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circuits,[1] curing neurological diseases, 
and developing neuroprosthetics.[2] 
These interfaces, which utilize different 
materials and technologies ranging 
from silicon microelectrodes[3] to nano-
structures,[4] have been designed for the 
treatment of a diverse range of neural 
diseases such as sensory issues including 
hearing loss,[5] blindness,[6–8] spinal cord 
injury,[9] psychiatric diseases,[10] and 
motor disorders.[11] The photoactive inter-
faces due to their battery-less stimula-
tion mechanism have facilitated many 
promising health care applications such 
as retina prosthetics with high-spatial 
resolution and remote functioning.[8,12,13] 
Recent studies used semiconductor nano-
structures,[14] gold nanoparticles,[15] and 
hybrid semiconductor polymers[7,12,16] for 
photoactive neural interfaces. The afore-

mentioned materials showed promising progress for neural 
prosthetics.

In comparison with the materials used in previous studies, 
an organohalide perovskite has many unique optoelectronic 

Organohalide perovskites have attracted significant attention for efficient 
solar energy harvesting. They boost the photoelectrical conversion efficiency 
of the solution-processable solar cells because of having a nearly 100% 
internal quantum efficiency, operating in both narrow- and broadband spectral 
regimes, near-infrared sub-bandgap absorption, and high diffusion length. 
At the same time, these optoelectronic properties make it an ideal candidate 
for photostimulation of neurons. However, the biocompatibility of perovskite 
and its longevity in a cell medium constitute a major limitation to use it for 
biological interfaces. Here, high-level perovskite stability and biocompatibility 
are shown by forming hydrophobic perovskite microcrystals and 
encapsulating them within a polydimethylsiloxane layer. For effective and safe 
photostimulation of cells perovskite microcrystals are interfaced with poly(3-
hexylthiophene-2,5-diyl) (P3HT) polymer for dissociation of the photogenerated 
charge carriers, which leads to non-bias-assisted cell stimulation. The results 
point out a new direction for the use of perovskite for photomedicine.
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1. Introduction

The advancement of neural interfaces has attracted significant 
attention due to its important role in understanding neuronal 
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properties. High absorption coefficient (≈104  cm−1) covering 
the whole visible spectrum can be useful to effectively con-
vert the light energy to bioelectrical stimuli.[17] Low trap-state 
densities on the order of 109 to 1010 per cubic centimeter in 
methylammonium lead trihalide (MAPbX3) single crystals[18] 
combined with long diffusion length(up to 175  µm)[19] can 
enable effective control of the carriers for the designated 
charge-transfer mechanisms such as Faradaic and capaci-
tive processes. In addition, compositional control varying 
absorption from ultravoilet (UV) to near-infrared (near-IR) 
wavelengths[20] can lead to spectrally adjustable photoactive sub-
strates. Due to its advantageous properties, a new generation 
of solution-processable solar cells has experienced a significant 
improvement in power conversion efficiencies, and ultrasensi-
tive photodetectors has been developed using this material as 
well.[21–23] However, the stability of the perovskites in ambient 
conditions still remains as a major challenge,[24] and if we think 
this unique material in an aqueous environment for biological 
applications, the stability issue becomes more serious.

The hybrid use of perovskite with organic polymers can 
enhance its stability.[25] Among a wide variety of polymers, 
P3HT is an ideal polymer, which is biocompatible, durable in 
biological fluids and can be used as a charge transport layer,[12] 
and it has been also studied as a photosensitive polymer for 
neural interfaces.[7,26] Here, in this study we employ P3HT 
in conjunction with perovskite to combine the advantageous 
properties of the both materials. Furthermore, the intrinsic 
stability of the perovskite absorber layer is improved via 
microcrystallization; and poly(dimethylsiloxane) (PDMS), 
which is a widely investigated in stretchable electronics, 
microfluidics, robust energy harvesting devices, and bioelec-
tronic implants,[27] is used as a durable encapsulation layer on 
the perovskite and P3HT layer. This crystallization and encap-
sulation strategy allows for a stable and biocompatible device 
structure. In addition, the perovskite-P3HT heterojunction 
leads to a spectral sensitivity that covers from the entire vis-
ible toward near-IR. This paradigm-shifting hybrid interface 
is expected to impact biological interfaces, neural prosthetics, 

and the translation of perovskite from physical to health-
related sciences.

