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Abstract—In this paper, we present an equivalent circuit model
that integrates a living myocardial slice (LMS) cultured on a
microelectrode array (MEA) to effectively simulates a heart-
on-a-chip (HoC) within Electronic Design Automation (EDA)
software. The cardiac fiber model consists of cardiomyocytes
interconnected by gap junctions to simulate the action potential
(AP) conduction in the longitudinal direction. We systematically
explored several parameters, including gap junction resistors,
seal resistors, and electrode diameters, to assess their effects on
local field potential (LFP). The model accuracy was validated
through in vitro experiments using mouse LMS, confirming its
potential for guiding HoC design in cardiac research.

Index Terms—heart-on-a-chip (HoC), microelectrode array
(MEA), action potential (AP), local field potential (LFP), Verilog-
A model, living myocardial slice (LMS).

I. INTRODUCTION

In recent years, the heart-on-a-chip (HoC) platform, as
depicted in Fig. 1, has emerged as a promising technology
for drug screening and disease modeling applications [1]. To
measure electrical signals of the in vitro cardiomyocytes, the
CMOS-based microelectrode array (MEA) is a widespread
tool with highlights of high throughput, free label, and high
frame rate, compared with traditional commercial electrophys-
iology tools such as patch clamp and fluorescence imaging [2].

To design a HoC platform for investigating heart arrhyth-
mias, several research groups have introduced the circuit
models of cardiomyocyte membrane, utilizing data from patch
clamp experiments [3], [4]. However, heart arrthythmias are
not only associated with abnormal action potential (AP) but
also disorders of AP conduction. Some researchers have
investigated the model of cardiac fibers by positioning a gap
junction between adjacent cardiomyocytes [5], [6]. Still, living
myocardial slice (LMS) experiments were missing to validate
their models. Moreover, there is an unmet need to simulate
the biological behaviors of LMS together with MEA within
electronic design automation (EDA) software [7], as the model
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Fig. 1: The conceptual diagram of heart-on-a-chip (HoC) and
simplified equivalent circuit model of cardiomyocyte mem-
brane.

can provide valuable instructions to design an MEA with
proper specifications and predict the chip performance before
costly and time-consuming fabrications.

To overcome the above-mentioned challenges, this paper
proposes an integrated circuit model of one-dimensional (1-D)
human cardiac fiber cultured on an MEA. The computationally
efficient mathematical electrophysiological model of a single
ventricular cell [3] in Fig. 1 was implemented with Verilog-A
model with two terminals, intracellular (InC) and extracellular
(ExC), and the gap junction was modeled as one resistor to
simulate the APs conduction between adjacent cardiomyocytes
[5], [6]. The electrode-tissue interface (ETI) model bridges
the gap between cardiomyocytes and AC-coupled recording
systems. The local field potentials (LFPs) were simulated with
this equivalent circuit model of HoC in Cadence. Moreover,
we conducted in vitro experiments with mouse LMS [8], [9]
for model verification. The flexible MEA with 64 electrodes
was fabricated to increase the seal resistor by improving the
contact between contracting LMS and electrodes, enhancing
the signal-to-noise ratio (SNR).

In Section II, the Verilog-A model of the cardiomyocyte
membrane is introduced, and the equivalent circuit model of
1-D cardiac fiber cultured on an MEA is shown in Section
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III. In Section IV, the in vitro mouse LMS test results are
described, followed by a conclusion in Section V.

II. MODEL OF CARDIOMYOCYTE MEMBRANE

The cardiomyocyte membrane can be effectively modeled as
a cell membrane capacitor, Cy,, in parallel with a time-varying
resistor, Ry,, which represents the average effect of voltage-
gated ion channels, as depicted in Fig. 1. The equilibrium
potential of ion distributions inside and outside the cell is
modeled as the DC voltage potential E,,. To implement this
concept, we have translated the voltage-current mathematical
relations of cell membrane into a Verilog-A model with two
terminals, InC and ExC, so it can be used as one electrical
component to be seamlessly simulated together with an MEA
in Electronic design automation (EDA) software Cadence.

