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Graphene oxide increases the
phototransduction efficiency of copolymeric
nanoimplants and rescues visual functions in
rat and pig models of Retinitis pigmentosa

F. Galluzzi1,2,9, S. Francia3,9, S. Cupini 1,4,9, T. Gianiorio1,4, G. Mantero 1,
M. L. DiFrancesco3, T. Ravasenga 1,3, Jasnoor1,4, M. Attanasio5,
J. F. Maya-Vetencourt1,6, G. Pertile 5, D. Ventrella 7, A. Elmi7,8, M. L. Bacci 7,
S. Di Marco 1,3, F. Benfenati 1,4,9 & E. Colombo 1,3,9

Photoreceptor degeneration in Retinitis pigmentosa (RP) is a leading cause of
inherited blindness, for which few effective treatments are available. Gra-
phene’s exceptional electrical, optical, and mechanical properties, along with
its biocompatibility, make it a promising material for retinal stimulation.
Building on prior success with conjugated polymers in rodent RP models, we
developed injectable retinal nanoimplants that blend a donor-acceptor poly-
meric architecture with graphene oxide flakes. Here we show that graphene
significantly improved the photovoltaic efficiency and enhanced light-evoked
responses in blind retinal explants. In RP-affected Royal College of Surgeons
rats, a single subretinal injection of these nanoimplants restored light-driven
behaviors and visual brain activity at lower luminances than polymer-only
particles without any proinflammatory effects. Moreover, this technology
restored retinal activity in a pig model of chemically induced degeneration,
demonstrating the valuable translational potential of the injectable nano-
platform in the treatment of retinal degenerative diseases.

Degenerative retinal diseases, including Retinitis pigmentosa (RP) and
age-relatedmacular degeneration (AMD), disrupt the retina’s ability to
respond to light, ultimately leading to blindness1,2. These conditions
significantly impact the quality of life of the patients, affecting their
financial, social, and mental well-being3. RP is a monogenic disorder
arising from mutations in genes encoding proteins involved in pho-
totransduction or photoreceptor maintenance and is the most com-
mon inherited retinal degeneration4. The degeneration typically starts
with rods before progressing at varying rates to the cones in the

central retina (fovea centralis), which are crucial for high-resolution
vision and color perception5. Although RP is caused by mutations in
over 100distinct genes expressed by photoreceptor cells or the retinal
pigment epithelium (RPE), these mutations ultimately lead to photo-
receptor cell death through a shared mechanism6. On the other hand,
the atrophic form of AMD affects 7-8% of the world population and up
to 20-25% of the population between 70 and 90 years worldwide and
primarily targets foveal cones and perifoveal rods7–9. Currently, no
effective cure exists for RP or AMD, although gene therapy,
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optogenetics, cell therapy, and prosthetic implants have reached the
stage of clinical trials with variable results10–15.

Gene therapy to correct the causative mutation represents the
only disease-modifying treatment but faces two major challenges,
represented by the large number of genes involved in RP and the need
for early intervention when degeneration is at a very initial stage12. The
other strategies are applicable to all RP mutations and potentially to
AMD16. Cell therapy with stem cells, photoreceptor precursors, or
pigment epithelial cells is emerging as a potentially promising inter-
vention for vision restoration13,17. Optogenetics with red-shifted opsins
transduced into retinal ganglion cells (RGC) is also providing
encouraging results that are temporarily limited by the low light sen-
sitivity of microbial opsins18. Sonogenetics has also recently been
proposed as a technique to reactivate RGCs transduced with
mechanosensitive receptors19,20. When photoreceptor degeneration is
complete, the most effective strategy is the implantation of a retinal
prosthesis that converts the photon energy into an electrical stimulus,
activating inner retinal neurons spared by degeneration11,15.

Retinal prostheses can be made of either inorganic or organic
photosensitive materials and can be either planar or a colloidal sus-
pension of nanomaterials. Inorganic planar prostheses have been
implanted either epiretinally, directly stimulating RGCs21, or sub-
retinally, stimulating the second-order neurons and the processing
activities of inner retinal networks22,23. Among these, the epiretinal
Argus II device by Second Sight Medical Products21 and the subretinal
devices Alpha AMS by Retina Implant AG22 and Prima by Pixium23 have
shown themost promise. In addition to the inherent problemsof these
devices, such as the need for a power supply, heat production, and
scarce biocompatibility, the achieved visual acuity is very low (20/546
for Alpha AMS and 20/460 for Prima). This is the reason why most of
these strategies have been discontinued, except for Prima, which is
currently under clinical testing in AMD16. In addition to silicon-based
photodiodes, semiconductive polymers used in organic solar cells
have been shown to be effective as an all-organic subretinal planar
prosthesis in recovering light sensitivity in preclinical models of
RP24–29. With respect to inorganic chips, organic semiconductors dis-
play good biocompatibility and conformable mechanical properties,
although they share with inorganic planar prostheses the same lim-
itations in spatial resolution. All planar prosthetic approaches suffer
from the eye curvature that only allows the implantation of small
devices,markedly limiting the visualfield. Despite this steric limitation,
they can be effective in AMD, where the scotoma is limited to the
foveal region, or potentially in RP using tiling implants/foldable epir-
etinal prostheses to cover larger retinal areas30,31. In both cases, the
current limitation for planar prostheses is the spatial resolution of
stimulating units, which are at least 1 to 2 orders of magnitude lower
than that allowed by foveal cones, although recent progress has been
made in this direction32.

More recently, colloidal dispersions of poly(3-hexylthiophene-2,5-
diyl) (P3HT) nanoparticles were shown to be effective in visual
restoration after aminimally invasive subretinal injection in both early-
and end-stages of RP, allowing wide retina coverage (>60% of the
retina surface) and spatial resolution at the cellular level (nearest-
neighbor distance of ≈5 μm)16,33–35. Particles are not internalized by
neurons or glial cells for up to 8months in the rat, and remain confined
to the subretinal space. In the absence of photoreceptors, they
form tight connections with dendrites and cell bodies of bipolar and
horizontal cells33,34. The mechanism of action of pristine P3HT nano-
particles, clarified by 2D modeling of the neuron-cleft-nanoparticle-
extracellular space domain and confirmed experimentally, consists of
electrostatic photoactivation of bipolar cells made possible by the
pseudo-capacitive charging of the nanoparticle and the highly resistive
junctional cleft34,36.

Starting from the initial formulation of pure P3HT, we sought to
improve the phototransduction efficiency of the prosthetic strategy by

increasing charge separation and mobility37 to allow sensitivity to
ambient light. On the one side, we considered recreating the bulk
heterojunction active in solar cells by blending the p-type conjugated
polymer P3HT with n-type organic semiconductors, such as the
acceptor phenyl-C61-butyric acid methyl ester (PCBM), already
demonstrated to be biocompatible38. On the other side, we considered
the possibility of creating a hybrid core-shell structure with graphene
as anefficient charge extractor39,40. Grapheneoxide (GO) has longbeen
investigated in organic photovoltaics for its tunable conductive
properties and ability to provide a significant decrease of series
resistance when used as a charge transport material41–43. Various
reports have shown how GO is the electron acceptor of choice with
respect to pristine graphene or reduced GO when blended with
thiophene-based polymers44–46. Moreover, its amphiphilic nature also
provides easy access to liquid-phase self-assembly approaches, such as
reprecipitation and mini-emulsion techniques. Recently, GO nanosh-
eets were also employed as surfactants for the mini-emulsion of P3HT
nanoparticles, showing the high potential as an electron extraction
material even at the nanoscale47.

Here, we developed P3HT-based nanoimplants blended with the
acceptor PCBM, endowed with a GO core, for exploiting an efficient
charge extraction upon illumination when in contact with neurons.
The incorporation of GO significantly enhanced the photovoltaic effi-
ciencyof the P3HT:PCBMnanoimplants and amplified the light-evoked
activity of RGCs in blind retinal explants. Subretinal injection of the
GO-cored nanoimplants in the Royal College of Surgeons (RCS) rat
model of RP restored light-driven behaviors and visual activities in the
absence of pro-inflammatory effects, and with light perception
thresholds lower than copolymeric nanoparticles devoid of graphene
core Subretinal injection of the GO-cored nanoimplants in the
domesticpig,whichhadundergone toxicphotoreceptor degeneration
by the administration of iodoacetic acid (IAA), increased the electro-
retinographic activity, underlining the translational potential of the
proposed nanotechnology.

Results
An increased phototransduction efficiency characterizes GO-
cored nanoimplants
P3HT: PCBM (PP) and P3HT: PCBM: GO (PPG) nanoimplants were
synthesized by the reprecipitation method from tetrahydrofuran
(THF) to water under sterile conditions. To verify the stability and
reproducibility of the synthesis, we investigated the dimensional and
electrical properties of the nanoimplants using dynamic light scatter-
ing (DLS; Fig. 1a). Both types of nanoimplants exhibited comparable
sizes of ≈180 nm (hydrodynamic diameter), homogeneity (poly-
dispersity index), and colloidal stability (zeta potential). We employed
transmission electron microscopy (TEM) to explore the effective
entrapment of graphene flakes within the PPGs. The analysis of the
sphericity of the nanoimplants revealed that PPGs exhibited a less
circular morphology compared to PPs, confirming the encapsulation
of sharp geometry GO flakes within the core of the particles (Fig. 1b).
We then characterized the photovoltaic properties of the nanoim-
plants by photo-electrochemical measurements.

To this purpose, we deposited PPGs and PPs onto thin films of
indium tin oxide (ITO) on glass substrates by drop-casting and verified
their uniform deposition and roughness (rms ~ 50 nm) using atomic
force microscopy (AFM; Fig. 1c). We performed cyclic voltammetry
recordings in the dark and upon illumination, using the nanoimplant-
coated surface as a working electrode (Fig. 1d). The voltammograms
obtained from the two types of nanoimplants showed a clear differ-
ence in the cathodic evolution of the current density upon green light
illumination (540 nm, 25mW/mm2), as expected for P3HT-based
devices (Fig. 1e)37,48. We measured a significant increase in the light-
evoked cathodic current density in both groups of samples (Fig. 1f),
resulting in a larger light-to-dark ratio for PPGs with respect to PPs
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(Fig. 1g). Furthermore, we evaluated the temporal dynamics of pho-
tocurrent generation using the same setup for both types of nanoim-
plants through chronoamperometry, by applying a bias potential of
–0.6V and stimulating with light pulses ranging from 100 to 1000ms.
Both nanoimplants showed an immediate response to light illumina-
tion for both short and sustained stimulations (Fig. 1h). However, PPG
nanoimplants exhibited a consistently higher photocurrent generation
across the entire range of stimulation durations, aswell as an increased
photocurrent generation with rising light intensity (Fig. 1i). This indi-
cates that GO acts as an electric charge transfer booster that, by

increasing the light-transduction efficiency of the nanoimplants, can
be advantageous for their use as a liquid retina prosthesis.