2. Results and Discussion

2.1. The Structure of the Biointerface and Its Compatibility

To prepare perovskite photoactive material as a biointerface, 
stability against water-based degradation is required. The perov-
skite thin film has a major drawback when it is immersed into 
water. It gets dissolved by the water and degraded into its con-
stituents, which makes it unstable in aqueous environments 
(see Figure S1, Supporting Information). Considering the fact 
of biocompatibility, we prepared perovskite microcrystals by 
dissolving the precursors in isopropanol solvent (explained 
in detail in the Experimental Section), which is an environ-
mental-friendly precursor. X-ray diffraction measurement 
(in Figure  1a) proves the perovskite peaks at 14.15°, 28.49°, 
31.94°, and 43.25° 2θ values, which correspond to (110), (220), 
(310), and (330) planes of the tetragonal structure of the perov-
skite.[23,28] Additionally, PbI2 (001) peak is observed at 12.66°.[29] 
Scanning electron micrograph (SEM) confirms the perovskite 
microcrystal formation (Figure  1b). The high roughness and 
microcrystalline structure lead to a hydrophobic perovskite film, 
which is confirmed by high water contact angle (Figure 1c).

After perovskite microcrystal confirmation, the perovskite 
layer is sandwiched between transparent bottom electrode 
of indium tin oxide (ITO) and hole transport layer of P3HT 
(Figure 2a). Subsequently, a P3HT:PDMS hybrid layer is depos-
ited on top of the P3HT. The P3HT:PDMS layer (Figure  S2, 
Supporting Information) encapsulates the photoactive layers 
and circumvents the direct contact of perovskite layer with the 
neuron cells and its potential toxicity. At the same time, mixing 
P3HT in PDMS results in better conductivity of the protective 
layer in comparison with only PDMS layer. The biointerface 
leads to photon-induced charge generation and dissociation 
(Figure 2b). The main contribution of the charge generation is 
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Figure 1.  a) X-ray diffraction (XRD) pattern of the ITO/ CH3NH3PbI3/P3HT. b) SEM image of the perovskite microcrystals on ITO substrate. c) Water 
droplets are placed on the perovskite microcrystals. Water droplets show spherical form due to the hydrophobicity and roughness of the perovskite 
microcrystals.
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originated by the perovskite layer, which can absorb the entire 
visible range and near-IR (Figure  2c). Since the biointerface 
can absorb the entire visible range, the color of the hybrid 
film under ambient light is black (Figure 1c). After the light is 
absorbed, the electrons and holes dissociate due to the band 
structure (Figure  2b), and the photogenerated electrons move 
toward the ITO side and holes to the P3HT. To further under-
stand the charge transfer mechanism in the structure, we did a 
time-resolved photoluminescence study (Figure 1d). The perov-
skite microcrystals on glass initially have an average lifetime of 
τav = 5.01 ns. When the perovskite layer is deposited on ITO, we 
observe a lifetime reduction (τav = 1.20 ns) due to the dissocia-
tion of the electron and hole pairs in the perovskite-ITO junc-
tion. After we add P3HT layer on the perovskite microcrystals, 
the lifetime is further reduced (τav = 0.24 ns) due to the contri-
bution of the P3HT-perovskite junction toward charge dissocia-
tion. Therefore, both heterojunctions (i.e., perovskite-ITO and 
P3HT-perovskite) contribute to the charge dissociation.

