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Abstract

Cardiovascular diseases remain the leading global cause of mortality and disability, posing a major challenge to human
health. Accurate, long-term monitoring of electrophysiological activity in excitable cells such as cardiomyocytes is critical
for elucidating disease mechanisms, advancing drug discovery, and evaluating therapeutic efficacy. However,
conventional techniques each present key limitations: patch clamp offers high-fidelity signals but is invasive and low-
throughput; optical imaging enables parallel measurements but is hindered by phototoxicity and limited temporal
resolution; and planar microelectrode arrays support long-term studies but yield only low-fidelity extracellular recordings.
To address these trade-offs, three-dimensional bioelectronic interfaces constructed from low-dimensional nanomaterials
have recently emerged as powerful tools, providing minimally invasive, high-throughput, high-signal-to-noise
intracellular recordings. Among them, one-dimensional nanostructures such as nanowires, nanopillars, and nanotubes
offer unique advantages, including tight membrane coupling, tunable physicochemical properties, and compatibility
with large-scale microfabrication. This review summarizes bottom-up synthesis strategies for these nanostructures, top-
down and hybrid approaches for device integration, multimodal characterization methods, and intracellular access
techniques. Finally, we highlight recent advances in cardiac electrophysiology, covering the fundamental principles of
action potential generation and network propagation, as well as key applications in drug cardiotoxicity screening and
disease  modeling. Future directions are also discussed, including integration with complementary
metal-oxide—semiconductor technology, development of flexible platforms, and in vivo bioelectronics.

Introduction

Cardiovascular diseases (CVDs) remain a formidable
global health challenge™?. In 2022, they were the leading
cause of mortality worldwide and a major contributor to
disability, accounting for approximately 19.8 million
deaths®. The prevalence of CVDs has nearly doubled over
the past two decades, with the burden especially
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pronounced in middle-income countries*. This global
burden continues to increase with population aging and
lifestyle-related risk factors such as tobacco use, physical
inactivity, unhealthy diets, and air pollution® . Drug-
induced cardiotoxicity further worsens the problem,
representing a major cause of late-stage drug develop-
ment failures and post-market withdrawals'®''. Although
traditional animal models and ex vivo preparations have
yielded valuable insights, inherent limitations, including
interspecies physiological differences, high costs, and low
throughput, underscore the urgent need for robust
in vitro platforms that can accurately recapitulate human
cardiac physiology. At the cellular level, many CVDs,
including various forms of arrhythmia, are closely linked
to abnormal electrical activity in cardiomyocytes'>. The
transmembrane action potential (AP) waveform, precisely
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shaped by the coordinated function of key ion channels
(e.g., Na™, Ca®", and K"), serves as a highly sensitive and
information-rich readout of cellular excitability, conduc-
tion, and arrhythmogenesis'*'*, Consequently, the
development of platforms capable of precise, long-term,
and high-throughput electrophysiological recording is
critical for elucidating disease mechanisms, predicting
drug responses, and advancing personalized medicine'”.
At present, several conventional methods are available
for cellular electrophysiology, each with distinct advan-
tages and limitations. The patch-clamp technique, widely
regarded as the “gold standard,” enables direct mea-
surement of intracellular APs with exceptional fide-
lity*®~2'. However, it is invasive, technically demanding,
and inherently low throughput; even automated systems
often require cell suspension, which disrupts the native
cardiomyocyte syncytium and may compromise physio-
logically relevant measurements. Optical imaging tech-
niques offer a noninvasive, high-throughput alternative
that allows parallel recording®*~°. Despite their utility,
these methods are limited by phototoxicity, marker
interference, and the restricted temporal resolution
imposed by the on/off kinetics of fluorescent probes,
making it difficult to capture the rapid dynamics of an
AP. Planar microelectrode arrays (MEAs) provide
another noninvasive, label-free platform suitable for
long-term monitoring® >, Weak coupling between the
electrode and the cell membrane limits detection to low-
amplitude extracellular field potentials. These signals
lack essential subthreshold and morphological char-
acteristics of the true transmembrane action potential,
including the resting potential and plateau phases. The
problem is further compounded by the mechanical
mismatch between rigid electrode materials and soft
cardiac tissue®. Consequently, a long-standing trade-off
persists among the precision of patch clamp, the
throughput of optical imaging, and the stability of MEAs.
In recent years, rapid advances in nano-bioelectronics
have opened new avenues for overcoming these limita-
tions, with low-dimensional nanomaterials playing a
central role®%3, Among them, one-dimensional (1D)
nanostructures such as nanowires, nanopillars, and
nanotubes have shown particular promise®*~>*. Their
nanoscale diameters and high aspect ratios enable inti-
mate contact with the cell membrane, while tunable
surface chemistry enhances biocompatibility and func-
tional coupling®~*'. Unlike conventional planar elec-
trodes, these vertically oriented 1D nanostructures form
three-dimensional (3D) interfaces with cells, inducing
membrane wrapping that markedly increases the seal
resistance at the electrode—cell junction. This wrapping
phenomenon is driven by cell adhesion forces, where the
cell membrane minimizes its free energy by maximizing
contact with the high-curvature nanostructure. The
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resulting tight engulfment creates a long and tortuous
ionic pathway between the electrode surface and the
bulk extracellular medium, which significantly increases
the electrical resistance of this junction (i.e., the seal
resistance). A high seal resistance is critical as it elec-
trically isolates the recording site, minimizing signal
shunting and thereby enabling the detection of small
intracellular potential changes with a high signal-to-
noise ratio. This enhanced coupling substantially
improves signal detection sensitivity, enabling high-
fidelity intracellular potential recordings while preser-
ving cell viability.