GO-cored nanoimplants recover light sensitivity in blind retina
explants
Once both types of nanoimplants were characterized morphologically
and functionally, we investigated whether the higher phototransduc-
tion efficiencyof PPGs could translate intomore sensitive and effective
modulation of neuronal activity. We first tested the colloidal stability
of the nanoimplants in culture medium (Supplementary Fig. 1). Both
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Fig. 1 | Characterization of GO-cored polymeric nanoimplants. a From left to
right: DLS characterization of PP (black) and PPG (red) size, hydrodynamic dia-
meter, polydispersity index, andZeta potential. (n = 5 and9 independentbatchesof
PP and PPG, respectively, from left to right: p =0.5158; 0.5185; 0.4376).
bRepresentative TEM imageof PPG andPPnanoparticles (NPs) (left) and sphericity
index analysis (right) (n = 7 for both PP and PPG groups from independent batches,
p <0.0001). c Representative AFM images of PP (left) and PPG (right) colloidal
solutions (20x) deposited onto IndiumTin Oxide (ITO) substrates (scale bar, 1 μm).
d Schematics of the electrochemical cell for photovoltage and photocurrent
measurements of the nanomaterials connected to the working electrode (WE) by
silver glue. A sealed electrochemical cell was created above the nanoimplants after
applying an insulating tape (Kapton)with a hole to allow the selective exposure of a
portion of the droplet. The reference (RE) and the counter (CE) electrodes were
dipped in the electrolyte solution (100mM NaCl) to perform I/V measurements in

the dark or upon light excitation (540 nm, 25mW/mm2). e Representative traces of
current density (J) vs V for PPs (top) and PPGs (bottom) in the dark (black traces)
and upon light excitation (green traces). f, g Quantification of the photovoltaic
effects shows that both PPs and PPGs are active (f) (p <0.0001, n = 20, 21
nanoimplants depositions for PP and PPG, respectively), but PPGs show sig-
nificantly larger current increases upon light stimulation (g), p =0.0229, n = 20, 21
nanoimplants depositions for PP and PPG, respectively). h Representative average
traces of amperometric measurements (black: PP, red: PPG, bias: –0.6 V) upon
green light illumination at twodifferent durations (100and 1000ms) at an intensity
of 2.5mW/mm². i Heatmaps of the normalized current density peaks as a function
of stimulus duration (x-axis) and light intensity (y-axis) show a consistently higher
photocurrent in PPG (right) compared to PP (left). *p <0.05, ****p <0.0001; Mann-
Whitney’s U-test (a, g), two-tailed unpaired Student’s t-test (b), Wilcoxonmatched-
pairs signed rank test (f).
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PPs and PPGs displayed a high stability in both water and culture
medium, with constant hydrodynamic diameter over time. Next, we
tested the biocompatibility of the nanomaterials incubated with pri-
mary neuronal cultures up to 6 days in vitro and analyzed them by
confocal microscopy. By exploiting the intrinsic fluorescence of P3HT,
we confirmed that both PPs and PPGs decorate the surface of neuronal
membranes, covering ~0.5% of the neuronal plasma membrane, with-
out a significant internalization over the tested time points (Supple-
mentary Fig. 2a, b)33,36. Patch-clamp recordings demonstrated that
green light pulses effectively modulate membrane potential and the
firing activity of neurons treated with either PPs or PPGs, as compared
to inert silica particles of the same diameter (SiO2; Supplementary
Fig. 2c, d). In line with previous in vitro electrophysiological results
with graphene-based photosensitive planar interfaces, nanoimplants
triggered hyperpolarization of the neurons during illumination,
potentially rendering neurons more excitable by an anode break
mechanism27,49.

Next, we focused our attention on the stimulation of explanted
retinas from > 10-month-old dystrophic RCS rats bearing a loss-of-
function mutation in theMertk gene50. At this age, photoreceptors are
absent, and the inner retina is markedly rewired34,51,52. Retinas were
dissected along with the choroid/sclera, cut into small patches, and
acutely injected with the colloidal solutions in the subretinal space,
mimicking the in vivo subretinal injection of the nanoimplants. The

retinal preparations were placed RGC-down onto multielectrode
arrays (MEAs), and the firing activity of RGCswas recorded under basal
conditions and in response to light stimulation (Fig. 2a).

The peristimulus time histogram (PSTH) of the single unit firing
activity of RGCs upon 200-mspulses of green light showedno relevant
effects for retinas treatedwith SiO2, except for a slowandmodest light-
dependent response to the longer light stimulus (200ms) that is likely
attributed to a thermally induced increase of the basal spontaneous
firing. Under the same stimulation conditions, both PPs and PPGs gave
rise to an overall increase in the firing frequency that was time-locked
with the light stimulus and enhanced when PPGs were used (Fig. 2b).
The blind retinal explants injected with the nanoimplants were sub-
jected to 540-nm 10-mW/mm2 light stimuli of various durations (10 or
200ms) administered at 0.25 Hz. The retinas treated with the PPG
formulation displayed a significantly higher percentage of electrodes
with light-dependent firing modulation in response to both 10-ms and
200-ms stimuli with respect to retinas treated with control SiO2, while
PPs only responded to the 200-ms stimuli (Fig. 2c). Analysis of the
firing activity revealed that GO-cored nanoimplants elicited a sig-
nificant RGC firing with respect to retinas treated with SiO2, even with
the shorter pulses (10ms), while the firing response of PPs under these
conditions was not different from the control. When longer (200ms)
pulses were used, the light-evoked neuromodulation by PPs became
significant. However, also under this condition, PPGs outperformed

Fig. 2 | Nanoimplants photostimulate RGCs in blind retinal explants.
aSchematic representation of acute subretinal particle injections in retinal explants
from RCS rats. RGC activity in the dark and upon green light stimulation (green
arrows, 540 nm, 10mW/mm2) was recorded with multielectrode arrays (MEAs).
b Representative peristimulus time histograms (PSTHs) of single unit RGC firing
rates (bin, 10ms;mean ± SEM) in retinal explants injected with either SiO2 used as a
control (blue), PPs (black), or PPGs (red) upon green light stimulation (green bar;
25 sweeps, 200ms light ON, 10mW/mm2). c Photostimulation efficiency for the
variousmaterialswas calculated as the ratiobetween thenumber of photoactivated

units and the total number of recorded units for each retinal explant (10ms: n = 14,
17, 20 retinal explants; 200ms: n = 18, 24, 31 retinal explants. 10ms: SiO2 vs PPG
p =0.0435; 200ms: PP vs SiO2 p =0.0012, PPG vs SiO2 p =0.0010). d Firing rate
modulation (baseline vs 200–700ms after light onset and weighted by the pho-
tostimulation efficiency) induced by the nanoimplants under various light stimu-
lation conditions (n = 13, 24, and 34neurons at 10ms/10mW/mm2;n = 14, 22, and 25
at 200ms/10mW/mm2; for SiO2, PPs, and PPGs, respectively, from > 8 RCS rats.
10ms: SiO2 vs PPG: p =0.0045; 200ms PP vs PPG: p =0.0268). *p <0.05, **p <0.01,
****p <0.0001; Kruskal-Wallis ANOVA/Dunn’s tests.
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PPs with a light-dependent increase in RGC firing that was significantly
more intense (Fig. 2d). The presence of a significant firing stimulation
by PPGs at the lower pulse duration testifies to the enhanced photo-
transduction efficiency attributable to the core-shell interface and
demonstrates the potential of the graphene-based engineering of the
nanoimplants.

Subretinal injectionof theGO-corednanoimplants indystrophic
RCS rats does not induce retina inflammation
We next tested the in vivo efficacy in visual restoration of the superior
performance of PPGs. We subretinally injected 3/4-month-old pink-
eyed albino RCS rats with either PPG or SiO2 (sham) suspensions and
compared their visual performances with those of untreated RCS rats
and congenic healthy RDY rats between 1 and 4 months after surgery
(Supplementary Fig. 3). At the age of surgery, retinal degeneration in
this strain of rats is almost terminal, and light perception is completely
lost before 3 months of age34,53.

We first verified the distribution of PPGs in whole-mount retinas
analyzed by transmissionmicroscopy, thanks to the strong absorption
of P3HT in the visible range (Fig. 3a) and by confocal fluorescence
microscopyof the intrinsicfluorescenceof polythiophene (Fig. 3b).We
first generatedmasks in tile-scanmosaics and then calculated the total
area of PPGs and the percent of retinal coverage. The analysis revealed
a widespread distribution of PPGs in the subretinal space with a total
area of 0.33 ± 0.08 mm2 (mean ± SEM) with a retinal surface coverage
of 56± 3 % (mean± SEM) in the absence of overt aggregation (Fig. 3c).
The regional distribution of PPGs was also addressed by aligning the
retinas based on the injection petal and then subdividing the retinal
surface into radial/concentric sectors to calculate the number and
density of the nanoimplants (see “Methods”). The results of this ana-
lysis show that, although the highest density values are reached in the
proximity of the injected sector, a significant spread of PPGs to large
distances within the subretinal space was observed, covering a wide
fraction of the retinal surface (Fig. 3d).

We previously showed that pristine P3HT nanoparticles are fully
biocompatible, and their subretinal implantation does not elicit any
retina inflammation or gliosis. However, since PPGs contain the
acceptor PCBM and the GO core, we explanted the injected retinas
from the animals of the four experimental groups (RDY, RCS, RCS
+SiO2, RCS + PPG) and performed immunohistochemical analysis.
Retinas were first studied by using the Hoechst nuclear staining to
identify retinal layers and verify the cellularity of the outer nuclear
layer (ONL), containing photoreceptor cell bodies. The photoreceptor
nuclei, densely packed in the ONL of healthy RDY retinas, were com-
pletely absent in all

RCS groups, irrespective of whether they were non-injected,
injected with PPGs, or sham-injected with SiO2, ruling out any trophic
effect induced by the surgical procedure or the presence of nanoim-
plants (Fig. 3e, f).