2.2. The Optoelectronic and Biological Properties  
of the Biointerface

To investigate the optoelectronic performance of the biointer-
face, the photocurrent was measured for different light intensi-
ties, wavelengths, and stability in an aqueous environment by 
using an electrophysiology amplifier. Artificial cerebrospinal 
fluid (aCSF), which mimics a similar electrophysiological con-
dition for patch clamp studies, is used for the photocurrent 

measurements (Figure 3a). The transient behavior of the bioint-
erface has near infrared photoresponse due to absorption by the 
surface states of the perovskite microcrystals (Figure  3b).[22,30] 
The biointerface shows a linear response to the light illumina-
tion (Figure 3c), and a photocurrent of ≈1.0 nA can be induced 
at a relatively low-intensity level of 100 µW  cm−2 at 630  nm, 
which shows the effective photovoltaic performance of the  
biointerface. Here, the photogenerated electrons in the 
perovskite move to the external circuit through the ITO 
substrate and holes are directed toward the solution interface 
of the biointerface. Figure  3d also shows the photocurrent 
response for different wavelengths from blue to near-IR, and 
since the bandgap of the perovskite is 1.49 eV, the biointerface 
shows high photocurrent in the visible region below its bandgap 
energy. In comparison with the carriers in the sub-bandgap 
states, the interband transitions show a stronger photocurrent 
response. Moreover, to confirm the role of perovskite in the 
biointerface we checked the effect of the photocurrent gener-
ated by P3HT and PDMS:P3HT layers by measuring the photo
currents in ITO/PDMS:P3HT and ITO/P3HT/PDMS:P3HT 
structures, respectively. We observed negligible photocurrent 
levels for ITO/PDMS:P3HT and ITO/P3HT/PDMS:P3HT 
photoelectrodes in comparison to ITO/Perov/P3HT and ITO/ 
Perov/P3HT/PDMS:P3HT photoelectrodes (Figure S3, Supporting  
Information).

The stability of the biointerface was investigated for a 
period of 1 week in a cell culture medium under incubation 
condition (Figure  3d), and it showed only a 24% decrease 
of the photocurrent level after one week relative to its initial 

Adv. Mater. Interfaces 2019, 6, 1900758

Figure 2.  a) Schematic of the biointerface structure. Here, ITO on glass substrate was used as a conductive substrate, the perovskite (CH3NH3PbI3) as a 
strongly absorbing photoactive layer, P3HT as a biocompatible hole transport layer, and PDMS:P3HT as an encapsulation layer. b) Energy band diagram 
of the ITO/CH3NH3PbI3/P3HT. c) Absorption spectrum of ITO/P3HT (red dotted line) and ITO/CH3NH3PbI3/P3HT (black dotted line). d) Time-resolved 
photoluminescence of the perovskite layer on glass, perovskite on ITO (ITO/CH3NH3PbI3), and P3HT on ITO/CH3NH3PbI3 (ITO/CH3NH3PbI3/P3HT).
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value. Depending on the cell type, hundreds of picoamperes 
are sufficient to stimulate the neurons, and even after this 
decrease, the biointerface can offer effective stimulation of neu-
rons. Hence, this confirms that the biointerface is functional 
and is able to generate effective bioelectrical response after 
1 week in biological environments. As control groups, we also 
investigated the perovskite film on ITO substrate, and in a few 
seconds the perovskite was dissolved in the aqueous environ-
ment (Figure S1, Supporting Information). As another control 
group, perovskite microcrystals and P3HT hybrid (without 
PDMS:P3HT coating) shows a six-fold decrease in photo
current level after 1 week in comparison with its initial value. 
Hence, both the microcrystal formation and the polymeric layer 
of PDMS:P3HT layer enabled a drastic enhancement of perov-
skite stability in the cell medium.

In addition to the stability in an aqueous environment, the 
biointerface requires simultaneous satisfaction of biocompat-
ibility and safe photostimulation of neurons. Initially, we inves-
tigate the biocompatibility of the photoelectrode on cell viability 
using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide (MTT) assay and apoptosis assay by fluorescence micros-
copy. We used different thicknesses of the PDMS:P3HT layer 
on top of perovskite/P3HT layer and performed the MTT assay 
experiment to confirm the biocompatibility of the biointerface 
(Figure 4a). It is observed that SH-SY5Y cells grown either on 
the biointerface or ITO (used as control) had comparable cell 
viability for the biointerface with 200  µm PDMS:P3HT using 
MTT assay. Therefore, 200  µm PDMS:P3HT is a good thick-
ness to ensure the critical property of biocompatibility for  
the biointerface. Moreover, the nucleus and cytoplasm of the 

