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Abstract

As a step towards the realization of neuro-prosthetics for vision restoration, we follow
an electrophysiological patch-clamp approach to study the fundamental photoelectrical
stimulation mechanism of neuronal model cells by an organic semiconductor-electrolyte
interface. Our photoactive layer consisting of an anilino-squaraine donor blended with
a fullerene acceptor is supporting the growth of the neuronal model cell line (N2A
cells) without an adhesion layer on it, and is not impairing cell viability. The tran-

sient photocurrent signal upon illumination from the semiconductor-electrolyte layer is
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able to trigger a passive response of the neuronal cells under physiological conditions
via a capacitive coupling mechanism. We study the dynamics of the capacitive trans-
membrane currents by patch-clamp recordings and compare them to the dynamics of
the photocurrent signal and its spectral responsivity. Furthermore, we characterize the
morphology of the semiconductor-electrolyte interface by atomic force microscopy, and

study the stability of the interface in dark and under illuminated conditions.

Version: July 26, 2016, 13:44

Introduction

Research on the realization of neuroelectronic interfaces between silicon chips and nerve cells *

as well as organic bio-electronic devices?™

emerged together with the advances in semicon-
ductor technology and neurobiology. Apart from gaining insight into fundamental signaling
principles from electronic devices to living systems, such kind of research can ultimately pro-
vide prosthetic therapy tools. For instance, in many blindness-causing diseases, photorecep-
tors degenerate whereas second-order and projecting neurons are largely unaffected. Thus,
one promising avenue to restore vision in affected patients is to develop artificial photore-
ceptors for retinal prosthetic devices using light directed electrical neuronal stimulation 5.
Alternative approaches are chemical neuronal stimulation via voltage-controlled devices for
trafficking of the neurotransmitter glutamate’, or "device-less" photochemical stimulation
via a photopharmacological® or an optochemical genetic strategy®. Regarding the photo-

electrical stimulation, it has already been demonstrated that the semiconducting polymer

poly-3-hexyl-thiophene (P3HT) under physiological conditions was able to trigger neuronal

10 11

action potentials in primary cultures of hippocampal neurons ', explanted rat retinas "', and

embryonic chick retinas'? via a photoelectrical stimulation mechanism, or induced opening
of voltage-gated ion channels in neuronal cells via a photothermal activation mechanism 3.

The advantages of employing organic photoconductors instead of inorganic electronic

materials in retinal prosthetic devices would include the redundancy of a camera and an

2
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external power supply. In general, the increased (mechanical) compatibility of organic soft
matter with tissue is a major benefit!*. Van-der-Waals bound soft organic matter facil-
itates intimate interfaces with aqueous electrolytes due to the absence of dangling bonds
and surface oxides'®. Furthermore, organic matter can mediate ion conduction allowing
for communication with biological systems, where ion fluxes are of major importance. In
addition, organic molecules can easily be chemically modified to tune the required func-
tionality of the material, which holds in particular true for small molecular compounds.
Thus, we have chosen a representative from the class of squaraine dyes for our studies: 2,4-
bis[4-( N, N -diisobutylamino)-2,6-dihydroxyphenyl|squaraine, shortly named SQIB, Fig. 1(a).
Squaraine dyes are characterized by their unique aromatic four-membered ring system and
their zwitterionic nature, making them environmentally stable and facilitating intense ab-

16

sorption within the deep-red of the visible light spectrum In the past, they have been

prominent as xerographic materials ", nowadays, they are employed as light-harvesting com-

18-20 21,22

pounds in photovoltaic devices among other technologically relevant applications

We prepare the photoactive layer by spin-casting SQIB blended with the conventional
fullerene acceptor |6.6]phenyl-Cg;-butyric-acid-methyl ester (PCBM) on indium tin oxide
(ITO) coated glass substrates followed by thermal annealing. As typical for molecular semi-
conductors, the SQIB crystallizes upon annealing and forms a textured film with two distinct
structural motifs, which are referred to as ferns and platelets later on. The surface texture
contributes to good adhesion of the non-photoactive murine neuroblastoma neuro-2a (N2A)
cells, which we grow as neuronal model system. The cells are even able to adhere to the
photoactive layer without a protein adhesion layer. This ability is considered as being advan-
tageous for neuroelectronic interfacing?3. Investigation of the morphological stability of the
photoactive layer /physiological electrolyte junction in dark and under illuminated conditions
by atomic force microscopy (AFM) reveals long-term stability in dark, but degradation after

a few days under continuous illumination.

Upon pulsed illumination of the active layer/electrolyte junction, a transient displace-

3
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ment current can be measured within the electrolyte 24, Electrophysiological patch-clamp
recordings on the N2A cells under physiological conditions show that this extracellular electri-
cal stimulus induces a change in membrane potential, resulting in capacitive transmembrane
currents. The electrical coupling, however, is not strong enough to activate a reversible
opening of the voltage-gated ion channels, which classifies the desired, active response of a
neuronal cell. Since the photoconductor-electrolyte junction is determining the coupling, we
focus on characterizing the morphological and opto-electronical properties of the junction.
Spatially resolved absorption spectra allow to assign the signatures within the absorption
spectra to the two different morphological features. Recording the external quantum effi-
ciency (EQE) across the junction of electrically contacted samples shows a strong correlation
of absorbance and photocurrent density. Studying the transient photocurrent signal and the
corresponding transmembrane currents spatially resolved with respect to the two different

morphological features reveals only a weak local variation.

