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Organic semiconductors are emerging as promising candidates for novel electrically self-sufficient 

photovoltaic prosthetics for neurostimulation, especially for restoration of light sensitivity in 

degenerate retina. Considering future applications, it is essential to gain fundamental insight into the 

signaling mechanisms at the organic photosensor-electrolyte-neuron interface. Particularly, targeting 

voltage-gated ion channels by a pure photo-capacitive stimulation is a preferred therapeutic approach 

as it avoids redox reactions involved in faradaic charge injection. The present study investigates 

whether single neuroblastoma (N2A) cells, grown on a photosensor based on a small molecular 

squaraine:fullerene photoactive layer blend, optionally covered with silicon dioxide, can be activated 

by photo-capacitive stimulation. Indeed, upon pulsed illumination, a rapid transient photocurrent 

strongly depolarizes the membrane potential and subsequently activates fast-responding voltage-gated 

sodium channels. The dielectric top coating on the organic layer ensures sufficient capacitive charge 

injection efficiency while maintaining the rapid response of the device. Due to the high irradiance level 

required for photo-capacitive stimulation, another slower, independent and unintended, non-electrical 

signaling pathway is identified. This activates voltage-gated potassium channels, presumably by photo-

thermal effects. The present study provides the basis for further improvements on standalone 

photovoltaic neuro-stimulating platforms based on organic photoactive layers. 

 

1. Introduction 

Emerging tools in the field of bioelectronic medicine are implantable neurostimulating platforms for 

localized diagnostics and therapeutics.[1] Optical stimulation constitutes a minimal invasive approach 

since it can eliminate the need for electrical wiring of such devices. Retinal prostheses have been 

developed to restore visual information processing by electrical stimulation of the remaining healthy 

projection neurons.[2] Recent progress involves an electrically self-sufficient photovoltaic device 

directly converting optical signals into electrical stimuli.[3] The inorganic silicon-based microchip 

requires several micrometer thick photoactive layers, and therefore is rigid, not matching the 

mechanical properties of retinal tissue. Organic semiconductors instead offer mechanical flexibility 

and chemical tunability for adjustable opto-electronic properties. A seamless match to biological 

tissue actually is the promise of organic bioelectronics[4] especially for visual neuroprosthetics.[5] In 

particular, roadmaps to standalone retinal prosthesis have been provided based on polymer[6-9] or 
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organic small molecular[10,11] thin films known from organic photovoltaics, but also nano-crystalline 

organic pigments,[12] quantum dot decorated carbon nanotubes,[13] graphene electrodes,[14] and 

natural photoreceptor molecules coated onto graphene electrodes[15] have been proposed. 

These novel organic devices are supposed to function via a transient, photo-capacitive stimulation 

mechanism.[16,17] This capacitive charge injection basically happens through a photoinduced built-up 

of surface charge in the organic semiconductor and subsequent charging and discharging of a 

capacitive double layer at the semiconductor-electrolyte interface, causing ionic displacement 

currents within the electrolyte. That way, electrochemical side reactions, e.g., in worst case 

electrolysis of water, and device degradation would be automatically reduced.[17-19] However, it is 

largely unclear if this anticipated purely photo-capacitive mechanism is actually exclusively realized 

in vivo or if other concomitant stimulation channels play a role.[20] There has been evidence in vitro 

that for high illumination intensities rather a photo-thermal stimulation mechanism evokes the 

functional cellular response[12,21] based on a change in the cell membrane capacitance due to rapid 

heating.[22] Additionally, a photo-chemical effect caused by faradaic charge injection involving a 

change in pH-value has been proposed.[23] 

 

Here, our mechanistic investigation of the signaling pathway in a neuronal model cell system sets in. 

We utilize an electrophysiological patch-clamp approach to investigate the activation of voltage-

gated ion channels of single, non-transfected neuroblastoma (N2A) cells. The cells are grown on a 

standalone photovoltaic organic photosensor based on a squaraine:fullerene photoactive layer 

blend, covered with a dielectric coating, and interfaced with a physiological electrolyte. We evidence 
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that a rapid transient, photo-capacitive stimulation pathway activates fast responding sodium 

channels. However, this requires very high illumination intensities, additionally enabling a slower, 

non-electrical photostimulation of potassium channels. Since voltage-gated sodium and potassium 

ion channels are key components for generating action potential in all excitable cells, our findings 

are of general interest for the future development of minimal invasive implantable light-to-current 

converting neuro-stimulating platforms based on organic photoactive matter. 

 

 

2. Results and Discussion 

 

2.1. Photosensor Architecture and Characterization of N2A Cells 

The centerpiece of the photosensor is the photoactive layer consisting of a deep-red absorbing small 

molecular anilino squaraine donor (SQIB) blended with a fullerene acceptor (PCBM), Figure 1a, 

known as prototypical compounds for organic photovoltaics.[24] Anilino squaraine based photovoltaic 

devices typically suffer from low charge carrier mobilities and impaired extraction.[25] This plays into 

our hands aiming at a photo-capacitive  sensor. A SQIB:PCBM solution (7:1 mass ratio) is spincasted 

onto an indium tin oxide (ITO) glass substrate serving as transparent electrode, Figure 1b. To foster 

charge trapping and damp potential faradaic charge injection into the electrolyte we crystallized the 

photoactive layer by thermal annealing at 120 °C. Upon annealing, the active layer turned into 

bireflectant platelet structures forming distinct domains with subdomains, Figure 1c. These platelets 

consist of the orthorhombic SQIB polymorph with a distinct crystallographic plane, the (1 1 0) plane, 
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parallel to the surface.[26] The deep-red absorbance has two characteristic spectral signatures at 650 

and 725 nm originating from a Davydov splitting,[26] see Figure S1a. Furthermore, we optionally 

covered the photoactive layer with a dielectric coating consisting of 53 ± 3 nm vapor deposited SiO2, 

Figure 1b, to possibly enhance the capacitive charge injection properties of the photosensor. 

Applying oxidic coatings to neural electrodes is a common strategy to suppress residual faradaic 

currents and to enhance the solid-liquid double layer capacitance, which is decisive for the 

capacitive charge injection.[17,19,27,28] SiO2 has been chosen because it does not require high 

deposition temperatures such as titania or iridium oxide. For simplicity, we refer in the following to a 

rounded value of 55 nm layer thickness for the SiO2 coating. The coating procedure did not alter the 

underlying photoactive layer, Figure 1c. Atomic force microscopy (AFM) images reveal a 

homogeneous and smooth surface topography (RMS surface roughness below 1 nm) for both, the 

SiO2 coated and uncoated active layer, Figure 1d and e, respectively. This is the result of an 

optimization procedure as further outlined in the Supporting Information. Starting point was a 

SQIB:PCBM layer with a (1:1) mass ratio annealed at 180 °C comprising platelet areas interspersed 

with elongated holes[11] and an additional monoclinic polymorph[26] with a different morphology and 

substantially larger RMS surface roughness. Microscopy images of such layers can be seen in Figure 

S1b and c. 

