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CMOS nanoelectrode array for all-electrical
intracellular electrophysiological imaging
Jeffrey Abbott1‡, Tianyang Ye1‡, Ling Qin1, Marsela Jorgolli2†, Rona S. Gertner3, Donhee Ham1*
and Hongkun Park2,3,4*
Developing a new tool capable of high-precision electrophysiological recording of a large network of electrogenic cells has
long been an outstanding challenge in neurobiology and cardiology. Here, we combine nanoscale intracellular electrodes
with complementary metal-oxide–semiconductor (CMOS) integrated circuits to realize a high-ﬁdelity all-electrical
electrophysiological imager for parallel intracellular recording at the network level. Our CMOS nanoelectrode array has
1,024 recording/stimulation ‘pixels’ equipped with vertical nanoelectrodes, and can simultaneously record intracellular
membrane potentials from hundreds of connected in vitro neonatal rat ventricular cardiomyocytes. We demonstrate that
this network-level intracellular recording capability can be used to examine the effect of pharmaceuticals on the delicate
dynamics of a cardiomyocyte network, thus opening up new opportunities in tissue-based pharmacological screening for
cardiac and neuronal diseases as well as fundamental studies of electrogenic cells and their networks.
ithin the past decades1, optical methods for interrogation
using Ca2+ indicators2,3, styryl potentiometric dyes4,5 and
voltage-sensitive proteins3 have signiﬁcantly beneﬁted the
ﬁeld of electrophysiology with their ability for massively parallel
intracellular recording of membrane potentials of electrogenic
cells. Realizing an analogous all-electrical device for electrophysiology—a closely packed electrode array capable of high-precision intracellular recording from a large network of electrogenic
cells—has long been a major pursuit in bioengineering, neuroand cardio-technology6–14. These efforts toward all-electrical electrophysiological imaging have led to, most prominently, CMOS
microelectrode arrays (MEAs)15–21 and planar patch-clamp
arrays22–24. While CMOS MEAs enable massively parallel recording
of cellular networks, they are extracellular techniques that do not
have the high-sensitivity characteristic of intracellular recording.
Microﬂuidic patch-clamp arrays, on the other hand, allow for
high-precision intracellular access, but they are not applicable to
network-level interrogation.
In this Article, we report a CMOS nanoelectrode array (CNEA)
that bridges the gap between MEAs and patch-clamp arrays and
works as a high-ﬁdelity all-electrical electrophysiological imager,
performing parallel intracellular recording at the network level. It
consists of a tight array of 1,024 recording/stimulation sites or
‘pixels’, with each pixel featuring a set of vertical nanoelectrodes25–27 operated by the underlying CMOS integrated circuit
(IC). We show that the CNEA simultaneously records intracellular
membrane potentials of hundreds of connected in vitro neonatal rat
ventricular cardiomyocytes. We then used it to examine the effect of
pharmaceuticals on the ﬁne, important details of the cardiomyocyte
network dynamics. The CNEA’s parallel intracellular recording
nicely complements that of the optical methods by providing an
all-electrical chip-scale interface and label-free operation, while
also offering an electrical alternative to optogenetics-based stimulation28. It should not only considerably advance high-precision
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tissue-based pharmacological screening for cardiac and neuronal
diseases24,26,29–32 but also enable fundamental studies of electrogenic
cells and their networks25,33–35.

