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Abstract 

Replacement strategies arise as promising approaches in case of inherited retinal 
dystrophies leading to blindness. A fully organic retinal prosthesis made of 
conjugated polymers layered onto a silk fibroin substrate is engineered. First, the 

biophysical and surface properties are characterized; then, the long‐term 
biocompatibility is assessed after implantation of the organic device in the subretinal 

space of 3‐months‐old rats for a period of five months. The results indicate a good 
stability of the subretinal implants over time, with preservation of the physical 
properties of the polymeric layer and a tight contact with the outer retina. 
Immunoinflammatory markers detect only a modest tissue reaction to the surgical 
insult and the foreign body that peaks shortly after surgery and progressively 
decreases with time to normal levels at five months after implantation. Importantly, 
the integrity of the polymeric layer in direct contact with the retinal tissue is 

preserved after five months of implantation. The recovery of the foreign‐body tissue 

reaction is also associated with a normal b‐wave in the electroretinographic 
response. The results demonstrate that the device implanted in nondystrophic eyes 
is well tolerated, highly biocompatible, and suitable as retinal prosthesis in case of 
photoreceptor degeneration. 

  



Introduction 

Inherited retinal dystrophies, such as Retinitis pigmentosa (RP), are among the 
most prevalent causes of blindness.(1) Despite enormous efforts in the clinical 
treatment of many eye diseases, no established method to prevent or cure 
photoreceptor degeneration has been as yet identified. As an alternative to 
pharmacological treatments, gene therapy, stem cell transplantation or 
optogenetics, many groups are attempting to restore vision in advanced forms of RP 
with retinal prostheses to reactivate the spared retinal network by electrical 
stimulation.(2, 3) One approach (epiretinal implants) consists in the direct 
stimulation of retinal ganglion cells (RGCs), while the other consists in implanting 
the prosthesis in place of photoreceptors (subretinal implants), thus taking 
advantage of the processing activity of the inner retina. The latter approach has 
been proposed based on the evidence that the morphology of the inner retinal cells 
could be relatively preserved for extended periods of time.(4) 

During the past two decades, several devices, with different working principles, 
have been described as retinal prostheses.(5) However, one of the common 

limitations of current retinal prosthesis is the need of trans‐ocular cables to provide 

power supply and control signals. The design of silicon‐based photovoltaic retinal 
implants successfully solved the need of interconnections between the implanted 

intraocular chip and extraocular devices.(6) However, silicon‐based devices remain 
relatively stiff, if compared to the Young modulus of the retina; in turn, this may 

enhance the development of a foreign‐body reaction in the proximity of the implant, 
eventually leading to the device encapsulation by fibrotic tissue that considerably 
hinders its functionality. 

The suitability of conjugated polymers (CPs) as building blocks of a photovoltaic 
interface with living cells and retina explants has been recently documented by 
several groups.(7) We demonstrated that CPs maintain their activity in contact with 
electrolyte solutions, and that neurons can be effectively grown onto these 
materials. Upon illumination, modulation of the electrical activity of primary 
neurons cultured on the polymer surface was observed.(8) Subsequently, we 
demonstrated that the very same organic device in subretinal configuration was able 
to restore light sensitivity in explants of blind degenerate retinas.(9) This approach 

has many advantages with respect to silicon‐based prostheses, namely higher 
biocompatibility, higher flexibility, and mechanical compliance. 

The device tested in vitro was fabricated on glass with a first conductive layer of 

indium‐tin oxide (ITO) and a superficial layer of CPs (regioregular poly(3‐

hexylthiophene)/rrP3HT alone or blended with phenyl‐C61‐butyric acid methyl 
ester/PCBM) in direct contact with the tissue and/or the extracellular medium.(8, 
9) In order to engineer a fully organic device for in vivo implantation, we replaced 

ITO with poly(3,4‐ethylenedioxythiophene)‐poly(styrenesulfonate) (PEDOT:PSS) 
and used silk fibroin (SF) as substrate for the polymeric layers. Fibroin, the protein 



component of silk, is an established biomaterial that has a long history of clinical 
applications including sutures and biological scaffolds for tissue repair and 
regeneration.(10) Fibroin has excellent and tunable properties in terms of 
biocompatibility and partial biodegradability. Implanted silk scaffolds were shown 
to be well tolerated and to elicit only mild inflammation and immune responses. The 
bendability, compatibility with polymer deposition techniques, resistance to 

sterilization procedures, and moderate rigidity of SF comply with the trans‐scleral 
subretinal implantation procedure.(10) Indeed, a preliminary study carried out with 

a control silk‐only device to test the surgical technique revealed that the 
morphology of the retina was highly preserved up to two months after 
implantation.(11) 

Here, we characterized the biophysical properties of the engineered silk/polymer 
device and evaluated the consequences of the in vivo implantation in the subretinal 
space of a nondystrophic rat eye. We found that the subretinal implant is stable up 
to five months after surgery, with a tight contact between the polymeric layer and 
the outer retina and a modest tissue inflammatory reaction progressively decreases 
over time. These findings testify the high biocompatibility of the implant and pave 

the way to their long‐term use in implantology. 