Notably, recent studies demonstrate that when integrated
into array platforms, nanoelectrodes can capture intracel-
lular AP waveforms with fidelity approaching that of patch
clamp, while maintaining high-throughput recording cap-
abilities*>**, Importantly, these intracellular recordings
provide access to the full action potential waveform,
including resting potential, subthreshold dynamics, and
precise repolarization kinetics, which are largely absent in
extracellular signals and essential for accurately assessing
ion channel function and proarrhythmic risk. Moreover,
when applied to human-derived cells, these platforms offer
a high-throughput alternative to animal models, avoiding
interspecies differences and enabling mechanistic studies at
the single-cell level. Based on these advances, the value of
low-dimensional nanomaterials in cellular electrophysiology
is increasingly evident, as their nanoscale geometries, tun-
able physicochemical properties, and compatibility with
microfabrication techniques create unique opportunities for
minimally invasive, high-throughput, and long-term intra-
cellular recording (Fig. 1).

This review provides a systematic overview of recent
advances in this rapidly evolving field. We begin by outlining
the “bottom-up” synthesis of key 1D nanostructures, fol-
lowed by a discussion of “top-down” and “hybrid” fabrication
strategies for their integration into functional 3D devices. We
then describe essential approaches for multimodal device
characterization and review the primary methods for
achieving intracellular access. Based on this technical foun-
dation, we summarize the principles of cardiac electro-
physiology and network activity and highlight major
applications in drug screening and disease modeling. Finally,
we conclude with perspectives on future directions, including
complementary metal—oxide—semiconductor (CMOS) inte-
gration, flexible platforms, and in vivo bioelectronics.

Synthesis strategies for low-dimensional materials used in
electrophysiology

Bottom-up synthesis represents a foundational
approach for constructing the core functional units of
electrophysiological sensors at the atomic or molecular
level®’. These strategies enable the controlled “growth” of
nanomaterials with defined dimensions, morphologies,
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Fig. 1 Overview of low-dimensional materials for intracellular electrophysiology. The central schematic illustrates the critical cell-electrode
interface, wherein 3D nanoelectrodes achieve intimate coupling with cells to enable high-fidelity recording. The pipeline begins with the synthesis of
diverse low-dimensional materials that serve as core functional units, including iridium oxide (IrOx) nanotubes’, kinked nanowires™, silicon (Si)
nanowires®®, nanobranches’’, nanotemplate electrodes’®, and nanocrown electrodes'®". These materials are subsequently integrated into devices
using top-down or hybrid fabrication strategies, such as 3D flexible nanoscale field-effect transistors (FETs)*®, vertical nanowire electrode arrays®,
CMOS nanoelectrode arrays (NEAs)'%% 3D transistor arrays’®, nanotemplate electrode arrays’®, and nanocrown devices*. To ensure reliable
performance, these platforms undergo comprehensive characterization and employ strategies for intracellular access, including spontaneous
internalization, electroporation, and optoporation. Collectively, these advances have culminated in powerful biomedical applications, particularly in

and functionalities through precise regulation of chemical
reactions**. Low-dimensional ~materials for high-
performance bioelectronic interfaces are most com-
monly produced via two principal technological pathways:
vapor-phase synthesis and solution-phase synthesis. The
fundamental principles of these approaches are illustrated
in Fig. 2.

Vapor-phase synthesis approaches

Vapor-phase synthesis methods utilize gaseous pre-
cursors, typically at high temperatures and in specific
atmospheres, for material growth®~>°, These methods
can produce high-purity, high-quality crystalline nanos-
tructures; therefore, they are crucial for fabricating active
devices and high-performance conductive networks
requiring excellent electronic properties®**' %,

VLS is the dominant technique for growing single-
crystal 1D nanowires®>°. The process begins with the
dispersion of metal nanoparticles, such as Au, on a sub-
strate to act as catalysts. When a vapor-phase

semiconductor precursor (e.g., silane gas) is introduced at
high temperatures, the metal nanoparticles form liquid
eutectic alloy droplets, which serve as a preferential site
for the absorption and decomposition of the precursor
gas. As the concentration of the semiconductor element
reaches supersaturation within a droplet, it precipitates
out at the liquid—solid interface, leading to the unidirec-
tional, epitaxial growth of a single-crystal nanowire®”. The
VLS method offers a high degree of process control: the
diameter of the nanowires is precisely determined by the
size of the initial catalyst nanoparticle, their length is
controlled by the growth duration, and their electronic
properties can be modulated in real time by introducing
dopant gases during the synthesis. Owing to this precise
controllability, the VLS method is essential for synthe-
sizing structures such as 1D Si nanowires, which are the
core functional units in active FET probes®>*®,

Another key vapor-phase technique is chemical vapor
deposition, which provides a highly versatile synthesis
platform consisting of the deposition of a solid material,
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Fig. 2 Schematic illustrations of key bottom-up synthesis methods for low-dimensional materials used in electrophysiology.

a Vapor-liquid-solid (VLS) growth of Si nanowires, where a gold (Au) catalyst particle mediates Si deposition from a gaseous precursor. b Chemical
vapor deposition for carbon nanotube growth, in which a catalyst on a substrate directs decomposition of a carbon source into a nanotube'®.
¢ Electrochemical deposition, showing the reduction of metal ions from an electrolyte solution onto an electrode within a porous membrane'®*.
d Atomic layer deposition (ALD), illustrating the sequential pulsing of precursor gases into a reaction chamber for conformal thin-film deposition'®.
e Hydrothermal synthesis, depicting the growth of zinc oxide (ZnO) nanostructures under elevated temperature and pressure in an aqueous solution
containing zinc precursors. Collectively, these methods enable precise control over the dimensionality, morphology, and composition of
nanomaterials, which is critical for fabricating high-performance electrophysiological interfaces'®®

CH3surface:

typically a high-quality thin film or nanostructure, via the
reaction of one or more gaseous precursors on a heated
substrate surface. By precisely controlling parameters
such as temperature, chamber pressure, and gas flow rates
and ratios, the crystalline quality, thickness, and mor-
phology of the final product can be effectively regulated.
In the fabrication of electrophysiology devices, chemical
vapor deposition is primarily used to synthesize two-
dimensional (2D) graphene for transparent MEAs or 1D
carbon nanotubes that can form compliant, porous
interfaces™. A key variant is plasma-enhanced chemical
vapor deposition (PECVD), which operates at lower
temperatures than conventional thermal chemical vapor
deposition and is therefore more compatible with device
fabrication processes that use temperature-sensitive sub-
strates. Other vapor-phase techniques, such as
metal—organic vapor-phase epitaxy, are also employed for
fabricating complex semiconductor heterostructures;
however, they involve more hazardous precursors.