Circuit and nanoelectrode array
We custom designed the IC using the 0.35-µm CMOS technology
(Fig. 1a,b). It contains an array of 32 × 32 = 1,024 pixels with a
126-µm pitch, with each pixel consisting of an ampliﬁer to record
electrophysiological events, a stimulator to manipulate membrane
potential, and a memory to switch the pixel operation between
recording and stimulation (Supplementary Discussion 1 and
Supplementary Fig. 1). The IC also includes, outside the pixel
array, a global circuitry to control the array operation, such as
analog multiplexers for virtually simultaneous readout of all pixels
at a sampling rate of 9.75 kHz. Within each pixel, the ampliﬁer
and stimulator are connected to a metallic pad on the IC surface
(Fig. 1c), on top of which nine vertical nanoelectrodes are post-fabricated using a CMOS-compatible top-down process (Fig. 1d and
Supplementary Fig. 2). Each nanoelectrode has a SiO2 mechanical
core, a thin Ti/Pt coating, and SiO2 insulation at the base. The
Ti/Pt tips of the nine electrodes at each pixel are electrically connected together to reduce the overall access impedance into the
intracellular matrix20,25.
Nanostructures of various geometries—pillars25,26,36, tubes27,37,
kinked triangles38, mushrooms39 and straws40,41—have been previously used for intracellularly interfacing with various cell types
and at different levels of scalability. The synergy between the nanoelectrodes and the CMOS IC in this work offers critical advances over
the previous stand-alone nanoelectrode arrays25–27,39, which have
been limited to 64 electrodes and simultaneous recording from
less than 10 cells27. First, the underlying IC allows parallel operation
of the large-scale electrode array through on-chip multiplexing,
without which the readout of, and wiring to, such a large number
of electrodes would be practically impossible33. Second, the
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Figure 1 | CMOS nanoelectrode array (CNEA). a, CMOS ICs on 8 inch
wafers fabricated by the 5.0-V 0.35-µm CMOS technology. Each wafer
contains 256 ICs. b, IC with a 32 × 32 array of pixels at the centre. c, Four
pixels in the 32 × 32 array. Under each pixel pad lie an ampliﬁer, a stimulator
and a memory. d, False-coloured scanning electron microscope image of
nine vertical nanoelectrodes fabricated per pad. The top of the electrodes
has Pt exposed while the base is insulated with SiO2. e, The device is wirebonded to a chip carrier: a glass ring and a polydimethylsiloxane protective
layer create a microﬂuidic well. f, Fluorescence image of cardiomyocytes
cultured on top of a device (stained with calcein-AM). The inset shows cells
on top of four pixel pads. Green colour indicates live cells.

membrane potential signal acquired by the pixel nanoelectrodes is
ampliﬁed on site by the circuits right underneath, leading to substantial improvements in sensitivity by avoiding a long signal path
and resultant attenuation and noise contamination25. In fact, since
the initial demonstrations of the nanoscale electrodes for electrophysiology, their integration with CMOS electronics has been recognized as a logical next step8–11,20,25, but such integration, which
entails post-nanofabrication on a CMOS chip and synergic electrical
interface design as demonstrated here, has thus far remained to be a
substantial technical challenge.
To streamline the ampliﬁcation of intracellular signals at each
pixel, we a.c.-coupled the pixel ampliﬁer (in a bandpass ﬁlter conﬁguration) with the nanoelectrodes on top using an on-chip capacitor, and operated the nanoelectrodes in the double-layer capacitive
mode25,42 (Fig. 2a). This arrangement offers two advantages relevant
to intracellular recording. First, within the ampliﬁer’s passband,
which is designed to cover the electrophysiological signal bandwidth
(1 Hz–5 kHz; ref. 10), a linear and ﬂat-band gain is established from
the intracellular matrix to the ampliﬁer output. Preservation of
waveform shape ensured by such a signal ampliﬁcation path is
important because the key aim (and advantage) of intracellular electrodes is the accurate measurements of membrane potentials26.
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Second, d.c. current is blocked from ﬂowing through the nanoelectrodes, thus minimizing adverse effects on cell viability25.
For experiments, the CNEA chip is packaged with a microﬂuidic
well (Fig. 1e and Supplementary Fig. 3) and is plugged into a printed
circuit board that interfaces to a computer (Supplementary Fig. 4).
The overall capacitance of the nine nanoelectrodes per pad,
measured in solution, is ∼1.2 pF (Supplementary Fig. 5).
