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Human vision relies on photoreceptor cells in the outer retina that are
sensitive to visible light. However, many people suffer from blindness
duetoretinal diseases that cause photoreceptor degeneration. Electrical
stimulation of retinal neurons canrecreate the action potentials associated
with seeing that are generated by these cells. Here we report a thin artificial
retinathat canbe 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
invivo studies using healthy and blind mice demonstrate perception of both
visible and NIR light, as indicated by cortical recordings and behavioural
tests. Theretina 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 retina’. These
cells contain light-absorbing pigments, consisting of opsins and their
covalently linked retinals. However, detecting longer wavelength light,
suchasnear-infrared (NIR), is much more challenging due to their lower
photonenergy, which requires opsins with much lower energy barriers.
This results in high thermal noise, making NIR visual pigmentsimprac-
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 ongenerating artificial visual perceptionin people with
degenerate photoreceptor cells due toretinal diseases, using photore-
active electronics—electronic retinal prostheses—to restore vision®™.

The integration of optoelectronics with biological systems has
developed devices that can interface intimately with mammals,

'Department of Materials Science & Engineering, Yonsei University, Seoul, Republic of Korea. ?Center for Nanomedicine, Institute for Basic Science
(IBS), Seoul, Republic of Korea. *Graduate Program of Nano Biomedical Engineering (NanoBME), Advanced Science Institute, Yonsei University, Seoul,
Republic of Korea. “Department of Applied Physics, Kyung Hee University, Gyeonggi-do, Republic of Korea. *Ophthalmology Division, Jiangsu Kerbio
Medical Technology Group Co. Ltd., Changzhou, China. ®Institute of Vision Research, Department of Ophthalmology, Severance Eye Hospital, College
of Medicine, Yonsei University, Seoul, Republic of Korea. 'Brain Korea 21 Project for Medical Sciences, College of Medicine, Yonsei University, Seoul,
Republic of Korea. éInstitute of Vision Research, Department of Ophthalmology, Gangnam Severance Hospital, Yonsei University College of Medicine,
Seoul, Republic of Korea. °Department of Neurosurgery, College of Medicine, Yonsei University, Seoul, Republic of Korea. °These authors contributed

equally: Won Gi Chung, Inhea Jeong.

e-mail: shbyeon@yuhs.ac.kr; sunkim@khu.ac.kr; jang-ung@yonsei.ac.kr

Nature Electronics


http://www.nature.com/natureelectronics
https://doi.org/10.1038/s41928-026-01601-8
http://orcid.org/0000-0003-2226-4755
http://orcid.org/0000-0002-0108-4686
http://orcid.org/0000-0001-7900-4159
http://orcid.org/0000-0002-0502-3370
http://orcid.org/0009-0009-5800-1683
http://orcid.org/0000-0003-0543-7132
http://orcid.org/0000-0001-8101-0830
http://orcid.org/0000-0002-0715-0066
http://orcid.org/0000-0003-1522-4958
http://crossmark.crossref.org/dialog/?doi=10.1038/s41928-026-01601-8&domain=pdf
mailto:shbyeon@yuhs.ac.kr
mailto:sunkim@khu.ac.kr
mailto:jang-ung@yonsei.ac.kr

Article

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

including humans®~’. As therapeutic technologies improve, these could
lead to both restored and healthy abilities®, 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, aclinical study has shown that
patients with age-related macular degeneration were able to simulta-
neously use prosthetic central vision and natural peripheral vision,
demonstrating thatartificial and natural visual modalities can coexist®.
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
convertthe NIRlightinto electrical stimuliand deliver it to theretinal
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
electrodetips 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
approaches®’. 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 visioninto the NIR, opening up possibilities for expanded
human sensory capabilities, and offering practical applications such
as perceiving thermal signatures.

