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Abstract—Objective: This study aims to explore the po-
tential of organic electrolytic photocapacitors (OEPCs),
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an innovative photovoltaic device, in mediating the acti-
vation of native voltage-gated Cav1.2 channels (ICa,L) in
Guinea pig ventricular cardiomyocytes. Methods: Whole-
cell patch-clamp recordings were employed to examine
light-triggered OEPC mediated ICa,L activation, integrating
the channel’s kinetic properties into a multicompartment
cell model to take intracellular ion concentrations into ac-
count. A multidomain model was additionally incorporated
to evaluate effects of OEPC-mediated stimulation. The final
model combines external stimulation, multicompartmental
cell simulation, and a patch-clamp amplifier equivalent cir-
cuit to assess the impact on achievable intracellular volt-
age changes. Results: Light pulses activated ICa,L, with
amplitudes similar to voltage-clamp activation and high
sensitivity to the L-type Ca2+ channel blocker, nifedip-
ine. Light-triggered ICa,L inactivation exhibited kinetic pa-
rameters comparable to voltage-induced inactivation. Con-
clusion: OEPC-mediated activation of ICa,L demonstrates
their potential for nongenetic optical modulation of cellu-
lar physiology potentially paving the way for the devel-
opment of innovative therapies in cardiovascular health.
The integrated model proves the light-mediated activation
of ICa,L and advances the understanding of the interplay
between the patch-clamp amplifier and external stimulation
devices. Significance: Treating cardiac conduction disor-
ders by minimal-invasive means without genetic modifica-
tions could advance therapeutic approaches increasing pa-
tients’ quality of life compared with conventional methods
employing electronic devices.

Index Terms—Biomedical modeling and simulation, cal-
cium, cardiac physiology, electrophysiology, optoelectronic
devices, patch-clamp, voltage-gated ion channels.

I. INTRODUCTION

THE use of bioelectronics to modulate physiological pro-
cesses has opened up a plethora of possibilities, ranging

from fundamental research to clinical applications as medical
implants [1], [2], [3]. Electrical stimulation can be applied via
neuromodulation devices [4] such as retinal [5] and cochlear
implants or electrodes implanted in the brain such as deep brain
stimulation [6]. The use of such devices involves direct contact
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between electrodes and tissue and often requires additional wires
connected to an external power supply [7], [8].

Alternative wireless methods to stimulate excitable cells en-
compass a range of approaches, including optogenetics, pho-
tothermal stimulation using materials with strong absorption in
the near-infrared spectrum, and photomechanical stimulation,
where light induces physical changes in materials to generate
mechanical forces [9]. Additionally, optical stimulation using
a nanowire matrix or infrared laser pulses has been employed
proving successful in evoking contractions in native neonatal rat
cardiomyocytes or quail hearts [10]. By means of a free standing
polymer-silicon nanowire mesh including laser input the authors
were able to stimulate neonatal rat cardiomyocytes and adult rat
hearts ex vivo to beat with a targeted frequency [9]. While opto-
genetics also enables wireless photostimulation, it necessitates
genetic modification of the stimulated tissue [11], making the
in vivo implementation challenging, hence limiting its clinical
application. In contrast, optoelectronic devices based on con-
ventional inorganic semiconductors such as silicon offer wire-
less and nongenetic platforms for effective photostimulation of
excitable cells such as neurons [12]. Thickness and rigidity, how-
ever, constitute two major limitations of silicon-based devices
for their use in soft and sensitive tissue [13]. Considering these
drawbacks, we use the recently developed organic electrolytic
photocapacitors (OEPCs) as promising wireless, nongenetic,
and biocompatible devices for extracellular photostimulation
with high temporal precision and short latency [14], [15]. OEPCs
consist of an ultrathin, transparent donor-acceptor bilayer of
metal-free hydrogen-bonded pigments, phthalocyanine (H2Pc,
p-type), and N,N′-dimethylperylene-34,910-tetracarboxylic di-
imide (PTCDI, n-type), deposited on top of a conductive trans-
parent back electrode such as indium tin oxide (ITO). These
photosensitive pigments are cheap, nontoxic, and commercially
used in cosmetics, outdoor paints, and printing inks [16]. They
have higher absorption coefficients than silicon, thereby allow-
ing the OEPCs’ active layer to be fabricated with a thickness of
only tens of nanometers resulting in flexible and minimally inva-
sive devices when used in combination with thin film substrates
[15]. In our previous in vitro studies, we established OEPCs as
extracellular predominantly capacitive stimulation electrodes.
They absorb light in the visible spectrum, mainly within a
wavelength range of 630–660 nm, and generate ionic currents in
physiological solution at the semiconductor/electrolyte and back
electrode/electrolyte interfaces of the oppositely charged double
layers. Here, capacitive charging current on the photoactive layer
has cathodic polarity when the light pulse begins and discharg-
ing current has opposite polarity when the light pulse ends
so that the optical on/off square light pulse is transduced into
a biphasic capacitive cathodic-leading pulse. The transducive
extracellular potential generated between the OEPC’s n-layer
and the cell [17] can depolarize a cell membrane in close contact
or adhered to its surface [18]. This depolarization was shown
to activate heterologously expressed, voltage-gated potassium
channels Kv1.3 in Xenopus laevis oocytes [15] and human
embryonic kidney cells [19], and to stimulate blind retinas
explanted from chicken embryos 100 times below the safe limit
for ocular stimulation [14]. Light of a 630–660 nm wavelength

range lies within the tissue transparency window and safely
penetrates skin, muscle, and even bone at limited intensities [20].
Predominant photothermal or faradaic stimulation, on the other
hand, may damage cells or tissues by generating heat or reactive
oxygen species [21], [22]. In further studies, a thin coat of con-
ducting polymer poly(34-ethylenedioxythiophene):polystyrene
sulfonate (PEDOT:PSS) on top of either the entire device or
only the back electrode was shown to enhance the capacitive
charge density while reducing the interfacial impedance of the
stimulating photoelectrode [15], [19]. Flexible OEPC devices
have also been implanted in rodents to photostimulate peripheral
nerves and somatosensory cortex tissue in vivo [24], [25]. In
further studies using photovoltaic devices, Abdullaeva et al.
reported the activation of INa and IK in neuroblastoma cells via
photocapacitive and photothermal effects induced by organic
heterojunctions using blended photoactive materials [26].