Measurements of the pixel ampliﬁers conﬁrm uniform gain
across the target frequency range (Fig. 2b) and throughout the
32 × 32 array (Fig. 2c), with an input referred noise of ∼250 µVrms
(Supplementary Fig. 6) and a pixel power dissipation of 12 µW.
Moreover, control experiments with human embryonic kidney
(HEK293) cells (a robust model cell line for electrophsiology
study) conﬁrmed that the intracellular waveform applied with a
patch pipette is faithfully transferred through a coupled cell to the
pixel ampliﬁer (Supplementary Fig. 7), thus validating the linear
and ﬂat-band gain of the overall nanoelectrode–ampliﬁer chain.
Further measurements using the patch clamp allowed for the nanoelectrode/cell interface to be characterized10,25,27, with an extracted
cell–electrode seal resistance of ∼100 MΩ (full range, 15–375 MΩ)
and access resistance of ∼300 MΩ (full range, 40–525 MΩ)
(Supplementary Discussion 2 and Supplementary Fig. 8). From
each pixel’s electrical characteristics, such as the passband gain
(Fig. 2c) and nanoelectrode conductance (Fig. 2d), we ﬁnd that
>90% of the pixels are available for electrophysiological experiments
in a typical device. Previous studies have shown that culturing cells
on top of nanoelectrodes does not affect cell viability36. Consistent
with these previous results, ﬂuorescent imaging (Fig. 1f ) and electrophysiology experiments show that cells cultured on top of
CNEA devices can be interrogated multiple times for up to 7 days
(from after 6 days in vitro (DIV) up to 13 DIV). Also minimal
effects to the nanoelectrodes are observed over multiple uses
(Supplementary Fig. 9) with no changes in the performance of
the CMOS circuitry.

Single-cell recording and stimulation

We ﬁrst tested and optimized the operation of individual CNEA
pixels using neonatal rat ventricular cardiomyocytes cultured in
vitro (Fig. 2e). When a cardiomyocyte sitting on top beats, the
pixel nanoelectrodes can readily pick up small extracellular
voltage spikes (Fig. 2e, top right). The amplitudes of these
extracellular signals are in the range of 250 µV–1.5 mV
(Supplementary Fig. 10), much smaller than the action potential
measured intracellularly using a patch pipette (∼120 mV), but on
the same order of typical extracellular signals recorded by planar
electrodes15–21. To change the operation mode of a CNEA pixel
from extracellular to intracellular, we applied an electroporation
signal (3 trains of 5 × 1.2 V biphasic pulses at 20 Hz) using the
pixel stimulator and made the membrane permeable25–27 (Fig. 2e,
top right). On electroporation, the signal amplitudes measured at
the nanoelectrodes jump to ∼5 mV, suggesting intracellular access.
The reduced signal amplitude measured by the nanoelectrode (typically ∼5 mV but as high as ∼20 mV) as compared with the patch
clamp (∼120 mV) is the consequence of (1) the resistive divider
between the junctional membrane resistance and seal resistance of
the nanoelectrode/cell interface (typically an attenuation of ∼10×
but as small as 2.5×) and (2) the capacitive divider between the
nanoelectrode capacitance, parasitic pad capacitance and ampliﬁer
input capacitance (attenuation of 2.5×) (Supplementary
Discussion 2 and Supplementary Fig. 8). The resistive attenuation
of 2.5–10× is an improvement over previous works25–27 (the attenuation could be further lessened by increasing the seal resistance to
the level comparable to the conventional patch pipette; such
improvement of the cell-to-electrode interface is an active subject
of study but, as of yet, a signiﬁcant challenge in nanoelectrodebased electrophysiology20,27,39). Furthermore, the measured
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change the measured signal, verifying its electrical origin. In addition
to using an ampliﬁer of a CNEA pixel for membrane potential recording, we can use the pixel’s stimulator to induce the action potential of a
cardiomyocyte: for instance, by applying a biphasic voltage pulse
sequence every 1 s through a pixel stimulator, we can change the
beating frequency of a cardiomyocyte from ∼1/20 to 1 Hz (Fig. 2e,
bottom right and Supplementary Movie 1).
