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ABSTRACT: Neuromorphic interfaces represent a transformative frontier in neural
engineering, enabling seamless communication between the nervous system and external
devices through biologically inspired computing architectures. These systems offer
promising avenues for diagnosing and treating neurological disorders by emulating the
brain’s computational strategies. Neural devices, including sensors and stimulators, monitor
or modulate neural activity, playing a pivotal role in deciphering brain function and
neuropathologies. Yet, clinical translation remains limited due to persistent challenges such
as foreign body responses, low signal-to-noise ratios, and constraints in real-time data
processing. Recent breakthroughs in neuromorphic hardware, neural recording, and stimulation technologies are addressing these
challenges, paving the way for more adaptive and efficient brain-machine interfaces and neuroprosthetics. This review highlights the
emerging class of neurohybrid interfaces, where neuromorphic systems might be integrated to enhance bidirectional neural
communication. It emphasizes novel material strategies engineered for seamless neural interfacing and their incorporation into
advanced neuromorphic chip architectures capable of real-time signal processing and closed-loop feedback. Furthermore, this review
explores cutting-edge neuromorphic biointerfaces and evaluates the technological, biological, and ethical challenges involved in their
clinical deployment. By bridging materials science, neuroscience, and neuromorphic engineering, these systems hold the potential to
redefine the landscape of neurotechnology.
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1. INTRODUCTION
The brain is an extraordinarily complex and efficient system,
capable of sensing, processing, and transmitting stimuli while
maintaining all vital functions on about 20 W of power.1 This
stems from its dynamic structure, consisting of billions of
neurons connected by trillions of synapses.2 The brain’s high
plasticity supports the reshaping of these connections, enabling

efficient processing of new information and propagation of
signals based on learning processes. This relies on intricate
functional connections across large neural networks, making
the brain robust and capable of flexibly reconfiguring to
optimize performance and processing.3,4

The nervous system possesses remarkable cognitive abilities,
with a precise network of interconnected neurons. However,
pathological conditions can severely affect people’s daily life,
highlighting the demand for advanced technologies crucial for
exploring brain function and understanding neuropathological
processes. Following the discovery of EEG signals in the 1920s
using scalp electrodes, various Neural interfaces have been
developed to facilitate interaction with the brain.5 This area
has garnered considerable interest within the scientific
community for manipulating, monitoring, and restoring
neuronal networks and their functionality.6−8 Two main
pathways have been defined for the evolution of neural
interfaces: BCIs or i BCIs. The former is a neural interface that
captures neural activity in a safe and noninvasive way, while the
latter, primarily known as BMIs,9 use more invasive approaches
to achieve high-resolution acquisition of signals. BCIs and
BMIs therefore present different balances in the quality of the
neural communication achieved vs the clinical risk and ethical
considerations.9

Neural devices refer to technologies used to interact with or
monitor the nervous system, including sensors, stimulators,
and recording equipment. These devices can measure or
influence neural activity, such as brain waves or nerve signals,
and are used in medical applications, like prosthetics, and
neuromodulation therapies.

Figure 1. A. Biological neural networks have features in their topology, function and mechanics that make them efficient in terms of power
consumption and computing capabilities. In particular, the synaptic transmission of information, in which an action potential elicits
neurotransmitter release in the synaptic cleft and a postsynaptic potential, is mimicked in neuromorphic devices. B. Neuromorphic interfaces have
different requirements in terms of neural-inspired behavior. The main feature is that a stimulus (optical, electrical, thermic or mechanical signal)
can modulate the conductance of the device like the action potential causes a voltage modulation in the postsynaptic membrane. At the same time,
the materials, the design of the device, and the modality adopted should be biocompatible and allow sensing biological signals when in contact with
neurons. C. Artificial neural networks can be software or hardware and they are constituted of different neuromorphic units in which the
connections are represented by synaptic weights, quantifying the strength of the communication. In hardware neural networks, such as crossbar
arrays, the synaptic weights depend on the conductance modulation of the neuromorphic devices, while in software applications these values are
used in mathematical models. All these architectures can be used to improve the computing capabilities and data processing in both BCIs and
BMIs. The output signal from these systems can be used to control an actuation stimulus in the biological environment, allowing for an advantage
over open-loop systems in terms of accuracy. Created in BioRender. Santoro, F. (2024) https://BioRender.com/l94w533.
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From a modern clinical perspective, both BCI (e.g., EEG10)
and BMI (e.g., Utah array11,12) technology is experiencing
rapid advances offering new neurorehabilitation methods and
enabling individuals with disabilities to interact with the
external environment by decoding signals from neural devices.
Despite these advancements, challenges such as low SNR,13

immune responses in neural tissue for invasive approaches,
limited functionality,14 and restricted data processing capa-
bilities have hindered clinical translation. Thus, developing
multifunctional neural devices with sensitivity to single-cell
activity, excellent biocompatibility, and fast processing
capabilities is relevant for diagnosing and treating nervous
system diseases.15

Neural devices offer a valuable means to investigate the
connections between neuron firing and synaptic transmission
and hold promise for diagnosing and treating neurological
disorders like epilepsy and Alzheimer’s disease. To achieve
these goals, it is essential to develop neural devices with high
spatiotemporal resolution.16

On the other hand, with the advent of the Turing test in the
1950s, initial ideas about artificial intelligence research
sprouted, leading to the emergence of technologies like deep
learning and big data computing.17 Then, in the 1970s, BCIs,
and later in the early 2000s BMIs emerged alongside advances
in neuroscience and AI,18 and today, the integration of AI with
brain science has accelerated the development of neuro-
morphic devices and the rapid growth of hardware and
software architectures for ANNs.16 In this context, the concept
of a BNI has been introduced, leveraging neuromorphic
components to enhance noninvasive and invasive brain-
computer communication. These systems integrate sensing,
processing, and actuation capabilities, offering a more energy-
efficient and biologically realistic approach to traditional neural
interfaces that rely on conventional CMOS-based systems.19

Innovative devices have been created to also simulate and
emulate diverse biological neurons, providing potential
substitutes for impaired sensory organs.

Neuromorphic systems mimic the topology and/or the
functionality of biological neural networks in order to address
some limitations of traditional technologies at the level of
interfacing of biological tissues or computational paradigms for
information processing. In turn, the data from a neural
interface could be processed directly with a neuromorphic
architecture and in a closed-loop process ad hoc endorsement
signal could be sent back to the nervous system for stimulation,
actuation and prosthetics.
1.1. Interfacing the Brain

A neural interface is defined as a platform that can interact with
the nervous system, enabling communication between neurons
and external devices (Figure 1). This communication typically
involves recording and/or stimulating neural activity. Design-
ing these interfaces begins with identifying brain patterns to
control devices (i.e., prosthetics). This can be approached by
directly measuring brain activity at various spatial and temporal
resolutions or simulating brain activity using theoretical
models.20

Traditional methods involve capturing brain activity in real-
time, significantly advancing our understanding of brain
function. However, BMIs are platforms that require chronic
implantation, which raises challenges in terms of long-term
stability due to implant-failure risks, immune responses and
high cost. Additionally, BMIs might raise ethical concerns due

to the use of human or animal models for experiments.
However, the rise of neural data, along with advances in
modeling and machine learning, is supporting neuroscience
research to create comprehensive digital models of the brain
(i.e., digital twins21,22), possibly reducing experimental costs
and mitigating ethical concerns.

