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Electrode arrays are widely used for multipoint recording of
electrophysiological activities, and organic electronics have been
utilized to achieve both high performance and biocompatibility.
However, extracellular electrode arrays record the field potential
instead of the membrane potential itself, resulting in the loss of
information and signal amplitude. Although much effort has been
dedicated to developing intracellular access methods, their three-
dimensional structures and advanced protocols prohibited imple-
mentation with organic electronics. Here, we show an organic
electrochemical transistor (OECT) matrix for the intracellular action
potential recording. The driving voltage of sensor matrix simulta-
neously causes electroporation so that intracellular action potentials
are recorded with simple equipment. The amplitude of the recorded
peaks was larger than that of an extracellular field potential record-
ing, and it was further enhanced by tuning the driving voltage and
geometry of OECTs. The capability of miniaturization and multi-
plexed recording was demonstrated through a 4 × 4 action poten-
tial mapping using a matrix of 5- × 5-μm2 OECTs. Those features are
realized using a mild fabrication process and a simple circuit without
limiting the potential applications of functional organic electronics.

organic electronics | organic electrochemical transistor | intracellular
recording | action potential mapping | biomonitoring interface

Organic electronics offer high performance and biocompati-
bility to next-generation bioelectronic interfaces by taking

advantage of the diversity of organic materials (1–4). In particular,
for in vitro electrogenic cell monitoring, flexible, soft, and porous
materials have been utilized for three-dimensional monitoring and
for the suppression of mechanical perturbation (3, 5–7). In this
platform, organic transistors have been employed to record ac-
tivities with a high signal-to-noise ratio (SNR), owing to their high
input impedance and amplification (8, 9). Organic electrochemical
transistors (OECTs), which use a mixed ion-electron conductor
such as poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) as a channel material, achieve a high current and
transconductance (gm) (10–12). Therefore, heat generation is
suppressed and the area occupied by interdigitated electrode is
reduced, even for high-resolution recording on small tissues. The
fabrication on a soft substrate (13, 14) and multipoint field po-
tential recording with a common-source array configuration (15,
16) have been reported.
Most of the sensor arrays, which are designed for action po-

tential mapping, record field potential through an extracellular
contact. On the other hand, direct membrane potential recording
through intracellular access has a larger amplitude and thus
achieves a high SNR recording (17, 18). Furthermore, additional
information such as the action potential duration can be evalu-
ated based on the low-frequency components that are not in-
cluded in the field potential. That information can be utilized for
testing drug efficacy and side effects (19, 20). The patch-clamp
method is widely used as an established way to gain intracellular
access reproducibly (21). Toward large-scale recording, three-
dimensional nanostructures (17, 18, 20, 22–24), biomimetic

materials (17), and membrane poration and permeabilization
methods (18, 20, 23, 25, 26) have been developed to attain mul-
tipoint intracellular access. Recently, the combination of those
techniques and the silicon (Si) microfabrication platform dem-
onstrated the parallel recording from more than 1,000 points
(20, 23).
However, intracellular action potential recording utilizing or-

ganic transistor has not been demonstrated yet. Soft organic ma-
terials are not suitable to form a needle-like, three-dimensional
nanostructure that penetrates cells. In the case of typical recording
using OECT, the interface with cells is a flat PEDOT:PSS film and
array is driven by direct current (DC) drain bias. Thus, it does not
have any intracellular access and records the field potential as
extracellular electrodes do.
Here, we demonstrate an intracellular action potential re-

cording by an organic transistor. The feasibility of multipoint
intracellular action potential recording is confirmed by a parallel
recording with a 4 × 4 matrix. In a matrix configuration, the
line-by-line application of a pulse bias to the drain electrode
causes on-channel electroporation, leading to intracellular ac-
cess. Therefore, multipoint intracellular access is obtained using
simple equipment that has been used for field potential re-
cording so far. The effect of electroporation can be controlled by
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tuning the geometry and driving the voltage of OECTs, and thus
intracellular action potential and field potential can be selectively
recorded.

