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ABSTRACT: Missing neuronal communication between parts of the body and the
brain can cause organ failures or life-threatening conditions including cardiovascular
and neurological diseases. The implantable brain−computer interface (BCI) is an
emerging interdisciplinary technology that can bridge the communication gap,
restoring organ functions and treating neurological disorders. Since the success of the
first battery-powered pacemaker in 1958, bioelectronics technology has made a
prodigious leap toward a wide range of biomedical applications such as therapeutics,
diagnostics, and assistive organ implants. The latest developments in material
sciences and device integrations have enabled a technological paradigm shift from
rigid to soft and mechanically conformal implantable BCI devices that could
eliminate device−tissue mismatches. However, achieving mechanical and electrical
stability with organic- and nanomaterial-based electronics implanted in the body is a
big challenge. Recent advances in inorganic and wide bandgap materials for BCI
devices provide a promising route to solve this bottleneck due to their stability, modalities, and standardized manufacturing
processes. Nevertheless, several remaining key obstacles still hinder the applications of soft BCI devices. This review summarizes the
latest developments and key challenges of this emerging field, focusing on technological and scientific aspects such as materials,
device structures, modulation, sensing, power, and communication. Current challenges and future perspectives of this emerging
technology will also be discussed.
KEYWORDS: bioelectronics, brain−computer interface, flexible electronics, implanted electrode, implantable electronics, neuromodulation

1. INTRODUCTION
Neurological activities are vital for the body to maintain its
complex functions. For instance, as the central commanding
computer, the brain regulates cardiac functions via the vagus
nerve,1 as well as arm and leg movements via peripheral
nerves.2 Any communication disruption between the brain and
nerves can cause severe cardiovascular diseases (i.e., cardiac
arrest, myocardial infarction, stroke)3 and neurological and
motor disorders (i.e., Parkinson’s disease, epilepsy).4 Brain−
computer interfaces are a class of computer-based, medical
devices that can bypass normal communication pathways
between the brain and peripheral nerves to regulate dysfunc-
tional nerves.5 A typical BCI device comprises (i) upstream
electrodes and (ii) an analog-to-digital converter (ADC) and a
digital-to-analog converter (DAC), as well as (iii) downstream
electrodes. Upstream electrodes collect analog electrical signals
from the brain, then transmit to the ADC that translates analog
signal to digital signal. The digital signal is processed and
translated back to an analog signal through the DAC. The
analog electric signals are then transmitted to the downstream
electrodes to stimulate dysfunctional nerves and restore their
normal activities. The term BCI shares similarities with other
terms such as brain−machine interface (BMI),6−9 mind−

machine interface (MMI),10−13 and neural interface (NI).14−19

Since the first report in the 1970s,20 BCI technology has
advanced with biomedical applications of implantable devices.
Common BCI devices fall into two main categories: wearable
(noninvasive) and implantable (invasive) devices. Wearable
BCI have been dominantly developed in the early stage of the
technology. This is attributed to the fact that wearable devices
are easy to deploy and disassemble. The devices have minimal
side effects to the wearer. However, the intrinsic features of
wearable BCI devices only permit them to serve as monitoring
tools for certain health signals through the skin with limited
therapeutic functions. In contrast, implantable BCI devices
come directly in contact with internal tissues. Thus, a vast
range of therapeutics can be implemented. For example, deep
brain stimulators (DBS) and cardioverter defibrillators are
among the most common implanted BCI devices with a range
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of commercially available products. Furthermore, implanted
BCI can yield a reliable and high signal-to-noise ratio
(SNR)21,22 for vital signals for precision disease detection
and prevention as compared to wearable devices or hospital-
based diagnostic tools.
Figure 1 summarizes mainstream applications and technical

requirements for current implantable BCI devices. The most
prominent application areas of implantable BCI include the
vagus nerve,1,23−27 sacral nerve,28,29 spinal cord,30−35 deep
brain stimulation20,36−42 for treatment of organ dysfunc-
tions,43−47 and cochlear48−51 and retinal implants52−57 for
recovery of lost senses. Damages from accidents disrupt the
transmission of electrical signals from the brain to the
peripheral nerve that regulates muscle contraction. This results
in temporary or permanent losses of motor functions and
disability. Nevertheless, implantable BCI can bypass this
disconnection by collecting and transmitting control signals
from the brain to stimulate motor nerves. As such, electrical
stimulation schemes can restore lost neural signals regulating
auditory, vagus, and nerves functions. Habibagahi et al.
introduced an implanted device with a wirelessly powered
miniaturized BCI device for vagus nerve stimulation (VNS).
This was the first demonstration of a wireless and batteryless
VNS with more than 5 cm operation range.25 Cuttaz et al.
implemented a stretchable, fully polymeric electrode array with
a width of 2 mm that was implanted and tested for peripheral
nerve stimulation.58 Woodington et al. reported a thin, flexible
device with a gold electrode 20 mm in length and 5 mm in
width with integrated microchannels. The device was validated
in vitro and on human cadaver models for minimally invasive
spinal cord stimulation (SCS).30 Corridion et al. surveyed
studies on bioartificial kidneys and their potential to support
kidney function for people with a kidney disease.43 Implantable
BCI can also monitor body vital signs. Liu et al. reported an in
vivo 16-channel recording using mesh syringe electronics
injected into a mouse brain for monitoring electrocorticog-
raphy (ECoG).60 For nerve stimulation, Cuttaz et al.
introduced a fully polymeric stretchable electrode array for
peripheral nerve stimulation. Due to its flexibility, the 90-μm
polymeric electrode arrays curl in and embrace and electrically

stimulate the nerve.58 Furthermore, Woodington et al.
developed a 5 mm-wide flexible device that can roll up into
the shape of a standard transdermal probe. The team
implanted the device at the site of interest before unfolding
it into its paddle shape and subsequently electrically
stimulating the spinal cord.30 The team utilized photo-
lithography and soft lithography to fabricate a thin, flexible
device with gold electrodes and integrated microchannels for
minimally invasive spinal cord stimulation.
Losses of vision and hearing can be restored by neural

stimulation of neural retinal or auditory nerves. For example,
Eggenberger’s team developed the passive laser-microma-
chined Phoenix99 Bionic Eye which was implanted into an
ovine eye model and lasted for up to 100 days. The bionic eyes
converted visual signals into electric signals that were then
delivered to the retinal tissue to restored vision. The fully
implantable system incorporated a visual stimulator connected
to a behind-the-ear telemetry implant via a flexible cable. The
stimulator was packed in an extraocular hermetic ceramic/
titanium capsule and connected to a suprachoroidal electrode
array made of medical-grade silicone elastomer and platinum
(Pt) for biostability and biocompatibility.59 Deep et al.
reported a fully implantable MEMS-based autonomous
cochlear implant for stimulating the auditory nerve, assisting
people with auditory nerve defects to improve their hearing.61

The ear-worn microphone detects and converts sound into an
electrical signal and sends it to an external sound processor,
which delivers the encoded stimulating signal. The receiver-
stimulator turns these digital signals into electrical pulses that
are delivered to multiple electrodes implanted in the eardrum.
The electrodes electrically stimulate the spiral ganglion cells
and auditory axons, which subsequently send signals to the
brain.
Taking advantage of recent advances in materials, integra-

tion, packaging, and communication technologies, efforts have
been continuously devoted to developing the next generation
of BCI implantable devices with added functions. The latest
development in micro/nanotechnologies allow for the
integration of electronic components with size ranging from
micrometers to millimeters (i.e., transistors, microfluidics, and