 

In the next step we studied non-transfected mouse neuroblastoma (N2A) cells grown on the 

photoactive layer, comparing SiO2 coated and uncoated areas without any additional adhesion 

promoters. The N2A cells greatly preferred to grow on the SiO2 coating, Figure 2a. They showed 

good adhesion properties including the formation of processes (neurites), Figure 2b. The total 



 

  

 

This article is protected by copyright. All rights reserved. 

6 

 

number of cells and the number of cells with neurites (length equal or more than half the diameter 

of the cell body) were counted on three photoreceptor samples considering 67 regions (coated) and 

59 regions (uncoated), Figure 2c. We found that 11% and 6% of the cells were so well attached to 

the surface of the SiO2 coated and uncoated photosensor, respectively, that they formed neurites. 

Other studies reported ~10% of neurite-bearing cells in undifferentiated N2A cells.[29] Thus, the SiO2 

coating was stable during the incubation period and was beneficial for cell adhesion.  

 

The basic electrical properties of N2A cells residing on the SiO2 layer were investigated by artificial 

depolarization tests. Measurements were conducted in a modified Ringer’s solution with depleted 

NaCl and no KCl content. During voltage-clamp recordings, cells were initially kept at a holding 

potential of -70 mV and then clamped to higher potentials in 20 mV steps, Figure 2c. Experiments 

were conducted under dim ambient light conditions without illuminating the cells. The voltage steps 

evoked an active response by voltage-gated ion channels, in particular negative inward sodium 

currents and positive outward potassium currents, Figure 2e. Current traces are averaged over 7 

N2A cells and normalized to 40 pF. The plot displays a typical active response of healthy N2A cells.[30-

32] N2A cells are non-excitable cells in the sense that they do not show action potentials, but contain 

active conductances typical for neurons. Responses were similar to the ones shown in our previous 

study.[11] However, sodium currents were smaller, because we decreased the concentration of 

sodium ions in the modified Ringer's solution, which reduced the driving force for sodium influx. Our 

data show that the electrical properties were not impaired by the updated photosensor as growth 

substrate including the modified Ringer's solution. 
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Besides testing the cell’s physiological condition, the aim of this measurement was to further 

scrutinize the correlation between the degree of depolarization and the evoked sodium currents. 

The close-up of the sodium inward currents in Figure 2f visualizes the short response time of the 

sodium channels as well as the change in membrane potential required to evoke an active response. 

The inset shows the values of averaged current peak minima for selected depolarizations with the 

standard deviation over 7 recordings. The pink curve / square corresponds to a net depolarization of 

60 mV, which was identified to be sufficient to activate the voltage-gated sodium channels in our 

experimental settings. 

 

 

2.2. Photo-Capacitive Stimulation Pathway 

In our previous study[11] we have demonstrated the feasibility of a fast and direct photo-capacitive 

depolarization of N2A cells grown on a bare SQIB:PCBM thin film with a blend ratio of (1:1). 

However, the depolarization was on the order of less than 1 mV, and therefore, far below the 

activation threshold of sodium channels. Here, we systematically varied the photoactive layer's 

blend ratio, annealing temperature, and SiO2 coating thickness to maximize the photocurrent 

response, Figure S2, to enhance in turn the cellular depolarization. 
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For characterization of the photocurrent response we immersed the sensor devices into modified 

Ringer's solution and positioned a recording electrode filled with the same modified Ringer in close 

proximity, about 3µm, above the surface. The samples were floating, i.e. not electrically wired. We 

took care that the ITO-electrode was fully covered with the photoactive layer to avoid contact with 

the electrolyte bath. The circuit was closed by a reference electrode inside the electrolyte bath. The 

samples were illuminated with trains of 100 ms light pulses of a warm white (T = 3000 K) 2 W LED 

from the bottom through the ITO-substrate with variable light output powers. The experimental 

setting is sketched in Figure 3a. The illuminated area was, with a spot diameter of approximately 1.8 

mm (2.5 mm2 spot area), substantially larger than the area of the recording electrode, which had an 

opening diameter of about 1.5 µm (1.8 µm2 electrode area). The recording electrode area defines in 

first approximation the charge collection zone. We found the photocurrent and injected charge to 

scale with the light power impinging on the sample, see Figure S3 for further explanation. 

Therefore, we report non-area normalized photocurrent and charge values, and illumination power 

in the following, additionally stating the irradiated area. 

 

The photocurrent responses for full 100 ms pulses of 180 mW illumination power in Figure 3b 

showed fast turn-on (charging) and turn-off (discharging) currents. The latter was smaller in peak 

height and area which is most likely due to leakage current losses during illumination. We 

substantiate the photocurrent to be of capacitive nature by its transient behavior.[19,27] Upon 

illumination, an electrical double layer forms at the solid-electrolyte interface. The associated 

transient displacement current depends on the product of the double layer capacitance and the rate 
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of photovoltage change.[33] Thus, no capacitive currents flow, when the photovoltage is steady. 

Current flowing under steady-state conditions (leakage current) would consequently rather be of 

faradaic nature. The close-up of the turn-on peak for 180 mW illumination in Figure 3c reveals that 

the peak height was larger for the uncoated photoactive layer (grey circles), while the decay time 

was longer for the SiO2 coated area (black squares). Since the discharging of a capacitor is depending 

on its RC-constant, we infer from the extended photocurrent decay time that the double layer 

capacitance is increased by inserting the SiO2 layer. Typical double layer capacitance values for 

organic-electrolyte interfaces have been reported to be on the order of 10 µF cm-2 [34] while 

ultrasmooth thermally grown SiO2 layers on Si offered only about 1 µF cm-2.[19] However, increasing 

the surface roughness of the SiO2 layer, which naturally occurs for vapor deposition on an organic 

layer being rough compared to a Si-wafer, the double layer capacitance is expected to increase up to 

a few tens of µF cm-2.[35] In both cases, the photocurrent was almost at zero level within 1 ms after 

the onset of illumination. This underpins the purely capacitive nature of the photocurrent for both 

the coated and uncoated photosensor. Furthermore, this is very promising for high frequency 

operation of such a photo-capacitive sensor, since the stimulation frequency limit is determined by 

the discharging time of a device.[36] 