NIR-perceptive artificial retina

Figure l1aillustrates the anatomical structure of the retinal tissues
where our NIR-perceptive artificial retinadevice isimplanted 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 um, diameter:
20 pm) 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 (/). This amplified /, greatly increases
the charge injection to RGCs through the 3D microelectrodes with
pulsed stimuli of drain voltage (V). 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)"°. To expand
the mammalian visual spectruminto 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,

visible light transmits through the gaps between the filter patterns
(spacing: 40 um), 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
thevisual spectruminto the NIRrange. Figure Icillustrates aschematic
layout of the NIR-perceptive artificial retina device. The phototransis-
tors consist of single-crystalline Si channels (thickness: 1,500 nm),
Cr/Au/Ptsource/drain electrodes (thickness: 5/100/30 nm), atranspar-
ent SiO, dielectriclayer (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)/
SiO, NIR-transmission filter pattern positioned on the opposite side of
the phototransistors. The 3D protruding micropillars of LM (EGaln)
were directly printed onthe open surface of the drain pads using a capil-
lary nozzle to formthe stimulation electrodes. After coating a parylene
C layer (thickness: 1 pm) on the entire sidewall of the 3D LM pillars,
their tips werelocally opened using an anisotropic reactiveion etching
(RIE) process to selectively deposit Pt nanoclusters on the tips. The
detailed fabrication processes of the NIR-perceptive artificial retinaare
describedin 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.
Aphoto of the device is shownin Fig. le.

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-um-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 amuch
lower viability of 4.01%. These results indicate that our artificial retina
did notexhibit notable cytotoxicity, satisfying thein vitro cytotoxicity
standard (>80%) for medical devices (IS0 10993-5)".

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). Asshownin
Supplementary Fig. 5, the device remained stably positioned on the reti-
nalsurface without tilting or collapsing, and the 3D LM microelectrode
tips were properly positioned within the RGC layer, with no signs of
malignancy or inflammation. Theimmunohistochemical analysis also
revealed preserved fluorescence signals for RGC markers and no nota-
ble gliosis or microglial activation (Supplementary Fig. 6), supporting
thelong-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 cm*V's™,
the on/off ratio (I,,/1.¢) as 4.41 x 10° and the threshold voltage (V,;) as
4.08 V. The statistical analysis of the field-effect mobility, /,,//, and
V., of a50 x 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 (V, =5 V) and output
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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. ¢, Schematic of the layouts of

the artificial retina based on the integration of photosensitive transistors with
3D LMelectrodes. d, SEM image of the NIR-transmission filter. The grey part
blocks visible light and the black part transmits visible light. Scale bar, 100 pm.

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=3Dbiological replicates, each representing anindependent sample. GCL,
ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer;

PI, propidiumiodide.

characteristics (V; =70 V) show typical light-sensitive FET behaviour
when illuminated with NIR light (wavelength: 900 nm) of intensities
ranging from O to 1.2 mW cm™. The range of the NIR-light intensi-
ties was set as environmental indoor NIR-light levels'?. The inset of
Fig.2b shows the output characteristicsin the cutoffrange (V;=-20V).
As the level of the drain current (/) and the sensitivity of the FETs
were optimal for retina stimulation (1-20 pA), 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 (V, =5V, V;=-20V and light intensity of
1.0 mW cm™), and both the response and recovery time of the photo-
transistor was 10 ms. As shown in Fig. 2d, the relative changes in /I, of
the Si phototransistor arrays (Aly/l,) exhibit a linear relationship with

theintensity of incident light (/, is I, at the dark state and Al, = I, — I,).
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 /I, 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 amajor advantage as bioelectrodes™ . 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.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 cm2at 900 nm) at V, 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 cm2at 900 nm) at saturation region (V; =70 V). The inset shows the
output characteristics in the cutoffregion (V;=-20 V). ¢, Response time of the
phototransistor arrays at V, =5V, V;=-20 Vunder lightirradiation (intensity of
1.0 mW cm™at 900 nm). d, Relative changes in /, of the phototransistor array as a
function of light intensities at V, =5V, V;=-20 V. The slope of the plot represents
the responsivity of the device. e, Relative changesin /, of the phototransistor
array as a function of light wavelength with NIR-transmission filterat V,=5V,

Vs=-20V.f, SEM image of Pt nanoclusters locally coated on the tip of the 3D

LM electrode. Scale bar, 1 pm. 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 LMelectrodes at1-day intervals over 10 days under accelerated ageing test
environments. j, Voltage transients in response to biphasic pulses (pulse width,
200 ps; interphase delay, 40 ps; current amplitude, 15 pA) measured daily under
accelerated ageing test environments over 10 days. k, Changes inimpedance
at1-kHz frequency and CIC values over 10 days under accelerated ageing
environments.