However, the complex activation and inactivation kinetics
of membrane currents via endogenous voltage-gated and ion-
regulated ion channels in larger excitable mammalian cells such
as cardiac myocytes when subjected to stimulation from OEPC
devices have not been explored so far. Recognizing the important
role of intracellular calcium in cardiac electrical conduction,
our study aims to investigate the activation/inactivation of Ca2+

current via native voltage-gated Cav1.2 channels (ICa,L) in
primary cultures of Guinea pig ventricular myocytes on OEPCs.
The outline of this work is as follows. To ensure that the OEPC
surface does not influence the behavior of the cells, we first assess
ICa,L activation in cardiac cells on OEPC devices by depolariz-
ing the membrane using voltage-clamp protocols and compare
the results to previous voltage-clamp recordings on a glass
substrate. Next, we use activation and inactivation protocols with
either light pulses or voltage steps in voltage-clamp experiments.
Nifedipine, an L-type Ca2+ channel blocker, is used to confirm
the light-triggered activation of ICa,L in the experiments. Using
a comprehensive mathematical model of the cardiac cell, the
membrane voltages and ion channel currents obtained from the
patch-clamp system in combination with external stimulation are
compared with the conventional voltage clamp recordings. ICa,L

gating is both voltage and Ca2+ dependent, and ICa,L-mediated
Ca2+ influx triggers Ca2+ release from the sarcoplasmic reticu-
lum (SR) through ryanodine receptor (RyR) clusters inside the
dyadic clefts [27]. Thus, modeling the calcium dynamics of car-
diac myocytes requires a detailed description of both the dyadic
structure and the whole-cell membrane currents. Our model,
therefore, includes a description of individual ion currents and
spatially detailed concentration dynamics in dyadic clefts, SR,
and bulk myoplasm [28]. This multicompartmental model is
combined with a two-domain model describing the effect of
external stimulation [18], [19], [29] taking the relative size of
the cell and the stimulation electrode and the looser coupling and
thus the larger cleft between the cell and the OEPC device into
account. A detailed model of the patch-clamp amplifier circuit is
defined to account for artifacts arising from the light-triggered
stimulation and the patch-clamp amplifier circuit, comprising
series resistance, membrane and pipette capacitance, as well as
compensations made by the amplifier for these phenomena [30],
and, especially, in response to the external stimulus.



1982 IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 71, NO. 6, JUNE 2024

II. MATERIALS AND METHODS

A. OEPC Fabrication

OEPCs were fabricated as described previously with small
modifications [19]. In brief, polyterephthalate (PET) foils coated
with indium tin oxide (ITO) (Merck, Germany) were soni-
cated sequentially in isopropanol, 2% Hellmanex III solution,
and deionized water. Finally, the substrates were treated with
oxygen plasma (50 W, 2 min, Diener electronic GmbH). The
substrates were then exposed to n-octyltriethoxysilane (OTS)
vapor in a steel Petri dish heated to 90 °C for 1 h. The
samples were subsequently sonicated in acetone and washed
with isopropanol and deionized water to remove multilayers of
OTS. The OTS treatment was patterned by PVC adhesive tape.
Next, the organic semiconductors phthalocyanine H2Pc (Alfa
Aesar) and N,N′-dimethyl-34,910-perylenetetracarboxylic di-
imide (PTCDI) (BASF), both purified by three-fold temperature-
gradient sublimation, were deposited in a PVD chamber through
a PVC adhesive tape mask. The process was done at <2 × 10−6

Torr, a rate of 1–5 Ås–1, and 30 nm of each material were succes-
sively evaporated to produce seven organic semiconductor pixels
(PN) of 13 mm diameter. The thermal control (indigo, BASF)
samples were processed similarly, except that the evaporated
layer was 60 nm thick to offset the higher absorption coeffi-
cient of the phthalocyanine absorber. The devices were then
coated with poly(34-ethylenedioxythiophene):polystyrene sul-
fonate (PEDOT:PSS) solution. PEDOT:PSS (Clevios PH 1000,
Heraeus) and 3-glycidoxypropyltrimethoxysilane (2% v/v) were
sonicated together for 10 min and spin-coated (5000 rpm, 30 s)
all over the PN and ITO layer. The PEDOT:PSS devices were
then annealed at 120 °C for 90 min. Finally, all devices were
tested for functionality with the electrophotoresponse technique
as previously described [19] and PET foil with PN and surround-
ing ITO was cut to 25 mm diameter to produce seven OEPC
devices.

B. Animals

The experimental procedure and the number of animals used
were approved by the ethics committee of the Federal Ministry
of Science, Research and Economy of the Republic of Austria
(BMWF-66.010/0110-WF/V/3b/2016). The experiments were
conducted according to the Directive of the European Parlia-
ment and of the Council of September 22, 2010 (2010/63/EU).
6–10-week-old Dunkin Hartley Guinea pigs (Charles River Lab-
oratories, Sulzfeld, Germany) of either sex were used.

C. Reagents

All reagents used were of molecular biology grade and pur-
chased from Merck or Carl Roth unless specified otherwise.