Adv. Mater. Interfaces 2019, 6, 1900758

Figure 3.  a) Schematic of the set-up for the photocurrent measurement. A patch pipette is positioned in close proximity to the P3HT surface and 
a patch-clamp amplifier is used to record photocurrents generated via light illumination. Light response of the biointerface (ITO/perovskite/P3HT/
PDMS:P3HT) under 630 nm light illumination. b) Near-IR (light pulse-width of 3 s, wavelength – 950 nm, light intensity – 100 µW cm−2) photocurrent 
response of the biointerface (ITO/perovskite/P3HT/P3HT:PDMS) in aCSF electrophysiology medium. c) Photocurrent versus input light intensity (light 
pulse width – 3 s), which was fitted with a linear relation between 7.5 and 50 µW cm−2. d) Photocurrent response of the biointerface at different input 
wavelengths of light having the intensity of 100 µW cm−2 with light pulse of 3 s. Data are presented as mean value with the standard deviation (SD).  
e) Photocurrent stability (for n = 3 samples) of the biointerface and ITO/perovskite/P3HT in aCSF medium. The absolute photocurrent (measured with 
illumination at 630 nm, 50 µW cm−2) on 0th day is 5.2 and 3.2 nA for ITO/perovskite/P3HT and the biointerface, respectively. Data are presented as 
mean value with the standard deviation (SD).

 21967350, 2019, 17, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

i.201900758 by E
gyptian N

ational Sti. N
etw

ork (E
nstinet), W

iley O
nline L

ibrary on [08/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com
www.advmatinterfaces.de

1900758  (5 of 9) © 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

SH-SY5Y cells were grown on the biointerface and ITO, were 
stained by 4,6-diamidino-2-phenylindole, dihydrochloride  
(DAPI) and beta-III-Tubulin to assess the integrity of the cells, 
respectively (Figure  S4, Supporting Information). Results 
showed that cells on both samples had comparable number of 
the stained cells, which suggested that biointerface had no toxic 
effect on the cells (Figure  S5, Supporting Information). Addi-
tionally, the number of the apoptotic cells was determined on 
the both substrates by measuring the cleaved caspase 3 (CC3). 
The ratio of CC3+/DAPI+ number in the apoptotic cells were 
statistically not significant on both biointerface and ITO control 
substrates (Figure S5, Supporting Information). Collectively, all 
these results suggested that biointerface did not exhibit any toxi
city on SH-SY5Y cells and allow us to perform further studies.

For safe photostimulation, capacitive charge-transfer mech-
anism is more preferred[31] for neural interfaces. In the ITO/
CH3NH3PbI3/P3HT/PDMS:P3HT biointerface, a strong Fara-
daic contribution is observed in addition to a weaker capacitive 
current (Figure 4b). In principle, according to the energy band 
diagram, a capacitive current is expected to be observed, but the 
voids present at perovskite thin film in microcrystals is consid-
ered as a main reason for the Faradaic leakage. To decrease the 
Faradaic contribution, we optimized the perovskite thin films 
by using multilayer spin-coating of precursor solution while 
keeping the thickness constant (Figure S2, Supporting Informa-
tion). Formation of multilayers of the perovskite thin film ena-
bled to reduce the leakage path. The photocurrent is measured 
for modified biointerface under similar condition and enhanced 
capacitive photocurrent along with Faradaic component is 

observed at even low level of light-intensity (Figure 4c). Hence, 
we observed the reduction of Faradaic current through optimi-
zation of perovskite active thin film, which appears to be a suit-
able biointerface for photostimulation of neurons.