In fact, these models can support neuroscience research as
they can simulate brain functions at different scales from a
single cell genome to complete brain regions such as sensory,
motor, temporal, or visual cortices, suggesting that this field
could be able to integrate different systems to progressively
simulate the entire central nervous system.
1.2. Neural Recordings and Stimulation

Neural interfaces can either record (“read”) or stimulate
(“write” to) neural activity. Neural recordings can be obtained
through various invasive (e.g., BMIs such as ECoG) or
noninvasive (e.g., BCIs such as EEG) methods. In some cases,
neural interfaces influence neural activity indirectly by applying
external stimuli (i.e., visual inputs). Common BCIs based on
neural recordings include spellers, which use visual stimuli to
generate brain activity patterns that are then converted into
letters on a user interface.23 On the other hand, brain
stimulation directly activates or inhibits specific brain areas
through different means of stimulation (i.e., electrical) to
modulate neuronal information processing.

Successful examples include, for instance, BMIs such as DBS
where electrodes are connected to a pulse generator that
delivers controlled electrical stimulation to target brain areas. It
is primarily used to treat neurological conditions such as
Parkinson’s disease, essential tremor, dystonia, and sometimes
psychiatric conditions. However, the procedure is invasive,
requiring surgery to implant electrodes in the brain and
patients might experience side effects such as speech difficulties
and balance problems with additional device maintenance
requirements like battery replacements and long-term effect
not yet well understood.24

Another example is cochlear implants that provide a sense of
sound to patients affected by hearing loss. The device typically
consists of an external microphone and a receiver that is
implanted to convert sound into an electrical signal. In this
context, current challenges still address improvement of sound
perception as well as high surgical risks due to device failure.

Most BCI and BMI systems currently use only one mode of
interfacing, either reading from or writing to the brain.
Recently, the integration of both modalities into bidirectional
communication systems has become a key goal in the
neuroelectronic field, as evidenced by advancements in clinical
applications such as closed-loop DBS.25 These approaches are
expected to become more common in the future, enabling
next-generation applications with multimodal interfacing and
on-chip computing.
1.3. Software vs Hardware Development

In the past decade, software advancements have significantly
improved neural interfaces through innovative processing
techniques and a deeper understanding of brain structure
and functions. Furthermore, enhanced SNR of neural record-
ings allows for more precise measurement of brain activity.
Additionally, advancements in machine learning, particularly
deep learning, have enabled the discovery of novel brain
features and the creation of complex classification models to
handle highly dimensional input data. Open-source software
tools have been crucial in making these advancements
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accessible to researchers and end-users. Tools like EEGLAB,
OpenViBE, BCI2000, and MNE26 are widely used in research
laboratories and neurotechnology companies worldwide.

In contrast, hardware development has progressed more
slowly due to high costs and the time required for prototype
development.27 For example, the Utah array, introduced 25
years ago, enabled the recording of large populations of
neurons with sufficient SNR for developing precise BMIs, and
it remains the gold standard for invasive brain recordings.28

Most BCIs still rely on EEG, a technology introduced nearly a
century ago. However, promising developments include a shift
from wet to dry electrodes, which are cheaper, quicker to set
up, and provide comparable measurements. Significant
advances have also been made in miniaturizing electronic
components, leading to more efficient and cost-effective
processing boards necessary for advanced neural interfaces.
Like open-source software, open hardware initiatives have
driven innovation in electrical circuits for neural interfaces with
relevant examples such as OpenBCI and various research
laboratories demonstrating how to build low-cost BCIs using
consumer-grade electrical components.29

1.4. Coupling Neuromorphic Devices with Neural
Interfaces

Inspired by BNNs, ANNs consist of billions of simulated
neurons interconnected to perform complex tasks, often
surpassing human performance.30 ANNs have revolutionized
information technology, leading to more optimized and
autonomous artificial intelligence systems. However, because
ANNs operate on traditional Von Neumann machines, they
require significant power, even on optimized hardware like
GPUs.31 To address this issue and better mimic the energy
efficiency of BNNs, SNNs were developed, where computa-
tions occur asynchronously without synchronization by an
external clock. SNNs can run on neuromorphic processors that
facilitate analog-like asynchronous communication, with
several commercial solutions now available, such as Intel’s
Loihi, IBM’s TrueNorth, and SpiNNaker.32 Considerable
efforts have been made to develop novel biomimetic devices
that replicate the biological mechanisms contributing to the
brain’s efficient neuronal communication, exploring new
inorganic materials and creating hardware-based neuromorphic
devices that function like biological neurons, emulate synaptic
plasticity, and demonstrate learning capabilities.A major focus
of neuromorphic engineering is to implement the functional
principles of biological synapses and neurons into novel
devices that allow adaptive signal processing and learning with
much lower energy demands compared to traditional
computers.

One relevant challenge for neural implants is that signal
transfer between cells and devices, and encoded information
content can fluctuate significantly over time. This limits their
long-term usability for recording and/or stimulation. Move-
ments of the neural device within neural tissue or its
encapsulation by scar tissue can strongly affect which neural
signals are recorded or reduce the efficacy of neural circuit
stimulation. This is particularly challenging for the develop-
ment of bidirectional closed-loop applications, where specific
neural activity patterns should trigger corresponding stim-
ulation patterns; for example, recognizing and disrupting
pathological activity patterns to treat focal epilepsy. The edge
computing and learning capabilities of neuromorphic devices
could be instrumental in continuously adjusting their input/

output behavior to identify optimal stimulation patterns and
reliably prevent seizure formation over long time scales.

Aside from continuously adjusting to changes in neural
signals, flexible materials are also key for long-term
functionality because the mismatch between rigid neural
devices and soft brain tissue can trigger a FBR, leading to
device encapsulation or rejection. Low-power, organic, and
flexible neuromorphic devices are therefore ideally suited to
promote long-term closed-loop applications to treat neural
disorders. Other important aspects to consider in the design of
neuromorphic implants are the signaling modalities and
spatiotemporal resolution that can be exploited. While many
existing devices focus on electrical signals as a readout,
neurotransmission is highly multimodal and consists of
electrical action potentials as well as a large array of
neurochemical signals that shape synaptic transmission and
signal integration in single neurons. Neural signals also operate
on a broad range of time scales, with action potentials and
synaptic events occurring in the millisecond range, alongside
minute- or hour-long fluctuations in extracellular neuro-
modulators and changes in synaptic plasticity.33

Lastly, the strength and spatial specificity of neuro-
transmission can vary by several orders of magnitude, from
transient millimolar release within the cleft of chemical
synapses to diffuse picomolar concentrations during long-
lasting volume secretion.34 To effectively interact with such
complex and dynamic signaling environments, neuromorphic
devices must be designed to accommodate the diversity of
neurochemical communication. Key engineering parameters,
such as device sensitivity, spatial resolution, and response time,
are essential to process both fast electrical signals and slower
neurochemical fluctuations at biologically relevant scales. For
instance, detecting gradual increases in extracellular glutamate
levels could enhance seizure prediction in epilepsy, while
monitoring GABA diffusion might support timely intervention
to prevent seizure onset.35 By integrating electrical and
neurochemical sensing and stimulation, future neuromorphic
platforms could enable more biologically faithful interactions
with neural circuits, leading to more robust learning
mechanisms, adaptive stimulation, and advanced therapeutic
strategies.

