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Bulk-heterojunction photocapacitors with
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photostimulation of neuronsf
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High-level transduction control of light to bioelectricity is an important goal for the realization of superior
neuron-device interfaces that can be used for regulating fundamental cellular processes to cure neurological
disorders. In this study, a single-junction, wireless, and capacitive-charge-injecting optoelectronic biointerface
with negligible faradaic reactions by using a high open-circuit voltage (0.75 V) bulk heterojunction of PTB7-
Th:PC71BM is designed and demonstrated. The biointerface generates a 2-fold higher photocurrent in
comparison with P3HT:PC61BM having an open-circuit voltage of 0.55 V. Furthermore, we observed
that light intensity is logarithmically correlated with the open-circuit voltage of solar cells, and the
photovoltage of the biointerfaces varies the switching speed of capacitive charge-transfer. Finally, pulse
trains of capacitive stimuli at a low light intensity of 20 mW cm™2 elicit action potential generation in
primary hippocampal neurons extracted from E15-E17 Wistar Albino rats. These findings show the great
promise of high open-circuit voltage bulk heterojunction biointerfaces for non-genetic, all-optical and

rsc.li/materials-c safe modulation of neurons.

Introduction

Light-induced stimulation of neurons has high potential to
understand the complex communication in neural networks,
regulate the physiological activities and restore lost functions."”
Organic photovoltaic biointerfaces offer a configurable solution
for light-induced stimulation of neurons.® Advantageously, they
convert light to bioelectrical stimuli without any need for
electrical power supply and integrated complex electronics.
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Moreover, proper band engineering can facilitate control of
the faradaic and capacitive charge transfer mechanisms,
among which capacitive mechanisms are more preferred due
to the perturbation via electromagnetic charge-ion interactions
without any chemical reaction.’

One of the most important figures of merits affecting the
optoelectronic properties of the photovoltaic substrates and
simultaneously the photostimulation properties is the open-
circuit voltage. For the photostimulation of cells, photodiodes
connected in series and tandem architecture were utilized to
change the open-circuit voltage (V,.).>'® Alternatively, bulk
heterojunctions can overcome the limitation of charge carrier
diffusion in organic semiconductors and enable significant
enhancement in the generation of photo-induced charges that
can be effectively used for the stimulation of neurons."* More-
over, it can also allow for the control of optoelectronic and
bioelectronic properties of biointerfaces by varying the photo-
active layer. So far, P3BHT:PCBM, P30T:N2200, PDPP3T:PCBM,
and P3HT:N2200 bulk heterojunctions were independently
examined for photostimulation of cells.*®**"1¢

In this study, we explore a high open-circuit voltage (Vo)
photovoltaic material consisting of a donor copolymer PTB7-Th
(poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b']
dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-5]
thiophene-)-2-carboxylate-2-6-diyl)] and an acceptor small molecule
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PC71BM ([6,6]-phenyl C71 butyric acid methyl ester) in a single-
junction biointerface design for the first time, while addressing the
important aspect of safe neural photostimulation via capacitive
charge transfer. Remarkably, we demonstrate that light-intensity
can control the switching speed of capacitive currents in the
wireless and free-standing mode configuration, in addition to
the stimuli strength. Moreover, the higher open-circuit voltage
biointerface advantageously facilitates faster switching of capa-
citive currents in comparison with the lower-V,. (P3HT:PCBM)
biointerface. It also facilitates the photostimulation of neurons
at low-light intensity levels. Therefore, electronic and optical
tuning of open-circuit voltage enables for the control of switch-
ing speed and strength of neuro-modulating capacitive stimuli.

Experimental
Biointerface fabrication

The two types of biointerfaces were fabricated by changing
the photoactive layer with different V,. values keeping the
indium tin oxide (ITO)/zinc oxide (ZnO) electrode the same.
The low-V,. photoactive layer consists of a blend of 95.7% regio-
regular P3HT (poly(3-hexylthiophene-2,5-diyl)) and >99%
pure PC61BM ([6,6]-phenyl-C61-butyric acid methyl ester). The
high-V,. photoactive layer was prepared by blending a donor co-
polymer poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-
b;4,5-b']dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno
[3,4-b]thiophene-)-2-carboxylate-2-6-diyl] (PTB7-Th) and an
acceptor molecule [6,6]-phenyl-C71-butyric acid methyl ester
(PC71BM). The ITO coated glass substrates, P3HT, PTB7-Th,
PC61BM, and PC71BM were purchased from Ossila Ltd. Zinc
acetate dihydrate, ethanolamine, 2-methxyethanol, chloroben-
zene, 1,2-dichlorobenzene, and molybdenum trioxide were
purchased from Sigma Aldrich. All the materials and chemicals
were used as received.