Materials and Methods

Synthesis of 2,4-bis[4-( N,N -diisobutylamino)-2,6-dihydroxyphenyl]-
squaraine

Synthesis was done by a modified version of the previously reported protocol?. Under
argon atmosphere, a mixture of phloroglucinol (1.26 g, 10 mmol), diisobutylamine (1.9mL,
11mmol) and 40 mL of 1-butanol:toluene (ratio 1:3) was refluxed for 16 h with azeotropic
distillation of water. After cooling to room temperature, the volatiles were evaporated un-
der reduced pressure. The resulting reddish-brown crude product was purified by column
chromatography on silica gel eluting with cyclohexane/acetone (volume ratio 4:1 to 2:1).
This gave the intermediate 1,3-dihydroxy-5-(diisobutyl)aminobenzene (1.15 g, 4.8 mmol, 48 %
yield assuming pure product) as a viscous brown liquid. Subsequently, the intermediate

aniline was refluxed with squaric acid (0.27g, 2.4mmol) and 30mL of a mixture of 1-
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propanol:toluene (volume ratio 1:1) for 16 h under argon atmosphere with azeotropic distilla-
tion of water. The deep blue reaction mixture was slowly cooled down to room temperature

and stored at 2°C overnight to promote crystallization. The green precipitate was filtered

©CoO~NOUTA,WNPE

10 off and washed with methanol. The crude product was purified by recrystallization from
12 methanol:dichloromethane (volume ratio 2:1) to yield the product (958 mg, 1.7 mmol, 72 %
14 vield) as golden-green crystals with metallic luster (total yield 35%).

16 '"H-NMR: (500 MHz, CDCl;, RT) 6 [ppm| = 10.96 (s, 4 H, OH), 5.80 (s, 4 H, H,,..),
18 3.23 (d, 3J=7.5Hz, 8 H, NCH,), 2.12 (m, 4 H, NCH,CH), 0.92 (d, *J=6.7Hz, 24 H, CH,).

20 13C.NMR: (126 MHz, CDCl;, RT) & [ppm] = 181.5, 162.7, 161.4, 158.3, 102.6, 94.5, 60.5,
22 97.8, 20.3.

24 MS: (EL 70eV) (250°C) m/z (%) = 552.4 (56) [M]|*, 509.3 (100) [M-C,H.|*.

26 HRMS (EI) caled for C5,H, N,Ofq [M]T: 552.311 99 amu; found: 552.311 97 amu.

28 Elemental analysis: caled for C,,H,,N,Og - 0.02 CH,Cl,: C 69.37, H 8.01, N 5.05; found:

30 H 69.00, H 8.21, N 5.02.

34 Photoactive layer sample preparation

37 A 6 mg/mL solution of 2,4-bis|4-( N, N-diisobutylamino)-2,6-dihydroxyphenyl|squaraine (SQIB)
39 in chloroform (Sigma-Aldrich, stabilized with amylene) was freshly prepared. After stir-
41 ring overnight, 6 mg/mL phenyl-C61-butyric-acid-methyl ester (PCBM, Solenne) were added
43 resulting a SQIB:PCBM solution with 1:1 blend ratio by weight, which was also stirred
45 overnight. Indium tin oxide (ITO) layers supported on glass substrates (10 mm x 10 mm or
47 25mm X 25mm, 30 to 40 2) were cleaned with distilled water, blow-dryed with nitrogen, and
49 exposed to oxygen plasma for 10 min. The SQIB:PCBM solution was spincoated onto the
51 ITO substrates under inert atmosphere at 950 rpm, ramping 0, for 1s, followed by annealing

53 at 180°C for 2h.
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Cell cultivation and cell counting

Mouse neuroblastoma (N2A) cells were grown in Dulbecco’s Modified Eagle Medium (F0455,
Biochrom GmbH, Germany), supplemented with 10 % fetal calf serum and L-glutamine. Cells
were kept at 37°C in a 5% CO, incubator and were seeded on substrates at a density of 10?
cells per well in a 24-well plate. Photoactive layer samples were placed at the bottom of each
well with the coated side facing upwards to serve as growth substrate. Cells were recorded
3 days after seeding.

Images were acquired using the Live Acquisition 2.4 software of a 2000DC CCD digital
camera (QImaging Retiga) mounted on a DM LFS Leica optical microscope equipped with
a 20x objective water-immersion objective with Nomarski optics (see next subsection for
details). Cell count was done with TmageJ software?® by analyzing images taken from N2A
cells grown on the SQIB:PCBM layers after three days of incubation (region of interest:
10mm x 10mm). The number of cells was normalized to the surface area for rough and

smooth areas separately and averaged over four samples. Values are given as mean 4+ SEM.

Electrophysiological recordings and transient photocurrent measure-

ments

All electrophysiological and transient photocurrent measurements were conducted on an up-
right DM LFS Leica microscope with a 20 x water-immersion objective with Nomarski optics
(Leica), comprising a polarizing microscope filter (Pol 513711 Leica/Leitz), a differential in-
terference contrast (DIC) slider (D1 555063 Leica) and an analyser slider (L ICT /P 555045
Leica/Leitz).

