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Abstract

Bitter receptors were initially identified within the gustatory system. In recent years, bitter receptors have been found
in various non-gustatory tissues, including the cardiovascular system, where they participate in diverse physiological
processes. To investigate the electrophysiological and potential therapeutic implications of bitter receptors, we have
developed a highly sensitive, multifunctional planar-electroporated cell biosensor (PECB) for high-throughput
evaluation of the effects of bitter substances on cardiomyocytes. The PECB demonstrated the capability for high-
throughput, stable, and reproducible detection of intracellular action potentials (IAPs). In comparison to conventional
biosensors that utilize extracellular action potentials (EAPs) for data analysis, the IAPs recorded by the PECB provided
high-resolution insights into action potentials, characterized by increased amplitudes and an enhanced signal-to-noise
ratio (SNR). The PECB successfully monitored IAPs induced by the activation of bitter receptors by using three bitter
substances: diphenidol, denatonium benzoate, and arbutin in cardiomyocytes. To further assess the drug development
ability of our PECB, we established an in vitro long QT syndrome (LQTS) model to investigate the potential therapeutic
effects of arbutin. The results indicated that arbutin altered the electrophysiological properties of cardiomyocytes and
significantly shortened the repolarization time in the LQTS model. Moreover, it demonstrated its potential mechanistic
pathway by activating bitter receptors to modulate cardiac ion channel activities. The developed PECB provides an
effective platform for high-throughput screening of substrates of bitter receptors for the treatment of heart disease,
presenting new opportunities for the development of antiarrhythmic therapies.

Introduction

Bitter receptors are integral to mammalian taste per-
ception and were initially identified in taste buds'. Inter-
estingly, recent studies have revealed that bitter receptors
are also extensively expressed in non-gustatory tissues,
including the gastrointestinal tract, respiratory system, and
cardiovascular system®* Most importantly, these
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ectopically expressed bitter receptors participate in diverse
physiological processes®. For example, ectopically expres-
sed bitter receptors within the cardiovascular system have
been increasingly recognized for their potential role in
regulating cardiac physiological functions, including mod-
ulating heart rate, rhythm, and contractility6. However, the
potential therapeutic effects of these ectopic bitter recep-
tors as drug targets in heart disease remain unexplored.
As a potential tool for investigating the potential ther-
apeutic effects of ectopic bitter receptors in heart disease,
the patch-clamp technique offers precise IAPs recording
and can provide rich information about ion channels on the
cell membrane”®. However, its low throughput and lack of
long-term monitoring ability are key limitations that hinder
its use in drug screening. Because of the non-invasive
nature and the convenience of electrode arrangement,
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microelectrode array-based biosensors provide feasible
tools for high-throughput drug screening”~'". Nevertheless,
the EAPs’ records are susceptible to interference from
neighboring cell signals, affecting signal interpretation and
quality. Innovative technologies employing electroporation
or optoacoustic approaches have emerged to overcome
these constraints. For example, intracellular electrical sig-
nals from cardiac cells were able to be recorded by applying
electroporation on a three-dimensional nanopillar elec-
trode device with a 4 x4 platinum pad array'”. A 32-
channel scalable nano-trap matrix-enhanced electropora-
tion electrode array was designed capable of record primary
rat cardiomyocytes’ intracellular signals'®. Dipalo et al.
achieved optoacoustic imaging by applying laser pulses to a
high-density complementary metal-oxide-semiconductor
(CMOS) multi-electrode array, recording intracellular sig-
nals from various cells'*. The necessity for customized and
complex micro-nano fabrication methods and the high cost
of laser equipment limit the widespread application of these
technologies. Therefore, there is an urgent need for a high-
throughput and simplified method capable of reliably
capturing detailed intracellular electrophysiological signals
for effective cardiac drug screening, particularly for evalu-
ating the therapeutic effects of bitter receptors.

Here, using the electroporation technique, we investi-
gated the potential therapeutic effects of ectopic bitter
receptors. First, we developed a PECB based on HL-1
cardiomyocytes for the high-throughput evaluation of the
therapeutic potentials of bitter substances in heart disease
treatment (Fig. 1). The PECB employs standard micro-
fabrication techniques combined with electrode surface
modifications using platinum nanoparticles (PtNPs) to
establish a nanogranular structure. This approach sig-
nificantly decreases electrode impedance and enhances
electroporation efficiency, allowing stable, reproducible,
and high-quality IAPs recording. Compared to EAPs, the
IAPs exhibited higher amplitudes and improved SNR,
facilitating more precise signal analysis. Then, utilizing the
PECB, we evaluated the electrophysiological effects of three
representative bitter substances (diphenidol, denatonium
benzoate, and arbutin) on HL-1 cardiomyocytes. Further-
more, an in vitro LQTS model was constructed to assess
the potential therapeutic effects of arbutin on arrhythmia.
Our findings elucidated the potential signaling pathways
through which arbutin activates bitter receptors and
modulates the electrophysiological activities of cardio-
myocytes. This work provides an efficient platform for the
screening of prospective cardiac medications.

Materials and methods
Preparation and modification of planar-electroporated cell
biosensor

The PECB was fabricated through standard micro-
fabrication of an MEA sensor, coupled with the
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application of nanoparticles on the working electrodes’
surface. The lithography masks required for the MEA
sensor were designed by AutoCAD (Autodesk, USA). The
MEA sensor was designed in a 12 mm x 12 mm square
structure, which was arranged in an 8 x 8 array with a
total of 60 working electrodes. The electrode diameter
was 30 um, and the electrode spacing was 200 um. A 4-
inch, 0.5 mm-thick (SCHOTTAG, Germany) quartz glass
slide was used as the device substrate. Lift-off resist (LOR)
and AZ5214 double-layer adhesive process were used for
lithography and development. The Cr/Au (20 nm/
200 nm) electrodes, transfer points, and lead patterns
were fabricated by sputtering and lift-off processes. A
layer of SizN, (500 nm) passivation pattern was fabricated
by plasma-enhanced chemical vapor deposition (PECVD)
for insulation. Reactive ion etching (RIE) was used to
expose the electrode and metal transfer points. For the
MEA sensor preparation, the MEA chip was fixed on a
customized printed circuit board (PCB) adapter by epoxy
adhesive (Deli, China), and all metal transfer points were
connected to PCB pads using gold wire. Finally, a circular
acrylic chamber was glued at the center of the MEA
sensor for cell culture by epoxy adhesive (Fig. S1).