 

The dependence of the photocurrent peak maxima on illumination power is given in Figure 3d, and 

the dependence of the injected charge (time integral of photocurrent) on illumination power is 

plotted in Figure 3e. The photocurrent peak maximum was always larger for the uncoated 

SQIB:PCBM layer (grey circles). Conversely, the injected amount of charge was larger for the SiO2 

coated area (black squares). Scaling was not linear with illumination power. For light powers larger 
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than 70 mW, a saturation tendency of the current peak maximum for the coated layer was 

noticeable, while the uncoated area already showed inhibition tendency (negative slope). The peak 

values reached for 180 mW illumination are 14 ± 1 nA for the uncoated layer and 10 ± 0.5 nA for the 

coated layer. The injected charge started to saturate for illumination power higher than 140 mW in 

both cases. The injected charges for 180 mW illumination were about 6 ± 0.5 pC for the uncoated 

layer and 8 ± 1 pC for the coated layer, respectively. Thus, by adding a dielectric overcoating, we 

were successful in increasing the capacitive charge injection properties of the photosensor. To 

quantify this, we normalized the amount of injected charge to the illumination power to define a 

charge injection efficiency. We obtain a value of 33 ± 3 fC mW-1 for the uncoated layer and 44 ± 5 fC 

mW-1 for the SiO2 coated photosensor, respectively. In the next step, we will show that the amount 

of injected charge is critical for the depolarization of the N2A cells. To ultimately tweak the N2A 

cell's response, we modified the Ringer's solution used as bath electrolyte by depleting the NaCl 

concentration to 50 mM and excluding KCl. This was supposed to increase the resistivity of the 

electrolyte, which should support larger displacement currents.[37] The optimization procedure for 

the Ringer's solution is shown in Figure S2c. The experimental setup for the whole-cell patch-clamp 

recordings can be seen in Figure 4a. Current-clamp recordings probed the change in membrane 

potential of N2A cells grown on the organic photosensor upon illumination with 100 ms light pulses 

by the white LED set to 180 mW output power. A rapid depolarization peak is visible at the onset of 

illumination while a small, rapid hyperpolarization can be seen at the termination of the light pulse, 

Figure 4b. A close-up of the depolarization peak in Figure 4c reveals that the membrane potential of 

N2A cells was almost back to resting levels after 0.2 ms. The extend of the depolarization was larger 

for cells grown on the SiO2 coated photoactive layer achieving 80 ± 15 mV (black squares), while the 
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bare photoactive layer evoked only 50 ± 15 mV depolarization (grey circles). The SiO2 coated 

photoactive layer was shown to inject a higher amount of charge at the expense of the photocurrent 

peak maximum, Figure 3. Therefore, we can conclude here that not the photocurrent peak 

maximum is decisive for the depolarization efficiency of the photosensor, but the injected amount of 

charge. To further evaluate the depolarization efficiency, we normalized the change in membrane 

potential (in mV) to the injected amount of charge (in pC), which has been calculated from the 

photocurrent response of floating photosensor devices, Figure 3e. From this we obtain a 

depolarization efficiency of 8 ± 2 mV pC-1 for the uncoated photosensor and 10 ± 2 mV pC-1 for the 

SiO2 coated photosensor, respectively, under the same illumination conditions. Thus, by adding the 

SiO2 coating to the photosensor, we increased not only the charge injection efficiency but also the 

depolarization efficiency. For the latter not only the opto-electronic properties of the photosensor 

play a role, but also the adhesion of the N2A cells affects the response. However, at this stage we 

can only report the clear correlation between an increased charge injection efficiency of more than 

30% and an increased depolarization efficiency of nearly 30% for adding the dielectric SiO2 layer to 

the device. 

 

The artificial depolarization experiments by current injection through the patch-clamp electrode, 

Figure 2d-f, showed us that the N2A cells have an activation threshold of 60 mV net depolarization 

to respond with opening of sodium ion channels. This requirement was matched for cells grown on 

the SiO2 coated photosensor. Therefore, we proceeded with voltage-clamp measurements on such 

cells to investigate the response behavior of their voltage-gated sodium channels. The experimental 

setup was the same as outlined in Figure 4a. A full transmembrane current response recorded for 
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stimulation with 100 ms light pulses, 180 mW output power from the white LED is displayed in 

Figure 5a. The holding potential was set to -70 mV and the data are baseline-corrected and 

normalized to 40 pF cellular capacitance. A live P/n leak correction was performed during 

measurements. At first glance, only capacitive transmembrane currents were noticeable, which 

could not be compensated due to the external stimulus from the photosensor. A close-up of the 

illumination onset, Figure 5b black squares, reveals fast negative transmembrane currents 

reminiscent of typical negative inward sodium currents originating from voltage-gated sodium 

channels, see also Figure 2f. 

For clear evidence that we see opening of sodium ion channels by a photo-electrical stimulation 

pathway, we conducted two control experiments: 

 

Control 1a: Ion Channel  

 

We selected QX-314 bromide as blocker for voltage-gated sodium channels by adding it to the 

intracellular solution.[38] That way, we avoid any alterations to the bath electrolyte which would be 

the case for tetrodotoxin (TTX) tests. This resulted in a significant reduction of the current signal, 

Figure 5b grey circles. However, the signal was not zero, presumably due to residual capacitive 

transmembrane currents. For further characterization we recorded the current-voltage relation of 

the sodium channels. For this, we repeated the photostimulation (trains of 100 ms white light 

pulses, 180 mW power) for several individual holding potentials, ranging from -90 to +80 mV. The 

current minima of each recording are normalized to the largest amplitude set to -1 and plotted 

against the respective holding potentials for our standard conditions, Figure 5c, and with QX-314 



 

  

 

This article is protected by copyright. All rights reserved. 

13 

 

bromide added to the intracellular electrolyte, Figure 5d. Sodium ion channels exhibit a 

characteristic activity for certain holding potentials and can obtain an activated, closed and 

inactivated state. Once they reach the inactivated state (approximately 1 ms after activation), 

voltage-gated sodium channels require a hyperpolarization of the membrane to switch to the closed 

state from which they can be activated again.[31,32] The current voltage-relation measured here 

reflected this behavior, Figure 5c. The induced inward current was largest for a holding potential of -

70 mV. Presumably, at this holding level, light could activate many sodium channels which were in 

their closed state. For holding levels more negative than -70 mV, illumination did not cause a large 

enough depolarization to activate all channels so that currents are smaller. At more depolarized 

holding levels, more and more channels were already in the inactivated state which led to a 

decrease in current. This characteristic current-voltage relation was lost when sodium channels were 

blocked by QX-314, Figure 5d. In summary, our results reveal that we can directly activate voltage-

gated sodium channels by photo-capacitive stimulation. 