Figure 1. Representative mainstream applications of implantable BCI devices in therapeutics and diagnostics with key considerations of electrode
form factors, materials, modulation, power, and communication. All images and icons from refs 79 and 80 with permissions.
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optogenetics devices) along with electrode arrays for real-time
monitoring during treatments. Therefore, integrated BCI
sensing devices would enable in-body monitoring of vital
signals for disease detection and prevention.62 Common
measurable electrical activities in the body include action
potential,63,64 electroencephalogram (EEG),65 electromyogra-
phy (EMG),65 and electrocorticogram (ECoG)66 to track
brain, nerves, muscles, and cell activities. In addition,
implantable sensors can monitor other vital physical signals
such as temperature,67,68 pressure,69−71 and blood flow72 to
supplement the main monitoring functions.
There are several critical considerations for designing

implantable therapeutic BCI devices. First, the evolution
from rigid to soft implantable BCI platforms can seamlessly
offer comfort to patients, minimizing foreign body responses
and eliminating device damage from daily activities. Soft
implanted electrodes minimize foreign body responses from
the host organs while establishing minimal invasive tissue−
machine interfaces. Second, while the overall footprint of BCI
continues to shrink due to micro/nanotechnology, further
efforts have been devoted toward high-density, large-area
designs73 for better scalability and functionality. Third, new
material platforms and packaging schemes have been explored
to enhance safety compliances and lifetime tuneability. While
organic bioelectronic materials have emerged as a promising

route to soft and mechanically conformal BCI devices,74−77

their electrical and chemical stability in the body is still
inadequate. These unmet requirements could be addressed by
employing inorganic wide bandgap semiconductors,78 but new
engineering pathways are urgently needed to overcome the
mismatch between their rigidity and the soft nature of tissue.
The present review summarizes recent progress in the

aforementioned research directions. We focus on critical
aspects of implantable BCI electrodes for medical and
healthcare applications, such as device form factors, neuro-
modulation and sensing schemes, and bioresorbable versus
long-term electrodes, as well as power and communication.
This paper starts with an overview of mainstream applications
of implantable BCI devices, followed by a survey on device
form factors, neuromodulation and sensing schemes, materials
for bioresorbable and long-term electrodes, and power and
communication schemes. Finally, we conclude by offering
insights into unresolved challenges and perspective of future
research directions.

2. ELECTRODE FORM FACTORS
The geometry of BCI electrodes dictates how they physically
interface with the targeted tissue, depending on therapeutic
requirements. Probe electrodes are an important class of
implantable BCI. The stiffness of the electrodes allows for their

Figure 2. Form factors of BCI systems. Probe electrodes: (A) Ultraflexible nanoelectronics thread (NET-e) probe attaches electrodes with cross-
sectional areas smaller than 10 μm2. Redrawn from ref 88, with permission. (B) Flexible electrode connected to connector and attached a 20 mm
sinusoidal probe to improvise insertion carrier for successful brain penetration and electrode insertion. Redrawn from ref 89, with permission. (C)
Probe electrode combined with an auxiliary tool by a probe−hole structure. Redrawn from ref 90, with permission. (D) Neurotassel electrodes with
a 12 mm wide and 3 mm high microelectrode filaments. Redrawn from ref 91, with permission. (E) The electrode combined with the auxiliary tool
by a electrostatic adsorption. Redrawn from ref 92, with permission. (F) A parylene-C neural probe with six 40-μm diameter electrodes and
PEDOT nanostructured and gold electrodes. Redrawn from ref 93, with permission. (G) High-throughput electrodes with more than 1000
channels. Redrawn from ref 7, with permission. (H) High-throughput and high-density 3D electrode array. Redrawn from ref 94, with permission.
Mesh electrodes: (I) Mesh electrodes implanted in brain tissue and the interface between mesh electronics and the brain tissue. Redrawn from ref
95, with permission. (J) Syringe-injectable electrodes. Redrawn from ref 60, with permission. Conformal electrodes: (K) Flexible SiC/SiO2
wrapped around a sciatic nerve. Redrawn from ref 97, with permission. (L) BCI for cardiac biophysical and biological sensing. Redrawn from refs
99 and 100, with permission. (M) Electrode arrays attached to the brain. Redrawn from ref 98, with permission.
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penetration into a tissue. Even though this type of BCI can
enable broader access to tissue interface, they rely on using
rigid probes81−83 or other injection methods,60,84 which
complicates the implantation process and triggers foreign
body responses. Conformal surface electrodes can overcome
these limitations by providing minimally invasive large-surface-
area contacts with tissue. This is attributed to the fact that
these electrodes interface with the outermost layer of biological
tissues, only possible with soft and conformal materials. This
type of implantable BCI interface is important for delivering
treatments on the organ surface and real-time large-area
diagnostics. Recent advances in surface electrodes enables
multiplexed mesh electronics with 3D integration that offer
scalable, high-throughput interfaces for single-neuron record-
ing.85,86 However, the difficulties in deployment and unstable
tissue contacts hinder the wider adoption of this unique
electrode form factor.
Since the early stage of implantable BCI devices, rigid probe

electrodes have been utilized.87 Some examples of flexible
systems with probe electrodes are a flexible nanoelectronic
thread (NET-e) probe (Figure 2A),88 a flexible electrode
attached to a probe (Figure 2B),89 an electrode connected with
the auxiliary tool through a probe−hole structure (Figure
2C),90 neurotassel electrodes with microelectrode filaments
(Figure 2D),91 an electrode combined with the auxiliary tool
by an electrostatic adsorption (Figure 2E),92 a parylene-C
neural probe with six poly(3,4-ethylenedioxythiophene)
(PEDOT) nanostructured and gold electrodes (Figure 2F),93

high-throughput electrodes with more than 1000 channels

(Figure 2G),7 and a high-throughput and high-density 3D
electrode array (Figure 2H).94

First, these electrodes can contact tissue in a 3D space that
increases their efficacy. Second, the stiff construction of probe
electrodes makes sensing and stimulating functions more stable
than softer constructions. Third, probe electrodes are easier to
position on cell-sized targets, making grafting and adjustment
more accessible and faster than soft electrodes. However,
probe electrodes damage tissues, leading to bleeding and
discomfort. Additionally, due to their rigidity, only certain
body parts can use probe electrodes. For instance, they only
work in specific areas of the brain for sensing and stimulating
internal organs.
Mesh electrodes have been serving as brain implants (Figure

2I)95 and syringe-injectable electrodes (Figure 2J).60 Mesh
electrodes minimize damage to tissues due to its soft nature.96

Moreover, implanting mesh electrodes into the body is more
accessible due to its soft nature, allowing its injection into the
subcutaneous layer. Mesh electrodes can attach to intricately
structured internal organs to sense and stimulate. These tasks
are not possible with probe electrodes. However, the
drawbacks of mesh electrodes are the complex manufacturing
process and difficult maintenance. Sometimes, it is more
challenging to position the mesh electrodes than probe
electrodes because due to the softness they are structurally
unstable.
Conformal electrodes are a new emerging large-area,

multifunctional counterpart of probe electrodes. This class of
BCI electrodes utilizing soft materials enables unprecedented
applications such as shape-changing BCI via microfluidic