For the modification of PtNPs on MEA sensor elec-
trodes, a PtNPs solution (Sigma-Aldrich, USA) was added
to the circular acrylic chamber. The electrode on the
MEA sensor as the working electrode, the platinum wire
counter electrode (CH Instruments, Inc., China), and the
Ag/AgCl reference electrode (CH Instruments, Inc.,
China) were connected to the CHI760E electrochemical
workstation (CH Instruments, Inc., China) for electro-
plating PtNPs. Set the working constant voltage as —0.1V,
the working time as 60, and the sensitivity as 10> A/V.
The impedance spectra were used to detect the electrode
impedance before and after electroplating based on the
CHI760E electrochemical workstation. In the circular
acrylic chamber with phosphate-buffered saline (PBS),
5 mV sinusoidal excitation was applied, and the detection
interval was 1 Hz—10 kHz.

Culture of HL-1 cardiomyocyte cells

HL-1 cardiomyocytes were wused in this study.
The medium for culturing HL-1 cardiomyocytes was
prepared in advance, consisting of Claycomb
medium (Sigma-Aldrich, USA), 10% F8318 fetal
bovine serum (Sigma-Aldrich, USA), 1% 10mM nor-
epinephrine  (Sigma-Aldrich, USA), 1% 200mM
L-glutamine (Sigma-Aldrich, USA), 1% 100 U/mL peni-
cillin and 100 pg/mL streptomycin (Thermo Fisher Sci-
entific, USA). The cryopreserved HL-1 cardiomyocyte cell
was thawed and placed in a T25 (Corning, USA) culture
flask pre-coated with 0.02% gelatin and 5 pg/mL fibro-
nectin solution (Aladdin, China). HL-1 cardiomyocyte
cells were cultured in an incubator (37 °C, 5% CO,). The
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Fig. 1 Schematic diagram of the PECB which evaluates the effects of bitter substances on electrophysiological activities in cardiomyocytes
for drug development. Bitter receptors are mainly expressed in the taste system and are also expressed in the heart. The planar-electroporated cell
biosensor (PECB) was developed to evaluate the effects of bitter substances on electrophysiological activities and their potential as drugs for heart
diseases. HL-1 cardiomyocytes were cultured on the PECB modified with platinum nanoparticles (PtNPs). By applying electric pulses (20 pulses
per second), the permeability of the cell membrane was transiently increased, and high-quality and high signal-to-noise ratio (SNR) intracellular
action potentials (IAPs) could be recorded without affecting cell viability. The IAPs of HL-1 cardiomyocytes under the action of different bitter
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medium was refreshed every 48 h. After the cells were 100%
confluent, the cells were digested with Trypsin-EDTA
(Sigma-Aldrich, USA) and seeded into the planar-
electroporated cell biosensor at a density of 250,000 cells/
well. Cells were passaged every 3-4 days using Trypsin-
EDTA and reseeded at the appropriate density. The sensor
was sterilized with 75% ethanol and UV light in a biological
safety cabinet in advance, and then coated with fibronectin
(Sigma-Aldrich, USA) and processed overnight at 4 °C. The
planar-electroporated cell biosensor with HL-1 cardio-
myocytes was planted in a 37 °C, 5% CO, incubator, and the
medium was renewed for 48 h. IAPs were recorded on day 3
after seeding on the biosensor surface.

Intracellular action potential recording with
electroporation

MEA2100-Lite-System (Multichannel systems, Ger-
many) was used to record HL-1 cardiomyocyte EAPs and
cell electroporation for recording IAPs. The PECB with
HL-1 cardiomyocytes was placed into the MEA2100
adapter plate with a signal amplifier. An Ag/AgCl-pellet
(P1060) reference electrode (Multichannel systems, Ger-
many) was used as the ground line. The device was placed
in a 37°C, 5% CO, incubator for long-term recording.
The signal was sampled at 10 kHz by a multi-channel
experimenter (Multichannel Systems, Germany) software,
and filtered with band-pass filtering of 0.1 Hz-10 kHz by
hardware. HL-1 cardiomyocytes could generate action
potentials spontaneously, producing instantaneous

transmembrane potentials and ionic currents, which
caused electrode potential changes through the electric
double-layer model, and then the extracellular action
potential was recorded by electrodes. For the IAPs
obtained by electroporation, a 1s bidirectional pulse
electrical stimulation (20 pulses per second) was applied
with a pulse width of 200 pus by the MEA2100 pulse
generator. The recording of the IAPs was maintained
during electroporation. Electrical signal artifacts were
generated due to amplifier saturation and were not con-
sidered IAPs until the baseline was restored.

Detection of bitter substances

The three bitter substances tested in this study, dena-
tonium benzoate, diphenidol, and arbutin, were pur-
chased from  Sigma-Aldrich, = USA.  Different
concentrations of denatonium benzoate (100, 500, 1000,
1500, and 2000 puM), diphenidol (50, 62.5, 78, 125, and
150 pM), and arbutin (10, 30, 50, 70, and 100 mM) were
used for detection. The concentrations were selected with
reference to the reported literature'®. Before each bitter
substance detection, electroporation was performed to
record a section of IAPs as the control signal of this
experiment. After adding bitter substances, electropora-
tion was performed to record the IAPs stimulated by
bitter substances. Then the PECB was washed three times
with PBS to elute bitter substances, and new medium was
used to replace the old medium mixed with bitter
substances.
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Construction of LQTS model and evaluation of its
therapeutic effects by bitter substances

LQTS is a heart condition where delayed repolarization
in heart cells leads to a prolonged QT interval on an
electrocardiogram. We utilized E-4031, a specific IKr
current blocker, which prolongs the repolarization time of
cardiomyocyte action potentials by inhibiting K* chan-
nels, thereby simulating LQTS arrhythmia models
in vitro'®, Initially, the optimal concentration of E-4031
was selected to establish the in vitro LQTS model, first
recording a segment of IAPs from normal cardiomyocytes
as control signals. Following the addition of E-4031, the
samples were incubated for 30 minutes before re-
recording the IAPs of the cardiomyocytes post-
intervention. The criterion for constructing the in vitro
LQTS model was a significant extension of the repolar-
ization time of the IAPs. The arbutin was employed as a
potential therapeutic agent for LQTS, introducing it in
concentrations of 10, 30, 50, 70, and 100 mM into the
established in vitro LQTS model, followed by a 30-minute
incubation period to evaluate its effects on repolarization
time. Afterward, the PECB was rinsed three times with
PBS to remove E-4031 and arbutin, and fresh medium was
introduced to replace the previously used medium con-
taining the bitter substance.

