction. Immediately before implant-
ing this device into the retina, the device sample was frozen to turn the 

liquid-phase EGaIn into a solid by cooling it below the melting point 
of EGaIn, ~15.7 °C and placing in cold storage. The pillars of 3D LM 
electrodes then returned to a liquid phase and did not collapse after 
being implanted into the retina. Neural responses of the mouse retina 
were generated by operating a phototransistor array with a pulsed bias 
of 3 V to VD with a pulse duration of 1 ms and frequency of 10 Hz, and 
a d.c. bias of −20 V for VG. Electrophysiological recordings were con-
ducted by multielectrode array recording and multichannel stimula-
tion (PZ5 and Subject Interface, Tucker-Davis Technologies, USA) and 
a data processor with a real-time controller (RZ2 BioAmp Processor, 
Tucker-Davis Technologies, USA). We recorded OEP and EEP signals at 
a 25-kHz sampling rate using a 300-Hz low-pass and 3-kHz high-pass 
filter. The experimental data were processed by applying a bandpass 
filter with MATLAB (MathWorks, USA). All animal experimental proce-
dures were conducted based on the guidelines and were approved by 
the Institute of Animal Care and Use Committee of Yonsei University. 
(IACUC-202202-1415-04, Yonsei IACUC, Korea).

In vivo animal experiment for the retinal stimulation
WT (C57BL/ C57BL/6NCrlOri mice; 8–12 weeks old) and rd1 mice (C3H/
HeNCrlOri mice; 8–12 weeks old) were used in this study. All mice were 
housed under a 12-hour light/dark cycle at an ambient temperature of 
22 °C and a relative humidity of 50–60%, with food and water provided 
ad libitum. The mouse was fixed in a stereotaxic frame. A NIR-perceptive 
artificial retina, integrated with a 6 × 6 array of Si phototransistors 
(pixel pitch: 500 μm and device dimension of 1 mm in width), was 
implanted to the innermost retinal surface of the rd1 mouse, with 
external device interconnections. The recording lines were connected 
to the glass pad with interconnect electrodes, patterned with photo-
lithography, and wet etching after deposition of Cr/Au (10/100 nm) 
by an e-beam evaporator. The interconnect pad was inserted into the 
multielectrode array recorder with a multichannel stimulator (PZ5 and 
Subject Interface, Tucker-Davis Technologies, USA) and a data proces-
sor with a real-time controller (RZ2 BioAmp Processor, Tucker-Davis 
Technologies, USA). The multichannel experimental data of spike 
signal and firing rate were obtained and exported by analysis software 
(Synapse Suite, Tucker-Davis Technologies, USA). Then the data were 
processed and mapped with MATLAB (MathWorks, USA).

A commercial blue (wavelength: 470 nm) and NIR (wavelength: 
900 nm) LED was fixed in front of the eyeball and delivered light for 
the optical stimulation. Illumination of visible light (wavelength of 
470 nm) or NIR light (wavelength of 900 nm) was applied to the fundus 
of the mouse eye. Lensectomy was performed to conformally attach 
the NIR-perceptive artificial retina onto the surface of the retina. The 
artificial retina applied monophasic electrical pulses (5 μA, 1 ms and 
10 Hz) upon NIR-light exposure (duration: 0.5 s) to the retinal ganglion 
cells by means of 36 pixels of 3D LM electrodes. Typical sessions lasted 
3 h, from implantation to electrophysiological signal recordings. To 
record the neural responses by the stimulations, parylene C insulated 
commercial tungsten microelectrodes (~1 MΩ at 1 kHz, 100 μm dia
meter) were inserted into the primary visual cortex (at the coordinates 
anteroposterior, −3.0 mm; mediolateral, +2.5 mm; dorsoventral, 1 mm). 
The neural signal was filtered between 0.3 kHz and 5 kHz and sampled 
at 25 kHz. Animal experiments were conducted based on the guidelines 
of the Institute of Animal Care and Use Committee of Yonsei University. 
(IACUC-202312-1774-01, Yonsei IACUC, Korea).