 

Control 1b: Stimulation Pathway 

 

We omitted the ITO-electrode and prepared the photoactive layer on a bare glass substrate to 

prove/disprove the photo-capacitive nature of the stimulus. Without the ITO-electrode the electrical 

stimulation pathway is suppressed, and consequently almost no response of the N2A cells to the 

light trigger was noticeable, Figure 5b, light grey triangles. Even the rapid capacitive transmembrane 

current had vanished. From this we can conclude that the stimulation is of photo-electrical nature.  
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2.3. Non-Electrical Photostimulation Pathway 

So far, we have discussed the rapid response within a few milliseconds after the onset of light pulses 

lasting for 100 ms. In the next step, we evaluate the effect of illumination (white LED, 180 mW 

output power, 2.5 mm2 area) on the cellular response at the second half of the stimulation pulse, i.e. 

from 50 to 95 ms. This is the time range in which slowly activating voltage-gated potassium channels 

respond to changes in membrane voltage. To trigger a clear response, we overlayed the light pulse 

with an artificial depolarization pulse from -40 to +70 mV for 100 ms during whole-cell voltage-clamp 

recordings on N2A cells. We applied the voltage protocol to single N2A cells grown on SiO2 coated 

photosensor areas (1.) under dark conditions, (2.) with simultaneous photo-stimulation, and (3.) 

again after illumination in dark, see exemplary recordings in Figure 6a-c. The result for the standard 

photosensor architecture and measurement conditions (N = 4 cells) is shown in Figure 6d. The 

transmembrane current is averaged over the response period 50 to 95 ms, and the data are 

normalized to the first recordings in dark conditions before illumination. The dashed lines connect 

data points which were acquired from the same cell. The increase in transmembrane current under 

illuminated conditions was significant (p < 0.05, Friedman test with Dunn's correction for multiple 

comparisons), hinting to a potassium outward current. This current was reduced to approximately its 

initial level for repeated measurements in dark after illumination. Therefore, we excluded effects 

from cell necrosis. For clear evidence that we address potassium ion channels and for identification 

of the stimulation pathway, we conducted two control experiments: 
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Control 2a: Ion Channel 

 

We selected CsCl and tetraethylammonium (TEA) as blockers for voltage-gated potassium channels 

by adding them to the intracellular solution, avoiding any alterations to the bath electrolyte. This 

resulted in a significant reduction of the current signal under illuminated conditions, Figure 6e. From 

this we can conclude here, that the increase in transmembrane current for prolonged illumination is 

caused by potassium outward currents. 

 

Control 2b: Stimulation Pathway 

 

We omitted the ITO-electrode and prepared the photoactive layer on a bare glass substrate to 

prove/disprove the photo-capacitive nature of the stimulus. This did not affect the experiment, the 

increase in transmembrane currents under illuminated conditions is visible to almost the same 

extend (p < 0.05, Friedman test with Dunn's correction for multiple comparisons), Figure 6f. From 

this we can conclude that the stimulation of potassium outward currents is not of photo-capacitive 

nature. Since we used high power light pulses (180 mW), we expect the light to increase the 

temperature and change the cell membrane capacitance.[21,22] Thus, a photo-thermal stimulation 

pathway is most likely for an extended illumination time. 
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2.4. Accelerated Aging of the Organic Photosensor 

The SiO2 coating was also intended to serve as protection of the photoactive layer to enhance the 

stability of the device under operational conditions.[28,39] To evaluate this, uncoated and SiO2 coated 

areas of a SQIB:PCBM layer were subjected to constant white light illumination (1.25 mW mm-2 

intensity) through a 50x microscope objective (0.4 mm² spot area) from above in ambient air 

conditions. The change in birefringence was monitored. Within 48 hours of continuous illumination 

both the SiO2 covered and the uncovered SQIB:PCBM layer were equally bleached away. Close to the 

edge of the SiO2 layer inhomogeneities such as wrinkle formation were noticeable.  

 

Upon immersion into Ringer's solution, the sample morphology was not altered on a microscopic 

scale. A small increase in surface roughness was noticeable for the uncovered area though. On a 

macroscopic scale formation of bubbles and wrinkles within the SiO2 layer was visible, Figure 7a. 

Here, the image was recorded after 16 minutes in Ringer's solution under continuous illumination 

from above through the electrolyte (white light, 1.25 mW mm-2 intensity, 2.1 mm² illuminated area). 

Some bubbles formed instantly, increased in number, and interconnected over time. This was 

accelerated by the illumination, see Supporting Information Figure S4a. In the dark, the process 

happened on a few hours timescale, and the sample stabilized within the Ringer's solution. 

Therefore, further bleaching experiments were performed after stabilization of the sample after 

approximately 18 hours. Subsequent illumination for 2 hours through the ITO glass (white light, 2.5 

mW mm-2 intensity, illuminated area 0.37 mm2) induced ablation of both the covered and uncovered 

photoactive layer, Figure 7b. An AFM image recorded on the area marked with the white square of 
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the dried sample is shown in Figure S4b. It illustrates wrinkle formation of the SiO2 layer possibly due 

to intercalation of the aqueous liquid between the organic and the SiO2 layer. Upon continuous 

illumination for 5 hours on an individual spot, both covered and uncovered photoactive layers were 

fully ablated. Thus, the overall photo-bleaching of the samples occurred faster in Ringer's solution 

than in ambient air. 

 

Nevertheless, the lifetime of our samples was sufficient for all experiments we have presented so 

far. Our data show, that the SiO2 coating neither prevented nor advanced the degradation. In the 

aqueous environment, the formation of bubbles and wrinkles eventually lead to a partial 

detachment the SiO2 coating. Most likely, this is due to poor adhesion and strain between the 

inorganic and organic layer,[39] which was increased by water adsorption to the SiO2 layer.[40] Having 

a potential application as retinal implants in mind, the stability of the SiO2 coating would not be 

satisfying. However, the principal benefits of inserting a dielectric coating, here SiO2, clearly 

prevailed for our basic study. 

 

2.5. Discussion 

Organic photovoltaic sensors have already been successfully demonstrated to restore vision in a rat 

model,[6] however, the stimulation mechanism remains largely unclear.[20] Our present investigations 

with neuronal model cell cultures (N2A cells) do not represent the complexity of ex vivo recordings 

on explanted retinas and surely by no means the situation of in vivo stimulation, however, our 

experiments benefit from simplicity and reproducibility. To develop novel device concepts for future 
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standalone retinal implants, the root of the stimulation mechanism needs to be understood. 

