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ARTICLE INFO ABSTRACT

Keywords: Intracellular action potential signals reveal enriched physiological information. Patch clamp techniques have
Intracellular action potential recording been widely used to measure intracellular potential. Despite their high signal fidelity, they suffer from low
Cardiomyocytes throughput. Recently, 3D nanoelectrodes have been developed for intracellular potential recording. However,
CMOS

they are limited by scalability, yield, and cost, directly constraining their use in monitoring large number of cells
and high throughput applications. In this paper, we demonstrate intracellular potential monitoring of cardio-
myocytes using simple 2D planar electrode array in a standard CMOS process without patch clamps or post
fabricated 3D nanoelectrodes. This is enabled by our unique cardiomyocytes/fibroblasts co-culturing technique
and electroporation. The co-cultured fibroblasts promote tight sealing of cardiomyocytes on electrodes and
enable high-fidelity intracellular potential monitoring based on 2D planar electrode. Compared to existing
technologies, our platform has a unique potential to achieve an unprecedented combination of throughput,

Multimodality sensor array
Cellular impedance sensing
Drug screening

spatiotemporal resolution, and a tissue-level field-of-view for cellular electrophysiology monitoring.

1. Introduction

Intracellular electrochemical monitoring reveals enriched physio-
logical information which has propelled major scientific progress in
electrophysiology and many biotechnologies. In particular, the in-
tracellular recordings of cardiomyocytes and neurons show a full am-
plitude and shape of the action potential and disclose enriched in-
formation on the activity of ion channels. Patch clamp techniques have
been widely used to measure transmembrane potential by directly in-
serting a glass micropipette into the cell (Sakmann and Neher, 1984,
2009). With its high signal-to-noise ratio (SNR), temporal resolution,
and signal fidelity, patch clamp measurements are often considered as
the golden standard for intracellular action potential recording. How-
ever, due to their large form-factor, patch clamps suffer from limited
throughput and poor scalability to massively paralleled monitoring. For
example, it is difficult to employ many patch clamps concurrently on
the same cell aggregates or tissues to capture the cellular network be-
haviour. Furthermore, due to their intrinsic invasiveness, patch clamps
may affect the intracellular fluid balance and pose challenges for long-
term intracellular monitoring.

Recently, a variety of vertical 3-dimensional (3D) nanoelectrode
arrays have been demonstrated with the ability to measure intracellular
potentials of in vitro cultured cardiomyocytes and neurons to improve
spatial resolution and throughput over patch clamp techniques (Lin
et al., 2014; Xie et al., 2012; Dipalo et al., 2017; Duan et al., 2012; Tian
et al., 2010; Hai et al., 2010; Spira et al., 2013; Abbott et al., 2017;
Shalek et al., 2010; Robinson et al., 2012). The cell-to-electrode inter-
face conditions, often modelled as an interface junctional membrane
impedance and a surrounding sealing resistance, are critical for in-
tracellular potential recording (Spira et al., 2013; Asphahani et al.,
2007). The 3D nanoelectrodes promote spontaneous membrane pora-
tions caused by very thin and extremely sharp nanostructures, e.g., a
nanowire with the diameter of 150nm and the height of 3um
(Robinson et al., 2012). Thus, the nanoelectrodes can be engulfed by
cells, which disrupts cell membranes and enables intracellular potential
measurements. So far, most research efforts focus on improving these
cell-to-electrode interfaces, essentially, lowering the junctional mem-
brane impedance and increasing the surrounding sealing resistance.
Thus, various 3D nanoelectrode structures including nanotubes (Lin
et al, 2014), nanopillars (Xie et al.,, 2012), mushroom-shaped
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electrodes (Hai et al., 2010), and nanowires (Abbott et al., 2017; Shalek
et al., 2010; Robinson et al., 2012) have been developed to improve
cell-to-electrode interface.

Recently, field effect transistor (FET) coupled 3D vertical nanoe-
lectrodes (Duan et al., 2012; Tian et al., 2010) have been explored to
further improve the signal-to-noise ratio and to realize multiplexing
operations for addressability. 3D vertical nanoelectrodes are post-fab-
ricated on 2D microelectrode arrays implemented in standard CMOS
processes, in order to achieve close-in and low-noise readout by uti-
lizing the underlying CMOS analog/digital circuitry (Abbott et al.,
2017). However, 3D vertical nanoelectrodes require highly involved
and often low-yield fabrication steps, resulting in substantial post-fab-
rication investment on CMOS microelectrode array (MEA) chips. In
particular, a high-yield post fabrication of 3D vertical nanoelectrodes
on high density CMOS MEA array (> 10,000 electrodes and electrodes
size < 10um X 10um) is especially difficult. Moreover, junctional
membrane impedance reduction with 3D vertical nanoelectrodes is
often limited, necessitating an additional electroporation/optoporation
techniques. In addition, since metal-coated 3D vertical nanoelectrodes
present excessively small surface areas, the electrode-electrolyte inter-
face impedance is often very high, e.g., =100 GQ at 1Hz (Abbott et al.,
2017), causing significant signal-to-noise ratio degradation in recording
and undesired faradaic reaction by the electrical pulses in electro-
poration. For successful intracellular potential recordings, cells should
tightly engulf sharp 3D vertical nanoelectrodes with stable inter-
nalization, and this stringent cell-to-nanoelectrode interface require-
ment makes cell culturing/patterning, surface treatment, and long-term
recording challenging. Also, the 3D vertical nanoelectrodes intrinsically
disrupt and reshape cell membranes, which may affect natural cell
culture, growth, and proliferation.