Data analysis and statistics

Detailed data analysis methods, including IAPs feature
extraction, normalized signal analysis, and SNR calcula-
tion methods, have been provided in Supplementary
Methods S9. The principal component analysis (PCA)
method was used to analyze the features'’”. All results
were expressed as mean +standard deviation (SD).
Data were analyzed using GraphPad Prism 8 (GraphPad
Software Inc., USA) for data analysis. Multiple compar-
isons were performed using ordinary one-way ANOVA
to calculate p-values. Significance was set at 0.05 for
most tests, with significance levels defined as follows:
*p<0.05, **p<0.01, **p<0.001, ***p<0.0001, ns, not
significant.

Results
Establishment and characterization of planar-
electroporated cell biosensor

Figure 2a shows the physical image of the PECB, which
consists of an MEA sensor and a transfer PCB. A trans-
parent acrylic chamber is affixed to hold the medium
necessary for cell culture. The MEA sensor in Fig. 2b was
designed as an 8 x 8 array, consisting of 60 working
electrodes with a diameter of 30 pum and an inter-
electrode spacing of 200 pm. The microfabrication pro-
cess of the proposed PECB is comprehensively described
in Fig. S1. The surface of the gold electrode was electro-
chemically modified with PtNPs (Fig. 2d), resulting in a
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reduction of the electrode impedance (Fig. 2c). Scanning
electron microscope (SEM) images of the electrode,
before and after modification, are presented in Fig. 2e and
Supplementary Methods S1. Before modification, the
surface of the gold electrode appeared smooth (Fig. 2e (i),
(ii)). After modification, the surface was decorated with
PtNPs, forming a nanogranular structure (Fig. 2e (iii),
(iv)). Figure 2f shows the results of immunofluorescence
staining detailed in supplementary methods S2, which
indicate that HL-1 cardiomyocytes cultured on the sensor
expressed typical cardiomyocyte markers (a-actinin and
cardiac troponin I (cTnl)). The presence of the culture
medium did not significantly affect the baseline mea-
surements (Fig. S2a, b). Although the HL-1 cell culture
introduced some background noise, the effective signal
amplitude was significantly higher than the baseline
(Figs. S2a, b and 2h). Similarly, buffer solution injection
resulted in a transient noise spike that rapidly subsided
and did not interfere with the overall signal recording (Fig.
S2c¢). The PECB was placed in a 37 °C, 5% CO, incubator
for recording (Fig. S3).

Electroporation is a technique that enhances cell
membrane permeability to facilitate the recording of
intracellular signals through the application of electrical
stimulation'®. The electrical stimulation parameters were
optimized to achieve accurate and stable intracellular
signal recordings from HL-1 cardiomyocytes. A range of
stimulation amplitudes was tested using 200 ps biphasic
pulses (20 Hz, 15s), including 0.5, 1, 2, and 3V, to assess
the impact of electroporation amplitude on cellular via-
bility and the quality of recorded intracellular signals.
Figure 2g shows the results of live/dead staining after
electroporation with an electrical stimulation amplitude
parameter of 1V (Supplementary Methods S3). Specific
electrodes were selected for electroporation (Fig. 2g (i),
white arrows), and a magnified view of one electrode
demonstrated that the cells remained viable after elec-
troporation (Fig. 2g (ii)). These results confirmed that the
1V electroporation parameter does not compromise the
viability of HL-1 cardiomyocytes. Meanwhile, the typical
extracellular signals recorded (Fig. 2h (i-ii)) were con-
sistent with the EAPs reported in previous studies'’,
indicating that HL-1 cardiomyocytes were well-adhered to
the electrodes and exhibited spontaneous rhythmic
activity. Figure 2h (iii) illustrates the electrical signals
recorded after electroporation at 1V. After electropora-
tion, typical intracellular signals were observed, which
were significantly distinct from the EAPs (Fig. 2h (iv)).
Over time, these intracellular signals gradually reverted to
the characteristic shape of EAPs. In addition, these post-
electroporation EAPs (Fig. 2h (v)) showed no significant
differences when compared to pre-electroporation EAPs
(Fig. 2h (ii)), indicating that the 1V electroporation
parameter did not affect the cells’ intrinsic
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(see figure on previous page)

Fig. 2 Establishment and characterization of the PECB. a Physical view of the PECB. The black dashed box shows the MEA sensor. Scale
bar=1cm. b Microscope image of the sensor with the 8 x 8 array layout of the electrodes (without modification). Scale bar =200 um. ¢ The
electrode impedance curve before and after modification. d Modified electrodes with PtNPs. Scale bar = 200 um. e SEM images of the electrode
before and after modification. (i-ii) The smooth surface of the unmodified electrode. Scale bars =5 pm. (iii-iv) Nanogranular structure surface of
modified electrodes. Scale bar =200 nm. f Immunofluorescence staining for DAPI (blue), a-actinin (green), and cTnl (red) in cardiomyocytes. Scale
bars =30 um. g Live/dead staining after electroporation with an optimized voltage of 1V. () Comparison of the cell viabilities with and without
electroporation. Live cells are marked using Calcein-AM (green) while dead cells are marked using PI (red). White arrows show the electroporated
electrodes. Scale bars =200 um. (i) Zoomed-in image of a single electrode after 1V electroporation. Scale bars =50 um. h Spontaneous signals of
HL-1 cardiomyocytes before and after 1V electroporation. (i) A segment of recorded extracellular signals. (ii) The extracellular signals were typical
EAPs of HL-1 cardiomyocytes. (iii) A segment of recorded signals after 1V electroporation. (iv) The typical intracellular signals after electroporation. (v)
The signals were restored into EAPs after electroporation at 1V. i, j The statistical analysis of amplitude and APD30 of signals from electrodes before
and after modification. k The statistical analysis of SNR before and after modification (n = 5). | The statistical analysis of duration time before and after