The electrode consisted of an Ag/AgCl wire and a micropipette which was pulled from
borosilicate glass (1.5 mm OD, Hilgenberg GmbH, Malsfeld, Germany) with a horizontal
electrode puller (P97, Sutter, Novato, CA). The diameter of the pipette opening was typically

around 1.5pm. The Ag/AgCl wire was inserted, and the micropipette was filled with an
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electrolyte solution, and the electrode resistance ranged from 3 to 6 M. For transient
photocurrent measurements, electrodes were filled with Ringer’s solution containing (in mM)
137 NaCl, 5.4 KCl, 1.8 CaCl,, 1 MgCl,, 10 D-glucose, and 5 HEPES (pH adjusted to 7.4
with 1 M NaOH). For whole-cell recordings of N2A cells, the intracellular solution contained
(in mM) 140 KCl, 1 CaCl,, 2 MgCl,, 11 EGTA, and 10 HEPES (pH adjusted to 7.4 with
1M NaOH). Seal resistances of >1.5 GQ2 were routinely obtained.

For both photocurrent and whole-cell transmembrane current recordings, the bath solu-
tion was always Ringer’s solution and was kept at room temperature. The Ag/AgCl wire
was connected to a pipette holder (D = 1.5mm, 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 bath. Both Ag/AgCl
wires were regularly chlorinated with a 3M FeCl; solution before the measurements. Cur-
rents were recorded with a HEKA EPC9 double patch-clamp amplifier at a sampling rate
of 25kHz (whole-cell transmembrane recordings) and 20 kHz (photocurrent recordings) and
Bessel-filtered at 2.9 kHz with capacitance compensation of the electrode (C-fast) and the cell
membrane (C-slow) activated. Current-time curves were averaged over 10 single recordings.
Data were saved for offline analysis, which was done with Clampfit, Origin, or self-written
Matlab scripts.

The photoactive layer samples were placed at the bottom of the recording chamber with
the coated side facing upwards. Since they were not electrically contacted, they are referred
to as floating samples. The patch electrode was positioned in close proximity to the surface
(approximately 3 pm), and the Ag/AgCl reference electrode in the bath solution closed the
electrical circuit. Thus, the flow of ions within the electrolyte only was measured upon
illumination of the photoactive layer. The amplifier software Patchmaster was in "set-up"
mode, i.e., no compensation modes were active. This rather unusual measurement protocol
for floating samples was adopted from Lanzani et al.'!. A sketch of our measurement setting

is provided in the Supporting Information Fig. S3.
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A 150 W Xenon high stability lamp equipped with a monochromator (Polychrome V, Till
Photonics, Germany) and controlled by the Live Acquisition 2.4 software (Till Photonics)
served as light source. Furthermore, an optical UV /Vis quartz/quartz fibre (Till Photonics,
Germany) and a 90R,/10 T beam splitter (400-700 nm, AHF, Germany) were used. The spec-
tral width of the monochromatic light was 15 nm at full width at half maximum. The samples
were irradiated through the 20 x water-immersion objective of the microscope immersed into
the electrolyte. The intensity varied from 6 mW/mm? at 400 nm over 19 mW /mm? at 510 nm
to 8mW /mm? at 690 nm. It was measured with a S170C low-power microscope slide power
meter sensor head immersed in Ringer’s solution and a PM100D power meter (Thorlabs,
US). See Supporting Information Fig. S2 for intensity spectrum and corresponding photon
flux. Light pulses with square-wave shape had a duration of 10 ms with a latency of 290 ms
for stimuli trains consisting of 10 pulses.

For the TTX experiments, tetrodotoxin citrate (Cat. No. 1069) was purchased from
Tocris Bioscience. 100 pL of a tetrodotoxin citrate solution in H,O with a concentration of
1mM was diluted with 100 mL Ringer’s solution to give a concentration of 1 pM. The TTX

was perfused into the bath solution by a pump (Ismatec, Wertheim, Germany).

AFM and spatially resolved absorbance spectroscopy

Atomic force microscopy (AFM, JPK NanoWizard) was performed under ambient conditions
in intermittent contact mode (Budget Sensors Tap-300G, resonance frequency 300 kHz, force
constant 40 N/m). In Ringer’s solution a contact mode tip (NanoWorld Pointprobe CONT,
resonance frequency 13 kHz, force constant 0.2 N/m) was used in intermittent contact mode.
Samples were scanned twice a day over the course of one week with and without white-
light illumination from the 50 W microscope lamp (wavelength range 400 nm — 650 nm). By
occasionally scanning other parts of the sample it was ensured that the observed results
were no artifacts from repeated scanning. Spatially resolved optical absorbance spectra were
recorded using an Ocean Optics Maya spectrometer coupled to the camera port of an inverted
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optical microscope (Nikon Eclipse TE 300) via a 200 pm optical fiber.

EQE and total transmission measurements

A Bentham PVE300 system was used, equipped with a dual Xenon/quartz halogen light
source, a Czerny-Turner TMc300 monochromator, and a DTR6 integrating sphere. The
spot size of the monochromatic light beam was set to 1.85mm?. The intensity varied from
from 8 pW/mm? at 400nm to 29 pW/mm? at 700 nm, measured with a S170C low-power
microscope slide power meter sensor head and a PM100D power meter (Thorlabs, US).
The total transmission was measured on dry samples with a spectral resolution of 1nm
and the spectra were referenced to air. For the EQE measurements, the photoactive layer
was interfaced with Ringer’s solution. The ITO layer was electrically contacted, as counter
electrode within the electrolyte a platinum wire was used. The monochromatic light with
5nm wavelength resolution was modulated at 60 Hz. The data are referenced to illumination
intensity with a calibrated silicon solar cell using the data correction function of the BenWin-+
software. The photocurrent was recorded under zero voltage bias conditions using a Stanford
Research SR830 lock-in amplifier after passing an AC-trans-impedance pre-amplifier set to

10* V/A gain.