Extending from this need for dynamic, responsive interfaces,
we introduce the concept of NNNs, systems that merge the
adaptability and efficiency of the human brain with the
computational power of neuromorphic architectures. These
hybrid platforms aim to establish a two-way interface between
living neuronal networks and artificial systems, enabling real-
time information processing and feedback. To realize this
vision, several challenges must be addressed, including
minimizing energy consumption, ensuring stable long-term
operation, and managing high-throughput data in real-time.
Advances in neuromorphic engineering, particularly in the
design of spiking neural networks, analog computing elements,
and on-device learning algorithms, will be crucial to support
the seamless integration of biological and artificial components.
Ultimately, NNNs hold promise not only for next-generation
neural interfaces but also for redefining how we interact with,
repair, and augment the nervous system in both clinical and
research settings.
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1.5. Integrating Neuromorphic Intelligence into Neural
Interfaces

In this review, we aim to discuss how to bridge the gap
between conventional neural interfacing technologies and the
rapidly evolving field of neuromorphic engineering by
exploring how emerging materials and device architectures
can support seamless, bidirectional communication between

biological and artificial neuronal systems. The next-generation
neurotechnologies might go beyond passive sensing and
stimulation, toward platforms that can emulate the adaptive,
low-power, and real-time processing capabilities of the human
brain. Neuromorphic systems, designed to mimic the
computational principles of biological neural networks, offer
a transformative approach to interfacing with the nervous

Figure 2. A. Synaptic plasticity. Presynaptic depolarization opens voltage-gated Ca2+ ion channels, increasing Ca2+ levels which triggers glutamate
release into the synaptic cleft. Glutamate binds to postsynaptic receptors (AMPA, NMDA), leading to excitatory synaptic transmission. Strong
activation causes LTP, via different kinase pathways. Weak activation triggers LTD through phosphatase pathways that reduce receptor density.
Dopamine further modulates synaptic plasticity by acting on D1-like receptors to facilitate plasticity or D2-like receptors to reduce plasticity. B.
Synaptic transmission. Schematic of two glutamatergic neurons interacting via a chemical synapse. C. Structural plasticity. Illustration of dynamic
formation and elimination of dendritic spines to refine neural circuit function. Structural changes support synaptic plasticity, with LTP causing
spine head enlargement, and LTD spine head shrinkage. D. Action potential. Graded postsynaptic potentials are typically triggered by synaptic
inputs. Depending on the type of neurotransmitter, the resulting postsynaptic potentials can be depolarizing or hyperpolarizing. Synaptic inputs are
usually received at the dendrite and integrated at the cell body, where bursts of incoming signals are also integrated over short time intervals. An
action potential is triggered when the membrane potential reaches a certain threshold, which is typically around −55 mV. The generation of action
potential consists of three phases. 1) Depolarization phase: reaching the threshold causes an opening of voltage-gated sodium channels and sodium
influx which further depolarizes the cell. 2) Repolarization phase: inactivation of sodium channels and potassium efflux through potassium channels,
bringing the potential back toward resting membrane voltage. 3) Hyperpolarization phase: the membrane potential briefly becomes more negative
than the resting level due to prolonged potassium permeability, before it returns to the resting state. Due to the inactivation of sodium channels, no
action potentials can occur during the repolarization phase (also known as the absolute refractory period), while the likelihood of triggering an
action potential is reduced in the hyperpolarization phase (relative refractory period). Created in BioRender. Santoro, F. (2024) https://
BioRender.com/s67f452.
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system, enabling local processing, synaptic-like plasticity, and
closed-loop feedback. These features are particularly critical for
overcoming long-standing challenges in neural interfaces, such
as signal degradation, FBR, and the lack of intelligent
responsiveness to dynamic biological environments.

This review begins by elaborating on traditional neural
interface strategies with neuromorphic paradigms in terms of
recording fidelity, stimulation selectivity, and computational
efficiency. We then discuss the biological foundations of neural
communication, including synaptic transmission, plasticity, and
neuromodulation, and discuss how these mechanisms inspire
the design of neuromorphic platforms. The following sections
highlight recent advances in materials for both neural and
neuromorphic interfaces, emphasizing the importance of
flexible, biocompatible, and multimodal systems capable of
integrating electrical, chemical, and optical signaling. We
further examine device architectures such as organic
transistors, memristors, crossbar arrays, as well as SNNs, that
collectively enable intelligent biosignal decoding and adaptive
stimulation.

Looking ahead, the convergence of neuromorphic elec-
tronics and biointerfaces is expected to catalyze the emergence
of NNNs where living neurons and neuromorphic devices
operate in synergy. These systems hold promises for
personalized neurotherapies, real-time seizure prediction and
suppression, closed-loop neuroprosthetics, and brain-inspired
computing. In the final sections, we discuss the current
limitations and ethical implications of such technologies and
offer a forward-looking perspective on how advances in
material science, device miniaturization, and embedded AI
will shape the future of brain−machine integration and
redefine the boundaries of human−machine interaction.

2. BIOLOGICAL NEURONAL NETWORKS AND
INFORMATION PROCESSING

2.1. Biological Synapses and Plasticity

The human brain consists of more than 100 billion neurons,
each connected to thousands of others through chemical
synapses.36 Neural computations occur at various scales, from
plastic changes in synaptic transmission to adaptive signal
integration within individual neurons and larger biological
networks. Individual chemical synapses can be considered the
most basic computational units in the brain.37 Neurons
integrate myriad synaptic inputs to generate an all-or-nothing
action potential. Synapses contribute to single-neuron
computations by modifying their connection strength, a
process known as synaptic plasticity. While plasticity often
involves strengthening synaptic connections related to the
frequency of transmitted action potentials, various implemen-
tations exist throughout the brain, such as the targeted
modulation of synaptic plasticity through the corelease of
neuromodulators like dopamine. Thus, synaptic plasticity is a
dynamic process that enables synapses to function as memory
units, providing BNNs with an inherent capacity for learning
and memory.38

Most neurons consist of a cell body (the soma), dendritic
branches that receive most synaptic inputs, and an axon that
forms synaptic contacts to transmit action potential signals.
Many synapses create a gap between neurons, where signals are
transmitted chemically via neurotransmitter release. In
contrast, electrical synapses consist of gap junctions between
neurons that allow signals to be transmitted directly by ion

drift.39 In chemical synapses, information is transmitted
between the axon of the presynaptic neuron and the dendrites
of the postsynaptic neuron by transforming electrical signals
(an action potential) into the release of chemical molecules
(neurotransmitters), which are then transformed back into
action potentials.40

Unlike chemical transmission, which occurs from a trans-
mitting presynapse to a receiving postsynapse, electrical
synapses allow for bidirectional flow of signals between
neurons.41 Synaptic transmission is the major means of
communication between neurons.42 It begins with the
depolarization of the presynapse by an incoming action
potential, leading to the opening of voltage-gated calcium
(Ca2+) ion channels. This increase in Ca2+ triggers the release
of neurotransmitters, which diffuse through the synaptic gap
and bind to corresponding receptors on the postsynapse,
modulating the activity of the receiving neuron43 (Figure 2A-
B).

An important mechanism that significantly impacts
communication between neurons at the synaptic level is
synaptic plasticity, enabling modulation of receptor density and
size at the postsynapse, as well as increasing neurotransmitter
release in response to incoming action potentials. This is a key
mechanism underlying learning and memory processes. Early
on, it was suggested that synapses strengthen their connections
if the presynaptic neuron consistently participates in firing the
postsynaptic neuron, a concept known as the Hebbian rule.44 A
specific form of the Hebbian rule, called STDP, was later
demonstrated in cultured hippocampal neurons.45 In this
process, the connection strength between neurons increases if
presynaptic spikes precede postsynaptic spikes within a specific
time window (20 ms), leading to LTP of synaptic contacts.
Conversely, if postsynaptic spiking occurs before presynaptic
activation, synaptic strength decreases, resulting in Ltd.

