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Liquid-metal-based three-dimensional 
microelectrode arrays integrated with 
implantable ultrathin retinal prosthesis for 
vision restoration

Won Gi Chung    1,2,3,10, Jiuk Jang1,2,3,10, Gang Cui    4,10, Sanghoon Lee    1,2,3,10, 
Han Jeong4,5, Haisu Kang6, Hunkyu Seo    1,2,3, Sumin Kim1,2,3, Enji Kim1,2,3, 
Junwon Lee    7, Seung Geol Lee    6,8  , Suk Ho Byeon    4,5   & 
Jang-Ung Park    1,2,3,9 

Electronic retinal prostheses for stimulating retinal neurons are promising 
for vision restoration. However, the rigid electrodes of conventional retinal 
implants can inflict damage on the soft retina tissue. They also have limited 
selectivity due to their poor proximity to target cells in the degenerative 
retina. Here we present a soft artificial retina (thickness, 10 μm) where flexible 
ultrathin photosensitive transistors are integrated with three-dimensional 
stimulation electrodes of eutectic gallium–indium alloy. Platinum 
nanoclusters locally coated only on the tip of these three-dimensional 
liquid-metal electrodes show advantages in reducing the impedance of the 
stimulation electrodes. These microelectrodes can enhance the proximity 
to the target retinal ganglion cells and provide effective charge injections 
(72.84 mC cm−2) to elicit neural responses in the retina. Their low Young’s 
modulus (234 kPa), owing to their liquid form, can minimize damage to the 
retina. Furthermore, we used an unsupervised machine learning approach 
to effectively identify the evoked spikes to grade neural activities within 
the retinal ganglion cells. Results from in vivo experiments on a retinal 
degeneration mouse model reveal that the spatiotemporal distribution of 
neural responses on their retina can be mapped under selective localized 
illumination areas of light, suggesting the restoration of their vision.

Retinal degenerative diseases, including retinitis pigmentosa and 
age-related macular degeneration, can cause gradual loss or permanent 
damage to photoreceptor cells, resulting in severe vision impairment1,2. 
However, the inner retinal neurons (ganglion and bipolar cells) can be 
preserved despite photoreceptor degeneration.

An electronic retinal prosthesis, which electrically stimulates 
inner retinal neurons using photoresponsive devices, has emerged as 
a promising method to restore vision3–6. The electrical activation of 

retinal neurons can generate visual perceptions (phosphene)7–13. This 
device has been adapted to human subjects blind by retinal degenera-
tion, although still being limited by low visual acuity. The subretinal 
prosthesis, placed between the retinal pigment epithelium and the 
degenerated photoreceptor layer, provides stable mechanical fixa-
tion of the device, but has a greater degree of surgical difficulty with 
a limited implant size. The risks associated with subretinal implanta-
tion also include residual photoreceptor loss and retinal pigment 
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the device layout. The 3D EGaIn micropillar array was directly printed 
on the drain electrode surfaces of the phototransistors to form the 
stimulation electrodes at room temperature. Then, the pillars’ sidewalls 
were encapsulated by the parylene C layer. The pillars’ tips were opened 
using anisotropic O2 reactive ion etching (RIE) as the charge injection 
sites to the retinal tissue before the electroplating of Pt nanoclusters, 
denoted as Pt black (PtB) (Extended Data Fig. 1). Methods describes the 
detailed fabrication processes. This PtB coating adds nanometre-scale 
roughness to these 3D LM microelectrodes, substantially increasing 
their electrochemical surface area. When external light is illuminated 
onto the phototransistor, a photocurrent is generated within the semi-
conductor channel, resulting in the amplification of its drain current 
(ID). This amplified ID generated due to the incident light suggests the 
substantially increased charge injection into RGCs through the 3D LM 
microelectrode with pulsed stimuli of drain voltage (VD). Then, the 
action potentials evoked within the RGCs can be delivered to the optic 
nerve, thereby substituting the visual information. Figure 1c shows this 
artificial retina where a high-resolution transistor array was integrated 
with the 3D LM microelectrodes. In this sample, these 3D LM microelec-
trodes (height, 60 μm; diameter, 20 μm) were formed in every drain 
electrode of this transistor array (Fig. 1d and Supplementary Fig. 2). 
Figure 1e shows the locally coated PtB on the 3D LM microelectrode’s 
tip. This negligibly changed the elastic modulus of the 3D printed EGaIn, 
which was comparable with biological tissues and significantly lower 
than the rigid, solid-state electrodes (Supplementary Fig. 3). On the 
other hand, the long-term implantation of these conventional elec-
trodes has been limited due to the considerable damage to the deli-
cate retina tissue when interfacing them. Although the Argus implant 
was shown to function ten years post-implantation, discrepancies 
between the retina surface and the device’s rigid components have been 
reported. Such mismatches increased the geometrical gap between 
them, leading to a substantial decrease in impedance but an increase 
in stimulation threshold, limiting the effective retinal stimulation40.

We conducted a cell viability test using live/dead cell assay with 
human retinal pigment epithelium cells. The differences in the portion 
of live/dead cells between the device and reference for seven days were 
negligible (Fig. 1f). The percentage of cell survival of the device was 
82% (Fig. 1g). We also conducted an in vitro apoptosis assay using flow 
cytometry and 98.3% of the cells cultured on the device were live cells 
(Supplementary Fig. 4). These results satisfy the in vitro cytotoxicity 
standard (>80%) for medical devices41.

To ensure the in vivo biocompatibility of the device with 3D LM 
microelectrodes, various tests, regarding immune and neurotoxicity, 
were conducted five weeks post-implantation in live rd1 mice (n = 3). 
First, five-week monitoring of the fundus showed no signs of bleed-
ing, inflammation or cataracts despite the device implantation (Sup-
plementary Fig. 5). Next, an immunohistochemical assay revealed 
no decline in fluorescence indicative of RGC and no accumulation of 
macrophages and microglia (Supplementary Fig. 6). The 3D rendered 
images taken by the confocal imaging of the whole-mount mouse 
retina on the device also showed no accumulation of macrophages 
and microglia around them (Supplementary Fig. 7). Third, the device 
was implanted onto the retinal surface without tilting or collapsing 
with 3D LM microelectrode tips positioned on the RGC layer with 
neither malignancy nor inflammation (Supplementary Fig. 8a). Last, 
we confirmed that the device did not significantly influence the retinal 
thickness (Supplementary Fig. 8b). Supplementary Methods provides 
more details regarding the biocompatibility of the artificial retina.