Results and Discussion

Photoactive layer characterization and compatibility to N2A cells

The solution processed photoactive layer is supported on I'TO-coated glass substrates and
consists of a 1:1 blend of the light-harvesting donor material SQIB and the fullerene accep-
tor PCBM, Fig. 1(a). The layer is thermally annealed at 180 °C under inert conditions for
2h resulting in a birefringent, crystalline film with two distinct structural motifs, Fig. 1(b).
X-ray diffraction (XRD) investigations (not shown here) proof the crystalline nature of the

films and reveal the co-existence of the two different polymorphs of SQIB documented in
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the literature?” with a strong preferential out-of-plane orientation. Since XRD measure-
ments do not provide spatial resolution, the structural motifs cannot be assigned to the
polymorphs. However, this goes beyond the scope of the here presented work and will
therefore be addressed elsewhere. The platelets consist of rotational domains with varying
in-plane orientation, resulting in different intensities in a polarization microscope, Fig. 1(b).
The detailed morphology and surface roughness is surveyed by atomic force microscopy,
Fig. 1(c). The ferns are significantly rougher than the platelets with a root mean square
roughness of R, = (55 £ 8) nm. The voids between the fern structures are mostly covered by
a 5nm — 10 nm thick film, see also Supporting Information Fig. S1. This film consists most
likely of PCBM, which remains amorphous, when SQIB phase-segregates from the blend
upon crystallization. The roughness of the platelets varies with the amount of pinholes con-
tained in the layer from R, = (2.5 £ 0.6) nm for nearly pinhole-free areas to R, = (18 & 5) nm
for areas with a large number of pinholes. The pinholes are elongated in shape, they are
parallel within a single platelet domain, and orientation is rotated for different domains.

They expose a surface, whose morphology resembles the one from ITO.

(a)

Ringer’s solution

ON=— —
>—éQIB OH O HO
Figure 1: (a) Structural formula of the light-harvesting donor material SQIB. The sketch
shows the sample arrangement for cultivation of N2A cells on the photoactive layer blend
consisting of SQIB:PCBM (1:1) supported on ITO glass. (b) Polarized light microscopy
image (Olympus BX41, crossed polarizers) of the photoactive layer shows two birefringent
structural motifs referred to as (golden) platelets and (multicolored) ferns. (¢) AFM identifies

that the platelets are smooth while the ferns are comparatively rough. Elongated pinholes
within the platelets are visible.

On the global level, the platelets usually cover the major part of the sample area. The
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ferns cluster rather randomly on the sample area, making it possible to record UV /Vis ab-
sorbance spectra with varying shares of ferns within the spectrum by moving the illumination
spot over the surface. Absorbance spectra from different sample areas of 1.85 mm? covering
platelet-rich regions (black curve) as well as fern-rich regions (red curve) are graphed in
Fig. 2(a) with solid lines. The absorption of PCBM occurs mainly at lower wavelength and,
therefore, only a faint absorption tail is visible in the graph. Four peak positions are notice-
able within the spectra stemming from the SQIB: two humps located around 730nm and
658 nm, and two shoulders located around 580 nm and 530 nm. The aspect ratio of the peaks
varies depending on the illumination spot position. For the platelet-rich region, the lowest
energy peak at 730 nm is more pronounced, while for the fern-rich region, the highest energy
shoulder at 530 nm becomes more distinct. Spatially resolved absorbance spectra have also
been recorded and are graphed in Fig. 2(a) with square or circle symbol lines. This allows to
assign specific spectral signatures to the two different structural motifs. The absorbance of
platelets (blue squares) is dominated by the lowest energy hump, while the spectrum of ferns
(yellow circles) peaks at the highest energy shoulder. The macroscopic absorbance results
from superposition of the local spectra of the two structural motifs, depending on their share
within the photoactive layer. The global spectrum can even be calculated as sum from the

resolved spectra of ferns and platelets, respectively, with different weighting factors.

11
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0-0 T T T
400 500 600 700 800
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Figure 2: (a) Macroscopic and spatially resolved absorbance spectra of SQIB:PCBM pho-
toactive layer blend: the solid lines correspond to a sample area of 1.85 mm? covering either
a platelet-rich area (black) or a fern-rich area (red). The lines with symbols correspond
to spatially resolved spectra of platelets (blue squares) and ferns (yellow circles). (b) EQE
spectra show the spectral response of the photoactive layer blend interfaced with Ringer’s
solution (1.85mm? spotsize) for illumination through the electrolyte (green triangles) with
approximately equal platelet and fern contribution.

The photocurrent’s spectral response from the SQIB:PCBM layer interfaced with Ringer’s
solution has been investigated by EQE measurements. Data are provided from samples ir-
radiated through the electrolyte, Fig. 2(b), since this is the illumination direction used
lateron for the transient photocurrent and patch clamp recordings. At the photoconductor-
electrolyte interface the conductance mode changes from (mainly) electronic to ionic. This
can happen via electron transfer to the electrolyte (faradaic currents) and/or via a displace-
ment (capacitive) current. The EQE measurement records the sum of both conductance
modes. The EQE values are in general low, barely exceeding 0.4 % at the maximum. The
EQE spectrum resembles spectral absorbance signatures of the thin film. The comparatively
large photocurrent at wavelengths below 500nm can be attributed to free charge carrier
generation within POCBM domains?®, while the photocurrent at higher wavelengths predom-
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inantly stems from exciton splitting at SQIB:PCBM interfaces. However, the peak ratio
of the two spectral humps stemming from SQIB is inverted compared to the absorbance of
the corresponding thin film. The lowest energy hump, mainly associated with the platelet
absorbance, dominates the photocurrent response. Such an antibatic resonse has also been

documented for an ITO/P3HT /electrolyte junction, which is even more pronounced for that

[ (c)
-

ferns platélets

material system !!.