We then performed immunohistochemistry to investigate the
expression of markers of microglia (ionized calcium-binding adapter
molecule 1, Iba-1; Fig. 3e) and Müller cells/astrocytes (glial fibrillary
acidic protein, GFAP; Fig. 3f) to ascertain the presence of possible
proinflammatory effects of the injectedmaterials. Dystrophic RCS rats
injected with either SiO2 or PPGs displayed levels of microgliosis
comparable to those observed in untreated RCS rats, suggesting that
the surgical procedure per se and the prolonged presence of the
materials in the subretinal space did not exert proinflammatory effects
(Fig. 3g). Since a less ramified/ameboid-likemorphology characterizes
the activated microglia, Iba-1-positive cells were also monitored by
Sholl analysis for the number of ramifications. No significant differ-
ences in the number of intersections were observed across the four
experimental groups, indicating no signs of microglia activation
(Fig. 3h). Although phagocytosis of PPG by Iba1-positive cells was
rarely observed, we double-checked the presence of an inflammatory

response by double-staining Iba1-positive microglial cells with CD68, a
marker of microglia phagocytic activation. We found that the sub-
retinal injection of PPGs did not lead to an increasedCD68-positive cell
fraction, indicating the absence of microglial activation in the ONL as
well as in the total retina (Supplementary Fig. 4). When GFAP immu-
noreactivity in the ONL was analyzed, the degree of astrogliosis was
comparable between untreated and injected dystrophic RCS rats,
while it was nearly undetectable in healthy RDY rats (Fig. 3i). Taken
together, the data suggest that the activation of microglia and mac-
roglia observed in the RCS rat retina is independent of surgery and the
implanted material and only attributable to the ongoing degeneration
of the outer retina.

GO-cored nanoimplants restore light-driven behavioral
responses in blind RCS rats
We next investigated whether PPGs could improve the restoration of
visual percepts in dystrophic RCS rats (see the timeline of experiments
in Supplementary Fig. 3). One month before the subretinal injection
(MBI), the animals were subjected to the light-dark box test, which, by
leveraging the innate aversion of rats to illuminated areas and resulting
anxiety, enables the evaluation of light-sensitivity (Fig. 4a)54. One
month after injection (MPI), the latency of escape from the illuminated
compartment was significantly shortened in PPG-injected animals and
fully recovered to the levels of untreated RDY controls (Fig. 4b).
Moreover, the analysis of the time spent in the two compartments
revealed that PPG-injected animals recovered the preference for the
dark compartment typical of normally sighted RDY controls, while
SiO2-injected RCS rats did not differ from untreated blind animals
(Fig. 4c). The analysis of the number of transitions between the two
compartments, a proxy of potential motor impairments that could
have biased the results, revealed no differences across the four
experimental groups (Supplementary Fig. 5a). When a direct compar-
ison in the light preference of PP- and PPG-injected animals was per-
formed and compared with non-injected RCS rats and RDY controls,
PPG-injected animals exhibited a dark preference fully overlapping
that of healthy RDY rats, which was slightly better than that obtained
with PP injection (Supplementary Fig. 6).

To further prove the recovery of visual information processing at
the cortical level, animals were subjected to classical Pavlovian con-
ditioning, using a mild electric foot shock as the unconditioned sti-
mulus (US) and light flashes as the conditioned stimulus (CS). Light-
shock pairing involves high-order brain areas, including projections
from the lateral geniculate nucleus to the V1/V2 cortex, visual asso-
ciation area TE2, perirhinal cortex, and the amygdala55,56. During the
conditioning session, animals were dark-adapted for 2min and then
exposed to a CS-US pairing. Once trained (conditioned), they were
placed in a different environment and cued with the CS after 2-min
dark adaptation to assess their light-related freezing response based
on the recall of implicit memory formed during the training phase.
Finally, to verify the absence of contextual conditioning, animals were
placed again in the conditioning environment and exposed to the dark
for 5min without US presentation (context session; Fig. 4d). The fear
reaction to the light stimulus during the training phase was similar
across the four experimental groups that exhibited a progressively
increasing freezing response to CS +US pairing (Fig. 4e). In the cue
session, PPG-injected RCS rats demonstrated a significant increase in
light-conditioned freezing behavior that was indistinguishable from
the behavioral response of healthy RDY controls. In contrast,
untreated and SiO2-injected RCS rats did not show any increase in the
freezing response (Fig. 4f). When the frequency of the freezing events
was analyzed as a function of time, both PPG-injected RCS rats and
healthy RDY rats showed a similar increase in the frequencyof freezing
events starting at the onset of light stimulation and lasting for over
2min (Fig. 4g), while the freezing responses were negligible in both
sham- and non-injected RCS rats (Fig. 4h). When the animals were
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subjected to the control context test, using the same environment
experienced in the conditioning phase, the recorded freezing behavior
did not differ across the experimental groups (Supplementary Fig. 5b).

To address whether PPGs outperform PPs, we developed an
experimental protocol for light-cued conditioning specifically
designed to assess perceptual thresholds. While conditioning was still
performed at 22 Lux, in the cue phase, increasing light intensity stimuli

(2.5-22 Lux) were tested to evaluate the threshold for the conditioned
response (Fig. 4i). The results show that normally sighted animals have
a very low perceptual threshold to evoke the conditioned freezing
response (2.5 Lux; Fig. 4j), which is fully matched by RCS rats injected
with PPGs. In contrast, animals injected with PP nanoimplants show a
higher threshold (5 Lux), while blind animals cannot be conditioned at
any light intensity (Fig. 4j, k).
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GO-cored nanoimplants restore subcortical and cortical
responses to light and recover visual acuity in blind RCS rats
To analyze the restoration of light sensitivity at the subcortical level,
we measured the pupillary light reflex (PLR) that, triggered by the
complementary action of photoreceptors and intrinsically photo-
sensitive RGCs (ipRGCs), operates through bilateral retinal connec-
tions to the pretectal area of the brainstem.One eye of the animals was
placed in front of a stimulating green LED (530 nmat 5–50 lux), and the
contralateral eye was illuminated with infrared light (780 nm) and
placed in front of a recording camera (Fig. 5a)34. RCS rats implanted
with PPGs, regardless of the light intensity, showed an extent of pupil
constriction that was indistinguishable from that obtained from heal-
thy RDY controls and significantly higher than that of either untreated
or SiO2-injected RCS rats (Fig. 5b). To assess the better performance of
PPGs over PPs and evaluate the PLR threshold, we evoked the PLR at
increasing light intensities from 1 to 5 Lux. RCS rats implanted with
PPGs rescued the PLR at 2 Lux, while blind animals injected with PPs
displayed a significant pupil constriction only at 5 Lux (Supplemen-
tary Fig. 7).

We next examined light sensitivity and visual acuity at the cortical
level by recording visually evoked potentials (VEPs) in the binocular
region of the primary visual cortex (V1, OC1b) in response to patterned
stimuli (Fig. 5c)34. Anesthetized ratswere cuedwith a randomsequence
of contrast reverse square wave gratings (1 Hz) at increasing spatial
frequencies (0.017-1 cycles/degree, CPD). RCS rats injected with PPGs
showed a significantly higher percentage of responses compared to
the two blind control groups (Fig. 5d, e), as well as a much higher VEP
amplitude at the lowest spatial frequencies tested (0.017 and 0.032
CPD; Fig. 5f). Although PPG-implanted RCS rats could not completely
recover the VEP amplitude expressed by healthy RDY rats, they could
reach ≈ 86 % of the visual acuity of healthy RDY rats, proving the
effective restoration of spatially resolved vision (Fig. 5g).

Translation of GO-cored nanoimplants in the domestic pig
As a step towards the translation of subretinal nanoimplants to clinical
applications, we subretinally injected PPGs in the domestic pig, an
excellent animal paradigm to test therapeutic strategies for photo-
receptor degeneration28,57,58. In particular, the pig’s eye size and vas-
cularization are very similar to the human eye and allow for the precise
setup of the surgical procedure (Fig. 6a). To induce photoreceptor
degeneration, four 12-month-old wild-type domestic pigs were admi-
nistered a calibrated dose of the glycolysis inhibitor IAA in the ear vein
following (see protocol in Supplementary Fig. 8), as previously
described by us and others59–63. At the same time, two animals received
only saline andwere used as healthy controls. IAA effectively disrupted
retinal integrity with a widespread degeneration of rods and cones
(Fig. 6b) that rendered the retina of the lesioned pigs bilaterally
insensitive to light. Electroretinogram (ERG) recordings in response to
either scotopic or photopic stimuli, performed twoweeks after the IAA

injection, highlighted the disappearance of the a-wave, physiologically
attributable to photoreceptor activation, and a strongly compromised
b-wave generated by the activity of 2nd order neurons (Fig. 6c, d). In
parallel, in vivo optical coherence tomography (OCT) analysis showed
the disruption and thinning of the outer retina in the IAA-injected pigs
with respect to saline-injected healthy controls (Fig. 6e).

Both control and IAA-treated animals were subretinally injected
with PPGs in the left eye and inert SiO2 in the right eye. The subretinal
surgery did not trigger retinal detachment regardless of the type of
injected materials, as shown by the representative OCT images of
Fig. 6e. PPGs were well-distributed throughout the retina, pre-
dominantly concentrated in the residual ONL, as illustrated by the
representative maximum projection and reconstruction of a retina
injected with PPGs (Fig. 6f). The rescue of light-evoked retinal activity
was evaluated by ERG recordings performed at scotopic and photopic
luminance levels on both eyes of anesthetized animals. In healthy
control pigs, due to the long-lasting inflammatory response caused by
subretinal injection surgery64,65, the post-surgery ERGs exhibited a
reduced amplitude of both a- and b-waves with respect to the ERG
recorded before the surgery (Supplementary Fig. 9). However, the
amplitude of the b-waves of the eyes injected with PPGs was not sig-
nificantly different from those generated by SiO2-injected eyes. In
contrast, in pigs with IAA-induced retinal damage, the eyes injected
with PPGs recovered their b-wave signature significantly better than
the ones injected with inert SiO2 (Fig. 6g). The data obtained in the pig
demonstrate the potential of the GO-cored nanoimplants as a pros-
thetic strategy for human RP.