Solution-phase- and template-assisted synthesis
approaches

Contrary to vapor-phase methods that typically require
high temperatures and vacuum environments, solution-
phase synthesis employs wet-chemical processes

conducted in liquid media. These approaches are dis-
tinguished by milder reaction conditions, cost-effective-
ness, and methodological diversity. They offer unique
advantages, particularly through the use of templates for
precise morphological control, and are widely adopted for
fabricating functional passive electrodes and high-surface-
area interfaces.

Template-assisted electrochemical deposition is a
representative solution-phase technique. It employs an
insulating template with a regular nanoporous structure,
such as anodized aluminum oxide or a polymer mold
defined by photolithography, as a scaffold for material
growth. The template is placed on a conductive substrate
and immersed in an electrolyte solution containing the
target ions. Upon application of an electric field, the ions
are reduced and deposited within the template nano-
channels, forming highly ordered arrays of solid nano-
pillars or hollow nanotubes. This approach is widely used
to fabricate high-surface-area passive electrodes, such as
arrays of IrOx nanotubes, which are particularly well
suited for long-term intracellular recording.

Similarly, template-assisted ALD leverages the
structural guidance of a template. ALD is a vapor-
phase technique based on self-limiting, sequential
surface reactions that deposit material one atomic layer
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at a time. Its primary advantage lies in the ability to
create highly uniform, conformal films with atomic-
level thickness control on complex surfaces®”®'. When
combined with a template, ALD precursor gases can
penetrate deep pores and deposit layer by layer along
the inner walls, yielding nanotube arrays with precisely
defined wall thickness after template removal. This
level of precision provides new opportunities for
advanced electrode interface design.

Furthermore, hydrothermal synthesis is an important
solution-phase technique. It involves producing crystal-
line materials from an aqueous solution in a sealed vessel
(autoclave) heated above the normal boiling point. The
elevated temperature and corresponding autogenous
pressure enhance the solubility and reactivity of reactants,
thereby facilitating crystal nucleation and growth. This
method offers an efficient and cost-effective approach for
directly growing high-surface-area 3D interfaces on pat-
terned substrates, such as ZnO nanostructures, for sen-
sing applications. The resulting high-density 3D
architectures are particularly advantageous for fabricating
electrodes with a large effective surface area, which
reduces electrode impedance and improves the signal-to-
noise ratio during recordings.

Fabrication strategies for 3D nanoelectronic devices

The successful application of low-dimensional
nanomaterials requires their integration into robust,
scalable, and functional device platforms. A key
architectural feature in this field is the fabrication of
3D topographies, which establish a nonplanar, spatially
complex interface with the cell membrane to promote
the tight coupling that enables a high-fidelity record-
ing. To contextualize these fabrication routes, it is
important to compare their underlying material
synthesis philosophies and associated trade-offs.
Bottom-up strategies provide precise control over
nanomaterial dimensions, morphologies, and func-
tionalities at the atomic or molecular scale. For
instance, VLS growth produces high-purity, single-
crystal 1D nanowires with tunable diameters, lengths,
and electronic properties, ideal for constructing the
core functional units of high-performance FET probes,
although their large-scale integration and compatibility
with standard microelectronics remain challenging. In
contrast, top-down methods fabricate nanostructures
by selectively removing material from a bulk substrate.
They are fully compatible with conventional semi-
conductor processes, provide excellent mechanical
stability and wafer-scale reproducibility, and are sui-
table for large-scale integration, although they typically
offer lower crystal quality and less defect control
compared with bottom-up approaches. Hybrid strate-
gies combine the advantages of both approaches,
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harnessing the superior material properties of bottom-
up synthesis while retaining the patterning precision
and scalability of top-down methods, enabling diverse
3D nanoelectrode architectures with enhanced device
performance. This chapter details the primary manu-
facturing paradigms for these 3D devices, which are
broadly categorized into top-down subtractive fabri-
cation (Fig. 3) and hybrid strategies combining multi-
ple techniques (Fig. 4).

Top-down fabrication

The top-down approach is a subtractive process in
which nanostructures are fabricated via the selective
removal of a material from a bulk substrate. This strategy
is highly compatible with standard semiconductor man-
ufacturing processes, affording high mechanical stability
and wafer-scale reproducibility®*~®*. The fabrication of
vertical nanoelectrodes using this route typically involves
a sequence of high-resolution lithography and anisotropic
etching, as illustrated for three representative geometries
in Fig. 3.

Solid vertical nanowires are essential 3D structures
that can be fabricated using this method (Fig. 3a)®°.
The process, which is typically performed on an SOI
wafer, begins by defining an array of nanopores in a
polymethyl methacrylate resist via electron beam
lithography (EBL), followed by the fabrication of an
array of alumina (Al,O3) nanodisks via evaporation and
liftoff. These disks serve as a hard mask for the sub-
sequent etching. Next, the top Si layer is vertically
etched via RIE, forming micron-tall Si pillars. A key
step is the precise thinning of these pillars down to the
final desired nanoscale diameter using a combination
of thermal oxidation and wet-chemical etching. After
thinning, a final thermal oxidation step is performed to
grow an insulating silicon dioxide (SiO,) shell on the
nanowire surface. To selectively metallize the tips, a
thin layer of photoresist is spun onto protect the
nanowire sidewalls while leaving only the tips exposed.
After stripping the oxide from the tips, multilayer
metals such as titanium (Ti)/Au are sputtered to form
the conductive electrode caps.