Actually, stimulation of neuronal activity with minimal invasive light-to-electricity converting 

platforms is not limited to retinal tissue, but of general interest for bionic interfacing in various 

biomedical applications.[14] Voltage-gated sodium and potassium channels are key components for 

generating action potentials in all excitable cells and the central objects of interest in this study. A 

purely photo-capacitive stimulation mechanism is preferred, since it is considered safe,[17-19] unlike 

mechanisms that involve photo-chemical or photo-thermal effects. Photo-chemical stimulation 

typically originates from faradaic charge injection causing corrosive redox reactions or a change in 

pH to an unphysiological regime.[23] Photo-thermal activation[12,21] is slow and spatially imprecise[22,41] 

and the required power intake can cause heat damage to the tissue[42] if not using effective local 

light-to-heat transducers.[43] Prolonged illumination can even induce the reverse effect, i.e., 

hyperpolarization of the cell membrane and silencing of neurons.[44] 

 

Our present investigation clearly shows, that indeed it is possible to address voltage-gated ion 

channels by the anticipated photo-capacitive stimulation mechanism. Inserting a dielectric coating, 

here SiO2, between the photoactive layer and the physiological electrolyte increased the capacitive 

charge injection properties to elicit a sufficient depolarization of the cell membrane. For pseudo-

capacitive stimulation of mammalian ganglion cells with voltage-biased platinum multiarray 

electrodes, a charge injection threshold of about 80 pC was reported.[45] The required charge density 

was found to depend on the electrode size, and could be lower than 1 µC mm-2 for larger electrodes, 

i.e., an electrode diameter about 20 µm. We found 8 pC to be a sufficient amount of charge to 

overcome the activation threshold for sodium channels in N2A cells. On the one hand, the 
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stimulation threshold can be different for retinal ganglion cells and our investigated N2A cells. More 

significantly, the charge was measured with a recording having a geometric area of only about 1.8 

µm2, which in first approximation we can count as active charge collection zone. Most likely it is 

larger due to diffusion. The N2A cells are significantly larger than the diameter of the recording 

electrode, and therefore, could sense a bigger net amount of charge. For estimating the charge 

injection density we consider the geometric recording electrode area. From this the density of 

injected charge calculates to 4 µC mm-2 at maximum, which is on the same order of magnitude as 

that of established electrodes. 

 

We obtained photo-capacitive stimulation of sodium channels for an illumination power as high as 

180 mW using a white LED. The illuminated area on the sample was 2.5 mm2, which gives an 

effective irradiance of 72 mW mm-2, see also Figure S3. To provide some context understanding, the 

irradiance required directly on the organic photosensor device is equivalent to 72 suns.[46] Typically, 

the human retina is subjected to an irradiance of around 0.001 mW mm-2 (outdoor daylight), but 

available irradiance levels span a wide range from 100 mW mm-2} (sun, arc lamps) down to 10-6 mW 

mm-2.[47] A natural aversion response to bright light, e.g., blink reflex, usually limits the exposure 

duration to less than 0.25 seconds, protecting the eye against photoinduced damage. Direct 

exposure to bright sunlight, e.g., during eclipse viewing, can cause retinal injury such as solar 

retinopathy in less than 1 min.[48] We can conclude at this point, that outdoor daylight would not be 

sufficient to activate our photosensor, if we imagine to place it in retinal space of a human eye. 

Direct sun gazing instead would provide enough irradiance, but would also induce further photo-

injury to the remaining healthy tissue. 
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Furthermore, the light power required in our case for the photo-capacitive stimulation of sodium 

inward currents of the N2A cells concomitantly activated another substantially slower (50 – 100 ms), 

most likely photo-thermal, unwanted stimulation pathway. It rather induced potassium outward 

currents. Likely, the transient photo-capacitive stimulus (< 1 ms) was too short to induce potassium 

channel opening, which typically has larger time constants compared to sodium channel gating.[49] A 

study utilizing a polymer-fullerene blend to stimulate human embryonic kidney (HEK) cells[21] 

quantified the temperature increase by pulsed green light illumination. An irradiance of 57 mW mm-

2 (total power intake 13 mW) caused a rise in temperature of about 3 °C and 7 °C for 20 ms and 200 

ms light pulses, respectively. Similar to our findings, it was documented that the HEK cells could be 

depolarized/hyperpolarized by prolonged illumination of the photoactive layer on bare glass 

surfaces, even though the power influx was lesser than in our case. An ITO-electrode was required to 

induce rapid depolarization transients after the onset of illumination, just as in our present and 

previous[11] study. Since the thermal activation is slow compared to the rapid capacitive 

photocurrent response, illumination protocols with shorter illumination pulses could avoid photo-

thermal stimulation pathways. 

 

Recent studies provide evidence that purely photo-capacitive stimulation of retinal tissue in vitro 

and in vivo with standalone organic photovoltaic photosensors using safe illumination protocols is 

possible. A photo-capacitor based on organic pigments as photoactive compounds[10] instead of 

polymers without additional overcoatings has been proposed in this context. Similar to our findings, 
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the rapid transient photoresponse of floating samples was depending on the illuminated area. The 

light intensity used for stimulating cortical primary neurons was 4.8 mW mm-2 with red light (600 

nm) and 5 ms pulses. Action potentials in embryonic chick retina were evoked with an irradiance 

depending on the photosensor pixel size: 4.3 mW mm-2 and 1.3 mW mm-2 for small and large pixels, 

respectively. A photo-thermal effect was carefully ruled out. The device concept critically involved a 

typically non-polarizable[50] gold bottom electrode exposed to the electrolyte bath. However, no 

evidence for faradaic charge injection was found. In another approach,[8] an organic polymeric 

photovoltaic layer was sandwiched between a polymer-bottom-electrode and a polarizable[50] 

titanium top-electrode to enhance purely capacitive charge injection into the electrolyte. Ganglion 

cells in explanted retina could be stimulated with an irradiance below 1 mW mm-2. Photo-thermal 

heating and a change in pH as indicator for photo-chemical reactions were thoroughly characterized 

to be insignificant. The drawback of such a titanium electrode is that it causes a rather slow decay 

time of the photovoltage. This limits the operation frequency without an additional shunt resistor to 

a 20 Hz range. 