To fabricate the biointerfaces, the ITO coated glass substrates
were sequentially cleaned using 1% by volume Hellmanex soap
solution (Ossila Ltd), de-ionized water, acetone, and isopropa-
nol using ultrasonication. The cleaned substrates were dried in
oven at 100 °C and treated with UV-ozone for 15 min before
the coating. The pre-cleaned substrates were spin coated at
2000 rpm for 60 s with ZnO precursor sol-gel solution. The
coated substrates were annealed at 250 °C for 15 min to get
50 nm of ZnO thin film. The reference photoelectrode (BI-1)
was completed by spin coating of P3HT: PC61BM (1:1 weight
ratio) solution in o-dichlorobenzene on the ITO/ZnO substrate
at 1000 rpm for 90 s and annealed at 150 °C for 15 min.
However, the high-V,. photoelectrode (BI-2) was prepared by
spin coating of PTB7-Th: PC71BM (1: 1.5 weight ratio) solution
in chlorobenzene on ITO/ZnO substrate at 600 rpm for 120 s
and then dried under nitrogen for 2 h."” The thickness of the
various layers was confirmed using a SEM cross-section image.

Optical and microscopic characterization

The optical absorbance for the BI-1 and BI-2 biointerfaces is
determined using a UV-Vis spectrophotometer. The microscopic
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images of the photoelectrode surfaces are investigated using an
atomic force microscope (AFM). Scanning electron microscopy
is used to take cross-sectional images for the optimization of
the various layer thicknesses.

Electrochemical measurement

To study the interfacial charge transfer processes, impedance
spectroscopy (IS) measurements are carried on biointerfaces
with different photoactive layers interfaced with electrolyte
medium under light conditions. This involves measuring the
electrical impedance and phase angle obtained with sinusoidal
voltage excitation of the electrode. The measurement is made
over a broad frequency range, between 1 and 10> Hz, and the
samples are probed under 10 mV (V,,s) AC perturbation at zero
dc bias under light conditions (at a wavelength of 445 nm
with an intensity level of 10 mW ¢cm™?). The magnitude of the
AC perturbation is kept sufficiently small so that a linear
current-voltage response is obtained at each frequency.'® Using
IS, multiple charge carrier accumulation and charge transport
can be distinguished at various interfaces in the device accord-
ing to their response against an externally applied AC signal.
For quantitative analysis, the impedance data are modeled
using an equivalent electrical circuit with the circuit elements,
which are assigned to various physical phenomena in the
device.”'*' The fitted parameters allow us to calculate the
capacitance between the photoelectrode and electrolyte (extra-
cellular medium) interface.>” In order to measure photocurrent
and photovoltage, we utilized the 2-probe configuration of
electrochemical measurement under short-circuit conditions
keeping 0 V bias between the working and counter electrode.
The photoactive area of 1 cm?® was fixed by using a Redoxme
Spectro-EFC cell set-up.

Cytotoxicity assessment

Biocompatibility of the photoelectrodes was assessed by mea-
suring the mitochondrial activity of SH-SY5Y cells using MTT
assay. The photoelectrodes and ITO control are sterilized using
70% ethanol and 30 min UV-C exposure. In a 6-well plate,
0.3 x 10° SHSY-5Y cells were seeded onto samples and incu-
bated at 37 °C and 5% CO,. Cytotoxic control samples are
prepared with ITO samples that were incubated with growth
medium containing 10% dimethyl sulfoxide (DMSO). After
48 hours, the growth medium is discarded and 1 mg ml™*
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide
(MTT) is added in serum-free DMEM. Samples were incubated
with MTT solution for 4 h to allow formazan formation. Finally,
the MTT solution is removed and formazan salts are dissolved
using EtOH/DMSO. The amounts of formazan are measured using
a microplate reader (BioTek, Synergy H1) in a 96-well plate.
Relative absorbance of the photoelectrode samples to the ITO
control is calculated to determine the relative biocompatibility.

Immunolabeling and fluorescence microscopy

SH-SY5Y cells were grown on pre-sterilized substrates in a 6-well
plate as explained in the ‘Cytotoxicity assessment’ section. After
48 h of incubation at 37 °C in a 5% CO, incubator, the growth
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medium was discarded. For cell fixation, 4% paraformaldehyde
was added to phosphate-buffered saline (PBS) solution and the
samples were incubated at 37 °C for 30 min. Fixed cells were
rinsed three times with PBSt (PBS containing 0.1% Triton X 100)
and then blocked using PBSt containing 5% bovine serum
albumin. Anti-beta III tubulin (ab78078, Abcam) primary anti-
body was used as neuronal marker labelling the cytoskeleton of
SH-SY5Y cells. Samples were incubated with anti-beta III tubu-
lin antibody for 2 h and washed three times with PBSt. Alexa
Fluor conjugated goat anti-mouse IgG H&L (ab150113, Abcam)
was used as a secondary antibody and DAPI stain was used to
detect nuclei. After 1 h of incubation with secondary antibody
and DAPI, the samples were washed with PBSt and mounted by
Mowiol. Imaging was performed using a fluorescence micro-
scope (ObserverZ1, Zeiss).