modification (n =5)

electrophysiological properties. In contrast, at lower vol-
tage (0.5V), intracellular signals were not detectable,
whereas increased voltages (2 and 3 V) resulted in irre-
versible cellular damage, leading to cell death and an
inability to revert normal EAPs, as detailed in Fig. S4.
Consequently, the optimal electrical stimulation para-
meter for electroporation in detecting intracellular signals
was determined to be 1V. This optimal parameter was
subsequently applied to deliver the membrane-
impermeable calcein dye into HL-1 cells (Supplementary
Methods S4, Fig. S5), further confirming that the elec-
troporation was successful and the recorded signals ori-
ginated from intracellular electrophysiological activity,
consistent with previous study'”. Notably, fluorescence
staining results demonstrated that the intracellular signals
were exclusively recorded from cells on the electrodes,
thereby minimizing potential interference from neigh-
boring cells.

To investigate the influence of PtNPs modification on
electroporation efficiency, we compared the intracellular
signals recorded using modified and unmodified bio-
sensors. Visualization of the intracellular signals’ ampli-
tude and the 30% action potential duration (APD30) over
time revealed that the modified biosensor sustained a
higher signal amplitude for a prolonged period, with a
longer duration of APD30 before reaching the inflection
point (Fig. 2i, j). The decrease of APD30 represented
the transition from intracellular signals to EAPs, thus, the
inflection point of APD30 was employed to determine the
duration of intracellular signals. Further statistical analysis
of the SNR and intracellular signals duration for both
modified and unmodified sensors (Fig. 2k, 1) indicated
that the modified sensor exhibited a higher SNR
(100.70 + 1.38 dB) compared to the unmodified sensor
(86.16 + 1.96 dB). Moreover, the duration of intracellular
signals recorded by the modified sensor (127.2 + 12.58 s)
was significantly longer than that of the unmodified sen-
sor (78.49 + 13.25 s). These results demonstrated that the
PtNPs modification effectively enhances electroporation
efficiency.

Intracellular action potentials recording of HL-1
cardiomyocytes by planar-electroporated cell biosensor
In the experiments described above, the PECB was
demonstrated to record intracellular signals effectively.
The intracellular signals needed further verification as
IAPs. As shown in Fig. 3a, the blue signal represents the
spontaneous EAPs signals from HL-1 cardiomyocytes.
Intracellular signals were recorded after applying the
optimized electrical stimulation (red). Figure 3b presents
a segment of EAPs and intracellular signals. Before elec-
troporation, the recorded signals displayed signatures of
extracellular characteristics, including a short-duration
spike with lower amplitudes (Fig. 3b (i), (iv)). After elec-
troporation, the spike amplitude and waveform exhibited
a dramatic change toward a larger positive phase (Fig. 3b
(i), (v)), resembling the shape of IAPs recorded by patch-
clamp®. The signal had a characteristic cardiomyocyte
action potential waveform, including depolarization,
repolarization, and resting phases. To verify the compo-
sition of the recorded intracellular signals, an equivalent
circuit model of the cell-electrode interface was estab-
lished (detailed in Supplementary Methods S5). The
model demonstrated that electroporation significantly
reduced cell membrane impedance and temporarily
increased membrane permeability, enabling the recording
of intracellular signals consistent with IAPs. Comparing
the first derivative of the intracellular signal (Fig. 3b (vi))
with the recorded single EAPs (Fig. 3b (iv)) and simulation
results (Fig. S6) showed a consistent shape, which further
provides that the recorded intracellular signals were IAPs,
confirming that the PECB successfully recorded accurate
IAPs signals by electroporation®’. EAPs might exhibit
waveform variations due to interference from nearby cells,
while IAPs showed more consistent profiles, allowing for
enhanced feature extraction in the analysis of bitter sub-
stances (Fig. 3c). Further analysis demonstrated that the
amplitude of the IAPs (791.6 + 148.0 V) was significantly
higher than the amplitude of the EAPs (176.0 + 16.1 uV).
Moreover, the SNR of the IAPs (106.1 + 1.8 dB) exceeded
that of the EAPs (86.0 + 1.5 dB), indicating that the IAPs
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with PECB could significantly improve signal quality and
provide high-resolution details of cardiomyocyte action
potentials compared to the EAPs (Fig. 3d, e).

The stability of IAPs under the 1V parameter was
evaluated through continuous recordings following elec-
troporation (Fig. S7). As shown in Fig. S7b, the IAPs
amplitude initially reached 1299.67 uV (i, 10s), then gra-
dually decreased to 961.02 (ii, 30s), 753.41 (iii, 50s),
647.03 (iv, 70 s), 533.11 (v, 90s), and 490.31 uV (vi, 110s).
This amplitude reduction reflected an increase in
cell-electrode interface impedance as the cell membrane
recovers, consistent with our equivalent circuit model
(Fig. S6b). Despite the reduction in amplitude during this
period, the IAPs waveform remained unchanged, indi-
cating a stable shape throughout the recording period. To
quantify these observations, we performed statistical
analyses of the amplitude and APD90 over multiple IAPs
recordings (Fig. S7c, d). The amplitudes decreased from
1335.00 £ 10.26 (105s) to 188.90 + 3.48 (110s), while the
APD90 varied slightly from 890.00+2.97 (10s) to
933.70+18.34ms (110s), respectively. These results
confirm that, although the amplitude decreased over time,
the shape and duration of the IAPs remained stable for at
least 110s under the 1V parameter. Furthermore, the
IAPs were maintained after 10 consecutive electropora-
tion cycles (Fig. S8), further demonstrating the robust
stability and repeatability of the PECB.