2.3. Neuronal Activity at the Biointerface

We investigated the light activation of SH-SY5Y cells on the 
biointerface in a wireless and freestanding mode by using the 
calcium imaging. During the calcium imaging the excitation 
pulse of 1.5 ms at 552 nm with light intensity of 24 mW cm−2 is 
applied (at the time of 19.09 s), which leads a sudden jump to 
the maximum calcium signal level due to effective photostim-
ulation and decays after this excitation to its ground level. In 
fact, the probe light (488 nm) with light intensity of 8 mW cm−2 
that optically pumps the calcium tracker dye can also partially 
absorbed by the perovskite due to its wide photoabsorption 
window and leads an increasing calcium activity, which is 
observable until the excitation pulse. The result shown in 
Figure 5 represents the best calcium activity. However, the Ca 
imaging activity has confirmed for n = 12 biointerfaces for the 
repeatability of the experiment (Figure S6, Supporting Informa-
tion). As a control group, ITO-coated glass substrates showed 
no calcium activity (Figure S7, Supporting Information) under 
the same light activation condition. To investigate the contri-
bution of the photothermal effect, we calculated the possible 
temperature change, which is induced by the light source 
during calcium imaging.[32] The temperature change is less 
than 0.01 °C (see Supporting Information for the calculations), 
which is not enough for cell stimulation. For photothermal 
excitation at least several degrees of temperature change are 
required,[33] hence we consider that the thermal change is not 
responsible for photostimulation of the cells. Hence, the induc-
tion of calcium influx shows effective photostimulation of cells 
by the biointerface.

3. Conclusions

In conclusion, an organohalide perovskite is used for the 
development of a neural interface, which enables photoactiva-
tion of neuronal cells. High light sensitivity of the perovskite 
is the key property for a powerless and wireless stimula-
tion. Advantageously long diffusion length and lifetime of 
the photon-induced charge carriers of perovskite can enable 
directional control of the carriers for the designated charge 
transfer mechanism. But, this can be a disadvantage in terms 
of resolution, which can be also solved by pixilation of the 
photoactive substrate. Furthermore, the photon-to-electron 
conversion capability in near IR can be advantageous for in 
vivo applications, where  light  has high-level of penetration 
into the tissue in the biological window. In this way, the inter-
face application as a neural prosthetic device can be widen 
for a variety of in vivo applications such as brain or heart. 
Moreover, tuning energy bandgap of MAPbX3 over the whole 
visible spectral range by adjusting the halide composition is 
a key advantage. In addition, the ability of operating in both 
narrowband and broadband regimes enable spectral control 

Adv. Mater. Interfaces 2019, 6, 1900758

Figure 4.  a) The cell viability assessment of biointerfaces with different 
thicknesses of the PDMS:P3HT layer on the SH-SY5Y cell line. The effect 
of the biointerfaces on metabolic activity of SH-SY5Y cells assessed by 
MTT. Data are presented in a column graph plotting the mean with the 
standard error of the mean (SEM). b) Photocurrent versus time for Faradaic 
biointerface under illumination of 10 ms light pulses with an intensity of 
1 mW cm−2. c) Photocurrent versus time for capacitive biointerface under 
illumination of 10 ms light pulses with an intensity of 1 mW cm−2.
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for retinal prosthesis. Moreover, P3HT and PDMS layer not 
only reduced the toxicity level of the hybrid, but also improved 
the stability of the perovskite in the neural cell medium, 
though toxicity of the perovskite has been so far considered as 
a major concern. Since there exists already a significant effort 
on lead-free and stable perovskite-based optoelectronics, in 
conjunction with new perovskite materials we believe that 
this study may open a new horizon for perovskite-based  
biomedical technologies.

4. Experimental Section
Biointerface Fabrication: ITO-coated glass substrates (Ossila) were 

cleaned in a sonication bath by using the following procedure: the 
glasses were dipped into a 10% NaOH solution (in distilled water), 

washed in hot water, rinsed 2% Hellmanex in hot distilled water, 
rinsed in hot water, rinsed in cold isopropanol (IPA), and dried with 
nitrogen. Then, UV-ozone clean was used for the substrates before 
coating steps. Methylammonium iodide (Ossila, 99.9%), lead (II) 
iodide (Aldrich, 99.9%), and isopropanol were used to synthesize 
perovskite microcrystals. 1 × 10−3 m MAI was dissolved in 1.5 mL IPA 
and then 1  ×  10−3  m PbI2 was mixed for making 0.67 m perovskite 
suspension. The perovskite solution was spin-coated on top of the ITO 
glasses at 2000  rpm. Rr-P3HT (Sigma-Aldrich) with a regioregularity 
of 99.5% and toluene of 99.9% purity were mixed to make the P3HT 
solution. 30 mg mL−1 concentration of the P3HT was spin-coated at 
3000 rpm to make a thin layer of P3HT film on top of the perovskite 
layer. For making PDMS:P3HT composite layer, 10  g of  PDMS 
SYLGARD 184 Elastomer was mixed with 2 g of SYLGARD 184 curing 
agent and 1 mL P3HT solution (20 mg mL in toluene). Then, it was 
stirred for 3 min until bubbles appeared in the mixture. After that, 
the mixture was degassed in the vacuum desiccator for 20 min  
until the bubbles were completely disappeared. The PDMS:P3HT 