Nanovolcano electrodes are fabricated using a unique
top-down process involving an ion beam etching rede-
position mechanism (Fig. 3b)°*~®%. The process begins
with standard photolithography to pattern micron-scale
circular openings in a photoresist layer on a multi-
layered substrate (e.g., Ti-platinum (Pt)-Ti-Au-Ti-
SiO,). An argon ion beam is then used to vertically
bombard and etch the substrate exposed at the bottom
of these openings. During this process, the material
sputtered from the substrate is redeposited onto the
photoresist sidewalls, building up the hollow volcano
structure layer by layer. Finally, freestanding
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Fig. 3 Top-down fabrication strategies for 3D nanoelectrodes. a Fabrication of vertical Si nanowires®. The process flow shows the key steps,
including reactive ion etching (RIE) of an Si-on-insulator (SOI) wafer to form Si cores, followed by thermal oxidation for insulation and metal cap
deposition. b Fabrication of nanovolcanoes® via ion beam etching redeposition of a material sputtered from the bottom of the photoresist openings
on the sidewalls to build the hollow structure. ¢ Fabrication of nanocrowns*'°". This multistep process involves the formation of solid SiO, pillars,
conformal deposition of conductive/insulating layers, directional dry etching of the tip, and final selective wet etching of the core to create the semi-

nanovolcano structures are obtained by stripping the
photoresist.

Nanocrown electrodes, which exhibit a more complex,
semi-hollow geometry, are also produced via a top-down
strategy but using a more intricate multistep etching pro-
cess (Fig. 3¢)**%°, First, solid, tapered SiO, micropillars are
fabricated on a quartz substrate using dry and wet etching.

Then, conductive (Pt) and insulating (SiO,/Si3N,) layers are
conformally deposited, encapsulating the entire pillar. A
critical step is the directional dry etching to precisely
remove the coatings from the very tip of the pillar, exposing
the inner SiO, core. Finally, time-controlled selective wet
etching removes a portion of the exposed SiO, core,
creating the final, hollow-tipped crown structure.
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Fig. 4 Hybrid fabrication strategies for 3D nanoelectronic devices. a Fabrication of kinked nanowire probes: Using a series of top-down
lithography steps, a presynthesized (bottom-up) kinked Si nanowire is integrated into a flexible probe body composed of metal interconnects and a
polymer®. b Fabrication of IrOx nanotubes: A nanohole template defined by top-down lithography is used to guide the bottom-up electrochemical
deposition of IrOx into a tubular structure’. ¢ Fabrication of nanotemplate electrodes using a poly(ethylene terephthalate) (PET) template: Using a
prefabricated porous PET membrane as a scaffold, combining bottom-up ALD coating with top-down conventional microfabrication affords a vertical
electrode array’®. d Fabrication of nanobranch electrodes: A ZnO seed layer region is defined by top-down lithography, followed by the selective,
bottom-up hydrothermal growth of nanobranches in that area’’

Hybrid Fabrication architectures (Fig. 4). By harnessing the superior material

The hybrid strategy, which synergistically combines properties afforded by bottom-up growth (e.g., single
bottom-up material synthesis with top-down micro- crystallinity) while retaining the patterning precision and
fabrication, has provided access to diverse device scalability of conventional top-down methods’® 2, this
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approach has furnished a variety of 3D nanoelectrodes
with novel structures and enhanced performance.

The most sophisticated strategy of this type is the inte-
gration of presynthesized components, which is exemplified
by the fabrication of kinked nanowire FET probes (Fig.
4a)*®”*, This process begins with the bottom-up synthesis
of single-crystal Si nanowires with a specific kinked geo-
metry. These high-performance nanowire components are
then transferred to a substrate containing a sacrificial layer.
A series of complex, multistep top-down photolithography
processes is subsequently performed to precisely define
metal interconnects and a flexible polymer (SU-8) support
arm. Finally, the entire probe structure is released by
removing the sacrificial layer and then assembled onto a
macroscopic connector. Although complex, this method
masterfully combines the excellent electrical properties of
single-crystal semiconductor nanowires with the practical
usability of macroscopic devices.

A more common hybrid approach is template-assisted
growth”. The fabrication of IrOx nanotubes is a classic
example (Fig. 4b). In this case, top-down electron beam
lithography is first used to define a nanohole array in an
insulating layer, which serves as a template. Subsequently,
a bottom-up approach involving electrochemical deposi-
tion is conducted to selectively grow hollow IrOx nano-
tubes within the nanoholes to form a vertical array.

Figure 4c shows the fabrication of nanotemplate elec-
trodes using a porous PET template as another example of
a unique template-based method using a prefabricated
porous structure’®, First, the bottom-up ALD technique is
adopted to conformally grow an Al,Os; nanotube layer
within the pores of the PET template. Subsequently, a
series of top-down steps including etching, photo-
lithography, metal deposition, and insulation layer
encapsulation afford the final functional vertical
electrode array.

Seed-layer-directed growth is another variation of the
template-based method. For example, in the fabrication of
nanobranch electrodes (Fig. 4d)””’%, a top-down process
involving photolithography and sputtering is first used to
define a patterned ZnO seed layer on the substrate. Then,
using a bottom-up hydrothermal method, ZnO nano-
branches are selectively grown from this seed layer.
Finally, the device fabrication is completed using standard
top-down processes such as photolithography, metal
deposition, and insulation patterning.

Collectively, these hybrid strategies illustrate the power
of combining atomic-level material control with top-
down spatial precision. Such approaches enable versatile
3D nanoelectrode architectures that balance electrical
performance, structural integrity, and scalability, offering
a viable path toward next-generation intracellular bioe-
lectronic interfaces. To facilitate a more intuitive com-
parison across these diverse 3D nanoelectronic platforms,

Page 8 of 18

Table 1 summarizes their representative fabrication
routes, intracellular access mechanisms, and recording
performance. The comparison highlights how different
fabrication philosophies translate into distinct signal
characteristics and cellular compatibilities.