Primary hippocampal neuron isolation and culture

Hippocampal regions were extracted from decapitated E15-E17
Wistar Albino rats and were placed immediately in ice-cold
Hank’s Balanced Salt Solution (HBSS, Thermo Fisher Scientific,
MA, USA). The hippocampi were incubated in 0.25% Trypsin-EDTA
solution (Thermo Fisher Scientific, MA, USA) with 2% DNase-I
supplement (NeoFroxx, Einhausen, Germany) for 20 minutes in
a 37 °C incubator. Then the cells were centrifuged and the
supernatant was changed with Dulbecco’s Modified Eagle
Medium/Nutrient Mixture F-12 (DMEM/F12 Thermo Fisher
Scientific, MA, USA) supplemented with 10% fetal bovine
serum (FBS, Heat Inactivated, GE Healthcare, IL, USA) and
1% penicillin/streptomycin (Thermo Fisher Scientific, MA,
USA). DMEM/F12 was removed and Neurobasal Medium
(NBM, Thermo Fisher Scientific, MA, USA) supplemented with
B27, 1-glutamine, B-mercaptoethanol, and glutamate (Thermo
Fisher Scientific, MA, USA) was added to the cell pellet. The
cells were triturated and were passed through a 70 pm cell
strainer. The homogenous cell solution was seeded in poly-b-
lysine (PDL, Sigma-Aldrich, MO, USA) coated substrates. After
3 days of incubation of the cells on the substrates in a 37 °C
incubator with 5% carbon dioxide, the media of the cells on the
substrates were changed with NBM supplemented with cyto-
sine arabinoside (Sigma-Aldrich, MO, USA) to inhibit growth of
glial cells. After 24 hours incubation with cytosine arabinoside,
the media were changed with NBM. Therefore, for maturation
of primary hippocampal neural cells, the cells on the substrates
were incubated in NBM between 3 and 5 days before patch
clamp experiments.?*"?® Then, the hippocampal neurons were
cultures on photoelectrode substrates for future experiments.

Electrophysiology measurement

The photostimulation was performed on a set-up comprising
an Olympus T2 upright microscope placed inside a Faraday
cage to prevent electrical noise. An EPC 800 patch clamp
amplifier (HEKA Elektronik) was used for the photocurrent
measurements. For the light stimulation, we used a blue light
emitting diode (LED) (M450LP1, Thorlabs, NJ, USA) with nom-
inal wavelength of 445 nm (Fig. S1, ESI{). The LED was driven
by a DC2200 - High-Power 1-Channel LED Driver with Pulse
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Modulation (Thorlabs, NJ, USA). The FWHM of the blue light
spectrum is 16.7 nm (Fig. S1, ESIt). A power meter (Newport
843-R) was used to measure the exact power of light reaching
at the interface. The illumination was focused on a water
immersion objective (40x/0.8 W, inf/0/FN 26.5) from the ITO
(a transparent electrode) side of the photoelectrode.
Pulled patch pipettes of 8-12 MQ were used to investigate the
whole-neuron cells under giga-ohm seal. Extracellular solution
(Artificial Cerebrospinal Fluid, aCSF) is prepared as follows:
140 mM NacCl, 3 mM KCl, 1 mM MgCl,, 2 mM CaCl,, 10 mM
HEPES, and 10 mM Glucose. Osmolarity was adjusted to
290 mOsm and pH was adjusted to 7.4 with NaOH. Internal
cellular solution (ICS) is prepared as follows: 140 mM KCl,
2 mM MgCl,, 10 mM HEPES, 10 mM EGTA, and 2 mM Mg-ATP.
Osmolarity was adjusted to 270 mOsm and pH was adjusted to
7.3 with KOH. ICS was used to fill the patch pipettes during the
measurement. An Olympus T2 upright microscope and a digital
camera were used in the electrophysiology set-up to monitor
the cells. The stimulations of the primary hippocampal neurons
were effective for a couple of hours and after that they lost their
excitability because of the damage by the patched microelectrode.

Results and discussion
Photocapacitor biointerface structures

Light-induced capacitive charge-transfer is a safe method
for neural photostimulation. For capacitive charge-transfer,
the photogenerated charge carriers need to be dissociated
and directed toward the semiconductor-electrolyte interface
to induce a displacement current. For that bulk heterojunction,
photovoltaics provide an appropriate approach. We selected
P3HT:PC61BM and PTB7-Th:PC71BM as the low- and high-V,.
bulk heterojunction photovoltaic materials, respectively
(Fig. 1a). To generate capacitive stimuli by using the photo-
voltaic materials, the biointerfaces were prepared in the
device forms of ITO/ZnO/P3HT:PC61BM and ITO/ZnO/PTB7-
Th:PC71BM denoted as BI-1 and BI-2, respectively (Fig. 1a).