Characterizations of the soft artificial retina
The current–voltage (I–V) characteristics (Fig. 2a,b) of the phototran-
sistor in the artificial retina showed typical light-sensitive field-effect 
transistor behaviours with different light intensities (Supplementary 
Fig. 9). The field-effect mobility at ambient conditions was calculated 
as ∼341 cm2 V−1 s−1. The on/off ratio (Ion/Ioff) and threshold voltage (Vth) 

epithelium disruption. Although subretinal implantation is routinely 
done in vitreoretinal surgery, the epiretinal prosthesis, placed inside 
the vitreous and facing the retinal ganglion cell (RGC) side, has shown 
promise in both long- and short-term clinical observations. However, 
the results have proven that one of the main limitations is caused by the 
unconformities between the retina and the implant, since the threshold 
to elicit retinal responses depends on the electrode–cell distance13–18. 
Low proximity resulting from these unconformities can also induce the 
lateral spread of the electric field, decreasing the spatial resolution of 
stimulation19,20. This imprecise stimulation on the epiretinal surface 
can excite the RGC axons, which traverse between the device and RGCs, 
generating irregular visual perceptions to patients21. To enhance stimu-
lation resolution and minimize axonal stimulation, it is important to 
establish a precise and stable contact and reduce the distance between 
the target RGC bodies and the stimulation electrodes, thereby reducing 
the activation thresholds of the RGC somas. However, patients with 
severe retinal degenerative diseases have locally non-uniform retinal 
surfaces, which can create an undesired geometrical gap between the 
retinal surface and stimulation electrodes19,22.

To address this limitation, ultrathin and flexible optoelectron-
ics have been studied to conformally attach them to the curved reti-
nal surface23. Despite the substantial flexibility of these devices, the 
flat-shaped electrodes cause a geometrical gap from the locally bumpy 
retina surface. In this regard, three-dimensional (3D) microelectrodes 
show promise for effectively stimulating the nervous system, reducing 
this electrode–cell distance. Also, they can stimulate selective local 
areas by bypassing neurons that should not be stimulated, providing 
excellent selectivity and high spatial resolution24. However, previous 
3D neural electrodes were formed using rigid solid-state materials, with 
substantial mechanical mismatch at their interface with soft biological 
tissues. This can directly damage the soft retina, or cause inflammatory 
responses within the retina23,25–27.

Here we introduce a soft artificial retina where flexible, ultrathin 
and photosensitive transistor arrays are integrated with the soft 3D 
stimulation electrodes of liquid metals (LMs) for vision restoration. 
First, compared with subretinal implantation, this soft artificial retina 
is implanted using a safer epiretinal implantation method with less 
invasiveness to the retina. Second, soft and biocompatible LMs were 
3D printed as stimulation electrodes with high resolutions. Studies 
of LMs including their properties (low modulus and infinite elastic 
limit) and processing methods (printing and patterning) have been 
conducted to utilize them in electronics28–31. However, research on LM 
as a biointerfacing material is in the early stages. Gallium-based LMs, 
such as eutectic gallium–indium alloy (EGaIn), are intrinsically soft 
and exhibit low toxicity (Supplementary Fig. 1)32–36. Compared with 
previous pillar/spike electrodes using rigid materials, these soft 3D 
stimulation electrodes exhibit low moduli, minimizing the undesired 
damage to the retina26,37–39. Also, platinum (Pt) nanoclusters locally 
coated on the tip of these LM electrodes show advantages with regard 
to effectively injecting charges into the retinal neurons. Third, machine 
learning is applied to the output signals produced during the animal 
experiments, so the evoked RGC spikes can be analysed. Last, the 
in vivo experiments confirmed that the signal amplification due to 
visible-light illumination induces real-time responses in the RGCs of 
the local area where the light is incident for live retinal degenerative 
(rd1) mice with massive photoreceptor degeneration, suggesting the 
restoration of their vision.

Soft artificial retina with 3D LM microelectrode 
arrays
Figure 1a shows an artificial retina with 3D LM microelectrodes in 
close proximity to the non-uniform, degenerative retinal surface. 
This ultrathin and flexible device was conformably laminated on the 
innermost retinal surface, and the protrudent pillar-like probes of soft 
LMs directly stimulated the RGCs. Figure 1b illustrates the schematic of 
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were 1.61 × 106 and 2.6 V, respectively (Supplementary Fig. 10). The 
phototransistor exhibited a rapid response and recovery time of 10 
and 13 ms, respectively, with negligible hysteresis (Fig. 2c). The relative 
change in ID of this phototransistor (ΔID/I0) was linearly proportional 
to the incident-light intensities (Fig. 2d; I0 is ID at the dark state and 
ΔID = ID – I0). Supplementary Fig. 11 provides the relative change in ID as 
a function of light wavelength. The phototransistor array allowed the 
visualization of light passing through an eagle-shaped shadow mask 
pattern during light illumination (Fig. 2e and Supplementary Methods).

To fabricate a pillar-shaped 3D LM microelectrode array as the 
stimulation electrodes, we used a direct printing method with a 
high-resolution printing system (Fig. 2f). Methods describes the detailed 
printing processes. The EGaIn pillar’s diameter could be determined 
by the inner diameter of the glass capillary nozzle (Fig. 2g). The pillar 
height could be formed in a controllable manner by adjusting the verti-
cal descending speed of the stage (Fig. 2h,i and Extended Data Fig. 2).  
Also, the printed pillars, using different nozzle diameters, exhibited 
sufficient heights to target the retinal neurons (Supplementary Fig. 12).
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Fig. 1 | Soft artificial retina with 3D LM microelectrode arrays. a, Schematic 
of the artificial retina integrated with the 3D LM microelectrodes in close 
proximity to the locally bumpy, retinal surface, due to the degeneration of 
photoreceptors. ONL, INL and GCL indicate the outer nuclear layer, inner 
nuclear layer and ganglion cell layer, respectively. b, Schematic of the layouts 
of the artificial retina based on the integration of photosensitive transistors 
with 3D LM microelectrodes. c, Photograph of the artificial retina where a 
high-resolution transistor array was integrated with the 3D LM microelectrodes. 
Scale bar, 1 mm. d, Scanning electron microscopy (SEM) image of the high-
resolution phototransistor arrays (50 × 50 pixels; pixel pitch, 100 μm) with 