Figure 3: DIC microscopy image of N2A cells growing on (a) ferns and (b) platelets of
the photoactive layer blend. (¢) Quantitative analysis of the number density of N2A cells
(density averaged over 4 samples, 31 regions of interest.

Having neuroelectronic applications in mind, good adhesion of neuronal cells to the ac-
tive device area and non-impairment of cell viability plays a pivotal role. The pristine
SQIB:PCBM photoactive layer blend fully supports adhesion and growth of N2A cells with-
out any adhesion promoters. The cells have been seeded onto the photoactive layer and were
cultivated for 3 days under physiological conditions prior to evaluation of their viability by
optical microscopy, Fig. 3.

The number density of adhered, healthy cells was determined with respect to the struc-
tural motifs of the photoactive layer. The cells prefer the ferns for adhering with a density
of roughly (150 +60), and (40 & 10) per square millimeter for the platelets, Fig. 3(c). Im-
portantly, the good cell adhesion is achieved without an additional adhesion layer, such as
the widely used poly-L-lysin. This is quite unusual because typically, smooth polymeric lay-

11,12,29

ers from, e.g., P3HT are non-sticky to neuronal cells while nanoscale-textured small

molecular layers from, e.g., pentacene can support cell adhesion 3°3!. Effort has been made

13
ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Langmuir

to increase adhesion properties by chemically binding lysin to a thiophene-based semicon-

3

ductor?®. However, the surface nanotopography has been found to be decisive instead of

its chemical composition?®?33.

The nanotexture is, in turn, affecting surface tension and
wettability. Surfaces with moderate roughness from a few nanometers to a few ten nanome-
ters and with large fractal dimension promote adhesion by mimicking the complex disorder

of naturally occurring surfaces. Thus, the complex morphology of our photoactive layer is

beneficial for intimate interfacing with biological matter and promote cell survival.

2001 (3)

current / pA
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Figure 4: Whole-cell patch-clamp recordings of N2A cells adhered to the photoactive layer
in Ringer’s solution. Cells were stimulated with rectangular-shaped depolarizing pulses. (a)
Recordings of transmembrane current showed ionic inward and outward currents through
sodium and potassium channels, respectively, for various depolarizing pulses (b). The inset
in (a) shows a close-up of the initial sodium inward currents.

N2A cells naturally express voltage-gated sodium and potassium channels, whose func-
tionality can be probed by electrophysiological patch-clamp recordings, Fig. 4. Depolarizing
voltage steps, Fig. 4(b), induced fast sodium inward currents, visible as negative deflections
in Fig. 4(a), inset shows a close-up, which were followed by slower potassium outward cur-

rents, visible as positive deflections, Fig. 4(a). Current time courses and amplitudes are
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consistent with earlier reports on the native voltage-gated sodium and potassium channels
in N2A cells343%. Thus, these recordings provide evidence for the viability of N2A cells ad-
hered to the photoactive layer. Furthermore, they proved that the N2A cells can be used
as model system for monitoring an active response by opening of sodium channels to an

electrical stimulus.

Photoactive layer stability investigation by AFM

The stability of the photoconductor/electrolyte junction is essential for stable interfacing
with biological cells. The junction must also be stable under operation conditions, which
means under illumination in our case, since we consider photostimulation processes. There-
fore, SQIB:PCBM layers have been characterized by AFM in air, and immersed in Ringer’s
solution with and without white light illumination (400 nm — 650 nm) from the top, respec-
tively. The upper row in Figure 5 shows images of the platelets under ambient conditions
(a), and in Ringer’s solution after 3 days in dark (b), and after additional 3 days of constant
white light illumination (intensity 50 W/m?) (¢). Cross sections along the same area (marked
by dashed colored lines in the AFM images) are presented in Figure 5(f). Placing the sample
in Ringer’s solution leads to roughening, especially along cracks in the film, see Figure 5(b)
and the blue line in Figure 5(f). This trend is drastically accelerated by illumination with
white light, Figure 5(c) and the red line in Figure 5(f). The R, roughness increases from
1.7nm to 2.1nm and 6.3nm, respectively. A similar trend is observed for the ferns, Fig-
ure 5(d). Exposition for 6 days in total to Ringer’s solution, the first 3 days in dark, and
the last 3 days under additional constant light illumination, leads to a loss of material and
to morphological changes. The ferns skeletonize, i.e., the veins are only slightly affected,
whereas for the leaf material is vanishing, Figures 5(e) and (g). However, since material

from the ferns is removed, the roughness R, decreases from 63nm to 28 nm.
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Figure 5: Morphological characterization of a SQIB:PCBM (1:1) blend film by AFM. Upper
row (10pm x 10pum): platelets under (a) ambient conditions, (b) in Ringer’s solution after
3 days, and (c) in Ringer’s solution after additional 3 days of constant illumination. Lower
row (30 pm x 30pm): ferns under ambient conditions (d), and in Ringer’s solution (e) after
6 days with additional constant white illumination for the last 3 days. Height scales are 8 nm
(a), 10nm (b), 30nm (c), and 280nm (d) and (e). Cross sections along the same sample
area (dashed lines) are shown in (f) for the upper row and in (g) for the lower row.