To measure the open-circuit voltage of the biointerfaces,
we prepared the photovoltaic devices in the following configu-
ration: BI-1/MoO,/Ag and BI-2/MoO,/Ag. We illuminated them
under one-sun AM1.5G solar radiation, and the open-circuit
voltages correspond to 0.55 and 0.75 V for BI-1 and BI-2, respec-
tively (Fig. 1b). Ideally, the open-circuit voltage (V,.) for the bulk
heterojunction organic solar cells is defined as V,. = [[HOMOp, —
LUMO,)/e] — 0.3 under one-sun AM1.5G solar radiation, where
HOMOy, is defined as the highest occupied molecular orbital
(HOMO) of the donor material, LUMO, is defined as the lowest
unoccupied molecular orbital (LUMO) of the acceptor material,
q is the electron charge, and 0.3 is the correction factor.**” Under
the ideal case, the open-circuit voltage corresponds to 0.7 V and
1.0 V for BI-1 and BI-2, respectively. Because of the factors such as
mobility, lifetime, recombination of charge carriers, etc. they
deviate from this ideal value within the range of 0.55-0.60 V
and 0.72-0.85 V for P3BHT:PC61BM and PTB7-Th:PC71BM devices,
matching with BI-1 and BI-2, respectively.'>***
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Fig. 1 (a) Energy levels of the bulk heterojunction photovoltaic materials
of P3HT:PC61BM and PTB7-Th:PC71BM. Schematic of the device struc-
tures of the biointerface 1 denoted as BI-1 (on the left) and biointerface
2 denoted as BI-2 (on the right). (b) Current and voltage characteristics
of the solar cell devices. The solar cell devices have the following
architectures: Bl-1/MoO,/Ag (dark red) and BI-2/MoO,/Ag (dark green).
Left and right insets show the photographs of the Bl-1 and BI-2 based
solar cells, respectively. (c) Energy band diagram of Bl-1 and BI-2. (d)
Cross-sectional SEM image of Bl-1 and BI-2. Scale bar: 100 nm (e) AFM
micrograph (surface height profile) of P3HT:PC61BM (BI-1) thin film and (f)
PTB7-Th:PC71BM (BI-2) thin film for 2 x 2 um? scan area.

After exciton dissociation by the bulk heterojunction,
the free electron and hole need to be further separated for
displacement current generation. For that, the bulk hetero-
junction composites were interfaced with ZnO and ITO layers
(Fig. 1a). The energy band diagrams of the structures in
Fig. 1c showed that the photogenerated charge carriers can
be effectively separated for capacitive charge transfer. For a
proper comparison of bulk heterojunction performances,
the thickness of the BI-1 and BI-2 was kept at similar levels.
According to the cross-sectional scanning electron microscopy
(SEM) measurements, the thickness of BI-1 and BI-2 corre-
sponds to ~115 nm and ~119 nm, respectively, and the ZnO
layer thickness was ~50 nm (Fig. 1d). The surface morpholo-
gies of the thin films were characterized by using atomic force
microscopy (Fig. 1e and f), and we observed that the morphol-
ogy of the BI-2 thin film exhibits smaller intermixed domains of
donor and acceptor molecules with better homogeneity, which
is beneficial for effective charge separation.

Baseline parameters of biointerfaces

The baseline parameters of the photocapacitor showing the
ability of the effective photostimulation are the quantification
of photocurrent and charge per unit area. Hence, we measured
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the electrochemical photoresponse of the BI-1 and BI-2 bioin-
terfaces under the two-probe configuration that allows under-
standing the actual potential of the photoelectrode in terms of
photocurrent and photovoltage. In this configuration (Fig. 2a),
an ITO electrode is used as the working electrode, and a
platinum electrode that is shorted with Ag/AgCl is used as the
counter electrode (~7 mm? area). During the measurement,
no voltage was applied to the working electrode and current
was monitored over time under light-pulses of 10 ms with
50 mW cm intensity illuminated on the photoactive area of
1 cm?, which was exposed to the aCSF electrolyte. For compar-
ison between the composites, it is preferred to have similar
photon absorption by the biointerfaces. Fig. 2b indicates the
absolute absorption spectra of BI-1 and BI-2, and we selected
the wavelength of 445 nm for optical excitation of the biointer-
faces, at which both substrates have similar absorbance levels.