Biocompatibility assessment of planar-electroporated cell
biosensor

To assess the biocompatibility of the PECB, HL-1 car-
diomyocytes were cultured on the sensor for 5 days. As
shown in Fig. S9, the cells grew progressively from Day 1
to Day 5 and fused after Day 3. Cell proliferation assess-
ments using the CCK-8 assay (Fig. S10, Supplementary
Methods S6) revealed a significant increase in cell number
over this period (Fig. 3f), indicating favorable bio-
compatibility of the PECB. This was further confirmed by
live/dead staining results shown in Fig. S11. During the
culture period, the majority of HL-1 cardiomyocytes were
stained with Calcein-AM, while only a small fraction was
stained with propidium iodide (PI). Additionally, the live
and dead cells were quantitatively counted to accurately
determine cell viability, which remained above 90%
throughout the 5 days (Fig. 3g). In parallel, the IAPs were
recorded daily (Fig. 3h). The amplitude of the IAPs
increased from 40.36 + 6.70 uV on day 1 to a maximum of
438.10+51.77uV on day 5, then decreased to
264.50 £ 23.18 uV by day 5 (Fig. 3i), suggesting that cell
density influenced the amplitude and shape of recorded
IAPs. Notably, the recorded IAPs no longer exhibited
clear single waveforms on day 5. Instead, they showed
significantly reduced amplitudes accompanied by irre-
gular waveforms, which might be caused by electrical
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interference from neighboring cells. However, the firing
rates of the IAPs for days 1 through 5 were 1.12 + 0.06,
1.01 £ 0.18, 1.10 + 0.05, 1.36 + 0.26, and 1.28 + 0.09 spikes/
s respectively, with no significant differences observed
during the 5 days (Fig. 3j). These results suggest that cell
proliferation might not affect the rhythm of electro-
physiological activity but impact the amplitude and shape
of IAPs recordings. This effect may arise from reduced
cell-electrode coupling and lower sealing resistance as
cell density increases (Fig. S6b). Based on these observa-
tions, subsequent experiments were performed on day 3
to minimize the influence of cell proliferation on IAPs
recording.

Capability of the planar-electroporated cell biosensor to
detect changes in IAPs under different bitter substances

Bitter substances have been reported in previous studies
that could activate bitter receptors (T2Rs) in the cardio-
myocytes, leading to changes in ion channels on the cell
membrane and altering the action potential of cardio-
myocytes®. Although the precise signaling mechanisms
remain under investigation in cardiomyocytes, two pri-
mary signal transduction pathways have been proposed
for T2Rs activation, as illustrated in Fig. 4a: Gfy- phos-
pholipase Cp2 (PLCP2)/ inositol 1,4,5-trisphosphate (IP3)
and Gagust- phosphodiesterase (PDE)- cyclic adenosine
monophosphate (cAMP)**. Upon activation by bitter
ligands, the T2Rs coupled to G proteins dissociate into
Gagust and GBy subunits®*. The GPy subunit then acti-
vates PLC[32, leading to hydrolysis of phosphatidylinositol
4,5-bisphosphate (PIP2) into IP3 and diacylglycerol
(DAG). IP3 stimulates IP3 receptor (IP3R3) to mediate
sarcoplasmic reticulum release of Ca®*, increasing intra-
cellular Ca*" concentrations. Elevated intracellular Ca*"
modulates calcium-dependent cardiac ion channels,
thereby influencing cardiac electrophysiology, particularly
by shortening or prolonging action potential dura-
tion>>~*’, Furthermore, the Gagust activates PDE, leading
to a reduction in intracellular cAMP levels, and thus
inhibits cardiac contraction by attenuating L-type Ca*"
channels and the consequent Ca®" release®. Conse-
quently, this signaling cascade can change cardiac action
potential characteristics™*?®,

The constructed PECB was employed to evaluate the
effects of bitter substances on IAPs in HL-1 cardiomyo-
cytes. To explore the expression of bitter receptors in HL-
1 cardiomyocytes, we evaluated the mRNA levels of 35
bitter receptors by quantitative reverse transcription PCR
(RT-qPCR) (Fig. 4b, Supplementary Methods S7,
Table S1). Many T2Rs genes were found expressed in HL-
1 cardiomyocytes, including T2R108, T2R126, T2R137,
T2R135, T2R140, and T2R144. Based on the bitter gene
expression results, three typical bitter substances were
selected. Specifically, diphenidol was chosen for its ability
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(see figure on previous page)

Fig. 4 The effects of different types and concentrations of bitter substances on the IAPs of HL-1 cardiomyocytes by PECB. a Potential signal
transduction pathway of bitter receptor (T2Rs) activated by bitter substances in cardiomyocytes. b mRNA level of T2Rs (mean fold over 3-actin) in HL-
1 cardiomyocytes (n = 3). ¢ Selection of feature points and calculation of feature value. The interspike interval time (IT), depolarization time (DT),
repolarization time (RepT), recovery time (RecT), field potential amplitude (FPA), 30% action potential duration (APD30), 50% action potential duration
(APD50), and 90% action potential duration (APD90) were extracted as the feature of the IAPs for further analysis. d, g, j Typical IAPs of
cardiomyocytes respond to different concentrations of diphenidol, denatonium benzoate, and arbutin, respectively. e, h, k Normalized statistics
visualizing 8 extracted features of IAPs under diphenidol, denatonium benzoate, and arbutin, respectively (n = 5). f, i, I Radar map visualizing 8
extracted features of IAPs under diphenidol, denatonium benzoate, and arbutin, respectively (n =5)

to activate T2R108, T2R137, and T2R144'°. It has been
reported to suppress the amplitude of action potentials
and reduce the firing rate of cardiomyocytes, likely
through modulation of cardiac Na* channels, and it
exhibits antiarrhythmic properties*”*°.  Denatonium
benzoate activates T2R135, T2R140, and T2R144, and is
reported to attenuate cardiomyocyte excitability and firing
rate in a dose-dependent manner'>>'. In addition to its
electrophysiological effects, short-term administration has
been shown to downregulate apoptosis and autophagy-
related genes, suggesting a potential cardioprotective
role®®. Arbutin was selected for its specific activation of
T2R126 and its previously reported effects in reducing
pro-inflammatory cytokines and oxidative stress in the
myocardiumls’?’z. Furthermore, recent studies support its
influence on cardiac electrophysiology properties®.
Therefore, we selected these three bitter substances to
evaluate the capability of the PECB to detect IAPs changes
induced by T2Rs activation and highlight the potential
applicability in novel cardiac drug development.