The InC APs can be simulated with a piece of the cell
membrane under the current clamp condition, as shown in
Fig. 1. The pulsed stimulation current source (CS) flows from
ExC to InC to depolarize the cell membrane and trigger APs,
and the stimulation threshold should be reached to excite the
cells with programmable current pulse amplitude (PA) and
pulse width (PW). The results with a cell membrane area of
1000 um? are shown in Fig. 2(a). The rhythm of generated
APs corresponds directly with the CS frequency of 1 Hz with
an action potential duration APDgy of approximately 356 ms.

The voltage clamp simulations were also performed to
investigate the cell membrane property further, and the voltage
source (VS) was connected with InC and ExC terminals of
the cell membrane. The cell membrane potential was biased
at its resting membrane potential (RMP) of —90.1 mV, and
increased to —40mV and —20mV with the interval of 2s
respectively. The rising time T, and falling time T¢ are both
1 ms. The simulated results of cell membrane current I, is
shown in Fig. 2(b).

Due to the varying convergence accuracy of different com-
putation simulators, the values of RMP and APDy in this
paper are slightly different from those reported in [3].

ITI. MODEL OF CARDIAC FIBER CULTURED ON
MEA

The 1-D cardiac fiber was modeled with cardiomyocytes
and interconnected gap junctions, as shown in Fig. 3(a). As
spontaneous APs are not inherent in EDA software, the APs
are triggered by a CS applied to an additional cell connected in
series to the first cell of the fiber [5], which is the source in Fig.
3(a). Fig. 3(b) illustrates the equivalent circuit model of 1-D
cardiac fiber with 2 cells cultured on the MEA as an example.
To simplify our model, we overlook the AP conduction within
one individual cardiomyocyte. The gap junction was simplified
as one resistor R, without sacrificing the main functionality
of AP conduction in [6]. Here, the left half part of the cell
membrane interfaces with the cell culture solution, and it
is grounded via a silver/silver chloride (Ag/AgCl) electrode.
While the resting half-cell membrane in contact with the
microelectrode (ME) is depicted as the right part of the model.
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Fig. 2: Simulations of cardiomyocyte membrane (a) in current
clamp condition and (b) in voltage clamp condition.

In this paper, the cylindrical human ventricular cell is assumed
to have a diameter of 20pum and a length of 100 pm [10].

In Fig. 3, R, represents the seal resistor describing how
tightly the LMS is attached to the ME. For LMS measurement,
the average distance between LMS and ME was assumed in
the order from 0.1pm to 10um smaller than a single cell
diameter [2], because the LMS can not be attached to ME as
closely as in the case of cell culture when cells are grown on
MEA. Consequently, Ry was estimated to be from 50k} to
5MSQ with equation reported in [7], [11], [12].

Transitioning from biological networks to electrical compo-
nents, we incorporate an ETI model [13]-[15] which encom-
passes a double layer capacitor (Cgq)) in parallel with a Faraday
resistor (Rg), and the electrode DC offset (Vpc) in series with
them. With respect of electrode material and area, we estimate
Ca and R are in the range from 1nF to 100nF and 1 MS)
to 10 k<2 respectively.

The LFP signals are captured by an AC-coupled amplifier
with bandwidth from 0.5 Hz to 400 Hz [16], which effectively
filters out Vpc. The Cj, was 10 pF to meet the input impedance
specification, while the Cg, was 50 fF to achieve the gain of
200. The high pass corner of 0.5 Hz was created by the Cg
and Ry, of 6.4 TQ2 made of pseudo resistor [17].