Device Characterization and Intracellular Access Strategies

The transition of 3D bioelectronic devices based on
low-dimensional materials from laboratory prototypes to
reliable tools for cellular electrophysiology requires two
critical steps: (i) comprehensive performance character-
ization of the devices and (ii) adoption of efficient, mini-
mally  invasive intracellular  access  strategies.
Characterization is essential for ensuring structural pre-
cision and performance reliability, validating each stage
from material synthesis to device integration. Intracellular
access strategies are equally vital, as they determine
whether a stable electrical pathway to the cell interior can
be established without significantly disrupting normal
physiological activity. Achieving such access is central to
obtaining high-signal-to-noise intracellular recordings.
This section first outlines multimodal methods for char-
acterizing advanced devices, followed by a discussion of
cutting-edge intracellular access techniques, encompass-
ing both physical and biochemical approaches.

Device characterization

Device characterization begins with the most funda-
mental parameters: structure and composition. Precise
morphology and chemical composition form the basis of
performance. High-resolution imaging of nanostructure
dimensions and architecture can be achieved using
scanning electron microscopy and transmission electron
microscopy (TEM), often combined with energy-
dispersive X-ray spectroscopy (EDX) or Auger electron
spectroscopy (AES) for elemental analysis. For example,
AES has confirmed that IrOx nanotubes consist of iridium
and oxygen, with elemental line-scan data clearly reveal-
ing their hollow tubular geometry in contrast to solid Au
nanopillars (Fig. 5a)”>. In more complex devices such as
“nanovolcano” electrodes, combined TEM-EDX enables
precise resolution of the multilayer material stack (Au/Si/
Ti/O, etc.) within cross-sections, thereby verifying the
reproducibility and controllability of the fabrication pro-
cess (Fig. 5b)°°.

Next, the electrochemical performance of the device
in a physiological environment is evaluated, as this
directly determines the quality of the recorded biolo-
gical signals. Electrochemical impedance spectroscopy
(EIS) is a key technique for assessing the
electrode—electrolyte interface. Lower impedance
reduces thermal noise, which is the dominant source of
baseline fluctuation in electrophysiological recordings.
This directly improves the signal-to-noise ratio and
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Comparison of representative 3D nanoelectronic platforms for intracellular electrophysiology

Table 1

Refs

Amplitude (mV) Duration Cell type

Throughput Access strategy

Key processing strategy

Geometry

58

Embryonic chicken cardiomyocytes

~80

Spontaneous penetration

30

PECVD, EBL, deposition

3D kinked nanoFET

65

Rat ventricular cardiomyocytes

5-20

Electroporation

1024

PECVD, ALD, photolithography, etching
PECVD, focused ion beam (FIB),

photolithography

Vertical nanowire

HL-1 atrial cardiomyocyte cell line (HL-1 cells) 80

10 min

11.8

Electroporation

16

Vertical nanopillar

HL-1 cells, primary rat cardiomyocytes

Electroporation 1.5-15 ~60 min

60

PECVD, EBL, photolithography, etching,

deposition

IrOx nanotube

66

Primary rat cardiomyocytes

~20 over 1h

Spontaneous penetration

32

EBL, photolithography, deposition, etching

Nanovolcano

77

Rat cardiomyocytes

105 min

Electroporation

16/32
32

Photolithography, hydrothermal growth

Nanobranched

76

Primary neonatal rat cardiomyocytes

10 min

6.97

Electroporation

Vertical nanotemplate ALD, photolithography, etching

human pluripotent stem cell-derived

Electroporation ~63 ~60 min

58

FIB, deposition, etching

Nanocrown

cardiomyocytes
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enables faithful resolution of subtle features within the
action potential waveform, such as depolarization rate
and plateau duration. Studies have shown that IrOx
nanotubes exhibit an order of magnitude lower impe-
dance than Au nanopillars of comparable surface area
(Fig. 5¢)”°. Electrode geometry also plays a significant
role; relative to planar electrodes, 3D structures such as
Al,O3; nanotemplates and ZnO nanorods display
markedly reduced impedance due to their larger
effective surface area (Fig. 5d)’°. Similarly, electrodes
fabricated from a porous network of carbon nanotubes
leverage a high effective surface area to achieve low
impedance, enabling high-sensitivity recording of
extracellular potentials from cardiomyocytes’”. Addi-
tionally, cyclic voltammetry (CV) is used to determine
the charge storage capacity (CSC), a parameter that
quantifies the total charge the electrode can safely
inject. A high CSC is particularly advantageous for
applications requiring electrical stimulation, such as
pacing cardiomyocytes or triggering network activity.
It allows for the delivery of effective stimulus currents
with smaller, safer voltage transients, which minimizes
the risk of irreversible electrochemical reactions and
potential cell damage.

Finally, specialized functional characterization is
essential for specific device designs. For FET-based
probes, validation of their core sensing function is
critical. For instance, characterization of a 3D flexible
FET probe demonstrates that its conductance and
sensitivity remain stable under substantial mechanical
deflections, highlighting its suitability for interfacing
with soft biological tissues. The same probe also
exhibits near-Nernstian sensitivity to changes in solu-
tion pH, underscoring its potential for multimodal
sensing (Fig. 5e)°. In another example, electrical
measurements of U-NWFETs confirm reliable tran-
sistor performance. Their I-V curves reveal an inverse
relationship between conductance and channel length,
indicating that the device’s electrical properties are
both predictable and tunable (Fig. 5f)**.