Fig. 2¢ shows the photocurrent per unit area of the biointerfaces
(BI-1 and BI-2) measured between the working electrode (ITO) and
counter electrode (Pt) using pulsed (10 ms) 50 mW cm >
intensity illumination of blue light. The observable two-spikes
in the opposite directions matching with the turn-on and -off
times point out a capacitive photocurrent. The peak photocur-
rent density was observed to be 168 and 511 pA cm™? for BI-1
and BI-2 biointerfaces, respectively. The high-V,. biointerface
shows almost a 3-times increase in the photocurrent density
compared to the low-V, biointerface. The corresponding charge
densities were found to be 0.32 pC cm 2 and 0.46 uC cm™ 2 for BI-1
and BI-2 biointerfaces. The increase in the charge density is
about 1.4 times, which is not at the same level with the increase
of photocurrent density. This can be attributed to the faster
switching speed of the BI-2 than BI-1 biointerface with respect
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Fig.2 (a) Schematic illustrating the electrochemical measurement

configuration of the photoelectrode in an aCSF solution. A blue LED
(pulsed) is used to illuminate and activate the biointerface. (b) Absorbance
spectra of Bl-1 and BI-2. (c) Photocurrent density comparison of Bl-1 and
BI-2 biointerfaces under blue light (10 ms pulse, 445 nm, 50 mW cm™2
light intensity). The inset shows the faradaic current components of
biointerfaces. The dark red color represents Bl-1 and the dark green color
represents BI-2 biointerface. (d) Schematic showing the movement of the
photogenerated charge carriers in the biointerfaces.
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to the pulsed illumination. Besides, a low level of direct
electron or hole transfer via faradaic reactions was observed
for BI-1 and BI-2 (Fig. 2c inset). The BI-1 biointerface shows a
24 pA cm 2 faradaic current corresponding to almost 14% of
the peak photocurrent and BI-2 has a negligible faradaic
component less than 3% of its peak photocurrent. Since the
hole-capturing P3HT and PTB7-Th molecules had energy levels
above the water windows and electrons are mainly accumulated
inside the device structure, the faradaic charge-transfer pro-
cesses were limited.

The dissociation of the photogenerated excitons leads to
both open-circuit voltage inside the photovoltaic device and
interfacial photovoltage between the biointerface and aCSF. To
quantitatively analyze the switching properties of the biointer-
face, we defined the rise and fall times as the time of electrode/
electrolyte photovoltage (V) reaching from 10% to 90% of its
peak value and the decrease time of it from 90% to 10%,
respectively. The rise time of V,, for the BI-2 biointerface
at 50 mW cm 2 is 58 ps, which is significantly faster than the
105 ps rise time of the BI-1 biointerface. Since the photogener-
ated charges are accumulated at the respective layers via
drift during the increase of V,. and the internal electric field
of BI-2 is higher than that of BI-1 (Fig. 2d), the rise time of the
negative spike of photocurrent was faster.

When the light is turned off after 10 ms, a complementary
behavior of the photocurrent is observed. The fall time of the
BI-2 biointerface is recorded as 2.1 ms, which is approximately
3.5-fold faster than the BI-1 biointerface fall time of 7.3 ms.
Furthermore, the fall time of BI-2 is ca. 36-fold slower than the
rise time because holes and electrons are delocalized in differ-
ent materials of photoactive layer and ITO/ZnO layers (like in a
type-1I heterojunction), which require longer time for recombi-
nation in comparison with the rise time of the interfacial
voltage. The decrease in free charge carrier concentration (n.)
during recombination implies the increase in effective lifetime
(tn) of the remaining charge carrier recombination (t, = (f-n.) "
where 3, recombination pre-factor), which further slows down
the fall time of the photovoltage.>* Hence, in addition to the
stimuli strength, the biointerface energy levels also influence
the switching properties of the capacitive charge-transfer
mechanism.

We performed electrochemical impedance spectroscopy
(EIS) measurement under light (445 nm, 10 mW cm™?) to
investigate the charge transfer processes at the biointerface—
electrolyte interfaces (Fig. 3a and b). In comparison with BI-1, a
lower impedance for BI-2 was observed (Fig. 3a) in the high to
mid frequency region, confirming more charge accumulation
for the high-V,. biointerface. The impedance data (Fig. S2,
ESIY), extracted by fitting the experimental data with an equiva-
lent electrical circuit, show that the electrode-electrolyte capa-
citance of BI-2 (Cq = 2.9 pF cm ™ ?) is higher than that of BI-1
(Ca1 = 2.6 PF cm™?), which is another factor leading to higher
photocapacitive currents for BI-2. At the same time, the faster
response of BI-2 is confirmed by the Bode phase peak frequency
at 5.96 kHz, which is higher than the peak frequency of BI-1 at
3.72 kHz (Fig. 3b). Hence, BI-2 is a better candidate for neural
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Fig. 3 Electrochemical impedance spectroscopy of biointerfaces at zero
dc bias under the illumination of 10 mW cm™2 at the wavelength of
445 nm: (a) Nyquist plot and (b) Bode modulus and Bode phase of the
biointerfaces with fitted solid lines. Experimental data are shown by dots
and the fitted data are indicated by solid lines. The dark red color
represents Bl-1 and the dark green color represents Bl-2 biointerface.

interface applications because of high current injection levels
with fast kinetics.