For further analysis of the IAPs, the 8 features of the
recorded IAPs were defined, including the interspike
interval time (IT), depolarization time (DT), repolariza-
tion time (RepT), recovery time (RecT), field potential
amplitude (FPA), APD30, 50% action potential duration
(APD50), and 90% action potential duration (APD90)
(Fig. 4c). These features were selected based on their
ability to reflect distinct physiological phases of the car-
diac action potential. Specifically, IT and FPA reflect the
rhythmicity and electrical strength of cardiomyocytes®>.
DT, RepT, and RecT represent the temporal properties of
different action potential phases, indicating the activation
and recovery of ion channels®*. APD30, APD50, and
APD90 provide graded measurements of action potential
duration times®. To minimize the impact of cell mem-
brane recovery on the recorded IAPs, we limited the
analyzed data window to 30 s in the experiment. Figure 4d
illustrates the typical IAPs of HL-1 cardiomyocytes at
different concentrations of diphenidol. The normalized
feature maps and radar map (Fig. 4e, f) showed that as
diphenidol concentration increased, the depolarization
time was significantly prolonged, accompanied by an
increase in the interspike interval time and a decrease in
the amplitude of the IAPs. These observations suggested

that diphenidol had a potential inhibitory effect on Na*
channels, consistent with previous studies**°. In addi-
tion, APD30, APD50, and APD90 increased substantially
at higher concentrations, indicating that diphenidol could
prolong the duration of the IAPs. Denatonium benzoate
significantly prolonged the interspike interval time of
IAPs, thereby slowing their firing rate and reducing their
amplitude. These findings are similar to previous studies
on the effects of denatonium benzoate on extracellular
signals®'. Further analysis indicated that denatonium
benzoate exerted a concentration-dependent influence on
depolarization time and the duration of action potentials
in HL-1 cardiomyocytes (Fig. 4g—i). By contrast, arbutin
displayed different effects on HL-1 cardiomyocytes com-
pared to the other two bitter substances. As the con-
centration increased, arbutin significantly reduced the
interspike interval of IAPs without markedly affecting
depolarization time. Instead, it significantly shortened the
repolarization time, with a decrease in APD30 and
APDS50. This indicated that arbutin effectively reduced the
duration of the action potential in HL-1 cardiomyocytes
(Fig. 4j—1). PCA of the 8 features extracted from three
different bitter substances further proved that the selected
features could effectively characterize IAPs signals and
had the ability to distinguish the types and concentrations
of bitter substances (Fig. S12). This suggests that the
selected features capture key electrophysiological char-
acteristics of IAPs and can reliably reflect the dose-
dependent effects of T2Rs activation. In summary, the
PECB could enable quantitative detection of various types
and concentrations of bitter substances’ effects on IAPs in
cardiomyocytes.

Screening of potentially bitter substances for LQTS
treatment

LQTS is a cardiac electrophysiological abnormality that
may lead to arrhythmias, syncope, and even sudden cardiac
death. It is characterized by a prolonged QT interval on the
electrocardiogram, which primarily manifests in cardio-
myocytes as an extended repolarization time®. As men-
tioned above, we found that arbutin could shorten the
repolarization time and the duration of the IAPs in HL-1
cardiomyocytes. Therefore, the potential application of
PECB was evaluated to screen arbutin as a potential cardiac
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drug for the treatment of LQTS. The process of the
experiments was conducted by introducing different con-
centrations of arbutin into the in vitro LQTS model to assess
its therapeutic effects on the LQTS, as detailed in Fig. 5a.

Initially, the E-4031 was added to the culture medium of
HL-1 cardiomyocytes grown on the PECB to inhibit the K
channels within the cardiomyocytes. This intervention was
designed to extend the repolarization time of the cardiac
action potentials, thereby constructing an in vitro model of
LQTS (Fig. 5a). Concentrations of 1, 2.5, and 5 uM E-4031
induced a dose-dependent prolongation in repolarization
time, as shown by representative IAP recordings (Fig. 5b).
Notably, apparent arrhythmic events occurred when the
concentration reached 5pM. Individual IAPs extracted
from continuous recordings (Fig. 5c) illustrated that nor-
mal IAPs (126.22 + 18.84 ms repolarization time) were
prolonged to 242.36 + 181.64 ms at 5 pM E-4031. Further
analyses revealed a significant, concentration-dependent
increase in repolarization time and marked prolongation of
APD50 and APD90 (Fig. 5d, e), confirming the successful
construction of the in vitro LQTS model.

Next, different concentrations of arbutin were used to
treat the LQTS model (Fig. 5f). With increasing con-
centrations of arbutin, repolarization times were pro-
gressively restored. Visualization of individual IAPs, as
shown in Fig. 5g, revealed that the repolarization time of
IAPs in normal cells was 116.56 + 20.37 ms, while the
LQTS model showed a significantly prolonged repolar-
ization time of 316.07 £ 155.64 ms. After treatment with
100 mM arbutin, the repolarization time was significantly
reduced to 12858 +22.12ms, showing no statistically
significant difference from the repolarization time
observed in normal cardiomyocytes (p > 0.05). Statistical
analysis (Fig. 5h, i) further confirmed these findings,
demonstrating that the normalized repolarization time in
the LQTS model (2.41 + 0.63) was significantly reduced to
1.32 +0.19 after 100 mM arbutin treatment. Furthermore,
the values of APD30, APD50, and APD90 (1.02 +0.21,
1.11+0.16, and 1.20 + 0.14, respectively) were also sig-
nificantly decreased, with no statistically significant dif-
ferences compared to the normal cardiomyocytes
(p>0.05). These data suggested that arbutin effectively
shortened the repolarization time and the duration of
action potentials in cardiomyocytes within the LQTS
model, thereby mitigating the LQTS. In summary, these
results demonstrated that PECB provided a valuable
platform for rapidly screening bitter substances as
potential cardiac drugs, illustrating its utility in pharma-
cological evaluations.