Discussion
The generation of retinal prostheses to reactivate the light-dependent
activity of the inner retina and emulate natural vision in retinal dys-
trophies is in great demand. The last two decades have witnessed an
intense development of silicon- and polymer-based planar photo-
voltaic prostheses that can replace the lost photoreceptors and sti-
mulate the inner retinal circuits in a light-dependent fashion10,15.
However, these strategies have specific drawbacks. Planar devices
must be small to comply with the eye curvature, implying a minimal
visual field (the so-called “tunnel vision”), and require troublesome
implantation surgery. While the narrow visual field may not be a pro-
blem to correct AMD, and the possibility of using tiling implants or
foldable epiretinal devices may extend the field of view, the main
problem remains the limited spatial resolution of the stimulating units,
that despite recent advances in nanofabrication, remains at least one
order of magnitude lower that that allowed by foveal cones30–32.

To overcome these limitations, various types of nanoparticles
(NPs) have been explored for neuronal photostimulation and the
treatment of degenerative blindness. Rare earth or platinum NPs have
shown promise in mitigating photoreceptor degeneration caused by
excessive free radical production66,67. Neuron-targeted gold NPs can

Fig. 3 | Retinal distribution and biocompatibility of subretinal nanoimplants in
the RCS rat. a Left: Representative image of an in vivo PPG-injected whole-mount
RCS rat retina (scale bar, 1 mm). The red area represents the retina surface where
PPGs are located. Right: At higher magnification, PPGs appear as dark dots in
brightfield transmitted light (scale bar, 0.5mm). b Top: 3D reconstruction of a
retinal field with super-resolution confocal microscopy showing the localization
of intrinsically fluorescent PPGs (red) at the level of the ONL (scale bar, 50 µm);
bottom: single zx transversal section of the 3D reconstruction showing the pre-
sence of PPG only in the ONL. c Tukey-style box plots of the percentage of retina
surface covered by PPGs and their total sectional area (n = 8 whole-mount retinal
explants from n = 8 animals). d Left: Representative heatmap distribution of the
PPG numbers across a single whole retina explant. The white dashed contour
indicates the petal of the injection site. Right: Heatmap of the mean PPG dis-
tribution density calculated across all retinal explants, following the alignment of
each explant to the injection site petal (scale bar, 2mm). e, f Representative

images of retinal cross-sections from the 4 experimental groups that were
double-labeled for either Iba-1 positive microglial cells (e; green) or the Müller
cell/astrocyte marker GFAP (f; green), merged with nuclear staining with Hoechst
(white) and P3HT intrinsic fluorescence (red, scale bar, 50 µm). Abbreviations:
ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer. Scale
bars, 50 µm. g, hQuantification of Iba-1-positive cells counted at the ONL level (g)
and respective Sholl analysis showing branch extensions from the cell soma (h,
mean ± SEM) (n = 7,5,6,7 animals for RDY, RCS, SiO2, and PPG, respectively, g: RDY
vs RCS, SiO2, PPG: p = 0.0037, 0.0048, 0.0496). i Quantitative analysis of GFAP
expression, calculated as the ratio between the immunoreactivity density in the
ONL and the total integrated retinal density (ONL + IPL + GCL) (n = 7,8,6,6 for
RDY, RCS, SiO2, and PPG, respectively). *p < 0.05, **p < 0.01, ***p < 0.001; Kruskal-
Wallis/Dunn’s test (g), two-way ANOVA/Tukey’s test (h), ordinary one-way ANOVA
Tukey’s test (i).
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facilitate photothermal neuronal stimulation68–71. Additionally,
infrared-sensitive upconverting NPs can activate optogenetic
actuators72 or endogenous photoreceptors73, effectively granting sen-
sitivity to infrared light. Conversely, semiconducting NPs, whether
organic or inorganic, excel in generating long-lived interfacial charges,
enabling functionalities such as current generation, faradaic reactions,
or electrostatic effects16. NPs have many advantages over planar

prostheses, as they are minimally invasive, cover a large part of the
retina surface, and act at the single-cell level with a high potential for
spatial resolution16. Recently, we pioneered mono-component poly-
thiophene semiconducting NPs for neuronal stimulation and visual
restoration in both the early and end stages of RP33,34. However, one of
the significant problems of mono-component P3HT NPs is the poor
light-transduction efficiency due to the relatively low charge
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separation and mobility that trigger the formation of the nano-dipole,
modulating the electrical state of the neuronal membrane.

In this paper, we introduced an innovative nanoarchitecture to
boost phototransduction efficiency, which can translate into a more
efficient visual restoration with improved sensitivity to the low lumi-
nances typical of scotopic vision. We first reproduced the bulk hetero-
junction of solar cells by blending P3HT with an efficient acceptor such
as PCBM. Then, we created core-shell structures by coating a core of GO
with the polymeric blend. In the last few years, graphene has attracted
great interest for its biomedical applications due to its mechanical
properties, flexibility, transparency, thermo-electrical conductivity, and
excellent biocompatibility with neural tissues39,40,74,75. Indeed, core-shell
PPGs outperformed heterojunction PPs, consistent with the excellent
charge extraction properties of GO, resulting in an enhancement of the
photocurrents and efficiency of the optoelectronic devices. These
findings were mirrored by a significantly higher light-dependent stimu-
lation RGC firing activity in blind retinal explants, also at power densities
and light stimulus duration conditions under which P3HT NPs and het-
erojunction PPs were not effective, testifying to the potential of core-
shell PPGs for in vivo studies. Although the power intensities employed
to stimulate retinal explants are considerably higher than those of the
in vivo experiments, they are in the same range as those used under
ex vivo conditions for photoactive interfaces or optogenetics16. More-
over, the significant firing response of RGCs in PPGs injected blind
retinas to 10-ms stimuli rules out the possibility of a thermal effect due
to the absorbance of P3HT, demonstrating the potential of the
graphene-based engineering of the nanoimplants.

Subretinally injected PPGs in RCS rats displayed a wide dis-
tribution in all retinal sectors 3-4 months after subretinal injec-
tion, ensuring an extended visual field. Except for occasional
findings of nanoimplants reaching the inner retina or being
internalized by microglia or RPE, the vast majority of PPGs stably
populated the subretinal space without being cleared over time.
This observation fully agrees with the data obtained with pristine
P3HT NPs, which were found to cover over 60% of the retinal
surface and to remain constrained in the subretinal space for up
to 8 months after subretinal administration33,34. Due to the over-
lapping location, the cellular targets of PPG photostimulation will
be the same as shown by Francia et al. (2022)34, i.e., the dendritic
arbor and the cell bodies of bipolar and horizontal cells physio-
logically synapting in the outer plexiform layer (OPL). It is known
that dendrites of bipolar cells abnormally proliferate during
degeneration and extend towards the subretinal space76–78,
enabling stimulation of dendritic ramifications by the nanoim-
plants. Although ex vivo evidence has shown that RGCs can be
activated with direct puffs of pristine P3HT NPs onto the cell
body at high stimulation powers33, RGCs are not likely the targets
of photostimulation by the nanoimplants in vivo, because of the
only occasional presence of PPGs in the GCL and the large size
and high threshold for action potential firing of RGCs.

Because of their carbon-based nature resembling endogenous
macromolecules, PPGs did not trigger retina stress or significant
inflammatory reactions. No astrogliosis or microgliosis was observed
after PPG injection. Despite sporadic findings of a PPG internalized
by a microglial cell, microglia displayed a physiological ramification
of cell processes and normal expression of CD68, testifying to the
absence of phagocytosis and microglia activation induced by PPGs.
Although for any subretinal intervention, there is the possibility of
damaging the retina, for colloidal suspensions of organic NPs, this
risk is minimized by the low invasiveness of the microinjection.
Consistent with their increased phototransduction efficiency, PPGs
effectively rescued visual activity in dystrophic rats. Most of the
subcortical and cortical visual responses, such as the PLR, light-
driven behavior, visual acuity, and the formation/recall of light-cued
implicit memories, were restored to the levels of age-matched heal-
thy rats with the same genetic background. This demonstrates that
not only do PPGs operate a light-dependent activation of the inner
retina, but that this effect triggers a full reactivation of the visual
system up to visual perception in the primary visual cortex and high-
order multisensory areas. The increased transduction efficiency due
to the graphene core in PPGs translated into a lower intensity
threshold to evoke behavioral responses to light stimuli that was
apparent both in the PLR (2 vs. 5 Lux of PPs) and in the freezing
responses in light-cued classical conditioning paradigms (2.5 vs. 5
Lux of PPs), fully confirming in vivo the results of the in vitro and
ex vivo studies. Moreover, the maximum luminance employed in our
in vivo studies is two orders of magnitude lower than the permissible
safety conditions for ocular safety16.

In view of a translation of our findings to the human disease, we
implanted PPGs in the retina of domestic pigs. The pig is an excellent
preclinical model for therapeutic ophthalmological strategies28,57,58.
Althoughmutant pig strains suffering fromRP have been reported79–81,
we used an alternative procedure to induce photoreceptor degenera-
tion pharmacologically with systemic administration of the glycolysis
inhibitor IAA59–63. This resulted in an intense depression of both sco-
topic and photopic ERG responses. Notably, the depressed ERG
responses could be consistently rescued by the injected PPGs,
although the resulting ERGwaveswere smaller than the ERG responses
of healthy pigs. This can be due to the limitations of the toxic photo-
receptor degeneration model that, in addition to degenerate photo-
receptors due to their exceedingly highmetabolic rate, is likely to alter
the functionality of the inner retina, whose integrity and physiological
activity are required for the effects of the prosthetic strategy. Indeed,
mild satellitosis of the optic tract alongwith amild-to-moderate gliosis
of the optic nerve associated with dyskaryosis of glial cells were pre-
viously observed after systemic IAA administration in the domes-
tic pig63.