Figure 3. Neuromodulation modalities of BCI devices. Physical neural modulation: (A) Electrical neural modulation by an inserted microelectrode.
Redrawn from ref 109, with permission. (B) Thermal neural modulation by polyethylene glycol−gold nanorods (PEG-AuNRs) photothermal
neural inhibition. Redrawn from ref 111, with permission. (C) Optogenetic neural modulation by an optoelectronic probe with a Pt electrode.
Redrawn from ref 112, with permission. Multimodal neural modulation: (D) Multifunctional flexible polymer fibers with an opto-
electrophysiological mechanism for neural modulation. Redrawn from ref 101, with permission.
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actuations to wrap around nerves (Figure 2K)97 and flexible
electrodes that can match the curvature of the brain surface
(Figure 2L).98 First, conformal electrodes are more suitable to
deploy around cylindrical shapes such as nerves or muscle
strings, which is more challenging for other electrode types.
Second, they are capable of creating large comformal interface
surfaces with neural tissues (e.g., brain, heart) thanks to the
designed shape-shifting mechanisms. Compared to probe
electrodes, conformal electrodes are typically softer and can
limit side-effect injury to targeted tissues. As a major trade-off,
the design and manufacturing of conformal electrodes are
complex, especially for shape-changing structures. In addition,
finding the right materials that are easy to change shape and
chemically resistant but do not cause allergies or body rejection
is not straightforward and requires further research.

3. BRAIN−COMPUTER INTERFACE FOR
MODULATION AND SENSING
3.1. Modulation. Implantable BCI devices stimulate nerves

and cells through neuromodulation schemes such as electrical,
thermal, and optogenetics methods, which are physical. To
deliver more complex therapeutic and diagnostic functions,
multimodal neuromodulation should employ both physical and
pharmacological stimuli.101

Electrical stimulation is most common for neural modu-
lations for nerve stimulation,18,102,103 deep brain stimulation
(DBS),36,104 and VNS.105,106 Electric currents with tunable
amplitudes, frequencies, and frequency bandwidths evoke
responses when applied to the targeted tissues. The parameters
for stimulating electrical signals vary across applications, but
generally, short pulse durations in the range of microseconds
(μs) are commonly used to minimize tissue damages.44 A key
metric for stimulation BCI electrodes is the charge injection
capacity (CIC), where the maximum deliverable charge is
measured against the corresponding unit area. The CIC range
for a specific material class can vary from relatively low values
(<0.5 mC/cm2)107 for noble metals (i.e., Au, Pt, Pd, Ir) to
moderate values (1−5 mC/cm2) for ceramics (e.g., iridium
oxide (IrOx) and titanium nitride) and conductive polymers
(e . g . , (po ly(3 ,4 -e thy l ene d ioxy th iophene) :po ly -
(styrenesulfonate) (PEDOT:PSS)).108 For example, Wang et
al. developed flexible and free-standing microelectrode arrays
based on graphene fiber for electrical modulation. A thin
platinum coating worked as a current collector in a structure
with low impedance and tremendous electrochemical proper-
ties. The research team implanted microelectrodes in a rat
cerebral cortex and detected neuronal activity with an
extremely high signal-to-noise ratio (SNR) of 9.2 dB in a
surface with an area as small as an individual neuron. The
apparent diameter (the diameter of a circle with a diameter
equal to the longest width of the irregular fiber) of the
microfibers was controlled, ranging from 20 ± 3 to 40 ± 5 μm.
Researchers applied a thin coating of Pt (in the range of 200
nm) as the current collector on the wet-spun graphene
microfibers. The lengths of the microfibers increased from
≈0.5 to 5 cm (Figure 3A).109 The electrical stimulation
method has the advantage of a fast response time (∼400
ms).110 This method has the disadvantage that it can affect the
patient’s tissue because the electric current spreads to the
tissue adjacent to the nerve or stimulated cells. In addition, if
the device’s insulation is not good or leaks, the current can also
affect the cells around the device.

Ye et al. conducted thermal neural modulation using
polyethylene glycol−gold nanorods (PEG-AuNRs) with near-
infrared (NIR)-sensitive gold nanorods (AuNRs). AuNRs are
precisely regulated and applied to inhibit LSG function and
neural activity, leading to ameliorating myocardial ischemia-
induced ventricular arrhythmias (VAs) in a canine model.
Specifically, the optimized AuNRs are synthesized and injected
into the left stellate ganglion (LSG) of anesthetized dogs, then
followed by 5 min of NIR laser irradiation at a wavelength of
808 nm (Figure 3B). The thermal neural modulation method
has the advantage that the effect on cells is less than electrical
modulation because the highest temperature of the modulation
is 65 °C. This thermal-based method required long stimulation
times due to the slow thermal response for the stimulated cell
or nerve to reach the desired temperature (e.g., 270 s to heat
from 35 to 65 °C).111 In addition, the fabrication of the device
and the modulation method with a high accuracy are more
complex than other methods due to the small cell size and the
limitation of the fabrication method.
Wu et al. introduced monolithically implanted microscopic

light emitting diodes (mLEDs) for optogenetic neural
modulation. Each mLED and recording site has the same
dimensions as a pyramidal neuron soma, providing confined
emission and electrophysiological recording of action poten-
tials and local field activity. The four-shank probe integrated
with 12 mLEDs and 32 recording sites, into the CA1 pyramidal
layer of anesthetized and freely moving mice (Figure 3C).112

The optogenetic neural modulation method has the advantage
of a faster heating time to the desired temperature to stimulate
the cells than thermal modulation. It takes 10 s to heat from 37
°C to over 43 °C.112 It has the limitation that arranging the
mLEDs into the microphone probe will be difficult due to
limited space. In addition, it requires a complex control system
to control the mLEDs accurately and reliably. The optogenetic
neural modulation implantable BCI device is more complex,
difficult to manufacture, and expensive.
Combining the aforementioned modulation schemes yields

more complex therapeutic functionality and enhances treat-
ment efficacy. Park et al. implemented probes that inject viral
vectors carrying opsin genes, while concurrently providing
collocated neural recording and optical stimulation. The
miniature footprint (<200 μm) and modest weight (<0.5 g)
of these probes allowed for multiple implantations into a
mouse brain, which enable opto-electrophysiological inves-
tigation of projections from the basolateral amygdala to the
medial prefrontal cortex and ventral hippocampus during
behavioral experiments (Figure 3D).101 This method has the
advantage of combining many neural modulation methods to
create the highest efficiency. This device can apply to many
environments in the body, locations in the body, and different
parts. However, it has the disadvantage that it will require a
complex control system, and the manufacturing will also be
more difficult, including manufacturing electrode microfluidic
channels and combining them. Therefore, the cost of the
device will also be higher than devices that only use one neural
modulation method.
3.2. BCI Recording. Implantable BCI devices are capable

of monitoring vital body parameters through sensing signal
types such as biopotential, biochemical, and biophysical
signals. First, biopotential signals include electrocardiogram
(ECG or EKG), electroencephalogram (EEG), and electro-
myogram (EMG), representing the active state of the brain,
body parts, and muscles. Second, molecular biochemicals,
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including ions, analytes, and other biomarkers in the body, can
be measured with implanted BCI chemical sensors. Third,
biophysical signals include pressure and strain, temperature,
viability, and electrophysiological signals from organs, blood
vessels, and cells. These signals from implantable BCI devices
are typically recorded in analog formats then transmitted to
external modules via wire or wireless communications.
Subsequently, the signals are converted from analog to digital
forms then processed for data logging by externally integrated
circuitries.