Adv. Mater. Interfaces 2019, 6, 1900758

Figure 5.  a) Fluo4-AM (green) labeled SH-SY5Y cells at time zero, image obtained by capturing FITC-conjugated Fluo4-AM with 1.5 ms exposure 
time of light illuminated with 488 nm wavelength. b) Schematic overview of time lapse calcium imaging. After time lapse series of calcium imaging 
with a capturing interval of 25 ms for 19.09 s, a single light pulse of 1.5 ms at 552 nm was exposed to the cells and immediately calcium imaging was 
continued until 75 s. Selected region of interest shows depolarization of a cell over time circled and indicated by a red arrow. Notice the increased 
calcium signal after a pulse of 1.5 ms at 552 nm at 19.16 s, which is also indicated by the green arrow in its subsequent calcium fluorescence peak.  
c) Calcium fluorescence ΔF/F0 (%) versus time shows a spike immediately after 552 nm light pulse.
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mixture was coated on the P3HT layer by using doctor blade 
technique. The mixture was heated at 60 °C for 6 h for completion of 
curing process.

Cell Culture and Cell Seeding: SH-SY5Y cell line was cultured in 
Dulbecco’s modified Eagle’s medium (DMEM, Gibco 21969-035) supplied 
with 10% heat-inactivated fetal bovine serum (FBS, Gibco 10500), 1% 
l-glutamine (Gibco 25030-081), and 1% penicillin–streptomycin (Gibco 
15240-062). The cells were maintained at 37 °C in a 5% CO2 and 85% 
humidified incubator. The cells were subcultured by supplying with fresh 
medium with a subculture ratio of 1:3. Before cell seeding, biointerfaces 
were sterilized as follows: substrates were washed with 70% ethanol, 
rinsed by dH2O and air dried. For surface sterilization, substrates were 
exposed to UVC lamp for 30 min. For cell seeding, the cells were cultured 
to 90% confluency and detached from the plate by trypsinization. Detached 
cells were transferred onto substrates in a fresh complete medium.

Cell Viability Test (MTT Assay): Biointerfaces were cut into 
0.40  cm  ×  0.40  cm pieces and sterilized as follows: samples were 
treated with 70% ethanol and air dried. Following ethanol treatment, 
they were exposed to UV-lamp for 30 min before cell seeding. Sterilized 
biointerfaces were placed into a sterile 96-well plate. SH-SY5Y cells were 
seeded to each well in 100  µL DMEM medium containing 10% FBS 
with a concentration of 1 ×  104 cells per well. To allow cell adherence, 
the samples was incubated at 37 °C in a 5% CO2 incubator for 48 h. 
Then, growth medium was replaced with DMEM containing 1 mg mL−1 
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 
solution and further incubated for 4 h to allow formazan salt formation. 
Finally, the MTT:DMEM solution was removed and formazan salts 
were dissolved in 200  µL EtOH:DMSO mixture. The optical density 
(OD) was measured at 600  nm with BioTek Synergy H1 Microplate 
Reader. The relative cell viability was calculated as viability = (ODsample/
ODcontrol) × 100. ODsample was obtained from biointerfaces, and ODcontrol 
was obtained from ITO controls.