Working Principle of the OECT Matrix
Fig. 1A presents a 4 × 4 OECT matrix. The scan lines are turned
on one by one, and all four sensors on one scan line are simul-
taneously read out through data lines. A conventional electrode
array or OECT common-source array has approximately N × M
of wires for N × M arrays. This matrix configuration reduces the
number of wires to approximately N + M. Thus, multipoint re-
cording can be performed with less readout equipment, and
spatial resolution can be potentially increased. Human-induced
pluripotent stem cell–derived (hiPSC-derived) cardiomyocytes
were cultured directly on the OECT matrix. Its surface was
coated with fibronectin to enhance cell adhesion. As shown in
Fig. 1B, the cells cover the entire surface and are clearly ob-
served on the transparent PEDOT:PSS channel (the scanning
electron microscopy image is shown in SI Appendix, Fig. S1).
Recordings were performed using the configuration shown in
Fig. 1C. The drain current flows from one Au electrode to the
other through the PEDOT:PSS channel. The electrical potential
generated by the cells injects ions from the electrolyte into the
PEDOT:PSS channel, and the conductivity of PEDOT:PSS is
then suppressed by the dedoping process (27). This depletion in
drain current represents the readout signal. The culture medium
works as an electrolyte gate, and another PEDOT:PSS/Au elec-
trode immersed in the medium works as a reference electrode.
A recorder and power supply for the drain-source bias voltage

are connected externally. By switching the supplied voltage from
DC to pulse, we intend to selectively measure the field potential
and intracellular action potential (Fig. 1 D and E). When a DC
drain-source bias is applied, almost no current flows between the
drain and the reference electrode. Thus, the extracellular field
potential is recorded on the baseline of the drain-source current.

However, when a pulse drain-source bias is applied, the high-
frequency component leaks from the drain to the reference
electrode along with each rise and fall of the pulse. This means
that a large electrical field is applied to the membrane, which
causes electroporation, and the recorded signals demonstrate the
intracellular action potential feature. Furthermore, when an
OECT is driven in a matrix, the pixels are switched on/off by a
pulse input to the scan lines. Therefore, the intracellular action
potential can be recorded at multiple points without adding the
special function of stimulation to the recording systems.

Characteristics of OECTs
The electrical performance of OECTs was confirmed before
in vitro recording. For these characterizations, an Ag/AgCl
electrode was used as the gate electrode. The width, length, and
thickness of the PEDOT:PSS channel were 25 μm, 25 μm, and
100 nm, respectively. Fig. 2A illustrates the relationship between
the gate voltage and drain current of an OECT. The gm of the
OECT reached ∼2 mS at gate voltage of 0 V. This value is
consistent with a typical performance of a PEDOT:PSS OECT
(11). Fig. 2B shows the time response of the drain current when a
100-mV rectangular wave is applied to the gate. The response
time as a time constant of the exponential fitting to the transient
current was 62 μs. This response time is sufficiently short to re-
cord an action potential and can be tuned faster by changing the
geometries of the channel (11). Both a culture medium and sa-
line solution were used as electrolytes and the performance was
compared, but there was no difference except for the baseline
shift. Fig. 2C shows the drain current and gate current when a
pulse of −600 mV is applied to the drain electrode. The high-
frequency component flows from the drain electrode to the gate
electrode through the channel following the rise of pulse. It
means an electric field is applied to the cells on channel and
possibly causes electroporation.

