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Abstract: The establishment of a dependable electrophysiological detection platform is paramount for cardiology and neuroscience
research. In the past decade, devices based on micro and nanoscale sensing and control technologies have been developed to
construct electrophysiological platforms. Their unique morphological advantages and novel processing methods offer the
potential for high-throughput, high-fidelity electrical signal recording. In this review, we analyze the structure, transmembrane
strategies, and electrophysiological detection methods of active/passive micro and nano sensing platforms. We also provide an
outlook on their vast potential for development in light of the opportunities and challenges facing micro and nano sensing
technology, with the aim of pushing for higher-level electrophysiological platform construction to meet the needs of experimental

research and clinical applications.
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1 Introduction

The development of electrophysiological detec-
tion technology is crucial for research in cardiology
and neuroscience. Cardiovascular and cerebrovascular
diseases are the leading causes of morbidity and mor-
tality worldwide (Chen et al., 2017; Timmis et al., 2018;
Ma et al., 2020). Thus, developing a reliable, long-term
monitoring platform for cellular electrical activity is
of great significance for exploring the pathogenesis of
these diseases and for timely prevention and treatment.
In addition, large-scale mapping of cell-network activ-
ity must be realized as it is essential for exploring the
functional mechanisms underlying the heart and brain,
as well as their relationships with physiology and pathol-
ogy, and understanding the functional connections of
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cell circuits. This requires electrophysiological record-
ing platforms to have the ability to record in parallel
on a large scale. They should be capable of simultane-
ously measuring and controlling the electrical activity
of thousands of cells, as well as performing accurate
circuit tracing.

Over the past few decades, traditional imaging
techniques, such as electrocardiogram and electroen-
cephalogram, have been primarily used for recording
cellular electrical signals (Valappil et al., 2010; Hannun
et al., 2019). These methods are non-invasive and suit-
able for analyzing large-scale cellular aggregate activ-
ity. However, the visual resolution they provide is rel-
atively low and they do not have the ability to record
individual cells. On the other hand, the development
of extracellular electrodes has enabled researchers to
obtain more electrophysiological information on cells.
From passive microelectrode arrays to active field-
effect transistors, extracellular electrodes have suc-
cessfully recorded extracellular signals from cardiac
cells, neural cells, and other electrically excitable cells
(Thomas et al., 1972; Connolly et al., 1990; Fromherz
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et al., 1991; Voelker and Fromherz, 2005; Johnstone
et al., 2010). Their non-invasive characteristics avoid
the risk of mechanical damage to cells and allow for
multi-channel, long-term monitoring of cellular elec-
trical signals. However, the electrophysiological signals
recorded by extracellular electrodes have limitations in
terms of strength and quality, which make it difficult to
determine detailed information about cellular electro-
physiological mechanisms. In contrast, emerging intra-
cellular recording techniques have prominent advan-
tages in exploring intrinsic mechanisms of cellular elec-
trophysiological changes, drawing excitation/inhibition
synaptic connections, and studying regulation of poten-
tial by chemical stimuli in detail. Intracellular record-
ing can obtain high-fidelity action potentials that con-
tain critical information about the type, state, and density
of various ion channels. Many cardiovascular and cere-
brovascular diseases are closely linked to ion-channel
dysfunction, and the shape of action potential is also
an important indicator for evaluating cell differentiation
and maturation of stem-cell-derived cardiomyocytes.
Therefore, the development of intracellular recording
platforms to accurately measure the duration, refractory
period, and upstroke velocity of action potentials is
crucial for clinical treatment and experimental research.
Traditional intracellular recording methods mainly
include patch-clamp technology and voltage-sensitive
dye/voltage-sensitive protein-based optical imaging
technology. Patch-clamp technology typically involves
using an ultra-thin glass tube filled with ion solution
as an electrode, tearing part of the cell membrane, and
directly contacting the cytoplasm (Pantoja et al., 2004;
Davie et al., 2006; Wang et al., 2015; Vardi et al., 2016).
Through connection to a high-sensitivity amplifier, this
technology can accurately record the amplitude and
shape of electrical signals. Although patch-clamp elec-
trodes have a high signal-to-noise ratio and high sensi-
tivity, they cause irreversible damage to cell mem-
branes, which is not conducive to long-term recording.
Also, the complex operation process seriously affects
simultaneous recording of multiple cellular electrical
signals. Optical imaging technology permits large-scale
parallel detection of intracellular electrical signals,
but its low signal-to-noise ratio, in addition to related
drug side effects or phototoxicity, limits widespread use
(Matiukas et al., 2007; Lopez-Izquierdo et al., 2014).
Therefore, further development in electrophysiologi-
cal research calls for higher standards for intracellular