Beyond electrochemical and functional performance,
biosafety is a fundamental prerequisite for applying
these devices in cellular electrophysiology. The
nanoscale dimensions of the probes inherently mini-
mize invasiveness and mechanical perturbation to the
cell membrane. Structural integrity remains central to
all fabrication strategies. For top-down devices, this is
achieved through their monolithic architecture, in
which nanostructures are covalently bonded to the
substrate. In hybrid architectures incorporating
bottom-up nanostructures, stability arises from strong
interfacial adhesion formed during synthesis and
mechanical immobilization achieved during integra-
tion, typically embedding the nanostructures within a
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compositional analysis of a nanovolcano electrode®®

impedance compared with planar electrodes’®

~500, and ~2000 nm) confirm reliable transistor performance
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Fig. 5 Multimodal characterization of bioelectronic devices based on low-dimensional materials a Elemental and structural analysis of IrOx
nanotubes. Left: AES confirms the presence of Ir and O. Right: Elemental line-scan data reveal the hollow tubular structure’®. b Cross-sectional

. TEM combined with EDX resolves the precise multilayer stack of materials (Au, Si, Ti, O, etc,).
¢ Electrochemical performance comparison of IrOx nanotubes and Au nanopillars. Left: Electrochemical impedance spectroscopy (EIS) shows lower
impedance in IrOx nanotubes. Right: Cyclic voltammetry (CV) demonstrates their higher charge storage capacity”>. d Comparison of EIS across
electrodes with different morphologies. 3D structured electrodes, such as Al,Os nanotemplates and ZnO nanorods, exhibit reduced interface

_ e Functional characterization of a 3D flexible FET probe™®
stable under mechanical deflection. Bottom: Potential response to pH changes demonstrates its chemical sensing capability. f Electrical
characterization of U-shaped nanowire FET (U-NWFET) probes4z. Current-voltage (I-V) curves for devices with three different channel lengths (~50

. Top: Conductance and sensitivity remain

solid dielectric matrix and making them inseparable
from the device framework. Materials such as silicon,
noble metals, and stable oxides are employed for their
well-established biocompatibility and chemical inert-
ness. Collectively, these design principles ensure a
stable, biocompatible interface, as demonstrated by the
ability to maintain high-fidelity intracellular recordings
from the same cells over extended periods. However,
the translation of these devices to in vivo applications
will require continued evaluation of long-term tissue
compatibility, including potential inflammatory and
immune responses.

Intracellular access strategies

Once a device has been comprehensively character-
ized and its performance validated, the next major
challenge is to employ nanostructures to penetrate the
cell membrane and establish a stable, low-impedance
electrical interface with the cell interior. An ideal
intracellular access strategy should be minimally
invasive, highly efficient, and controllable, and cause
minimal disruption to normal physiological activity.
Current approaches can be broadly categorized into
three groups: (i) chemically induced membrane fusion
or spontaneous internalization, driven by direct
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interactions between nanostructures and the cell
membrane; (ii) electroporation, which employs loca-
lized electric fields; and (iii) optoporation, which
leverages photothermal or photomechanical effects.

Chemically induced membrane fusion or sponta-
neous internalization is a passive, trigger-free access
method regarded as the least invasive strategy®>>%77%,
Its effectiveness depends primarily on two factors:
nanoprobe geometry and surface biofunctionalization.
A very small radius of curvature (typically tens to
hundreds of nanometers) can generate high local
membrane curvature, thereby activating endogenous
internalization pathways such as endocytosis. In par-
allel, coating the probe surface with a phospholipid
bilayer mimics the biochemical properties of the cell
membrane, promoting fusion between the probe and
the cell. For instance, V- or U-shaped nanowire tran-
sistor probes functionalized with phospholipids can
spontaneously penetrate the cell interior and stably
record intracellular APs with near-full amplitudes
(Fig. 6a, b)***®, By mimicking the natural
cell-membrane interface, this strategy encourages
active probe uptake, minimizing both physical damage
and physiological disruption. However, this approach is
still limited by low efficiency and reproducibility, as
spontaneous penetration events are often rare and
transient.

Electroporation is one of the most widely used phy-
sical methods for membrane permeabilization® 5, It
involves applying a series of brief voltage pulses (typi-
cally a few volts) through a nanoelectrode, generating a
highly localized electric field in the narrow gap
between the electrode tip and the cell mem-
brane®®7>778%87=90 " Thijs intense field creates tran-
sient, reversible nanopores in the membrane, thereby
establishing an electrical pathway between the intra-
cellular and extracellular environments. For instance,
studies using vertical nanopillar arrays have shown that
following voltage pulsing, the recording mode can be
switched from low-amplitude extracellular signals
(Fig. 6¢, top) to high-amplitude intracellular APs with
clear waveforms and nearly a 100-fold increase in sig-
nal amplitude (Fig. 6c, bottom)so. Similarly, 3D nano-
branched electrodes employ the same principle to
transition from extracellular to intracellular recording
via local electroporation, yielding high-quality AP sig-
nals (Fig. 6d)®. Electroporation has been widely
adopted due to its straightforward operation and high
success rate. However, the applied voltage pulses can
generate electrical artifacts that temporarily saturate
the amplifier, and intracellular access is inherently
limited by membrane resealing. The duration and sta-
bility of access vary with cell type and pulse para-
meters, typically allowing high-fidelity recordings for
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several minutes to up to two hours before reverting to
extracellular-like potentials.

Optoporation offers a gentler and more targeted
approach for accessing the cell interior. It relies on
focused laser pulses to excite the plasmonic resonance
of nanostructures®"*>°'=?3 In 3D plasmonic nanoelec-
trodes, laser energy is concentrated at the electrode tip,
producing localized photothermal, photomechanical
(e.g., nanoshockwaves), or nonlinear effects (e.g.,
nanosecond-scale bubbles) that generate precise pores
in the adjacent cell membrane. A major advantage of
this method is that it decouples the poration trigger
(light) from the electrical recording, thereby avoiding
the strong electrical artifacts and amplifier saturation
often associated with electroporation. As demonstrated
in Fig. 6e, laser irradiation enables a smooth transition
from weak extracellular spikes to intracellular signals
with characteristic AP morphology®'. Further develop-
ment of this strategy has introduced the concept of
planar plasmonic “meta-electrodes.” In this design,
protruding 3D structures are unnecessary; instead, a
nanoporous layer (e.g., porous platinum) deposited on
planar CMOS electrodes achieves poration via a laser-
induced optoacoustic effect, allowing clear intracellular
recordings of cardiomyocyte APs (Fig. 6f)%2. Despite its
advantages, the requirement for complex and costly
optical systems still limits its scalability.

