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HIGHLIGHTS

e The factors affecting electrophysiological recordings from active micro-nano-collaborative bioelectronic devices were discussed in
terms of principle and fabrication.

e An overview of the applications of active micro-nano-collaborative bioelectronic devices in cardiomyocytes and neurons was further presented.

e The challenges faced by active micro-nano-collaborative bioelectronic devices in intracellular electrophysiological studies and their

prospective biomedical applications are discussed.

ABSTRACT The development of precise and sensitive electro-

Active Micro/Nano-Bioelectronic Device

physiological recording platforms holds the utmost importance for
research in the fields of cardiology and neuroscience. In recent years,
active micro/nano-bioelectronic devices have undergone significant 3
advancements, thereby facilitating the study of electrophysiology. The [ L Tr,'::f,',':ﬁ:;ﬁ,’:al -
distinctive configuration and exceptional functionality of these active : (——
micro-nano-collaborative bioelectronic devices offer the potential for
the recording of high-fidelity action potential signals on a large scale.
In this paper, we review three-dimensional active nano-transistors and

planar active micro-transistors in terms of their applications in electro-

excitable cells, focusing on the evaluation of the effects of active micro/
nano-bioelectronic devices on electrophysiological signals. Looking
forward to the possibilities, challenges, and wide prospects of active micro-nano-devices, we expect to advance their progress to satisfy

the demands of theoretical investigations and medical implementations within the domains of cardiology and neuroscience research.
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1 Introduction

Many important physiological activities in the human body,
such as excitation—contraction coupling in the cardiac mus-
cle and excitatory transmission in the brain, are inseparable
from cellular electrophysiology. Electrophysiology has been
used to clarify and regulate the activities of electro-excitable
cells [1-6]. Cardiovascular diseases remain a major cause
of morbidity and mortality on a global scale [7, 8]. To pre-
vent and treat cardiovascular diseases by examining their
pathogenesis, it is crucial to create a dependable platform
that facilitates the monitoring and analysis of myocardial
or neuronal electrophysiology at the cellular level [9-14].
Therefore, cardiomyocytes and neurons have received a lot
of attention from researchers as typical electrically excited
cells (cardiomyocytes, somatic cells, neurons, and glia cells
[2, 4-6, 15]) in electrophysiological research of the heart
and brain. Research in this field is predominantly conducted
through the utilization of established techniques for record-
ing high-quality electrophysiological signals in individual
cells or cell networks. Under ideal conditions, highly accu-
rate electrophysiological signal recordings can be obtained
by performing intracellular sensing [16, 17].

At present, diverse forms of patch-clamp have established
themselves as the benchmark for capturing electrophysiological
signals. The patch-clamp technique, a microelectrode technique
that employs a clamped voltage or current to record ion chan-
nels’ electrical activity on cell membranes, enables the acqui-
sition of high signal-to-noise ratio (SNR) electrophysiological
signals. Nevertheless, the execution of patch-clamp on multiple
cells concurrently poses difficulties. Furthermore, the irrepara-
ble harm to the cells and the intricate manipulation process do
not facilitate the recording of multiple cells for a long period
simultaneously [18-24]. Voltage-sensitive dye-based methods
can record multiple cells simultaneously but are plagued by
issues, such as low SNR, phototoxicity, and limited tempo-
ral resolution [25-30]. Therefore, several scalable methods
for electrophysiological signal recording have been explored,
including passive electrodes [31-37] and active micro/nano-
bioelectronic devices [38—46]. Microelectrode arrays (MEAs)
[31,47-52] are passive electrodes that are commonly produced
on insulating substrates. These electrodes receive electrical
signals from cells and subsequently transmit them to external
amplifiers through leads that are coated with passivation lay-
ers. The implementation of millimeter-scale microelectrode

© The authors

arrays (MEAs) presents a feasible strategy for mitigating
impedance noise and detecting subtle ion fluxes across cellular
membranes. However, it is difficult to obtain subthreshold and
low-amplitude cell signals due to the large impedance inher-
ent in MEAs. In contrast, active micro-nano-transistors can
overcome this limitation. Due to their ability to amplify and
switch currents, the response of an organism to weak electrical
signals can be amplified, resulting in higher-quality electro-
physiological parameters. Advances in micro-nano-technology
have facilitated the development of conventional field effect
transistors (FETs) from planar Si FET [53] to silicon nanowire
(SiNW) [42, 54, 55] arrays. Furthermore, to attain high-quality
recordings, CMOS (complementary metal oxide semiconduc-
tor) [24, 56-58] integration has been implemented, leading to a
reduction in the number of leads in the electrode layer through
lead sharing. This has led to a significant rise in the number of
electrodes. With their addressable nature, these devices facili-
tate both single-cell and cell network recordings, allowing for
precise cell conditioning and mapping of electrical activity
conduction. As a result, active micro-nano-transistors are well-
suited for multiplexed measurements and hold great potential
for sensing or scalability.