In conclusion, we have described a type of highly efficient
and light-sensitive nanoimplants that can be wirelessly activated
by visible light and restore vision in degenerate retinas. Thanks to

Fig. 4 | The subretinal nanoimplants in RCS rats restore light-driven behaviors.
a Schematic of the light-dark box test to assess light-driven behavior. b Light-to-
dark escape latency for animals before and after injection (n = 14, 11, 8, and 8
animals for RDY, RCS, SiO2, and PPG, respectively, p =0.0073). c Box plots of the
dark preference over the total time of the test (n = 14, 9, 8, and 11 animals for RDY,
RCS, SiO2, and PPG, respectively, RDY vs SiO2, RCS: p =0.0048, <0.0001; PPG vs
SiO2, RCS: p =0.0410, 0.0002). d Diagram of the conditioning protocol (condi-
tioned stimuli, CS; light flashes at 5Hz; unconditioned stimuli, US). e Conditioning
session (n = 11, 8, 10, and 7 for RDY, RCS, SiO2, and PPG, respectively, mean± SEM).
f During the cue test session, increased light-conditioned freezing behavior was
observed in both RDY and PPG (n = 14, 9, 8, and 11 for RDY, RCS, SiO2, and PPG,
respectively; RDY: p =0.0001, PPG: p =0.0156). g Time course of the frequency of
freezing events (bin, 3 s) normalized for the baseline freezing behavior in the dark.
Shaded areas indicate ± SEM. h Freezing frequency during the first minute of

illumination. The dashed line represents the average baseline frequency of freezing
events (n = 10, 8, 8, and 7 animals for RDY, RCS, SiO2, and PPG, respectively; RDY vs
RCS, SiO2, and PPG: p =0.0024, 0.0018, and 0.4590, respectively; RCS vs PPG:
p =0.0380; SiO2 vs PPG: p =0.0306). i Experimental protocol for light-cued con-
ditioning to identify the visual perception threshold with cues at 2.5, 5, and 22 Lux.
j Percentage change in cue freezing behavior (n = 12 and 11 animals for RDY and
RCS, respectively). Top: Dose-response freezing variation (mean± SEM). Bottom:
Difference in freezing between dark and light conditions. RDY rats have a threshold
at 2.5 Lux (p <0.0001). k Freezing behavior of PPG or PP shown as in panel j. PPG
shows a perceptual threshold at 2.5 Lux (p =0.0218), while PP exhibits a freezing
peak at 5 Lux (p =0.0312) (n = 5 and 6 animals for PP and PPG, respectively).
*p <0.05, **p <0.01, ***p <0.001, ****p <0.0001; two-tailed paired Student’s t-test
(b); one-way ANOVA/Tukey’s test (c); two-tailed paired Student’s t-test/Wilcoxon
matched-pairs signed rank test (f, j, k); Kruskal-Wallis ANOVA/Dunn’s tests (h).
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their enhanced sensitivity, PPGs can harness ambient light with-
out needing external devices such as camera-equipped goggles or
light amplifiers and take advantage of the eye’s inherent saccadic
and micro-saccadic movements to refresh retinal images. The

minimally invasive surgical implantation and the wide retinal
coverage, potentially restoring the complete visual field, open the
avenue in the clinical applications of organic graphene-based
materials in degenerative blindness.

Fig. 5 | Subretinal nanoimplants recover subcortical and cortical light sensi-
tivity. a Top: Schematic representation of pupillary light reflex measurements
(20 s, 5-50 lux @ 530nm). Bottom: Representative traces of the pupillary light
reflex recorded at 50 lux in the four experimental groups (n = 12, 3, 9, and 8 rats for
RDY, RCS, SiO2, and PPG, respectively). b Box plots of the extent of pupil con-
striction upon green light stimulation are consistent across various luminances (5
Lux: n = 12, 3, 6, 6, 20 Lux: n = 12,3,7,7, 50 Lux: n = 12,3,9,8 for RDY, RCS, SiO2, and
PPG respectively; p values: RDY vs SiO2; 0.003; RDY vs RCS: < 0.001; SiO2 vs PPG:
0.015; PPG vs RCS: 0.008; RDY vs SiO2: < 0.001; RDY vs RCS: 0.005; SiO2 vs PPG:
0.002; PPG vs RCS: 0.014; RDY vs SiO2: < 0.001; RDY vs RCS: < 0.001, SiO2 vs PPG:
< 0.001, PPG vs RCS: 0.017). c Schematic representation of the pattern VEP
recording setup for themeasurement of visual acuity.dRepresentative patternVEP
traces upon contrast reverse (dashed line) of a square wave grating at 0.032 CPD.
e The percentage of responsiveness (pattern VEP occurrence) to the two lowest

spatial frequencies (0.017 and 0.032 CPD) (n = RDY, RCS, SiO2, PPG: 12, 16, 18, 20
animals; RDY vs SiO2: <0.0001; RDY vs RCS: <0.0001: SiO2 vs PPG: 0.0217; PPG vs
RCS: 0.0031). f Box plots of pattern VEP amplitude for the two lowest spatial
frequencies are significantly larger in PPG-injected RCS rats than in SiO2-injected or
non-injected animals, although they do not completely recover the pattern VEP
amplitude recorded in untreated healthy RDY rats (broken line and orange shaded
area representing themean± SEM, respectively) (n = 12, 16, 18, and 20 for RDY, RCS,
SiO2, and PPG, respectively). g Visual acuity of the four experimental groups, cal-
culated as the X-intercept of the linear regression of pattern VEP amplitude
deviation from signal noise vs CPD, reveals a higher visual acuity of PPG-injected
animals with respect to SiO2-injected ones (mean ± SEM from n = 6, 3, 6, and 7
animals for RDY, RCS, SiO2, and PPG, respectively). *p <0.05, **p <0.01,
***p <0.001, ****p <0.0001; two-wayANOVA/Tukey’s test; (b); Fisher’s exact test (e);
Kruskal-Wallis ANOVA/Dunn’s tests (f).
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Methods
Nanoparticle synthesis and characterization
P3HT and [6,6]-phenyl C61 butyric acid methyl ester (PCBM) were co-
dissolved in THF (P3HT: 10mg/ml; PCBM: 10mg/ml) at 50 °C under
magnetic stirring ( > 10 h). Meanwhile, GO powder was dissolved in
THF (10mg/ml), bath sonicated (100 % power, 80Hz, 20 °C, 2 h), and
then ultracentrifuged (18,200 × g, 20 °C, 1 h) to collect the supernatant

(70 % of total volume) and isolate the fraction of GO flakes with sizes
smaller than those of the particles. For PPG, the collected supernatant
was added to the co-polymericblend in a 1:1 v/v ratio,while for PP, pure
THFwas added to the co-polymeric blend in the sameproportions.The
ultimate blend was stirred for 2 h at 50 °C in both cases. Nanoimplants
were prepared under sterile conditions using the reprecipitation
method, with a single rapid injection of the colloidal solution into

Hoechst
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milli-Q water (previously heated at 50 °C) in a 1:10 v/v ratio. The
resulting solution was filtered through a 0.45 µm pore filter to obtain
homogeneity and remove aggregates. The colloidal solutions obtained
were kept sterile under a laminar flow hood for 2 days to allow the
residual organic solvent to evaporate completely. All reagents were
provided by Merck (Darmstadt, Germany).

Transmission electron microscopy. Samples were prepared by
dropping 5 µl of PPG suspension on copper grids, 150 mesh coated
with ultrathin holey carbon film (Sigma-Aldrich, Milano, Italy), and
imaged with a JEOL 1011 TEM (100 kV; Tokyo, Japan). The analysis of
the sphericity was performed using Fiji.

Dynamic light scattering. Measurements were performed with Zeta-
sizer NanoZS (Malvern Panalytical Ltd, Malvern, UK) by transferring a
fresh suspension of particles diluted 1:10 in milli-Q water into a single-
use polystyrene half-micro cuvette (DTS 1070,Malvern Panalytical Ltd)
with 10mm path length. The size of diluted particles (1ml) was
determined at 25 °C using a 50-mW laser at 638 nm. The Z-potential of
the particles, a hallmark of their aggregation, was measured on the
same diluted samples.

Nanoparticle tracking analysis. The concentration of nanoimplants
in the suspensions was evaluated using a Nanosight NS300 nano-
particle tracking analysis system (Malvern Panalytical Ltd; laser:
488 nm). The colloidal solutionwasdiluted 1:25 v/v inmilli-Qwater and
loaded in the microfluidic system. A syringe pump maintained a con-
tinuous flow of samples through the flow cell (flow rate: 300 µl/min).
The estimated concentration of the nanoimplants was around 1010

particles/ml.

Photovoltaic properties. To characterize the photovoltaic properties
of PPs and PPGs, we performed cyclic voltammetry measurements.
The two colloidal solutionswere concentrated upon centrifugation 20-
fold and dropped onto ITO substrates three consecutive times (2.5-
5 µl), intertwined by a 50 °C baking to provide a homogenous surface,
and finally glued to a 22-mm diameter glass coverslip. The nanos-
tructured surface, acting as working electrode, was then connected to
the recording system with silver glue ( ~ 0.5 mm2 active area). The
reference (Ag/AgCl) and counter (Pt) electrodes were dipped in the
electrolyte solution (NaCl, 100mM) to perform current-voltage mea-
surements (voltage range: −0.6 to 0.6 V, scan rate: 100mV/s, repeti-
tions: 10) with a PalmSens4 potentiostat (PalmSens BV, Houten, The
Netherlands). Measurements from all specimens were conducted in
the darkness and upon green light excitation (540 nm, 25mW/mm2).
All analyses were performed using MATLAB (r2023a, The Mathworks,
Natick, MA).

Atomic force microscopy. AFM (XE-100, Park Systems Co., Suwon,
Korea) measurements were performed to qualitatively characterize
the surface of the particle deposition used for the photovoltaic char-
acterization of the material. Measurements were carried out in non-
contact mode, scanning a 10 × 10 µm area.

Experimental animals and ethical considerations
The experimental protocols using rats were approved by the Italian
Ministry of Health (Authorization # 357/2019-PR). Royal College of
Surgeons (RCS) inbred dystrophic rats, together with congenic non-
dystrophic (RDY) controls, were kindly provided by Dr. M.M. La Vail
(Beckman Vision Center, University of California San Francisco, CA).
Rat colonies were bred under standard conditions with ad libitum
access to food andwater under a 12/12 h light/dark cycle. Experimental
groups were randomly selected, maintaining a balance of females and
males. The use of domestic pigs (n = 6 females, ~12 months of age)
complied with National and International animal experimentation
regulations (D.Lgs 26/2014 implementing the European Directive
2010/63/EU) and was approved by the Italian Ministry of Health
(Authorization # 892/2023-PR). These protocols align with the Asso-
ciation for Research in Vision and Ophthalmology’s statement
regarding the use of animals in ophthalmic and vision research.
Commercial hybrid pigs were purchased by a local supplier and
transferred to the experimental facility, where they were granted a
minimumof 10 days for acclimation. According to their previous social
groups, animalswere housed inmultiple pens, implementedwith both
edible and durable environmental enrichments, and maintained at
20 ± 4 °C with a 12-hour light/dark cycle. They were fed a weight-based
amount of standard growing swine diet (CESAC s.c.a., Conselice, Italy)
split into two daily rations and had ad libitum access to water. The pigs
received a small amount of straw every two days as rooting material.
Both the supplier and the experimental facility were accredited as free
from Swine Vesicular Disease and Aujeszky disease, with negative
serology also for porcine reproductive and respiratory syndrome
virus, parvovirus, and circovirus.