recording platforms: (1) Minimal invasiveness. This
requires electrodes to have relatively small volumes and
enter cells gently to minimize damage to them, allowing
for long-term recording. (2) High sensitivity. Reducing
electrode size and maintaining a high signal-to-noise
ratio and high sensitivity are important for measuring
sub-threshold potentials of cells and fully mapping syn-
aptic connections. (3) Multiplexing. Multi-cell-electrode
interfaces allow for single-cell recording while enabling
network-level expansion, facilitating large-scale studies
with higher spatial resolution. (4) Stable cell-electrode
interface. Tight sealing and stable coupling between a
cell membrane and electrode are key factors for reduc-
ing signal loss and achieving long-term recording.

Micro and nano sensing technology has opened up
new avenues to meet the above requirements (Spira
and Hai, 2013; Zhang and Lieber, 2016; Abbott et al.,
2018). The downsizing of cellular recording platforms is
associated with reduced cell invasiveness and increased
numbers and densities of recording sites. With the pro-
gressive evolution of nanofabrication processes, a vast
range of material choices and flexible structure designs
provides numerous possibilities for the development of
micro-nanoelectronics. The continuous improvement of
cell-membrane regulation strategies and cell-electrode
interfaces has also promoted the application of micro-
nano sensing and control technology in intracellular
recording, providing powerful tools for neuroscience
and cardiology research. This article reviews the recent
research progress on micro-nano sensing platforms for
intracellular recording. We summarize and compare
the structures and transmembrane strategies of active/
passive micro-nano sensing platforms, as well as their
effects on electrophysiological detection of electrically
excitable cells, and finally discuss the future develop-
ment of micro-nanoelectronics.

2 Active field-effect transistors
2.1 Device structure

Active field-effect transistors often incorporate
semiconductor materials such as Si and SiO,, which
enable high-sensitivity intracellular recording without
electrode impedance. In addition, combining metal
and semiconductor materials can produce electrodes
with a silicon core and a metal tip, greatly improving
the functionality of micro-nano sensing and control



devices when combined with complementary metal-
oxide semiconductor (CMOS) technology. Lieber’s
group designed a series of nanowire/tube field-effect
transistors (Tian et al., 2010; Duan et al., 2012; Qing
et al., 2014; Zhao et al., 2019) to overcome the limita-
tions of electrode impedance; this minimized the elec-
trode size and record signal amplitudes to levels equiv-
alent to patch-clamp recordings (Figs. 1a and 1b).
U-shaped nanowire probes (Zhao et al., 2019) have
been shown to be more sensitive for intracellular action
potential recording with decreasing electrode curvature
radius (Fig. 1¢). The fabrication process of active field-
effect transistors often uses gas-liquid-solid reactions
to obtain nanowire structures and also involves manu-
facturing interconnects through photolithography.