Although active micro-nano-transistors have advantages in
many aspects of intracellular recording technology, their devel-
opment still needs to meet the following goals [59, 60]: (1)
Small size: allowing better contact with subcellular structures,
minimizing invasion of cells, and recording reversible, long-term
electrophysiological signals [61]. (2) High sensitivity: small-size
electrodes exhibit high sensitivity and high SNR, which can sensi-
tively reflect the details of weak signals [39]. (3) High-throughput
detection: the ability to record from multiple cell-electrode inter-
faces enables both single-cell recording and network-scale scaling,
thereby facilitating accurate localization and modulation of cells.
Recent advances in nanotechnology have encouraged new devices
that meet the above requirements [62, 63]. With the advancement
of micro- and nanotechnology, the vast array of materials and
adaptable structural design offers a plethora of possibilities for
the production of nanodevices [37, 41, 53, 64]. Micro-nano-tran-
sistors, nanomaterials/micro-nanostructure-based patch-clamps,
microelectrode arrays, and micro-nanostructured implantable
intracortical microelectrodes are important in electrophysiological
recordings [65-67]. Nanomaterials such as nanofibers, nanowires,
and nanoparticles have higher sensitivity and lower noise, thus
enabling the fabrication of patch clamp and microelectrode arrays
with higher recording accuracy and lower noise to detect fainter

https://doi.org/10.1007/s40820-024-01336-1



Nano-Micro Lett. (2024) 16:132

Page 3 0of 21 132

electrical signals [68—72]. In addition, nanomaterials are biocom-
patible and can be used to develop implantable microelectrodes.
In recent years, fabrication techniques for implantable intracorti-
cal microelectrodes have improved dramatically, enabling more
accurate electrical signal recording from neurons while reducing
damage to the brain. The recording of neuronal electrical activ-
ity in the brains of living animals (such as rats and monkeys) by
implantable microelectrodes has contributed to a deeper under-
standing of animal behavior and brain function [73, 74]. Presently,
the utilization of three-dimensional active nano-transistors and
planar active micro-transistors are prevalent in the fields of cardi-
ology and neuroscience for drug screening and disease modeling
[16,75,76].

In this review, the advancements of active micro-nano-tran-
sistors as a detection technology are described for cellular elec-
trophysiological recordings. Active micro-nano-collaborative
bioelectronic devices based on semiconductor properties can
achieve signal detection at smaller sizes in living organisms
by using micro-nanotechnology, which is of great signifi-
cance for studying the working mechanism of isolated cells
and in vivo tissues. Compared to passive bioelectronic devices,
active bioelectronic devices can amplify the response to weak
electrical signals in living organisms to obtain higher-quality
electrophysiological parameters due to the capability of ampli-
fying and switching currents. First, we discuss the working
principle, preparation, and performance of three-dimensional
active nano-transistors and planar active micro-transistors,
respectively (Sects. 2 and 3). Second, the applications of active
micro-nano-transistors are summarized for cardiac and neural
electrophysiology (Sect. 4). Finally, we discuss the prospective
tendency of active micro-nano-transistors and their potential
development in the biomedical field (Sect. 5).

2 Principle of Active Micro-Nano-Transistor
2.1 Three-Dimensional Active Nano-Transistor

Nano-transistor is a semiconductor materials-based device
that controls the current by controlling the carrier density in
the semiconductor. There are three electrodes: drain, source,
and gate. In this case, a conductive channel made of semi-
conductors is formed between the drain and the source [42,
77, 78]. The gate voltage is applied to the gate electrode
in conventional active nano-transistors [79]. When the gate
voltage is above the threshold voltage, electrons or holes
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migrate toward the semiconductor-oxide interface, thus
reducing the channel barrier and producing a significant
tunneling effect current. On the other hand, cellular action
potentials arise from the transmembrane movement of ions.
Fluctuations in transmembrane electrical signals are directly
caused by changes in ion concentration within the cell.
Depending on the identified reference and detection loca-
tions, cells can be detected for electrophysiological signal
changes. When the active nano-transistor is coupled to the
cell, its processing input/output information does not require
direct exchange with cellular ions, allowing interface imped-
ance and damage to the cell to be minimized. In addition, the
electrically excited cells vary the voltage applied to the gate
by generating action potentials, which regulate the tunneling
currents at the source (S) and drain (D). Cellular electrical
signals can thus be transduced by field/potential changes on
well-isolated surfaces. Therefore, the active nano-transistor
can be used as a powerful tool for recording. However, the
S/D electrical touchpoints for current injections and col-
lections make the design of three-dimensional probes and
their minimally invasive characteristics a great challenge
[61]. To address this issue, Lieber’s group designed a three-
dimensional nanowire kink probe that has made a break-
through in intracellular recording [39]. A twisted nanowire
tip into the cell is defined as the sensitive region of the field-
effect tube, while the S/D two sides have stayed outside the
cell. Based on this, branching intracellular nanotube FETs
(BIT-FETs) [41] were developed, in which branching hol-
low SiO, nanotubes act as FET gates for three-dimensional
biological probes penetrating the membrane, and the S/D
ends are placed on the Si nanowires. In P-type FETs, a nega-
tive gate voltage induces an increase in conductivity due to
carrier accumulation and a positive gate voltage induces a
decrease in conductivity due to carrier depletion, so that the
recorded conductivity is invertible concerning the potential
on the gate. In addition, the cell electrophysiological signal
recorded by the three-dimensional active nano-transistor is
independent of the interface resistance, which records high-
fidelity cell electrophysiological signal by effectively avoid-
ing signal loss due to electrode resistance [77, 80].