To address these challenges, we demonstrate intracellular potential
recording of cardiomyocytes using simple 2D planar electrode array in
standard CMOS without any patch clamp or post fabrication of 3D
nanoelectrode. This is enabled by our unique cardiomyocytes/fibro-
blasts co-culturing technique and cellular electroporation. The mixed
co-culture with cardiac fibroblasts makes the cardiomyocytes to spread
out on the chip surface and draws cardiomyocytes substantially closer
to the electrodes, which significantly increases the sealing resistance. A
local electrical pulse can be efficiently delivered to cells due to this tight
cell sealing of electrode and successfully creates membrane poration
with a low electrical pulse amplitude X duration threshold. This
membrane poration drastically reduces the junctional membrane im-
pedance, creates electrical access into cells, and enables high fidelity
intracellular potential recording (Asphahani et al., 2007; Truskey et al.,
1992).

In this paper, we first demonstrate the enhanced sealing resistance
of cardiomyocytes with the increased fibroblast co-culture contents,
proving that fibroblast co-culturing indeed promotes tight adhesion of
cardiomyocytes on electrodes and results in high sealing resistance.
Then, we characterize the membrane electroporation behaviours of
cardiomyocytes for different electrical pulse conditions on the mixed
co-cultures. Next, we present the recorded intracellular potential sig-
nals of two major types of cardiac cells: ventricular myocytes and in-
duced pacemaker cells, both with high signal fidelity and accuracy. The
recorded intracellular potential signals are further verified by admin-
istrations of various antiarrhythmic drugs, including lidocaine and
verapamil. Compared to 3D nanoelectrodes and patch clamp techni-
ques, the proposed intracellular potential recording scheme uses simple
CMOS 2D microelectrode array without any complex post fabrication.
Benefiting from standard CMOS processes, our technology has the po-
tential to achieve following unique advantages: (i) high-density elec-
trodes with cellular to sub-cellular resolution yet fully scalable to
massively large array for tissue-level monitoring, (ii) individual ad-
dressability of each electrode, (iii) parallel recording of hundreds to
thousands of electrodes, (iv) high yield and cost efficiency, and (v)
using built-in underlying CMOS analog/digital circuits for low-noise on-
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chip signal processing and computation. With these advantages, our
technology may pave the way toward fully-automated high-throughput
cost-effective cell-based assay platform for drug screening and early
stage drug development, as well as accelerating numerous experimental
processes in biology and biotechnology research.

2. Materials and methods

2.1. The fully packaged CMOS quad-modal sensor/stimulator cellular
interfacing array

The sensor array chip is implemented in a standard 130 nm CMOS
process with a chip size of 2mm X 3 mm and the sensing/stimulation
area of 1.85mm X 1.85 mm. The chip contains 1024 quad-modal
pixels with an individual pixel size of 58um X 58 pym. Each quad-modal
pixel supports intra/extra-cellular potential recording, complex cellular
impedance measurement, optical recording, and biphasic current sti-
mulation. For biocompatible interface, CMOS foundry default alumi-
nium electrodes are modified to gold by following an in-house electro-
less gold plating process. The chip is mounted on a printed circuit board
(PCB) and on-board packaged with biocompatible materials including
medical epoxy, gold bond wires, and Polydimethylsiloxane (PDMS).
The operation details of the CMOS chip, the electrode modification, and
the biocompatible packaging are explained in the paper (Park et al.,
2016, 2018a).

2.2. Neonatal rat ventricular myocytes and fibroblasts isolation

Neonatal rat ventricular myocytes (NRVMs) and cardiac fibroblast
were enzymatically isolated from 1 to 2 days old neonatal rat pups and
cultured as monolayers as previously described (Kapoor et al., 2011,
2013). NVRMs were transduced with an Ad-GFP vector (MOI of 1) for
2h at RT in suspension. Similarly, induced pacemaker (iPM) cells were
created via transduction of NRVMs with Ad-CMV-TBX18-IRES-
ZsGReenl (MOI = 1) 2h at RT in suspension. Both NRVMs and iPM
cells are fluorescent under fluorescent microscope.

2.3. The mixed spheroids formation with different contents of fibroblasts

Following transduction in suspension, cells were spun down and
washed once with Dulbecco's Phosphate-Buffered Saline (DPBS). After
washing, spheroids were formed using AggreWell™ (STEMCELL,
Vancouver, Canada) as previously described (Kapoor et al., 2011,
2013). Cells were seeded to create spheroids of approximately
1000 cells/sphere. For spheroids with higher percentages of cardiac
fibroblasts, the same number of cells per spheroids was maintained at
1000 cells/sphere, with reduced number of NRVMs/iPM cells to ac-
commodate the increased contents of the fibroblasts. The mixing ratio
and/or the fibroblast contest is defined as N (fibroblasts)/{N (fibro-
blasts) + N (cardiomyocytes)} X 100% where N () indicates the
number of specific cells. Experiments with murine subjects were per-
formed in compliance with the relevant laws and institutional guide-
lines and were approved by the IACUC of Emory University.