Both LTP and LTD forms are highly dependent on the
activation of NMDARs, which play a critical role in
hippocampal synaptic plasticity.46,47 NMDARs regulate
synaptic, dendritic, and neuronal plasticity through a
calcium-dependent signaling cascade that alters intracellular
protein synthesis, such as increasing the density of postsynaptic
receptors.48 NMDARs become active when they bind the
excitatory neurotransmitter glutamate while the postsynaptic
membrane is already depolarized, acting as a coincidence
detector for ongoing depolarization and incoming synaptic
signals. The combination of depolarization and neuro-
transmitter signaling leads to the removal of an intracellular
magnesium (Mg2+) ion from the NMDA receptor pore,
allowing for subsequent Ca2+ influx that activates downstream
signaling cascades.49 Ca2+ is pivotal in determining whether a
synapse undergoes LTD or LTP.50 Large increases in
intracellular Ca2+ activate kinases, inducing LTP, while
moderate Ca2+ levels activate phosphatases, leading to
LTD.50,51

Lastly, synaptic plasticity can be divided into several phases
based on the cellular mechanisms involved. Short-term plasticity
lasts approximately 60 min and is mainly mediated by
NMDARs.52,53 Between 60 and 120 min, mGluRs, kinases,
and phosphatases maintain changes in synaptic plasticity, a
process called early long-term synaptic plasticity.50,54 The later
phase, lasting more than 4 h and termed late long-term
synaptic plasticity, requires the expression of immediate early
genes and protein synthesis.55 These protein synthesis changes
induce permanent structural and functional alterations in the
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synaptic connection, enabling biological synapses to encode
novel experiences and lifelong memories.56,57

2.2. Signaling and Neuromodulation

Neuronal interactions occur mainly through key neuro-
transmitters, which generate EPSPs and IPSPs. Glutamate,
the primary excitatory neurotransmitter, acts through iono-
tropic receptors (like AMPA, NMDA, and kainate) and
metabotropic receptors (mGluRs). NMDA receptors, which
are permeable to Na+, K+, and Ca2+, are particularly important
in synaptic plasticity, especially in the hippocampus.46,47

GABA serves as the main inhibitory neurotransmitter, binding
to ionotropic (GABAA) and metabotropic (GABAB) receptors.
GABA binding induces hyperpolarization, making action
potential generation less likely, while NMDA receptors play
a crucial role in synaptic plasticity via Ca2+ influx.58

Furthermore, the process by which neurochemical agents
(i.e., neurotransmitters and other signaling molecules) adjust
the activity of neurons and synapses, influencing their response
to inputs is defined as neuromodulation. Unlike direct synaptic
transmission, which rapidly activates neurons, neuromodula-
tion typically operates over longer time scales and affects
multiple neurons simultaneously. It can enhance or suppress
neuronal activity, thus modulating functions such as mood,
attention, and pain perception. Common neuromodulators
include serotonin, dopamine, and norepinephrine, each playing
distinct roles in regulating various brain functions. Aside from
modulating synaptic transmission and plasticity, some of these
neuromodulators are also involved in regulating brain states,
such as attention, arousal or sleep, which strongly affect
information processing within a neural network.59

Beyond their classical synaptic actions, most neuromodula-
tors, including serotonin, also communicate through a
mechanism known as volume transmission. In contrast to
local synaptic interactions, this form of transmission refers to
the nonsynaptic, diffuse release of neurotransmitters, which
allows their actions to occur at relatively distant sites from the
point of release.60 Volume transmission has been suggested as
a significant mode of communication for noradrenaline,
acetylcholine, and serotonin to induce strong effects on
network function over longer time scales.61 For example,
these neuromodulators can regulate their own presynaptic
release62,63 and they might also modulate the release of one
another and other neurotransmitters.64−66 Volume trans-
mission is therefore of particular importance for the broader
and long-lasting effects of neuromodulators on neural network
function.
2.3. Electrical Communication

Graded potentials are continuous changes in the membrane
potential of neurons that vary in amplitude depending on the
strength of incoming synaptic signals. Several types of graded
potentials exist in the nervous system, including synaptic,
receptor, and electrotonic potentials.67 Graded potentials are
typically triggered by external stimuli, such as sensory stimuli
in the case of receptor potentials, or by neurotransmitter
binding in the case of postsynaptic potentials. Depending on
the type of released neurotransmitter and its corresponding
postsynaptic receptors, the resulting potentials can be either
EPSPs or IPSPs.

These postsynaptic potentials are primarily created by
ionotropic receptors, which open upon binding a specific
neurotransmitter, allowing charged ions, such as sodium (Na+)

or chloride (Cl−), to move across the neuronal membrane and
change the local electrochemical potential.

The integration of all incoming synaptic signals determines
the overall membrane potential at the neuron’s soma,
influencing the likelihood of generating an action potential.
Since each neuron receives synaptic input from thousands of
other neurons, the generation of the action potential depends
on the summation of all the EPSPs and IPSPs (Figure 2D).
Spatial summation occurs when multiple synaptic inputs are
received simultaneously from different locations, increasing the
likelihood of generating an action potential if more EPSPs are
received. Temporal summation occurs when incoming EPSPs
and IPSPs are integrated within specific time intervals, with
rapid bursts of EPSPs having a higher chance of triggering an
action potential.68

In contrast to postsynaptic potentials, an action potential is
an all-or-none phenomenon, meaning it is either fully
generated or does not occur at all. Once the membrane
potential reaches a certain threshold, typically around −55
mV,69 the neuron will fire an action potential. Postsynaptic
potentials, particularly EPSPs, play a crucial role in driving the
membrane potential toward this threshold. In contrast to
postsynaptic potentials, which generally have small amplitudes
varying between 1 and 50 mV, the amplitude of an action
potential is larger (∼100 mV) and is independent of the
stimulus strength.67 An action potential consists of three
phases: depolarization, repolarization, and hyperpolarization.

Depolarization is initiated when the membrane potential
reaches the firing threshold voltage, causing voltage-gated
sodium channels to open and Na+ ions to flow into the cell.70

The inward flow of Na+ produces a rapid rise in membrane
potential, temporarily reversing its polarity. Depolarization in
mature neurons lasts approximately 1 ms, during which the
sodium channels become inactivated.71

During the repolarization phase, voltage-gated potassium
(K+) channels open, allowing K+ ions to flow out of the
neuron, which drives the membrane potential back toward its
resting membrane voltage. The outward flow of K+ continues
briefly beyond the resting potential, resulting in temporary
hyperpolarization, where the membrane potential becomes
more negative than usual. During this phase, the neuron is less
likely to fire another action potential. Once the action potential
is generated, it moves along the axon until it reaches a
presynaptic axonal terminal. Here, voltage-gated Ca2+ channels
cause an influx of Ca2+ ions into the cell, triggering the release
of neurotransmitters into the synaptic cleft, where they bind to
receptors on the postsynaptic neuron. The duration of the
action potential is relatively short (2−4 ms) compared to the
duration of graded potentials, which can last for seconds.67

Action potentials are followed by a brief refractory period,
which can be divided into two phases: the absolute refractory
period, during which no further action potentials can be
generated, and the relative refractory period, during which
particularly strong stimuli are required to trigger additional
action potentials.72 The refractory period is crucial to ensure
that action potentials remain discrete, nonoverlapping signals
and maintains the unidirectional flow of action potentials along
the axon. It also serves as a fundamental constraint on how
neurons transmit information and imposes an upper limit on
possible firing rates. While specialized interneurons can
approach the theoretical limit of around 500 Hz, most neurons
operate at lower firing rates between 1 and 100 Hz, depending
on their mode of action. At rest, the firing rate of most
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excitatory cells is relatively low but can strongly increase during
active processing.