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Figure 2 | CNEA pixel function and recording of a single rat neonatal
ventricular cardiomyocyte. a, Schematic of an individual pixel circuit with a
cell on top. Three major building blocks of each pixel are a stimulator, an
ampliﬁer consisting of a ﬁrst-stage low noise ampliﬁer (LNA) and a secondstage variable gain ampliﬁer (VGA), and a 10-bit digital memory. The
stimulator uses a 3:1 MUX to choose from three possible input voltages (Vs,1–3)
and the ampliﬁer requires a low noise bias voltage, Vbias, to set the DC
output (Supplementary Information). b, Measured ampliﬁer transfer function
(the ratio of the ampliﬁer output voltage, Vamp , to the nanoelectrode voltage,
Vne) at maximum gain of the two types of ampliﬁer (high gain/low gain).
These two ampliﬁer conﬁgurations are implemented to explore design
tradeoffs (Supplementary Discussion 1). Typical bandwidths of membrane
oscillations (MO), postsynaptic potentials (PS) and neuronal action potentials
(AP) are juxtaposed10. c, Heat map of maximum gain at 100 Hz across an
array. The top half ampliﬁer design exhibits a maximum gain of ∼375 V/V
while the bottom half demonstrates ∼150 V/V due to design tradeoffs.
d, Heat map of nanoelectrode currents, Ine , across an array at 1.5 V versus
Ag/AgCl reference electrode. From these current measurements, we can
determine the pixels suitable for electrophysiology experiments: a small
number of pixels with nanoelectrode currents less than ∼30 pA are deemed
as non-operative. e, Left: differential interference contrast microscope image of
an isolated cardiomyocyte sitting on top of the nanoelectrodes on a CNEA
pixel pad. Top right: extracellular and intracellular recordings of cardiac action
potentials from the same cardiomyocyte before and after electroporation.
Bottom right: stimulation of a cardiomyocyte using a biphasic voltage pulse
sequence with synchronized cell movement analysed from video differentials.

waveforms resemble those of patch pipettes, consistent with their
intracellular nature43. The addition of blebbistatin (3 µM), which
decouples mechanical beating from the action potential, does not
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Following this single-cell recording and stimulation, we demonstrated the network-level intracellular recording capability of our
CNEA using a tightly connected in vitro cultured cardiomyocyte
sheet. Because extracellular access is readily available to the CNEA
before electroporation, however, we start with network-level extracellular recording. In the example shown in Fig. 3a (leftmost
panel), we ﬁnd that 968 pixels are extracellularly coupled to cardiomyocytes after time-aligned averaging (see Supplementary
Methods). By following the action potential ﬁring times of these
extracellularly coupled cells, we can determine that the cardiomyocyte sheet exhibits spatially homogenous action potential propagation (starting upper right and propagating radially) with a
conduction velocity of 9 cm s–1 (Supplementary Fig. 11).
We subsequently changed the CNEA operation into the intracellular mode by applying simultaneous electroporation pulses
across all pixels. We initially observed a spiral pattern of action
potential propagation around the periphery with a conduction
velocity of 2 cm s–1 (Fig. 3a, at 23.3 s, Supplementary Fig. 12). As
time elapsed, however, we started to record the intracellular
signals from cells at the central part of the cardiomyocyte sheet as
well (Supplementary Movie 2), and the number of intracellularly
recorded cells increased to 235 at 48.3 s after electroporation.