2.2 Penetration strategy

Active field-effect transistors usually use chemi-
cally modified penetration strategies which utilize lipid
modification to permit fusion with cell membranes
(Tian et al., 2010). Lieber’s group modified phospho-
lipid bilayers on the surface of nanoscale field-effect
transistors (Fig. 2). This penetration strategy has mini-
mal impact on electrode conductivity and sensitivity,
and is less mechanically invasive for cells, making it
possible to record high-quality intracellular electrical
signals. In addition, self-assembled monolayers of
alkylthiol can be used to modify nanoelectrodes. The
principle is to optimize the cell-electrode interface
through fusion with the cell membrane, allowing record-
ing of intracellular electrical signals. The chemical modi-
fication means that the electrode can penetrate the cell
in a minimally invasive and gentle way, but the modi-
fication typically cannot provide precise control.
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2.3 Electrophysiological detection

Cardiomyocytes and neurons are two main cell
types used for intracellular electrophysiological detec-
tion by micro-nano biosensing platforms. Cardiomyo-
cytes are the main bioactive and functional units of the
heart, and their unique membrane structure provides a
variety of specific ion channels as the basis for action-
potential generation. The action potential of cardiomy-
ocytes can be divided into five stages: rapid depolar-
ization (Na" inflow), early rapid repolarization (K" out-
flow), plateau (K* outflow, Ca™ inflow), late rapid repo-
larization (K" outflow), and resting state (ion pump to
restore Na“, K*, and Ca™ concentrations). Neurons are
the basic units of nerve organs or tissues, such as the
brain, spinal cord, and retina. Excitability and con-
ductivity are the main functions of neurons, and the
electrical signals they produce are similar in principle
and waveform to those produced by cardiomyocytes.

Devices constructed using micro-nano sensing and
control technology (based on field-effect transistors)
have achieved the closest intracellular recording of real
action potentials. Bent nanowire field-effect transis-
tors can gently contact spontaneously beating cardiac
cells, and after an interval of about 40 s, gradually con-
vert the initially recorded 3—5 mV extracellular signal
into an intracellular signal with a larger amplitude (about
80 mV) (Fig. 3a) (Tian et al., 2010). Similarly, branched
nanotube field-effect transistors also record character-
istic action potentials in cardiac cells, with amplitudes
of 75—-100 mV and durations of about 200 ms; multiple
independent branched nanotube field-effect transistors
have been tested for simultaneous measurement of the
same or different locations of cells, demonstrating their
potential for extension to network-level multi-channel

Fig. 1 Device structure of active field-effect transistors: (a) SEM image of a kinked silicon nanowire field-effect transistor
(reprinted from (Tian et al., 2010), Copyright 2010, with permission from the American Association for the Advancement
of Science); (b) SEM image of a branched nanotube field-effect transistor (reprinted from (Duan et al., 2012), Copyright
2012, with permission from Springer Nature); (c) SEM image of a U-shaped nanowire field-effect transistor (reprinted
from (Zhao et al., 2019), Copyright 2019, with permission from Springer Nature). S and D indicate source and drain

electrodes, respectively
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Fig. 2 Penetration strategy of active field-effect transistors
(FET): kinked silicon nanowire is coated with phospholipid
bilayers to fuse with cell membranes. Reprinted from (Tian
et al.,, 2010), Copyright 2010, with permission from the
American Association for the Advancement of Science

measurement (Fig. 3b) (Duan et al., 2012). However,
the complexity of field-effect transistors hinders their
large-scale manufacture, and the insufficient signal-to-
noise ratio prevents accurate recording of weak and rest-
ing potentials.

Zhao et al. (2019) designed U-shaped field-effect
transistors that can continuously measure six indepen-
dent neurons, obtaining potentials with consistent shape
and duration, amplitudes of 60—100 mV, and a signal-to-
noise ratio of 1154£29. They also allow observation of
sub-threshold signals similar to patch-clamp recordings
of 3—5 mV, demonstrating their potential for measur-
ing synaptic potentials. Moreover, multiple U-shaped

field-effect transistor probes were employed to simul-
taneously measure either the same or different neurons
(Fig. 3¢). No significant delay or disparity in waveform
was evident with regard to action potentials recorded
from the same neuron by distinct electrodes. Conversely,
the delay length between signals originating from dis-
tinct cells was consistent with the propagation speed
of neuronal potentials. Remarkably, integrating two
U-shaped field-effect transistor probes featuring differ-
ent curvatures on the same substrate enables concurrent
measurement of intracellular and extracellular potentials.