Light intensity dependent study of high V,,. biointerface

We initially investigate the light intensity dependent photore-
sponse of the high-V,. biointerface (BI-2). In the case of a wired
photovoltaic device, the current density can be determined by
using eqn (1), where Ry, is the shunt resistance, R; is the series
resistance, J, is the reverse saturation current density, g is the
electronic charge, kg is the Boltzmann constant, V is the output
voltage, T is the temperature and J,, is the photo-current
density.** In these photovoltaic devices, direct electron transfer
from the device to the external circuitry is responsible for the
current. However, in the capacitive photovoltaic biointerfaces
since the direct electron transfer is limited due to the low-level
faradaic contribution, the biointerfaces operate more closely
under the open-circuit conditions. Hence, we can consider that
the conduction current is approximately zero and V = V..
Since this case analogically corresponds to a shunt resistance
much larger than the series resistance in wired photovoltaic
devices, V,. can be approximated as in eqn (2) showing the
relation between the intensity and open-circuit voltage of the
biointerface.

J = [Ren/(Rsn + R)]olexp(q(V — JRs)/nkgT)} + (VIRsp)] — Jph
1)

Voe o (nkgT/q)In(C(Ipn/Io) + 1) @

To explore the correlation between the open-circuit voltage
of photovoltaic devices and the photovoltage of the biointer-
face, the photovoltaic device BI-2/Mo0O,/Ag was characterized
under blue light with similar intensity levels and wavelengths
that are used for photocurrent measurement of the biointer-
face. Fig. 4a compares Vp, and V,. as a function of light
intensity for BI-2. The logarithmic dependence of V,. and V;j
on incident light intensity was observed, which confirms the
direct proportional relationship between V. and V,}, and their
dependence on light intensity as in eqn (2).

We investigated the photoresponse of the biointerface under
different illumination conditions. Fig. 4b shows the variation of
photocurrent for the BI-2 biointerface within the light intensity
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Fig. 4 (a) Photovoltages (V) and their corresponding open-circuit vol-
tages (Voo) of high-V,. biointerface under different light intensity levels.
Orange dots correspond to the V,, values, green dots correspond to the
Vo values, and the dotted lines signify the linear fitting. (b) The relationship
between light intensity and peak photocurrent for both negative (orange
color dots) and positive spikes (green color dots). (c) V,p, rise time for
different light intensity levels.

range from 1 mW em™>, which is inside the retinal irradiance

levels, to 60 mW cm 2. We observed 14 pA cm™ 2 at a low
intensity level of 1 mW cm 2, and as the light intensity
increases, the peak value of both the negative and positive
spikes of the capacitive photocurrent almost linearly increases
revealing single photon-induced absorption processes.*>>®
Moreover, we observed that while the light intensity increases,
it leads to a faster switching of capacitive stimuli (Fig. 4c).
Under the same range of intensity, the rise time of the BI-2
biointerface induces a larger variation from 762 to 54 ps.
Moreover, since the dependence of the rise time is exponential
with the light intensity, this also proves the direct correlation of
rise time with open-circuit voltage. Hence, light-intensity
defines an unconventional variable of stimulating pulses in
electrode—-electrolyte junctions.

Viability and electrophysiology of neuron cells

Before interfacing with cells, we investigated cytotoxic effects of
the biointerfaces by assessing the mitochondrial activity of
SH-SY5Y cells using MTT assay.”*” Cells grown on BI-2 bioin-
terfaces exhibited comparable cell viability with respect to BI-1
and ITO controls suggesting that the biointerfaces do not
exhibit any toxic effect on the cells (Fig. S3a, ESIT). Further-
more, the morphology of the cells grown on the photoelec-
trodes was assessed using immunolabelling and fluorescence
microscopy. Beta-III-tubulin primary antibody was used as a
neuronal marker; and DAPI staining was performed for
nucleus visualization. The results suggested no morphological
difference between cells grown on the control substrate and
cells grown on the photoelectrodes (Fig. S3b, ESIt). Moreover,
a detailed stability study of the organic semiconductor
materials with thiophene molecules as the building block
in biological medium is discussed by Han et al., in which the

1760 | J. Mater. Chem. C, 2021, 9, 1755-1763

View Article Online

Journal of Materials Chemistry C

(a) —_ (d)g Stimulation OFF
E 80;
3 60
"QE 40
20
& o
@ -20;
g 40 e ——
0 ===
[ E———————
=

0 25 50 75 100 125 150
Time (ms)
Stimulation ON

(b)

Membrane Potential (mV)

0 25 50 75 100 125 150

—_
o
—

®
=]

@
(=]

IN]
=]

gl

_—
100 OFF ON
Light

0.0] , punnr

-100

(=]

Current (nA)
o o
a w
[ ——————
8 & & &
v
b}
e
. %
» '.
-\_\.
R, \
Membrane Potential Change (AmV)
H
o