D. Isolation of Guinea Pig Ventricular Myocytes

Ventricular myocytes were isolated from Guinea pigs as de-
scribed previously [31]. Guinea pigs were deeply anesthetized

with an intraperitoneal injection of 40 mg/kg ketamine (aniMed-
ica GmbH, Germany) and 10 mg/kg xylazine (Bayer GmbH,
Austria). Hearts were quickly excised, mounted on a Langen-
dorff apparatus and the coronary system was perfused with a
buffer (composition in mM: 126 NaCl, 4.7 KCl, 1.2 KH2PO4,
2.5 MgSO4, 2.49 NaHCO3, 0.5 HEPES/Na+, and 5.45 D(+)-
glucose, pH 7.4 adjusted with NaOH) containing 2 mM pyruvic
acid, 1 mg/ml bovine serum albumin, and 100 IU/ml collagenase
(Worthington Biochemical Corporation, NJ, USA) at 37 °C. Af-
ter enzymatic digestion for 25–30 min, myocytes were isolated
from ventricles using a Pasteur pipette and Ca2+ concentration
was raised stepwise to 1.8 mM. Cells were transferred to M199
medium supplemented with 5% fetal bovine serum, 2 mM
L-glutamine, 50 IU/ml penicillin and 50 μg/ml streptomycin,
and incubated at 37 °C under 5% CO2.

E. Electrophysiological Recordings

Electrophysiological recordings were performed one day after
isolation in the whole-cell single-electrode voltage-clamp con-
figuration using Axopatch 200B amplifier connected to Digi-
data 1550B interface and Clampex v11.1 software (Molecular
Devices, Germany) [31]. A few drops of medium containing
myocytes were transferred on an OEPC device mounted in a per-
fusion chamber on an inverted microscope (Zeiss Axiovert 135,
Germany) with a 32x/0.4 objective and perfused with an external
solution (containing in mM: 137 NaCl, 5.4 CsCl, 1.8 CaCl2,
1.1 MgCl2, 2.2 NaHCO3, 0.4 NaH2PO4, 10 HEPES/Na+,
5.6 D(+)-glucose, adjusted to pH 7.4 with NaOH) at a flow rate
of ∼3 ml/min at 37 °C. Only quiescent, rod-shaped myocytes
with clear cross-striations were patched with patch pipettes
filled with internal solution (containing in mM: 110 CsCl,
4.3 ATP/Na+, 2 MgCl2, 1 CaCl2, 11 EGTA, and 10 HEPES/Cs+,
adjusted to pH 7.4 with CsOH) and a tip resistance of 2–3 MΩ.
Pipette capacitance was compensated before the recordings.
Cell membrane capacitance was measured and calculated as
described previously [32]. Whole-cell series resistance was
compensated to 40%. In order to allow equilibration of internal
solution with the cytosol, current recordings were started 2 min
after the rupture of the membrane patch. The current density
was calculated by dividing the measured current amplitudes by
the cell membrane capacitance and expressed as pA/pF to allow
comparison between cells of different sizes.

L-type Ca2+ current (ICa,L) was measured and characterized
as described previously [31]. In order to study ICa,L without
contamination of Na+ current, a 100 ms prepulse from a holding
potential of −80 mV to −40 mV was used to activate and
voltage-inactivate Na+ current. K+ currents were suppressed by
substituting K+ with Cs+ ions in the external and internal solu-
tions. ICa,L was elicited by a train of voltage pulses from −40
to +90 mV (10 mV interval, 100 ms) and the current amplitude
was calculated as the difference between the peak inward current
and the current at the end of the pulse. Steady-state activation of
ICa,L was obtained by dividing the peak values of ICa,L with
the driving force to compute the ICa,L conductance (gCa,L),
normalized with the maximum value and plotted against the



RIENMÜLLER et al.: SHEDDING LIGHT ON CARDIAC EXCITATION: IN VITRO AND IN SILICO ANALYSIS 1983

voltage pulse. Curves were fitted according to the Boltzmann
equation

d∞ =
1[

1 + exp
{(

V1/2activation − V
)
/k

}] , (1)

where V is the membrane potential, V1/2activation is the mem-
brane potential of half maximum activation and k is the slope of
the activation curve.

To directly compare voltage-clamp activation with light-
mediated channel opening, ICa,L was further measured in the
same cell using 100 ms λ660 nm light pulses with 10 mW/mm2 at
-40 mV instead of a depolarizing voltage pulse. In order to prove
the contribution of ICa,L to the measured current, measurements
were carried out with a voltage-clamp step protocol from -40 mV
to different voltage levels or a λ660 nm light pulse (100 ms)
before and after 1 min superfusion with 30 μM nifedipine, an
L-type Ca2+ channel blocker. To determine steady-state inacti-
vation, ICa,L was activated with test pulses to+10 mV orλ660 nm

light pulses with a length of 100 ms, preceded by conditioning
pulses from −45 to +10 mV (5 mV increment, 400 ms) from
a holding potential of −45 mV. ICa,L amplitude elicited by the
test pulse was normalized to the maximum value and plotted as
a function of prepulse potential. Curves were again fitted using
the Boltzmann function

f∞ =
1[

1 + exp
{(

V − V1/2activation

)
/k

}] , (2)

where V is the command membrane potential, V1/2inactivation is
the command membrane potential of half maximum inactivation
and k is the slope of the inactivation curve.

F. Statistical Analysis and Figures

Electrophysiological data were analyzed in GraphPad Prism
v8.4.3 (GraphPad Software, USA) and plotted using OriginPro
2018 (OriginLab Corporation, USA). N represents the number
of cells unless specified otherwise. The normal distribution of
the data was confirmed by the z-value of skewness and kurtosis
between−1.96 and+1.96, and the Shapiro-Wilk test. Statistical
significance of the differences observed between two groups was
analyzed using unpaired t-test and plotted as mean±SEM unless
specified otherwise. All tests were two-tailed and the differences
with a p value < 0.05 were deemed statistically significant.

The plots for the Figures were in part created with BioRen-
der.com.