3 Passive microelectrode arrays
3.1 Device structure

Passive microelectrode arrays often use biocom-
patible precious metals. Gold and platinum are com-
monly used electrode materials that can catalyze redox
reactions in solution to carry current. Charge diffuses
on metal electrodes, and the magnitude of interface
current is affected by electrode impedance. Meanwhile,
metal oxide (iridium oxide, IrO,) is also used as a
highly biocompatible material for recording intracellular
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Fig. 3 Electrophysiological detection of active field-effect transistors: (a) intracellular recording from cardiomyocytes by
a kinked silicon nanowire field-effect transistor (reprinted from (Tian et al., 2010), Copyright 2010, with permission
from the American Association for the Advancement of Science); (b) intracellular recording by a branched nanotube
field-effect transistor (reprinted from (Duan et al., 2012), Copyright 2012, with permission from Springer Nature); (c)
simultaneous intracellular recording from one dorsal root ganglion (DRG) neuron by U-shaped nanowire field-effect
transistors (reprinted from (Zhao et al., 2019), Copyright 2019, with permission from Springer Nature). G stands for the

transconductance of the transistor



electrical signals (Lin et al., 2014). Compared with
gold nanoelectrodes with the same surface area, IrO,
electrodes have lower impedance and higher charge-
storage capacity. To further reduce electrode impedance,
some nanoscale materials such as platinum black and
carbon nanotubes are used to modify electrodes, tak-
ing advantage of their rough characteristics and high
surface-area ratio to increase the effective surface area
of the electrode and improve its signal-to-noise ratio.
The structural design of nanoelectrodes has a significant
impact on tight coupling between cells and electrodes.
Hai et al. (2010) devised a gold electrode that mimicked
the morphology and dimensions of dendritic spines,
effectively bolstering the adhesion and electrical con-
nectivity between nerve cells and electrodes (Fig. 4a).
However, there are drawbacks: the relatively large
size of gold spines and lack of expandable multi-site

Fig. 4 Device structure of passive microelectrode arrays:
(a) SEM image of a gold-spine electrode (reprinted from
(Hai et al., 2010), Copyright 2010, with permission from
Springer Nature); (b) SEM image of silicon nanowire
electrodes (reprinted from (Robinson et al., 2012), Copyright
2012, with permission from Springer Nature); (c) SEM image
of an IrO, nanotube electrode (reprinted from (Lin et al.,
2014), Copyright 2014, with permission from Springer Nature)
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measurement. With the development of micro and nano-
sensor control technology, vertical nanowire and nano-
pillar electrodes have been developed to achieve tight
coupling between the electrode and cell membrane
(Fig. 4b) (Robinson et al., 2012; Xie et al., 2012; Liu
etal., 2017, 2022). Among these, hollow tube electrodes
can extend the time for cell-membrane healing, and
can even induce cell-membrane wrapping around the
electrode to improve electrical signal recording time
(Fig. 4c) (Lin et al., 2014). Vertical nanoelectrodes are
typically constructed with lithography, deposition, and
etching techniques, and lithography or deposition is then
used to prepare them on CMOS integrated circuits,
greatly improving the resolution of micro/nanosensors
and enabling parallel recording at the network level
(Abbott et al., 2017, 2020; Dipalo et al., 2018).