2.4. The on-chip cell transfer and cell culture

The packaged chip is washed with 70% ethanol and DPBS for 3
times. Fibronectin is coated to the surface of chip at a concentration of
50ug/mL and allowed to bind for 2h at 37 °C. Just before addition of
cells, fibronectin is removed and 500uL of 10% NRVM media is added
in a dome shape onto the chip. Three days post spheroid formation,
spheroids are displaced from individual AggreWell™ and filtered with
40 um cell strainers (Corning, NY) to remove single cells. The spheroids
are concentrated into 1.5 mL Eppendorf tubes and allowed to sink to the
bottom. The concentrated spheroid pellets are carefully pipetted onto
the chip surface under a stereoscope to visualize localization of
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spheroids. The chip is unmoved for 30 min to allow spheroids to stick
onto surface before they are moved into incubator for overnight at-
tachment. The culture medium is refreshed per 2 days.

2.5. The measurement setup and electrophysiology recording

The cell-loaded packaged PCB module is completely covered by a
custom designed Faraday metal cage for electromagnetic shielding and
D type battery is used for power supply to remove 60Hz noise. The chip
is configured through a digital serial-to-parallel interface at a clock
frequency of 2 MHz and the chip output data is acquired and stored in
personal computer memory by FPGA (USB1616HS). The chip is pro-
grammed by LabVIEW (National Instrument) and the measured data is
processed in MATLAB (MathWorks). For electrophysiology measure-
ments, after the mixed spheroids are pipetted to the chip, we incubate
the cell-loaded packaged PCB module for 24 h to allow initial cell at-
tachment to the surface. After 24h of incubation, the impedance
measurements are performed and after 48h of incubation, potential
recordings are performed.

3. Results and discussion

3.1. Proliferation and migration of cells and the cell-electrode sealing
resistance

Cell adhesion on in vitro cultured surface is a fundamental phy-
siological process that involves changes in cell morphology and cytos-
keletal structures and regulates cell migration and tissue development
(Asphahani et al., 2007; Truskey et al., 1992; Zitzmann et al., 2017; Um
et al., 2017). Cellular adhesion, including spreading, immobilization,
attachment, migration, and proliferation, is often characterized by

electrical cellular impedance measurement using individually
A Non-Junctional 2" R
Membrane Culture

Medium

Junctional
Membrane|

C Impedance Magnitude Image

t=95 hrs

t=29 hrs t=77 hrs

D Impedance Phase Image

= B
ko o al & -4 .,A
-

t=29 hrs t=77 hrs

t=95 hrs

Biosensors and Bioelectronics 144 (2019) 111626

addressable electrode arrays. Fig. 1a shows an equivalent circuit model
of the cell-to-electrode interface impedance (Asphahani et al., 2007).
For the cellular impedance measurement, two adjacent electrodes
sealed by the cellular samples are selected: one for the driving voltage
(Vex) and the other for measuring the resultant current (Ige,s). Then,
the complex cellular impedance, as the amplitude and phase values of
the ratio of Ve /Iens, is obtained (Fig. S1). The cell-to-electrode in-
terface, including the culture medium, can be electrically modelled by
the electrode-electrolyte impedance (Z.), the junctional membrane
impedance (Z;), the solution resistance (Rsoiution), and the sealing re-
sistance (Rsea)) (Spira et al., 2013). The junctional membrane im-
pedance and the sealing resistance are of particular importance. The
junctional membrane impedance, i.e., the cell membrane impedance, is
modelled by a resistor in parallel with a capacitor (C,,). It behaves as an
electrical insulator (C,,) that hinders intracellular potential monitoring
using conventional extracellular electrodes. Thus, for intracellular po-
tential monitoring, a low junctional membrane impedance is desired,
which can be achieved by membrane poration. On the other hand, the
sealing resistance is the leakage current path resistance (I, in Fig. 1a)
due to a very thin solution layer formed between the electrode and cell
membrane, e.g., typically with a thickness of 10 nm-15nm (sealing gap
thickness in Fig. 1a) (Asphahani et al., 2007; Truskey et al., 1992). It
represents how tightly the electrodes are sealed by cells. A smaller
sealing gap results in a higher sealing resistance and tighter sealing,
which minimizes the leakage current path and is desired for both cel-
lular potential recording and electroporation. During the potential re-
cording, the ion-channel current to voltage conversion efficiency in-
creases with Rgeq, resulting in an increased signal-to-noise ratio (Spira
et al., 2013). For electroporation, with higher R, the electrical pulses
can be more efficiently delivered to the cell membranes, allowing the
use of pulses with lower voltages for improved safety. The increased
sealing resistance can be manifested as the phase of the measured
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Fig. 1. The time-lapse impedance measurement of HEK cell with CMOS quad-modal cellular interfacing chip. (A) The equivalent electrical circuit model of the
cell-to-electrode interface impedance. (B) The CMOS quad-modal cellular interfacing array chip (Park et al., 2016, 2018a; 2018b). (C and D) The time-lapse
measured HEK cell impedance (C) magnitude images and (D) phase images at 100 kHz. (E) The reference fluorescent microscope image of HEK cell.
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Fig. 2. The time-lapse measured impedance magnitude images of the mixed spheroids with different fibroblasts contents. (A, B, and C) The impedance
magnitude images of the mixed spheroids with (A) 0%, (B) 25%, and (C) 50% fibroblasts contents each with the reference fluorescent microscope images. (D, E, and
F) The reference fluorescent microscope images of the mixed spheroids with the fibroblast contents of (D) 0%, (E) 25%, and (F) 50% with the addition of Calcein AM
to visualize cardiomyocytes as well as non-myocytes cells. Note that the fluorescent microscope images can only visualize the cardiomyocytes without the addition of
Calcein AM. The Calcein AM is added at the end of the experiments and can visualize most of the eukaryotic cells. All figures share the same impedance scale bar.

complex impedance {£(Rsca//1/5Cm) = tan™' (-woRsecalCrm), Where

s = jwy and wo = angular frequency} changes 0° to —90° and at the
same time, the magnitude of the measured complex impedance
{|Rseat//1/5Cm| = Reear/V(1 + 00 Reeai*Crm)} increases.