Optical microscope images before and after illumination with light in Ringer’s solution
are shown in Figures 6(a) and (b), respectively. Here, the sample is illuminated with linear
polarized light. Since the photoactive layers are dichroic and birefringent, colors are ob-
served depending on the orientation of the molecules within the structures. For unpolarized
illumination, the platelets also appear blue-green, whereas the ferns are dark colored (not
shown here). The brighter areas in between the ferns most likely correspond to dewetted
ITO or PCBM on ITO. After white light illumination for three days in Ringer’s solution,
the colors of both the smooth and rough areas have faded out, Figure 6(b). The colors for

unpolarized illumination are reflected in the absorbance spectra, Figure 6(c). Note that the
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spectra were referenced to the glass substrate and, therefore, include the contribution from
ITO. The loss of SQIB material is clearly noticeable by the reduction in absorbance. The
spectral range from 450 nm to 800 nm, which was chosen according to the limitations of the
optical components, does not include the absorption of the PCBM share within the layer.

Thus, it remains unclear, if the PCBM stays on the surface and only SQIB is removed.

1 —o—ferns
—o— platelets

500 600 700 800 500 600 700 800
wavelength / nm wavelength / nm

absorbance

Figure 6: Polarized microscopy images of platelets and ferns of a SQIB:PCBM layer before
(a) and after (b) illumination in Ringer’s solution. The dark triangular spot in the upper
left corner is the AFM cantilever. In (c¢) and (d) absorption spectra (reference glass) before
and after illumination are displayed for the ferns (red circles) and platelets (black squares)
are presented, respectively.

Other small molecular semiconductors, such as pentacene 3!, or polymeric materials such
as P3HT? have been shown to be stable upon exposure to physiological electrolytes and to
tolerate cell culturing. However, illuminated conditions or other operation conditions, such
as voltage biasing, have only been addressed rarely. Pristine P3HT films have been demon-
strated to undergo a reversible reaction with molecular oxygen under ambient conditions,
and when interfaced with saline solutions®®. Illumination enhanced the process, but no ab-
lation of material was noticed, and the samples could even be healed by re-annealing under

inert conditions. It was concluded, that interfacing with saline solutions was at least not
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worse than exposure to ambient conditions. This is analog to our findings. In control exper-
iments (not shown here) on illuminated SQIB:PCBM samples under ambient air conditions,
or interfaced with DI water, a similar photo-ablation process was noticed as upon interfacing
with Ringer’s solution. The PCBM could function as a catalyst for the photo-degradation,
due to its electron accepting nature, and promote oxidation and fragmentation of the SQIB.
However, the long-lasting stability under dark conditions assures that the system is also
stable during cell culturing, and the slow degradation under illumination allows to conduct

reproducible photoelectrical measurements.

Transient photocurrent measurements and patch-clamp recordings

The local transient photocurrent response of floating SQIB:PCBM samples immersed in
Ringers’s solution was recorded by positioning a patch-clamp electrode in close proximity
above either a platelet or a fern region. The electrical circuit was closed by a Ag/AgCl
electrode inserted into the electrolyte bath. The samples were illuminated with trains of
10 ms long, square-wave shaped, narrow-band (15nm bandwidth), light pulses from the top
through the Ringer’s solution. Note that the illumination spot was larger than the mouth
of the patch-clamp electrode, and the active area of the photoconductor/electrolyte junction
is not defined, thus no current density but absolute, baseline-corrected current values are
displayed. The dependence of the photocurrent on illumination intensity is shown in the
Supporting Information in Figs. S4 and S5. In Figs. 7(a)-(c) the photocurrent is graphed
for three different values of excitation wavelength, above a platelet region (black curves) and
above a fern region (red curves). A more detailed presentation of the spectral response of the
transient current peaks is given in the Supporting Information Fig. S6. For both light ON and
OFF, the photocurrent showed a transient peak with different polarity, and a significantly
smaller, positive steady-state photocurrent. In general, the response was stronger, rising to
higher peak-current values and steady-state currents, for the platelet region. This trend fits
in with the EQE measurements. The ON transients always had a positive polarity, while the
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OFF transients were of reversed, negative polarity. Depending on the excitation wavelength,
the ON transients consisted of a double peak. The first ON peak was always stronger than
the second ON peak, which was noticeable from 530 nm illumination onwards to 690 nm. The
steady-state current is faint compared to the transient current. We consider it as negligibly
since it is not relevant for the capacitive coupling mechanism to stimulate neuronal cells.
The transient photocurrent can be explained by a capacitive displacement current without
charge transfer across the semiconductor-electrolyte interface 2*. Photogenerated charge car-
riers form a space charge region within the semiconductor accumulate at the semiconductor-
electrolyte interface. The dissolved ions within the electrolyte are mobile and rapidly form
a Helmholtz electric double layer at the electrolyte-semiconductor interface. The type of
charge carriers, i.e., positive holes or negative electrons, accumulating at the interface deter-
mines the polarity of the photocurrent. This is in turn influenced by, e.g., the thickness of
the photoactive layer and the direction of illumination 3’, the excitation wavelength 3¢, blend
composition, and choice of electrode and electrolyte or solid dielectric layer 3°. The magni-
tude of the transient current peak depends on the photoconductor’s spectral responsivity
and the illumination intensity, as well as the dielectric properties of the electrolyte 2*. A
double-peak nature of the ON transient, as in our case, has not been documented before.
Albeit Awaga et al.?? noted a double peak for a specific composition of a P3HT:PCBM blend
in contact with an ionic liquid, this were two peaks of opposite polarity. This was attributed
to a consecutive change of the type of accumulating charge carriers, i.e. accumulation of
electrons followed by accumulation of holes or vice versa. In our case, the two consecutive
peaks are of the same polarity, meaning accumulation of the same type of charge carriers,
but with a different dynamic behavior. The control experiments on neat and blended films
presented in the Supporting Information in Fig. S7 hint to that. However, the origin remains
elusive, and its discussion goes beyond the scope of the present study, and hence will be part
of future studies. Typically, the transients show a single exponential rise and a double expo-