Biopotential. A variety of implantable BCI devices have
been developed to detect biopotential signals such as action
potential, ECG, EMG, and ECoG. Biopotential signals
represent the action of neurons and muscles, generating
signals with varying frequencies and amplitudes. Recording
these biopotential signals allows for continuous monitoring
abnormality in vital signals that can lead to organ failures.
Chung et al. developed a flexible sensor implanted in a rabbit
to monitor its ECG (Figure 4A).113 Kim et al. implanted a
stretchable and transparent cell-sheet−graphene hybrid (Cell−

Figure 4. Types of sensing signals of BCI devices. Biopotential signals: (A) Electrocardiogram (ECG) monitor: Measurement by ECG flexible
sensor. Reproduced with permission from ref 113. Copyright 2014, Wiley Online Library. (B) Electromyography (EMG) monitor: Measurement
by implanted stretchable and transparent cell-sheet−graphene hybrid (Cell−GP hybrid) onto hind limb muscle of a nude mouse in vivo.
Reproduced with permission from ref 114. Copyright 2016, Wiley Online Library. (C) Electrocorticography (ECoG) monitor: Electrode array (25-
μm mesh) on a feline brain after dissolving the silk substrate. Reproduced with permission from ref 115. Copyright 2010, Nature Publishing Group.
Biochemical signals: (D) Parity−time (PT) symmetric wireless biosensor detects tear glucose level for diabetes diagnosis and blood lactate level for
lactic acidosis diagnosis. Reproduced with permission from ref 116. Copyright 2023, John Wiley & Sons, Ltd. (E) Bioresorbable Si photodetector
with a bioresorbable fiber optic probe for spectroscopic characterization of biological tissues. Reproduced with permission from ref 117. Copyright
2019, Nature Publishing Group. Biophysical signals: (F) Pressure signal: Fully implantable, wireless vascular electronic system with printed sensors
for wireless monitoring of hemodynamic. Reproduced with permission from ref 118. Copyright 2022, American Association for the Advancement
of Science. (G) Strain signal: Fully implantable soft strain sensor for continuous heart volume monitoring. Reproduced with permission from ref
119. Copyright 2020, Wiley Online Library. (H) Blood flow: Implantable, wireless, self-fixing thermal sensors. Reproduced with permission from
ref 72. Copyright 2022, Elsevier. (I) Temperature signal: Fully wireless temperature-sensing motes with ultrasound powering and data
communication. Reproduced with permission from ref 67. Copyright 2021, American Association for the Advancement of Science. (J)
Electrophysiological signal: All-polymeric transient neural probe for prolonged in vivo electrophysiological recordings. Reproduced with permission
from ref 120. Copyright 2021, Elsevier. (K) Optical vital signal: Wireless, implantable near-infrared spectroscopic (NIRS) probing system for local-
tissue oximetry. Reproduced with permission from ref 121. Copyright 2022, Nature Publishing Group.
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GP hybrid) onto the hind limb muscle of a nude mouse to
monitor EMG (Figure 4B).114 Kim et al. implanted an
electrode array (25-μm mesh) on a feline brain after dissolving
the silk carrier substrate to monitor ECoG (Figure 4C).115

Biochemical. Efforts have been devoted to developing
implantable BCI devices to monitor biochemical biomarkers
and analytes presenting in blood or body fluids. For example,
BCI devices can determine the glucose level for diagnosis and
early treatment of diabetes. Takamatsu et al. developed a
parity−time (PT) symmetric wireless biosensor that detects
tear glucose levels for the diagnosis of diabetes and blood
lactate levels for the diagnosis of lactic acidosis (Figure 4D).116

In addition, detecting biomarkers and measuring their
concentration allow for spectroscopic characterization of
biological tissues. Bai et al. implemented a bioresorbable
silicon photodetector with a bioresorbable fiber optic probe for
spectroscopic characterization of biological tissues (Figure
4E).117

Biophysical. Implantable BCI devices are widely employed
to sense biophysical signals for vital signs, including pressure
sensor, and strain, temperature, humidity, electrophysiological,
and optical sensors. These signals provide essential health
parameters of a patient such as blood pressure, internal body
temperature/humidity, and cell/tissue strain states. These
parameters allow for assessing health condition, detecting
abnormalities, and consequently providing timely and accurate
treatment. Herbert et al. developed a fully implantable, wireless
vascular electronic system with printed sensors for wireless
monitoring of hemodynamics (Figure 4F).118 Dual et al.
reported a fully implantable soft strain sensor for continuously
monitoring the heart volume (Figure 4G).119 Lu et al.
successfully demonstrated implantable, wireless, self-repairing

thermal sensors to monitor microvascular blood flow in flaps
and organ grafts (Figure 4H).72 Shi et al. developed wireless
temperature-sensing motes with powering through ultrasound
and data communication to remotely monitor the temperature
of a rat (Figure 4I).67 Ferlauto et al. exploited an all-polymeric
transient neural probe for prolonged in vivo electrophysio-
logical recordings (Figure 4J).120 Guo et al. acquired a wireless,
implantable near-infrared spectroscopic (NIRS) probing
system for monitoring local-tissue oximetry (Figure 4K).121

Long-term implantable BCI devices are now able to perform
electrical and chemical sensing for long terms thanks to the use
of materials that corrode slowly in the human body, and the
solid and electrode surfaces are specially treated so electrical
and chemical sensing can be performed up to weeks after
surgery. Ling et al. implemented flexible electronics for
monitoring in multiencephalic regions which can operate and
monitor brain signals from a rat for a long period in a stable
way. Four tentacle-like channels on the flexible electronics
allow it to be implanted into several rat brain regions and
deliver optical stimulation at particular wavelengths while
keeping track of neural responses like action potentials and
ionic concentrations. A μ-LED for optogenetic stimulation,
four microelectrodes for biopotential monitoring and stim-
ulation, and three ion-selective sensors that track Ca2+, Na+,
and K+ are all present on each channel’s two stacked polyimide
(PI) substrates. The μ-LED (190 μm× 110 μm× 8 μm) are
coated with either phosphors or cadmium selenide (CdSe)/
zinc sulfide (ZnS) quantum dots to provide different emission
wavelengths. The μ-LED is enclosed by four microelectrodes
(30 μm in diameter) made of Ti/Cu/Ti/Au multilayers that
are parallel to one another. Gold nanoparticles (AuNPs) are
applied to the surface to lower contact impedance during the

Figure 5. Materials for implantable BCI devices. Bioresorbable materials: (A) Bioresorbable optical filter based on a multilayer assembly of films of
SiOx and SiNy. Reproduced with permission from ref 117. Copyright 2019, Nature Publishing Group. (B) Bioresorbable electrical stimulator for
nerve conduction block consists of woven interconnects (Mg, Mo) and electrodes mounted on a nerve cuff (PLGA). Reproduced with permission
from ref 124. Copyright 2022, American Association for the Advancement of Science. (C) Wireless, bioresorbable physiological biosensor with an
inductor with thinned bottom electrode on a PLA substrate. Reproduced with permission from ref 125. Copyright 2022, Nature Publishing Group.
(D) Flexible forms of ecoresorbable and bioresorbable MEMS (eb-MEMS) with a top structural polysilicon layer, an intermediate polysilicon layer,
and a bottom silicon nitride insulating layer. Reproduced with permission from ref 126. Copyright 2022, Nature Publishing Group. Long-term
materials: (E) Electronics device with a wide bandgap semiconductor nanomembranes SiC/SiO2. Reproduced with permission from ref 97.
Copyright 2020, John Wiley & Sons, Ltd. (F) Chemical sensor based on a polyimide substrate for long-term stimulating and monitoring in
multiencephalic regions. Reproduced with permission from ref 128. Copyright 2020, Wiley Online Library. (G) Retrievable implant for the long-
term encapsulation and survival of therapeutic xenogeneic cells with a polymeric membrane and a silicone body. Reproduced with permission from
ref 132. Copyright 2020, Nature Publishing Group. (H) Graphene-active sensor arrays for chronic, wireless monitoring of wide frequency band
epicortical neural activity. Reproduced with permission from ref 133. Copyright 2021, Nature Publishing Group.