In this section, we will present the relation between the sealing
resistance and the cell proliferation. It has been shown (Baumann et al.,
1997; Asphahani et al., 2007; Giaever et al., 1993; Huang et al., 2004;
Lehnert et al., 2003; Truskey et al., 1992) that as cells proliferate and
spread into the empty area, the sealing gap thickness between the cell
and culture surface decreases. This cellular behaviour is also observed
and verified by cellular impedance measurements using our CMOS
quad-modal cellular interfacing array chip. In this experiment, human
embryonic kidney cells (HEK-293) are cultured in vitro on the CMOS
chip surface. HEK cells cannot grow as a multilayer due to a contact
inhibition of growth (Leontieva et al., 2014; Ribatti et al., 2017). When

these cells reach 100% density, biological processes begin to inhibit
proliferation. The HEK cells are clustered in one area because they are
grown as small spheroids aggregates and then allowed to attach/spread
onto the substrate surface. The time-lapse cellular impedance mea-
surements are performed at the frequency of 100 kHz and the measured
time-lapse cellular impedance magnitude and phase are shown in
Fig. 1c and d, respectively, with the reference fluorescent microscope
images taken att = 29h and t = 118 h (Fig. 1e). The impedance images
reveal that as HEK cells proliferate and spread into empty chip area, the
sealing resistance increases. After 95h, HEK cells achieve a close con-
tact to the CMOS chip surface at the centre, shown as a large measured
impedance magnitude (Fig. 1c), and such closely contacted area ex-
pands over time due to the cell spreading and proliferation, which is
consistent with the reported results (Asphahani et al., 2007; Truskey
et al., 1992). The time-lapse phase of the cellular impedance is shown in
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Fig. 1d, revealing different but equally important information. As the
sealing resistance (Rsea1) increases, the leakage current (Is,) through the
thin cell-chip gap decreases, while the current through the cell-mem-
brane (I.e;) increases. This current is capacitively coupled into cells,
resulting in a more capacitive cellular impedance, i.e., impedance phase
approaching —90°. The time-lapse cellular impedance measurements
with both magnitude and phase (Fig. 1c and d) well match the afore-
mentioned observations, further verifying the relation between the cell
proliferation and cell-chip sealing and adhesion.

3.2. Sealing resistance of cardiomyocytes mixed co-culture with the cardiac
fibroblasts

To measure the intracellular action potential of cardiomyocytes
using only 2D electrodes, tight sealing between cells and electrodes is
critical. However, unlike HEK cells, cardiomyocytes only slightly spread
on culture surface and do not proliferate during in vitro culture, which
often results in their loose surface attachment and low sealing re-
sistance. Consequently, electroporation on in vitro cultured cardio-
myocytes typically requires high electrical pulses that exceed the safety
range of the electrodes, making 2D planar electrodes unsuitable for
intracellular potentials recording. On the other hand, in vitro cultured
cardiac fibroblasts are known to rapidly proliferate and expand on
culture surface together with secretion of gel-like enriched extracellular
matrix for surface adhesion enhancement, leading to a reduced sealing
gap thickness with a high sealing resistance (Camelliti et al., 2005).
Furthermore, cardiac fibroblasts are electrically non-excitable, do not
experience cardiac action potential process, and do not generate action
potential signals. Therefore, the following measured intracellular action
potential signals are from cardiomyocytes.

In this paper, we hypothesize that mixed co-culture of cardiac fi-
broblasts and cardiomyocytes establishes tight adhesion of the latter to
the chip surface and electrodes, which then enables high-fidelity in-
tracellular potential monitoring of cardiomyocytes by electroporation
using only 2D planar electrodes. The following experiments are per-
formed to test this hypothesis. Cardiomyocytes are uniformly mixed
with cardiac fibroblasts as mixed spheroids with average diameter of
100 um using AggreWell™. The mixed spheroids are pipetted to the fi-
bronectin coated CMOS quad-modal cellular interfacing array chip.
Based on mixed cardiomyocytes/fibroblasts spheroids with approx-
imate fibroblasts contents of 0%, 25%, and 50%, we perform time-lapse
cellular impedance measurements, shown in Fig. 2a, b, and 2c, re-
spectively. Note that a small volume of other non-myocyte cells in-
cluding endothelial cells, macrophages, and smooth muscle cells are
included in the mixed spheroids, while only cardiomyocytes are fluor-
escent without addition of Calcein AM due to the reporters added by the
viruses, revealing themselves amongst fibroblasts and the other non-
myocyte cells in the fluorescent images. Eventually, we add Calcein AM
at the end of the experiment to visualize other cell types in the final
reference fluorescent images shown in Fig. 2d, e, and 2f.