 

Results and discussion 

Preparation and characterization of silk substrates 

An outline of the device fabrication procedure is reported in Figure 1A. Substrates 
were realized by casting the SF solution on top of Teflon Petri dishes that, 
differently from other materials (plastic, glass, aluminum), allowed getting flexible 
and relatively robust substrates. During solvent evaporation, one side remained 
exposed to air, while the other one was in contact with the Petri dish. SF is 
characterized by a high conformational variability, which results from the presence 
of various silk polymorphs, namely Silk I–III. Silk I is the natural form of fibroin, as 
emitted from the Bombyx mori silk glands. Being metastable, it can be easily 
converted to the more stable Silk II structure by mechanical, chemical or thermal 
treatments. Silk II refers to the arrangement of fibroin molecules in spun silk, which 
has greater strength and is usually considered responsible for the remarkable 
mechanical properties of fibroin. Silk III is referred to the silk in proximity to the 
air/water and/or organic/water interface. The three isoforms are characterized by 
precise structural properties and, most interestingly to the goal of this work, by a 
different degree of crystallinity. Depending on the crystallization conditions 
(solvent, solution concentration, temperature, drying rate, substrate type), Silk I 
and/or Silk II structures are usually obtained in films deposited by solution. 
However, the polymorph composition can be further tuned by changing the specific 
parameters of subsequent processing. It was therefore important to check how and 



to what extent the contact with water, the treatment with organic solvents, the 
thermal annealing processes, and finally the sterilization procedure affect the 

pristine chemical/physical properties of the as‐casted silk films (SF samples). We 

investigated these effects by means of Fourier‐transform IR absorption (FTIR) and 
differential scanning calorimetry (DSC) experiments, throughout all the subsequent 
phases of prosthesis fabrication, i.e.: (i) first PEDOT:PSS conducting layer 
deposition, followed by annealing (SP1 and SP1a samples); (ii) second PEDOT:PSS 
deposition and further annealing (SP2a); (iii) P3HT deposition and final annealing 
(SPP and SPPa samples). 

The FTIR profile (Figure 1B) of the SF film cast from aqueous solution is typical of 
an amorphous SF material, with prevailing random coil (r.c.)/Silk I molecular 
conformation.(12) It is worth noting that, in the FTIR spectrum, r.c. and Silk I 
bands are almost undistinguishable because they fall very close to each other. The 
amorphous character of the film is evidenced by the position and shape of Amide I 

(broad peak at 1626 cm−1), Amide II (peak at 1508 cm−1, shoulder at about 1530 

cm−1), and Amide III (peak at 1224 cm−1) bands, attributed to peptide bond 
vibrations. Accordingly, the lower intensity bands falling in the skeletal range at 

1100–900 cm−1, attributable to vibrations of the side chain groups, display the 
characteristic profile of amorphous SF films. The DSC profile (Figure 1C) of the 
same sample confirms the above comments. The main conformationally sensitive 
thermal transitions are the baseline deflection at 175 °C, marking the glass 
transition temperature Tg of SF, and the exothermic peak at 212 °C, which is 
attributed to rearrangement and crystallization of amorphous SF chains. These two 
thermal events can be observed only in amorphous SF films.(13) The two other 
strong endothermic transitions at about 100 and 286 °C are due to evaporation of 
moisture and thermal degradation of SF chains, respectively. The wettability of the 
two sides of the SF thin film was clearly different, showing a variation in the contact 
angle of almost 25° between the side exposed to open air (70° ± 5°) and the one 
exposed to Teflon (94° ± 8°). 

To facilitate the coating process and get more uniform layers, PEDOT:PSS was 
deposited on the more hydrophobic side, exposed to Teflon. The deposition of the 
first PEDOT:PSS layer (SP1) onto the SF film surface caused only slight changes of 
the SF film structure, which remained prevalently amorphous. In fact, the FTIR 
spectrum recorded in the attenuated total reflection (ATR) mode was closely similar 
to that of the untreated SF film (Figure 1B). Accordingly, the DSC thermogram still 
displayed the crystallization peak at 212 °C, although with a lower intensity (Figure 
1C). This feature, together with the fact that Tg is no more detectable, can be 
attributed to a decrease in SF chain mobility that is probably caused by the partial 
chain rearrangement occurring during the swelling/drying cycle associated with 
deposition of the PEDOT:PSS layer. The first thermal treatment subsequent to 
PEDOT:PSS deposition (SP1a) did not modify the molecular conformation of the 
SF film that, on the basis of the FTIR spectrum, remained mostly amorphous 
(Figure 1B). However, the SF chain thermal mobility became more restricted, as 



indicated by the further decrease in intensity of the 212 °C crystallization peak 
(Figure 1C). Conversely, the deposition of the second PEDOT:PSS layer and its 
annealing treatment (SP2a) induced a conformational transition from r.c./Silk I to 
Silk II, as revealed by the changes in the Amide I, II, and III bands, as well as by 
minor changes observed in the skeletal range of the FTIR spectrum of the sample. 