ACS Applied Electronic Materials pubs.acs.org/acsaelm Review

https://doi.org/10.1021/acsaelm.3c00879
ACS Appl. Electron. Mater. XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/doi/10.1021/acsaelm.3c00879?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.3c00879?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.3c00879?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.3c00879?fig=fig5&ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.3c00879?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


measurement. Three working electrodes and one shared
reference electrode are present in the three ion-selective
sensors on the lower PI substrate. For ion-to-electron
transduction, the working electrodes are modified with K+/
Na+/Ca2+ selective membranes and covered with poly(3,4-
ethylenedioxythiophene) polystyrenesulfonate (PEDOT:PSS).
The reference electrode changed to reduce potential drift with
a polyvinyl butyral (PVB) solid electrolyte and sodium
chloride (NaCl). The resulting canal features an implanta-
tion-friendly sharp tip and total measurements of 600 μm × 2
cm × 80 μm. In order to provide programmable light
stimulation and sensing, a wireless circuit synchronizes the
working sequences of all channels and processes the associated
signal. The wireless circuit can be easily placed into the skull,
and all channels can be bent to adapt to implant placements
with the least amount of brain damage. The complete system
can remotely control and monitor neurological activity in freely
moving animals without affecting their behaviors when fueled
by a lithium-ion battery. Furthermore, post-treatment neural
signals for the immunohistochemical analysis can be obtained
6 weeks after implantation surgery.124

4. MATERIALS FOR BIORESORBABLE AND
LONG-TERM IMPLANTABLE BCI
4.1. Bioresorbable BCI Electrodes. Bioresorbable

materials decompose and dissolve within a set period after
the completion of the treatment task. Biodegradable
implantable devices are frequently made of certain materials.
Common possibilities for bioresorbable semiconductors
include silicon, Ge, and ZnO. Mg, Mo, Zn, and W are the
metals that provide useful biointerfaces and interconnects.
Poly(lactic-co-glycolic acid) (PLGA) sheets are the soft
substrate for bioresorbable devices. Silicon oxide (SiOx) has
frequently been employed as a temporary encapsulating layer
for biodegradable electronics.122 Bai et al. implemented a
bioresorbable photonic device for spectroscopic character-
ization of physiological status and neural activity. The device
can work for 45 days before becoming invisible under
computed tomography, as evidence of complete bioresorption
(Figure 5A).117,123 Lee et al. developed electrodes that
disintegrate into small pieces within two months and disappear
completely at a moderate rate of 0.02 μm/day (Figure 5B), to
prevent potential cytotoxicity to the bloodstream.124 Bio-
resorbable materials have advantages of self-dissolving after a
given period in operation. As such, subsequent removal
surgeries are no longer required, reducing the patient recovery
time and improving treatment efficacy. Moreover, these
devices contribute to the protection of the environment.
Yang et al. developed an eco-/bioresorbable form of MEMS
using complementary metal−oxide semiconductor (CMOS)
electronics, resistors, and capacitors, utilizing a multilayer
structure of SiO2/Si/SiO2/W/SiO2/SiNx, doped monocrystal-
line silicon micromembranes (Si MMs), and a trilayer of Mo/
SiO2/W, without using plastic or other environmentally
unfriendly materials following the decay (Figure 5C).125 In
addition, Yang et al. developed an eco-resorbable and
bioresorbable microelectromechanical system, which can fully
disassemble and dissolve just after 20 days (Figure 5D).126

However, the weakness of bioresorbable materials is the
unknown long-term health consequences of disintegrating in
the body. These materials must undergo long-term testing and
pass the rigorous checks of medical regulatory authorities. The
compliance process will take time and money. Furthermore,

implantable BCI devices made of these materials will not be
suitable for long-term measurement as repeated surgery is
expected for their delivery.
4.2. Long-Term BCI Electrodes. Long-term materials for

implantable BCI devices can last for years or decades in the
biophysical environment. The critical requirements for this
class of BCI devices is the high resistance against chemical
corrosion within the body, while maintaining electronics and
electrical performance for sustaining continuous operations.
Flexible implanted electronics require three essential elements
to function sustainably: (i) a durable polymeric substrate to
house electronic components, (ii) a long-term encapsulation
layer for integrated circuits, and (iii) a reliable Faradaic
interface for recording and stimulation. Due to its chemical
inertness and thermal stability, polyimide is a typical soft
substrate used to plan other electrical devices. Polymer
substrates permanently anchor electronics. The deterioration
of other integrated electronic components could be markedly
slowed down by a SiOx layer that is thick enough (e.g., 1 μm).
Highly conductive metals like Ti and Au have been employed
in several implanted devices.122 Minev et al. designed and
developed a soft neural interfaces implantable device that
simulates the shape and mechanical behavior of the dura
mater, the outermost layer that protects the brain and the
spinal cord. The device consists of a transparent silicone
substrate with a thickness of 120 μm, stretchable gold
interconnects with a thickness of 35 nm, soft electrodes coated
in a platinum−silicone composite with a diameter of 300 μm,
and a compliant fluidic microchannel with a cross section of
100 μm × 50 μm. After 5 million electrical pulses, the
platinum−silicone composite electrodes showed a substantial
cathodal charge storage capacity of 46.9 ± 3.3 mC/cm2 and a
charge injection limit of 57 ± 9 μC/cm2. The embedded
electrodes survived cyclic deformation up to 20% strain over a
million cycles, showing no change in impedance over time. In
addition, the team tested these soft electrodes in four rats for 5
weeks. The impedance at 1 kHz remained consistent over this
experiment. The outcomes demonstrate the long-term
functionality, mechanical toughness, and electrochemical
stability of this system.127 Nguyen’s team developed a sensor
based on a wide bandgap material (i.e., silicon carbide (SiC))
that was estimated to last in the body for up to several decades
with excellent stability (Figure 5E).97 Ling et al. implemented
flexible electronics for monitoring in multiencephalic regions
which can operate and monitor brain signals from a rat for a
long period in a stable way (Figure 5F).128 Many research
groups are developing long-term, flexible wide bandgap
semiconductor devices. Phan et al. developed long-lived,
transferred crystalline silicon carbide nanomembranes with
thicknesses of 230 nm. After being soaked in 1× PBS for 12
days, there is no detectable non-Na+ ion diffusion at a
thickness of 50 nm for at least 60 days in PBS at 96 °C. These
characteristics allow for multimodal temperature, strain, and
other property sensing without additional encapsulating layers
and Faradaic interfaces between active electronics and
biological tissues.129 Many microphone fabrication methods
have been optimized and created to fabricate long-term flexible
devices. Pham et al. created a sophisticated transfer printing
technique based on sacrificial layer engineering for silicon
carbide materials in stretchy electronic devices. The versatility
of transferring complex microstructures from hard donor
surfaces to flexible reception platforms is improved by using a
sacrificial layer. Additionally, the sacrificial layer reduces
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potential problems with twisting and wrinkling in free-standing
microstructures, making it easier to print on flat polymer
surfaces (such as polydimethylsiloxane).130 Truong et al.
developed a stamping-free micromachining process for 3D
flexible and stretchable wide bandgap electronics. By using
photolithography on both sides of free-standing nanomem-
branes, the method creates flexible structures on commercial
silicon wafers, allowing for the customization of the material’s
optical transparency and mechanical properties.131 Bose et al.
developed a retrievable implant for therapeutic xenogeneic
cells, which can work for over 130 days (Figure 5G).132 Garcia-
Cortadella et al. implanted a graphene active sensor array for
mapping of a wide frequency band and epicortical brain signal.
The system worked stably for up to 12 weeks (Figure 5H).133