First, the measured cellular impedance magnitude images of cardi-
omyocytes spheroids with approximately 0% fibroblasts are shown in
Fig. 2a. The spheroids start to adhere to the sensor surface on day 2
(Fig. 2a) and the sealing resistance gradually increases over time and
then saturates. After day 4, we observe that non-myocyte cells pro-
liferate and migrate, which are eventually visualized by the reference
fluorescent image (Fig. 2d) with Calcein AM addition. Note that as the
measurement baseline, the culture medium impedance without any
cells is measured over 11 days with an average impedance magnitude of
0.217MQ (Fig. S2). Next, the mixed spheroids with 25% fibroblast
contents are pipetted onto the chip, and the measured impedance
magnitude images together with the reference fluorescent images over
6 days are shown in Fig. 2b. Unlike cardiomyocytes spheroids with
approximately 0% fibroblast content (Fig. 2a), most mixed spheroids
are connected together as tissues at the centre area of the chip on day 2
shown in the fluorescent image (Fig. 2b). The impedance magnitude
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image on day 2 shows that the peripheral area presents a higher im-
pedance than the centre area. This is because the fibroblasts rapidly
proliferate and migrate out to the peripheral area (Fig. S3). After day 3,
fibroblasts further proliferate, migrate out to the empty sensor area, and
achieve a full confluence, which is confirmed by the fluorescent image
with Calcein AM addition (Fig. 2e). The mixed spheroids at the centre
also expand and spread over time with higher sealing resistance than
the cardiomyocytes-only spheroids. Lastly, the mixed spheroids with
the fibroblasts content of 50% are pipetted to the chip and the mea-
sured impedance magnitude images are shown in Fig. 2c. The time-
lapse impedance magnitude images show that the fibroblasts proliferate
and migrate out to the empty peripheral area and the sealing resistance
of the peripheral area increases over time. The mixed spheroids are
connected as a tissue at the centre of the chip. The mixed spheroids with
50% fibroblast content present a higher sealing resistance than the
mixed spheroids with 0%/25% fibroblast content.

These experiments verify that the mixed spheroids with higher fi-
broblast contents establish tight sealing between cells and chip surface/
electrodes. This cellular property is then shown to enable intracellular
potential recording via electroporation using only 2D planar electrodes.
After the experiments, the cultured cells are trypsinized and washed,
and then the electrode-electrolyte interfacial impedance is then mea-
sured, whose results are close to the measured electro-electrolyte im-
pedance before seeding the cells (Fig. S2). These additional measure-
ments verify that the electrodes were electrochemically stable and
intact during the experiments and validate the cellular impedance
measurements.

3.3. Intracellular potential measurement by electroporation using 2D planar
electrodes

In this section, we will present the intracellular action potential
measurement by electroporation using only 2D electrodes on in vitro
cultured mixed cardiomyocyte/fibroblast spheroids. The fibroblasts
content is 40% in the mixed spheroids to promote tight surface affinity
attachment of cardiomyocytes. We first investigate the relationship
among three major parameters of electroporation pulses (pulse ampli-
tude, duration, and number of pulse trains), the resultant membrane
poration, and intracellular potential signals. Then, we will show the
intracellular potential signal fidelity. The measured intracellular po-
tential signals of two types of well-characterized cardiomyocytes are
presented to check the validity of the measurements and signal fidelity.

Mixed spheroids with 40% fibroblasts content are pipetted onto the
CMOS chip, which connect together and form a synchronized tissue
after day 2. Next, the electroporation and intracellular potential re-
cording are sequentially performed with the details explained as follows
(Fig. 3a). First, to electroporate the target cell membrane at a specific
location on the CMOS chip, two adjacent electrodes sealed by the tissue
are selected; one for the current excitation and the other for the re-
ference. Then, a train of electrical pulses is delivered to the selected
current excitation electrode. After the electrical pulses, the same elec-
trode selected for the current excitation is connected to the potential
recording amplifier on the CMOS chip to record the electrode's nearby
local cellular potential. During the cellular potential recording, an ad-
ditional pair of electrodes at the edge of the synchronized tissue are
selected to pace the cells. We select the two pacing electrodes with
sufficient distance from the potential recording site to minimize the
stimulation artiefacts. In summary, we first perform electroporation
using a pair of adjacent electrodes both sealed by the synchronized
tissue. After the electroporation, we monitor the local potentials at the
same location where the nanopores in the cell membrane are created. In
addition, we control the initiation of the action potentials of the syn-
chronized tissue with concurrent pacing stimulations to precisely reg-
ulate the cell's beating frequency.