To provide a visual representation of the three-dimensional
active nano-transistor record, an equivalent circuit is utilized
to model the coupling between the cell and nano-transistor
(Fig. 1a). The term V|, pertains to the action potential of a
cell, while C; and R,; denote non-junctional capacitance and
resistance, respectively. Cj denotes junctional capacitance,
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which encompasses cell capacitance, nanotube capacitance,
and bilayer capacitance, whereas R; denotes junctional resist-
ance, and R,

rence of the action potential, V, undergoes diffusion from the

pertains to seal resistance. Upon the occur-

intracellular compartment. The gate voltage corresponds to
the connection potential Vj, while the change in VJ modulates
the conductance of the nano-transistor between the source
and drain electrodes. The efficacy of cell-electrode coupling
in a nano-transistor can be assessed by the V; to V, ratio,
where a higher ratio indicates superior coupling and conse-
quently, enhanced recording proficiency [61]. Intracellular
potential recording of the nano-transistor can be achieved
when the nano-transistor crosses the cell membrane and
enters the intracellular compartment. These models are con-
structed according to the commonly employed electrical
model of the cell and nano-transistor. The interdependence
of the nano-transistor and the cell is contingent upon the
interfacial impedance that exists between the action poten-
tial and the gate, as well as the sealing resistance of the cell
to the nano-transistor. Enhanced cell adhesion to the device
results in a more effective seal. Figure 1b, d displays an extra-
and intracellular recording of the same cardiomyocyte by
the nano-transistor. For extracellular electrophysiological
signal, the cell membrane remains impenetrated and there-
fore exhibits high impedance. For intracellular electrophysi-
ological signal, the impedance value is close to zero as the
cell cytoplasm is in contact with the gate of nano-transistor
directly after penetration. The extracellular signal exhibits a
different shape from the intracellular signal due to the attenu-
ation by the membrane resistance.

2.2 Planar Active Micro-Transistor

The most recent research trends offer new opportunities
for the progression of label-free biosensors in the next gen-
eration, particularly those employing planar active micro-
transistors, such as graphene micro-transistors [82]. The
exceptional physical and chemical properties of graphene
render it an appealing option for bioelectronic applications
[83]. Graphene has good chemical stability [84] and biocom-
patibility [85], which is essential for integrating biological
systems and applying FETs in the absence of a protective
dielectric layer. Additionally, the integration of micro-tran-
sistors with flexible substrates facilitates the development
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of flexible devices, a critical requirement for the design of
biomedical implants aimed at minimizing tissue damage and
scar formation.

The utilization of the field-effect mechanism in graphene
nanoelectronics has facilitated the development of the initial
micro-transistor, which exhibits superior performance compared
to the majority of established semiconductors due to its remark-
ably high carrier mobility [86—88]. The ion-selective field-effect
tubes (ISFET) employed in micro-transistors were initially sug-
gested by Piet Bergveld in 1970 [89]. The sensitive region mate-
rial of the micro-transistor consists of graphene, which works on
the principle that electrons make the conductance of the transis-
tor change as they pass through the graphene channels [90, 91].
The measurement between the cell and electrochemically gated
graphene field-effect transistor (EGFET) is depicted in Fig. 2a,
b, where the cell is positioned on the graphene surface [40, 92].
A steady bias voltage is administered to the drain and source,
which are linked by a graphene conducting channel. Graphene
channels in which the current is amplified and continuously
monitored. Any local action potential variation caused by the
cell action potential modulates the source-drain current in gra-
phene. The constructed graphene field effect transistor has a
high sensitivity (4 mS V', close to the Dirac point of V; < Vp)
and a low noise level (1022 A2 Hz™!, V; ;=0 V), which are
sufficient for the measurement of extracellular electrical signals
in electrically excited cells [93] (Fig. 2¢). The application of
micro-transistor to high-performance label-free chemicals and
biosensors has stimulated a substantial amount of experimen-
tal and theoretical research. Given the significant differences in
the planar structure of graphene devices, particularly in terms
of surface topography and roughness, there is a keen interest
in investigating and contrasting the cellular interface of micro-
transistors to evaluate the potential of graphene devices to offer
distinctive functionality for bioelectronic interfaces.

3 Fabrication and Performance of Active
Micro-Nano-Transistor

3.1 Three-Dimensional Active Nano-Transistor
Semiconductor nanomaterial-based detectors are configured
as three-dimensional active nano-transistor whose conduc-

tivity varies with the surface electric field or potential. In
a standard nano-transistor, the semiconductor conductance
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change between the source and drain can be controlled by
the gate [80, 81, 94, 95]. The conductivity dependence
on the gate voltage presents the nano-transistor as a good
natural candidate for biosensors because the combination
of a charged material with the gate electrode produces an
electric field similar to the voltage applied at the gate. The
restricted sensitivity of planar devices before the earliest
days prevented them from serving as chemical or biological
sensors, but with the development of nanomaterials, semi-
conductor nanowire arrays made of silicon or other materi-
als can also be served as nano-transistor [41, 96]. SINW
field effect transistors have good signal-to-noise ratios as
biosensing platforms and can effectively couple with liv-
ing cells both extracellularly and intracellularly. Although
NWs have diameters of tens of nanometers, the active region
of NW FET devices typically spans micrometers, confin-
ing the detection lengths and timescales of these nanode-
vices. The Lieber group initially reported a novel synthesis
method combining gold nanocluster-catalyzed vapor—liquid-
solid (VLS) and vapor—solid-solid (VSS) nanowire growth
modes along the NW growth direction to produce NW
devices with super-tip (<5 nm) controllable short-chan-
nel NWs (Fig. 3a) [97]. In subsequent studies, this group
demonstrated a series of nanowire field-effect transistors
and branched nanotube probes. Among them, the twisted
nanowire probes were fabricated by varying the vapor pres-
sure in a VLS method reaction to obtain a 120° bent struc-
ture and separating the twisted nanowire structure with the
substrate by remote electrical interconnection via electron
beam lithography (Fig. 3b) [39, 98—104]. In the latest report,
the group designed an ultra-small three-dimensional active
nano-transistor with scalable dimensions for electrophysi-
ological signal recording [105-108]. This nano-transistor
fabrication was performed by preparing u-shaped nanowire
arrays with a controlled radius of curvature from SiNW. The
Si nanowire segments are then converted to metallic NiSi
by depositing metal contacts through the upper Si;N, layer
and after passivation, allowing a u-shaped nanowire probe
tip to produce a controlled length FET sensing element. This
scalable sensor can penetrate cell membranes in a minimally
invasive manner and detect low subthreshold signals within
the cell.

