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Action potentials have a central role in the nervous system and
in many cellular processes, notably those involving ion channels.
The accurate measurement of action potentials requires
efficient coupling between the cell membrane and the measuring
electrodes. Intracellular recording methods such as patch
clamping involve measuring the voltage or current across
the cell membrane by accessing the cell interior with
an electrode, allowing both the amplitude and shape of the
action potentials to be recorded faithfully with high signal-to-
noise ratios1. However, the invasive nature of intracellular
methods usually limits the recording time to a few hours1, and
their complexity makes it difficult to simultaneously record
more than a few cells. Extracellular recording methods, such
as multielectrode arrays2 and multitransistor arrays3, are non-
invasive and allow long-term and multiplexed measurements.
However, extracellular recording sacrifices the one-to-one cor-
respondence between the cells and electrodes, and also
suffers from significantly reduced signal strength and quality.
Extracellular techniques are not, therefore, able to record
action potentials with the accuracy needed to explore the
properties of ion channels. As a result, the pharmacological
screening of ion-channel drugs is usually performed by low-
throughput intracellular recording methods4. The use of nano-
wire transistors5–7, nanotube-coupled transistors8 and micro
gold-spine and related electrodes9–12 can significantly improve
the signal strength of recorded action potentials. Here, we
show that vertical nanopillar electrodes can record both the
extracellular and intracellular action potentials of cultured car-
diomyocytes over a long period of time with excellent signal
strength and quality. Moreover, it is possible to repeatedly
switch between extracellular and intracellular recording by
nanoscale electroporation and resealing processes.
Furthermore, vertical nanopillar electrodes can detect subtle
changes in action potentials induced by drugs that target
ion channels.

There are two major requirements for the accurate recording of
action potentials: (i) ensuring a tight seal between the cell mem-
brane and the electrode so as to minimize signal loss to the bath
medium and (ii) achieving low impedance across the cell–electrode
interface to increase signal collection efficiency. Recent years have
seen demonstrations of vertical nanowires forming strong interfaces
with mammalian cells13–16. Here, we show that vertically aligned
nanopillar electrodes (Fig. 1a,b) can form tight junctions with mam-
malian cell membranes (requirement (i)) and can lower the impe-
dance by orders of magnitude through localized electroporation
(requirement (ii)), thus achieving excellent signal strength and
quality in long-term and minimally invasive extracellular and
intracellular recordings.

HL-1 cells (a mouse cardiac muscle cell line17) cultured on nano-
pillar electrodes show normal growth and exhibit spontaneous
beating after reaching confluence. We cultured HL-1 cells around
platinum nanopillar electrodes (length, 1.5 mm; diameter, 150 nm)
on glass coverslips without any underlying electrodes to examine
their health by means of optical microscopy. Live imaging demon-
strated that the cardiomyocytes growing on the nanopillar electrodes
had a morphology similar to those on planar areas during rhythmic
beating (Fig. 1c; Supplementary Movie 1). Scanning electron
microscopy (SEM) after cell fixation revealed that the nanopillar
electrodes were covered by the attached cell (Fig. 1d), a phenom-
enon similar to that observed previously in nanostructure–cell inter-
actions9,13,14. To further inspect the cell–nanopillar electrode
interface, we used focused ion beam (FIB) milling to expose the
interface cross-section. Subsequent SEM imaging revealed that the
nanopillar electrodes were engulfed tightly by the cell (Fig. 1e).
Protrusions from the cells growing next to the nanopillar electrodes
demonstrated a strong tendency to attach to the nanopillar elec-
trodes (Fig. 1f), suggesting strong interactions between these
electrodes and the cell membrane. Our findings agree with those
of our previous study on the interaction between platinum
nanopillars and primary cultured rat neurons15.

Devices assembled with the nanopillar electrode arrays (typically
nine nanopillars per array with underlying electrical connections)
were then used to record action potentials from HL-1 cardio-
myocytes. Figure 2a shows that the recorded action potential
exhibits two signatures of extracellular recording: a spike with a
shape that corresponds to the first derivative of the intracellular
potential and an amplitude of �100–200 mV. The peak-to-peak
noise level is 30 mVpp and the signal-to-noise ratio is in the range
4.5–9. For comparison, a typical commercial multielectrode array
registers a noise level of 40 mVpp for TiN electrodes with a diameter
of 10 mm and 10 mVpp for a diameter of 30 mm, and an action
potential signal strength of 100–500 mV. It is important to note
that although the signal strength recorded by the nanopillar
electrode arrays is similar to that measured by commercial planar
multielectrode arrays, the surface area of a nanopillar electrode
array (5–10 mm2) is much smaller than that of a multielectrode
array (400–2,500 mm2)2. Because of the capacitive coupling nature
of a solid-state electrode, the detected signal strength directly
correlates with the electrode area. Our observation suggests that
tight engulfment of the nanopillar electrodes by the cell membrane
results in good sealing at the interface and therefore compensates for
the decreased electrode detection area.

A transient electroporation drastically improves the quality of the
nanopillar electrode-recorded signal by lowering the impedance
between the electrode and the cell interior. A high electric field can
induce nanometre-sized pores in the cell membrane, as in the
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