The measured local potentials after electroporation with different
pulse parameters (amplitude, duration, and total number of pulses in
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Fig. 3. Characterization of the membrane electroporation behaviours of cardiomyocytes for different electrical pulse conditions. (A) The sequence of the
intracellular potential signal measurements. (B, C, and D) The measured potential signals after electrical pulses each with different (B) pulse amplitude, (C) number
of pulses, and (D) pulse duration, while the other parameters are fixed. (E) The extracted action potential durations at 50% repolarization (APDs) versus the input-
referred potential amplitudes based on 762 measured potential signals. (F) The statistical summary of the measured data in (E). The average (square) and the
standard deviation (circle) of the extracted APDsos per each intracellular potential signal amplitude interval (ranging from 0.2 mV to 2.2 mV with the step of 0.2 mV)

are summarized.

the pulse train) are shown in Fig. 3. To characterize the effect of each
pulse parameter on the electroporation of the cell membrane, we vary
one pulse parameter while the other two parameters are fixed. In
Fig. 3b, as the current pulse amplitude increases from 100 nA to 1 pA
with a fixed 30 pulses in the pulse train and 2 ms duration for each
pulse, the recorded intracellular potentials signal amplitude increases,
indicating that the junctional membrane impedance (Z;) decreases with
more nanopores created in the membrane. Similarly, as the number of
pulses or pulse duration increase, more nanopores are formed through
electroporation, and the recorded intracellular potential signal ampli-
tude increases as well (Fig. 3c and d). Thus, we identify and verify three
electrical pulse parameters that can be used to control the formation of
membrane nanopores during electroporation, which modulate the local
junctional membrane impedance and enable successful intracellular
potential recording using only 2D electrodes.

We further elaborate on the fact that low junctional membrane
impedance after electroporation is essential for reliable monitoring of
intracellular potential signals. Here, we will show the effect of the

intracellular potential signal amplitude on the fidelity of action po-
tential signal parameters. In this experiment, 762 measurement samples
of cellular potential signals are investigated with different electro-
poration pulse strength and a wide range of junctional membrane im-
pedances after electroporation. To evaluate the recorded signal fidelity,
the input-referred intracellular potential amplitude and action potential
duration at 50% repolarization (APDs,) are extracted from the 762
cellular potential measurements and summarized in Fig. 3e and f. The
results reveal that as the measured potential signal increases, the
average APDs increases and then stabilizes at around 160 ms after the
potential signal amplitudes exceed 1.4 mV. Furthermore, as the poten-
tial signal amplitude increases, the standard deviation of APDs, reduces
as well, indicating that a high signal fidelity is achieved for the cellular
signal feature extractions with the potential amplitude > 1.4 mV. For
the experiments in the following section, to ensure high signal fidelity,
we use recorded intracellular potential signals with an amplitude >
1.4mV. With our current 28um X 28 pm electrode, a local electrical
pulse could create membrane poration on multiple cells whose
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membranes are directly interfaced with the electrode and the in-
tracellular potential signals combined from multiple cells could be
measured. However, since cardiomyocytes are coupled together and
synchronized, the intracellular potential signals from multiple cells
attached to the electrode within 28um X 28 um are coherent and in-
phase combined without signal distortions. Although the intracellular
potential amplitude could potentially change with the number of cells,
the intracellular action potential shape maintains same, which shows
full cardiac action potential phases and contains essential physiological
information for drug screening.

3.4. The intracellular potential recordings of ventricular myocytes and
induced pacemaker cells with antiarrhythmic drugs administrations

The intracellular potentials of two distinct types of cardiac cells, i.e.,
ventricular myocytes and pacemaker cells, are measured to further
verify our method and the resultant signal fidelity. The idea is to ex-
amine two populations of cardiac cells that are discernible by their
unique action potential morphologies: pacemaker cells express high
funny current Iy, which allows for spontaneous and autonomous beating
(Brown et al., 1979) and low inward rectifier current Ix; (Brown and
Difrancesco, 1980), while ventricular myocytes express dependence of
voltage gated Na™ channels to depolarize (Saint et al., 1992) and high
Ix; (Wang et al., 1998) to prevent unwanted spontaneous activation
(Dhamoon and Jalife, 2005). To this end, freshly-isolated and cultured
neonatal rat ventricular myocytes (NRVMs) are employed as one of the
most extensively-characterized model of primary ventricular cardio-
myocytes (Harary and Farley, 1963). We exploit our genetically en-
gineered pacemaker cell platform, created by reprogramming NRVMs
with an embryonic single transcription factor, Tbx18 (Kapoor et al.,
2011, 2013; Hu et al., 2014). These induced pacemaker (iPM) cells
exhibit hallmarks of cardiac pacemaker cells such as HCN4 ion chan-
nels, which encodes the funny current Iy (Altomare et al., 2003). I¢
begins at phase 4 of the pacemaker action potential with a slow inward
flow of K* and Na* followed by L-type and T-type calcium currents
that dominate the potential upstroke seen in phase 0. Noting that non-
myocytes such as fibroblasts account for a significant number of myo-
cardial cells (Camelliti et al., 2005; Pinto et al., 2016) and to enhance
attachment of cardiac myocytes on the CMOS chip surface, NRVMs and
iPM cells are mixed with cardiac fibroblasts to form spheroids con-
sisting of 60% cardiomyocytes (either NRVMs or iPM cells) and 40%
fibroblasts. Fig. 4a and b shows the input-referred intracellular poten-
tial signals of NRVMs and iPM cells measured at 5 different locations,
i.e., sensor pixels, on the CMOS chip. After electroporation, in-
tracellular potentials are recorded with the concurrent cell pacing at
1Hz in order to mitigate beating rate-dependent adaptation of action
potential duration in cardiac myocytes (Ronaldson-Bouchard et al.,
2018). Note that for the following experiments, we pace cells to reg-
ulate beating rate. The measured input-referred intracellular potential
signal amplitude is greater than 1.4 mV for both NRVMs and iPM cells,
and the intracellular potential signals measured at five different sensor
pixels achieve a high signal-to-noise ratio with a pacing capture rate of
100%. Capture rate is defined as the number of synchronized beatings
upon stimulations divided by the number of stimulation pulses. Next,
the measured intracellular potentials of NRVMs and iPM cells are su-
perimposed for comparison with the average waveforms highlighted
(Fig. 4c). The recorded signals clearly show that iPM cells exhibit a
slower phase 0 upstroke velocity and a shorter action potential duration
compared to the NRVMs, which are consistent with reported results
(Kapoor et al., 2011, 2013). Fig. 4d summarizes the extracted upstroke
velocity and action potential duration at 50% repolarization (APDsq) of
iPM cells and NRVMs. The NRVMs and iPM cells are clearly distin-
guishable as two clusters based on upstroke velocity (dv/dt) and action
potential duration (APDsg), which match the distinctive cellular prop-
erties of NRVMs and iPM cells well and verify the accuracy and the
fidelity of the measured intracellular potential signals (Kapoor et al.,
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2011, 2013). We then ask how long intracellular potential monitoring
could be performed reliably. After electroporation, highly consistent
intracellular potential signals are recorded > 300 s as shown in Fig. 4e.
The measured average intracellular potential signal amplitude is 4 mV
right after electroporation, and then gradually decreased, presumably
due to the membrane resealing. Nonetheless, the shape of intracellular
action potential signal is maintained throughout the recording period.
The statistical summary (Fig. 4e) and the time overlay plot (Fig. 4f)
indicate that APDso measurements are consistent, highlighting the re-
liability of long-term measurements.