In addition to the conventional bottom-up or top-down
fabrication process, Yue Gu et al. [44] recently employed the
compressive buckling technique to achieve scalable three-
dimensional active nano-transistor for multi-site intracellular
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action potential recording (Fig. 3c). The fabrication proce-
dure commenced with the production of a multilayered two-
dimensional precursor using standard micro/nanofabrication
techniques, followed by its transfer and regional bonding
onto a pre-strained elastomer substrate. Subsequently, the
pre-strained elastomer substrate was released to generate a
three-dimensional structure. The compression buckling tech-
nique enables the fabrication of transistor arrays with differ-
ent layouts, sizes, and geometries across various scales. With
different types of cardiac muscle cells (HL-1 cardiac muscle
cells, neonatal mouse cell, adult mouse cell), the FET arrays
successfully recorded intracellular action potentials with an
amplitude of ~ 120 mV, which exhibited strong agreement in
terms of both amplitude and morphology when compared to
those detected by patch clamp. The novel fabrication process
significantly enhances the performance of the FET, demon-
strating the exceptional capability for precise coupling and
faithful recording of intracellular action potential.

While silicon is used to fabricate three-dimensional nano-
transistor, carbon-based three-dimensional nano-transistor
also play an important role in identifying biochemical prop-
erties and intracellular measurements of individual living
cells. Yuri Korche’s team reported that the nano-sized dual-
carbon electrodes can be fabricated by depositing pyrolytic
carbon into quartz nanopipettes (Fig. 3d) [109]. Following
the deposition of a thin layer of semiconductor material at
the tip of the spear-shaped double carbon nanoelectrode,
nanoscale field effect transistors with two individually
addressable electrodes acting as drain and source can be pro-
duced. Immobilization of suitably recognized biomolecules
on the semiconductor transistor channels produces selective
field effect transistor biosensors. Three-dimensional active
nano-transistors of different materials offer more possibili-
ties for bioelectronic devices.

Three-dimensional bioelectronic devices can be fabricated
from different materials and processes. Compared to two-
dimensional bioelectronic devices, three-dimensional bioel-
ectronics can improve biointerfacial coupling and increase
the sealing resistance of cells-electrodes to reduce signal
loss. Moreover, the three-dimensional electrodes can reduce
the cell interface impedance and improve the signal acquisi-
tion efficiency. Twisted nanowire probes demonstrate the
great potential of three-dimensional nano-transistor to inter-
rogate biological systems by breaking through the barrier
of designing on a flat surface. This three-dimensional nano-
transistor exhibits conductivity and sensitivity in an aqueous
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Source Active channel

10 mV
—_

30mV

== 100 Nm

Fig. 1 a Equivalent circuit model for simulating cell/nano-transistor coupling and recording electrical signals. b Structure and ¢ SEM images of
three-dimensional nano-transistor. Scale bar, 100 nm. d Typical extracellular and intracellular action potentials recorded after contact between
nano-transistor and cardiomyocytes. Reproduced with permission from [81]. Copyright 2012, American Chemical Society

solution, allowing stable intracellular recording. However,
this twisted structure and device design limits the potential
for probe size and multiplexing. The subsequently proposed
branching intracellular nanotube FETs can overcome this
limitation. These FETs possess a feature that allows the
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direct fabrication of multiple independent devices, thus
enabling multiplexed recording of individual cells and cel-
lular networks. In the future, further work is necessary to
make three-dimensional nano-transistor as a routine tool, (i)
designing small sizes and biomimetic coatings to minimize
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Fig. 2 a Photograph of EGFET on a silicon wafer and schematic of EGFET dimensions. b Equivalent circuit diagram of the EGFET. Repro-
duced with permission from [43]. Copyright 2016, Springer International Publishing Group. ¢ Sensitivity distribution ratio of 30 FETs on the
same chip (left). Immunofluorescent maps of neurons cultured on FET and recorded electrical signal traces (right) [93]. Copyright 2017, Fron-

tiers Media S.A. Publishing Group

mechanical invasion of cells, (ii) improving signal-to-noise
ratios to reach the level of the patch-clamp, and (iii) realiz-
ing higher density multiplexed recordings on high-density
integrated planar nano-transistor, all of which will greatly
expand the field of basic and applied electrophysiology
research.

3.2 Planar Active Micro-Transistor

The preparation methodology for micro-transistor is distinct
from that of nano-transistor. The Fiber group previously
employed mechanical exfoliation to transfer monolayer gra-
phene flakes onto a Si oxide substrate, followed by electron
beam lithography (EBL) to identify the source/drain con-
tacts, Cr/Au/Cr metallization, and SiO, passivation of the
contacts [110-113]. Fabricating the single atom thickness of
the micro-transistor does exhibit better performance by sim-
ply changing the water gate potential (V) and does provide
the unique ability to record signals from P-type and N-type

| SHANGHAI JIAO TONG UNIVERSITY PRESS

devices. The present study reports the novel application of
micro-transistor in recording clear electrophysiological sig-
nals from chicken embryonic cardiomyocytes, indicating the
potential of micro-transistor in cellular electrophysiology
(Fig. 4a, b) [40]. The observed variation in V., highlights
the modulation of conductance signal amplitude by nearly
an order of magnitude while maintaining a stable graphene/
cell interface [91, 114-117].