3D LM microelectrodes of 60 μm height before depositing the top parylene 
C encapsulating layer. Scale bar, 100 μm. This experiment was repeated five 
times with similar results. e, SEM image of the Pt nanoclusters (PtB) locally 
coated only on the tip of the 3D LM stimulation electrode. Scale bar, 1 μm. This 
experiment was independently repeated more than ten times with similar results. 
f, Representative fluorescence microscopy images of DAPI and live/dead staining 
of human retina cells cultured on the device with 3D LM microelectrodes. Scale 
bars, 400 μm. This experiment was independently repeated three times with 
similar results. g, Cell viability of the artificial retina. O.D., optical density. Data 
are mean ± s.d. with n = 3 independent experiments.
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PtB was locally coated only onto their EGaIn tips using an electroplat-
ing method (Extended Data Fig. 3 and Methods) and the 3D LM microelec-
trodes were reliably attached to the drain electrodes during post-printing 
processes (Supplementary Fig. 13). Electrochemical impedance spec-
troscopy and cyclic voltammetry analysis were conducted to compare 
the impedance and charge storage capacity characteristics of these 
electrodes (Supplementary Fig. 14). The dimension of their PtB-coated 
tips was identical (diameter, 4 μm; geometrical surface area, 25.12 μm2), 
with only difference in their heights. These 3D PtB-coated EGaIn pillar 
(PtB/EGaIn) electrodes exhibited an impedance of ∼210 kΩ (at 1 kHz), 
approximately three times lower than that of the PtB-uncoated case 

(Supplementary Fig. 15). The impedance and charge storage capacity 
(∼72.84 mC cm−2), calculated from the cyclic voltammetry curves, did not 
notably vary with the pillar height (Fig. 2j,k). We compared the impedance 
(at 1 kHz) and the charge storage capacity with materials used for neural 
interfaces (Supplementary Figs. 16 and 17). These height-independent 
properties can be advantageous for the consistent stimulation of target 
cells using 3D LM microelectrodes with varying heights. We recorded 
the stimulating pulse using the recording electrode, placed adjacent 
to the stimulation electrode, and confirmed that the pulse amplitude 
increased proportionally with the light intensity, validating the device 
as a light-responsive stimulator (Supplementary Fig. 18).
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Fig. 2 | Optoelectronic properties of the phototransistor arrays and 
electrochemical properties of the 3D LM microelectrode. a, Transfer 
characteristics under stepwise irradiation of light (VD = 1 V). b, Output 
characteristics under stepwise irradiation of light (VG = 5 V). c, Response time 
of the phototransistor arrays at VD = 1 V and VG = 5 V under the irradiation 
of light (470 nm, intensity of 1.8 mW cm−2). d, Relative changes in ID of the 
phototransistor arrays as a function of light intensities (VD = 1 V, VG = 5 V, I0 is 
ID in the dark state and ΔID = ID – I0). The slope of the plot represents the light 
responsivity of the device. e, Photograph of the eagle-shaped shadow mask 
(left) and contour plot (right) of ID under the irradiation of light (1.8 mW cm−2). 

Scale bar, 500 μm. f, Schematic of the high-resolution direct printing system. g, 
Diameter of the 3D LM microelectrodes as a function of the inner diameters of 
the nozzles. Data are mean ± s.d. with n = 3 independent printings. h, Height of 
the 3D LM microelectrodes as a function of the speed of the six-axis stage (inner 
nozzle diameter, 20 μm). Data are mean ± s.d. with n = 3 independent printings. 
i, SEM image of the printed EGaIn pillar array with varying heights before the 
deposition of PtB. Scale bar, 100 μm. This experiment was independently 
repeated more than ten times with similar results. j, Impedance spectroscopy of 
3D LM microelectrodes with various heights. k, Cyclic voltammogram of 3D LM 
microelectrodes with various heights.
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Ex vivo electrophysiological experiments
The responses in both wild-type (WT) and rd1 mice retinas (n = 5) were 
tested by electrical stimulation using the artificial retina with 3D LM 
microelectrodes (height, 60 μm; Fig. 3a). For recording the visually 
or electrically evoked retinal responses, each recording electrode 
was positioned adjacent (pitch, 40 μm) to each stimulation electrode 
(Fig. 3b). The isolated retinas from WT and rd1 mice were placed on 
the device, with 3D LM microelectrodes directed towards the RGC 
side of the retina. Methods provides the experimental details of this 
ex vivo experiment. Before implantation, the device was instantly 
frozen to turn the liquid-phase EGaIn into a solid by leaving it in cold 
storage (below the melting point of EGaIn, that is, ∼15.7 °C). The 3D 
LM microelectrodes returned to the liquid phase and did not col-
lapse post-implantation into the retina. For electrical stimulation, 
the transistor of the device was operated with a specific condition 
(VG, d.c. bias of 5 V; VD, pulsed bias of 1 V with a duration of 1 ms and 
frequency of 10 Hz), and the recordings were performed with the 
adjacent recording electrodes. Since mice are dichromatic mam-
mals with only two cone types (blue and green light sensitive)42,43, 
blue light (470 nm) was used. The visually evoked potentials (VEPs) 
were recorded under this light exposure without device operation, 
whereas electrically evoked potentials (EEPs) were recorded with 
device operation in the dark state. The light did not induce retinal 
responses within the rd1 mouse retina (Fig. 3c). However, electrical 
stimulation during device operation could elicit RGC spikes with a 
comparable EEP magnitude in both WT (68 μV) and rd1 (62 μV) mouse 
retinas. When a single-pulse electrical stimulation was delivered to 
both WT and rd1 mice retina (in the dark state), the recorded retinal 
activities of rd1 mice showed an earlier and more pronounced increase 
in firing activity compared with that of the WT case (Fig. 3d). The 
morphological changes in the rd1 mice retina, including a reduction in 
RGC size and thickness of the inner nuclear layer, are known to affect 
the functional properties of RGCs, resulting in an increased stimula-
tion threshold and prolonged latency44. The EEPs were elicited during 
device operation using a flat-surface-type electrode (height, 0 μm) 
for WT and rd1 mice retinas, respectively, during light illumination 
with different intensities (Fig. 3e,f). The firing rates of the evoked RGC 
spikes increased proportionally to the light intensity in both WT and 
rd1 mice retinas (Fig. 3g). The WT mice retina showed a higher firing 
rate owing to the native responses from its normal photoreceptor 
layer, compared with the rd1 case.

For comparison with the flat-surface-type electrode case, similar 
experiments were also conducted using a device with various heights 
of 3D LM microelectrodes (Fig. 3h,i). Despite the height-independent 
electrochemical properties, the pillar-structured electrodes increased 
the firing activities of RGCs during electrical stimulation (Fig. 3j). 
The firing rate decreased again as the pillar’s height exceeded 90 μm. 
Considering the retinal layers’ thickness (Supplementary Table 1), this 
could be caused by the mistargeting of RGCs as the stimulating tip 
passed through the target RGCs. Although changing the polarity may 
stimulate the mistargeted cells, fabricating 3D LM microelectrodes 
with optimal heights allows the electrode tips to directly interface 
with the target cells.