Intracellular action potentials and rhythmic contractility of cardiac
myocytes are indispensable for gauging efficacy and toxicity during
drug discovery pipeline (Aiba et al., 2005; Bedut et al., 2016; Chen
et al., 2013; Gibson et al., 2014; Hensley et al., 1997; Peng et al., 2010;
Wang et al., 2012; Zhang et al., 1999). We ask if intracellular action
potential measurements on the CMOS chip could recapitulate the pre-
dicted effects of ion channel drugs with known modes of action. Lido-
caine is a specific blocker of voltage-gated Na* channels (Sheets and
Hanck, 2003). Na* channels exhibit fast gating mechanisms and
dominate the early depolarizing phase of an action potential in ven-
tricular myocytes (Saint et al., 1992). Application of lidocaine decreases
the maximum upstroke velocity of NRVMs in a dose-dependent manner
(Fig. 5a and b). Blockade of inward Na* current with lidocaine de-
creases action potential duration at 80% repolarization (APDgg) as well
(Fig. 5a and b), in line with the known effects of lidocaine on cardiac
myocytes’ action potential upstroke velocity and duration (Josephson
et al., 1988). Plotting action potential upstroke velocities against APDgg
in a 2-dimensional plot accentuate the dose-dependent nature of Na*
channel inhibition by lidocaine (Fig. 5¢), which are routine parameters
to examine for propensity to cardiac arrhythmias. Next, we measure
intracellular potential signals of iPM cells upon application of 300 nM
verapamil (Fig. 5d). Verapamil is a class-IV antiarrhythmic and a
blocker of L-type Ca?* channels (Cranefield et al., 1974). L-type Ca%*
channels open as Na* channels become inactivated, and contribute to
prolongation of AP duration. As anticipated, APDgq and APDs, of iPM
cells became significantly reduced upon application of 300 nM ver-
apamil (Fig. 5e and f). This further verifies the fidelity of the in-
tracellular action potential measurements on our CMOS chip. Taken
together, these measurements demonstrate the high signal fidelity and
utility of our platform for high throughput drug screen at the early stage
of new drug development (Drews, 2000; Feng et al., 2009; Scannell
et al., 2012; Gintant et al., 2016; Park et al., 2016, 2018a, 2018b).

4. Conclusion

We propose and demonstrate intracellular action potential re-
cording of cardiomyocytes only using 2D planar electrode array pro-
vided by a standard low-cost CMOS process without using patch clamps
or any post-fabricated vertical 3D nanoelectrodes. We use fibroblasts
co-culturing and electroporation techniques to monitor intracellular
action potential of cardiomyocytes with high signal fidelity. For de-
monstration, we use a CMOS 1024-pixel quad-modal cellular interfa-
cing array chip that is capable of cellular impedance measurement,
intra/extra-cellular potential recording, optical recording, and stimu-
lation (Park et al., 2016, 2018a; 2018b). We observe that many in vitro
cultured cells with proliferation and migration properties such as fi-
broblasts and HEK cells exhibit remarkably tight adhesion with culture
surface/electrode, which is manifested as their high sealing impedance.
Then we propose to mix cardiomyocytes and cardiac fibroblasts as
spheroids and co-culture them to enhance the surface adhesion of
cardiomyocytes. This approach successfully achieves high-fidelity in-
tracellular potential monitoring of cardiomyocytes by electroporation
only using 2D planar electrodes. Note that our unique multi-modal
cellular interfacing chip allows us to characterize cell-to-surface adhe-
sion, perform electroporation, and record intracellular potential signals.
Our proposed techniques do not require any patch clamp or post-
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Fig. 4. Intracellular potential recording of two distinct types of cardiac cells. (A and B) The intracellular potential signals of (A) NRVMs and (B) iPM cells
measured at 5 different pixels with the concurrent cell pacing at 1Hz. (C) The overlay plot of the intracellular potential signals of NRVMs and iPM cells with the
average line highlighted. (D) The summary of the extracted APDs, and the phase 0 upstroke velocity of NRVMs and iPM cells. (E) The long-term transient in-
tracellular potential signals. (F) The time overlay plot of the intracellular potential signals of iPM cells recorded for 300s.

fabricated vertical 3D nanoelectrodes, and can be directly implemented
in highly scaled CMOS processes, e.g., 7nm CMOS, to achieve sub-
stantial pixel size reduction and array size increase in the future.
Therefore, it can be readily scaled to an ultra-high density and an ultra-
high throughput cellular sensor/actuator array with sub-cellular re-
solution, tissue level field of view, high yield, and low cost.