In the simulation results with different gap junction resistors
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Fig. 3: The 1-D cardiac fiber connection in (a) and (b) the equivalent circuit model of it with 2 cells
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Fig. 4: The simulated InC AP1 and its interconnected cell
response InC AP2 with different gap junction resistor (Ry).
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Fig. 5: The simulated Vyg and input-referred LFP with
different electrode diameter (Dyg).

from 0.1 M2 to 10 M2 [5], [6] presented in Fig. 4, the black
color represents the InC AP1 signal of cell 1 in Fig. 3, which
conducts to its interconnected cell 2 via a gap junction, and
the response InC AP2 of cell 2 is as shown in 5 other colored
APs. The AP conduction speed is decreased with a higher gap
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Fig. 6: The simulated Vyg and input-referred LFP with
different gap junction resistor (Ry).

junction resistor.

The relations of ME voltage (Vug) and input-referred (IR)
LFP (which is LFP divided by the amplifier gain) with the
circular electrode diameter (Dyg) were investigated in Fig. 5.
Their amplitude decreases but duration increases with a larger
ME because it captures the average signal from more cells, and
each cell signal with its own conduction delay. In Fig. 6, the
influence of the gap junction resistor on Vyg and IR LFP is
shown, when Dyg is 200 um. The signal amplitude increases
with the smaller Ry, which relates to the higher conduction
speed of APs. Additionally, the effect of seal resistor was also
explored, Vg and IR LFP amplitude increases dramatically
with higher seal resistor as illustrated in Fig. 7. Thus, ensuring
close contact between LMS and MEs is crucial for LFP
recording with a high seal resistor.

IV. EXPERIMENTAL RESULTS

To validate our model concept, we conducted in vitro
experiments using mouse ventricular LMS because of their
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Fig. 7. The simulated Vyg and input-referred LFP with
different seal resistor (Ry).

Solution

Fig. 8: The experiment setup for in vitro LMS measurements.

similarity to mimic human LMS and cost effectiveness [18]—
[20]. The experiment setup, along with the LMS, is shown in
Fig. 8. In the setup, we use the Ag/AgCl electrode to bias the
cell culture solution at ground value and the LMS is cultured
on MEA at the bottom of the chamber.

For LFPs recording, we use a commercial application-
specific integrated circuit (ASIC) chip (RHD2164, Intan Tech-
nologies) to amplify and digitize the signals. It has 64 channels
of AC-coupled recording amplifiers with a gain of 192, and
a 16-bit successive approximation register (SAR) analog-to-
digital converter (ADC) is shared by 64 channels with a time-
multiplexer (MUX). The system architecture is shown in Fig.
9(a). The 64-pixel planar circle MEs were fabricated using
gold material, and each pixel features a pitch of 950 um with
a diameter of 250 pm and its image is shown in Fig. 9(b).
Additionally, the 2 large reference MEs at the boundary of
the MEA could be used for bipolar or differential recording
to minimize the common mode environmental interference,
such as 50/60 Hz noise. Fig. 9(c) shows the impedance
measurements of 64 MEs at 100 Hz in the cell culture solution.

The measured LFPs are shown in Fig. 10 over a time period
of 20s. The 4 detailed LFP signals exhibit a duration of
approximate 10 ms, closely aligning with the simulation results
in Fig.7. However, the slight amplitude discrepancies could be
attributed to different cardiomyocyte size of mouse and human,
and some estimation errors of the cell-to-electrode distance
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Fig. 9: The circuit diagram of 64-channel LFPs recording
system with flexible MEA in (a) and (b), and the histogram
of impedance measurements of 64 MEs in (c).
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Fig. 10: The measured input-referred LFPs of mouse LMS.

due to LMS contraction and surface overlap coefficient in case
a small portion of ME covered by cardiomyocytes [11], [12].

V. CONCLUSION

This paper presents an equivalent circuit model of a 1-D
human cardiac fiber cultured on MEA within the commercial
chip design software Cadence, it includes the cardiomyocytes,
gap junctions, ETI, and AC-coupled LFP readout systems.
This model can be extended to other EDA software platforms
like PSPICE, HSPICE, and ELDO, etc. The experiment results
with mouse LMS validate the accuracy and validity of the
proposed model.
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