In addition, Jose A. Garrido et al. used a graphene-based
solution field effect transistor (GSFET) to detect cell sig-
nals (Fig. 4c, d). The arrays were fabricated using chemical
vapor deposition (CVD) to grow large-area graphene films
on copper foil, which provided a more advantageous tech-
nological platform for the preparation of graphene flakes
due to their size and low-cost feasibility for large-scale pro-
duction [118]. The sensor was found to support the growth
of HL-1 cells effectively, highlighting the potential of this
approach to detect cell signals. The propagation of cellular
signals was successfully tracked using complete transis-
tor arrays. The regulation of graphene’s conductance in an

@ Springer
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(i) Deposition (i) EBL/PL (i) Lithography

2 FEV o ) Explodorview field-effect transistor nanosensor

dual carbon
nanoelectrode

drain source /
/‘—\7 '

single cell

. .”f
Si “Zg,  PMMA
-

Spearhead Nano FET

3D device

Fig. 3 a Schematic representation of NW growth catalyzed by gold nanoclusters and the interface between short-channel NWFET-electrically
excited cells [97]. Copyright 2012, American Chemical Society Publishing Group. b Nano-transistor fabrication process. FET probes were fabri-
cated by EBL, PL, and lithography steps. Scale bar, 10 mm. Reproduced with permission from [42]. Copyright 2014, Nature Publishing Group.
¢ Schematic diagram of the interface between the 10-FET array and cardiomyocytes (leff). Multilayer structure diagram of the 10-FET array
(middle). Pseudocolor SEM images from planar multilayer structures to three-dimensional structures, scale bars, 50 pm (right). Reproduced with
permission from [44]. Copyright 2022, Nature Publishing Group. d The schematic diagram and SEM image of field-effect transistor nanosensor
[109]. Copyright 2016, American Chemical Society Publishing Group

electrolyte can be achieved by the application of gate volt-  Electrolyte-gated FET is frequently utilized to describe such
age between the graphene film and the reference electrode  devices. In graphene, for example, the type of charge car-
within the electrolyte. This voltage, when applied, alters  riers changes as the Fermi energy level intersects the Dirac
the Fermi energy level of the graphene layer, resulting in  point, thus allowing electron and hole conduction [119,
a corresponding change in the conductance of the device. 120].

© The authors https://doi.org/10.1007/s40820-024-01336-1
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Compared with the conventional planar electrodes, the
fabrication process of active planar electrodes is much sim-
pler, because source and drain electrodes of active planar
electrodes can be simultaneously fabricated on the same
plane by chemical vapor deposition, molecular beam epi-
taxy, and pulsed laser deposition. On the other hand, active
planar electrodes possess better mechanical flexibility due to
the use of mostly organic materials. Meanwhile, the stability
is also better than that of the conventional planar electrodes
because of its simple structure. Therefore, active planar elec-
trodes are more suitable for the fabrication and application
of flexible electronic devices due to their better mechanical
flexibility and stability.

To obtain stable and predictable intracellular access
while maintaining cell viability, micro-nano-devices are
required to be able to penetrate the cell membrane and
form a tight coupling with the cell membrane. Currently,
the main penetration methods for realizing intracellular
access are electroporation [121, 122] and optoporation
[123-125]. The electroporation strategy in conjunction
with 3D nano-electrodes can improve the efficiency of
intracellular recording because the nano-electrodes can
form a tighter coupling with the cell. The surrounding
electric field can be focused on the electrode tip, gener-
ating low-voltage cell membrane nanopores at the cell-
device interface. However, due to the transient nature of
electroporation that makes intracellular recording decay,
there is no significant improvement to the electrode-cell
interface. Therefore, its inherent flaws and limitations need
to be addressed to ensure intracellular recording. Another
plasma optical technique provides accurate and independ-
ent recording of cells in different regions. Cells cultured
on nanoelectrodes can open transient nanopores in the cell
membrane when stimulated by a short pulse of laser light.
This has no effect on the cell-electrode seal and does not
interfere with its spontaneous electrical activity. In contrast
to electroporation, optoporation is also capable of record-
ing both intracellular and extracellular potentials without
relying on 3D structures. Moreover, stable intracellular
recordings can be achieved because there is no recording
interruption in optoporation.

SHANGHAI JIAO TONG UNIVERSITY PRESS

4 Application of Active
Micro-Nano-Transistor

Different types of active micro-nano-transistors have been
developed to obtain electrophysiological signals. Based on
their characteristics, the application of micro-nano-tran-
sistors in cardiomyocytes could lead to breakthroughs in
cardiology and neuroscience. Cellular electrophysiological
recordings can explore the activity of cells and their net-
works, and the mechanisms of ion channels can be explored
for disease modeling and drug screening. Secondly, the utili-
zation of highly sensitive electrophysiological signal record-
ing techniques enables the comprehensive investigation of
subthreshold potentials or membrane oscillations. Lastly,
when micro-nano-transistors are combined with flexible
devices, the acquisition of electrical signals from biological
tissues can be achieved with stable fidelity and precision.
Moreover, three-dimensional active nano-transistors and
planar active micro-transistors have demonstrated distinct
advantages for various application purposes (as illustrated in
Table 1), exhibiting significant advancements in both cardiac
and neuroscience research.