The expansion of the intracellularly recorded region from the
sheet periphery into the centre (Fig. 3a) is likely due to the fact
that right after electroporation, the large number of cells at the
centre are leaking currents and thus fail to ﬁre action potentials
reliably. With time, the cellular membranes start to form tight
seals around nanoelectrodes, and the cells at the centre regain
their normal function, resulting in intracellular coupling to CNEA
pixels (Fig. 3a, at 43.6 s and 48.3 s). The propagation pattern and
the conduction velocity of action potentials then return to their original, pre-electroporation, values within a few minutes (Fig. 3a, at
173.3 s), indicating that over time the cardiomyocyte sheet recovers
from initial shock after electroporation.
The action potential dynamics of a cardiomyocyte sheet is sensitively dependent on the perturbation that we apply with the CNEA
pixels. In the cardiomyocyte sheet presented in Fig. 3a, in which the
entire CNEA is used to electroporate the sheet, the action potential
propagation pattern changes from spiral to spatially homogeneous
as time lapses. When we reduced the size of the electroporation
region by covering ∼6 peripheral rows of pixels with polydimethylsiloxane, however, the behaviour of a cardiomyocyte sheet changed
dramatically: as seen from Fig. 3b and Supplementary Movie 3, the
cardiomyocyte sheet exhibits consistent reentrant behaviour (frequency of ∼5 Hz) for ∼50 s, totaling more than 250 sustained
cycles. This leakage-induced reentry behaviour is similar to that
observed in stem cell/cardiomyocyte44 and ﬁbroblast/cardiomyocyte
co-cultures45 where the passive stem cells or ﬁbroblasts, which form
gap junctions with the cardiomyocytes, cause increased electrical
loading. In our example, electroporation-induced leakage plays the
role of electrical loading. The examples presented in Fig. 3a,b
clearly illustrate the potential of the CNEA in manipulating
and engineering cardiomyocyte network characteristics via
stimulation/electroporation.
The data in Fig. 3c show the detailed characterization of cell–
electrode coupling. In general, the number of intracellularly
coupled cells decreases over time (for example, from 235 at 48.3 s
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Figure 3 | Network-level intracellular recording of in vitro neonatal rat ventricular cardiomyocyte cultures. a, Mapping of action potential propagation
patterns across the array at different time points before and after electroporation. An extracellular recording before electroporation shows homogeneous
action potential propagation, whereas intracellular recordings after electroporation show an evolution from spiral propagation at 23.3 s and 43.6 s back to
homogeneous propagation at 48.3 s and 173.3 s. b, To promote reentrant propagation, the nanoelectrode array is reduced in size by covering ∼6 peripheral
rows of pixels with polydimethylsiloxane and rounding; extracellular action potential mapping before electroporation shows homogenous propagation through
the sheet. After electroporation, intracellular recordings reveal a marked reduction in conduction velocity and spiral reentrant behaviour (indicated by the
white dashed arrow on the map). Representative recordings from cardiomyocytes approximately 90° out of phase show the sustained oscillations at 5 Hz
(indicated with the black dashed arrows); the pattern is sustained for ∼50 s for ∼250 cycles. c, Representative cardiomyocyte recordings, referred to Vne ,
of short-term coupling for ∼5 min and long-term coupling for more than 20 min (recording re-started after a 10 s delay midway). d, Number of cells
intracellularly measured in 5 experiments over 7 days. The number of times the cells were measured are indicated by the different colours.

to 122 at 173.3 s in Fig. 3a) because the metallic tips get expelled out
of some of the cells with time26,27. Such ejection of electrodes is
manifested by diminishing signal amplitude (Fig. 3c, top). Some
pixels exhibit prolonged intracellular coupling (Fig. 3c, bottom),
however, indicating the cell-to-cell variation of the tip/membrane
interface. Extended recording studies show that we can perform
repeated intracellular measurements on multiple days (Fig. 3d).
Overall, we ﬁnd that, in a typical CNEA device with a cardiomyocyte
sheet, >30% of the pixels can get intracellularly coupled at least once
over the recording time.

Investigation of drug responses of cardiac tissue
The CNEA’s capabilities demonstrated above can beneﬁt
several areas of cardiology, such as fundamental studies of signal
propagation and tissue-based drug screening for cardiac diseases26,29–32,46. In the example shown in Fig. 4, we investigated the
effects of various drugs on cardiomyocyte sheets using the CNEA.