3.2 Penetration strategy

Utilizing natural cellular processes, such as phago-
cytosis, enables electrodes to gain access to intracellu-
lar pathways. Hai et al. (2010) designed a mushroom-
shaped electrode modified by a peptide, which in-
duces neuronal cells to actively engage in phagocyto-
sis, thereby obtaining intracellular electrical signals with
high signal-to-noise ratios and sub-threshold synaptic
potentials (Fig. 5a). Meanwhile, high-aspect-ratio ver-
tical nanowire electrodes can penetrate through the
cellular membrane by virtue of their rigidity and geo-
metrical structure. Staufer et al. (2019) reported that
gold nanowire electrodes successfully penetrated cells
through the mediation of adhesion forces, resulting in

Fig. 5 Penetration strategy of passive microelectrode arrays: (a) gold-spine electrode engulfed by a neuron (reprinted
from (Hai et al., 2010), Copyright 2010, with permission from Springer Nature); (b) schematic of electroporation by a
nanopillar electrode (reprinted from (Xie et al., 2012), Copyright 2012, with permission from Springer Nature); (¢) schematic

of optoporation by 3D nanoelectrodes (Dipalo et al., 2017)
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long-term and stable intracellular electrical signal
recording. This study demonstrated that the phospho-
lipid bilayer of the cell membrane can undergo rear-
rangements at the penetration site under electrode com-
pression, forming a tight seal at the electrode interface.
This method of tight coupling between the electrode
and the cell achieves high signal-to-noise ratios. How-
ever, spontaneous penetration suffers from inefficien-
cies that limit its further development.

Electroporation is a common passive method of
regulating transmembrane cell transport (Xie et al.,
2012; Hu et al., 2020; Fang et al., 2022; Jahed et al.,
2022; Xu et al., 2022a, 2022b). When electric pulses
are applied to nanoelectrodes, it is possible to achieve
cell-membrane electroporation at a lower voltage due
to the small gap between the electrode and the cell, as
well as the concentration of the surrounding electric
field at the tip of the electrode (Fig. 5b). By applying
20 bipolar electric pulses (2.5 V, 1 s) on vertical nanow-
ire electrodes, intracellular pathways can be success-
fully obtained and the quality of recorded intracellular
electrical signals significantly improved compared
to extracellular recordings. However, within approxi-
mately 10 min after electroporation, the recorded intra-
cellular electrical signals gradually decay and become
similar to extracellular signals. This is due to activation
of the cell-membrane healing mechanism after electro-
poration, which seals the cell membrane and ejects the
nanoelectrode from the cell. Therefore, although elec-
troporation, as a commonly used penetration method,
has the advantages of high throughput and ease of
operation, it may interfere with cell signals, and its
transient nature within the cell is not suitable for long-
term stable intracellular physiological monitoring.

Another strategy for passive cell-membrane regu-
lation is optoporation, which enables precise control
of different regions of the cell. Dipalo et al. (2017,
2018, 2021) integrated vertical gold nanoelectrodes
with plasma optics, culminating in the realization of
high signal-to-noise ratios, long-term stability, and con-
sistent intracellular recording (Fig. 5c). The nanoelec-
trodes selectively created nanopores on the cellular
membrane with short laser pulses that solely occurred
at the electrode tip, without disrupting the seal between
the cell membrane and the nanoelectrode. This circum-
vented interference with spontaneous electrical activity.
Unlike electroporation, optoporation serves as a viable
means for simultaneous intracellular and extracellular

electrical signal recording, devoid of signal attenuation
and capable of continuous recording. Moreover, opto-
poration allows for individual control of each nano-
electrode, achieving precise selection of cell electrical
signal recording regions; it reduces the likelihood of
electrical interference but suffers from low-throughput
regulation.