interfaces. The modulus of our 3D LM electrodes (236 kPawith parylene
Csidewalls and Pt nanocluster tips) was comparable with that of the tis-
suesintheeye, such asthesclera, corneaandretina® . By contrast, as
shownin Supplementary Fig. 9, the modulus of rigid solid-type materi-
alsused 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 EGaln 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

our3D 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/AgClelectrode and a Pt
sheetused asreference and counter electrodes, respectively. Figure 2g
plotstheimpedance of the 3D LM electrodes (height: 60 pim) by sweep-
ing the frequencies from 10 Hz to 100 kHz, presenting an impedance
of 210 kQ (at 1 kHz) for an electrode area of 32.1 um? This impedance
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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 mVs™
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™for the electrode area of 32.1 pm?). As shown
in Fig. 2h, a typical stimulating pulse signal (pulse width =1 ms, fre-
quency =10 Hz, V, =1V)wasrecorded by arecording electrode placed
adjacent to the stimulation electrode (distance between electrodes:
40 pum) 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™. Electrochemical impedance
spectroscopy was then conducted at one-day intervals to monitor
impedance changes at 1kHz (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 kQ
to 253.59 kQ. In addition, under accelerated ageing conditions, the
CIC remained stable, decreasing only marginally from 9.35 mC cm™
t0 9.04 mC cm™ 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 thisex vivo recording, isolated small pieces of retinas (-4 x 4 mm)
fromboth WT (C57BL/6J, 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 pm, 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,
asdetermined by our previous study?. Figure 3a presents aschematic
illustration of this experimental set-up, and Fig. 3billustrates theinter-
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, a2-pm-thick insulating layer
of SU-8 was sandwiched between these two components. As plottedin
Supplementary Fig. 11, the insertion of the SU-8 layer did not reduce
the NIR absorption of the Si channel in the FET?. For recording retinal
responses (thatis, 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 pm). For electrically stim-
ulating the retina, the FETs were operated with a specific condition
(Vp: pulsed bias of 3 V with a pulse duration of 1 ms and frequency of
10 Hz, V;: 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. 3¢, 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™) and NIR light (wavelength: 900 nm, intensity:
1.2 mW cm™) 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, theretinas’ electrically evoked potentials (EEPs)
stimulated by operating our FETs (V},: pulsed bias of 3 V with a pulse
duration of 1 ms and frequency of 10 Hz, V;: d.c. bias of =20 V) were

alsorecorded foridentical illumination conditions. These OEP and EEP
signals were obtained at a25-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 puV for the visible-light-exposure case,
indicating that NIR-lightillumination did notinduce 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 pV and 86 pV, 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 O to
1.2mW cm™. As shown in Fig. 3g, firing rates of RGC spikes increased
with lightintensity inboth WT and rd1retinas. Furthermore, these EEP
signals demonstrated that the electrical stimulation provided by our
device induced neural responses in both WT and rdl 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 rdlretina. This similarity can be attributed to the fact that the WT
retina does not exhibitintrinsic photoresponses to NIRlight inits func-
tional photoreceptor layers. Consequently, both WT and rd1 retinas
rely on the artificial stimulation provided by our device to respond to
NIRlight, resulting in comparable neural activities.