G. Cell Model

Cell behavior was modeled based on the theoretical LRd
model of a mammalian ventricular cell, with parameters mostly
chosen from Guinea pig ventricular myocyte experimental data
[33]. The model includes membrane ion channels, pumps, and
exchangers, and takes changes in intracellular ion concentration
into account. The K+ channels, the Na+-K+ pump, and internal
changes of K+ concentrations were omitted since K+ currents
were suppressed by substituting K+ with Cs+ ions in the external
and internal solutions (see Fig. 1) and instead replaced by a
background current Ib. In our model, we focus on the voltage-

Fig. 1. Multicompartmental cardiac cell model comprising ion chan-
nels, pumps, and exchangers. Different ionic concentrations are mod-
eled for each compartment CaNSR, CaJSR, Cad, Cai as well as NaNSR,
NaJSR, Nad, and Nai. The K+ currents present in the original are re-
moved and replaced with a background current Ib. Created with BioRen-
der.com.

and Ca2+-gated activation and inactivation of cardiac ICa,L. We
follow the idea of a multicompartmental model for the internal
Ca2+ concentrations [34] i.e., the modeled cell is divided into
subvolumes, the junctional SR (JSR) and the network SR (NSR),
the bulk myoplasm, and the dyadic space. When Ca2+ enters
myoplasm via cardiac L-type Ca2+ channels or release from the
SR, it results in higher local Ca2+ concentrations near the inner
membrane surface than in the bulk myoplasm. This, in turn,
causes Ca2+-induced Ca2+ release through ryanodine receptor
channels (Irel), which are present in the JSR membrane facing the
dyadic clefts [27], [33], [34]. Different ionic concentrations are
thus modeled for each compartment CaNSR, CaJSR, Cad, Cai,
depending on the respective volumes, Ca2+ diffusion rates from
the dyadic cleft to the bulk myoplasm, Ca2+-entry via ICa,L,
and Irel, and the amount of Ca2+ leaving through the Na+-Ca2+

exchanger (INaCa, and INaCa,ss).
The current through ICa,L is described by (3)

ICa,L = P̄Ca ·O (
V,

[
Ca2+

]
d

) · δ (V,
[
Ca2+

]
d

)
, (3)

where O is the fraction of open channels [35], which depends
on voltage, time, and Ca2+-concentration in the subspace com-
partment [Ca2+]d and P̄Ca is the maximal permeability of the
channel for Ca2+ ions, scaling the amplitude of the current [36].
δ represents the driving term accounting for the electrochemical
forces driving the ionic movement defined by the Goldman-
Hodgkin-Katz (GHK) flux (4)

δ =
z2Ca ·V · F 2

RT

· γCai ·
[
Ca2+

]
d
· exp

(
zCa ·V · F

RT

)− γCao
[
Ca2+

]
o

exp (zCa ·V · F/ (RT ))− 1
.

(4)

The channel is slightly permeable for Na+ and K+, with a
relative permeability ratio of PCa:PNa:PK = 2800:3.5:1 [37].
In our model, we include the Na+-permeability P̄Na = 1.518×
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Fig. 2. Equivalent circuit model for the activation of ICa,L. (a) Model of the cardiac myocyte residing on top of the OEPC device including the artifact
components access resistance RA and pipette resistance RP, seal resistance RSEAL, and membrane and pipette capacitances CM and CP. Vintra

is the potential controlled/measured by the voltage-clamp amplifier. (b) Patch-clamp amplifier model with feedback elements, compensation circuits,
and Bessel output filter.

10−6. The kinetics of the present ion channels are taken from a
previous study [33].

H. Mathematical Modeling of External Stimulation and
Patch-Clamp Amplifier Circuit

To quantify the effect of OEPC-mediated stimulation on ICa,L,
we implemented a comprehensive model combining the effects
of extracellular stimulation with voltage-clamp recordings (see
Fig. 2). The model includes a detailed equivalent circuit repre-
sentation of the patch-clamp amplifier setup including pipette ca-
pacitance and whole-cell series resistance compensation, which
is crucial to account for artifacts arising in voltage-clamp ex-
periments due to the imperfect properties of the patch-clamp
amplifier [30] and to model the capacitive transients that occur
in response to external stimulation.

1) Holistic Equivalent Circuit Model for the Patch-Clamp
Amplifier: The voltage-clamp measurements were carried out
in β = 1 mode with a specified feedback resistance of Rf =
500 MΩ and a capacitance of Cf = 1 pF. The Axopatch 200B
uses a dual approach for the correction of errors associated with
series resistance RS, i.e., a delayed charging of the membrane
capacitance CM, a deviation of the intracellular potential Vintra

from the command voltage Vcmd, when ionic current flows,
and a filtering effect on the membrane currents with a corner
frequency of f = 1/(2πRSCM). In order to cancel the whole-cell
capacity transient, a current can be injected over the injection
capacitance C2 determined by the setting of both the WHOLE
CELL CAP (CM∗) and SERIES RESISTANCE (RS∗) control.
This approach, however, is not sufficient to compensate for the
errors described above. The speed by which the intracellular

potential changes can be increased using the PREDICTION
command, which adds a transient signal to Vcmd, increasing
the rate at which Vintra will change in response to a step voltage
command. The command voltage including the PREDICTION
transient VCP is then defined as

VCP = Vcmd ·
(

1 + sτS
1 + sτSRP

)
, (5)

with τS = RSCM, τSRP = RSRPCM and RSRP =
RS (1 −%PREDICTION/100). The signal applied to the injec-
tion capacitor C2 is modified appropriately by reducing the time
constant of this signal as %PREDICTION is increased to τ inj =
RS ∗ CM ∗ (1 − %PREDICTION/100). The %CORRECTION
setting is finally used to feedback a portion of the measured
membrane current in order to compensate for voltage drops
across RS and the filtering effects described above. The signal
is filtered using a first-order low-pass filter with a time constant
of τ sum = LAG prior to being summed with VCP.

The pipette capacitance compensation and membrane capac-
itance compensation were implemented following descriptions
in the vendor’s manual [38], with estimated values for the mem-
brane capacitance compensation CM∗ and the series resistance
compensation RS∗ as well as CP∗ and RP∗ for the pipette
capacitance and resistance, respectively.