Of particular importance are short, high-frequency bursts of
action potentials in response to particularly salient events. Such
bursts have a strong impact on synaptic plasticity and signal
transmission and are linked to sensory perception and the
learning and memory of important events. In contrast, tonic
firing refers to regular firing patterns at a relatively constant
rate over time. Unlike bursts, tonic firing is used to maintain a
continuous background signal and is often utilized for
homeostatic functions, such as breathing or heart rate, or to
provide a constant level of neuromodulation, for example,
during states of heightened attention.
2.4. Structural Plasticity and Mechanics

Structural plasticity is the ability of living neural circuits to alter
their physical structures, either during brain development or as

a mechanism to support functional plasticity, such as the
strengthening or pruning of synaptic connections between
individual neurons.73 It involves changes in the number and
strength of synapses, including rearrangements at pre-existing
synapses, the formation of new synapses (synaptogenesis), and
the elimination of existing ones (synaptic pruning)74 (Figure
2C). Structural plasticity is closely linked to the learning
process: learning leads to changes in synaptic transmission that
must be stabilized and consolidated through structural changes
to enable long-term memory formation or lasting changes in
neural network function.75,76 The creation of stable, persistent
long-term memory therefore requires molecular changes,
including changes in gene expression and protein synthesis,
which are closely tied to structural changes in synaptic
morphology. These structural changes, occurring over
extended time periods from hours to days, are essential for
stabilizing and maintaining synaptic modifications, especially at

Figure 3. Photon sensing. A. Lateral view of a stained retina (adapted from reference 121) showing the layered structure of cells, with
photoreceptors at the top (back of the eye). Copyright 2010, Hindawi Publishing Corporation. Distributed under a Creative Commons CC BY
License (CC BY 3.0). B. The protein structure of mammalian rhodopsin (adapted from reference 122), the photoreceptor pigment. Though the
trans membrane domain arrangement (yellow and red) is similar to that of Channelrhodopsin (see panel D) the retinal is a different isomer and no
pore is formed by the protein. Copyright 2012, American Society for Biochemistry and Molecular Biology. Distributed under a Creative Commons
CC BY License (CC BY 4.0). C. Schematic representation of the retina. Light enters from the bottom and traverses all layers of cells, as seen on the
left. Light absorbed by Rhodopsin initiates a chemical pathway that closes cGMP gated sodium and calcium channels. This reduces the
depolarization of the photoreceptor cell so that less glutamate is released onto bipolar cells. ON bipolar cells depolarize in the presence of
glutamate, and OFF bipolar cells hyperpolarize in the presence of glutamate. The graded response of the bipolar cells modulates their own release
of glutamate onto retinal ganglion cells. The synapse from the bipolar cells to the retinal ganglion cells is further modulated across pixels by the
amacrine cells. Glutamate at the retinal ganglion synapse alters the firing rate of ganglion cell action potentials that are sent to the brain. Created in
BioRender. Santoro, F. (2024) https://BioRender.com/s67f452. Optogenetics D. The structure of a Channelrhodopsin as seen from the side and
from the top (adapted from reference 123). In contrast to the photoreceptor rhodopsin, there is no large enzymatic attachment and light causes a
pore to open directly in the Channelrhodopsin. Copyright 2016, Royal Society of Chemistry. Distributed under a Creative Commons CC BY
Unported license (CC BY 3.0). E. In a neuron expressing channelrhodopsins (green), light opens the channel, causing depolarization; when
depolarization reaches the threshold, voltage-gated sodium channels (blue) open to cause an action potential, as shown schematically. Created in
BioRender. Santoro, F. (2024) https://BioRender.com/s67f452.
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the postsynapse or dendritic spines where postsynapses are
commonly located.

The induction of synaptic plasticity is associated with
changes in the number and morphology of dendritic spines,
increasing synaptic stability that make functional connections
more persistent. Early electron microscopy studies have shown
that the induction of synaptic plasticity can influence the size
and shape of dendritic spines.77−79 For example, an increase in
synaptic strength is correlated with an enlargement of the spine
head which depends on actin polymerization and NMDA
receptor activity.80 These morphological changes modulate
synaptic transmission by increasing the density of neuro-
transmitter receptors and influencing the calcium influx into
the dendrite. In addition, an increase in spine number can
enhance synaptic transmission strength, as it allows for the
formation of more connections with presynaptic neurons.

Structural changes in the postsynapse are often initiated by
elevations in intracellular calcium due to incoming synaptic
signals, triggering subsequent activation of second messenger
signaling pathways. One crucial pathway for regulating activity-
mediated stabilization of dendritic spines involves the
activation of intracellular kinases. Furthermore, local protein
synthesis close to the synapse is also essential for maintaining
LTP and promoting spine enlargement.81,82

Electrophysiological studies indicate that the rapid formation
and persistence of cytoskeletal F-actin in spines after LTP
induction triggers cytoskeletal reorganizations that result in the
formation of new synaptic structures.83,84 Adhesion molecules
also play a role in stabilizing neuron connectivity85 and
regulate dendritic spine morphology and function by
influencing synaptic size and strength.86,87 These cytoskeletal
and adhesion remodeling processes after learning lead to the
formation of new synaptic connections.

Overall, structural plasticity after learning is supported by
the coordinated interaction of multiple molecular processes.
For example, NMDA receptor-initiated actin cytoskeleton
dynamics regulate the insertion of glutamate receptors into
synapses, which are further stabilized by upregulation of
adhesion molecules that maintain connectivity between
neurons.88 While early electrophysiological studies primarily
focused on spine growth and synapse formation in response to
neuronal activation, recent findings show that learning can also
result in the rapid rewiring of existing synapses through spine
formation and elimination.89 Structural plasticity also facilitates
neural recovery after injury by remodeling dendritic spines and
axons. In conclusion, structural plasticity is a dynamic process
that allows the brain to reorganize its neuronal networks based
on experience, playing a critical role in learning, memory
persistence, and recovery from injury.
2.5. Photon Sensing

Detecting optical signals allows animals to locate distant prey,
and avoid approaching predators, as well as coordinating
biological processes to the day/night cycle of the earth. In the
most simple form, this can be a light sensitive ion channel, as in
green algae (see also section 3.4.3).90 In more advanced
organisms, the transduction of light into a neuronal signal has
taken a far more complicated path in order to allow perception
across many orders of magnitude of signal. Vision in the
mammalian eye is typically described as an example of
exquisite performance arising from the most counterintuitive
engineering design. As light enters the eye it is focused onto
the retina (Figure 3A), where it first passes through various cell

layers that will preprocess the visual signal before information
is sent to the brain. At the distal end of the tissue, cones (color-
sensing) or rods (black/white detectors) contain pigments to
absorb incoming photons. In the case of rods, the incoming
photon is absorbed by rhodopsin (Figure 3B), inducing an 11-
cis to trans isomerization of retinal.91 This is the first in a long
line of signal transduction steps, each of which allows tuning
and amplitude modulation. When the opsin absorbs light
energy, the induced retinal isomerization causes a conforma-
tional change in the opsin structure. Rather than directly gating
a membrane channel, this isomerization activates the enzyme
transducin. Transducin amplifies the signal by activating
photoreceptor diesterase that hydrolyses cGMP. Sodium
channels that require cGMP to stay open therefore close.
Closing sodium channels shifts the polarization across the
photoreceptor membrane away from the sodium equilibrium
potential. This converts the chemical signal into an electrical
signal which propagates to the proximal end of the photo-
receptor cell. When the synapses at the proximal end of the
photoreceptor experience a more negative potential, the tonic
release of the neurotransmitter glutamate is reduced92 (Figure
3C). This reduces the chemical signaling from photoreceptor
cells to the overlying layers of the retina such as bipolar cells
and amicrine cells. Dependent on which receptor each bipolar
or amicrine cell expresses, the reduced glutamate will either
depolarize or hyperpolarize the cell. Thus, the signal is
converted again from chemical to electrical, with the
opportunity to integrate signaling horizontally in the retinal
layers.93 The photoreceptor information is condensed at this
stage by a factor of approximately 3. The electrical signaling in
these layers is not the spiking information coding of action
potentials that other neural tissues utilize. These signals remain
graded electrical responses without spiking. Only after passing
another chemical synapse from bipolar cells to retinal ganglion
cells is a spiking neuron modulated by the light signal. From
this point the optical information follows the more common
neural coding of electrical action potentials transmitted to
downstream cells by chemical synapses, as discussed in section
2.1.