For the measurements of simple variables of cardiac dynamics,
such as the beat frequency and conduction velocity, we can
operate the CNEA in the extracellular mode like traditional
MEAs. For example, the CNEA extracellularly measures the increase
in beat frequency on the application of norepinephrine (Fig. 4a)

and the decrease in conduction velocity under the inﬂuence of
1-heptanol (a known gap-junction blocker46; Fig. 4b).
In addition to these extracellular measurements, however, the
CNEA operating in the intracellular mode can determine, with
high precision, the duration and shape of membrane potentials as
well as their propagation dynamics. These capabilities, which are
afforded by intracellular access, represent the clearest advantages
of the CNEA over traditional MEAs in studying the network
dynamics and examining the drug effect. Figure 4c,d illustrate one
speciﬁc example measured at the single-pixel level: signiﬁcant
elongation of action potential durations (APDs) on the application
of ATX-II (50 nM) that is recorded by a CNEA pixel operating in
the intracellular mode. ATX-II is a Na+ ion channel toxin known
to cause a delayed inactivation of the fast NaV1.5 channel, thus
mimicking the effects of genetic mutations of SCN5A responsible
for congenital long-QT syndrome type 347. The behaviours in
Fig. 4c,d are consistent with this known effect, and accurately reproduce previous patch-pipette measurements47. The CNEA also
measures the subsequent reversal of the actions of ATX-II by
ranolazine47 (10 µM) (Fig. 4c,d). We note that the ability to
investigate these types of drug effect is essential for preclinical
development of pharmaceutical candidates because drug-induced
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Figure 4 | CNEA study of effects of various drugs on in vitro neonatal rat ventricular cardiomyocyte cultures. a, Extracellular measurements of the beat
frequency before and after the application of norepinephrine (10 nM and 100 nM). b, The linear ﬁt of extracellular peak times before and after the
addition of 1-heptanol (1 mM), showing a 51% reduction in conduction velocity. c, Averaged and amplitude-normalized action potential waveforms
(measured as Vne) before and after the application of ATX-II (50 nM) for ﬁve different pixels 7 days after in vitro culture (DIV). Incubation with ranolazine
(10 µM) brings the waveform back on the next day (8 DIV). The shaded envelopes indicate the standard deviation of all coupled pixel recordings; signal
averaging was performed to increase the sample size of the action potential waveform shape. d, Action potential duration (APD) at 80% repolarization
(APD80) for a control culture and two test cultures over 6 experiment days with the application of ATX-II (50 nM) at 7 DIV followed by one-day
incubation of ranolazine (10 µM). Error bars represent standard deviation. e,f, Representative recordings, referred to Vne , before (e) and after (f) ATX-II
application for culture 1 shows signiﬁcant action potential widening (including peaks A1, A2) and early afterdepolarizations (EADs) (peaks E1, E2). g, Spatial
distribution of 54 pixels (left) and their voltage traces (right). The traces were recorded in the denoted time period shown in (f). Traces are arranged
vertically in the voltage trace plot (right) and coloured in the spatial map (left) based on the peak time of A1. Traces i-ix in (f) are also labelled on the
map. The background colours on the map (left) denote regions with long APD (blue), short APD (green) and a transitional region (magenta); E1 and E2
originate and propagate at the interface indicated with the white dashed arrows. The voltage trace plot (right) clearly shows the action potential (A1, A2)
and EAD (E1, E2) propagation, indicated with the white dashed arrows, in the short APD region (top half) and long APD region (bottom half).
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pro-arrhythmia is the most common cause of withdrawal or restriction
of marketed drugs30.