Devices made of this material have the following advantages.
First, they can last for long-term measurement. A single surgery
in many years allows for managing pain and cost associated
with the surgery. Second, these materials are reliable to ensure
long-term operation in the body. However, this material also
has limitations of a challenging manufacturing process that
requires high-end equipment. Zhang et al. developed a flexible
and microendovascular (MEV) neural probe that can be
implanted into sub-100-μm-scale blood vessels in the brains of
rodents without open-skull surgery and damaging the brain or
vasculature. The microcatheter, a flexible tube with an inner
diameter of 200 μm and an outside diameter of 350 μm, can be
rolled up inside the 900-μm-wide probe thanks to the
transverse ribbons in the device region. In order to enable
neuronal recording across vessel walls at single-cell resolution,
the MEV probes can be inserted explicitly into small vessel
branches that are inaccessible to any available microcatheters.
The probe−tissue interface’s histology investigations revealed a
negligible immune response and long-term stability. Local field
potentials and single-unit spikes have been selectively recorded
using in vivo electrophysiology in the brain and olfactory
bulb.134 Luan et al. has developed nanoelectronic thread
(NET) flexible electrodes with subcellular dimensions, and
cellular surgical footprints form reliable, glial scar-free neural
integration. The team fabricated two types of NET brain
probes, NET-50 probes with electrodes 10-μm long and 10-μm
wide and NET-10 20-μm long and 10-μm wide along the
length of the probe. The team fabricated the multilayer probes
using photolithography on a nickel metal release layer on a
silicon substrate (n-type, 0.005 V·cm). The flexible neural
probe was positioned on the surface of the brain where the
dura mater had been removed. Using a 32-channel assessment
system (Intan Technologies) with a bare Ag wire put into the
contralateral hemisphere of the brain as the grounding
reference, voltage signals from the neural electrodes were

amplified and digitalized. The same tools measured the
electrode’s impedance at 1 kHz.135

5. COMMUNICATIONS AND POWERING FOR
IMPLANTABLE BCI DEVICES

Power and communication technologies for BCI implantable
devices are determined by the size, operation life, required
cost, and fabrication technology. Furthermore, these tech-
nologies must meet the standards of safety and compatibility
with external receivers such as suitable wavelength and
transmission protocols.
5.1. Communication Schemes. Today’s implantable BCI

devices use various communication methods, also known as
data transmission methods. Currently, the most popular
communication methods are molecular communications,
optical communications, inductively coupled data transfer,
intrabody communication (IBC), ultrasonic communication,
and antenna-based radio frequency. Table 1 provides an
overview of popular communication technologies for implant-
able BCI devices, with their propagation methods, operation
range, and frequency of electromagnetic waves. This is
important information for researchers and companies to
compare the differences and choose the appropriate
communication technologies for their research and products.
First, molecular communication is a way of transmitting the

information signal from the implantable device to the body
through axon propagation, action potential, hormone distribu-
tion by blood, and ionic distribution through junction gap.
Galluccio et al. provided a block model of the subsystems that
make up a single neuron and defined their operation in terms
of transfer functions to model neuronal system, with the goal
of simulating the operation of biological neuron network. The
team discovered that neurons normally filter neuronal stimuli
in the range from 0 to 0.3 kHz by considering the cascade of
the various blocks simulating the overall neuronal function.
This mode has the smallest range, from only a few nm to μm,
due to the nanoscale distance between cells.136

Second, implantable BCI devices can transmit data through
optical communications. Information is transmitted with
wavelengths in the infrared spectrum and an extensive
transmission frequency from 300 GHz to 430THz. Abita et
al. tested data transmission by optical communication through
skin, in different parts such as eye, stomach, and back, with
contact with thickness from 2.87 to 6.9 mm by LED with a
wavelength of 880 nm.137 The transmission distance of this
type is relatively small, only up to 4 mm, because the light used
has a long wavelength, so it cannot penetrate thick tissue
layers.

Table 1. Comparison of Communication Technologies for Implantable BCI Devices

Communication
technologies Propagation methods Range Frequency

Molecular communications Propagation through axon, Action potential, Hormone distribution by blood,
Ionic transportation

nm to μm ≤0.3 kHz136

Optical communications Infrared propagation <6.9 mm 300 GHz−430 THz137

Inductively coupled data
transfer

Magnetic field or mutual inductance ≤4 cm 1 MHz138 5−49 MHz139−141

Intrabody communication
(IBC)

Electric field ≤10 cm Capacitive: 100 kHz − 150 MHz142

Galvanic: <10 MHz143

Ultrasonic communication Ultrasonic propagation ≤10 cm 1−3 MHz144

Antenna-based radio
frequency

Radio wave propagation 2 m 415 MHz−1.18 GHz145,146,147
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Third, the most common method for data transfer in
implantable BCI devices is inductively coupled data transfer.
This mode of communication is based on magnetic field or
mutual inductance, with frequencies ranging from 1 to 49 MHz
and an average distance of up to 4 cm. This method can
transmit data through tissue layers, from implantable devices to
peripheral devices attached to the patient’s skin, and then to a
computer or an external database for further analysis. Wang et
al. tested information transmission using an optimized coil pair
driven by a Class-E power amplifier with a frequency of 1
MHz, from a microelectrode array to an external coil, that are 7
mm to 15 mm apart.138 Ghovanloo et al. tested inductively
powered wireless biomedical implants at a data rate in excess of
1 Mbps and frequency from 5 to 10 MHz.139 Dawson et al.
developed a 350 μW CMOS MSK transmitter and 400 μW

OOK super-regenerative receiver. The transceiver is imple-
mented in 90 nm CMOS and digitally tunes 24 MHz in
frequency steps smaller than 2 kHz. The transmitter meets
MICS mask specifications with data rates up to 120 kb/s
consuming only 2.9 nJ/bit. The receiver has a sensitivity better
than −99 dBm with a data rate of 40 kb/s or −93 dBm with a
data rate of 120 kb/s consuming 3.3 nJ/bit.140 Zeng et al.
comapared the overall RF data transmission specifications in
three major cochlear implant manufacturers. As such, Nucleus
Freedom cochlear implants can transmit data with a carrier
frequency of 5 MHz at a data rate of 500 KBits/s, and Med El
Sonata implants have the transmission with a carrier frequency
of 12 MHz at 600 KBits/s. Meanwhile, Clarion Hires 90K
implants can transmit data with a frequency of 49 MHz at 1.09
MBits/s.141

Figure 6. Powering schemes of implantable BCI devices.