4.1 Three-Dimensional Active Nano-Transistors
in Cardiac and Neurophysiological Applications

Cardiomyocytes serve as the principal functional constitu-
ent of the heart, featuring a distinctive membrane structure
comprising a phospholipid bilayer and membrane proteins
that regulate ion transport, sustain intracellular homeosta-
sis, and generate basal action potentials through specific
ion channels [126, 127]. The transmembrane potential of
cardiac myocytes can be categorized into resting and action
potentials based on their respective properties. During
the resting state, cell membrane is in polarization and its
potential across the membrane is~ —90 mV [128-130]. The
autonomous cardiomyocytes generate the action potential
spontaneously, which is subsequently transmitted to the
working cardiomyocytes. The process of generating an
action potential in cardiomyocytes can be segmented into
five distinct phases, which include phase O (characterized
by rapid depolarization due to inward flow of Na*), phase 1
(marked by early rapid repolarization due to outward flow of
K™), phase 2 (a plateau phase resulting from the combined

effects of outward flow of K* and inward flow of Ca®"),
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and the water-gate response of a typical graphene micro-transistor (right). Reproduced with permission from [40]. Copyright 2010, American
Chemical Society. ¢ Schematic diagram of the graphene micro-transistor, with graphene located between the drain and source metal contacts
(top) and the microscope image of the eight transistors in the graphene micro-transistor array (bottom). Scale bar:100 pm. d Transistor current-
gate voltage curves and corresponding transconductance-gate voltage curves of eight different devices in the same micro-transistor array. Repro-

duced with permission from [120]. Copyright 2011, WILEY-VCH

phase 3 (late rapid repolarization due to outward flow of
K™"), and phase 4 (involving the restoration of intra- and
extracellular concentrations of Na*, K*, and Ca*" primar-
ily through the action of ion pumps) [131-133]. The action
potentials obtained by using patch-clamp measurements are
typically ~ 100 mV and the duration of the action potential
is ~200—400 ms [132]. It is noteworthy that the morphology
of action potentials can be influenced by distinct cell types,
including pacemakers, ventricular myocytes, and atrial myo-
cytes, which exhibit variations in duration and under-phase.
Furthermore, the high-sealing resistance and low interface
impedance enhance the fidelity of the recorded signals. Pres-
ently, intracellular recordings utilizing three-dimensional

© The authors

nano-transistors represent the most accurate approximation
of authentic action potentials. BIT-FETs, which are intracel-
lular nanotube FETs, demonstrated exceptional action poten-
tial recordings from cardiac myocytes, exhibiting amplitudes
of 75-100 mV and durations of ~200 ms (Fig. 5a) [41, 81].
The scalability and minimally invasive properties of nan-
odevices are crucial for the concurrent, prolonged monitor-
ing of cardiac myocytes. The deterministic shape-controlled
nanowire, coupled with spatially defined semiconductor-
to-metal conversion, facilitated the production of scalable
three-dimensional nano-transistors with controlled tip geom-
etry and sensor size, thereby enabling the recording of intra-
cellular action potentials of up to 100 mV from primary

https://doi.org/10.1007/s40820-024-01336-1
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neurons (Fig. 5b(ii)) [42, 105]. Empirical investigations
of neurons (Fig. 5b(ii)) and cardiomyocytes (Fig. 5b(iii))
have demonstrated that the regulation of device curvature
and sensor dimensions is crucial for attaining intracellular
recordings with elevated amplitude. The U-NWFET con-
figuration permits multifaceted recordings from individual
cells and cellular networks, thereby facilitating prospective
inquiries into the dynamics of the brain and other tissues.
Intracellular signals provide insights into cell types and
the correlation between ion channel densities and cellular
pathology in disease states. Subthreshold signals have the
potential to uncover intercellular synchronization processes
and electrophysiological regulatory mechanisms, which have
significant implications for comprehending cellular physiol-
ogy, pathology, and intercellular interactions [31, 134].
Moreover, three-dimensional active nano-transistors have
also been extensively studied in three-dimensional tissue
electrophysiology, which overcomes the critical drawbacks
of the relatively low temporal resolution of optical voltage
sensing and the planar electrode devices that are only stud-
ied on the surface of cells or tissue samples, demonstrating
their potential in regenerative medicine and pharmacology.
Lieber’s group presented a three-dimensional nanoelectronic
array of 64 sites with subcellular size and sub-millisecond
temporal resolution. Real-time extracellular action poten-
tial recordings revealed quantitative patterning of action
potential propagation in three-dimensional cardiac tissue
[73]. The experiments also demonstrated that synchronized
multisite stimulation and mapping can control the frequency
and direction of action potential propagation, providing a
new approach to cardiac electrophysiology with spatiotem-
poral recordings (Fig. 5c). Likewise, three-dimensional
active nano-transistors have the same potential for appli-
cations in neuroscience. A three-dimensional macroporous
nanoelectronic brain probe with a high degree of porosity

Table 1 Comparison of nano-transistors and micro-transistors

and cellular/subcellular feature sizes can optimize the neu-
ron/probe interface and facilitate integration with the brain
tissue, enabling the minimization of mechanical perturba-
tions [74]. The results successfully recorded multiplexed
local field potentials and single-cell action potentials in rat
somatosensory cortex. As research on three-dimensional
nano-transistor becomes more mature, the applications in
cardiology and basic neuroscience are becoming more wide-
spread, and the monitoring capabilities can be extended by
integrating more properties in later studies (Fig. 5d).

4.2 Planar Active Micro-Transistors in Cardiac
and Neural Networks Applications

The field of graphene micro-transistors is experiencing
rapid growth and presents promising opportunities for the
development of flexible and biocompatible devices that
can interface with biological cells, particularly brain tis-
sue [135-137]. When implemented in a secure operating
environment, planar micro-transistors can be effectively
integrated with bio-systems to enable real-time monitoring
of both intra- and extracellular phenomena [84, 138, 139].
In addition, planar micro-transistors can be stabilized in
direct contact with cells, allowing for accurate recording
and amplification of electrical signals. The exceptional
malleability of monolayer graphene enables its integration
into pliable substrates, thereby presenting a novel techno-
logical approach for the development of implantable flex-
ible devices possessing commendable bioactivity [140,
141]. The amalgamation of graphene with neural networks
has been demonstrated to have no discernible impact on
the fidelity of neuronal signals, nor does it impede the
functionality of neural cells or tissues.