Typical β‐sheet bands appeared at 1690, 1616, and 1254 cm−1;(12) both Amide I and 
II bands became sharper, as a consequence of the decrease in intensity of various 

vibrational modes attributed to r.c., type II β‐turns, and other turns and bends 

falling in the 1670–1630 cm−1 range, which usually contribute to band width 

broadening (Figure 1B).(14) The β‐sheet crystallization was also confirmed by the 
remarkable thermal stability observed in the 150–250 °C temperature range (Figure 

1C). Finally, the deposition of rr‐P3HT (SPPna), followed by thermal treatment 
(SPPa), did not lead to further significant changes in the structure of the SF film, 

which had already achieved a high degree of stability, typical of the Silk‐II 
conformation. 

Optoelectronic and Microscopic Characterization of the Retinal 

Implant 

To verify whether the optoelectronic properties of the semiconducting layer were 

preserved during processing and maintenance in a saline environment, the polymer 

optical absorption, the photocurrent action spectrum and the photocurrent dynamics 

were measured immediately after fabrication (Day 0) and one month later (Day 30) 

(Figure 2). Samples were immersed in a 0.2 m NaCl aqueous solution kept at 37 °C 

and exposed to environmental light/dark cycles of 12 h. To avoid bacterial 

proliferation, the solution was sterilized by microfiltration and changed every 3 d. 

One month after fabrication, the device displayed an optical absorption spectrum 

that was virtually identical to that of the as‐casted films, and typical of a rr‐P3HT 

thin film, with absorption maximum at 520 nm and vibrational replicas at 550 and 

605 nm, consistent with the semicrystalline nature of the polymer film (Figure 2A). 

No significant changes were also observed in the photocurrent dynamics. The 

positive signal observed at the onset of illumination is consistent with a current 

flowing from the PEDOT:PSS/P3HT device to the counter‐electrode through the 

electrolyte. The current decays back to zero during the light pulse, with a decay 

time constant in the order of few ms. Upon switching off the light, an opposite 

signal is observed, attributable to a capacitive discharging of the 

polymer/electrolyte interface. Notably, ion‐doping phenomena of the organic layers, 

possibly occurring upon prolonged contact with the water environment, did not lead 

to relevant changes in the transient photocurrent behavior, and the dynamics of the 

capacitive signal were not minimally affected by keeping the device under 

physiological condition for 30 d (Figure 2B).(15) One month after fabrication, the 

contact angle measured on the silk surface did not considerably vary with respect to 



the fresh device (67° ± 5° vs 59° ± 8°), meaning that the wettability of silk exposed 

to air or saline water remains essentially the same (Figure 2C). Conversely, the 

polymer surface, one month after fabrication, became much more hydrophilic, with a 

contact angle comparable to the one measured on the silk‐side of the prosthetic 

device (51 ± 11°) (Figure 2C). These results are a positive indication of the fact that 

the prosthetic implants, once inserted into the subretinal space, could be sufficiently 

permeable, and should guarantee an adequate degree of oxygenation to the 

underlying retinal pigment epithelium (RPE). 

Scanning electron microscopy (SEM) imaging was employed to assess the fine 

surface structure and the possible changes occurring in the device architecture upon 

time. Images acquired immediately after preparation of the prosthesis (Figure 2D) 

show that the PEDOT:PSS layer optimally conforms to the soft silk substrate. The 

two subsequent depositions are not clearly distinguishable, and PEDOT:PSS 

formed a unique, finely interconnected layer, with an overall thickness of ≈550 nm. 

The adhesion between the rr‐P3HT active polymer (≈200 nm thickness) and the 

PEDOT:PSS layer was also optimal. The images of the device acquired at day 0 

confirm the suitability of the spin coating parameters employed for the deposition of 

both PEDOT:PSS and rr‐P3HT. When the samples were kept under physiological 

conditions (i.e., exposed to saline solution and illuminated under ambient light at 37 

°C) for one month, a very good degree of adhesion of the polymeric layers to the 

substrate was still observed (Figure 2E) in the absence of clear swelling of the 

conducting and/or semiconducting layers is evidenced on a microscopic scale. On a 

macroscopic scale, the overall surface of the device appears more corrugated after 

one month than immediately after preparation, but samples were intentionally left 

free to rearrange their conformation in the absence of any mechanical constraint. 

Once implanted in the subretinal space, this effect would be presumably decreased as 

a consequence of the intraocular pressure. 