 

A dielectric coating, in our case the SiO2 layer, increased the capacitive charge injection while 

retaining the transient character of the photocurrent. Since the injected charge results from the time 

integral over the photocurrent response, the fast transient character naturally limits the amount of 

injected charge. Therefore, the increase in charge injection by the dielectric coating was marginal 

compared to the effect of a titanium electrode, which offered almost steady-state, but yet 

capacitive, charge injection. Thus, it seems that adding a polarizable metal electrode to the device is 
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the most promising avenue to efficient organic photovoltaic standalone, purely photo-capacitive 

stimulating sensor as potential visual neuroprosthetics. 

 

 

3. Conclusion 

Here, we have proven the feasibility of a purely photo-capacitive stimulation of neuroblastoma cells 

by an organic photovoltaic photosensor. Thereby, we emphasize the importance of studying 

neuronal model cells by patch-clamp recordings. Their simplicity allows us to conduct accurate 

recordings of voltage-gated sodium and potassium channels, which play a crucial role for signal 

transmission in the nervous system. We worked out two independent and time-displaced 

stimulation pathways addressing different ion channels. Recordings of sodium inward currents could 

be directly attributed to a depolarization in the membrane potential caused by rapid transient 

photocurrents in the extracellular vicinity of the measured single neuronal cells. A dielectric coating 

on top of the organic photoactive layer ensured a sufficient capacitive charge injection, but avoided 

a continuous steady-state response of the device. Thus, this activation of sodium channels happened 

in less than a millisecond, unfortunately with the disbenefit of requiring high illumination powers. As 

consequence, photo-thermal heating within a few ten milliseconds for prolonged illumination 

concomitantly activated slowly responding potassium ion channels. Even though there is room for 

improvement regarding charge injection efficiency and also lifetime, we envision a bright future for 

the development of standalone photovoltaic neuroprosthetics based on organic photoactive 

materials. 
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4. Experimental Section  

Organic Photosensor Device Preparation: The 2,4-Bis[4-(N,N-diisobutylamino)-2,6-

dihydroxyphenyl]squaraine, shortly named SQIB, has been synthesized according to the previously 

published procedure.[11] 

Under inert atmosphere 6 mg mL-1 solutions of SQIB and phenyl-C61-butyric acid methyl ester 

(PCBM, Solenne BV) in chloroform (Sigma-Aldrich, stabilized with amylene) were prepared and 

stirred overnight. Both solutions were mixed in a 7:1 ratio, spin-casted onto indium tin oxide (ITO) 

covered glass substrates (Temicon GmbH) at 950 rpm, ramping 0, for 1 s and subsequently annealed 

at 120 °C for 2 hours. The nominal film thickness before annealing was around 80 nm. Prior to spin 

coating the ITO-substrates (15 mm × 15 mm, 8 ± 2 Ω, 1 mm glass, 115 nm ITO) were cleaned with 

isopropanol and distilled water, blow-dried with nitrogen and exposed to oxygen plasma for 10 min. 

For the fabrication of the silicon dioxide coating (silicon(IV) oxide / 99.99%, MaTecK GmbH) the 

annealed photoactive layer coated substrates were partly covered with an evaporation mask and 

placed in a Pfeiffer PLS 500 evaporation chamber. Silicon dioxide was deposited by electron-beam at 

rates of 0.01-0.3 nm sec-1 with a power in the range of 90-140 W. 

 

Cell Culture: Mouse neuroblastoma (N2A) cells were kept in 10 mL of a freshly prepared cell culture 

medium at 37 °C in a 5% CO2 incubator. The cell culture medium consisted of 50 mL Dulbecco’s 

Modified Eagle’s Medium 2x (Merck Millipore), 2.7 mL sodium bicarbonate (Merck Millipore), 1 mL 

HEPES-buffer (Merck Millipore), 1 mL penicillin/streptomycin (Merck Millipore), 2 mL L-glutamine 
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and 10 mL fetal bovine serum (Merck Millipore) and was diluted with 33.7 mL ultra-pure water 

(Merck Millipore). The N2A cells were trypsinized once a week with 2 mL trypsin (Merck Millipore). 

Five days after trypsinization the N2A cells were diluted with fresh cell culture medium and 

immediately seeded on devices at a density of 105 cells in a 3 mL petri dish. The N2A cells were 

measured 2 days after seeding. 

 

Transient Photocurrent and Patch-Clamp Recordings: All patch-clamp and transient photocurrent 

measurements were performed on an upright DM LFS Leica microscope with 20× and 40×water-

immersion objectives with Nomarski optics (Leica). The microscope was further equipped with a 

polarizing microscope filter (Pol 513711 Leica/Leitz), a differential interference contrast (DIC) slider 

(D1 555063 Leica), and an analyzer slider (L ICT/P 555045 Leica/Leitz). Furthermore a 2000DC CCD 

digital camera (QImaging Retiga) mounted onto the microscope was employed to obtain images of 

the N2A cells. The images were saved with a Live Acquisition 2.4 software and analyzed with ImageJ 

and Fiji software.[51,52] 

 

Cells grown on SiO2 coated and uncoated SQIB:PCBM layers were counted on microscopy images 

recorded through a 20x objective (region of interest: 0.26 mm2) with Fiji after 2 days of incubation. 

The number of cells was normalized to the surface area for 67 coated and 59 uncoated regions of 

interest separately and averaged over three samples. Values are given as mean ± standard 

deviations. For counting cells with neurites, the overgrowth length was equal to or more than half 

the diameter of the cell body. 
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Both patch-clamp and transient photocurrent measurements were conducted with a freshly 

prepared modified Ringer’s solution as extracellular electrolyte (bath solution) composed of (in mM) 

50 NaCl, 1.8 CaCl2, 1 MgCl2}, 10 D-glucose, and 5 HEPES (pH adjusted to 7.4 with 1 M NaOH). All 

recordings were performed with a HEKA EPC9 double patch-clamp amplifier at a sampling rate of 10 

kHz (voltage-clamp recording of voltage-gated sodium channels), 200 kHz (current-clamp and 

photocurrent recordings) and 100 kHz (voltage-clamp recording of voltage-gated potassium 

channels) and Bessel-filtered at 2.9 kHz with capacitance compensation of the electrode (C-fast) and 

the cell membrane (C-slow) activated. Transient photocurrent and current-clamp recordings were 

averaged over 10 consecutive recordings. A live P/n correction was conducted during the 

measurement of voltage-gated sodium channels with following parameters: (min/max = -85 mV/-85 

mV, No of Leaks: 4, Leak Delay: -100 µs, Leak Size 0.25, Leak Hold [mV]: -85). 