Primary cortical neurons
Wild-type C57BL/6 J mice (Charles River, Calco, Italy) were euthanized
by CO2 inhalation and cervical dislocation, and 17/18-day embryos
were promptly removed by Cesarean section. Brain cortices were
dissected and incubated in 0.125% trypsin for 20min at 37 °C for
enzymatic digestion. Cells were thenmechanically dissociated, and the
Trypan Blue exclusion assay determined cell viability and number.
Neurons were seeded at 40,000 cells on glass coverslips and incu-
bated for up to 10-14 days in Neurobasal medium supplemented with
2% B27, 1% Glutamax, 1% penicillin/streptomycin (all reagents from
ThermoFisher Scientific, Monza, Italy).

Fig. 6 | Subretinal nanoimplants rescue retinal function in a pig model of ret-
inal dystrophy. a Representative picture of a whole-mount, unstained pig retina.
Scale bar, 1 cm. b Representative images of retinal cross-sections labeled with
Hoechst for cell nuclei (white) from pigs that had been treated with either saline
(Ctrl) or IAA (12mg/kg) two weeks before. Retinas from animals injected with IAA
reveal a severe disruption of retinal architecture, with a complete loss of photo-
receptors in theONL. Scale bar, 50 µm. cRepresentative scotopic andphotopic ERG
traces were recorded before and 2 weeks after the photoreceptor lesion with IAA.
d Mean ( ± SEM with superimposed individual experimental points) ratio between
the ERG b-wave amplitude recorded 2 weeks after the IAA treatment and the cor-
responding baseline amplitude recorded before the retinal lesion (n = 3 luminances
x 4 animals x 2 eyes = 24, scotopic: p =0.0056, photopic: p < 0.0001).
e Representative OCT scans of retinas from control saline-treated pigs, IAA-treated
pigs, and control and dystrophic pigs subretinally injectedwith PPGs in the left eye.
Scale bar, 250 μm. f Representative maximum projection and reconstruction of a

retina injected with PPGs (red) obtained by fluorescence confocal microscopy
under super-resolution conditions. Scale bar, 50 μm. g Top: Representative pho-
topic ERG traces were recorded from the same animal lesioned with IAA, 3 weeks
after the subretinal injection of PPGs in the left eye and SiO2 in the right eye.
Bottom: PPG-induced rescue of the ERG b-wave. (Bars represent the mean ± SEM
with superimposed individual experimental points) ratio between the ERG b-wave
amplitude recorded before and 3weeks after the subretinal injection of PPGs in the
left eye and inert SiO2 particles in the right eye in either normal pigs or dystrophic
pigs that underwent the IAA lesion. PPG-injected dystrophic eyes (solid red) rescue
the light-dependent retinal activation with respect to the contralateral eye sham-
injected with SiO2 particles (solid blue). Control animals (red and blue, opaque)
showed no ERG change induced by the NP-injection (n = 4 and 4 animals for SiO2

and PPG, respectively; IAA+ PPG vs IAA+SiO2, @ 3 cd*m2*s-1: p =0.0303; @
30cd*m2*s-1: p =0.0080; @ 100cd*m2*s-1: p =0.0194). *p <0.05, **p <0.01,
****p <0.0001; one-tailed Student’s t-test (d); two-way ANOVA/Sidak’s test (g).
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Live fluorescence imaging. Primary neurons were incubated at
12 days in vitro (DIV), with either PPs or PPGs (1:400 v/v in complete
medium) for 5 h, 1, 3, or 6 days before imaging. Cells were stained for
5min at room temperature with CellMaskTM (1 µl/ml, ThermoFisher
Scientific) for cell membrane and Hoechst (3.33 µl/ml) for cell nuclei,
while P3HT was imaged thanks to its intrinsic fluorescence (λex,
561 nm; λem, 610-710 nm). PP and PPG distribution and co-localization
images were acquired with an inverted confocal microscope (SP8,
Leica Microsystems GmbH, Wetzlar, Germany). Image analysis was
done using ImageJ/Fiji (NIH, Bethesda, MD) and the JACoP plugin.

Patch-clamponprimary neurons. Whole-cell patch-clamp recordings
of cortical neurons (14-18 days in vitro, DIV) were performed at room
temperature using borosilicate patch pipettes (3.5-5.0MΩ) and under
aGΩpatch seal. The extracellular solution contained (inmM) 135NaCl,
5.4 KCl, 1 MgCl2, 1.8 CaCl2, 5 HEPES, and 10 Glucose, adjusted to pH 7.4
with NaOH. The intracellular solution contained (in mM): 126 K-Glu-
conate, 4 NaCl, 1 MgSO4, 0.02 CaCl2, 0.1 EGTA, 10 Glucose, 5 Hepes, 3
ATP-Na, and 0.1 GTP-Na. Recordings were carried out using an EPC10
(HEKA Elektronik, Reutlingen, Germany) amplifier. Measurements of
membrane voltage modulation under light stimulation were per-
formed in current-clamp configuration with no current injection (I = 0
pA). Responses were amplified, digitized at 10 or 20 kHz, and stored
with Patchmaster V2.73 (HEKA Elektronik). FitMaster v2x90.1 was
employed for data analysis, together with Prism 10 (GraphPad Dot-
matics, Boston, MA) and OriginPro 9 (OriginLab, Northampton, MA).
Photostimulation of neurons was carried out on a Nikon FN1 upright
microscope (Nikon Instruments, Tokyo, Japan) by using a combination
of 510 nm and 550nm wavelengths of Spectra X LED light engine
(Lumencor, Beaverton, OR) matching the P3HT absorption spectrum
(15mW/mm2, 50 or 500ms).

Rat retina electrophysiology
Ex vivo retinal electrophysiology was performed on retinal explants
from 10/16-month-old RCS rats, ensuring the total absence of light
sensitivity and very low spontaneous activity. Animals were dark-
adapted for 30 to60minbefore experiments. Subsequently, theywere
euthanized under dim red light using CO2 inhalation followed by cer-
vical dislocation. Eyes were removed, and eyecups were placed in
AMESmedium (USBiological Life Science, Salem,MA) bubbledwith 5%
CO2 and 95% O2. The sclera and choroid were left in place to allow the
ex vivo subretinal injection of the nanoimplants. PPs and PPGs were
20x concentrated and injected at 1011 particles/ml. The neural activity
of RGCs upon light stimulation was recorded using 60-electrode MEA
devices (Multi Channel Systems GmbH, Reutlingen, Germany). Sub-
retinally injected retina pieces were placed RGC-down onto the MEA
chips and kept under continuous oxygenated AMES medium perfu-
sion. Signals were acquired at 20 kHz with the MEA1060-INV BC
amplifier (Multi Channel Systems) and recorded with the MC Rack
software, also used for filtering (HPF, 200Hz), spike detection (4.5
times SD), and manual sorting. A fiber-coupled Spectra X LED light
engine (Lumencor) conveyed light to an inverted Nikon Eclipse Ti
(Nikon Instruments Inc.) and optically stimulated retinal explants. To
this aim, 25 green light pulses (540 nm) of either 10 or 200ms were
delivered to the retinas for all tested conditions at 10mW/mm2, a sti-
mulation intensity consistent with other ex vivo experiments in retinal
explants and brain slices16. For the analysis, neurons with less than
0.8Hz basal firing rate (FR) were excluded, together with neurons
without a statistically significant light-evoked FR modulation with
respect to the pre-pulse. To quantitatively characterize differences in
FR across the experimental groups, the post- and pre-stimulation FR
ratio was weighted with the photostimulation efficiency, calculated as
the percentage of neurons showing a statistically significant FR
increase across all 25 stimulation repetitions. The analysis was carried

out with OriginPro2020 (OriginLab Corporation), GraphPad Prism 10
(GraphPad Dotmatics), and MATLAB (The Mathworks).

Subretinal injection procedures in the rat
Pink-eyed albino RCS rats (n = 25, 3/4-month-old) of either sex (males:
15 animals, 114 ± 14 days; females: 10 animals, 107 ± 8 days; mean ±
SEM) were used for the in vivo experiments. We previously showed
that pink-eyed albino RCS rats experience an almost terminal retinal
degeneration at 3 months of age, with a complete loss of light
perception34,53. Animals were anesthetized via intramuscular adminis-
tration of ketamine (Lobotor, 50mg/kg) and xylazine (Rompun,
5mg/kg) and subjected to complete pupil dilation via 1% tropicamide
eye drops (Visufarma S.p.A., Roma, Italy). Scissors were employed to
perform a conjunctival dissection aligned with the limbus, covering
~2 clock hours in the superior-temporal quadrant. Following this, the
sclera and choroid were incised about 0.5mm away from the limbus,
extending for a 1-mm distance. Subsequently, the retina was delicately
separated from the RPE near the incision using either a small amount
of viscoelastic material or the tip of surgical scissors. A concentrated
colloidal solution of SiO2 (n = 12, 3-4 months, 8 males: 121 ± 22 days,
4 females: 99 ± 12 days) or PPG (n = 13, 3–4 months, 7 males:
104 ± 17 days, 6 females: 112 ± 11 days) were then introduced via a 38-
gauge needle (1-2 µl), ensuring penetration into the subretinal space
tangentially to the choroid to detach the retina effectively. Finally,
diathermy (utilizing a surgical electrocautery probe) was employed to
coagulate the scleral incision, and the conjunctiva was repositioned to
cover the wound. The surgical procedures were conducted while
maintaining the sterility of the tools and the particle suspensionwith a
Leica ophthalmic surgical microscope (Leica M844, Leica Micro-
systems GmbH). Following injection, the condition of the retina was
assessed using indirect ophthalmoscopy. Tobramycin and dex-
amethasone eye drops (TobraDex 0.3% + 0.1%) were administered for
postoperative prophylaxis.