In summary, the three main intracellular access stra-
tegies present distinct trade-offs. Spontaneous inter-
nalization offers minimally invasive, long-term
recordings but suffers from low efficiency and repro-
ducibility. Electroporation provides high-amplitude,
scalable intracellular signals yet introduces transient
electrical artifacts and is limited by membrane resealing.
Optoporation enables artifact-free, targeted recordings
with potentially lower invasiveness, though throughput
and system complexity constrain widespread adoption.
Strategy selection depends on experimental priorities,
and future directions may focus on integrating electrical
and optical approaches or automating optical delivery to
achieve both high-throughput and minimally invasive
intracellular recordings.

Principles and advanced applications in cardiac
electrophysiology

The electrophysiological activity of cardiomyocytes,
particularly their transmembrane AP, serves as a key
biomarker of cardiac health. The distinctive AP wave-
form reflects the coordinated function of multiple ion
channels, and even subtle morphological changes can
indicate a potential proarrhythmic risk. Accordingly,
this section first elucidates the mechanisms underlying
AP generation and its propagation across cardiomyo-
cyte networks, establishing the theoretical basis for
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subsequent discussions. Based on this foundation, we
then examine advanced applications of 3D nanoelec-
tronic devices in drug screening and disease modeling.

Principles of cardiac electrophysiology and cell network
activity

The pumping function of the heart results from the
precise spatiotemporal coordination of its electrical

activity, which is based on the electro-excitability of
individual cardiomyocytes and their ordered propaga-
tion at the tissue level. At the single-cell level, the core
of this activity is the transmembrane AP, a rapid and
reversible change in membrane potential driven by ion
concentration gradients across the plasma mem-
brane”*™’. The typical AP waveform of a working
ventricular cardiomyocyte consists of five distinct



Li et al. Microsystems & Nanoengineering (2026)12:51

phases (0—-4), whose morphology is precisely regulated
by the sequential opening and closing of voltage-gated
ion channels, including Na*, Ca®>*, and K" channels
(Fig. 7a). For example, the rapid depolarization of
phase O results from the large-scale opening of Na*
channels, while the plateau of phase 2 reflects a
dynamic equilibrium between Ca?" influx and K*
efflux. At the tissue level, cardiomyocytes form a
functional syncytium through electrical coupling via
gap junctions. This allows signals initiated in one cell
to propagate rapidly and with low resistance to
neighboring cells. This creates a coordinated wave of
excitation that synchronizes contraction across the
heart, thereby maintaining normal rhythm. Recent
advances in low-dimensional nanomaterials and 3D
MEA technologies now allow precise recording and
monitoring of cardiomyocyte electrical activity, pro-
viding new insights into how excitation propagates
within cell networks. These platforms facilitate the
formation of tightly coupled cardiomyocyte mono-
layers on 3D substrates, offering ideal experimental
conditions for multiscale electrophysiological research
(Fig. 7b)®®. Although Fig. 7b shows a neuron network
cultured on a 3D NEA, similar architectures have been
successfully applied to cardiomyocyte networks for
monitoring collective electrical activity. Using such
systems, researchers can monitor cell network elec-
trical activity in a long-term, noninvasive manner,
generating reliable data to support cardiac disease
modeling.

Drug screening

Drug-induced cardiotoxicity is a leading cause of
both new drug failures and post-market withdrawals,
with toxic effects often manifesting as alterations in
cardiomyocyte AP morphology. 3D nanoelectronic
platforms provide physiologically relevant and scalable
in vitro models for preclinical drug safety screening®’.
A key advantage of these systems is their ability to
perform “self-referencing” measurements on the same
cell before and after drug administration, enabling
precise assessment of drug effects while eliminating
intercellular variability. For example, nanopillar elec-
trodes yield high-quality intracellular recordings that
can clearly distinguish APD shortening caused by Ca®"
channel blockers (e.g., nifedipine) from APD pro-
longation induced by K* channel blockers (e.g., TEA)
(Fig. 7¢)%.

Hollow nanopillars further enable monitoring of dose-
dependent effects, such as the APD changes produced by
different concentrations of verapamil (Fig. 7d)*. More
recently, advanced nanocrown electrodes, with >99%
success rates for intracellular access and excellent
recording stability, have facilitated parallel screening of
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compound panels with varying proarrhythmic risk
levels**'°!, As illustrated in Fig. 7e, this technology can
detect pronounced APD prolongation induced by high-
risk drugs (e.g., dofetilide), APD shortening by low-risk
drugs (e.g., nifedipine), and even early afterdepolarization-
like—like events triggered by intermediate-risk drugs (e.g.,
cisapride). In addition to passive electrode arrays, active
devices based on 3D FETs have demonstrated strong
potential for drug screening. Kinked nanowire FET
probes, for instance, have been used to quantitatively
characterize the effects of ion-channel blockers such as
nifedipine and tetrodotoxin on intracellular APs. The field
is progressing toward large-scale screening through the
integration of vertical nanoelectrodes with CMOS tech-
nology. High-density CMOS NEAs now allow simulta-
neous recording from hundreds of cells, enabling
evaluation of both network-level drug effects and the
spatial heterogeneity of cellular responses.