Signal processing using machine learning
Considering the complexity of the retinal activities, we utilized unsu-
pervised machine learning for this signal processing45–48. For the pri-
mary categorization, 4,992 spikes were classified through hierarchical 
clustering, by setting the retinal spike values as the input data. The 
given data were classified into distinctive clusters according to the 
magnitude and shape of the signal (Fig. 4a). Then, we conducted 
K-means clustering49, with primarily categorized signals as the input 
data. The number of clusters (K) was optimized to 4 through the elbow 
method and silhouette coefficient, where the points C and D marked 
in the graph were used for the criteria of classification48,49. As a result, 
the retinal spike data were further classified into four clusters with 
different magnitudes of potential values (Fig. 4b and Supplemen-
tary Methods). These classified retinal spikes were analysed by unsu-
pervised machine learning to obtain the average signals with their 
standard deviations. The signals within the same cluster for clusters 
1, 2 and 3 showed a similar form and temporal duration of potential 
values (Fig. 4c–e).

When stimulating the RGC soma, a typical extracellularly recorded 
spiking response shows a rapid decrease (depolarization) followed by 
an increase (repolarization) in the membrane potentials, whereas RGC 
axons show the opposite spiking response50. The waveforms of the 
sorted RGC signals, recorded right after electrical stimulation with 
3D LM microelectrodes, only present the somatic RGC responses with 
sub-millisecond depolarization. These results indicate the potential for 
the selective stimulation of RGC somas using 3D LM microelectrodes. 
Although axonal stimulation cannot be eliminated, this selective stimu-
lation of the RGC somas holds the potential to reduce axonal activation, 
thereby leading to a more natural vision with less irregular perception.

In vivo vision restoration of live rd1 mice
An artificial retina device with 3D LM microelectrodes was implanted 
into the live rd1 mice in vivo (n = 3). Before this experiment, we con-
firmed that the photoreceptor layer was fully degenerated (Sup-
plementary Fig. 19). After attaching the device with external device 
interconnections (Supplementary Fig. 20), either (1) full-field illumi-
nation (470 nm) or (2) a continuous laser exposure (415 nm) through 
an ellipsoidal-patterned shadow mask was applied to the eye fundus. 
This device was well attached to the retinal surface with no notable 
damage or bleeding (Fig. 5a). The cross-sectional optical coherence 
tomography image obtained after this surgery indicates that the 3D 
LM microelectrodes were conformally surrounded by retinal tissues 
without their collapse (Fig. 5b). We further investigated the collapse 
of 3D LM microelectrodes post-implantation, by measuring the pil-
lars’ tilted angle from optical coherence tomography images after 
implanting 180 electrodes in total into the rd1 mice retina (n = 5), 
and validated that the implanted electrodes did not collapse (Sup-
plementary Fig. 21).

The EEPs were recorded by projecting visible light onto its retina 
after implanting the artificial retina (Fig. 5c and Extended Data Fig. 4).  
Real-time traces of potentials and firing rates of the evoked spikes 
under constant light illumination were recorded, and the firing rates 
were spatially mapped during this illumination (Fig. 5d,e). The recorded 

Fig. 3 | Ex vivo experiment using WT and rd1 mouse retina. a, Schematic of the 
experimental setup for an ex vivo experiment using WT and rd1 mouse retina.  
b, Optical stereomicrograph of a device consisting of 36 stimulating and 
recording 3D LM microelectrode pairs (pitch, 40 μm). Scale bar, 400 μm. c, VEP 
and EEP of WT and rd1 mouse retina. Data are mean ± s.d. with n = 5 biologically 
independent mice. Significance was calculated using an unpaired one-tailed 
t-test: P = 2.860441 (n.s.), P = 0.0000234 (****, left), P = 0.000017 (****, right).  
d, EEPs of WT and rd1 mouse retina (pulse width, 1 ms; current, 2 μA) in the dark 
state. The red dashed line indicates the initiation of stimulation. e, EEPs of WT 
mouse retina under light (470 nm) exposure with different intensities during the 
operation of the artificial retina with flat-surface-type stimulation electrodes.  

f, EEPs of rd1 mouse retina under light (470 nm) exposure with different 
intensities during the operation of the artificial retina with flat-surface-type 
stimulation electrodes. g, Firing rates of EEPs as a function of illuminated 
light intensities for WT and rd1 mouse retina. Data are mean ± s.d. with n = 5 
biologically independent mice. h, EEPs of WT mouse retina under light (470 nm) 
exposure during the operation of artificial retina with different heights of the 3D 
LM microelectrode. i, EEPs of rd1 mouse retina under light (470 nm) exposure 
during the operation of the artificial retina with different heights of the 3D LM 
microelectrode. j, Firing rates of evoked RGC spikes as a function of heights of 3D 
LM microelectrodes for WT and rd1 mouse retina. Data are mean ± s.d. with n = 5 
biologically independent mice.
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responses showed consistent potential magnitudes and firing rates of 
evoked spikes compared with the case involving no light illumination 
(Supplementary Figs. 22 and 23), indicating good uniformity across 
the stimulated retinal area using the device.

One of the key challenges to develop artificial vision restora-
tion is object recognition. We demonstrated the responses from the 
degenerative retina, by selectively exposing the localized areas using 
a laser through an ellipsoidal-patterned shadow mask (Fig. 5f). The 

60300 (flat) 90 120

n.s.****
****

Light intensity (mW cm–2)

Pillar height (µm)

Fi
rin

g 
ra

te
 (H

z)
Fi

rin
g 

ra
te

 (H
z)

0

12

24

36

0

12

24

36

0
0.4 0.8 1.2 1.6 2.0

WT

rd1

0 µm (flat) 30 µm 60 µm 90 µm 120 µm

Time (ms)

Time (ms)

rd
1

rd
1

WT

rd1

0

36

–100

100

18

0

36

–100

100

0

18

0

36

–100

100

0

18

0

36

18

–100

100

0

2500 500 2500 5002500 5002500 5002500 500

2500 500 2500 5002500 5002500 5002500 500

2500 500 2500 5002500 5002500 5002500 500

2500 500 2500 5002500 5002500 5002500 500

Po
te

nt
ia

l 
(µ

V)

W
T

Fi
rin

g 
ra

te
 

(H
z)

Po
te

nt
ia

l
(µ

V)
Fi

rin
g 

ra
te

(H
z)