-50 0 50
Voltage (mV)

Fig. 5 (a) Schematic of the whole-cell patch clamp recording configu-
ration of the biointerface in free-standing mode. The cells are grown on
the biointerface, and adhere to the biointerface. A LED at far field is used to
illuminate and activate the biointerface. Primary hippocampal neurons
were incubated for 3 days on the photoelectrode and afterward, they
were patched (as shown in the inset) and recorded under the whole-cell
configuration. (b) A phase-contrast light microscope image of the primary
hippocampal neurons on the photoelectrode. Scale bar is 200 um. (c)
Typical IV-characteristics of the primary hippocampal neurons recorded in
the voltage-clamp configuration under dark conditions. Inset shows the
resting membrane potential distribution for N = 12 cells. (d) 3D plots for
light-evoked membrane potential modulation in the current-clamp
configuration subjected to 1/0.1 ms light stimulation (burst waveform).
The top panel shows the light-triggered neural activity of cells cultured on the
Petri dish. The bottom panel shows action potential generation after the
light illumination (N = 10). Each color shows the separate response of
distinct neurons on the biointerface. (e) Box plot graphics of light stimula-
tion related membrane potential change (mV) in primary hippocampal
neurons. The neurons displaying a significant (two-sided Student’s t-test)
light induced membrane potential increase compared to the control
(***p < 0.0001, N = 10).

time-dependent cyclic stability by measuring the peak value of
the transient photocurrent is presented.*® The recorded peak
photocurrent density only decreased by 9.2% after 60 days,
relative to the first day, which corresponds to a device half-time
of ~1.8 years in an aqueous environment.

To investigate the membrane potential variation and gen-
eration of action potential, we used primary hippocampal
neurons extracted from decapitated E15-E17 Wistar Albino
rats. We performed single-cell patch clamping in whole-cell
configuration in the current clamp mode (I =0) (Fig. 5a). The
image (in the inset of Fig. 5a) shows a patched primary
hippocampal neuron during the electrophysiological recording.
The primary cells are grown on the reference substrate that

This journal is © The Royal Society of Chemistry 2021
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consists of the Petri dish and the BI-2 biointerface that consists
of photoactive surface. Fig. 5b shows the phase-contrast light
microscope image of fully grown primary hippocampal cells on
the biointerface, which shows that the neurons are significantly
separated without synaptic connections. Fig. 5c shows typical
IV-characteristics of primary hippocampal cells from the BI-2
biointerface, which were measured with a voltage clamp under
dark conditions. The cells have quasi-linear response around
the resting potential. The average resting potential of the cells
(N = 12) was observed as —78 mV.

Similar to the photocurrent experiments, the electrophysiol-
ogy is performed in the wireless and free-standing mode, and
light pulses with an intensity level of 20 mW cm ™2 were used for
the photostimulation experiments.”*® Before performing the
electrophysiology experiment with BI-2 biointerface, the refer-
ence substrate (primary hippocampal cells grown on Petri dish)
is subjected to light stimulation as a control experiment. When
the light is illuminated on the cells (N = 3) with varying
stimulation pattern, there was no neural activity as shown in
Fig. S4 (ESIt). This confirms that the photostimulation of
neurons alone does not show any spontaneous activity.

Furthermore, the photostimulation experiment was done
on the BI-2. The top panel of Fig. 5d shows no neural photo-
stimulation when light illumination was applied. When the
light was illuminated on the biointerface, the photogenerated
excitons are separated at the donor-acceptor interfaces and
according to the energy diagram electrons were guided towards
the ITO electrode because of the electron transport layer (ZnO),
and holes were transferred toward the respective higher hole
energy molecule of PTB7-Th for the BI-2 biointerface (Fig. 2d).
The accumulation of holes attracted the negative ions inside
the electrolyte at the semiconductor-electrolyte interface. This
generated a displacement current with a direction from the
semiconductor towards the electrolyte. As per our assumption,
it should lead to hyperpolarization of the attached membrane
and depolarization of the free membrane. Since the longer light
pulse (10 ms on-time and 10 ms off-time) with square waveform
has shown marginal neuromodulation at 20 mW cm™>, the
action potential was generated when a burst waveform (1 ms
on-time and 0.1 ms off-time) was applied (Fig. 5d bottom
panel), which has been previously proposed and demonstrated
by Fromherz and co-workers by using electrical stimulation.*’
This is the first demonstration of using burst light pulses with a
high-V,. photovoltaic biointerface for capacitive photostimula-
tion that results in action potential generation at low light
intensity levels. Since the biointerface has a faster switching
response (ca. 50 ps light pulses) and the capacitive current relies
on the time-dependent variation of the photovoltage change, it is
one of the reasons of photostimulation at low light intensities.
The stimulation is mainly triggered due to the repetitive activation
of sodium channels and a summation of small inward current
pulses.*>*! In addition to the 3D plots for light-evoked membrane
potential modulation, we provided an isolated single plot during
the photostimulation as shown in Fig. S5 (ESIt).