The total cell membrane current in the model Imem is com-
posed of the capacitive current ICM caused by the capacitive
nature of the cell membrane represented in the model by CM

and the implemented cell model current Imodel (see Fig. 1) for
the Ca2+ and Na+ currents present in Guinea pig ventricular
myocytes and a background leakage current Ib. Furthermore, a
capacitive current to charge the pipette capacitance CP and a
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leakage current through an imperfect seal resistance RSEAL is
included in the total current Icell towards the amplifier. To model
the effect of extracellular stimulation, the cell membrane with
a total surface area of AM is split into two parts. The bottom
part resides on top of the PN layer of the OEPC device with
a total area of AJ and is termed the near cell membrane. The
remaining part of the cell membrane with a surface area of AMJ

= AM – AJ is called the far-cell membrane [39]. In the original
two-domain model for external stimulation, the bottom part of
the cell membrane is supposed to form a tight seal between the
cell membrane is supposed to form a tight seal between the cell
and the stimulating electrode [18]. However, for a non-attached
cell, the cleft resistance RJ is supposed to be much smaller. In
addition, the OEPC device in our setup was large compared
with the measured cell. We therefore included an additional
current IOEPC in the model and the conductivity gE representing
the bath resistance towards the ground electrode to account for
the rise in potential above the cell, VE (see below). The model
in Fig. 2 was implemented in MATLAB/Simulink 2022b. The
cell capacitances CM and membrane resistances RM for the
respective measurements were estimated based on the approach
in [32]. The value for RJ was estimated using a geometry based
approach, similar to [29]. The voltage-clamp protocols from the
electrophysiological recordings were then fed into the model
as Vcmd and the results of the output current were filtered by
a fourth-order Bessel filter with a corner frequency of 2 kHz,
to obtain Iout and compared with the measurements. A detailed
list of the parameters and their identification can be found in the
Appendix.

2) OEPC Equivalent Circuit: We used a photodiode equiva-
lent circuit to model the behavior of the OEPC device (see Fig. 9)
[40] in response to light stimulation. The interface to the bath
electrolyte was defined as a complex impedance using a weak
contribution boundary condition with Rf = 2.514 Ωm2 and C =
0.1 F/m2. The PN layer was defined with a size of APN = 62π =
113.0973 mm2 and the ITO backelectrode with a size of AITO =
142π = 615.7522 mm2. The voltage transients VE and VJ above
and below the cell (see Fig. 2) for the external stimulation model
were determined using a COMSOL-multiphysics simulation of
the described equivalent circuit connected to a 2D axisymmetric
model of the bath electrolyte with a radius of 15 mm and a
conductivity of 1.29 S/m. The electrode contact was modeled
flush with the surface of the ITO [41]. The voltage transient
VE above the cell in response to a 100 ms λ660 nm light pulse
was measured using current-clamp measurements in I = 0 mode
right above the cell. However, due to the specifications of the
patch amplifier, again, this measured voltage does not fully
reproduce the actual voltage transients arising on top of the cell.
The speed in I = 0 mode of the amplifier generally depends
on the time constant of the cell and the pipette resistance Rp.
Since these measurements were carried out above the cell, RM

and CM were assumed to be approximately zero and thus, the
rise time was set to 15 μs with 10 % overshoot as described
by the manual [38]. Additionally, in current-clamp mode, the
electronic gain is twice the selected gain value of the amplifier
because of the feedback resistor Rf = 500 MΩ. Thus, the output

of the current to voltage converter is 0.5 mV/pA. To simplify
the scaling task, the headstage output is presented to the user
as 1 mV/pA by including an additional two times gain. The
voltage VJ underneath the cell cannot be measured directly but
is assumed to show a slightly higher peak.

III. RESULTS

A. Voltage-Dependent Activation of L-Type Ca2+ Current
(ICa,L) in Guinea Pig Ventricular Myocyte on OEPC

We have previously characterized steady-state activation of
ICa,L via voltage-gated Cav1.2 channels in Guinea pig ven-
tricular myocytes seeded on glass coverslips [31]. ICa,L has a
slower activation and inactivation profile than the capacitive
transient, which allows us to differentiate and characterize ICa,L

kinetics. Here, we measured the ICa,L activation following the
same voltage-clamp protocol in Guinea pig ventricular myocytes
seeded on OEPCs. In current density recordings (Fig. 3(a)),
depolarizing voltage pulses from −40 mV holding potential
for 100 ms indeed produced typical fast inward current acti-
vation with maximum amplitude at 0 mV, followed by Ca2+-
and voltage-dependent inactivation, as reported earlier on a
glass substrate [31]. The current density-voltage relationship
(Fig. 3(b)) illustrates a characteristic curve, with a maximum
current density of −11.57 ± 0.69 pA/pF at 0 mV and a reversal
potential of 49.5 ± 0.96 mV. ICa,L conductance plotted as a
function of applied voltage (Fig. 3(c)) demonstrates a charac-
teristic sigmoid curve with Boltzmann fit having half maximum
activation (V1/2activation) at −10.91 ± 0.65 mV and activation
slope of 4.87 ± 0.23 mV−1.