Po
te

nt
ia

l
(µ

V)

W
T

Fi
rin

g 
ra

te
(H

z)
Po

te
nt

ia
l

(µ
V)

Fi
rin

g 
ra

te
(H

z)

0 mW cm–2 0.45 mW cm–2 0.90 mW cm–2  1.35 mW cm–2 1.80 mW cm–2 

WT rd1

0

36
–100

100

50

0

–50

27

18

9

Time (ms)

Po
te

nt
ia

l (
µV

)
Fi

rin
g 

ra
te

 (H
z)

–100
0

36
–100

100

50

0

–50

27

18

9

0 100 400300200–100 0 100 400300200
Time (ms)

Po
te

nt
ia

l (
µV

)
Fi

rin
g 

ra
te

 (H
z)

EEP rd1
EEP WT
VEP rd1
VEP WT

50
 µ

V

0.2  msEEPVEP

WT

rd1

1 ms, 2 µA 1 ms, 2 µA
n = 5

Retina

Recording line

Data
acquisition

Artificial retina
Recording interface

470 nm LED
Power supply

Voltage
pulse

0

30

60

90

120

Stimulus
control

Data
acquisition

a

c d

b

e

h

i

f

g

j

Po
te

nt
ia

l (
µV

)

http://www.nature.com/naturenanotechnology


Nature Nanotechnology

Article https://doi.org/10.1038/s41565-023-01587-w

light-illuminated local area exhibited relatively larger retinal responses, 
compared with the area in the dark state (Fig. 5g). When the RGC axons 
are electrically stimulated, the antidromic propagation of electrical 
stimuli can occur, leading to the misguided RGC response in the dark 

state. However, the spatial distribution on the maximum firing rates 
(that is, the receptive field) was very similar to the ellipsoidal shape of 
this illumination (Fig. 5h). Also, the sorted RGC spikes (Supplementary 
Fig. 24) show a typical waveform of the somatic RGC response similar 
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Fig. 4 | Signal classification using unsupervised machine learning. a, Primarily 
classified evoked RGC spikes from hierarchical clustering. The black lines 
represent the points C and D, which provide the criteria for secondary clustering. 
b, Classified datasets from K-means clustering. c, Entire data of evoked RGC 
spikes classified as cluster 1, sorted on the basis of their magnitude and shape 
(left), as well as their mean RGC spikes of cluster 1 (right). Data are mean ± s.d. 
with n = 5 biologically independent mice. d, Entire data of the evoked RGC spikes 

classified as cluster 2, sorted on the basis of their magnitude and shape (left), 
and their mean RGC spikes of cluster 2 (right). Data are mean ± s.d. with n = 5 
biologically independent mice. e, Entire data of the evoked RGC spikes classified 
as cluster 3, sorted on the basis of their magnitude and shape (left), as well as their 
mean RGC spikes of cluster 3 (right). Data are mean ± s.d. with n = 5 biologically 
independent mice.
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Fig. 5 | In vivo experiment using live rd1 mice for vision restoration. a, 
Photograph of the in vivo experimental setup using the live rd1 mouse. The 
inset shows the fundus image of a live rd1 mouse with device implantation. Scale 
bar, 1 mm. b, Schematic (left) and optical coherence tomography image (right) 
of the retina of the rd1 mouse after device implantation. Scale bars, 100 μm. 
c, Schematic of the in vivo experiment under full-field blue-light illumination 
(wavelength, 470 nm; intensity, 1.80 mW cm−2). The inset shows the fundus 
image of a live rd1 mouse with the implanted device under full-field blue-light 
illumination. The distorted image is due to light refraction from the artificial 
vitreous body. Scale bar, 200 μm. d, Spike train and firing rate of the evoked RGC 
spikes during device operation under constant full-field blue-light illumination. 
Scale bars, 200 ms (horizontal); 100 μV (left, vertical); 40 Hz (right, vertical). e, 
Contour plot of firing rates of the evoked RGC spikes under full-field blue-light 
illumination. f, Schematic of the in vivo animal experiment under continuous 

laser exposure (wavelength, 415 nm; intensity, 1.80 mW cm−2) through an 
ellipsoidal-patterned shadow mask. The inset shows the fundus image of a live 
rd1 mouse with the implanted device under continuous laser exposure through 
an ellipsoidal-patterned shadow mask. Scale bar, 200 μm. g, Spike train and firing 
rate of the evoked RGC spikes during device operation under continuous laser 
exposure through an ellipsoidal-patterned shadow mask. Scale bars, 200 ms 
(horizontal); 100 μV (left, vertical); 40 Hz (right, vertical). h, Contour plot of 
firing rates of the evoked RGC spikes under the illumination of patterned laser. 
i, Index of pixels of the artificial retina. The coloured ellipsoid indicates the local 
illumination spot of a laser. j, Firing rates of all the pixels for the laser-illuminated 
and laser-unilluminated state (n = 3). The error bars denote s.d. Significance was 
calculated using an unpaired one-tailed t-test: P < 0.0001 (****). k, Normalized 
firing rate with three different laser illumination states in every pixel. Data are 
mean ± s.d. with n = 3 biologically independent mice.
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to the ex vivo results (Fig. 4). To quantitatively compare the retinal 
responses in the laser-illuminated and laser-unilluminated area (that 
is, the dark state), the position of each recording electrode (pixel) was 
marked as an index (Fig. 5i). Then, the maximum firing rates recorded 
from the fully illuminated pixels (indexes 1–9) and the dark-state pixels 
(indexes 16–36) were averaged. The RGC activity in the fully exposed 
areas was approximately fourfold higher than the background RGC 
activity.

Conclusions
We have reported a soft artificial retina consisting of high-resolution, 
flexible phototransistor arrays with directly printed 3D LM micro-
electrodes capable of minimally invasive retinal stimulation. In vivo 
experiments demonstrated that the visible-light illumination induced 
spiking activities in the RGCs of the local retina area where the light 
was incident, suggesting the potential for vision restoration in live 
rd1 mice. These results can have a prognostic meaning in the develop-
ment of personalized artificial retinas for patients with uneven retinal 
degeneration.