Table 2. Comparison of Power Schemes for Implantable BCI Devices

Types of power
technologies Power technologies Generated power Advantages Disadvantages

Battery powered system Battery Lithium-ion batteries:
1.85−74 mW152

Reasonable cost Toxicity

Lithium batteries: 210
Wh/kg153

Long service life (>10 years)

Energy harvesting system Biofuel cells 2.4 μW154 Recyclable materials Short service life
Biocompatibility with the
human body

Low output power
Low output voltage

Thermoelectricity 106 μW/mK2155,155,156 Limitless service life Low output power
Piezoelectricity 0.33 μW157 High output power Restricted human body locations to

implantNo required additional
voltage source

Electrostatic 36 μW158,159 High output power Additional voltage source
58 μW158,159 High output impedance
80 μW160

Electromagnetic 40−200 μW161 Limitless human body
locations to implant

Complexity in fabrication technologies
1.1 mW162

Passively powered system Near-field inductive coupling 6.15 mW163 High data rate and power
transferring

Limited carrier frequency due to
human tissue absorptions

50 mW164,165 No batteries
150 mW166

Midfield resonant coupling 200 μW−500 mW167 Deep human implantable
locations

Attenuation in tissue

Far-field electromagnetic
coupling

20.7−84.4 μW168 Deep human implantable
locations

High attenuation in tissue

High directivity
Optical charging 22 mW/cm169 High output power Large size

High efficiency
Ultrasonic transducer 1.5 mW/cm2170 Work efficiently with

different depths
Low output power
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The fourth mode of communication is intrabody commu-
nication (IBC). This mode of communication is based on
electric field in which implantable devices communicate with
each other within a range of up to 10 cm. Cho et al. developed
a distributed RC model with the frequency range from 100
kHz to 150 MHz with the body channel transceivers
transmitting the signal in a current loop. The loop consists
of the transmitter electrode, the body channel, and the receiver
electrode and returns through the external ground. This system
can transmit signals within a 1.2 m range.142 Song et al.
conducted simulation of the galvanic coupling intrabody
communication with different signal transmission paths and a
frequency range from 100 kHz to 5 MHz.143

Fifth, data can be communicated through ultrasound from
the implantable BCI device to an external device. Mazzilli et al.
developed an ultrasonic on−off keying/amplitude-shift keying
demodulator using standard 0.18-μm CMOS technology. This
demodulator involves a low-noise amplifier, variable gain
amplifiers, an offset cancellation circuit, an envelope detector
circuit, and a hysteresis comparator. The system transmits at a
rate of 50 kb/s, a frequency of 1 MHz, a range of 10 cm, and a
power consumption of 184 μW at a 1.5 V supply.144

The final communication method is a radio frequency-based
antenna. This mode communicates at radio frequency. Zhang
et al. reported antenna-based neural-recording systems using a
frequency range between 415 MHz and 1.18 GHz, a data rate
from 250 Kbits/s to 54.24 MBits/s, and a power consumption
from 49.8 to 6600 μW.145 Teshome et al. also reported that
this communication method has the most extended range of up
to 2 m.146

5.2. Powering Schemes. State-of-the-art implantable BCI
devices use three main types of power supply technology: (i)
battery, (ii) energy harvesting, and (iii) energy transfer. Figure
6 provides an overview of the powering schemes for
implantable BCI devices currently in use and how
manufacturers categorize them based on types of power supply
technology.
One of the most common batteries in implantable BCI

devices is lithium ion batteries with a lifespan of up to 10
years148 and nuclear batteries that can last for more than 15
years. These systems have the advantage of long-term
convenience, but require surgery for battery change.149

Energy harvesting utilizes biofuel, thermoelectricity, piezo-
electricity, electric charge, and magnetism for various power
ranges and durations as listed in Table 2. Depending on the
operation time, durability, and size of the device, manufac-
turers can choose the appropriate power supply type. These
systems offer great convenience to the patient as batteries
change is eliminated. However, energy harvesting results in
lower power and is more unreliable than the other two
methods.149

Energy transfer uses technologies such as near-field inductive
coupling, midfield resonant coupling, far-field electro-magnetic
coupling, optical charging, and ultrasonic transducers150,151 to
transfer power to the device during its operation. This power
concept expands the device operation and makes them more
compact. However, this concept reduces patient’s convenience
because the patient has to be regularly in contact with an
external energy transmitter.149

■ CONCLUSION AND PERSPECTIVES
Despite their recent emergence in the past two decades,
flexible, implantable BCI devices have been making a

significant leap from proof-of-concept to setting up baselines
for clinical trials toward commercial products. Recently, soft
conformal BCI electronics have been a game changer for
solving the mechanical and geometrical mismatches between
the implanted device and the tissue, minimizing the
immunological response and side effects. Moreover, advances
in smart materials and device integration would allow for a
flexible device lifetime that meets the need of either temporary
or long-term treatments. By engineering mechanical and
electronic properties of the device materials, implantable BCI
systems can dissolve after a given time frame, therefore
eliminating the need for surgical removal. On the other hand,
novel wide bandgap inorganic nanomaterials promise longevity
and stability for devices that can serve the patient’s entire life.
Even though significant advancements have been achieved,
considerable challenges persist and need to be addressed to
bring soft implantable BCI devices to real-world applications
and ready for commercialization: (i) Further innovations are
needed in material and engineering to enhance material
biocompatibility, to minimize foreign body responses,
especially in long-term operation, and to make the device
performance resistant from biofouling. (ii) Device encapsula-
tion strategies are needed for long-term BCI to protect
implanted electronics from corrosive biological environments.
Reduced thickness and sandwich layers of BCI are preferred to
enhance flexibility and conformability for tissue contacts.
However, this also increases the permeability of ions into the
sensitive electronics, reducing device performance and lifetime.
Despite the limited choice for long-lived BCI platforms, wide
bandgap nanobarriers can be a potential candidate for solving
the dauting challenges of soft and long-lived components.
Further research and development of this class of materials are
still required. (iii) Energy efficient schemes are needed for
power consumption and communication that allow for
continuous and real-time operation of implanted BCIs.
In summary, we envision that soft implantable electronics

will be the focus in the future of BCI technology due to their
minimal invasiveness and tissue compatibility. This will be
further strengthened by recent advances in materials and
integration that push the current boundary in biomedical
applications, enabling next-generation bioelectronics for
precise therapeutics, disease diagnostics, and personalized
healthcare.