Information processing in the nonspiking cellular layers of
the retina amplifies weak signals and distinguishes visual
information into categorical types, such as edges, moving
objects, etc. This multistep amplification allows humans to
perceive light down to a single photon.94 The facilitation
within the retina also promotes the perception of a single
photon if the retina has been primed by recently receiving a
single photon stimulation. When the intensity of the incoming
light signal increases, a logarithmic response of the cascade
assures a high dynamic range (approximately 10 orders of
magnitude) of the visual system. Since opsin absorption of
photonic energy depends on wavelength, the multistep process
further allows color vision by limiting the first step in the
cascade to particular wavelengths in the cone cell photo-
receptor. Human opsins tune the photon absorption range
from about 380−700 nm. The failure of a body to produce
opsins will therefore result in color-blindness, without an effect
on rod-based vision or overall light sensitivity. Multiplexing
wavelength, intensity, and preprocessing class such as move-
ment, allows an information rich signal to be sent from the
retinal ganglion cells to the visual cortex of the brain. The
system also demonstrates the combination of continuous and
spiking information systems to increase information density
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3. DESIGNING AND ENGINEERING NEURAL
INTERFACES

3.1. General Requirements

Neurotechnologies designed to interface with the nervous
system enable the recording, stimulation, and modulation of
neural activity from various neural structures (e.g., the brain,
retina, spinal cord, and peripheral nerves). These interfaces are
employed in both in vitro and in vivo settings for applications
ranging from neuroscience research to clinical therapies,
addressing both acute and chronic conditions. To establish
stable physical interactions with biological targets, neural
interfaces are engineered to match the topological, mechanical,
and functional characteristics of nervous tissue. Neural
interaction can thus be achieved through different physical
modalities, such as electrical, optical, or chemical sig-
nals.124−126

Interfacing with the nervous system involves physical
interaction at multiple levels, from dissociated neurons and
organoids in cell culture to the complex, multilayered
structures of nervous tissues in neural slices, nerves, or living
organisms. Neural interfaces serve as tools that contact neural
structures in various forms. For example, penetrating or
protruding probes, such as needle-like or thread-like probes,
sample internal structures within the intraneural or intracellular
space, with glass micropipettes or flexible nanopipettes. Surface
or planar probes, such as ECoGs, interact with the surface or
outer layer of neuronal targets. Similarly, wrapping probes127

(e.g., cuffs) surround the surface of neural structures (e.g.,
peripheral nerves or the spinal cord), and sieve probes,
typically containing perforated electrodes and guidance
channels, are designed to support the regeneration of
nerves.128−131

To provide appropriate mechanical cues for in vitro cell
cultures and improve biocompatibility in vivo, neural interface
design often incorporates soft and flexible materials. This helps
minimize neuronal loss and FBRs. Polymeric and, more
recently, viscoelastic materials, along with miniaturized designs
such as neuron-like or net-like configurations, are used to
improve mechanical compliance.132 These design strategies
reduce cross-sectional footprints, thereby lowering the bending
stiffness of the interfaces and improving their conformability to
neural targets. As these physical characteristics are directly
shaped by the materials employed, careful material selection
becomes critical, not only for structural and mechanical
integration but also for ensuring long-term stability, signal
fidelity, and biological compatibility. The following section
examines the materials that enable these functionalities, from
insulating substrates to conductive and bioactive compo-
nents.125

3.2. Materials for Neural Interfacing

The selection of materials for neural interfaces is critical for
ensuring long-term stability, effective signal transduction, and
seamless biointegration. Typically, insulating materials form
the structural backbone of the interface, while conductive
materials enable electrical interconnects and electrode
function. Neural tissues are inherently soft and dynamic,
making rigid materials such as silicon prone to inducing
inflammation and glial scarring.133,134 To address these
limitations, flexible thin-film polymers like polyimide, SU-8,
parylene-C, and PDMS are commonly used due to their
chemical inertness, biocompatibility, and mechanical flexibility,

with Young’s moduli in the low gigapascal to megapascal
range.135 These materials also support miniaturized designs,
such as mesh-like geometries136,137 or submicron-thick
layers,138 facilitating close and minimally invasive interfacing
with neural tissue. To further enhance mechanical compati-
bility or to achieve transient implantation, researchers have
developed biodegradable and viscoelastic materials such as silk
fibroin, PCL,139,140 PLA, PVA, and alginate-based hydro-
gels,141 some of which mimic the viscoelasticity of the brain
itself.139,141,142 In addition to biodegradable polymers,
transient metals such as magnesium, molybdenum, and zinc
are being explored for their ability to serve as temporary
conductive elements that safely dissolve in vivo after
completing their functional role. These materials enable fully
resorbable neural interfaces, reducing the need for surgical
removal and minimizing long-term tissue disruption.143

Conductive materials for neural interfaces must combine
high electrical conductivity, mechanical compliance, and
biostability. Metals like gold and platinum are frequently
used in interconnects, but their limited charge injection
capacity often necessitates surface treatments like electro-
chemical roughening to improve electrode performance. For
this purpose, Platinum black is also employed in neural
electrodes due to its high surface area and low impedance.144

IrOx, with its high electroactivity and porous structure, offers
superior ionic-electronic coupling and is often favored for
stimulation and recording.145 Gallium-based liquid metals
(e.g., eGaIn) are also being investigated for soft, stretchable
interconnects that maintain high conductivity under deforma-
tion.146 Carbon-based materials such as graphene and carbon
nanotubes offer high conductivity and flexibility, though their
mechanical mismatch and potential bioaccumulation pose
long-term challenges. In this context, emerging two-dimen-
sional materials like MXenes (e.g., Ti3C2Tx) offer a promising
alternative, combining high conductivity with favorable
mechanical properties.147 In contrast, organic conductive
polymers have emerged as leading candidates due to their
biocompatibility and ability to operate in aqueous environ-
ments without oxide layer formation.148 Among these
materials, OMIECs stand out for their mixed ionic/electronic
conduction. They are typically composed of a conjugated
polymer and a polyelectrolyte, either as blends of distinct
polymers, copolymers, or conjugated polyelectrolytes. The
most well studied OMIEC in organic neuromorphic devices is
PEDOT doped with polystyrenesulfonate (PEDOT:PSS) a
member of the polythiophene family. These materials exhibit
excellent charge injection capacities and reduced impedance,
making them ideal for chronic neural recording and
stimulation. To further enhance device longevity and
reliability, self-healing conductive polymers have been
developed to autonomously repair mechanical damage and
preserve electrical continuity. These materials incorporate
dynamic bonding mechanisms or embedded healing agents
that respond to microcracks or delamination at the electrode-
tissue interface, making them particularly valuable for chronic
neural implants.149

In recent years, organic semiconductors have also been
utilized in active components such as OFETs, OECTs, and
EGOFETs which will be described in more details in 5.4.2.
These devices leverage the inherent volumetric capacitance
and ionic mobility of organic materials like PEDOT to amplify
weak neural signals and modulate cellular activity with high
transconductance at low voltages.150,151 Furthermore, photo-
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active organic materials, such as P3HT and P3HT:PCBM, are
being integrated into photovoltaic neural interfaces to achieve
wireless, light-driven stimulation. These materials not only
offer flexible form factors and biocompatibility but can also
support photothermal and photoelectrical effects for localized
and minimally invasive neural activation. More recently, NIR-
sensitive organic semiconductors like PTB7-Th152 and
PCPDTBT,146 as well as nonfullerene acceptors,153 have
expanded the applicability of these systems to deeper tissues
and subcutaneous stimulation. Additionally, the development
of OEPCs and emerging materials like perovskites and QDs
further extends the functional landscape of optoelectronic
neural interfaces.154