In this paper, we verify the relationship between cell proliferation/
migration and the cell-surface sealing resistance based on HEK cells
using a CMOS quad-modal sensor chip. The measured time-lapse im-
pedance magnitude/phase images show that as HEK cells proliferate
and migrate, the cells tightly seal the culture surface and electrodes.
Next, we uniformly mix cardiomyocytes with cardiac fibroblasts as
spheroids for different fibroblasts contents and then characterize the
proliferation and surface adherence of the mixed spheroids using time-
lapse impedance measurements. The measured impedance shows that
mixtures with high fibroblast contents exhibit high sealing resistance
and strong adherence, which enables tight attachment of cardiomyo-
cytes on electrodes and culture surface, successful electroporation, and

intracellular potential recording of cardiomyocytes only using 2D
planar electrodes with low electroporation pulse strength. Furthermore,
we characterize and identify three major electrical pulse parameters
that determine the success of electroporation. In addition, intracellular
potential signal fidelity and accuracy are verified through extensive
cell-based measurements. The intracellular potential signals of NRVMs
and iPM cardiac cells are measured based on the mixed spheroid
technique with cardiac fibroblasts, and key cellular action potential
parameters such as the action potential duration and phase 0 upstroke
velocity are extracted. The distinct cellular characteristics of NRVMs
and iPM cells are accurately captured, verifying high fidelity of the
intracellular potential signals measured by our 2D planar electrode
array. Finally, the intracellular potential signals of NRVMs and iPM
cells are measured with the administration of antiarrhythmic drugs of
lidocaine and verapamil at different concentrations. The measured in-
tracellular potential signals and the extracted cellular parameters re-
liably capture the drugs dose-dependent cellular responses, which
match well with the known drug effects and verify the use of our



J.S. Park, et al.

Biosensors and Bioelectronics 144 (2019) 111626

A B
20 20 —O0nM
—10uM
Z 15 g 15 —100M
= = Phase0 sodium
£ 10 £ channel upstroke
g g W velocity (dvidt)
-4 -
205 e
K g 05
e e
s 9 -]
£ £ 0
-05
0 2 4 6 8 10 0 100 200 300 400 500 600
Time (second) Time (ms)
D C
—0nM
12 ~ 2000M % e e onW
§ & 10pM
<10 i 70 - e 00 A 100pM
E 8 4 8 ¢ . ‘..l .
= t. f+f tr t r 1 r r 1t vt | oaal 0 TTTSmmeeeea .
= \ 1 1 7 60 J
26 | = . * L
2 | ’{ £ W "0’ ® w® .
Bl l | J g 5
g =
@ A ~
T2 40
E‘ 0 E Aada N
-_— Ay A M
‘ 30 TN
-2 '\, A ~
5 60 65 70 75 80 8 9 95
0 25 50 75 .10 125 15 17.5 20 APDg) (ms)
Time (second)
E F Zom ’
—0nM ® o
65 {— 300nM oo
2 z . b
= E X
£ < 55 .
a S ¢
o S
g < 5 82,
s aa N, % e
3 It A%
w0 W =
-
0 100 200 300 400 500 600 80 90 100 110 120
Time (ms) APDs, (ms)

Fig. 5. Intracellular potential recording with the administration of antiarrhythmic drugs. (A) The measured transient intracellular potentials of NRVMs with
lidocaine administration. (B) The overlay plots of the intracellular potentials each with lidocaine concentration of 0 nM, 10 pM, and 100 uM. (C) The summary of the
extracted phase 0 upstroke velocities (dv/dt) and ADPg, of NRVMs each with different lidocaine concentration. (D) The measured transient intracellular potentials of
iPM cells with verapamil administration. (E) The overlay plots of the intracellular potentials each with verapamil concentration of 0nM and 300 nM. (F) The
summary of the extracted APDs, and ADPg, of iPM cells each with different verapamil concentration.

platform for high throughput drug screening and new drug develop-
ment. As future work, it will be highly beneficial to further increase the
number of pixels and parallel recording/stimulation channels, as well
as the spatiotemporal resolutions (pixel pitch), for a single-cell resolu-
tion sensing/actuation. Furthermore, in order to precisely select/
monitor a target single cell, various single-cell patterning techniques
such as 3D/inkjet printings and integrin-mediated cell patterning can
be investigated on CMOS surface. Other cellular sensing modalities,
such as intracellular pH detection, may be added at the pixel level to
further expand our capabilities of cell monitoring. Machine learning
algorithm and computation hardware may be employed to facilitate
cellular or physiological feature extraction and drug-dose dependent
pattern recognition. Our mixed co-culture techniques and intracellular
potential recording method using simple 2D electrodes may be ex-
tended to other electrogenic cells such as neurons.
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