Invivo induction of NIR vision in retinal
degenerative and WT mice

Tovalidate that our artificial retina device caninduce 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), afterimplanting
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
thefrontallobe for reference (Fig. 4a). When the retina perceiveslight,
theoptical signal transitionsto 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 cortex®.
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 x 6 array
of Si phototransistors (pixel pitch: 500 pm, device dimension: 1 mm
inwidth), integrated with the NIR-transmission filter and 3D LM elec-
trodes. This device was thenimplanted onto the mouse’s retinal surface
with externalinterconnections. Figure 4b shows a photographofaWT
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 um, diameter: 20 pm) formed on an
8-um-thick PIfilmwereimplanted 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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Fig. 3| Ex vivo evaluation of retinal responses. a, Schematicillustration of
experimental set-up for an ex vivo experiment using WT and rd1 mouse retinas.
b, Schematic illustration of experimental set-up for an ex vivo experiment using
WT mouse retinas. ¢, Neural responses of evoked RGC spikes of WT mouse retina
under visible light and NIR light without device operation. d, Comparison of the
electrical potentials between NIR light and visible light during device operation
withand without device operation from WT mouse retina. Data are presented
asmean ts.d.; n=15independent experiments. Statistical significance was
evaluated using an unpaired one-tailed Student’s ¢-test; not significant (NS);
****indicates P < 0.0001; exact Pvalues are provided in the source data.

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™) during the operation of the NIR-perceptive artificial retina with
3D LMelectrodes (height, 60 pm). f, Neural responses of evoked RGC spikes of
rdlmouse retina under the various intensities of light illumination (wavelength
0f 900 nm, intensities of 0, 0.3, 0.6, 0.9,1.2 mW cm™) during the operation of the
NIR-perceptive artificial retina with 3D LM electrodes (height, 60 pm). 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 = Sbiologically
independent mice.

their tips and RGCs) without collapsing. For simultaneous stimulation
andrecording 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 pm (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, rested for 3 s, and then exposed visible blue light
to the fundus of the eye for 1s. 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 rdl mouse was able to perceive NIR light, as evidenced by the
cortical recordings plottedin 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 rdl mouse without operating our device. However,
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Fig.4|Invivoinduction of NIR visionin bothrd1and 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. ¢, OCT image of the

WT mouse retina after device implantation. OCT image shows the retinal
tissues surrounding the 3D LM electrodes. Scale bar, 100 um. d, Schematic
illustrations of in vivo animal experiments using rd1 mice with visible-light
illumination (wavelength, 470 nm) and NIR light (wavelength, 900 nm).

e, Cortical responses from the mouse visual cortex (raw traces of single-unit
RGC spikes and corresponding raster plots) during the operation of the artificial
retina under constant visible-light illumination (wavelength, 470 nm) and
NIRlight (wavelength: 900 nm). Scale bars, horizontal, 200 ms; vertical, 100 pV.
f, Quantitative comparison of the firing rate from the visual cortex in rd1l

mice with and without the NIR-device operation under NIR and visible-light

stimulation. Data are presented as mean * s.d.; n = 3 biologically independent
mice. Statistical significance was evaluated using an unpaired one-tailed
Student’s t-test; NS. g, Schematic illustrations of in vivo animal experiments
using WT mice with visible-lightillumination (wavelength, 470 nm) and NIR
light (wavelength, 900 nm). h, Cortical responses from the mouse visual
cortex (raw traces of single-unit RGC spikes and corresponding raster plots)
during the operation of the artificial retina under constant visible and NIR-light
illumination. Scale bars, horizontal, 200 ms; vertical, 100 pV. i, Quantitative
comparison of the firing rate in WT mice with and without the NIR-device
operation under NIR and visible stimulation. Data are presented as mean +s.d.;
n=3biologically independent mice. Statistical significance was evaluated
using an unpaired one-tailed Student’s ¢-test; NS. Mouse illustrationsina, d and
gcreated in BioRender; Chung, W. (2026): https://biorender.com/lji5rqi(a),
https://biorender.com/uij8Ibh (d,g).
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with device operation, cortical responses from the rd1mouse showed
robust activities only upon NIR-light exposure, indicating that our
artificial retina device can selectively stimulate under different types
of light (that s, visible light and NIR).

Itisimportanttonotonly 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 uponincident NIR
light, robust activities from the visual cortex were observed fromboth
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 alarge difference between the
retinal responses (thatis, 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™). 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 toinclude naturally invisible NIR lightinboth normal
and blind mice models.

Toassess light-guided behaviour using two different visual modali-
ties, we conducted a head-fixed behavioural task in water-restricted
WT mice (n=35) and rd1 mice (n=35), 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
enablesbehaviourally relevant NIR vision while preserving the normal
visual behaviour of sighted animals.