B. Light-Triggered Activation of ICa,L in Guinea Pig
Ventricular Myocyte on OEPC

Next, we investigated whether endogenous L-type Ca2+ chan-
nels in the myocytes on OEPC could be activated by photoca-
pacitive charging. 660 nm light (λ660 nm with 10 mW/mm2)
pulses indeed activated ICa,L similar to the conventional voltage
step. As illustrated in Fig. 4(a), depolarization from −40 to
0 mV for 100 ms activated ICa,L, and superfusion with 30 μM
nifedipine, an L-type Ca2+ channel blocker, largely blocked
ICa,L as well as the steady-state background current (at the
end of the voltage step). Like 0 mV depolarizing voltage step,
λ660 nm pulse at −40 mV for 100 ms (Fig. 4(b)) also induced
membrane depolarization sufficient to activate an inward cur-
rent, which was largely inhibited after nifedipine superfusion,
confirming the current as ICa,L. Although the shape of the
residual current after superperfusion with nifedipien in Fig. 4(b)
resembles the ICa,L traces, it is for the most part the result of
the photocapacitive stimulation (see Section D for more details).
Fig. 8(c) shows the respective proportion of the transient current
and ICa,L before and after superperfusion with nifedipine. The
nifedipine-sensitive ICa,L (Fig. 4(c)), calculated as the difference
between current amplitude before and after nifedipine superfu-
sion, was similar between 0 mV and λ660 nm with 10 mW/mm2

(10.49 ± 1.46 pA/pF vs. 10.16 ± 1.63 pA/pF). To exclude
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Fig. 3. Voltage-dependent activation of ICa,L in Guinea pig ventricular myocyte on OEPC. (a) Representative ICa,L recordings of a Guinea pig
ventricular myocyte on OEPC during 100 ms voltage pulses (shown in inset) from −40 mV to +90 mV (10 mV interval), preceded by 100 ms
prepulse from −80 mV holding potential to −40 mV. (b) ICa,L density and (c) steady-state activation of Cav1.2 channels with Boltzmann fit having
half maximum activation (V1/2activation) at −10.91 ± 0.65 mV and activation slope of 4.87 ± 0.23 mV−1; N = 8 cells; mean ± SEM values are
shown. V: commanded membrane potential, gCa,L: ICa,L conductance.

photothermal activation and artifacts from light pulses, we per-
formed another set of recordings with photothermal devices
made of indigo instead of PN as an organic absorber layer.
Despite having a similar absorption spectrum to PN, indigo con-
verts the absorbed light into heat instead of capacitive charging
[39]. A λ660 nm light pulse (10 mW/mm2) for 100 ms failed to
activate ICa,L (Fig. 4(d)), confirming that the stimulation in PN
devices is mainly photocapacitive, with negligible photothermal
and photofaradaic effects. We further checked how varying light
intensities can modulate ICa,L. Fig. 4(e) shows ICa,L traces
activated with varying intensity (1 to 10 mW/mm2) of the
λ660 nm pulses. The amplitude of ICa,L activation increased
progressively from −4.6 ± 0.92 pA/pF to −14.28 ± 1.17 pA/pF
with increasing λ660 nm pulses from 1 to 10 mW/mm2 (Fig. 4(f)).
Fig. A.2 in the Appendix shows the corresponding simula-
tions and the proportion of ICa,L for the stimulation with dif-
ferent light intensities. Voltage-dependent and Light-triggered
Inactivation of ICa,L in Guinea Pig Ventricular Myocyte on
OEPC.

We further evaluated the light-triggered steady-state inacti-
vation of ICa,L in comparison with voltage-dependent inacti-
vation. Fig. 5(a) and (b) show ICa,L recordings for 100 ms
at +10 mV voltage pulse and λ660 nm (10 mW/mm2) pulse
respectively from prepulses of −45 to +10 mV at 5 mV
steps. Normalized peak ICa,L amplitude plotted as a func-
tion of prepulse potential (Fig. 5(c)) illustrates an increase in
channel inactivation with increasing prepulse potential from
−45 mV to +10 mV. The inactivation curve fitted with the
Boltzmann equation showed a membrane potential at half max-
imum inactivation (V1/2inactivation) at −20.29 ± 0.83 mV and
an inactivation slope of 4.17 ± 0.08 mVs−1. A λ660 nm pulse
leads to a similar inactivation curve with Boltzmann fit having
V1/2inactivation at - 20.25 ± 1.17 mV and an inactivation slope
of 4.52 ± 0.29 mVs−1. The V1/2inactivation in Fig. 5(d) was
not significantly different between +10 mV voltage step and a
λ660nm pulse.

TABLE I
FIXED PARAMETERS USED FOR THE AMPLIFIER AND OEPC EQUIVALENT

CIRCUIT

C. Mathematical Modeling and Simulation

In the first simulations, we assessed the cell and patch-clamp
model results comparing the measured currents from Fig. 4(a)
with the simulation results. The parameters for the specific simu-
lations are specified in Tables I and II. As illustrated in Fig. 6(a),
the voltage-clamp protocols used for the electrophysiological
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Fig. 4. Light-triggered activation of ICa,L in Guinea pig ventricular myocyte on OEPC. Representative ICa,L recordings of a Guinea pig ventricular
myocyte on OEPC during 100 ms (a) voltage step from −40 mV to 0 mV or (b) 660 nm light (λ660 nm, 10 mW/mm2) pulse at −40 mV, preceded by
100 ms prepulse from −80 mV holding potential (shown in insets), before and after 1 min superfusion with 30 µM nifedipine. (c) Peak nifedipine-
sensitive ICa,L density at 0 mV and λ660 nm light-pulse as shown in (a) and (b) respectively, N = 6 cells. Representative ICa,L recordings of a
Guinea pig ventricular myocyte on OEPC heat control (indigo) during a 100 ms (d) voltage step from −40 mV to 0 mV or λ660 nm light-pulse at
−40 mV and (e) various λ660 nm intensities at −40 mV, preceded by a 100 ms prepulse from −80 mV holding potential (shown in insets). (f) Peak
ICa,L density at various λ660 nm light intensities shown in (e), N = 5 cells. Mean ± SEM values are shown; ns: not significant, p = 0.894, unpaired
t-test.

recordings were fed into the model as Vcmd, and the simulated
results of Iout were compared with the patch-clamp results.
Fig. 6(b) shows a representative simulation result including
the capacitive transients from applying a voltage step from
−40 mV to 20 mV (Fig. 6(a)) including the whole-cell series
resistance compensation with %PREDICTION and %COR-
RECTION set to 40% comparing the measurement (blue line)
with the simulations (black dashed line). Fig. 6(c) shows the
respective simulated actual intracellular voltage Vintra, which
slightly deviates from the Vcmd setting due to a non-perfect series
resistance compensation, and the simulated correction signal
VCORR. Fig. 6(d) shows the 40 % cancellation of the capacitive
transients together with the remaining capacitive peak. Fig. 6(e)
shows the prediction input signal of the patch-clamp amplifier
as described above VPRED.