Although the device used in the in vivo experiment was limited 
to 36 pixels due to the small mouse eye (diameter, 3 mm), further 
enlargements in device size and an increase in the number of pixels will 
enable its application to a large animal model with larger eyeballs and 
thicker retinas. In addition, our printing system was able to scale down 
the diameter of the 3D LM microelectrodes to 5 µm. A high-resolution 
device with 3D LM microelectrodes, which theoretically corresponds 
to 20/160 vision, can be fabricated (Extended Data Fig. 5)21. Reducing 
the stimulation electrode size is crucial for achieving high-resolution 
stimulation. However, as the size of the stimulation site decreases, 
impedance increases, which limits effective stimulation. Further 
studies on nanoscale materials (for example, Pt nanoclusters), which 
enhance the stimulation efficacy by adding nanometre-scale roughness 
to the electrode surface, can be interesting future work for achieving 
higher visual acuity.
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Methods
Fabrication of phototransistor arrays for the artificial retina
The device consists of Si channels (340 nm), Cr (5 nm)/Au (100 nm)/Pt 
(30 nm) source (S)/drain (D)/interconnect electrodes, SiO2 dielectric 
layer (500 nm) and indium tin oxide gate (G) electrode (150 nm). The 
Si channel, which is a representative photoabsorbing semiconduc-
tor, was chosen as a proof of concept, but it can be easily replaced 
by other alternatives with higher sensitivity and flexibility (that is, 
two-dimensional materials) to further enhance the optoelectronic 
performance of artificial retinas. For the fabrication of these phototran-
sistor arrays, first, an array of single-crystalline Si, which serves as the 
channel of the transistor, was photolithographically patterned using 
a positive photoresist (S1818, MicroChem) on a silicon-on-insulator 
wafer (340 nm boron-doped p-type Si with a resistivity of 8.5 Ω cm on 
400 nm buried oxide; Soitec). This transistor array was fabricated on a 
thin and transparent polyimide film (thickness, 8 μm). The Si channels 
were etched with an RIE system with sulfur hexafluoride (SF6) plasma 
(SF6 25 s.c.c.m./Ar 55 s.c.c.m.; 300 W/40 s), completing the channel 
isolation process. Any subsequently remaining photoresist residue 
was removed using a piranha solution (10 min). To separate the Si 
channel from the silicon-on-insulator wafer, the buried oxide layer 
was etched in a 50% hydrogen fluoride solution for 18 min. Second, 
the pattern of Si channels was transferred from a silicon-on-insulator 
wafer onto the flexible and transparent polyimide film (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 photolithographically patterned 
to form a source (S) electrode, a drain (D) electrode and intercon-
nects41–43. Then, a sacrificial layer (LOR 3A photoresist, Kayaku) was 
spun on the substrate and photolithographically patterned, and this 
was followed by the deposition of 30-nm-thick Pt on the opened area 
with an electron-beam evaporator. This metal layer was deposited to 
prevent the penetration of gallium atoms to the Au drain electrodes. 
Subsequently, silicon dioxide (SiO2) was deposited with a thickness of 
500 nm at 150 °C using plasma-enhanced chemical vapour deposition, 
and it was photolithographically patterned as a dielectric layer. Then, 
for the patterning of the gate (G) electrode, a sacrificial layer (LOR 3A 
photoresist, Kayaku) was spun on the substrate and photolithographi-
cally patterned. Indium tin oxide was deposited as a gate electrode 
with a thickness of 150 nm at room temperature by radio-frequency 
magnetron sputtering, and it was immersed in mr-Rem 700 (lift-off 
solution, micro resist technology) at 60 °C for 30 min to melt the sac-
rificial layer. As a biocompatible encapsulation layer, a 1-μm-thick layer 
of parylene C was deposited and photolithographically patterned by 
dry etching with RIE (O2 40 s.c.c.m., 100 W/240 s) to open the area for 
the direct printing of 3D LM microelectrodes.

Fabrication of 3D LM microelectrodes
The key steps in the fabrication of the 3D LM microelectrodes are as 
follows:

(1) Direct printing of 3D pristine EGaIn electrodes: the direct print-
ing system consists of a capillary nozzle connected to an ink reservoir; 
a pneumatic pressure controller and a six-axis stage with automatic 
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 to 50 μm. Then, a 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 the microscope 
camera (QImaging MicroPublisher 5.0 with real-time viewing, Tel-
edyne Photometrics) to control the nozzle from the substrate using 
the six-axis stage (H-820 6-Axis Hexapod, Physik Instrumente) 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 the pneumatic pressure (∼50 psi) 

was applied to deliver the EGaIn ink (75.5% gallium and 24.5% indium 
alloy by weight; Changsha Santech Materials) from a reservoir onto 
the substrate through the nozzle. 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 micropil-
lar for its structural stability. By adjusting the printing motion along the 
z axis at a velocity in the range of 1 to 500 μm s–1, the 3D pillar of EGaIn 
with a uniform diameter (except the circular base part) can be printed 
(Supplementary Video 1). On exposure to air, EGaIn instantaneously 
forms a thin solid layer (∼1 nm) of gallium oxide on its surface under 
atmospheric oxygen levels to maintain its vertical 3D structure of 
EGaIn. This oxide skin is thin enough to avoid substantially damaging 
the cellular interfaces, and it is solid enough to maintain 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), as the additional parylene C 
encapsulating layer served as a protective layer of the first parylene C 
encapsulation layer as well as the encapsulation layer of the sidewalls 
of the 3D micropillars.

(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 electroplating solution 
was stirred for 20 min by ultrasonic vibration. The electroplating 
was performed by ion transfer between the cathode and anode in 
the Pt electroplating solution. After mounting the device to a multi-
channel recording interface (MZ-60, Tucker-Davis Technologies), a  
cathode (the 3D pristine EGaIn microelectrode that is to be electro-
plated) and an anode (Ti/Pt electrode) were immersed in this electro-
plating 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 (Supplementary  
Fig. 25). Due to potential variations in currents under light  
exposure, we performed the electroplating of Pt nanoclusters in the 
dark state.

(3) Rinsing process of the artificial retina: before the implantation 
of the device, we rinsed the artificial retina 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
Ex vivo experiments were conducted based on the guidelines and were 
approved by the Institute of Animal Care and Use Committee of Yonsei 
University (IACUC-A-201911-985-01, IACUC-202011-1164-05, Yonsei 
IACUC). The recording involved the retinas of five mice for both WT 
and rd1 type, and for the recording of retinal responses (that is, visu-
ally or electrically evoked retinal spike potentials and firing rate of the 
spikes); each recording electrode was positioned adjacent to each 
stimulation electrode (pitch between the stimulating and recording 
electrodes, 40 μm). The retinas of both WT mice (C57BL/6J, Japan SLC) 
and rd1 mice (C3H/HeJ, Japan SLC) were explanted, and small pieces 
(∼4 × 4 mm) were isolated and transferred to the artificial retina with 
the phosphate-buffered saline medium by RGCs facing the device, 
and a heating pad was used to maintain the temperature of the retinas 
at 37 °C. The animal was immediately sacrificed after extraction. The 
isolated retinas from WT and rd1 mice were directly placed on our 
device (consisting of 36 stimulating and recording electrode pairs), and 
our 3D electrodes were directed towards the RGC side of the retina in 
phosphate-buffered saline media. Immediately before implanting this 
device into the retina, the device sample was instantly frozen to turn the 
liquid-phase EGaIn into a solid by leaving it in cold storage (below the 
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melting point of EGaIn, ∼15.7 °C). Then, the protrudent pillar shape of 
the 3D electrodes returned to a liquid phase and did not collapse even 
after being implanted into the retina.