Evaluation of Implant Stability and Retina Reaction 

The retinal device was implanted in the subretinal space of healthy RCS‐rdy+/Lav 

rats through a scleral flap (Figure 3A). Indirect ophthalmoscopy, near‐infrared 

confocal scanning laser ophthalmoscopy (cSLO) and spectral domain ocular 

coherence tomography (OCT) scans performed at various times after implantation 

showed that the implant, centrally localized within the fundus (Figure 3B,C), 

remained fixed in its position over time. Retinal integrity was preserved over and 

around the implant, in the absence of any noticeable degenerative effect, and no 

swelling or delamination of the device was observed (Figure 3D). 

One of the main concerns regarding the potential long‐term functioning of the 

organic device as a retinal prosthesis was the integrity of the surface polymeric layer 

over time. Although in vitro data (see Figure 2) suggest a substantial preservation 



of the polymer properties, shear stresses and prolonged contact with the 

inflammatory environment could promote polymer delamination or degradation. To 

ascertain the persistence of the active layer, we exploited the intrinsic fluorescence 

of P3HT. Representative retina images from sections that underwent full processing 

for immunohistochemistry, including chemical fixation, cryopreservation, and 

slicing (all processes that may cause breakage, delamination or relocation of the 

polymer) showed that the implants remained in contact with the inner retina and 

were covered by a fairly intact the polymeric layer up to five months after surgery 

(n = 9; Figure S1A–D, Supporting Information). When the polymeric coverage of 

the silk substrate was quantified one (n = 7) and five (n = 9) months after surgery, 

about 80% of the silk substrate surface was coated with the polymer at both times, 

indicating that, while the surgical implant and early postimplant phase are critical 

for polymer cracking/delamination, the polymer is quite stable afterward (Figure 

S1E, Supporting Information). 

To evaluate the morphological changes induced in the retina by the implant, 

implanted and sham‐operated retinas were subjected to histochemical analysis 7, 30, 

and 150 d postimplant (DPI). As previously reported, the photoreceptor layer 

underwent degeneration due to retina/RPE detachment in correspondence of the 

implant, while the inner retina, after a transient period of edema (<1 month) 

returned to normal (Figure 4).(16), (17) The reduction in the outer nuclear layer 

(ONL) thickness superior to the implant is likely attributable to the mechanical 

stress during the surgery. Accordingly, one week after surgery, some degree of 

edema was observed in the ONL of the implanted region, representing a clear sign 

of the activation of an inflammatory response. 

Reactive gliosis is a sensitive indicator of retinal stress and represents an attempt to 

protect retinal tissue, limit tissue remodeling, and promote repair.(18) Glial 

fibrillary acidic protein (GFAP) immunoreactivity (Figure 5) increased immediately 

after surgery both in the implanted and in the peripheral regions, reached its peak 

one month after surgery and decreased thereafter to return to baseline five months 

after surgery. This pattern of response coincides with a transient stress reaction of 

the retina due to the insertion of a foreign body that regresses after five months 

from the surgery. 

The retina has the ability to activate protective mechanisms in response to 

damaging stimuli, including upregulation of cytokines and in trophic factors such as 

fibroblast growth factors (FGFs). Specifically, FGF2 is expressed by Muller cells 

and RGCs during adulthood and, upon mechanical stress, is upregulated and 

translocates from glial cells to photoreceptor somata.(19) After surgery, the FGF2 

response significantly increased by exhibiting a dual inner–outer and implant‐

peripheral gradient (Figure 6). One week after surgery, FGF2 was upregulated in 

the RGC layer with an implant‐to‐periphery gradient, probably due to the implant‐



induced mechanical stress at the retina/vitreous interface. In the implant region, an 

increase of FGF2 was also detectable in the Muller cell bodies. One month from 

surgery, FGF2 expression in RGCs decreased, suggesting recovery from the 

mechanical stress at the retina/vitreous body interface, while a concomitant 

translocation of FGF2 to the photoreceptor layer was observable. This event was 

particularly evident in the portions of retina peripheral to the implant, whereas it 

was less pronounced in correspondence of the implant, likely because of the 

reorganization and thinning of the photoreceptors layer. Similar to what observed 

for GFAP expression, FGF2 immunoreactivity returned back to baseline five 

months after surgery. 

Under physiological conditions, microglial cells are restricted to the inner retina 

where they are involved in immunological surveillance, clearance of the debris, and 

maintenance of retina homeostasis.(20) In response to a stress, microglia quickly 

increases in number, and starts migrating toward the site of injury. The insertion of 

the implant immediately triggered microglial activation, evaluated by 

immunoreactivity for ionized Ca2+‐binding adapter molecule‐1 (Iba1), with a 

significant increase in the cell number and cell migration toward the ONL (Figure 

7). This activation was particularly evident in the implanted area 7 and 30 d after 

surgery, whereas, in adjacent areas, the initial microglial activation rapidly 

decreased and disappeared. Five months after surgery, the extent of the overall 

microglial activation was strongly reduced, indicating a progressive recovery 

toward baseline, and sparse activated microglial cells only persisted in the ONL of 

the implanted region (Figure 7). 