Conclusion

We have reported an artificial retina capable of extending visual per-
ceptioninto 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
NIRillumination. 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 RGCsin aless mechani-
cally invasive way compared with conventional rigid, solid-based 3D

electrodes™**, 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
(thatis, intactinner retina but with little or norod/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
sightis minimal.

To enhance practicality in real-world environments, multilayer-
based optical filtering strategies (such as frequency filtering, band-
widthtuning and angle selectivity), can be employed to suppress back-
ground NIR noise from solar radiation and artificial sources. These
filters,composed of alternatinglayers of SiO,and amorphoussilicon,
canachieve 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
retinaif 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 enhanceits 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
neededto assess the biocompatibility and stability of the device over
extended periods.

Methods

Fabrication of Si phototransistor arrays for the artificial retina
First,anarray of single-crystalline Si, which serves asthe channel of the
transistor, was photolithographically patterned using a negative photo-
resist (SU-8, MicroChem) on asilicon-on-insulator (SOI) wafer (1.5 pm Si
on3 umburied oxide, Soitec, France). The Si channels were etched with
an RIE system with tetrafluoromethane (CF,) plasma (CF,40 sccm/O,
4 sccm, 200 mTorr, 150 W/530 s) to complete the channel isolation
process. Photoresist residue was subsequently removed through
Piranhasolution (15 min). To separate the Si channel from the SOl wafer,
the buried oxide layer was etched ina 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 pm)
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-um-thick silicon dioxide (SiO,) 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, asacrificial layer (LOR 3 A photoresist,
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Kayaku) was spin-coated on the substrate and was patterned photo-
lithographically. ThenITO was deposited with athickness of 150 nmat
roomtemperature by radio frequency magnetron sputtering and was
immersed in mr-Rem 700 (Lift-off solution, Micro resist technology)
at 60 °Cfor 30 minutes to melt the sacrificial layer. As abiocompatible
encapsulation layer, a 1-um-thick layer of parylene C was deposited.
Thelocal areas of these drain pads were opened by dry RIE etching (O,
40 sccm, 100 W/240 s) as the sites for printing the stimulation elec-
trodes. Before the formation of 3D EGaln 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 EGaln. After this step,
the device was detached from the Si substrate and flipped to face the
bottomside 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 SiO,, with atotal thickness of 360 nm. After
deposition, the filter was photolithographically patterned using dry RIE
etching with tetrafluoromethane (CF,) plasma (CF, 40 sccm/O,4 sccm,
200 mTorr, 150 W/135 s). Subsequently, the device was flipped again,
and 3D protruding micropillars of LM (that is, EGaln) 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 um) ontheentire sidewall of 3D LM pillars, their tips were
locally opened using an anisotropic RIE process to selectively deposit
Ptnanoclusters on the tips.

Optical properties of the NIR-transmission filter
Consideringthe 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 withincidentlight, 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-pum-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 PIfilmand reaches the Sichannel. As shownin the sche-
matic in Supplementary Fig. 17a, the optical filter consists of seven
alternating layers of a-Si and SiO,. 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 index”, where H and L denote the high and low refrac-
tive index materials with a quarter-wavelength thickness, respec-
tively (thatis, H=A./4n, and L =1 /4n,; A. = critical wavelength;
n,=refractive index of the high-index layer; n, = 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 nmand L,
the thickness of the low refractive index material (that is, Si0,), 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 absorbedincident 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 SiO, was prepared. The design
configuration of NIR-transparent optical filters consisted of a multi-
layer with alternating layers of a-Si and SiO,. The deposition of all a-Si
and SiO, 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 SiO, 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 opticalfilters using alternating layers of SiO, and a-Sibased
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 SiO, (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 aninfinitely thick SiO, glass substrate to eliminate
interference effects from substrate reflections and boundaries. The
optical constants of a-Siand SiO, 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.
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.

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.

2

~

(3

~

All optical simulations were performed using a transfer matrix
method implemented in MATLAB (MathWorks, USA), assuming
non-dispersive refractive indices for SiO, 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
Thekey stepsinthe fabrication of the 3D LM electrodes are as follows.