In vivo behavioural tests
WT mice and Rd1 mice were handled daily and received ~0.5–1 ml of 
water per session, until body weight reached ~80% of the ad libitum 
weight (typically within 5–7 days). Health status and weight were moni-
tored daily. Before starting behavioural evaluation, mice were progres-
sively habituated to the experimental set-up, including head fixation 
and enclosure within a ‘body’ tube. Enclosure of the mouse body within 
a cylindrical acrylic tube was found to maximize animal comfort during 
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head fixation. Eyes were dilated with atropine 0.5% 15 min before behav-
ioural evaluation. Rd1 experiments were performed in the dark. NIR 
experiments in WT mice were performed in ambient light. Visible-light 
experiments in WT mice were performed in the dark. Mice performed a 
voluntary action NIR-detection task by licking a waterspout (18 G nee-
dle, 5 mm from mouth) in response to full-field, 200-ms stimulation of 
one eye (900-nm NIR light). Water (~7 μl) was automatically dispensed 
500 ms after light onset, through a calibrated gravity water system 
gated with a solenoid pinch valve. Intervals between trials ranged from 
10 s to 30 s. Training lasted four days for NIR light and for visible light. 
Typical sessions lasted ~40 min. To assess the impact of the light cue, 
lick rates were calculated after stimulus onset but before water valve 
opening. Spontaneous background lick rates (1-s time window before 
stimulus onset) were subtracted from stimulus-driven lick rates. For 
Z scores, the mean and standard deviation of a 500-ms background 
time interval was used. An Arduino Uno board provided control of the 
behavioural protocol, including lick detection, water valve opening 
and variation of NIR-stimulus intensities.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The data regarding the characterization of the NIR-perceptive artificial 
retina and animal experiments are available via figshare at https://doi.
org/10.6084/m9.figshare.30631124 (ref. 26). The raw neural data-
sets generated during this study are available from the correspond-
ing authors upon reasonable request. Source data are provided with 
this paper.

Code availability
The source codes for MATLAB are available via figshare at https://doi.
org/10.6084/m9.figshare.30631124 (ref. 26).
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Extended Data Fig. 1 | Visible and NIR light-guided behavior. a, Schematic of  
the behavioral setup for rd1 mice implanted with the NIR-perceptive artificial 
retina. NIR (900 nm) or visible light (470 nm) served as a cue preceding water 
reward delivery. Anticipatory licking was measured before water delivery.  
b, Heat maps showing time-aligned lick activity (z-scored) in response to NIR and 
visible light cues in rd1 mice with or without the NIR-perceptive artificial retina 
(n = 5 biologically independent mice per group). c, Behavioral setup for wild-type 
(normal) mice implanted with the same device. d, Heat maps of lick behavior in 
response to light cues in normal mice, showing that the artificial retina enables 
anticipatory licking upon NIR exposure, while control mice respond only to 

visible light. e, Average anticipatory lick rates for rd1 and normal mice under NIR 
and visible light stimulation. Rd1 mice with the NIR-perceptive retina respond  
preferentially to NIR cues, while normal mice respond to both. Data are mean ± S.D.  
with n = 5 biologically independent mice. f, Lick rate as a function of light 
intensity for NIR and visible light in normal mice. Data are mean ± S.D. with n = 5 
biologically independent mice. Both types of light produced graded increases in 
lick rate, indicating effective cue association and perceptual integration. Mouse 
illustrations in a and c created in BioRender; Chung, W. https://biorender.com/
lji5rqi (2026).
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Extended Data Fig. 2 | Multilayer NIR filter design for practical applications. 
a, Optical filtering strategies based on multilayers. Schematics of three filtering 
mechanisms addressing (1) frequency, (2) bandwidth, and (3) angle selectivity. 
b, Structural parameters of the NIR filters (i-vii). Each filter is represented by a 
binary layer sequence, where 0 indicates a 30 nm SiO2 layer and 1 indicates to 
a 30 nm a-Si layer. All multilayer designs were computed assuming an infinite-
thickness SiO2 glass substrate to effectively analysis characteristics from any 
substrate boundary effects. c, Transmission spectra of the filters (i, ii, iii), each 

tuned to a different central wavelength at 950, 1000, and 1050 nm, respectively. 
d, Transmission spectra of the filters (iv, v, vi) designed for bandwidth control at 
a fixed centre wavelength of 950 nm, showing adjustable FWHM values of 30, 135, 
and 210 nm, respectively. e, Transmittance spectra of angle-selective filter (vii) at 
980 nm for TE and TM polarization with varying incident angles (θ). The filter (vii) 
achieves maximum transmittance at normal incidence, and its transmittance for 
both polarizations drops below 0.5 when the incident angle exceeds 10°.
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