Beyond the single-pixel intracellular recording, the true power of
the CNEA’s network-level intracellular recording capability is best
illustrated by high-precision examination of drug effects on the
network dynamics. Figure 4e–g show the use of the CNEA to map
the propagation of action potentials and subthreshold events in an
in vitro cardiomyocyte sheet under ATX-II (see also Supplementary
Movie 4). At 239 s after ATX-II profusion, the cells across the sheet
exhibit constant increase in APDs but with differing degrees of
APD elongation depending on the regions (Fig. 4e–g): the cells in
the lower left (for example, pixels iv–vi) and right half (for example,
pixels vii–ix) exhibit distinctly shorter and longer APDs, respectively,
with a transition region (for example, pixels i–iii) in between (Fig. 4g).
The CNEA recording further reveals that this spatial APD inhomogeneity is linked to local polarization dynamics and their spatial correlations. First, the cells in the transition region ﬁre a second action
potential (A2) quickly after the ﬁrst action potential (A1). This
second action potential propagates to the short APD region, but
does not reach the long APD region because the cells in that region
are too depolarized to ﬁre an additional action potential. This marks
the onset of an arrhythmia within the cardiomyocyte sheet.
Second, the cells in the transition APD region exhibit an early
afterdepolarization (EAD: small membrane depolarization that
occurs before the membrane completely repolarizes from the
action potential) (E1) after the second action potential (A2),
which then propagates to the cells in the short APD region to
cause triggered activity (TA)48. This TA propagates back to the
cells in the transition APD region yet again, causing a second
EAD (E2) in the transition region (Fig. 4f,g). Once again, the long
APD region with an extended depolarization period is not involved
in these local dynamics. The origination of the EAD (E1) in the
transition region, the cause of the TA by the EAD (E1), and the
slower propagation of the TA-induced EAD (E2, Supplementary
Fig. 13)—all revealed by the CNEA recording in Fig. 4—are consistent with what have been observed previously in cardiac tissues with
arrhythmias using voltage-sensitive dyes48,49. Importantly, the
recording of these subthreshold membrane potential dynamics
across a cellular network has not been possible with traditional electrophysiological tools such as patch pipettes or extracellular MEAs.
As such, the measurements presented in Fig. 4 accentuate the
CNEA’s ability to both analyse intracellular subthreshold
events in individual cells and track network dynamics across a
large number of cells, highlighting the promise of the CNEA for
tissue-based pharmaceutical drug screening.

Conclusion

The present study represents the ﬁrst all-electrical demonstration of
high-precision network-level electrophysiology, which is made
possible by combining the intracellular capability of nanoelectrodes
with the scalability of the CMOS IC technology. Moving beyond this
prototype implementation with 1,024 recording/stimulation pixels,
it should be relatively straightforward to implement a much larger
number of pixels and a smaller pitch size by harnessing advances
in CMOS fabrication. Moreover, with further reﬁnements in
nano/bio interfaces and cell/tissue culture protocols, the CNEA
can be extended to in vitro neuron cultures and tissue preparations
for functional connectome mapping or network-level manipulations. As such, this study opens up an exciting new vista in
fundamental studies of electrogenic cells and their networks as
well as high-precision pharmacological screening for cardiac and
neuronal diseases.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods

The vertical nanoelectrodes were fabricated using a modiﬁed process from previous
work25 to meet the temperature requirements of the CMOS IC (Supplementary Fig. 2).
The IC was wire-bonded onto a chip carrier (Spectrum Semiconductor Material) and
packaged with polydimethylsiloxane for cell culture (Supplementary Fig. 3). Neonatal rat
ventricular cardiomyocytes were obtained from QBM Cell Science, and electrophysiology
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experiments were performed 5–14 days after plating at 37 °C in culture media.
Intracellular waveforms were ﬁltered from 1 to 500 Hz, whereas extracellular waveforms
were high-pass ﬁltered using a 300 Hz pole. All pharmaceutical materials were obtained
from Sigma Aldrich. Full Methods are provided in the Supplementary Information.
Data availability. All relevant data are available from the authors.
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