Behavioral tests in the rat
One month after surgery, rats were subjected to a battery of
behavioral tests.

Light-dark box test. The test leverages rodents’ innate preference for
dark and enclosed spaces to assess light sensitivity and the ensuing
anxiety-related behavior. The box has an illuminated and a dark
compartment connected by a small aperture. Following 30minof dark
adaptation, each animal was placed in the illuminated area kept at 5 lux
and video-recorded for 5min to measure (i) the escape time from the
bright compartment and (ii) the time spent in the dark. Animals that
spent more than 1min in the brighter compartment before transi-
tioning to the dark area for the first time were excluded from the
analysis. The number of transitions between the compartments was
employed to evaluate the motor activity of the animals. All rats were
tested 1 month before and 1 month after surgery54.

Pupillary light reflex. Two months after the subretinal injection of
PPG, PP or SiO2 particles, rats were dark adapted for 30min and then
maintained in isoflurane anesthesia (Iso-Vet, Piramal Critical Care,
Verona, Italy; 2% induction, 2% maintenance in oxygen) for PLR
recording. Rats were positioned with an eye (stimulated eye) facing a
green LED (530 nm) and the contralateral one (recorded eye) in front
of a video camera (1080HDMI; Moticam, Hong Kong, China) and
visualized thanks to an infrared LED (780 nm). Both LEDs were
obtained from Thorlabs (Newton, NJ). The light stimulation protocol
consisted of 20 s of green light exposure at 5, 20, and 50 lux, followed
by 60 s of darkness. Changes in pupil size were analyzed from the
video recordings using ImageJ (NIH). The ratio between the pupil area
before illumination and during the entire stimulation was used to
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quantify the PLR. Data analysis was performed with a custom-made
MATLAB script34.

Light-cued classical conditioning. One month after the surgical
injection of the nanoimplants (and a corresponding time for the
untreated RDY and RCS groups), all groups were subjected to a classical
conditioning paradigm (Med Associated Inc., Fairfax, VT) as previously
described56. The experiment is divided into three phases: conditioning,
cue, and context sessions. During conditioning, rats were left 2min in
the dark in the setup chamber to explore the environment freely and
then presented with the conditioned stimulus (CS) composed of 5
consecutive flickering blocks (22 lux, 10 light pulses at 5Hz, 50% duty
cycle) interspersed with 2 s of dark repeated 7 times every 60 s. The last
flickering stimulus of each repetitionwas associatedwith a foot shock of
0.5mA as the unconditioned stimulus (US). The US-CS associative
learning was quantified by the freezing time of the animals during the
experimental protocol. The cued session performed the day after the
conditioning session, was employed to evaluate the CS-US association
while minimizing the chamber-US association. To achieve this, the
environment was altered by covering the grid floor with a smooth white
plastic sheet, replacing the arena with black and white striped walls,
introducing a new aromatic odor (Vanillin, Sigma-Aldrich, USA), and
adding two wired cups to the chamber. After 5min of habituation in the
apparatus, each animal underwent a 2-min period in the dark followed
by 3min continuous CS presentation (2.5-22 lux, 45 flickering blocks as
described above interspersed by 2 s of darkness). Freezing behavior was
quantified during the dark period, and the CS presentation was used to
assess light stimulus perception. Finally, the day after the cue session,
animals were subjected to the context session that was taking place in
the same chamber as the conditioning session but in the absence of
either CS or US. During this phase each rat was kept in the chamber for
5min while recording the freezing behavior. Before each test session,
rats underwent 1 h of dark adaptation, and all experiments were con-
ducted under dark conditions. Freezing behavior during each test ses-
sion was expressed as the percentage of time spent freezing (freezing
time/total session time). Freezing time trends were analyzed by mon-
itoring the motion index (MI) provided by Video-Freeze 2.25 software.
The motion index was updated at the camera frame rate (30Hz) and
thresholded considering “freezing” when MI =0 and “motion” when
MI >0. This way, freezing events were detected every 33ms. Time his-
tograms of freezing events (bin = 3 s) were then normalized for the
average occurrence of freezing events during darkness (2min). Statis-
tical analysis was performed on freezing events trends during light,
considering the normalized average frequency of freezing events.

VEP recordings in the rat
Animals from each experimental group were subjected to in vivo
electrophysiological recordings to characterize patterned VEPs as
previously described33,34. The animals were anesthetized via intra-
muscular administration of ketamine (50mg/kg) and xylazine
(5mg/kg) and placed in a stereotaxic frame (Stoelting, Wood Dale, IL).
Anesthesia was maintained stable during the whole course of the
experiment, as well as body temperature (36-37 °C). A hole was drilled
into the skull corresponding to the binocular portion of V1 (OC1b)
~4.8–5mm from lambda (the intersection between the sagittal and
lambdoid sutures), after which the duramater was delicately removed
to expose the brain surface. A glass micropipette (2–4MΩ), filled with
3M NaCl solution (Sigma-Aldrich), was carefully inserted down to
400 µm in depth. Throughout the experiment, both eyes were mois-
tened with a saline solution (0.9% NaCl) and secured open using
adjustablemetal rings. Visual acuitywas evaluated bypresenting to the
animals a vertical square wave contrast-reversing grating at rando-
mized different spatial frequencies (100% contrast, 0.017-1 cycles per
degree, CPD). Stimuli were controlled by a custom-made MATLAB
application enabling the design and presentation using a ViSaGe MKII

(Cambridge Research Systems, Rochester, UK). All stimuli were pre-
sented with a CRT monitor placed at 25 cm from the animal eyes
(120 cd/m2, SpectroCALMKII Spectroradiometer, CambridgeResearch
Systems). All signalswere amplified and band-pass filtered (0.1-100Hz)
by a Neurolog system (Digitimer, Hertfordshire, UK). Digitization of
the signal was handled by a Data Acquisition system (DAQ, NI USB-
6251, National Instruments, Austin, TX), and acquisition, storing, and
analysis were handled by the same custom-made MATLAB application
used to design the visual stimulation. All traces extracted in the
time window around the reverse of light stimulation, whose SD value
exceeded 120% of the mean SD value of all extracted windows,
were excluded. VEP peak detection threshold was set 2-fold the SD of
the noise. Visual acuity was then extrapolated from the X-intercept
resulting from the linear regression of the VEP amplitudes corrected
for the standard deviation of the average response to the maximum
spatial frequency (1 CPD) versus the tested spatial frequencies.

IAA-induced retinal dystrophy
It has been shown that a systemic injection of a low dose of IAA,
harmless to other tissues, triggers photoreceptor degeneration due to
an exceedingly high rate of glycolytic activity of photoreceptors,
resulting in a combined rod-cone degeneration that is particularly
severe in the visual streak62,63. Twoweeks before subretinal surgery and
baseline electrophysiological assessments, animals belonging to the
dystrophic group under general anesthesia were administered intra-
venously with 12mg/kg of freshly solubilized IAA (in sterile saline) via a
catheter placed in the auricular vein. After the treatment, pigs were
strictly monitored for 30min before being woken up and followed up
to exclude the presence of systemic toxicity of the treatment. Blood
samples were collected to evaluate haemato-chemical parameters. In
previous studies, we found that photoreceptor degeneration starts to
be detectable 2 weeks after the injection and stabilizes between 4 and
12 weeks, with massive thinning of the photoreceptor layer associated
with the disappearance of scotopic and photopic ERG potentials
contributed by rods and cones, respectively.

Subretinal surgery in the pig
Two weeks after the IAA lesion, degenerated pigs, along with normal
pig controls, were sedated with an intramuscular (IM) injection of
Tiletamine-Zolazepam (Zoletil; 5mg/kg). After 15min, general anes-
thesia was initiated using 8% sevoflurane (SevoFlo), delivered through
a mask in a 1:1 oxygen/air mixture. The same halogenated agent was
used for anesthesia maintenance at 3% following orotracheal intuba-
tion. Lactated Ringer’s solution was administered at 10ml/kg/h via the
auricular vein (left ear). Anesthesia was maintained at 3% following
orotracheal intubation. Lactated Ringer’s solutionwas administered at
10ml/kg/h via the auricular vein (left ear). During the anesthesia, vital
signs were closely monitored, including heart rate, non-invasive blood
pressure (NIBP), peripheral capillary oxygen saturation (SpO2), and
carbondioxide (CO2) levels. Local anesthesiawas achievedby applying
oxybuprocaine hydrochloride eye drops (Novesina 0.4%). The perio-
cular region was shaved and disinfected using Povidone-Iodine 10%;
then, a sterile drape was placed over the area. The eye was opened
using a speculum, and two 23-gauge and one 20-gauge trocar were
inserted 1.5mm from the limbus. A chandelier light was set up to assist
with the bimanual surgery. A posterior vitreous detachment was cre-
ated using active suction via the cutter, followed by a vitrectomywhile
ensuring careful protection of the lens. To separate the posterior
retina from the RPE, a balanced salt solution (Alcon Laboratories,
Geneva, Switzerland) was injected into the subretinal space through a
41-gauge subretinal cannula connected to an automated pump. This
injection was adjusted to detach the temporal side of the visual streak.
A 1.5-mm mid-peripheral retinotomy was performed using scissors
(DORC International, Zuidland, The Netherlands). The needle con-
nected with the perfusion pump for the administration of the colloidal

Article https://doi.org/10.1038/s41467-025-63716-4

Nature Communications |         (2025) 16:8721 14

www.nature.com/naturecommunications


suspension of nanoimplants (PPGs in the left eye and SiO2 in the right
eye) was placed into the vitreous cavity andwas thenmaneuvered into
the subretinal space. Perfluorocarbon liquid was injected into the
vitreous cavity to effectively cover the retinotomy and reattach the
retina. Laser endo-photocoagulation was carried out around the edge
of the retinotomy. A fluid/air exchange process was done, after which
the trocars were taken out, and the sclerotomies were closed using
Vicryl 8-0 sutures. An isovolumic mixture of sulfur hexafluoride (SF6)
gas was utilized as the final tamponade. Following surgery, all animals
were given intra-conjunctival administration of triamcinolone acet-
onide (Kenacort; 40mg per eye) along with fluocinolone acetonide/
neomycin eye drops (Iridex).