Fig. 1. Concept of intracellular action potential recording using an OECT matrix supported by electroporation. (A) Top-view photograph of a 4 × 4 OECT
matrix generated by merging microscopic images. Each channel (size: 5 × 5 μm2, red circle) is placed at a 2-mm spacing. The outer line is a sample for a test run.
(Scale bar, 2 mm.) (B) hiPSC cardiomyocytes cultivated on a channel (size: 300 × 300 μm2). (Scale bar, 100 μm.) (C) Schematic illustration of the structure and
circuit configuration of an OECT where cells are cultured. (D and E) Illustration of the signals recorded by OECT supplied with a DC drain voltage (D) and pulse
drain voltage (E). On applying a pulse drain voltage, a high-frequency component flows from the drain to the reference electrode causing electroporation,
and thus the intracellular action potential is recorded.
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The amplitude of a recorded signal is strongly affected by the
electrical performance of the sensing elements. Fig. 2D presents
the output current recorded by an OECT and a PEDOT:PSS
electrode of the same size under sine-wave input. When a 1-kHz
sine wave was applied, both the OECT and PEDOT:PSS elec-
trodes were capable of recording. However, only the OECT
successfully recorded a 10-Hz sine wave. The impedance of the
electrode and gm of OECTs are major factors that determine
the input voltage–output current characteristics. We measured
the frequency response of them and compared in SI Appendix,
Fig. S2. The OECT has a cutoff frequency at ∼1.1 kHz, and the
response attenuates at frequencies above this value. On the other
hand, the PEDOT:PSS electrode has a very low admittance in
the low-frequency region. At frequencies below 1 kHz, the gm of
the OECT is greater than the admittance of the PEDOT:PSS
electrode. Thus, we can expect a larger output signal amplitude
by using OECTs for intracellular action potential recording. It
should be noted that in a practical recording, signal quality is
possibly affected by other factors such as input impedance of
external circuits and the noise from a power source.

Electroporation and Recording Using OECT
Wemeasured the extracellular field potential and electroporation-
induced intracellular action potential of cardiomyocytes using a
single-point OECT. Fig. 3A presents the conversion of the field
potential recording into the intracellular action potential record-
ing. During the first 5 s, the drain-source voltage was fixed at
−600 mV DC, and the field potential was recorded (Fig. 3 A, i).
Then, from 5 to 6 s, we applied a pulse drain-source voltage of
1,000 cycles. The voltage made round trips between 0 mV (0.25

ms) and −600 mV (0.75 ms), and currents flowed between the
drain and reference electrodes. During the pulse input, the drain
current reached a value lower than the baseline for the DC input
due to an undershoot (a magnified figure of this part is presented
in SI Appendix, Fig. S3). After the pulse input, the current quickly
returned to the baseline, and the recorded signals demonstrated
the effect of electroporation. Before the pulse input, the duration
of a single peak was ∼5 ms (SI Appendix, Fig. S4), but after the
pulse input, it had a longer duration, which was specific to the
intracellular action potentials. The action potential duration at
50% of the maximum amplitude was 0.27 s. This electroporation-
induced peak attenuated over several seconds to several tens of
seconds, showing the phase overlapped with the field potential
(Fig. 3 A, ii) and then returned to a waveform similar to the field
potential (Fig. 3 A, iii).
Electroporation occurs when a pulse voltage that is larger than

the threshold is applied, and the duration for returning to the
original state increases as the voltage increases (25). Fig. 3B shows
the recorded waveforms when the applied voltage was varied.
When the amplitude of drain voltage and pulse voltage was 200
mV, no intracellular action potential was recorded. On increasing
it to 400 mV, on the other hand, electroporation-induced peaks
were observed, but they attenuated rapidly before the baseline
returned. When the amplitude of input was increased to 600 mV,
the amplitude of the recorded signal became larger and the effect
of electroporation lasted longer.
The amplitude of the electroporation-induced peaks and its

decay are plotted in Fig. 4A. Peaks are counted from the end of
the pulse input, and the first peak is omitted because it is difficult to
distinguish from the steep recovery of the baseline from undershoot

Fig. 2. Electrical performance of an OECT. (A) Gate voltage versus drain current and gm. The solid black line indicates the drain current when the medium is
put on the channel as an electrolyte, the dotted black line indicates the drain current with the saline solution, the solid red line indicates gm with the medium,
and the dotted red line indicates gm with the saline solution. (B) Time response of the drain current when a 100-mV pulse was input to the gate electrode
since 1 ms. The OECTs on which the medium and saline solution was placed as an electrolyte were compared. (C) Transient response of a drain and gate
current when a pulse voltage (−600 mV) was input to the drain electrode since 2 ms. A spike was observed immediately after the pulse was applied. (D)
Comparison of recorded data when a 2-mV peak-to-peak sine wave is applied to an OECT and a PEDOT:PSS electrode.
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(SI Appendix, Fig. S5). In addition, in order to exclude the influ-
ence of the amplification factor, which is highly dependent on the
driving voltage, the peak current was normalized using the am-
plitude of the field potential that is recorded before the pulse
input. Upon applying a 600-mV pulse, the amplitude of the
electroporation-induced peak became larger than that of the field
potential, and it lasted longer. Although the trend was consistent,
the exact threshold voltage was dependent on each sample, and
the electroporation-induced peak was occasionally induced by a
200-mV pulse (SI Appendix, Fig. S6). Fig. 4B shows the effect of
the channel size when the pulse voltage is fixed at 600 mV. A
smaller channel resulted in larger electroporation-induced peaks. In
this scaling, the length of the overlap between the Au/PEDOT:PSS
was fixed at 20 μm. The additional data of OECTs with a larger
overlap size are also available in SI Appendix, Fig. S7.
When OECTs are driven in a matrix, the switching voltage