■ AUTHOR INFORMATION
Corresponding Authors

Tuan-Khoa Nguyen − Queensland Micro- and
Nanotechnology Centre, Griffith University, Nathan,
Queensland 4111, Australia; orcid.org/0000-0003-1271-
9576; Email: k.nguyentuan@griffith.edu.au

Nam-Trung Nguyen − Queensland Micro- and
Nanotechnology Centre, Griffith University, Nathan,
Queensland 4111, Australia; orcid.org/0000-0003-3626-
5361; Email: nam-trung.nguyen@griffith.edu.au

Authors
Minh Anh Huynh − Queensland Micro- and Nanotechnology

Centre, Griffith University, Nathan, Queensland 4111,
Australia

Thanh-Ha Nguyen − Queensland Micro- and Nanotechnology
Centre, Griffith University, Nathan, Queensland 4111,
Australia

Complete contact information is available at:

ACS Applied Electronic Materials pubs.acs.org/acsaelm Review

https://doi.org/10.1021/acsaelm.3c00879
ACS Appl. Electron. Mater. XXXX, XXX, XXX−XXX

K

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tuan-Khoa+Nguyen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1271-9576
https://orcid.org/0000-0003-1271-9576
mailto:k.nguyentuan@griffith.edu.au
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nam-Trung+Nguyen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3626-5361
https://orcid.org/0000-0003-3626-5361
mailto:nam-trung.nguyen@griffith.edu.au
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Minh+Anh+Huynh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thanh-Ha+Nguyen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.3c00879?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


https://pubs.acs.org/10.1021/acsaelm.3c00879

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
N.-T. Nguyen and M. A. Huynh acknowledge funding from the
Australian Research Council (ARC) Discovery Project (Grant
No. DP220100261) and ARC Laureate Fellowship
(FL230100023). T.-K. Nguyen acknowledges funding through
the Griffith University Postdoctoral Fellowship, New Re-
searcher Grant, and ARC DECRA No. DE240100408. T.-H.
Nguyen acknowledges the Australian Academy of Techno-
logical Sciences and Engineering for her Elevate Scholarship.

■ REFERENCES
(1) Yao, G.; Kang, L.; Li, J.; Long, Y.; Wei, H.; Ferreira, C. A.;
Jeffery, J. J.; Lin, Y.; Cai, W.; Wang, X. Effective weight control via an
implanted self-powered vagus nerve stimulation device. Nat. Commun.
2018, 9 (1), 5349.
(2) Bonizzato, M.; Pidpruzhnykova, G.; DiGiovanna, J.;
Shkorbatova, P.; Pavlova, N.; Micera, S.; Courtine, G. Brain-
controlled modulation of spinal circuits improves recovery from
spinal cord injury. Nat. Commun. 2018, 9 (1), 3015.
(3) Ardell, J. L. Mechanisms of spinal cord neuromodulation for
heart disease. Nature Reviews Cardiology 2016, 13 (3), 127−128.
(4) Capogrosso, M.; Wagner, F. B.; Gandar, J.; Moraud, E. M.;
Wenger, N.; Milekovic, T.; Shkorbatova, P.; Pavlova, N.; Musienko,
P.; Bezard, E.; Bloch, J.; Courtine, G. Configuration of electrical spinal
cord stimulation through real-time processing of gait kinematics. Nat.
Protoc. 2018, 13 (9), 2031−2061.
(5) Jackson, A. Neural interfaces take another step forward. Nature

2016, 539 (7628), 177−178.
(6) Shanechi, M. M. Brain−machine interfaces from motor to mood.
Nature Neuroscience 2019, 22 (10), 1554−1564.
(7) Musk, E. An Integrated Brain-Machine Interface Platform With
Thousands of Channels. J. Med. Internet Res. 2019, 21 (10),
No. e16194.
(8) Liu, Z.; Tang, J.; Gao, B.; Yao, P.; Li, X.; Liu, D.; Zhou, Y.; Qian,
H.; Hong, B.; Wu, H. Neural signal analysis with memristor arrays
towards high-efficiency brain−machine interfaces. Nat. Commun.
2020, 11 (1), 4234.
(9) Ersaro, N. T.; Yalcin, C.; Muller, R. The future of brain−
machine interfaces is optical. Nature Electronics 2023, 6 (2), 96−98.
(10) Patel, M. A.; Zala, N. K.; Shah, P. A.; Murugan, N. S. Mind
machine interface using internet of things. Int. J. Res. EngSci. Manage
2019, 2, 145.
(11) Sen, P.; Sarkar, H.; Bhattacharya, A. Technologies for Mind -
Machine Interface. Techno International Journal of Health, Engineering,
Management & Science 2018, 2 (3), 84−94.
(12) Guan, J.; Hawryluk, G. W. J. Advancements in the mind-
machine interface: towards re-establishment of direct cortical control
of limb movement in spinal cord injury. Neural Regeneration Research
2016, 11 (7), 1060−1061.
(13) Nielsen, C. B. Visualization: A Mind−Machine Interface for
Discovery. Trends in Genetics 2016, 32 (2), 73−75.
(14) Donoghue, J. P. Bridging the brain to the world: a perspective
on neural interface systems. Neuron 2008, 60 (3), 511−521.
(15) Won, S. M.; Song, E.; Zhao, J.; Li, J.; Rivnay, J.; Rogers, J. A.
Recent Advances in Materials, Devices, and Systems for Neural
Interfaces. Adv. Mater. 2018, 30 (30), 1800534.
(16) Song, E.; Li, J.; Won, S. M.; Bai, W.; Rogers, J. A. Materials for
flexible bioelectronic systems as chronic neural interfaces. Nat. Mater.
2020, 19 (6), 590−603.
(17) Wellman, S. M.; Eles, J. R.; Ludwig, K. A.; Seymour, J. P.;
Michelson, N. J.; McFadden, W. E.; Vazquez, A. L.; Kozai, T. D. Y. A

Materials Roadmap to Functional Neural Interface Design. Adv. Funct.
Mater. 2018, 28 (12), 1701269.
(18) Acarón Ledesma, H.; Li, X.; Carvalho-de-Souza, J. L.; Wei, W.;
Bezanilla, F.; Tian, B. An atlas of nano-enabled neural interfaces. Nat.
Nanotechnol. 2019, 14 (7), 645−657.
(19) Driscoll, N.; Richardson, A. G.; Maleski, K.; Anasori, B.;
Adewole, O.; Lelyukh, P.; Escobedo, L.; Cullen, D. K.; Lucas, T. H.;
Gogotsi, Y.; Vitale, F. Two-Dimensional Ti3C2MXene for High-
Resolution Neural Interfaces. ACS Nano 2018, 12 (10), 10419−
10429.
(20) Clément, C. Brain-Computer Interface Technologies; Springer,
2019, 1−4. DOI: 10.1007/978-3-030-27852-6.
(21) Yu, K. J.; Kuzum, D.; Hwang, S.-W.; Kim, B. H.; Juul, H.; Kim,
N. H.; Won, S. M.; Chiang, K.; Trumpis, M.; Richardson, A. G.;
Cheng, H.; Fang, H.; Thompson, M.; Bink, H.; Talos, D.; Seo, K. J.;
Lee, H. N.; Kang, S.-K.; Kim, J.-H.; Lee, J. Y.; Huang, Y.; Jensen, F. E.;
Dichter, M. A.; Lucas, T. H.; Viventi, J.; Litt, B.; Rogers, J. A.
Bioresorbable silicon electronics for transient spatiotemporal mapping
of electrical activity from the cerebral cortex. Nat. Mater. 2016, 15
(7), 782−791.
(22) Yang, Y.; Boling, S.; Mason, A. J. A Hardware-Efficient Scalable
Spike Sorting Neural Signal Processor Module for Implantable High-
Channel-Count Brain Machine Interfaces. IEEE Transactions on
Biomedical Circuits and Systems 2017, 11 (4), 743−754.
(23) Navas, M.; Navarrete, E. G.; Pascual, J. M.; Carrasco, R.;
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