Fluorescence Imaging: In order to investigate the morphology and 
activation of SH-SY5Y grown on biointerfaces, cells were seeded on 
substrates and allowed to attach for 24 h incubation at 37 °C in a 5% CO2 
incubator. After 24 h of incubation, cells were fixed by 30 min incubation 
with 4% paraformaldehyde at room temperature; and washed three times 
with Dulbecco’s phosphate-buffered saline (DPBS). Subsequently, cells 
were permeabilized with 0.1% Triton X-100 for 5 min and washed again 
three times with DPBS. Then, the cells were stained for 1.5 h at 37 °C 
(1:250 dilution) with mouse anti-beta-III-tubulin primary antibody (Abcam, 
Ab78078) and rabbit anticleaved caspase-3 primary antibody (Cellsignal, 
#9664). After washing with DPBS, cells were stained with a mixture of 
FITC anti-mouse (1:250, Jackson ImmunoResearch, 115-095-003) and 
Cy3 antirabbit secondary antibodies (1:250, Jackson ImmunoResearch,  
111-165-003) for 1.5 h at 37 °C. Finally, samples were stained with DAPI 
and mounted for fluorescent imaging. Imaging was performed with 
DMi-8 epifluorescent inverted microscope (Leica, Germany).

Calcium Imaging: The set of experiments is performed to lead to 
neuronal depolarization through the activation of photoactive material 
and indirectly detect depolarization with calcium imaging. Calcium 
imaging was performed with acetoxy-methyl-ester Fura-4 (Fluo-4 AM) 
which is a calcium-chelating ester. When incubated, Fluo-4AM diffuses 
across the cell membrane, de-esterifies in the cell and stays in the 
neuron. Calcium ions cause intramolecular conformational changes 
in Fluo-4AM that leads to a change in the emitted fluorescence. The 
excitation wavelength for Fluo-4AM-FITC conjugated is 494  nm and 
emission wavelength is 516  nm. With the increased intracellular 
calcium, the emitted fluorescent light intensity increases and can be 
detected with appropriate filter sets on the epiflourescent microscope. 
Briefly, SH-SY5Y cells were seeded on photoactive material-coated glass 
substrates (n  =  3) and noncoated control glass substrates (n  =  3). 
The cells were incubated for 24 h at 37 °C and 5% CO2 in neurobasal 
medium (Invitrogen) supplemented with B27 (Gibco), l-glutamine 
(Gibco), and penicillin/streptomycin (Gibco), hereafter referred as 
complete neurobasal medium. Subsequently, with a final concentration 
of 5  ×  10−6  m, Fluo-4AM (Gibco) was added to the medium and 
incubated for 60 min at 37 °C and 5% CO2 in dark. Then, extracellular 

remaining Fluo-4AM was removed by changing medium into Fluo-4AM 
free complete neurobasal medium. Subsequently, after an incubation 
period of 30 min, the cells were traced with the DMi8 fluorescent 
inverted microscope (Leica, Germany) for calcium dynamics. Light pulse 
exposure was set as a single pulse of 1.5  ms at 552  nm during serial 
calcium imaging. Exposure time and image acquisition was kept equal 
between all samples. Captured time-laps TIF-file series were analyzed 
using ImageJ (NIH) for fluorescence intensity ratio changes (ΔF/F0) of 
cells marked with the ROI Manager. Multimeasure option was used to 
measure the time-lapse fluorescent mean intensity values from which 
background noise was subtracted yielding ΔF. Then, F0 was set as the 
starting fluorescent intensity at time 0. Final fluorescence ratio change 
was calculated as percentage of ΔF/F0. A resting intracellular calcium 
concentration corresponds to ΔF/F0  =  1 and upward deflections 
indicate an increase in intracellular calcium concentration and hence 
depolarization. Moreover, the effect of 488  and 552  nm exposure on 
maximum calcium fluorescence peaks and peak onset times was 
compared.

Photocurrent and Photostimulation: Both photostimulation and 
photocurrent measurements were performed by using light-emitting 
diodes at different wavelengths (see Figure  S8 of the Supporting 
Information for the spectrum of the LEDs operating in the visible range). 
For the near-IR stimulation IR LED operating at 950 nm (Osram Opto 
SFH 4248) was used. The power per unit area was measured with a 
power meter (Newport 843-R). To reduce the noise level a Faraday cage 
covering the whole electrophysiology system was used.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Acknowledgements
M.M.A. and S.B.S. contributed equally to the work. This project received 
funding from the European Research Council (ERC) under the European 
Union’s Horizon 2020 Research and Innovation Programme (Grant 
Agreement No. 639846). The authors thank M. Barış Yağcı for scanning 
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