Fig. 5e shows the statistical analysis that was performed
using two-sided Student’s t-test for voltage patch-clamp results
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on primary hippocampal neurons to determine the degree
of significance (Prism 7; GraphPad, San Diego, CA, USA).
Results were considered statistically significant when the
p-value was less than 0.01. The primary hippocampal neurons
displayed a significant (average ~65 mV, range ~45-80 mV)
light-induced membrane potential increase compared to the
control experiment.

Discussion

Interestingly, the OFF current behaviour is similar for the two
systems (Fig. 2c). This is possibly due to the fact that the
comparable absorption levels lead to generation of a similar
number of photogenerated charge carrier and similar levels
of charge carrier recombination occur in both systems. The
effective lifetime (7,,) of the remaining charge carrier recombi-
nation is given by 1, = (f-n.)”" where B is the recombination
pre-factor,®® and the magnitudes of the effective lifetime are
comparable for both BI-1 (P3HT:PCBM) and BI-2 (PTB7-
Th:PC71BM) photoactive materials because the recombination
pre-factor and charge carrier density of states for both bulk
heterojunctions are on the same order of magnitude as
107" m® s7! and 10" ecm?, respectively.'®*"*> Hence, when
the light is turned OFF, the photogenerated electrons and hole
concentrations that are localized in the acceptor and donor
molecules similarly decrease both in the BI-1 and BI-2 interfaces.

Other than organic semiconductors, a variety of inorganic
semiconductors, especially multiscale silicon structures, have
been investigated for neuron photostimulation. Bulk inorganic
semiconductors are rigid and they have a high elastic modulus
of about 100 GPa, whereas the neural and other tissues exhibit
elastic moduli in the kilo to megapascal range.*>** Hence, bulk
silicon-based implanted probes have elastic mismatch with
neural tissues, which can damage the surrounding neurons
around the implant resulting in a reduction in the utility of the
neuron interface over time.*"*” Alternatively, a variety of wire-
free silicon configurations can be used to seamlessly interface
with biological systems for photostimulation. Si nanowires
allows for intracellular uptake and interfacing with mammalian
cells.*® Moreover, planar Si structures can be used to build
extracellular interfaces with single cells or small tissues.
Furthermore, flexible devices made of Si membrane on holey
PDMS membrane can lead to conformal contacts with soft tissues
(e.g., mouse brain cortex).>* Hence, beside organic semiconductor
systems, a wide variety of inorganic or inorganic-organic hybrid
systems can be engineered for modulation of living systems with
light. However, organic semiconductor systems could be preferred
over the inorganic counterparts (having mechanical flexibility)
because of significant elastic mismatch, a material property, with
neural tissues.

Conclusions

To avoid any damage on the electrode due to corrosion or on
the cell due to faradaic reactions, the stimuli must be as weak
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as possible. Hence, optical excitation at low light intensity
levels with burst waveforms allows for a safe and efficient
neuromodulation scheme. During optical excitation, photo-
thermal effects may also contribute to the stimulation of
neurons. At high intensity levels, it may induce phase transition
in the phospholipid ordering, change in membrane conduc-
tance and rearrangement of the ions.*”*® To explore the
thermal effects, we calculated the heat generated at the bioin-
terface surface due to 20 mW cm ™2 optical excitation of blue
light. We found that the increase in temperature is merely
0.001 °C (Appendix-1, ESIt), which is insufficient for such a
photothermal stimulation of the cells. Moreover, the level of
intensities that we use in this study is comparatively much
lower than the reports studying the thermal activation of
neurons.”’

In this study, we introduced a new photoactive bulk-
heterojunction material system, PTB7-Th:PC71BM, for photo-
stimulation of cells and we incorporated it into a capacitive
charge-injecting biointerface design. By using this biointerface,
we investigated the effect of the open-circuit voltage on the
photoresponse of the bulk-heterojunction, and we observed
that high-V,. can simultaneously lead to strong and fast capa-
citive currents at the electrode—cell interfaces. In addition, light
can also control the switching speed of capacitive currents that
are caused by the variation of open-circuit voltage. Hence, the
open-circuit voltage is an important design parameter for fast
and effective switching of the neurons that can be controlled by
light and electronic energy levels of the heterojunctions. Also,
some of the visual attributes can only be perceived at the
threshold for the specific light pulses (in sub-ps region) and
train frequency.'®*>>® Hence, the high-V,. biointerface can
satisfy these crucial aspects as well. Moreover, the wide absorp-
tion ranges from visible to near IR of the photoactive material
system can be utilized for deep-tissue photostimulation such as
the brain and heart. Therefore, bulk heterojunction composite
based biointerfaces have high potential for safe, rapid, and
controlled neural photostimulation of cells.
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