nential decay when using ionic liquids as dielectric layer 3°. The time constants of the decay
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function are determined by the capacitance of the dielectric layer, they increase with increas-
ing insulating layer capacitance’. A small leakage steady-state current during illumination
can drain the accumulated charges, so that the discharging current, i.e., the OFF transient
current of opposite polarity is decreased in magnitude compared to the ON transient. When

a redox-active mediator within an electrolyte enforces charge transfer across the interface,

the transient current peak is quenched in favor of a steady-state current ®’.
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Figure 7: Upper row: transient photocurrents of floating SQIB:PCBM samples in Ringers’s
solution. The patch-pipette was positioned above either a platelet region (black curves) or a
fern region (red curves). Lower row: whole-cell transmembrane currents recorded in voltage
clamp mode of N2A cells adhering on the photoactive layer. The holding potential was at
—70mV. To account for differences in cell size and membrane surface, current values were
normalized to 10 pF capacitance. The black curves indicate N2A cells adhered on platelets,
while the red curves indicate cells on ferns. The length of the light pulses was 10ms in all
cases, the grey bar is graphed for illustrating the illumination period. The excitation was
centered at 440 nm for (a) and (d), at 600 nm for (b) and (e), and at 690 nm for (c) and (f).

Transmembrane currents were recorded in whole-cell configuration from N2A cells grown
on the photoconductor and are shown in Fig. 7(d)-(f) for three selected excitation wavelength
values. The current values were baseline corrected and normalized to 10 pF membrane capac-
itance to account for differences in cell size. The voltage was clamped at —70mV. The cells

responded to the ON and OFF transients arising from the photoconductor junction upon
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illumination with rapid transmembrane currents. The cells were either adhered to platelet
regions (black curves), resulting in a slightly stronger current, or to fern regions (red curves)
of the photoconductor. The double-peak nature of the photocurrent transients starting from
530nm illumination onwards to longer wavelength was also conserved. This clearly indi-

cated an intimate contact between cell and photoconductor allowing direct, fast and highly

resolved signal transfer across the junction. According to the Hodgkin-Huxley model *! such
. . . dV;
a rapid transmembrane current can be interpreted as capacitive current: I.,; = cps - d_zjfw

with Vj; being the membrane potential and cy; being the membrane capacitance. Such a
capacitive current is classified as a passive response of the cell. It is caused by a change
in membrane potential, either a hyperpolarization (decrease in potential) or a depolariza-
tion (increase in potential), deciding on the polarity of the capacitive current. Note that the
membrane potential is referred to the inside of a cell, which is typically negative with respect
to the outside. Fig. 8(b) exemplarily shows the membrane potential of an N2A cell recorded
in current clamp mode for illumination of the underlying photoconductor at 690 nm. The
resting potential of the cell was around Vj; = —75mV. Upon turning the red light on, the
membrane potential showed two rapid depolarizations in the order AV, = 0.4mV. When

the light was turned off, a single, rapid hyperpolarization became visible.
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Figure 8: (a) The sketch pictures the experimental setting for transient photocurrent as
well as patch-clamp recordings, and illustrates the movement of charge carriers causing
the transient photocurrent and the subsequent depolarization of the cell membrane. (b)
Membrane potential of N2A cell stimulated by the transient photocurrent, recorded in current
clamp mode. Righthand: Whole-cell transmembrane currents normalized to 10 pF of N2A
cell recorded in voltage clamp mode, stimulated by transient photocurrents: (¢) TTX control
experiment, (d) variation of holding potential as indicated, (e) variation of photoconductor
architecture. Illumination was through the Ringers’s solution with 10ms pulses centered at
690 nm in all cases.

We propose an accumulation of negative charge carriers at the photoconductor-electrolyte
interface, when the light is turned on, Fig. 8(a). This causes positive ions to drift within the
electrolyte to the interface forming a Helmholtz double layer. As a consequence, the outside
of the cell membrane above the photoconductor becomes negative, which is then, in turn,
probed as depolarization. Note that the depolarization pulse here is eztracellular, while typi-
cal voltage protocols for patch-clamp recordings utilize intracellular depolarizing pulses. Ton
movement, i.e., transient photocurrent, and resulting depolarization are short lasting events.