When the electroretinogram (ERG) response to light flashes were evaluated five 

months after surgery, the large majority of the implanted animals (six out of nine 

animals checked by OCT to confirm position and integrity of the device and of the 

adjacent retina) responded to the flash with a delayed b‐wave of similar amplitude 

with respect to the controls, while three animals displayed defective responses 

(Figure S2C, Supporting Information). When retrospective immunohistochemical 

analysis was performed, animals that had a bad ERG performance also presented 

strong astrogliosis and microgliosis (Figure S2A,B, Supporting Information), while 

animals that performed well in ERG displayed a normalization of the inflammatory 

markers. 

 

Conclusion 

The application of organic semiconductors as photoactive materials in bio‐interfaces 

has been recently reported. A device made of semiconducting polymers, such as 

P3HT or P3HT:PCBM, spin‐coated over a thin film conductive ITO on glass has 

been recently shown to have unique properties, i.e., direct light sensitivity, 



biocompatibility, ability to modulate the electrical activity of excitable and 

nonexcitable cells with high spatial and temporal resolution.(8) Moreover, such a 

device was able to rescue light sensitivity with daylight range sensitivity in 

explanted degenerate retinas.9 These results demonstrate that organic 

semiconductors can be a valid alternative to the more traditional devices used for 

retinal implants mostly based on inorganic semiconductors and/or metallic 

electrodes, exhibiting softness and conformability, light sensitivity, and no need for 

power supply or control signals. 

The polymeric interface that we have developed is potentially an ideal substitute for 

the degenerated photoreceptors in RP. However, despite the claim of being tissue‐

friendly, the long‐term compatibility of CPs with the retina tissue has never been 

evaluated. Thus, the above‐described device was engineered to make it interface 

fully organic and suitable for in vivo implantation, by replacing ITO with the 

conductive polymer PEDOT:PSS and using SF as a highly biocompatible porous 

substrate (SF/PEDOT:PSS/rr‐P3HT device). Indeed, SF has been widely used in 

biomedical applications as sutures, tissue scaffolds, hemostatic and drug delivery 

agents,(10) it has been recently proposed as a component of flexible electronics for 

recording and optical systems,(21) and was well‐tolerated when subretinally 

implanted in the retina.(11) The SF substrate was stable throughout the processing 

steps necessary for the realization of the full prosthesis architecture, and the 

structural and physical properties of the three‐layer SF/PEDOT:PSS/rr‐P3HT 

device were not altered by a prolonged exposure to physiological temperature and 

salt concentrations that only increased its surface hydrophilicity. 

Although CPs have been already used for biomedical applications, their future use as 

materials for retinal prostheses to treat blindness secondary to photoreceptor 

degeneration requires an assessment of the reaction of the retina toward the 

multicomponent implanted device over time.(7) Moreover, the status of the 

polymeric layer needs to be monitored, as its direct contact with inner neuronal 

layers is essential for the functioning of the device.(9) We investigated whether 

surgical implantation in the nondystrophic strain of the RCS rat could cause loss of 

inner retina neurons, edema, inflammation, and gliosis/fibrosis that would interfere 

with the retina‐device interface, possibly causing delamination, degradation of the 

polymeric layers, and/or its encapsulation. The in vivo follow‐up with cSLO and 

OCT revealed the stability of the implant and its persistent close association with 

the inner retina layers in the absence of retina detachment, chronic edema or 

fibrosis. Retina morphology was substantially preserved, except for the loss of 

photoreceptors at the site of the implant due to the dissection of photoreceptors 

from the RPE.(16), (17), (22) 

 



Significant increases in GFAP, FGF, and Iba1 expression were observed in the 

operated eye, particularly in the area of implantation, indicative of an astrocyte, 

Muller cell, and microglial reaction to the implant. As reported by previous studies, 

normal retinas respond to chronic subretinal implantation with upregulation of 

GFAP expression by Muller cells and astrocytes, and reactive gliosis is a sensitive 

indicator of retinal stress and represents an attempt to promote tissue repair.(18) 

Indeed, in the implanted retina, an upregulation of the trophic factor FGF2 by 

Muller cells and RGCs and its translocation to the photoreceptor layer was 

observed at early stages after surgery, likely contributing to the late normalization 

of the inflammatory parameters. Similarly, microglia cells resident in the inner 

retina were activated in the early stages of implantation and migrated in the 

implanted region. However, the retina response to the surgical insult and the 

foreign body reaction significantly decreased over time, assuring the long‐term 

contact of the device with the external retinal layers that is a requisite for efficacy 

proper functioning as retina prosthesis. Moreover, in spite of the shear stress during 

the surgical implantation and the inflammation and proliferation of microglial cells 

with their complement of lytic enzymes in the early phases after surgery, the bare 

polymeric layer in contact with the outer retina was largely preserved over time, 

supporting the long‐term functionality of the implanted device. 