3.3 Electrophysiological detection

Cui’s group utilized nanopillar electrodes in com-
bination with electroporation to record action poten-
tials of 11.8 mV from HL-1 cells (Xie et al., 2012). The
electrodes achieved high-resolution detailed informa-
tion that could be used to distinguish pacemaker and
non-pacemaker cells with different-shaped action poten-
tials, as well as to validate the effects of nifedipine and
quinidine on action-potential shortening and prolon-
gation, respectively (Xie et al., 2012). However, the
recorded potentials decayed gradually within 10 min,
eventually becoming extracellular potentials. This
means that they would not be suitable for long-term
recording applications (Fig. 6a). This constraint was
minimized by iridium oxide nanotube electrodes, which
were able to record intracellular potentials of about
15 mV and maintain them without attenuation for a
certain period of time, obtaining an intracellular path-
way of almost 1 h (Fig. 6b) (Lin et al., 2014). Similarly,
nanotemplate electrodes combined with electropora-
tion were able to record maximum intracellular action
potentials of 6.97 mV for up to 600 s (Xu et al., 2022b).
A nanovolcano electrode combined with chemically
modified transmembrane strategies achieved intra-
cellular potentials of up to 20 mV while allowing sta-
ble recording for up to 1 h (Desbiolles et al., 2019).
The nanocrown electrode can record intracellular
action potentials with an amplitude of about 63 mV,
which decreases to about 30 mV at 1 h (Jahed et al.,
2022). Furthermore, scalability of nanoelectrodes is
greatly improved by combining them with CMOS cir-
cuits. Employing vertical nanowire electrodes, Abbott
et al. (2017) assembled 1024 “pixels” to concurrently
capture the membrane potential changes of hundreds
of interconnected cardiac muscle cells. This electrode
has distinct advantages for investigating the propaga-
tion of membrane potential across networks and dis-
cerning drug effects, substantiated by the lengthening
of the action-potential duration by ATX-II at both the
individual cell and network levels.
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Fig. 6 Electrophysiological detection of passive microelectrode arrays: (a) intracellular measurement of action potentials
with a nanopillar electrode (reprinted from (Xie et al., 2012), Copyright 2012, with permission from Springer Nature);
(b) prolonged intracellular recording of HL-1 action potentials by IrO_ nanotube electrodes (reprinted from (Lin et al.,
2014), Copyright 2014, with permission from Springer Nature); (c) connections between presynaptic and postsynaptic
neurons mapped across a neuronal network, using a nanoelectrode array (reprinted from (Abbott et al., 2020), Copyright

2020, with permission from Springer Nature)

For neurons, the maximum signal amplitude re-
corded by vertical nanoelectrodes is usually around
20 mV. Hai et al. (2010) deployed mushroom-shaped
electrodes to detect the excitatory postsynaptic poten-
tials (EPSPs) of three neurons. By administering depo-
larizing and hyperpolarizing pulses to adjacent cells, a
uniform potential was recorded in the middle cell.
Vertical nanowire electrodes have also been shown to
have high signal-to-noise ratios, which helps them to
achieve synaptic potential recording, and Park’s group
found that averaging multiple waveforms under the
same conditions increased the signal-to-noise ratio from
around 100 to >1000 (Robinson et al., 2012). Further-
more, multiple vertical nanotube/nanowire electrodes
have been employed to concurrently capture intracel-
lular potentials of neural cells, showing their aptitude
for multiplexing. In particular, Abbott et al. (2020) inte-
grated 4096 nanoelectrodes (about 44% of which were

coupled to neural cells) with an average amplitude of
about 200 pV and individual amplitudes up to 10 mV.
Their electrodes succeeded in detecting the transmis-
sion of synaptic potentials and portraying the process
of action-potential generation, in addition to accurately
measuring the amplitude of synaptic potentials and map-
ping 304 synaptic connections within a span of 19 min
(Fig. 6¢).