works as pulse input, and the value of currents, while it is on, is
recorded. In addition, based on the aforementioned trend, a
larger amplitude of peaks is expected by simultaneously inducing
electroporation during the recording. Therefore, extracting signals
recorded while an OECT is on, which overlaps with the under-
shoot, is also important. The signals extracted by processing on
software are presented in SI Appendix, Fig. S8. The sample with
the smallest channel (100 × 100 μm2) exhibited the largest
electroporation-induced peak (93 μA). It is significantly larger
than the field potential recorded by the same sample (1.8 μA). As
shown in Fig. 4C, this method revealed that even for a 200-mV
pulse, electroporation was induced temporally. The amplitude of
the recorded signal was approximately five times larger than that
of the extracellular field potential, and it recovered immediately to

the initial state, thus minimizing the effect of electroporation on
the cells. It should be noted that, although electroporation was
induced, the interval of the peaks was maintained nearly constant
before and after the pulse input under various conditions (SI
Appendix, Table S1). Additionally, it was verified that electro-
poration did not affect the waveform of a field potential recorded
30 min later (SI Appendix, Fig. S9).
We demonstrated the simultaneous multipoint intracellular

action potential recording using OECT matrix. OECTs were
placed at a pitch of 2 mm in a 4 × 4 matrix configuration. The
channel size of 5 × 5 μm2 and drain voltage of −600 mV were
chosen to maximize the amplitude of recorded signals. Fig. 5A
presents the matrix and cultured cardiomyocytes. The density of
cells was different at each data point because of the relatively large
cultured area (Fig. 5 A, i and ii). The baseline current of each pixel
was about 200 to 300 μA (Fig. 5B). This indicates that they were
capable of recording peaks after ∼15 d of cultivation. The matrix
successfully recorded intracellular action potentials at multiple
points with a sampling frequency of 2 kHz, as shown in Fig. 5C.
Some points [such as (B-3)] recorded a clear electroporation-
induced signal, and its amplitude reached 11 mV. Owing to the
large amplitude, signals were clearly observed with relatively
simple readout equipment. The SD of noise voltage was 140 μV,
and the SNR at this data point was 37.9 dB. At some points such
as (C-3), the recorded signal appears to be an incomplete
electroporation-induced signal, which contains both the field po-
tential and the intracellular action potential of small amplitude.
The same data are displayed with a longer time window (47 s) in
SI Appendix, Fig. S10. Although most OECTs continued recording
successfully, the amplitude of the peaks attenuated after 30 s at

Fig. 3. Controlled intracellular action potential recording. (A) Sequential recording of field potentials and intracellular action potentials. Pulse drain voltage
(1 kHz, −600 to 0 mV) was applied during 5 to 6 s. The shape of the peaks was converted by the pulse through this period and as time passed, it recovered
itself. (i) Magnified signals before the pulse input, (ii) after the pulse input, and (iii) after the recovery. (B) Effect of the amplitude of the drain and pulse
voltage. As it increases, the intracellular potential appeared and became larger.