To simulate the blocking of ICa,L with nifedipine superfusion,
the permeability of ICa,L was decreased to PCa,nif = 0.07 PCa

and PNa,nif = 0 in the simulations. Fig. 7(a) shows the results
of the simulations compared with cell measurements with and

without nifedipine for a voltage step to 20 mV. The correspond-
ing simulated voltages Vintra are shown in Fig. 7(b). Due to lower
current flowing after 1 min superfusion with nifedipine, Vintra is
closer to the command voltage Vcmd and thus the voltage drop
accross the series resistance RS is smaller.

Next, light-triggered activation of ICa,L was simulated and
compared with the patch-clamp measurements in Fig. 8 using
the voltage-clamp protocol for the experiments described in
Fig. 8(a) and the simulated voltages arising from a 100 ms
light pulse. The permeability of ICa,L was set to zero for the
nifedipine measurements. Fig. 8(b) shows the comparison of
the simulated output current Iout and the measured cell current
in response to light stimulation before and after 1 min superper-
fusion with nifedipine. To further explain the residual current
after superperfusion with nifedipine in Figs. 4(b) and (b), we
show the amount of the capacitive transient current as well as
the contribution of ICa,L to the measured current in Fig. 8(c).
As can be seen, the deviations in Fig. 8(b) for the nifedipine
traces can be attributed to this transient capacitive stimulation
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Fig. 5. Voltage-dependent and light-triggered inactivation of ICa,L in Guinea pig ventricular myocyte on OEPC. Representative ICa,L recordings
of a Guinea pig ventricular myocyte on OEPC during 100 ms (a) voltage step to +10 mV and (b) λ660 nm pulse (10 mW/mm2), preceded by
conditioning prepulses from −45 to +10 mV (5 mV increment, 400 ms) as shown in the insets. (c) steady-state inactivation of Cav1.2 channels
showing Boltzmann fit for normalized peak amplitude of ICa,L as a function of prepulse commanded membrane potential (V) and (d) membrane
potential at half maximum inactivation (V1/2inactivation) for +10 mV and λ660 nm; N = 6; mean ± SEM values are shown; ns: not significant, p =
0.978, unpaired t-test.

TABLE II
PARAMETERS FOR THE DIFFERENT SIMULATIONS

artifact current. The corresponding simulated voltages Vintra are
depicted in Fig. 8(d), again before and after superperfusion with

nifedipine. We observe that after superperfusion with nifedip-
ine, thus blocking ICa,L and decreasing the conductivity of the
cellular membrane, the intracellular voltage is slightly higher,
an effect that could also be observed previously comparing the
intracellular voltage with and without expression of voltage-
gated channels. We need to state that, as in previous studies [23],
the voltage Vintra describes the potential difference between
the patch-clamp electrode and a distant reference electrode
as measured and controlled by the patch-clamp amplifier (see
Fig. 2) and does not correspond to the actual membrane voltage
of the measured cell, which is, in this configuration, location
dependent. However, Vintra reflects the transient change in the
intracellular potential in response to the external stimulation and
can be used to describe differences in the effect of the external
stimulation on the cell for different experimental settings. For
example, to assess the effect of the patch-clamp amplifier on
the measured current, we compared the results for different
amounts of whole-cell series resistance compensation on the
measurement outcome and the respective intracellular voltage
in Fig. 8(f) and (g). The OEPC response to a light-pulse was
simulated using the equivalent circuit representation in Fig. 9.
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Fig. 6. Modeling results for voltage-clamp activation of ICa,L: (a) Ap-
plied command voltage Vcmd. The red parts of the trace are shown. (b)
Representative ICa,L recording (blue solid line) during a 100 ms voltage
pulse from −40 mV to +20 mV, preceded by 100 ms prepulse from
−80 mV holding potential to −40 mV and respective simulation result
(dashed black line) (c). Simulated potential Vintra (dashed black line)
in comparison to the applied command voltage Vcmd and the assumed
correction signal VCORR. (d) Estimated injected current over the injec-
tion capacitance C2 and remaining capacitive transient. (e) Simulated
prediction signal VPRED in comparison to the applied command voltage
Vcmd.

The voltage VE (see equivalent circuit in Fig. 2) above the
cell upon a 100 ms λ660 nm light pulse was measured using
current-clamp measurements in I = 0 mode right above the
cell and compared with the modeling result (dashed line) taking
the specifications of the patch-clamp amplifier in current-clamp
mode as well as the filtering of the amplifier into account.
Fig. 8(e) shows a comparison of the simulated and the measured
voltage VE above the cell.

IV. DISCUSSION

The present study evaluates OEPCs as extracellular, wire-
less stimulation electrodes driven by red light pulses to acti-
vate endogenous voltage-gated Ca2+ channels in isolated car-
diac myocytes. Cardiac myocytes provide a valuable in vitro
model to mimic in vivo photostimulation of native ion channels
of non-attached, excitable cells on top of the OEPC device.
Our findings have several implications and provide valuable
insights into the functionality and applicability of OEPC devices

Fig. 7. Nifedipine sensitivity. (a) Comparison of a representative ICa,L

recording of a Guinea pig ventricular myocyte on OEPC during a 100 ms
voltage step from −40 mV to 20 mV preceded by 100 ms prepulse
from −80 mV holding potential (as shown in Fig. 6(a)), before and
after 1 min superfusion with 30 µM nifedipine with the simulation results
(dashed lines). (b) Corresponding simulated membrane voltages before
and after superperfusion with nifedipine. Due to a much lower current
after nifedipine superperfusion, the effect of RS is smaller.

in electrophysiological experiments. First, our results indicate
that the presence of the OEPC surface does not significantly
influence native activation and inactivation characteristics of
voltage-gated Ca2+ channels during voltage-clamp recordings
of cardiac myocytes compared with a glass surface [23].