 

The recording electrode was composed of an Ag/AgCl wire inserted into a micro-pipette. The micro-

pipettes were freshly pulled from borosilicate glass (1.5 mm o.d., Hilgenberg GmbH, Malsfeld, 

Germany) with a horizontal electrode puller (P97, Sutter, Novato, CA). The diameter of the pipette 

opening was typically around 1.5 µm. Before recording the micro-pipette was filled with an 

electrolyte solution. The Ag/AgCl wire was connected to a pipette holder (D = 1.5 mm, HEKA, 

Lambrecht, Germany), which was further mounted to the HEKA headstage. A second Ag/AgCl wire 

which was also connected to the headstage served as reference electrode within the electrolyte 
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bath. Both Ag/AgCl wires were regularly chlorinated with a 3 M FeCl3 solution before the 

measurements. 

 

For whole-cell recordings of N2A cells, the intracellular solution contained (in mM) 140 KCl, 1 CaCl2, 2 

MgCl2, 11 EGTA, and 10 HEPES (pH adjusted to 7.4 with 1 M NaOH). To selectively block voltage-

gated sodium channels, the following intracellular solution was used (in mM):[38] 100 CsOH, 100 

gluconic acid, 10 Na-HEPES, 5 EGTA, 5 tetrabutylammonium (TBA)-Cl, 5 Qx-314-Br, 3 Mg-ATP, 0.5 

MgCl2, 0.5 CaCl2 and 0.5 Na-GTP (pH 7.25 (CsOH)). Voltage-gated potassium channels were blocked 

with an intracellular electrolyte containing (in mM): 120 CsCl, 1 CaCl2, 2 MgCl2, 20 TEA-Cl, 11 EGTA, 

and 10 HEPES (pH 7.2). Seal resistances of > 1.5 GΩ were routinely obtained and the electrode had a 

resistance of 2.45-13 MΩ}. 

 

For transient photocurrent measurements the patch electrode was positioned in close proximity to 

the photosensor surface (approximately 3 µm), filled with modified Ringer’s solution, and the 

Ag/AgCl reference electrode in the bath solution closed the electrical circuit. Electrode and bath 

contained the same modified Ringer's solution for matching the series resistance. Data was analyzed 

offline with Clampfit (Molecular Devices, LLC), Nest-o-Patch,[53] or Origin (OriginLab Corporation). 

 

Thorlabs' MWWHLP1 mounted warm white LED was used as light source with a color temperature of 

3000 K and a minimum power output of 2000 mW. The LED was powered by a DC 2200 LED driver. 
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Furthermore the driver was connected to the trigger input of the HEKA amplifier and functioned as 

trigger source for all photostimulation experiments. The LED drive current was modulated via the 

pulse mode. During the measurements the LED current limit was set to 700 mA, the LED brightness 

was varied between 0% and 100%. The parameters for ON-time and OFF-time were 100 ms and 200 

ms, respectively, corresponding to a frequency of 3 Hz. The LED was further equipped with an 

adjustable collimation adapter including an aspheric condensor lens. The light spot had an approx. 

area of 2.5 mm2 which was measured using a 5× Leica objective. During photostimulation 

experiments a right angle mirror (20 mm protected silver, Thorlabs) was placed under the 

microscope condensor to direct the LED light onto the measured sample. The light power was 

measured with a power meter console (PM100D, Thorlabs) and a microscope slide thermal power 

sensor (Thorlabs). 

 

Atomic Force and Optical Microscopy: Atomic force microscopy (AFM) images were recorded in 

intermittent contact mode with a JPK NanoWizard AFM. Under ambient conditions doped silicon tips 

are used, either BudgetSensors Tap-300G tips (resonance frequency 300 kHz, force constant 40 N m-

1, tip radius < 10 nm) or Nanoworld NCH tips (resonance frequency 320 kHz, force constant 42 N m-1, 

tip radius < 12 nm). The AFM is integrated into an inverted optical microscope (Nikon Eclipse TE 

300). That way the very same sample region characterized by optical means or illuminated for 

stability measurements can be imaged by the AFM. For stability measurements, white light from a 

halogen lamp is used. The samples are illuminated from below through a 40× microscope objective, 

leading to a power of 1 mW and an intensity of 2.5 mW mm-2. The light power is measured with a 

microscope slide power meter sensor head (Thorlabs S175C). AFM images are analyzed with 
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Gwyddion.[54,] For bireflection and birefringence microscopy, a Leica DMRME polarization 

microscope is used. Samples are rotated in between two crossed polarizers by a computer controlled 

rotation stage (Thorlabs PRM1), images are analyzed in ImageJ.[51] This microscope is also used for 

bleaching experiments, where the samples are illuminated from above through a 20× or 50× 

microscope objective (2.1 mm2 and 0.4 mm2 illuminated area). A single or two crossed linear 

polarizers are used, leading to powers of 2.7 mW and 0.5 mW, respectively.   
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Figure Captions 

 

Figure 1. Organic photovoltaic photosensor architecture: (a) Structural formulae of SQIB and PCBM. 

(b) Schematic cross-sectional illustration of the device architecture consisting of an ITO-glass 

substrate to support the spincasted photoactive layer of a (7:1) SQIB:PCBM blend, which is after 
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thermal annealing at 120 °C partly covered with 55 nm of electron-beam evaporated SiO2. (c) Optical 

microscopy image between crossed polarizers showing bireflectant platelet domains with 

subdomain structure. AFM images recorded on (d) SiO2 coated and (e) uncoated areas of the 

photoactive layer. RMS surface roughness is below 1 nm in both cases.  

 

Figure 2. N2A cell characterization on photoactive layer: (a) Differential interference contrast (DIC) 

microscopy image of N2A cells recorded 2 days after seeding onto a (7:1) SQIB:PCBM film annealed 

at 120 °C coated with SiO2 (left side) and uncoated (right side) in modified Ringer's solution. (b) 

Magnified DIC microscopy image of N2A cells. Many cells exhibited elongated excesses which is a 

sign for good cell adhesion on the SiO2 coating. (c) Number of N2A cells growing per mm² surface 

area on SiO2 coated and bare photoactive layers. Note the logarithmic scaling. Three samples have 

been analyzed considering 67 regions (coated) and 59 regions (uncoated) of interest of 0.26 mm2 

size. Error bars are standard deviations. (d) Artificial depolarization of an N2A cell grown on SiO2 
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coated photoactive layer, initial holding potential of -70 mV followed by an incremental 

depolarization up to +50 mV in steps of 20 mV for 50 ms without illumination. Averaged current 

recordings over 7 N2A cells are shown. Single current traces have been normalized to 40 pF. (e) 

Voltage-clamp recording of negative sodium inward and positive potassium outward 

transmembrane currents evoked by artificial depolarization steps. The function of voltage-gated 

sodium and potassium ion channels is not impaired by the photoactive layer as growth substrate. (f) 

Close-up of (e) to highlight the short response time of voltage-gated sodium ion channels and to 

visualize the change in membrane potential required to evoke an active response, i.e. 60 mV (pink 

curve). The inset shows values of current minima for 40, 60, and 80 mV net depolarization (N = 7). 