Planar-electroporated cell biosensor for exploring
mechanisms of ectopic bitter receptors

The potential of arbutin to treat LQTS was investigated
by modulating IAPs repolarization time and duration
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through the activation of ectopically expressed bitter
receptors on HL-1 cardiomyocytes. However, the specific
mechanism by which these ectopically expressed bitter
receptors regulate the membrane ion channels remains
unclear. The Na*, KT, and Ca?" channels located on the
cardiomyocyte membrane are primarily involved in the
depolarization and repolarization processes of cardiac
electrophysiology. Using the designed PECB, we explored
the potential mechanisms of ectopic bitter receptors with
arbutin. The results in Fig. 5 demonstrated that arbutin
significantly shortened the repolarization time of cardio-
myocytes, a process primarily regulated by Ca* ions.
Consequently, it is hypothesized that the activation of
bitter receptors by arbutin may influence Ca* ions
dynamics, thereby leading to a reduced repolarization
time in cardiomyocytes. To address this, we employed a
Ca”"-sensitive light-addressable potentiometric sensor
(LAPS) to detect the extracellular fluid Ca®>" concentra-
tion of HL-1 cardiomyocytes. The LAPS is a field-effect
semiconductor biosensor which features a doped silicon
substrate with an insulating SiO, layer coated by a
calcium-ion-sensitive membrane (Supplementary
Method S8, Fig. S13). The changes in extracellular Ca*"
concentration shift the photocurrent—bias voltage (I-V)
curve through surface potential alterations (Fig. 6a).
Indeed, Fig. 6b illustrates the I-V characteristic curves of
the extracellular fluid in cardiomyocytes under different
concentrations of arbutin. The localized magnified view
highlighted the region with the greatest gradient on the
I-V curve, which showed a gradual rightward shift of the
I-V curves with increasing arbutin concentrations, sug-
gesting a corresponding reduction in extracellular Ca*
concentration. Further statistical analysis of photocurrent
changes revealed a significant increase from
5277 +31.79nA at 10mM to 280.40+32.79nA at
100 mM (Fig. 6c¢), confirming that arbutin significantly
reduces extracellular Ca®* concentration, indicating the
influx of Ca® ions. These LAPS results provide ionic-level
validation of the electrophysiological changes detected by
the PECB and support the proposed mechanism that
arbutin modulates cardiac repolarization via bitter
receptor—mediated Ca* signaling.

Although not definitively validated, some studies also
suggested that bitter receptors may activate protein kinase
C (PKC), thereby influencing the Ca*" signaling®’*®. We
further hypothesized a potential transduction pathway,
GPy-PLCPB2-PIP2-DAG-PKC, which affected Ca*" chan-
nels (Fig. 6d). To further validate this pathway, the PECB
was utilized with Bisindolylmaleimide I (Bisi), a PKC
inhibitor, to inhibit PKC signaling. By examining the IAPs
of control, 100mM arbutin treatment, and 100 mM
arbutin with 5 pM Bisi treatment, we observed that inhi-
bition of PKC counteracted the arbutin-induced short-
ening of the repolarization time (Fig. 6e). Statistical
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Fig. 6 Exploring mechanisms of ectopic bitter receptors by LAPS and PECB. a Principle of Ca>* ion detection by the calcium-ion-sensitive light-
addressable potentiometric sensor (LAPS). A silicone-rubber ion-sensitive membrane modified on the surface of the SiO, insulator layer is used as the
Ca’™-sensitive material. A direct current (DC) bias applied to the reference electrode (RE) establishes a depletion region at the insulator interface.
Selective binding of Ca® to the membrane induces a change in surface potential, thereby modulating the charge state at the insulator surface.
Focused laser illumination generates photogenerated carriers within the insulator substrate, producing a measurable photocurrent. Variations in
extracellular Ca®™ concentrations result in shifts of the photocurrent-voltage (I-V) characteristics. By recording these photocurrent shifts,
quantification of the Ca®™ concentration can be achieved. b The average of photocurrent—bias voltage (I — V) curves of the calcium-ion-sensitive
LAPS with the different concentrations of arbutin (n = 3). ¢ Photocurrent statistics results of treatment with different concentrations of arbutin (n = 3).
d Hypothesized a potential transduction pathway, GRy-PLCB2-PIP2-DAG-PKC-Ca>™ channel. e The average of single IAPs before and after PKC
channel inhibition with Bisi treatment under 100 mM arbutin (n = 10). f The statistical analysis of repolarization time was derived from recorded |APs
using PECB, with and without PKC channel inhibition (n = 10). g The statistical analysis of APD30 derived from recorded IAPs using PECB, with and
without PKC channel inhibition (n = 10)

analysis further indicated that Bisi could inhibit the
reduction in repolarization time and APD30 caused by the
bitter substance arbutin, with no significant differences
compared to the control (Fig. 6f, g). These findings col-
lectively supported the hypothesis that arbutin might
activate PKC, thereby affecting Ca®" to shorten the
repolarization time and duration of IAPs. This validation
effectively demonstrated that using the PECB could
measure and analyze these electrophysiological changes in
cardiomyocytes, which would provide a potential appli-
cation for exploring the signaling mechanisms of ectopi-
cally expressed bitter receptors in cardiomyocytes.