4 of 8 | PNAS Jimbo et al.
https://doi.org/10.1073/pnas.2022300118 An organic transistor matrix for multipoint intracellular action potential recording

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
22

, 2
02

1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2022300118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2022300118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2022300118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2022300118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2022300118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2022300118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2022300118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2022300118/-/DCSupplemental
https://doi.org/10.1073/pnas.2022300118


www.manaraa.com

(B-2) and (B-4). This indicated that the continuous application of
a 600-mV pulse potentially damaged the cells. The time delay of
action potential is visualized in the heat map of SI Appendix, Fig.
S11. The potentials were activated from (D-4) to (B-2). The time
to travel from an edge pixel to another edge pixel (∼4 mm) was
about 40 to 60 ms, and the estimated propagation speed was
roughly 80 μm/ms.

Discussion and Conclusion
In this study, we demonstrated intracellular action potential re-
cording using OECTs and mapping with the matrix by operating
it with an optimized configuration to induce electroporation
during recording. The majority of organic transistors have a low
career mobility. Thus, a larger width/length ratio is required to
achieve a high gm and high current. This can limit the realistic
sensor density, even with the use of an interdigitated electrode
(8, 28). Especially in the case of electroporation, an electrode
with a larger admittance per area is preferred for applying a large
electrical field in a small area. The PEDOT:PSS channel dem-
onstrated a sufficient gate-drain current (>0.1 mA in 25 ×
25 μm2), and the intracellular action potential was successfully
recorded.
The maximum amplitude of the recorded peaks was 93 μA,

which corresponded to ∼46 mV. This value was smaller than that
of the patch-clamp and penetrating probe (∼100 mV) but larger
than that of the majority of previous studies using electroporation

(<10 mV) (18, 23, 25). Unlike nanopillar/nanowire structures,
OECTs have multiple cells on the channel. Therefore, the
electroporation-induced peaks sometimes overlapped with the
field potentials. By recording the signal during the application of
the pulse, the amplitude of the electroporation-induced peaks was
maximized and became >40 times larger than that of the field
potentials without applying a larger voltage. In addition, the
OECT matrix requires a relatively low voltage for electroporation.
The threshold amplitude of the pulse for observing the effect of
electroporation was only ∼400 mV in our experiment; however,
for other studies, particularly for those using a planar interface,
values larger than 2 V have been reported (25, 26). Pillar/nanowire
structures have been used to apply a larger electrical field in a
small, well-sealed area of the cell membrane (29). The OECT
does not have any specific three-dimensional structure, but its
admittance per area increases in proportion to the thickness (11,
30, 31). Therefore, a PEDOT:PSS film of larger thickness has a
lower impedance per area that is similar to a high-aspect-ratio
pillar.
In the matrix configuration, the size of the channel was min-

imized to 5 × 5 μm2, which is compatible with the scale of a single
cardiomyocyte, and the matrix successfully recorded intracellular
action potentials at multiple points. Unlike active matrices using
organic transistors which have limited scan speed due to the slow
response to gate bias (32), the drain current of the demonstrated
OECT matrix is turned on immediately after the drain voltage is

Fig. 4. Effect of recording conditions on the amplitude and duration of recorded intracellular action potential. (A) Amplitudes of intracellular action po-
tentials induced by various pulse and drain voltages and their decay after the pulse. Larger voltage resulted in larger and longer intracellular action potentials
recorded. The number of peaks were counted from the end of the pulse input, and the first peak was ignored to omit the effect of the drastic change of the
baseline. The amplitude was standardized by that of a field potential before the stimulation. (B) Effect of scaling the channel size of the OECTs. An OECT with
a small channel resulted in a large amplitude of recorded intracellular action potential and long duration by the recovery. (C) Signals recorded with the drain
and pulse voltage of 200-mV amplitude and magnified peaks (i and ii). These were plotted using the data of Fig. 3B. The original data (10 kHz) was down-
converted to 1 kHz to extract the signal overlapped with the pulse. The peak recorded during the pulse input had the features of intracellular potentials,
although the first peak after the pulse input was the field potential, as it was recorded before the pulse input.
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applied. The response was faster than the recording cycle of the
analyzer (50 μs). Thus, this method seems to be applicable to the
high-speed scan of the larger matrix (1 kHz, 20 × 20 or more
pixels), as long as no other issues such as crosstalk emerge. Six
OECTs out of 16 (37%) recorded clear electroporation-induced
signals with features, such as sharp rise and longer action po-
tential duration, while another six recorded field potentials or
incomplete electroporation-induced peaks. This result is not in
the best category compared to the success rate previous reports
have shown (30 to 90%) (23, 25, 33). The drain current of the
miniaturized OECTs for the matrix (∼250 μA) was smaller than
that of OECTs for single-point recordings (∼750 μA). Those
facts indicate that the increased series resistance (>1 kΩ), which
can be attributed to the contact resistance between Au and
PEDOT:PSS (34), suppressed the actual current applied to the
cells. Currently, the overlap length is designed to be 20 μm to
ensure the contact, and thus it practically restricts the density of
array at a pitch of ∼100 μm, although the recording area itself is
much smaller. Therefore, the reduction of the contact resistance
using a chemical treatment, optimized geometry, and/or addi-
tional carrier injection layer (12, 34, 35) is crucial to realize the
single-cell resolution in the future. These techniques are also