Beyond bulk material characteristics, surface modifications
play a pivotal role in optimizing long-term performance.
Strategies such as applying bioactive coatings (e.g., laminin or
hyaluronic acid) promote neuronal adhesion and differ-
entiation, while micro- and nanopatterned textures guide
axonal growth and improve integration. Antifouling coatings,
including zwitterionic layers, further reduce protein adsorption
and inflammation, extending device lifespan. Expanding upon
these surface modification strategies, nanozyme-based neural
interfaces have been developed to regulate the local oxidative
microenvironment. These enzyme-mimetic nanomaterials,
capable of eliminating ROS, help mitigate neuroinflammation
and oxidative damage at the tissue-electrode interface, thereby

enhancing recording stability and biocompatibility. Notably,
recent designs have demonstrated significant reductions in
impedance and glial activation in vivo.155 Ultimately, careful
engineering of both structural and functional materials enables
the development of high-performance neural interfaces that are
not only sensitive and stable but also better aligned with the
biological complexity of the nervous system.156

3.3. Neural Transducers

Building on the material considerations discussed in Section
5.2, the functional integration of neural interfaces relies not
only on mechanical and biochemical compatibility, but also on
their capacity to transduce biological signals into readable
formats. The physical and chemical properties of materials,
such as conductivity, charge injection capacity, and biostability,
directly influence how effectively these interfaces convert,
transmit, and respond to neural activity.

In traditional contexts, a transducer (Figure 4Ai) is defined
as a device that converts artificial or biological signals from one
to another. Essentially, it serves as a mediator, translating
neural signals, such as electrical or biochemical signals, into a
format that computers can process, and vice versa. Bidirec-
tional transducers are particularly valuable for facilitating
neural communication by enabling both the recording and
modulation of neural activity. While their primary function is
signal conversion, integrating processing capabilities further

Figure 4. Conventional signal chain in neural interfaces. A. When interfacing nervous tissues, a Neural interface comprising a transducer
(adapted from reference 171) (Ai) is used to couple directly with a neural target. The interface between the transducer and the neural target, which
can be an isolated neuron or a complex structure, such as a tissue, is governed by the physical characteristics of the neuron-electrode interface
(adapted from reference 172) (Aii) or tissue-electrode interface (adapted from reference173) (Aiii), dependent on the seal resistance and the
distance between the electrode and neural target (current point source), respectively. Transducers can capture the neural activity of individual
neurons as transmembrane potentials in the form of intracellular or extracellular action potentials (APs), or the summed activity of groups of
neurons in the form of LFPs. Likewise, the quality of the captured activity and modulation processes are then constrained by characteristics of the
EDL formed at the electrode−electrolyte interface (adapted from reference173) (Aiv). Copyright 2024, Wiley-VCH GmbH. Distributed under a
Creative Commons CC BY License (CC BY 4.0). Copyright 2022, Wiley-VCH GmbH. Distributed under a Creative Commons CC BY NC ND
License. Copyright 2019, Royal Society of Chemistry. B. Neural activity is then transduced into electrical signals that undergo an instrumentation
phase, where the signal is filtered, amplified, multiplexed and digitized for further processing. C. This is carried out in a control unit comprising
either a FPGA, a microcontroller, or a DSP, when control signals are in turn sent back to the transducer to modulate neural activity. D. Finally,
digitized data is transmitted and the system is powered for continuous communication. Data is generally transmitted to a computer, where signal
postprocessing can be carried out. Created in BioRender. Santoro, F. (2024) https://BioRender.com/s67f452.
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enhances their utility, allowing for more adaptive and efficient
neuromodulation.

A conventional signal chain consists of four primary
components (Figure 4): a neural interface, an instrumentation
phase, a processing and control unit, and a telemetry unit for
data and power transmission. Within this framework, neuro-
morphic systems are positioned either at the transducer level
or within the processing and control unit.

The neural interface (Figure 4A) is the central component
of the signal chain. It consists of a biological neural target, such
as neurons, tissues, or neural organs like the brain, connected
directly to a transducer with both sensing and actuating
functions (Figure 4Ai). Depending on the materials used, the
transducer converts various physical signals, electrical, (bio)-
chemical, or optical into electronic signals (e.g., voltage or
current) for sensing or into physical stimuli for actuation.
Transducers are either passive (e.g., MEAs) or active (e.g.,
memristors, transistors). Passive elements modify or attenuate
signals, while active components require external power and
can manipulate signals. These elements are mainly in contact
with the neural system and physical coupling at different scales
between the device and the neuronal cells can limit FBR,157

biorecognition and stability in the case of implantable devices.
However, the coupling problem also relies on individual cell
response, as well as on the plasma membrane’s reaction to the
electrochemical and mechanical environment provided by the
device surface composition, functionalization and topology.158

Here, network development, synaptic formation and main-
tenance, as well as control over glia cell proliferation should be
considered.159

Transducers can be one-, two-, or three-terminal devices
with electrical contact points that transmit sensory or actuation
signals through fixed wiring or multiplexing systems to the next
stage: the instrumentation phase (Figure 4B). This stage
incorporates key components such as low-noise input
amplifiers, filters, ADCs, and DACs, collectively referred to
as the analog front end, which amplify, condition, and digitize
signals for further processing or reconvert them into analog
signals for stimulation.

In recent years, the integration of these elements has shifted
from off-chip to on-chip analog front ends to reduce the
physical distance between the transducers and the processing
stages. These on-chip systems are directly integrated with the
transducers and now incorporate preamplification circuitry,
multiplexing, data conversion, and even preprocessing and
feedback control units, functional blocks that were traditionally
performed off-chip during offline signal processing.

Hence processing and control units (Figure 4C) can be
integrated with a transducer in the form of application specific
integrated circuits or with the implementation of DSPs,
FPGAs, or microcontrollers. Various groups have demon-
strated such high-level integration for in vitro and implantable
in vivo applications, primarily utilizing CMOS technology.
Further details on different instrumentation architectures, front
end topologies, and strategies can be found in other
reviews.160−162

Data transmission, whether analog or digital, can be
achieved via wired technologies like USB or SPI, or wirelessly
through Bluetooth Low Energy, radiofrequency, or emerging
ionic-based communication, which utilizes the high con-
ductivity of biological media.163−167 Power can be supplied
through wired means, such as external batteries, or wirelessly
via inductive coupling or ultrasound-based technologies, which

enable both wireless power transfer and communication168,169

(Figure 4D). For an in-depth review of wireless power and
transmission technologies, readers may consult additional
sources.170

3.4. State of the Art Devices and Architectures for
Neuronal Interfaces

The effectiveness of neural transducers depends not only on
their material and circuit-level integration, but also on how
they are embodied in specific device architectures. Translating
the principles of signal transduction into functional systems
requires hardware platforms that can interface with complex
neural environments across different spatial and temporal
scales. As a result, various device-level implementations,
ranging from traditional MEAs and transistors to advanced
flexible, 3D, and multimodal platforms, have emerged to meet
the growing demands of both research and clinical
applications. The following section explores these state-of-
the-art devices, highlighting their architecture, modes of
operation, and the strategies developed to optimize neural
coupling and performance in both in vitro and in vivo settings.
3.4.1. MEAs. These devices consist of a matrix of substrate-

integrated electrodes that serve as passive electrical contacts.
Their electrochemical behavior, defined by resistive and
capacitive properties, is shaped by the electrode material,
geometry, and the interface formed with neural tissue. To
understand and optimize this interaction, various models have
been developed to describe how MEAs engage with neuronal
targets. While originally used to characterize transistor
interfaces,174,175 the point-contact model has been adapted
to the neural context to describe the interactions between
MEAs and neuronal targets at the electrode-neuron inter-
face176 (Figure 4Aii). This model focuses on the electrode−
neuron interface, where the quality of coupling is primarily
determined by the seal resistance, a key parameter representing
the tight adhesion between the cell membrane and the
electrode surface. Sealing is often enhanced through surface
biofunctionalization and coatings, which influence the spacing
and adhesion at the cell−electrode junction.134