Discussion

Ectopic expression of bitter receptors has been impli-
cated in diverse physiological processes, including cardiac
function®’. Although the precise role of bitter receptors in
the heart is not yet fully understood, existing evidence
suggests that they may contribute to the regulation of
cardiac electrophysiology and contractility'>**. Thus,
these receptors hold significant potential as novel ther-
apeutic targets for cardiac pharmacotherapy. However,
there is a notable deficiency in methodologies for rapid
and effective evaluation of the therapeutic potential of
cardiac ectopic bitter receptors. To address this, we have
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developed the PECB, an easy-to-fabricate and high-
throughput platform for the recording of IAPs in cardi-
omyocytes. The PECB integrates PtNPs on planar elec-
trodes to form a nanogranular structure, which is
straightforward to fabricate yet effectively reduces impe-
dance and enhances electroporation efficiency (Fig. 2c,
i-1), thereby enabling high SNR IAPs recordings. Notably,
the platform has 64 channels and achieved stable IAPs
recording over 10 cycles per channel without compro-
mising cell viability (Fig. 3c—e, Figs. S7-S8). These
showcase the high-throughput, reproducible, and stable
features of the PECB.

The PECB facilitated the detailed characterization of
intracellular ion alterations resulting from ectopic activa-
tion of bitter receptors, thereby enabling the evaluation of
their therapeutic potential as drug targets in cardiomyo-
cytes and the investigation of their underlying mechanisms.
Arbutin was found to significantly enhance prolonged
repolarization times and restore normal action potential
duration in IAPs of cardiomyocytes, demonstrating its
therapeutic potential for treating arrhythmias. As a proof of
concept, the PECB was employed to construct an in vitro
LQTS model to evaluate the therapeutic potential of
arbutin, and arbutin successfully alleviated symptoms of
LQTS. Furthermore, we proposed a potential mechanism
for the treatment of LQTS with arbutin, involving the
regulation of Ca® influx. Specifically, arbutin may activate
PKC signaling to modulate Ca** influx, thereby reducing
the repolarization time of HL-1 cardiomyocytes. This
hypothesis was further validated by recording IAPs using
the PECB while inhibiting PKC signaling, consistent with
findings from previous studies®”*®,

Utilizing the PECB platform, the impacts of another two
bitter substances (diphenidol and denatonium benzoate)
on electrophysiological activity in HL-1 cardiomyocytes
were also explored. Diphenidol has been reported to
depress the action potentials amplitude and decrease the
spontaneous firing rates of cardiomyocytes, exhibiting anti-
arrhythmic properties®”°. Diphenidol was found to pro-
long action potential durations (APD30, APD50, and
APD90), reduce IAP amplitudes, and decrease firing rates
(Fig. 4d—f), suggesting its potential application in arrhyth-
mia regulation. Furthermore, research has demonstrated
that low-dose, short-term treatment with denatonium
benzoate led to a reduction in the expression of apoptosis
and autophagy-related genes, suggesting its therapeutic
potential for cardiac protection®”. Denatonium benzoate
also appears to have the capacity to regulate arrhythmias, as
it significantly prolonged depolarization time and the
action potential duration while reducing action potential
amplitudes and spontaneous firing rates in HL-1 cardio-
myocytes (Fig. 4g—i), consistent with a previous study”".

Compared with nanofabrication-based sensors, such as
nanopillar, nanobranch, and nanotrap electrode arrays

Page 14 of 16

(Table S2), the PECB was fabricated using standard
microfabrication and electrochemical modification tech-
niques, which allow for higher-throughput recording of
IAPs. Furthermore, the electroporation approach
employed by the PECB for IAPs recording presents a
more straightforward approach than optoporation',
requiring only the application of electrical stimulation.
When compared to sensors specifically designed for bitter
receptor studies (Table S2), the PECB (30 seconds) had a
faster response time than most existing sensors®"*’, such
as electric cell-substrate impedance sensing systems
(40 minutes) and multi-microelectrode arrays (up to
24 hours). Moreover, the PECB enabled the recording of
IAPs with higher amplitude and higher SNR, which pro-
vided richer details of action potentials, facilitating a
deeper exploration of the effects of bitter substances.
These findings suggest that PECB provides a simple, easy-
to-fabricate, and high-throughput platform for IAPs
recordings with more applications for exploring the
therapeutic potential of ectopic bitter receptors. However,
unlike three-dimensional nanostructured devices, which
provide uniform electric fields for electroporation, planar
electrodes generate exponentially decaying electric
fields*'. This limitation leads to diminished electropora-
tion efficiency and reduced duration for recording IAPs.
Future advancements in our platform could be achieved
by integrating three-dimensional microscale and nanos-
cale electrode designs to enhance intracellular resolution.
On the other hand, the HL-1 cardiomyocyte cell line
provides a stable and reproducible model for investigating
the effects of ectopically expressed bitter receptors on
cardiomyocytes. However, it does not fully replicate the
electrophysiological behavior of human cardiomyocytes.
Future studies will employ human-induced pluripotent
stem cell-derived cardiomyocytes (hiPSC-CMs) to vali-
date the findings in more clinically relevant conditions*”.
Although this study underscores the potential signaling
pathways and therapeutic implications involving ectopic
bitter receptors, further investigation employing mole-
cular biology techniques and patch-clamp analysis is
necessary to confirm the exact mechanisms*?.

Conclusion

In this study, we developed a PECB to investigate the
therapeutic potential of ectopic bitter receptors in cardi-
omyocytes. The PECB facilitates a straightforward, effi-
cient, and high-throughput recording of IAPs in
cardiomyocytes while maintaining excellent biocompat-
ibility. Utilizing this platform, we examined the potential
therapeutic effects of three bitter substances (diphenidol,
denatonium benzoate, and arbutin) and found that
arbutin effectively alleviated the LQTS. This therapeutic
effect may be due to arbutin’s activation of bitter recep-
tors, which modulates Ca* dynamics and potentially
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reduces cardiomyocyte repolarization time. The PECB
may provide a new tool for heart disease drug screening.
However, the exponentially decaying electric fields of
planar electrodes limit electroporation efficiency, and HL-
1 cells do not fully mimic human cardiomyocytes. This
highlights the necessity for future enhancements, such as
integrating three-dimensional micro-nanoscale electro-
des, the use of hiPSC-CMs, and the implementation of
molecular-level validations.
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