Since mice are dichromatic mammals having only two cone types 
(blue and green light sensitive)42,43, the blue light (wavelength, 470 nm) 
was used for exposure in this experiment. For electrical stimulation, 
the transistor of our device was operated with a specific condition (VG, 
d.c. bias of 5 V; VD: pulsed bias of 1 V with a duration of 1 ms and fre-
quency of 10 Hz) and the recordings were performed with the adjacent 
recording electrodes. Electrophysiological recordings of the retina 
were conducted by multielectrode array recording and multichannel 
stimulation (PZ5 and Subject Interface, Tucker-Davis Technologies) 
and a data processor with a real-time controller (RZ2 BioAmp Proces-
sor, Tucker-Davis Technologies). We recorded the VEP and EEP signals 
at a 25 kHz sampling rate using a 300 Hz low-pass filter and 3,000 Hz 
high-pass filter. The experimental data were processed further by 
applying a band-pass filter with MATLAB R2021a (MathWorks). No data 
points were excluded from the analyses.

In vivo implantation
The rd1 mice (n = 3) were anaesthetized with an intraperitoneal injec-
tion of a mixture of tiletamine and zolazepam (1:1, 15 mg kg–1 body 
weight) and xylazine hydrochloride (10 mg kg–1 body weight). The 
pupils of the mice were dilated with eye drops that contained 0.5% 
phenylephrine and 0.5% tropicamide. The body temperatures of the 
mice were maintained at 37 °C with a heating pad.

For the surgical procedures, the mouse was placed in a head 
holder to maintain the head in a fixed position and to allow access 
to the eye. The head holder was placed under an optical microscope 
with an illuminator. A clear 2.2 mm corneal knife (KAI MEDICAL; 
CCR-22AGF) was used to make a 1.5 mm incision in the area of the 
pars plana. Immediately before implanting this device into the retina, 
the device sample was instantly frozen to turn the liquid-phase EGaIn 
into a solid by leaving it in cold storage (below the melting point 
of EGaIn, that is, ∼15.7 °C). Then, it was implanted into the vitreous 
cavity (that is, attached to the retinal surfaces) via the incision that 
was made earlier. For preventing cataracts during a continuous func-
tional analysis, a 10 g drop of hypromellose (Hycell oph soln) was 
applied to the surface of the cornea. During this in vivo experiment, a 
hydrogel-based artificial vitreous body was initially filled in the vitre-
ous cavity of the mouse eye to prevent undesired side effects, such as 
hypotony (low intraocular pressure). After the experiment, the mice 
were immediately euthanized by carbon dioxide inhalation in a carbon 
dioxide chamber. No statistical methods were used to predetermine 
the sample sizes, but our sample sizes are similar to those reported 
in previous publications9,11.

In vivo animal experiments
In vivo experiments were conducted based on the guidelines of the 
Institute of Animal Care and Use Committee of Yonsei University 
(IACUC-A-202205-1478-01, Yonsei IACUC). Considering the size of 
the eyeball of a mouse (diameter, ∼3 mm), we fabricated an artificial 
retina integrated with 6 × 6 arrays of phototransistors (pixel pitch, 
200 μm; device width, 2 mm) with 3D LM microelectrodes (height, 
60 μm; diameter, 20 μm). This artificial retina was implanted into the 
innermost retinal surface of the rd1 mouse epiretinal, with external 
device interconnections. All the devices and animals tested were 
randomly selected. The recording lines were connected to the glass 
pad with interconnect electrodes and then patterned with photoli-
thography and wet etching after the deposition of Cr/Au (10/100 nm) 
by an electron-beam evaporator. The interconnect pad was inserted 
into the multielectrode array recorder with a multichannel stimula-
tor (PZ5 and Subject Interface, Tucker-Davis Technologies) and a 
data processor with a real-time controller (RZ2 BioAmp Processor, 
Tucker-Davis Technologies). The multichannel experimental data of 

the spike signal and firing rate were obtained and exported by analy-
sis software (Synapse Suite version 94, Tucker-Davis Technologies). 
Then, the data were processed and mapped with MATLAB R2021a 
(MathWorks) and Origin 2022b software. Full-field light illumina-
tion (470 nm, TouchBright T1 with BN470 band-pass filter, Live Cell  
Instrument) or a laser (wavelength, 415 nm) through an ellipsoidal 
pattern of a shadow mask was applied to the fundus of the mouse’s 
eye for light exposure (duration, 5 s). No data points were excluded 
from the analyses. Also, data met the assumptions of the statistical 
tests used.

Statistical analysis
All data were presented as mean ± standard deviation (s.d.). Statistical 
calculations of P value were performed using an open-source code 
of MATLAB R2021a. Significance was calculated using an unpaired 
one-tailed t-test.

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

Data availability
The data regarding the characterization of the artificial retina and ani-
mal experiments are available via Figshare at https://doi.org/10.6084/
m9.figshare.22815461. Statistical source data are provided with this 
paper. The raw datasets generated during this study are available from 
the corresponding authors upon reasonable request. Source data are 
provided with this paper.