In conclusion, the comprehensive experimental characterization shown in this 

report demonstrates the full biocompatibility of the organic retina prosthesis made 

by SF/PEDOT:PSS/P3HT for in vivo applications. In particular, we show here that 

the unavoidable tissue reaction to the surgical implant was limited to the areas 

directly affected by the surgery and displayed a virtually complete regression after 5 

months and a significant persistence of the polymeric layers. In view of the high 

biocompatibility and reliability, we are currently implanting the three‐layer device 

as subretinal prosthesis in the eye of blind RCS rats, an experimental model of 

Retinitis pigmentosa, to evaluate its functionality in rescuing light sensitivity and 

visual performances. 

 

Experimental sections 

Organic Retinal Prosthesis Fabrication: SF films were obtained from Bombyx mori 

cocoons. After degumming procedure, sericine‐free fibers were dried for 3 d at 

temperature of 20 ± 2 °C and relative humidity of 65 ± 2%, dissolved in a saturated 

LiBr solution, and treated at 60 ± 2 °C for 3 h. The solution was then dissolved in 

distilled water, preheated at 60 °C, and filtered. Solution dialysis completely 

removed LiBr. The purified SF was filtered, drop‐casted on Teflon Petri dishes, and 

dried for 2 d, obtaining SF films of 200 cm2 area and 30 μm approximate thickness. 

After cleaning of substrates with acetone and isopropanol rinses, organic layers 



were deposited on the side of SF thin films in contact with the Teflon Petri dish 

during SF casting. A water dispersion of PEDOT:PSS (Clevios PH1000; Heraeus) 

was prepared by adding the following additives: The cosolvent dimethylsulfoxide 

(9% in volume, purchased from Sigma‐Aldrich) to increase the overall electrical 

conductivity; the cross‐linker 3‐glycidoxypropyltrimethoxysilane (0.9% in volume; 

Sigma‐Aldrich) to enhance the adhesion of the PEDOT:PSS layer to the substrate 

and avoid delamination; the surfactant Zonyl FS‐300 (0.18% in volume, Sigma‐

Aldrich) to promote dispersion wettability. PEDOT:PSS dispersion was then 

sonicated in an ultrasonic bath for 20 min, cooled at room temperature and 

deposited by spin coating in two identical steps (rotation speed 2000 rpm, duration 

60 s). The double deposition was required to limit the dynamic interaction between 

the PEDOT:PSS dispersion and the underlying SF film and to yield a uniform layer. 

Between the first and the second deposition, and after the second deposition, the 

substrates underwent a thermal annealing process in air (120 °C, 10 min). A 

chlorobenzene solution of P3HT (15 000–45 000 molecular weight, Sigma‐Aldrich, 

30 g L−1) was sonicated for more than 1 h and deposited on top of the PEDOT:PSS 

layer by a two‐steps spin coating process (800 rpm, 5 s; 1600 rpm, 120 s). A final 

thermal annealing in glovebox (120 °C, 20 min) completed the fabrication of large 

area devices. Retinal implants of dimensions suitable for implantation in rats were 

obtained through laser‐assisted cutting (Yb:KGW laser, Pharos, Light Conversion 

Ltd., with emission at 1030 nm, repetition rate of 500 KHz, and pulse width of 240 

fs), by focusing the second harmonic beam onto the polymer‐coated SF substrates, 

with incidence from the substrate side. Pulse energy, in the order of 200 nJ, and 

translation speed (0.4 mm s−1) were adjusted to get a relatively sharp cut of the 

edges, without causing degradation to the optoelectronic properties of the active 

material. The prosthesis has a trapezoid geometry (1.8 mm height, 1.1 mm, and 0.55 

mm parallel sides). Edges are intentionally smoothed during the laser‐assisted 

fabrication to limit mechanical damage to the retinal layers during surgery. After 

fabrication, samples were subjected to ethylene oxide sterilization. 

Biophysical Characterization of the Device: The wettability of the substrates prior 

to and after polymer deposition was characterized by using an OCA‐15 optical 

contact angle measuring instrument (Data Physics). Static water contact angles 

were determined using the sessile drop method (2 μL, Milli‐Q water) (n = 15). 

Optical absorption spectra were recorded by a Perkin‐Elmer Lambda 1050 

spectrophotometer in the visible range between 400 and 700 nm. Photocurrent 

action spectra and photocurrent temporal dynamics were acquired in a two‐

electrodes configuration, using a saline solution as electrolyte and a platinum wire 

as the counter electrode. Photocurrent temporal dynamics were amplified by an 

impedance amplifier (FEMTO DHPCA‐100) and collected with a digital 

oscilloscope (Tektronix MSO4054). Light pulses (50 ms at 1 Hz) were provided by a 



collimated, green LED system (Lumencor Spectra X, central wavelength λ = 530 

nm). In action spectra measurements, the light from a tungsten lamp passed 

through a monochromator and was focused onto the sample at 0° incidence, through 

the PEDOT:PSS electrode. The light was mechanically chopped at 175 Hz, and the 

reference signal was fed to a lock‐in amplifier. System calibration was performed by 

replacing the organic photodiode with a silicon photodiode of known efficiency and 

taking into account the dark current, the spectral response of the light source and 

the monochromator gratings. Cross‐section images of the retinal prosthesis were 

acquired using a Zeiss SUPRA 40 field emission scanning electron microscope. 