important for low-voltage operation, which suppresses both the
degradation of devices and damage to cells. In addition, ad-
vancement in external electronics such as multichannel current
analyzer and crosstalk analysis are also important for imple-
mentation in the practical environment.
The aforementioned comparisons with existing methods are

summarized in SI Appendix, Table S2. Whereas most of the other
methods take advantage of complementary metal–oxide semi-
conductor compatibility, the OECT matrix offers a simple system
fabricated via a mild process so that it is suitable for shape-
adaptive or disposable applications using organic materials. It
should be noted that each of the studies cited here should be
carefully compared because they comprised different experimen-
tal conditions, such as the duration and the rise time of the applied
pulse and the type of cells used. The definition of successful in-
tracellular access is also different in each study.
The OECT matrix offers a scalable intracellular action po-

tential recording system that is compatible with flexible organic
electronic platforms. Although OECT-based systems are simple
and compact, they have been often connected to special equipment
for electrophysiology. Their combination with electroporation sig-
nificantly improves the amplitude and quality of the original signal

Fig. 5. Multipoint action potential recording using an OECT matrix. (A) Image of a matrix and hiPSC cardiomyocytes on it. It was prepared by merging
multiple microscopic images. (Scale bar, 1 mm.) (i and ii) Enlarged images of the pixels at cell-poor region (i) and cell-rich region (ii). (Scale bar, 30 μm.) (B)
Distribution of the base current of each pixel in the matrix. (C) The 4 × 4 action potential mapping. All images are plotted with the scale bar of 3 mV except in
the case of B-3. Some points recorded the clear intracellular action potentials. Others recorded no signal or signals that were similar to the extracellular field
potential.
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applied to the OECTs and helps extract meaningful data using
simple external equipment. This simple organic transistor platform
could possibly lead to the future development of in vitro/vivo
electrophysiology.

Materials and Methods
Materials and Fabrication Process of OECT. The details of the device structure
and fabrication processes of the OECT are presented in SI Appendix, Fig. S12.
First, a 5-nm-thick Cr and 75-nm-thick Au were thermally evaporated on a
glass substrate. This layer was patterned by a liftoff process using a photo-
resist (ZEON Co. ZPN-1150). An 800-nm-thick parylene (diX-SR, KISCO Ltd.)
layer was coated on the entire surface by a chemical vapor deposition pro-
cess using SCS Labcoater, and holes were created on each drain electrode by
an O2 reactive ion etching process. The second Au layer was patterned for
data line, which was connected to the drain electrode via the hole. As a
passivation and sacrificial layer for the patterning of the channel, parylene/
fluorinated polymer (1:6 mixture of 3M’s Novec 1700 and 7100, spin-coated
at 2,000 rpm)/parylene layers were subsequently deposited. The channel
parts, including source-drain electrodes, were then selectively exposed by a
reactive ion etching with a patterned photoresist to protect the other part.
After the PEDOT:PSS solution was spin-coated and annealed at 100 °C, we
peeled it off with the sacrificial layer, so that only the channel part was
coated by PEDOT:PSS. It was then cross-linked by annealing at 140 °C for 2 h.
The PEDOT:PSS solution used in this study comprised a mixture of 93.9 vol%
aqueous dispersion (Clevios PH 1000 Heraus), 5 vol% ethylene glycol, 1 vol%
(3-glycidyloxypropyl)trimethoxysilane, and 0.1 vol% dodecyl benzene
sulfonic acid.