(1) Direct printing of 3D EGaln 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
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movements in the x, y and z axes; two tilting axes in the x and
yaxes; 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 pm. 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 pm according to the diameter of the
nozzle, and pneumatic pressure (~50 psi) was applied to
deliver EGaln 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 EGaln 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 pm s,
the 3D pillar of EGaln with a uniform diameter (except the circu-
lar base part) can be printed. On exposure to air, EGaln 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.

Selective opening of 3D electrode tips: after the printing of the
3D pristine EGaln electrodes, additional parylene C (thickness,
1um) was deposited on the entire device, including the 3D
electrodes for the passivation of their sidewalls. Only their tips
were selectively opened using anisotropic O, 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.
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
EGaln 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.
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).
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Ex vivo animal experiments

The retinas of WT (C57BL/6J, Japan SLC) and rd1 (C3H/HeNCrlOri,
Japan SLC) mice were explanted. A small piece (-4 x 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-
ingthisdeviceintotheretina, the device sample wasfrozento turnthe

liquid-phase EGaln into a solid by cooling it below the melting point
of EGaln, ~15.7 °C and placing in cold storage. The pillars of 3D LM
electrodes thenreturned to a liquid phase and did not collapse after
beingimplantedinto theretina. Neural responses of the mouse retina
were generated by operating a phototransistor array with a pulsed bias
of 3V to V,, with a pulse duration of 1 ms and frequency of 10 Hz, and
ad.c. bias of -20 V for V. Electrophysiological recordings were con-
ducted by multielectrode array recording and multichannel stimula-
tion (PZ5and 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).

Invivo animal experiment for the retinal stimulation

WT (C57BL/ C57BL/6NCrlOri mice; 8-12 weeks old) and rd1 mice (C3H/
HeNCrlOri mice; 8-12weeks old) were used in this study. All mice were
housed undera12-hourlight/dark cycle at an ambient temperature of
22 °Candarelative humidity of 50-60%, with food and water provided
adlibitum. Themouse wasfixed inastereotaxic frame. ANIR-perceptive
artificial retina, integrated with a 6 x 6 array of Si phototransistors
(pixel pitch: 500 pm and device dimension of 1 mm in width), was
implanted to the innermost retinal surface of the rd1 mouse, with
external deviceinterconnections. 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 amultichannel stimulator (PZ5and
SubjectInterface, 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
signaland 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. lllumination 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 pA, 1 ms and
10 Hz) upon NIR-light exposure (duration: 0.5 s) to theretinal ganglion
cellsby 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 Cinsulated
commercial tungsten microelectrodes (-1 MQ at 1 kHz, 100 pm dia-
meter) were inserted into the primary visual cortex (at the coordinates
anteroposterior,—3.0 mm; mediolateral, +2.5 mm; dorsoventral,1 mm).
Theneural signal was filtered between 0.3 kHzand 5 kHz and sampled
at25kHz. Animal experiments were conducted based on the guidelines
oftheInstitute 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 withina ‘body’ tube. Enclosure of the mouse body within
acylindricalacrylic 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
experimentsin WT mice were performed in ambient light. Visible-light
experimentsin WT mice were performed in the dark. Mice performed a
voluntary action NIR-detection task by licking awaterspout (18 G nee-
dle, 5 mm from mouth) in response to full-field,200-ms stimulation of
oneeye (900-nmNIRlight). Water (-7 pl) was automatically dispensed
500 ms after light onset, through a calibrated gravity water system
gated withasolenoid pinchvalve. Intervals between trials ranged from
10 st030 s. Traininglasted 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
timeinterval 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 dataregarding the characterization of the NIR-perceptive artificial
retinaand 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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substrate boundary effects. ¢, Transmission spectra of the filters (i, ii, iii), each
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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
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and 210 nm, respectively. e, Transmittance spectra of angle-selective filter (vii) at
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Data were acquired in BD FACSuite software and analysed in FlowJo software.

For analysis, 10,000 cells were recorded from each sample.

Cells were first gated to exclude debris (using FSC-A vs SSC-A), then gated for singlet (using FSC-H vs FSC-W and SSC-H vs SSC-

W, sequentially). Gating was set up to use reference and positive control (puromycin-treated cells) (Pl negative vs Pl positive
and FITC negative vs FITC positive, respectively).

|Z Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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