4 Summary and perspective

The development of micro-nano sensing technol-
ogy is of great significance for improving the recording
of intracellular electrical signals. Firstly, in the design
of micro-nano sensing and control devices, utilizing
semiconductor and metal materials in conjunction can
improve electrode recording efficiency while offering
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compatibility with CMOS technology; the electrode
structure at the nanoscale successfully reduces the
extent of injury inflicted during intracellular recording.
Secondly, in terms of intracellular transmembrane
regulation, various passive transmembrane methods
(primarily electroporation) significantly improve the
penetration efficiency of electrodes, allowing for sta-
ble recording of intracellular action potentials. Active
field-effect transistor devices are not affected by inter-
face impedance and can record highly sensitive, full-
amplitude intracellular potential. They are usually com-
bined with chemical modification to enter the cell in a
gentle way, but their detection efficiency, resolution,
and stability need to be further optimized. Passive
microelectrode array devices have a high signal-to-noise
ratio, and are usually combined with electroporation or
optoporation to obtain intracellular access, with high
efficiency, stability, and controllability. Optimizing the
electrode-cell interface can improve the recorded sig-
nal amplitude, and the interface can be integrated with
high-spatial-resolution, addressable, high-throughput
CMOS circuits. Micro and nano electronics are widely
used in drug screening, disease modeling, and synapse
mapping in cardiac and neural cells due to their mini-
mally invasive, accurate, sensitive, stable, and multi-
plexing characteristics; this will provide new ideas for
mechanism research and disease-treatment develop-
ment for the heart and brain.

Looking forward, many challenges and develop-
ment opportunities remain for the application of micro-
nano sensing and control technology in intracellular
recording. Firstly, it is imperative to optimize the struc-
tural design of devices, enhance their efficacy, and
streamline production methods. No device has yet simul-
taneously achieved high-fidelity, high-sensitivity, and
large-scale intracellular recording. Therefore, develop-
ing electrodes that are scalable while maintaining high
accuracy and high signal-to-noise ratio recording is of
great significance for experimental research and clini-
cal applications. At the same time, reducing manufac-
turing costs would also lay a foundation for commer-
cialization of micro-nano sensing and control devices.
Optimizing the electrode-cell interface is necessary to
improve device performance, and developing nano-
structures that are tightly coupled to the cell (using high-
performance materials and low-cost processes) as well
as combining them with CMOS processes, can enable
accurate, high-resolution intracellular recording. In

addition, it is essential to optimize cell-membrane pen-
etration strategies and develop signal recording systems.
Efficient and large-scale intracellular recording can be
achieved by adjusting electroporation/optoporation strat-
egies and integrating a perforation recording system.
Secondly, multi-functional detection capabilities are
also a new trend in the development of nanoelectrodes.
Integrating multiple functions in addition to intracellular
recording is conducive to achieving accurate control
and synchronous monitoring of cells. Future nanode-
vices are anticipated to encompass electrical/optical
stimulation and biological/chemical sensing, as well as
intracellular delivery/extraction capabilities. The amal-
gamation of these functionalities should significantly
contribute to the realm of precise regulation and syn-
chronous monitoring of cellular behavior. Notably, elec-
trical stimulation emerges as an efficacious strategy
for orchestrating cell activity and expression, with its
fusion to nanoelectronics harboring tremendous poten-
tial for diverse biomedical milieus. Further bridging the
divide, microfluidic technology holds immense prom-
ise as a conduit for marrying nanoelectronics, thereby
engendering multifunctional transmission modalities
and amplifying signal-monitoring prowess. Finally, inte-
grating nanoelectrodes into implantable devices for in
vivo-intracellular connections is a promising applica-
tion. Nanoelectrodes offer several benefits, including
minimal invasiveness to biological systems, prevention
of inflammatory responses in tissues, and preserva-
tion of functional integrity in prolonged connections.
Based on a stable micro-nano electronic-biological
interface, it is possible to study neural circuit dynamics
on a large scale in vivo, and even remotely monitor
physiological processes and repair nerve damage. As
micro-nano sensing and control technology advances,
its broad adoption promises to lead to substantial
breakthroughs in the fields of neuroscience and cardi-
ology, as well as in related domains like pathology
and pharmacology, both in terms of research and clini-
cal treatment.
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