The photoconductor-electrolyte junction stays, apart from some leakage current, in the ex-
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cited state during the illumination, while the cell membrane returns to its resting potential.
When the light is turned off, the charge carriers within the photoactive layer recombine, and
the drift of ions within the electrolyte is reversed, resulting in a rapid hyperpolarization of
the cell membrane. In general, a depolarization can induce opening of voltage-gated sodium
ion channels, if a certain threshold potential is overcome. The extent of depolarization AV,
in our case was very small, less than half a millivolt. This value is not likely to overcome
the threshold for the opening of voltage-gated sodium channels. The resulting ionic trans-
membrane currents would be noticeable as a slow event in the patch-clamp recordings, see
Fig. 4, which was not the case for our studies. We have altered the holding potential for
the voltage-clamp recordings in order to approach the threshold voltage, but the stimulated
change in membrane potential was too small. According to standard measurements with a
set of intracellular depolarizing pulses, see Fig. 4, the membrane potential V; must be raised
to approximately —20mV corresponding to a change in membrane potential AV}, of a few
tens of millivolts. Thus, we could not evidence the anticipated active response of the N2A
cell to a light-triggered stimulus from the photoconductor-electrolyte junction for the given
experimental parameters.

However, we wanted to be sure about the bare capacitive nature of the recorded trans-
membrane currents, so we performed three control experiments in which N2A cells were
directly adhered to the photoactive layer: 1) The sodium channels were inactivated with
TTX*, Fig. 8(c), and 2) the holding potential was varied to more negative values for volt-
age clamp recordings to exclude all ionic currents *3, Fig. 8(d). In both experiments, the rapid
transmembrane currents remained unchanged, confirming that they were of pure capacitive
nature. 3) We wanted to exclude effects other than photoelectrical, such as photothermal
effects, which recently emerged as hot topic for organic artificial photoreceptors 3. There-
fore, we altered the device architecture by depositing the SQIB:PCBM blend on bare glass
substrates and a neat SQIB layer on ITO substrates. For clarity, we also grew N2A cells on

bare I'TO substrates. Patch-clamp recordings on the N2A cells did not show any response
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in these cases, Fig. 8(e). In summary, these control experiments demonstrate that the rapid
transmembrane currents indeed represent capacitive currents.

It has already been demonstrated in the literature by Lanzani et al.'® and Narayan
et. al'*'?, that organic photoconductor electrolyte junctions could trigger neuronal firing
in primary cultures of hippocampal neurons, as well as in explanted degenerated retinas.
The mechanism was assumed to be of photoelectrical nature according to pioneering work
Fromherz et al.*?>** on purely electrical stimulation of sodium and potassium ion channels
in HEK cells cultured on silicon chips. Fromherz et al. clearly evidenced and modeled a
capacitive coupling mechanism from an oxide-coated silicon chip biased with a voltage ramp
through an electrolyte to the adhered cell. The coupling strength was determined by the
capacitance of the chip and the conductance of the electrolyte, thus by the RC constant of
the chip-electrolyte junction. In order to facilitate opening of ion channels, the RC' constant
was increased by decreasing the conductance of the electrolyte, meaning that the electrolyte
was no longer physiological. Also note that for growing the cells on the chip, a polymeric
adhesion layer was required, which was not included in the modeling. Recently, Antognazza
et al.'? revised the coupling mechanism from the organic photoconductor electrolyte junction
and found a photothermal mechanism to be more likely under physiological conditions. The
light pulses employed for photo-excitation were 200 ms long, thus 20 times longer than our
light pulses, resulting in a sizable temperature increase. The authors documented that the
ion channels were activated by a temperature-induced change in membrane capacitance,
while electrical coupling induced a passive response of the cell by capacitive transmembrane
currents only. These results are very similar to our findings showing that the electrical
capacitive coupling was on one hand highly effective, but on the other hand not able to
activate ionic conductance through the cell membrane. A heating effect was avoided in our
case by using substantially shorter light pulses. Note that, different from the other group’s
work, we did not employ an adhesion layer for growing cells, which might alter the situation.

Therefore, applying biological adhesion layers or other dielectric coatings of the active layer
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will be part of future studies.

Conclusions

In the present study, we have demonstrated a fast and direct capacitive coupling between
N2A cells and a small molecular semiconductor / physiological electrolyte junction. Our
squaraine-based active layer exhibited an unique textured morphology, which was beneficial
for cell adhesion and did not impair cell viability, even without the use of an adhesion layer.
The stability of the photoconductor layer in physiological electrolyte environment, monitored
by atomic force microscopy, was also sufficient. Patch-clamp recordings showed that photo-
induced transient displacement currents at the organic semiconductor-electrolyte interface
stimulated fast capacitive transmembrane currents in N2A cells. We could not observe the
anticipated active response of the cells via ionic conductance through the cell membrane, i.e.,
opening of ion channels. Thermal effects have been excluded by using short light pulses for
the photostimulation. Similar organic polymer-based electrolyte junctions have been demon-
strated by others to trigger active responses of neuronal cells via a photothermal coupling
mechanism upon photo-excitation with significantly longer light pulses. We conclude that
the electrical coupling alone was not able to activate voltage-gated ion channels in N2A cells.
In future studies, we will concentrate on further investigation of the coupling mechanism,
considering thermal effects and dielectric properties of adhesion layers. We see a large future
potential in organic-based artificial photoreceptors for retinal prosthetic devices. It is now
of major importance to conduct mechanistic studies on a model system to understand the
mutual requirements of organic electronics and living cells or tissue. This will pave the way

for targeted development of novel, organic-based neuroprosthetics for vision restoration.
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