Code availability
The custom codes for MATLAB used in this study are available from the 
corresponding authors upon reasonable request.
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Extended Data Fig. 1 | SEM images of the 3D-printed liquid-metal pillar 
with their tip selectively opened. a, SEM image of the 3D-printed liquid-metal 
pillar with their tip selectively opened using anisotropic O2 RIE before the 

electroplating of platinum nanoclusters. Scale bar, 10 mm. b, magnified SEM 
view of this tip. Scale bar, 1 mm. This experiment was repeated more than 10 times 
independently with similar results.
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Extended Data Fig. 2 | The 3D-printing process of the liquid-metal pillar. Schematic illustrations of the 3D-printing process to form a liquid-metal pillar.
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Extended Data Fig. 3 | Detailed fabrication process of the 3D microelectrode. Schematic illustrations of the 3D microelectrode fabrication process.
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Extended Data Fig. 4 | Schematic illustrations of design of the soft artificial retina device. Schematic illustrations of a, the design of our artificial retina device, b, 
the pixel design, c, the layout and dimensions of a FET.
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Extended Data Fig. 5 | High-resolution artificial retina device. a, Photograph 
of the artificial retina where a high-resolution transistor array was integrated 
with 3D liquid-metal electrodes (250 × 250 pixels). Scale bar, 1 mm. b, SEM image 
of this phototransistor array with 3D liquid microelectrodes (pixel pitch: 40 μm, 

pillar height: 60 μm, pillar diameter: 5 µm) before depositing the top parylene-C 
encapsulating layer. Scale bar, 100 μm. This experiment was repeated 2 times 
independently with similar results.
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in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection Electrophysiological recordings of the retina : Multi-electrode array recording and a data processor with a real-time controller (RZ2 BioAmp 
Processor, Tucker-Davis Technologies, USA) 
Microsoft Excel 2022 

Data analysis Bandpass filtering and spike detection was made by a custom code with MATLAB R2021a (MathWorks) 
Origin Pro 2022b (Origin Lab)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

Figshare dataset link: https://doi.org/10.6084/m9.figshare.22815461 
The custom codes for MATLAB used in this study and the access to our raw data are available from the corresponding authors upon reasonable request. 

Human research participants
Policy information about studies involving human research participants and Sex and Gender in Research. 

Reporting on sex and gender Use the terms sex (biological attribute) and gender (shaped by social and cultural circumstances) carefully in order to avoid 
confusing both terms. Indicate if findings apply to only one sex or gender; describe whether sex and gender were considered in 
study design whether sex and/or gender was determined based on self-reporting or assigned and methods used. Provide in the 
source data disaggregated sex and gender data where this information has been collected, and consent has been obtained for 
sharing of individual-level data; provide overall numbers in this Reporting Summary.  Please state if this information has not 
been collected. Report sex- and gender-based analyses where performed, justify reasons for lack of sex- and gender-based 
analysis.

Population characteristics Describe the covariate-relevant population characteristics of the human research participants (e.g. age, genotypic 
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study 
design questions and have nothing to add here, write "See above."

Recruitment Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and 
how these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size The number of animals were chosen enough to perform statistical analysis.

Data exclusions No data were excluded from the analyses

Replication Replication of the device was successful. 

Randomization The number of animals were allocated enough to perform statistical analysis as well as the devices.

Blinding NA

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 
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n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used The antibodies used in this study were as follows: 

anti-CD68 (Cell Signaling Technology, 97778S, 1:500 dilution) 
anti-CD11b (Abcam, ab62817, 1:500 dilution) 
anti-SNCG (Abnova, H00006623-M10A, 1:500 dilution) 
Donkey anti-Mouse IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 594 (Invitrogen, A21203, 1:1000 dilution) 
Donkey anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 488 (Invitrogen, A21206, 1:1000 dilution) 
Donkey anti-Goat IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor™ Plus 405 (Invitrogen, A48259, 1:1000 dilution) 
Rabbit anti-Goat IgG (H+L), Superclonal™ Recombinant Secondary Antibody, Alexa Fluor™ 594 (Invitrogen, A27016, 1:1000 dilution)

Validation All antibodies used in this study were obtained from the indicated commercial vendors, and the validations of each antibody are 
provided by the vendor on the products' webpage: 
anti-CD68: https://www.cellsignal.com/products/primary-antibodies/cd68-e3o7v-rabbit-mab/97778 
anti-CD11b: https://www.abcam.com/products/primary-antibodies/cd11b-antibody-ab62817.html 
anti-SNCG: https://www.abnova.com/en-global/product/detail/H00006623-M01A 
Donkey anti-Mouse IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 594: https://www.thermofisher.com/
antibody/product/Donkey-anti-Mouse-IgG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-21203 
Donkey anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 488: https://www.thermofisher.com/
antibody/product/Donkey-anti-Rabbit-IgG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-21206 
Donkey anti-Goat IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor™ Plus 405: https://www.thermofisher.com/
antibody/product/Donkey-anti-Goat-IgG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A48259 
Rabbit anti-Goat IgG (H+L), Superclonal™ Recombinant Secondary Antibody, Alexa Fluor™ 594: https://www.thermofisher.com/
antibody/product/Rabbit-anti-Goat-IgG-H-L-Secondary-Antibody-Recombinant-Polyclonal/A27016

Eukaryotic cell lines
Policy information about cell lines and Sex and Gender in Research

Cell line source(s) ARPE-19 was obtained from ATCC.

Authentication The authentication of cell lines performed by ATCC can be found at https://www.atcc.org/api/pdf/product-sheet?
id=CRL-2302.

Mycoplasma contamination All cell lines tested negative for mycoplasma.

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified cell lines were used.

Animals and other research organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in 
Research

Laboratory animals Wild-type mice : Male, C57BL/6J, 8-weeks old; Rd1 mice : Male, C3H, 8-weeks old 

Wild animals n/a

Reporting on sex This study involved only male for both wild-type and rd1 mice to exclude sex-related variations.

Field-collected samples n/a

Ethics oversight All of the experimental procedures performed on the animals were conducted based on the guidelines and were approved by the 
Institute of Animal Care and Use Committee of Yonsei University.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation The artificial retina device and PI film were each cut into 2 mm x 1.5 mm pieces and attached to a 96-well cell culture plate. 
human retinal pigmented epithelium cells (Human ARPE19 cells) seeded with 3,000 on the reference, negative control (PI 
film), positive control (puromycin-treated cells), and artificial retina and cultured at 37 °C, 5% CO2 for 7 days. The positive 
control was treated with puromycin at a concentration of 0.5 μg/ml. To harvest cultured cells on artificial retinal devices and 
PI films, the devices and films were detached with forceps, transferred to 1.5 ml tubes, and treated with 0.25% trypsin/EDTA 
The reference and puromycin-treated positive controls were harvested by treating the cells on the plates with 0.25% T/E. 
Harvested cells were double stained using the Annexin V conjugated with fluorescein isothiocyanate (FITC) and propidium 
iodide in the kit (Annexin V-FITC Apoptosis Detection kit, Sigma-Aldrich) for 10 minutes in the dark at room temperature.

Instrument Flow cytometry analysis was performed by using BD FACS Verse II (Becton Dickinson and company)

Software Data were acquired in BD FACSuite software and analysed in FlowJo software.

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

Gating strategy 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) (PI negative vs PI positive 
and FITC negative vs FITC positive, respectively).

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