FTIR spectra were recorded in the ATR mode with an α‐Alpha‐P spectrometer 

(Brucker) equipped with a diamond cell. For each sample, spectra (24 scans; spectral 

resolution 1.5 cm−1) were collected in triplicate, normalized at 1450 cm−1, and 

averaged. DSC measurements were performed with a Q200 calorimeter (TA 

Instruments), from room temperature to 500 °C, at a heating rate of 10 °C min−1. 

Samples, 3–5 mg each, were put in an open aluminum pan and swept with N2 

during the analysis. 

In Vivo Implantation of the Device in the Rat: Royal College of Surgery 

nondystrophic congenic animals (RCS‐rdy+/Lav),(23) kindly provided by Dr. M. M. 

La Vail (Beckman Vision Center, University of California San Francisco, CA), were 

bred in our animal facility. RCS‐rdy+/Lav rats were housed under standard 

conditions with ad libitum access to food and water under a 12/12 h light/dark 

cycle. All animal manipulations and procedures were performed in accordance with 

the guidelines established by the European Community Council (Directive 

2012/63/EU of 22 September 2010) and were approved by the Italian Ministry of 

Health (license 645/2015PR). Animals were implanted at the average age of 85 ± 10 

d and analyzed at various time points after surgery up to 5 months. The subretinal 

implantation technique was as previously described with some modifications.(16) 

Implants were analyzed and followed up using indirect ophthalmoscopy and in vivo 

imaging.(24) To assess retinal responses, flash ERG was recorded in dark‐adapted 

animals in response to light flashes of increasing intensity. A detailed description of 

these procedures is reported in the Supporting Information. 

Histology and Immunohistochemistry: Cryostat sections obtained from the fixed 

eyes of implanted rats were investigated by immunohistochemistry and 

morphometric analysis (for details, see the Supporting Information). The ONL was 

measured in bisbenzimide‐stained sections starting at the dorsal edge along the 

vertical meridian crossing the optic nerve head following a previously described 

procedure.(25) Measurements are expressed as ratio ONL/total retina thickness and 

calculated for the entire retinal section. The inner retina thickness was evaluated by 

measuring the distance between the RGC layer and the end of the outer plexiform 

layer. Cryosections were labeled for FGF2, Iba‐1, and GFAP. The study was carried 



out on retinal sections (from dorsal to ventral) that included the optic disc and that 

were collected after 1 week, 1 month, and 5 months from surgery. Morphometric 

analysis was performed on 7 fields/retina that were imaged, namely: 3 dorsal to the 

implant, 1 in the region of the implant, and 3 ventral to the implant. Acquisition 

parameters were kept constant throughout all the imaging session for comparison 

purposes and the densitometry analysis of fluorescent signals was performed using 

the ImageJ software. At least five animals were completely analyzed per each 

experimental group. Mean fluorescence intensity analysis for FGF2 and GFAP was 

performed using ImageJ. Iba1 cells were manually counted in each field. 

Statistical Analysis: Data were expressed as means ± sem for number of sections 

analyzed from independent animals (n). ANOVA followed by the Tukey's post‐hoc 

test was used. p < 0.05 was considered significant. Statistical analysis was carried 

out using OriginPro‐8 (OriginLab Corp.) and Prism (GraphPad Software, Inc.). 
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Figures 

 

 

Figure 1. Retinal prosthesis fabrication and characterization. A) Schematic diagram of the device 

fabrication procedure. B,C) FTIR spectra (B) and DSC thermograms (C) were recorded at the 

different stages leading to the fabrication of the organic prosthesis. SF (black trace): silk fibroin 

film, as casted; SP1na (dark blue trace) and SP1a (light blue trace): silk fibroin covered by a first 

PEDOT:PSS layer, before and after thermal treatment in air, respectively; SP2a (green trace): silk 

fibroin covered by two subsequent depositions of PEDOT:PSS and annealed after each deposition; 

SPPna (red trace) and SPPa (purple trace): silk fibroin substrates covered by PEDOT:PSS and 

P3HT, before and after thermal annealing, respectively, under nitrogen atmosphere (120 °C for 20 

min). 