Type Material ~ Process Type of electrical signal Amplitude  Throughput Application Refs.
Nano-transistors ~ Si, SiO, VLS, EBL, Intracellular electrical 60-120 mV 1-100 Electrophysiology, Drug [39, 41, 44, 96]
ALD, signal response

photoli-
thography
Micro-transistors Graphene Mechanical Extracellular electrical <10 mV 1-10 Implantable flexible [40, 112, 135]
exfo- signal devices
liation,
CVD
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Planar micro-transistors have demonstrated their perfor-
mance in measuring cardiac electrophysiological signals. In
2010, the liber group combined micro-transistors and silicon
nano-transistors to detect electrophysiological signals from
individual cardiomyocytes [40]. Micro-transistors can detect
extracellular electrical signals with SNR typically exceed-
ing 4, comparable to three-dimensional nano-transistors.
The inter-peak width of narrow graphene micro-transistors

(=2 pm X3 pm) is similar to that of nano-transistors (each
area is approximately 100 times smaller). However, large-
size graphene micro-transistors (=20 pm X 10 pm) produce
wider peak-to-peak signal widths. Then Jose A Garrido et al.
in 2016 (Fig. 6a) employed flexible graphene micro-transis-
tors to similarly measure the electrophysiological signals of
cardiomyocytes, demonstrating that GSFET based on CVD
graphene on polyimide substrates exhibit high conductance,
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Fig. 5 a (i) Typical transition from extracellular to intracellular recording (conductance versus time). (ii) The magnified view inside the black
dashed box in (i) (leff) and the magnified view in the red dashed box (right). (iii) Microscopic images of two BIT-FET devices coupled with
cardiomyocytes and corresponding electrophysiological signal recordings. Reproduced with permission from [41]. Copyright 2012, Nature Pub-
lishing Group. b (i) Schematic representation of intracellular recording of U-NWFET. (ii) Intracellular signals recorded from a primary neuron
as ROC curves of 0.75 pm for a FET probe with a channel length ~ of 50 nm. (iii) The extracellular electrical signal of HiPSC-CMs recorded
from a FET with~2000 nm channel length and 1.5 pm ROC (/eff) and the intracellular electrical signal of hiPSC-CMs recorded from a FET
with~50 nm channel length and 0.75 pm ROC (s). Reproduced with permission from [105]. Copyright 2019, Nature Publishing Group. ¢ (i)
Schematic of a nanoelectronic scaffold with nanowire field effect transistor arrays and a 3D folded scaffold co-cultured with cardiac tissue. (ii)
Electrical signal patterns recorded by 16 sensors in a nanoelectronic scaffold [73]. Copyright 2016, Nature Publishing Group. d (i) Schematic of
implanted probe in the brain. (ii) Schematic of a large hole probe and a micrograph of a typical nanowire field effect transistor. Scale bar, 5 um.
(iii) Recorded mapping with a nanowire FET sensor in the cortical region of the rat brain. Scale bar, 200 um [74]. Copyright 2015, Macmillan
Publishing Group
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low electronic noise, and no degradation [119]. As shown,
the currents of five different FETSs are demonstrated. The dif-
ferences in cell signal propagation in the confluent cell layer
and the coupling between the cell and each transistor make
the recording time, action potential amplitude, and shape of
the electrophysiological signals detected by the graphene
micro-transistors different. The utilization of flexible gra-
phene micro-transistors presents a promising avenue for the
advancement of electroactive flexible implants in the future.

Furthermore, Andreas Offenhdusser et al. have proposed
an electrochemical annealing/washing effect derived from
in-plane external gate leakage currents that can record exter-
nal potentials from isolated cardiac tissue and the cell line of
HL-1 (Fig. 6b) [111]. The signals showed discernible action

20 sec

Heart tissue recordings:

HL-1 recordings:

/ursting\Neu‘ronal recordings:

potentials with SNR greater than 14 for both isolated tis-
sue and cardiomyocyte-like cell lines and greater than 6 for
isolated cardiomyocyte-like cell lines. In addition, graphene
transistors were recorded for the first time with distinguish-
able neuronal signals in vitro. Cécile Delacour et al. reported
field-effect detection of ion channel activity in a network of
neurons cultured for several weeks above an array of gra-
phene transistors. The dependence of graphene transistor on
potential gating is demonstrated as shown in Fig. 6¢, where
the amplitude of the signal (a few uS) remains roughly con-
stant over a range of gate potentials from V; ;=0 to 0.8 V.
At the resolution of single-ion channel sensing, graphene
transistor proves to be a promising platform for monitoring
electrophysiological processes in living cells [43, 142].
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Fig. 6 a Schematic of a flexible GFET on a polyimide substrate (left); Fluorescence images of HL-1 cells in flexible GFET and electrophysi-
ological signals recorded. Scale bar: 60 pm. Reproduced with permission from [119]. Copyright 2016, Institute of Physics Publishing. b (i) Pho-
tographs of cardiac tissues and recorded electrophysiological signal traces recorded by GFET. (ii) Optical micrographs and typical electrophysi-
ological signal traces of HL-1 cells cultured on GFET. (iii) Temporal recording trajectories of neurons. Reproduced with permission from [111].
Copyright 2017, Nature Publishing Group. ¢ Optical micrographs of neurons on a 40 um X250 um graphene transistor (scale size 40 um) and
conductance-time curves recorded from multiple gates [142]. Copyright 2018, Institute of Physics Publishing Group. d (i) Optical micrographs
of GFET arrays combined with microfluidics and device layout for fluidic microchannels on a transistor. (ii) Immunofluorescence image of neu-
rons cultured on graphene transistor. (iii) Electrical signal recording profiles of neurons cultured on graphene transistors [144]. Copyright 2022,
Wiley—VCH Publishing Group. e During cell signaling, extracellular electrical signals are recorded electrically or chemically [147]. Copyright
2018, Institute of Physics Publishing Group
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Active micro-nano-transistors also have some limitations
to restrict widespread use. Active bioelectronic devices
require an external power source to control and amplify the
current, and their fabrication and operation often require
more-sophisticated techniques and equipment. In the future,
active micro-nano-transistors can be combined with some
emerging technologies, such as microfluidics, to expand
their applications on electrophysiological and biochemical
signals. Microfluidics is a promising technology for multi-
modal and prolonged recording of neuronal electrical activ-
ity by combining it with graphene field effect transistors,
which is crucial for a better understanding of nervous sys-
tem function and organization [143]. In their latest report,
Cécile Delacour et al. utilized state-of-the-art graphene
device arrays combined with microfluidics for culturing
and sensing primary neurons [144]. The final structure of
the neuronal network was assessed by immunofluorescence
staining and calcium imaging, and the electrical maturity of
the neurons was demonstrated by electrical signal recording
(Fig. 6d). The combination of this novel platform offers the
opportunity for versatile development of future diagnostics
and therapeutics. In addition, various molecules, such as
proteins, and gold nanorods [145, 146] can be selectively
delivered to the target cells through microfluidic channels,
while monitoring the electrical activity of cardiomyocytes/
neurons and various biochemical signals, which provides
a new approach for early pathology research (Fig. 6e)
[147-149].

Optical methods have great potential in neuroscience to
provide powerful tools for imaging and modulating physi-
ological processes in the brain. Optical methods in the near-
infrared (NIR) exhibit good deep-tissue penetration and low
tissue absorption properties, providing a promising strat-
egy for the recording of membrane potentials [150]. The
optofluidic approach combined Raman spectroscopy with
microfluidics is also a novel application to capture different
species of microorganisms and classify them by artificial
neural networks [151]. In addition, the utilization of flexible
and stretchable organic electronic materials, coupled with
low-impedance and low-modulus conductive polymer elec-
trodes, presents a viable approach to mitigate invasiveness
in surgical procedures and record action potentials with a
high signal-to-noise ratio. This device’s multiplexing capa-
bilities enable accurate neural localization [152—154]. The
emergence of various devices further expands the scope of
electrophysiologic recording applications, providing robust

© The authors

technological resources for the diagnosis and treatment of
cardiovascular and neurological disorders.

S Conclusion and Perspective

Advances in active micro/nano-bioelectronic devices are of
great importance for enabling electrophysiological signal
recording. First, three-dimensional active nano-transistor
devices exhibit independence from interfacial impedance,
thereby enabling the recording of intracellular potentials
with full amplitude. The nanoscale size of three-dimen-
sional nanodevices facilitates minimally invasive intracel-
lular recording. Second, graphene micro-transistors have
good chemical stability, biocompatibility, and extremely
high carrier mobility, enabling electrophysiological signal
recording in the heart and nerves. Based on the advantages
of field-effect transistor nanoelectronics, active micro/nano-
bioelectronic devices are accurate and sensitive for obtain-
ing electrophysiological information from the heart and
nerves and have been broadly applied to disease modeling
and mapping of cellular networks.

Looking at the future, the development and enhancement
of field-effect transistors for electrophysiological signal
recording, particularly in neuroscience, presents numerous
challenges and opportunities. In the diagnosis and treat-
ment of cardiovascular and neurological diseases, micro-
nano active transistors are required for specific targeting,
multiplexing experiments, deep tissue/cellular insertion,
and sub-cellular resolution detection. Electrophysiological
signals reveal information about the cell type and density
of various ion channels and are highly correlated with the
disease state of the cell. Therefore, micro-nano-transistors
can be used to obtain higher-quality electrophysiological
signals by reducing device size and improving sensitiv-
ity, leading to a better understanding of cellular pathol-
ogy and guiding therapies in many evolutionary disease
models. In the case of nano-transistors, there exists a
requirement to optimize device structure, enhance perfor-
mance, and streamline fabrication processes. The intricate
nature of active micro/nano-bioelectronic devices poses
a significant obstacle to their mass production, and their
high noise levels impede the accurate recording of weak
and resting potentials without stimulation functional-
ity. Sensitivity is important to reveal the vast amount of
information contained in subthreshold activity to explore

https://doi.org/10.1007/s40820-024-01336-1
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changes in neuronal loop behavior and action potential
configuration. On the other hand, it is recommended that
forthcoming research on biosensors for graphene micro-
transistors should prioritize the distinctive physical and
chemical characteristics provided by graphene, to enhance
their sensitivity within the current need for dependability
and consistency. For example, to attain multiplexed cell
recording at the individual cell level, it is imperative to
mitigate modular crosstalk between multiplexed graphene
micro-transistor arrays and minimize device or environ-
mental noise. In addition, potential advancements in the
creation of flexible graphene micro-transistor cell sensors
can be explored by integrating the exceptional electronic
properties of graphene micro-transistor with the remark-
able flexibility of graphene. With the ongoing advance-
ments in technology, it is conceivable that the development
of active bioelectronic devices will facilitate large-scale
in vivo studies of neuronal/cardiac loop dynamics that
could serve as a substitute for impaired neural tissue in the
treatment of brain and paralytic diseases. This develop-
ment would provide a breakthrough in research related to
cardiology and neuroscience.
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