Furthermore, our study demonstrates that red light pulses
activating the OEPCs successfully stimulate cardiac myocytes,
resulting in the elicitation of nifedipine-sensitive ICa,L. The ac-
tivation and inactivation profiles of the light-induced ICa,L acti-
vation on PN-based OEPCs are comparable with those observed
in voltage-dependent activation during standard voltage-clamp
recordings. Importantly, we show that the observed activation is
mainly photocapacitive and not photothermal, as indigo-based
devices that convert absorbed light into heat failed to elicit ICa,L

in cardiac myocytes. The results are in line with our previous
in vitro findings, which demonstrated light-triggered membrane
depolarization sufficient to activate voltage-gated K+ channels
in Xenopus laevis oocytes and HEK293 cells [15], [23], [39].
The consistency of our findings across different cell types fur-
ther supports the reliability and reproducibility of the observed
effects.

The modeling and simulation results reproduce the measured
currents from the voltage-clamp experiments and allow us to
analyze the achievable intracellular voltage levels in response
to OEPC stimulation at the same time. In contrast to previous
studies modeling the effect of external stimulation on cellular
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Fig. 8. Simulation results of light-triggered activation of ICa,L in Guinea
pig ventricular myocyte on OEPCs. The red colored bar on top of the
traces correspond to the time where the LED is on. (a) Applied com-
mand voltage Vcmd. (b) Representative current recordings of a Guinea
pig ventricular myocyte on OEPC for a 100 ms light pulse (λ660 nm,
10 mW/mm2) at −40 mV, preceded by a prepulse from −80 mV holding
potential, before and after 1 min superfusion with 30 µM nifedipine and
respective simulation results (dashed lines). (c) respective contribution
of ICa,L and the capacitive transient currents in response to stimulation
before and after superperfusion with nifedipine. (d) Corresponding sim-
ulated voltages Vintra. (e) Representative measurement of the voltage
above the cell VE and simulation result of the OEPC equivalent circuit
(dashed line). (f,g) Simulated current Iout and simulated achieved in-
tracellular voltage levels Vintra in response to external stimulation for
different settings of the amplifier’s compensation circuit.

behavior [36], we focus here on a rather detailed description
of the cell’s ion channel kinetics and introduce a model for
a large stimulation device in comparison to the cell size. The
results emphasize the significance of considering the specific
ion channels activated within the cell when comparing absolute

Fig. 9. Equivalent circuit model for the OEPC device. The ideal current
source IL represents the current generated by the photodevice in re-
sponse to light. CJ,OEPC represents the junction capacitance and RSH

the shunt resistance, which takes on different values in the light or in the
dark. RS,OEPC is the series resistance.

Fig. 10. (a) Comparison of measured and simulated currents Iout at
different light intensities and the transient current which results from
the OEPC stimulation for 1 mW/mm2 (top), (b) 2 mW/mm2 and (c)
3 mW/mm2 (bottom). (b) Simulated contribution of ICa,L for the respec-
tive measurements in (a). Extrapolation of the model to 0.3 mW/mm2.
(c) Corresponding simulated achievable intracellular potential for the
respective traces in (a) and the extrapolated simulation for 0.3 mW/mm2.

external stimulation results between different cell types and
ion channels present in the cellular membrane. In addition, the
model allows us to discriminate between the artifact current
arising from the external stimulation through the OEPC device
and the actual amount of nifedipine sensitive ICa,L current.
In voltage-clamp experiments, the voltage Vintra corresponds
mainly to the membrane voltage of the cell and is actively held
at a specific potential by the voltage-clamp amplifier. In our light
stimulation experiments, Vintra does not reflect the voltage drop
across the cellular membrane, but still describes the potential as
controlled by the patch-clamp amplifier and is characteristic of
OEPC devices at the beginning of the stimulation pulse leading
to light-induced membrane depolarization. Presenting Vintra

allows for a direct comparison with other relevant research where
this quantity has been employed.
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The modeling and simulation results obtained in this study
provide insights into the voltage levels achieved in response to
OEPC stimulation and introduce a model for a large stimulation
device in comparison with the cell size. This close interaction
of the two devices affecting the intracellular potential hinders
the isolation of the impact of the external stimulation, unless the
response of the voltage-clamp amplifier is taken into account.
By incorporating the amplifier’s response characteristics and
compensation mechanism, we were able to simulate the interplay
between the external stimulation device and the amplifier’s
compensatory mechanisms [26] providing a more realistic rep-
resentation of the experimental conditions and enabling a more
accurate assessment of the specific contributions to the recorded
membrane currents.

V. CONCLUSION

Overall, our findings provide evidence for the efficacy of
wireless OEPCs as extracellular photostimulation electrodes to
study the complex kinetics of voltage-gated ion channels in
isolated, excitable cells. The ability to achieve precise control
and activation of membrane currents through external stimu-
lation while simultaneously using the patch-clamp technique
opens up possibilities for investigating the functional properties
and dynamics of ion channels in various biological systems
[39], [14], [24], [25]. OEPCs offer a wireless, in vitro elec-
trophysiology tool for biophysicists and further insights into
potential in vivo photostimulation of physiological processes in a
minimally invasive manner. Our computational model highlights
the significance of incorporating a model of the voltage-clamp
amplifier when investigating the effects of external stimulation
on membrane currents and voltages providing insights into the
combined impact of the stimulation and the amplifier’s compen-
satory actions. This leads to a more thorough understanding of
the experimental outcomes and their interpretation, advancing
our knowledge of ion channel modulation in response to external
stimulation.
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