 

Figure 2. Structural and physical properties of the device exposed to physiological conditions. A) 

Optical absorption spectra recorded immediately after preparation of the device (black line) and 

after one month (red line) under conditions mimicking the physiological environment (0.2 m NaCl 

at 37 °C with ambient light). B) Photocurrent dynamics recorded immediately after preparation of 

the device (black line) and after one month (red line) under the same physiological conditions as 

described for panel (A). The shaded area represents the duration of the light stimulus. C) Water 

contact angles (means ± SD; n = 15) of silk substrates and full polymer implants immediately after 

fabrication (black) or after one month in which they were maintained at 37 °C at ambient light in 

saline solution (gray). SF: silk fibroin measured on the side exposed to air (top) and to the teflon 

surface (bottom) during fabrication. Device: three‐layered SF/PEDOT:PSS/rr‐P3HT device 

measured on the silk and polymeric surface, respectively. PEDOT:PSS and rr‐P3HT were 

intentionally deposited on the bottom side of the silk substrate. D,E) Ultrastructure of the organic 

device. D) Representative cross‐sectional SEM images were taken immediately after preparation 

and after 30 days under physiological conditions (0.2 m NaCl at 37 °C with ambient light. E) The 

two organic layers, composed of PEDOT:PSS and P3HT, can be clearly distinguished on the silk 

substrate. n = 5–6 sample devices were analyzed from two independent fabrication sessions. Scale 

bar, 1 μm. 

  



 

Figure 3. In vivo imaging of the retinal prosthesis. A) Low‐magnification SEM images of the 

device before implantation. The images show the polymeric layer (top left), the back silk surface 

(bottom left) and a higher magnification of the laser‐cut device edge (right). B) Representative 

cSLO image of the prosthesis subretinally implanted in the eye of an RCS‐rdy rat, taken 30 d after 

surgery. C) Representative OCT image of the subretinally implanted prosthesis depicted in panel 

(B). The green line on the near‐infrared image on the bottom‐left corresponds to the OCT scan 

shown on the right. D) Temporal sequence of OCT scans acquired 15, 30, and 60 d after surgery 

from the implanted eye of an RCS‐rdy rat. DPI, days postimplant. Arrowheads in panels (C,D) 

indicate the position of the device. 

  



 

 

Figure 4. Effects of the prosthetic implant on retina thickness. A) View of the eye bulb after 

fixation shows the position and integrity of the polymeric implant. B) Reconstruction of vertical 

sections of implanted and control retinas collected 7, 30, and 150 DPI, and labeled with 

bisbenzimide. Images were acquired from corresponding fields in the various retinas by taking the 

implant as reference point. C) Impact of the surgery on the ratio between ONL thickness and total 

retinal thickness, calculated in superior, implanted, and inferior fields. D) Impact of the surgery on 

inner retina thickness measured in superior, implanted, and inferior fields. One‐way 

ANOVA/Tukey's test (n = 9 per experimental group). * p < 0.05 versus respective control. ONL, 

outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer. 

  



 

 

Figure 5. Effects of the prosthetic implant on GFAP expression in the retina. A) Reconstruction 

of vertical section of implanted retina stained for GFAP. Retinas were collected 7, 30, and 150 

DPI. Images were acquired from corresponding fields in the different retinas by taking the 

implant as reference point. GFAP expression was upregulated after surgery and its expression 

peaked 1 month after surgery and normalized at later times. B) The fluorescence intensity, 

measured throughout the retina, shows highly significant differences in GFAP immunoreactivity 

at 7 and 30 DPI compared with either sham‐operated or implanted animals at 150 DPI. One‐way 

ANOVA/Tukey's test (n = 9 per experimental group). *** p < 0.001 versus respective controls or 

150 DPI. ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer. 



 

 

Figure 6. Effects of the prosthetic implant on FGF expression in the retina. A) Reconstruction 

of vertical section of implanted retina stained for FGF2. Retinas were collected 7, 30, and 150 

DPI. Images were acquired from corresponding fields in the different retinas by taking the 

implant as reference point. B) FGF expression was quickly upregulated after surgery and slowly 

decreased with time. The fluorescence intensity, measured throughout the retina, shows highly 

significant differences in FGF immunoreactivity at 7 and 30 DPI compared with either sham‐

operated or implanted animals at 150 DPI. One‐way ANOVA/Tukey's test (n = 9 per 

experimental group). ** p < 0.01 versus respective control or 150 DPI. ONL, outer nuclear layer; 

INL, inner nuclear layer; GCL, ganglion cell layer. 



 

Figure 7. Effects of the prosthetic implant on microglial activation in the retina. A) Panels show 

transversal sections of retina immunolabeled with Iba‐1 antibody (green) and autofluorescence of 

the polymer (red). Images were acquired from corresponding fields in the different retinas by 

taking the implant as reference point. Microglial activation was precociously present at 7 DPI; 

thereafter it persisted in the area of the implant after one month, while it started to decline in the 

peripheral areas. At 150 DPI, few activated microglia were still visible in the outer retina of the 

implanted field, but their number was strongly reduced as compared to the earlier stages. B) 

Quantification of Iba‐1 immunoreactivity shows the attenuation of the inflammatory reaction with 

time postimplant. One‐way ANOVA/Tukey's test (n = 9 per experimental group). ** p < 0.01; 

*** p < 0.001 versus control; °°p < 0.001 versus either 7 or 30 DPI. ONL, outer nuclear layer; 

INL, inner nuclear layer; GCL, ganglion cell layer. 
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