Characterization of OECT. The electrical performance of OECTs was measured
using medium 199 as the electrolyte and an Ag/AgCl wire for applying a gate
bias. The gm curve and transient time responses to the pulse input were
measured using a semiconductor parameter analyzer (B1500, Keysight). To
record the output against the sine-wave input, which is presented in Fig. 2 C
and D, we used a current waveform analyzer (CX3324A, Keysight). A
waveform generator (33600A, Keysight) was used to supply both the driving
voltage and the sine-wave input. The impedance sweep of the PEDOT:PSS
electrode was measured using an LCR meter (E4980AL, Keysight). By as-
suming that an OECT works as a PEDOT:PSS electrode when shorting the
source and drain electrode, we compared the performance of an OECT and a
PEDOT:PSS electrode (SI Appendix, Fig. S13).

In Vitro Electrophysiology. hiPSC lines (201B7) were purchased from RIKEN
(36). The cardiac differentiation protocol of hiPSCs expressing the α-MHC
promoter and rex-1 promoter-driven drug-resistance genes in the bioreac-
tor system (ABLE Co.) has been described previously (37). The hiPSC-derived
cardiomyocytes were purified by puromycin treatment according to previous
reports (7, 38). To culture the cells on an OECT matrix, we mounted a 12- ×
12-mm2 silicone frame on it and filled it with a solution for the dip-coating
of fibronectin at a concentration of 6.25 μg/cm2. Then, we seeded the

purified hiPSC-derived cardiomyocytes (density: 3 × 105 cells/cm2, day 20
from cardiac differentiation) on the day after the puromycin treatment and
cultured them in an incubator (37 °C) with 5% CO2 for at least 10 d. They
were cultivated for 4 d because further cultivation makes the disassembly
difficult. The samples were moved into another temperature-controlled
chamber (37 °C) with an ambient gas composition before performing the
recording, and the medium was replaced with Medium 199 Hanks’ salts
(12350039, Thermo Fisher Scientific) containing 10% fetal bovine serum and
penicillin-streptomycin. While recording, the PEDOT:PSS/Au reference elec-
trode was inserted into the medium instead of Ag/AgCl to avoid the effect
of its toxicity. For single-point measurements, a waveform analyzer and
waveform generator were used for high-definition recording and a well-
controlled DC-Pulse pattern supply. For multipoint measurements, a custom-
made circuit was used for driving the matrix. The details of the custom-made
circuit have been described in previous studies (14, 39). According to the
density of seeding, 30 cells are placed on a sample with the area of 100 ×
100 μm2. For much smaller samples, it is expected that the results are affected
by the individuality and the number of cells on each sensor. Therefore, for
the systematic experiment shown in Figs. 3 and 4, the smallest size was fixed
at 100 μm.

Signal Processing and Data Analysis. The waveforms presented in Fig. 2 were
processed by a low-pass filter. The threshold frequency was 1 kHz for 10-Hz
input and 100 kHz for 1-kHz input. The action potentials recorded by the
waveform analyzer were filtered by a low-pass filter (1 MHz), and in the case
of Fig. 4C, 1 data point out of 10 data points was extracted to ignore the
signal while the drain-source voltage was 0. The data presented in Fig. 5 is
generated by multiple data processing: a 100-Hz low-pass filter, 45- to 55-Hz
band-block filter, smoothing with an integration time of 10 ms, the removal
of baseline shift using the exponential fitting, baseline cut, and conversion
of current to voltage assuming a gm of 1 mS for all pixels. It should be noted
that the rising time of potentials is possibly overestimated by those processes.
The SNR was calculated using the equation SNR = 20 log10 (Asignal/Anoise),
where Asignal is the scale of the recorded peak and Anoise is the SD of the noise
from the baseline current. For Fig. 4 A and B, data required to plot a trend in a
graph are obtained from a single substrate to minimize the effect of
batch-to-batch distribution.

Image Editing. The brightness of the images in Fig. 5 A, i and ii is +20% of that
of the original images.

Data Availability.All study data are included in the article and/or SI Appendix.
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