Error bars are standard deviations. 

 

Figure 3. Transient photocurrent response of the organic photosensor: (a) Schematic illustration of 

the experimental setup for measuring the displacement current of photo-stimulated, floating 
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samples. (b) Photocurrent response upon illumination with 100 ms light pulses by a white LED with 

180 mW power output. (c) Close up of the transient turn-on peak in (b) for SiO2 coated area (black 

squares) and uncoated photoactive layer (grey circles). Shaded areas display the standard deviations 

(N = 3). The symbols are for identification purposes and do not reflect the temporal resolution of the 

curves. In (d) the illumination power dependence of the photocurrent peak maximum is shown in a 

double logarithmic plot. The error bars are standard deviations (N = 3). The straight lines are linear 

fits to the data. The slopes for illumination powers up to 70 mW amount to rounded values of 0.4 ± 

0.05 (uncoated) and 0.7 ± 0.05 (coated), and for higher illumination powers to -0.01 ± 0.05 

(uncoated) and 0.2 ± 0.05 (coated), respectively. In (e) the injected charge calculated from the 

integral of the photocurrent response curves is given as a function of illumination power in a double 

logarithmic plot. Error bars are standard deviations (N = 3), the lines serve to guide the eye. 

 

 

Figure 4. Whole-cell patch-clamp recordings of N2A cells grown on the photosensor: (a) Schematic 

illustration of the experimental setup for measuring the change in membrane potential as well the 

transmembrane current. (b) Current-clamp recordings for measuring the change in membrane 

potential upon photostimulation by 100 ms light pulses of a white LED at 180 mW power output. In 
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(c) a close-up of the change in membrane potential for cells grown on a SiO2 coated area (black 

squares) and an uncoated area (grey circles) showing that the photoinduced depolarization reaches 

its maximum value 0.045 ms after onset of illumination and decays to 40% of its initial value after 

0.07 ms. The shaded areas are standard deviations. The symbols are for identification purposes and 

do not reflect the temporal resolution of the curves. All measurements are normalized to a 20 pF 

capacitance to account for differences in cell size. 

 

Figure 5. Whole-cell patch-clamp recordings of N2A cells: Voltage-clamp measurement of N2A cells 

in whole-cell configuration, holding potential is set at -70 mV and all measurements are normalized 

to a 40 pF capacitance. A live P/n leak correction was performed during measurements and currents 

are baseline corrected. Measurements are collected from N2A cells grown on SiO2 coated 
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photoactive layer only. In (a) the transmembrane current signal for a complete 100 ms white light 

illumination pulse at 180 mW is displayed. The close-up in (b) shows transmembrane current 

recordings for different measurement settings: Standard conditions result in negative inward sodium 

currents). A selective blocking of sodium channels by adding QX-314 bromide to the intracellular 

solution decreases the signal significantly. The remaining signal is due to residual capacitive 

transmembrane currents of the cells. If the ITO-electrode is replaced by a plane glass substrate 

basically no response of the N2A cells was visible (light grey triangles). Representative single cell 

recordings are shown. The symbols are for identification purposes and do not reflect the temporal 

resolution of the curves. Current-voltage relation of (c) the sodium current amplitude of N2A cells 

for standard conditions (black squares, mean value of 9 cells) and (d) for sodium channels blocked 

with QX-314 bromide (grey circles, mean value of 8 cells) are shown. Each dot represents the current 

minimum for individual holding potentials. Data are normalized to -1. Error bars are standard 

deviations. 
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Figure 6. Photo-thermal stimulation of N2A cells: Artificial depolarization pulses from -40 mV to +70 

mV for 100 ms applied to N2A cells during whole-cell voltage-clamp recordings (top) and the 

corresponding transmembrane current recordings (bottom) (a) under dark conditions, (b) with 

simultaneous photo-stimulation (100 ms pulse, white LED, 180 mW output power, 2.5 mm2 area), 

and (c) in the dark again after illuminated conditions. Exemplary traces are shown. The highlighted 

transmembrane current range during 50 ms to 95 ms of the stimulation pulse was evaluated for 

different measurement configurations: (d) standard architecture with N2A cells on SiO2 coated 

photoactive layer on ITO-substrates, (e) standard architecture but with potassium channels blocked 

by CsCl and TEA, and (f) modified architecture with the ITO-substrate replaced by a bare glass 

substrate. The transmembrane currents are normalized to the first measurement under dark 
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conditions. The dashed lines connect data recorded on the same cell. Error bars denote 

experimental uncertainty. The asterisks represent p < 0.05 differences between dark and light 

conditions (Friedman test with Dunn’s correction for multiple comparisons: (d) no channel blocker, 

ITO: p = 0.0278; (e) channel blocker, ITO: p = 0.43; (f) no channel blocker, no ITO, p = 0.0417). 

 

Figure 7. Stability of photoactive layer under illuminated conditions: In (a) a microscopy image 

(reflection, single polarizer) shows the formation of bubbles within the SiO2 coating, which 

interconnect over time. Image was recorded after 16 minutes in Ringer's solution during continuous 

illumination from above (1.25 m W mm-2 intensity, 2.1 mm² illuminated area). The transmission 

microscopy image in (b) shows the sample after immersion in Ringer's solution for 18 hours in dark 

and for subsequent 2 hours under illumination through the ITO glass (white light, 2.5 mW mm-2 

intensity, illuminated area 0.37 mm2). An AFM image recorded in air on the area marked with a 

white square in (b) is shown in the Supporting Information Figure S4b. Dashed horizontal lines 

indicate the border between SiO2 coated and uncoated areas, and the yellow circle marks the 

illuminated areas. 

 



 

  

 

This article is protected by copyright. All rights reserved. 

43 

 

TOC 

Headline phrase: neuroprosthetics 

Text: 

Electrophysiological patch-clamp study on the photo-capacitive activation of voltage-gated sodium 

channels in neuronal model cells by a small-molecular organic photovoltaic photosensor. 

 

 

O. S. Abdullaeva, F. Balzer, M. Schulz, J. Parisi, A. Lützen, K. Dedek, and M. Schiek* 

 

Organic Photovoltaic Sensors for Photo-Capacitive Stimulation of Voltage-Gated Ion Channels in 

Neuroblastoma Cells 

 

 

 