Optical coherence tomography in the pig
Pigs were anesthetized as previously described, and their pupils were
dilated using 1% tropicamide eye drops (Visumidriatic) before image
acquisition. Spectral-domain OCT was performed with the Optovue
iVue device (Visionix, Lombard, IL), which utilizes light at a wavelength
of 840 ± 10 nm and delivers a power of 750 µW at the pupil. The depth
resolution in tissue is 5 µm, while the transverse resolution is 15 µm.
Each image captured a 6 ×6mmarea centeredon the fovea, with a scan
rate of 26,000 A-scans per second and comprised 256 to 1,024 A-scans
per frame.

ERG recordings in the pig
The electrophysiological analysis in pigs was conducted before and
after the IAA lesion and after the surgical implantation procedure, with
the animals under general anesthesia, as per the protocol described in
Supplementary Fig. 482. Pupils were dilated using 1% tropicamide eye
drops (Visumidriatic). Two drops of oxybuprocaine hydrochloride
(Novesina) were applied for local anesthesia. A Barraquer blepharostat
was used to keep the eyes in a central and stable position, secured by
two stay sutures. Corneal disposable contact lens electrodes (ERGjet,
Universo Plastique, La Chaux-de-Fonds, Switzerland) served as the
active electrodes, while dermal needle electrodes used as reference
andgroundwereplacedunder the ipsilateral eyelidandaborally on the
snout during full-field electroretinography (ff-ERG). A drop of benzal-
conium chloride polyacrylic acid gel (Lacrinorm) was applied to the
inner surface of the lens electrodes to protect the cornea and ensure
good electrical contact. Settings were adjusted precisely for the swine
species following the International Society for Clinical Electro-
physiology of Vision (ISCEV) standards for ff-ERGs82. We performed ff-
ERG recordings using both scotopic and photopic protocols to eval-
uate the extent of the IAA lesion and to compare retinal activity after
surgical implantation of PPGs (left eye) and the inert SiO2 (right eye)
within individual animals. Briefly, ff-ERG recordings were filtered using
a 2–500Hz band-pass FFT filter. The adaptation/background light
luminance was set at 30 cd/m² for 10min. A Ganzfeld dome produced
the ff-ERG stimuli, with the stimulus luminance set at 3, 30, and 100 cd/
s/m² and an inter-stimulus interval of 1.1Hz. We measured the ampli-
tude (µV) from the “a” to “b” waves as, respectively, the minimal and
maximal deflection following the flashlight. The data were amplified
and acquired using WinAverager software. All electrophysiological
data were acquired and amplified using the Retimax system (C.S.O. srl,
Florence, Italy). Both eyes were tested separately, with the opposite
eye covered to prevent light exposure during the recordings. Each
experimental session, including the animal preparation, lasted ~2 h.
The animals were gently recovered from anesthesia at the end of the
electrophysiology sessions. The electrodes, sutures, and blepharostat
were removed, and an ophthalmic ointment (Colbiocin) containing
chloramphenicol (10mg)/sodium colistimethate (180,000 U.I.)/tetra-
cycline (5mg) was applied to the conjunctiva. The animals were then
moved to a dark and quiet room, and the orotracheal tube was
removed once the swallowing reflex returned. Pigs fully recovered
from anesthesia within 2 h and were returned to their original pens.

Retina histochemistry
Eyes were carefully removed and marked for temporal-nasal orienta-
tion for histology. Subsequently, the eyes were fixed in a 4% paraf-
ormaldehyde solution (PFA, Sigma-Aldrich) in 0.1M phosphate-
buffered saline (PBS) overnight and then washed with 0.1M PBS (3
times for 10min).

Whole-mount rat retinal preparations. The eyecupwas incised with a
blade scalpel blade, cutting it into 4–5 petals to flatten the retina. The
whole mount was incubated in free-floating for 30min with bisbenzi-
mide (1:300) for nuclear labeling and then rinsed three times with
0.1M PBS. The whole mount was placed between two coverslips
(60 × 40mm), and the PPG distribution was assessed by confocal
microscopy of the intrinsic fluorescenceof P3HT. Retinal coverage and
total area of PPGs were assessed by analyzing whole-mount retina tile
scan mosaics using an SP8 confocal microscope with a 10x objective
(Leica Microsystems). The total area of PPGs was evaluated through
binarized z-max projections of the P3HT fluorescence. To generate the
PPG mask, each z-max projection underwent several processing steps
using ImageJ, namely: (i) applicationof amedianfilter (2 pixels); (ii) use
of a double-direction Sobel edge detector filter ([1 2 1; 0 0 0; -1 -2 -1], [1
0 -1; 2 0 -2; 1 0 -1]); (iii) thresholding using the Shanbhag method; (iv)
binarization; (v) closing operation; (vi) filling holes; and (vii) opening
operation. The total area of the binary masks was calculated to cal-
culate the PPG area. For coverage calculation, the masks were impor-
ted into a customMATLAB script designed tomanually track themore
distal PPGs relative to the optic nerve. Each mask was overlaid onto a
radial grid centered on the optic nerve with a resolution of 4 degrees.
The most distal object in each sector was identified as the maximum
spread distance of the PPGs. These distal points were connected, and
the resultingmaskwas combinedwith the whole retinamask using the
AND operator. The coverage percentage was then calculated as the
ratio of the area represented by thismask to the total area of thewhole
retina mask.

To examine the distributionof PPGs throughout thewhole-mount
retinas, eachmask from individual explantswas aligned using the petal
corresponding to the injection site. Next, a grid was established by
intersecting a radial grid (10 degrees resolution) and concentric cir-
cular anuli spaced 350 μm apart. The number of objects and the
density of PPGs per unit area were determined for each sector created
by these intersections.

Rat retina immunohistochemistry. After removal of the cornea, iris,
and lens, eyecups were cryoprotected using a 15–30 % sucrose gra-
dient until precipitation, embedded in Tissue-Tek O.C.T. (Qiagen,
Ilden, Germany), frozen in dry ice, and cryo-sectioned at 25-μm
thickness using a CM1860 cryostat (Leica Microsystems). Sections
were collected on gelatine- and polylysine-coated (Sigma-Aldrich)
glass slides and stored at −20 °C until further processing. For mor-
phological analyses, sections were washed 3 times in 0.1M PBS to
remove any trace of freezing medium and then incubated with 10 %
normal goat serum (NGS, Sigma-Aldrich) to block non-specific anti-
body binding. Primary antibodies were diluted in 0.05 % Triton X-100
in 0.1M PBS and incubated overnight at 4 °C. To label Müller cells/
astrocytes, microglia and microglia activation, retinal sections were
incubated with anti-GFAP (1:200, G3893, Sigma-Aldrich), anti-Iba-1
(cat# 019-19741; 1:300; Fujifilm Wako, Neuss, Germany) and anti- rat
CD68 (1:250, MCA341R, BioRad Antibodies), respectively. To remove
the excess primary antibodies, samples were rinsed 3 times in 0.1M
PBS and then incubated for 1 h at room temperature with Alexa Fluor
488 (1:100 diluted in 0.05% Triton X-100 in 0.1MPBS), Alexa Fluor 647
(1:500, A21245, invitrogen) -conjugated secondary antibodies, and
bisbenzimide nuclear labeling (1:300; Sigma-Aldrich). Samples were
rinsed 3 times in0.1MPBS, dried, andmountedwith VectaMount (cat#
H-5501-60; Vector Laboratories, Newark, CA) onto glass coverslips.
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Retinal sections were imaged using a Leica SP8 confocal microscope
(Leica Microsystems). PPGs were visualized by acquiring the intrinsic
P3HT fluorescence using specific excitation and emission wavelengths
(λex, 561 nm; λem, 610–710 nm). Morphometric analyses of the retina
were conducted by imaging the central fields of both temporal and
nasal regions for each retinal slice, with consistent acquisition para-
meters maintained throughout the imaging sessions for comparison
purposes. GFAP integrated density for both temporal and nasal areas
was determined by averaging measurements from three regions of
interest (ROIs, 30 × 30 µm) in the ONL, IPL, and GCL, respectively.
GFAP was quantified as the ratio between the integrated density of the
ONL and that of all retinal layers (ONL/ONL + IPL +GCL). Sholl analysis
was performed by isolating and binarizing singlemicroglial cells at the
ONL level, with the soma diameter serving as the starting circle (start:
20 µm, step size: 5 µm).

Pig retina histochemistry. The pig’s enucleated eyes were fixed and
dissected to obtainwholemounts using the sameprocedure described
for the rat. Unlike the previous method, retinas were isolated from the
RPE and the sclera, whose large size prevented proper tissue cutting.
The individual petals were then frozen, sectioned with a cryostat, and
immunolabeled with bisbenzimide following the previous method
used for rats.

Statistical analysis
The sample size needed for the planned experiments (n) was
predetermined using the G*power software for the ANOVA test by
considering an effect size = 0.25-0.40 with (type-I error) = 0.05,
and 1-ß (type-II error) = 0.9, based on similar experiments and
preliminary data. Experimental data are expressed either as
means ± SEM (bar plots) or as box plots (center line, median;
square symbol, mean; box limits, 25th—75th percentiles; whisker
length, Tukey method), with n as the number of neurons (in vitro/
ex vivo experiments) or individual animals (in vivo experiments).
The normal distribution of experimental data was assessed using
either the D’Agostino-Pearson’s or the Shapiro-Wilk’s normality
test. The unpaired/paired Student’s t-test or Wilcoxon’s signed-
rank test was used to compare two sample groups, depending on
sample pairing and normality distribution. Two-tailed tests have
been employed for all statistical evaluations, unless specified
otherwise in the figure legend. One- or two-way ANOVA was used
to compare more than two normally distributed sample groups,
followed by Tukey’s, Holm-Šídák post hoc multiple comparison
test. The one-way Kruskal-Wallis ANOVA was used to compare
more than two non-normally distributed sample groups, followed
by Dunn’s multiple comparison test. To perform the statistical
analysis of contingency tables, Fisher’s or chi-square exact test
was used. The threshold for statistical significance was set at
p < 0.05. Statistical analysis was performed using OriginPro
(v2020 SR1; OriginLab Corporation) and GraphPad Prism (v8.3.0;
GraphPad Dotmatics).

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

Data availability
All data supporting the findings of this study are available within the
article and its supplementary files. Any additional requests for infor-
mation can be directed to and will be fulfilled by the corresponding
authors. Source data are provided with this paper.
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