Disease modeling

Combining patient-derived hiPSC-CMs with 3D
nanodevices enables the in vitro reconstruction of
disease-specific electrophysiological phenotypes, pro-
viding powerful models for investigating disease
mechanisms and developing new therapies. Because
alterations in AP morphology are directly associated
with numerous CVDs, such platforms can precisely
capture pathological electrical signals resulting from
ion-channel dysfunction. Using nanopillar arrays,
researchers have successfully modeled multiple genetic
cardiac disorders in vitro. For example, recordings
from hiPSC-CMs derived from a patient with HCM
revealed hallmark AP abnormalities (including
arrhythmia and delayed afterdepolarizations) that were
absent in healthy controls (Fig. 7f)°°. In addition to
genetic conditions, integrating nanoelectronic devices
into heart-on-a-chip systems allows dynamic patholo-
gical processes to be studied in real time®’. For
instance, by controlling oxygen concentration in a
microfluidic channel to mimic acute hypoxia, inte-
grated nanopillar arrays have been used to monitor the
electrophysiological responses of cardiomyocytes in a
previous study, and multiplexed synchronous record-
ings captured key changes (such as APD shortening
under hypoxic conditions) and highlighted the spatial
heterogeneity of cellular responses (Fig. 7g)'*°. The
versatility of these platforms also extends to modeling
pharmacologically induced arrhythmias, such as those
triggered by norepinephrine, and channelopathies
arising from abnormal ionic environments, including
hyperkalemia and hyponatremia. They have also been
applied to genetic channelopathies such as long QT
syndrome, wherein they accurately reproduced the
characteristic prolongation of APD. Advances in
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(see figure on previous page)

Fig. 7 Principles of cardiac electrophysiology and key applications of 3D nanoelectronic devices a Schematic of the fundamental principles of
cardiac electrophysiology, showing a typical cardiomyocyte AP and its five distinct phases (0-4) driven by the transmembrane flow of key ions (Na™,
Ca”", and K™) through their respective channels. b Scanning electron micrograph of a neuron network cultured on a 3D NEA”, ¢ Application of
nanopillar electrodes in drug screening, showing the shortening and prolongation of intracellularly recorded AP duration (APD) after administration
of nifedipine and tetraethylammonium (TEA), respectively®®. d Dose-dependent effects of verapamil on APs recorded using hollow nanopillars®.

e Use of nanocrown electrodes for multidose drug evaluation, showing distinct AP waveform changes for drugs with different cardiotoxicity risks®.
f Application of nanopillars in disease modeling of hypertrophic cardiomyopathy (HCM), comparing AP recordings from a healthy individual and

HCM patient-derived human induced pluripotent stem cell-cardiomyocytes (hiPSC-CMs)®°. g A heart-on-a-chip model with integrated nanopillars
for studying hypoxia, comparing AP signals under normoxic and hypoxic conditions

100

flexible bioelectronic platforms and early demonstra-
tions of in vivo recording suggest promising opportu-
nities for translating these technologies into more
physiologically relevant contexts.

Conclusion and Outlook

Over the past two decades, bioelectronic devices based on
low-dimensional materials, particularly 1D nanostructures,
have advanced from initial proof-of-concept studies to
pivotal technologies in intracellular electrophysiology.
These innovations have begun to resolve the long-standing
trade-offs among fidelity, throughput, and long-term sta-
bility that limit conventional methods. By forming intimate
3D interfaces with cell membranes, such platforms mark-
edly improve electrode—cell coupling and enable the
acquisition of high-fidelity AP waveforms. This review has
systematically outlined progress in the field, spanning
bottom-up nanomaterial synthesis, top-down and hybrid
fabrication strategies, multimodal device characterization,
and methods for intracellular access. Comprehensive
characterization not only confirms structural precision and
electrochemical performance but also ensures reliable bio-
compatibility, establishing the foundation for downstream
applications. Building on this technical basis, we then
summarized the principles of cardiac electrophysiology and
highlighted key applications in drug screening and disease
modeling.

Despite significant progress, several critical chal-
lenges must be addressed before these devices transi-
tion from laboratory prototypes to widely adopted
tools. A central challenge is achieving robust and
reproducible performance, which must be addressed at
both the manufacturing and experimental levels. At the
manufacturing level, standardizing fabrication pro-
cesses to ensure device-to-device consistency is a pri-
mary hurdle. For bottom-up methods, inherent
variability in catalyst uniformity or growth conditions
makes precise control over nanostructure dimensions
and density difficult across large wafers. Conversely,
top-down approaches, while more reproducible, are
highly sensitive to minor process fluctuations in etch-
ing or deposition that can impact final device perfor-
mance. At the experimental level, even for well-

fabricated devices, ensuring long-term stability is cri-
tical for studying chronic disease progression. This
requires further optimization of material biostability
and antibiofouling surface chemistries to maintain a
reliable interface over extended timescales. In parallel,
although the high manufacturing cost of CMOS inte-
gration presents a significant obstacle, it is not uni-
versally essential for all experiments or applications.
For many fundamental mechanistic studies, especially
those involving the monitoring of a limited number of
cells, low-density passive electrode arrays offer a cost-
effective and highly valuable alternative. However, for
applications that demand high parallelism and precise
spatiotemporal resolution, such as large-scale drug
screening and network-level analysis of arrhythmo-
genesis, CMOS integration becomes indispensable.
These applications require the ability to capture the
propagation of electrical signals across large syncytia
and detect rare, stochastic events. Therefore, over-
coming the challenges of efficient large-scale CMOS
integration and effectively analyzing the resulting large
datasets remains a key priority for advancing the field.

The future of cellular analysis lies in achieving a more
holistic understanding of cell function through multi-
modal platforms that integrate nanoelectrodes with
optical, chemical, and mechanical sensors. Although
the focus here is on cardiomyocytes, the underlying
design principles and bioelectronic strategies are
broadly applicable to other excitable cells, including
neurons. Many of these low-dimensional platforms
have also achieved parallel advances in neuroscience,
as illustrated in Fig. 7b. A major long-term objective is
to interface these advanced arrays with physiologically
relevant models, such as self-organizing cardiac orga-
noids, thereby bridging the gap between 2D cell cul-
tures and in vivo physiology. Ultimately, the transition
from the culture dish to living organisms will require
the development of flexible, biocompatible, and
chronically implantable nanoprobe arrays capable of
high-resolution intracellular monitoring in living tis-
sue. In conclusion, intracellular electrophysiological
recording technologies based on low-dimensional
materials continue to advance our ability to probe
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cellular function at unprecedented resolution. As
challenges related to stability, scalability, and integra-
tion are progressively addressed, these platforms are
poised to play a decisive role in elucidating CVD
mechanisms and accelerating the development of next-
generation therapies.
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