To further enhance cell adhesion and electrical coupling,
several research groups have engineered the electrode surface
by protein patterning and microfluidic channel to guide cell
network arrangement and polarization.177−179,179,180 Others
implemented 3D nano- and microtopographies, which can
modulate the coupling efficiency, also providing tunable
contact area and sealing resistance.181,182 Hence, topographies,
such as cavities, pillars, straws, or mushroom-like structures,
recess or protrude from the planar surface of the electrode
(Figure 4Ai), thereby reducing the cleft at the neuron-electrode
interface.172,183−186

Characterizing this cleft is crucial for understanding the
quality of the interface, whereby electrophysiology methods
that combine MEAs with invasive patch clamp electrical
recordings,187,188 as well as with imaging methods, such as
scanning or transmission microscopy have been used.189

Nonetheless, in interactions between MEAs and nervous
tissues, particularly in in vivo settings, a tight contact with
neural targets is not always achievable due to the presence of
FBRs, such as gliosis and microglial insulation.190 As a result,
MEA-tissue interactions (Figure 4Aiii) are typically described
with a generalized model.191 In this model, the electric field
generated by neuronal units (current point sources) within the
conductive extracellular fluid is a key factor. Assuming the
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MEA surface is primarily insulated, the voltage or current
sensed or delivered by a MEA is inversely proportional to the
distance between the electrode and the neuron.161

Thus, due to their electrochemical properties and the
capability of coupling with single neurons and tissues, MEAs
have become essential tools in both research and clinical
settings. Offering a high spatiotemporal resolution, MEAs
allow for the precise acute and long-term measurement of
distinct neural activity. In vitro, traditionally planar MEAs on

stiff substrates, have been used to characterize neuronal
connectivity and signal conduction under physiological and
pathological conditions across scales, from single neurons to
neuronal population networks. The 2D neuronal cultures and
neural slices interface with nano/micro-structured electrodes
(Figure 5Ai-ii) or high-density electrodes integrated with
CMOS technology.192,193 Aiming to enhance the coupling and
access the outer and inner volume of 3D neuronal models,
such as tissue explants or organoids, innovative MEA designs

Figure 5. A. Needle-like protruding microelectrodes on stiff (Ai-Aii) and flexible substrates (Aiii) (adapted from reference 171). Copyright 2024,
Wiley-VCH GmbH. Distributed under a Creative Commons CC BY License (CC BY 4.0). B. Microelectrodes made of reduced graphene oxide
(rGO) 16-channel electrodes placed on the cortex of a rat (adapted from reference 210). Copyright 2024, IOP Publishing Ltd. Distributed under a
Creative Commons CC BY License (CC BY 4.0). C. All-polymeric transient neural probe with four PEDOT:PSS:EG electrodes, highlighting the
three layers: PCL encapsulation, PEDOT:PSS:EG electrodes and PCL substrate (adapted from reference 139). Copyright 2021, Elsevier Ltd.
Distributed under a Creative Commons CC BY License (CC BY 4.0). D. Exemplary 3D kirigami MEA with up to 128 shanks on one flexible probe
and an intershank distance as low as 50 μm (adapted from reference 193). Copyright 2025, Wiley-VCH GmbH. Distributed under a Creative
Commons CC BY License (CC BY 4.0). E. Vertical IGTs (adapted from reference 167). Copyright 2023, Springer Nature. Distributed under a
Creative Commons CC BY License (CC BY 4.0). F. POLYRETINA is an organic photovoltaic neural interface for artificial vision restoration;
being based on polymeric substrate and integrating an organic polymeric photovoltaic layer, it can be folded to facilitate the injection and it can
accommodate the natural eye curvature (adapted from reference 247). Copyright 2022, Springer Nature. Distributed under a Creative Commons
CC BY License (CC BY 4.0). G. Schematic representation of the OEPC, which consists of an organic p-n bilayer patterned on a gold electrode.
Upon light illumination, the photogenerated charges induce ionic displacement currents in the surrounding electrolyte, which consequently affect
the membrane potential of cells in proximity. If the perturbation is large enough, it can lead to action potential generation (adapted with permission
from reference 154). Copyright 2018, Wiley-VCH GmbH. H. To bring light to neurons for optogenetic manipulation, various optrode devices have
been published (adapted from reference 249). Copyright 2024, Springer Nature. Distributed under a Creative Commons CC BY License (CC BY
4.0).
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are emerging.194,195,195−199 These include flexible standing 2D
substrates, needle-like and biomimetic electrodes protruding
several micrometers (Figure 5Aiii), 2D and 3D architectures
containing multisite and multishank electrodes,200,201,212 or
basket-like devices with mesh structures that optimally
interface 3D cell architectures and organoids.137,202,203

MEAs are also used for in vivo applications that comprise the
study of various neural structures in the central and peripheral
nervous systems. These applications span fundamental neuro-
science and preclinical research, as well as clinical settings.
MEAs then function as BMIs or neural prostheses, offering the
capability of capturing neural activity in living organisms. The
development and application of microelectrodes in vivo has
been substantial since their inception in the 1950s. Early
cortical recordings utilized tungsten microwires204 and
significant advancement occurred in the 90s with the
introduction of silicon micromachined devices, such as the
Michigan205 and Utah arrays,28 and early in the 2000s high-
density microwire arrays.206 Nonetheless, long-term function-
ality of MEAs in chronic neural applications is often
compromised by biological responses such as gliosis and
microglial encapsulation, which interfere with stable elec-
trode−tissue interactions. These responses can lead to reduced
SNRs during recording and increased stimulation thresholds.
To mitigate these challenges, recent advancements have
emphasized the development of more compliant and adaptive
interface designs that better accommodate the dynamic
environment of neural tissues and reduce chronic inflamma-
tion.207−209 Among these, flexible μECoG arrays made from
organic nanomaterials such as rGO have emerged as promising
alternatives to conventional metallic electrodes, demonstrating
chronic, high-fidelity recording of both motor and sensory
activity.210 Building on this platform, similar rGO-based MEAs
were recently applied to enable precise deep brain stimulation
and mapping in a Parkinsonian rat model, showing their
translational potential for targeted neuromodulation.211 These
graphene-based devices exhibited recording performance
comparable to traditional platinum−iridium arrays, while
offering advantages in mechanical compliance, biocompati-
bility, and signal stability (Figure 5B). These efforts include
designs and materials that minimize mechanical strain at the
interface, enable better conformation to curved or mechan-
ically unstable surfaces, improving the long-term stability of
encapsulation layers by incorporating hybrid organic and
inorganic (e.g., thin film ceramics) materials (Figure 5C), and
reduce the need for surgical implant retrieval by allowing
temporary or bioresorbable integration.139,184,185

At the same time, advances in device architecture have
significantly expanded the functional capabilities of MEAs.
These include increased electrode density for high-resolution
recording, integration of multisite and multimodal channels,
and the development of transparent and optically compatible
arrays,.207 Additionally, 3D configurations now enable spatially
resolved access to neural signals across complex tissue
geometries.165,214,215,218−220,213,214,216,217 An example is repre-
sented by 3D kirigami probes, in which the fabrication process
of the devices has been adapted to this requirement193 (Figure
5D). Together, these innovations facilitate more comprehen-
sive mapping and modulation of both individual neurons and
interconnected neural networks across space and time.221

3.4.2. Transistors and Optoelectronic Devices. Tran-
sistors are active electronic components that regulate current
flow by modulating charge carriers within a semiconductor

channel between two terminals (drain and source), controlled
by an input signal at a third terminal (gate). As fundamental
elements in modern electronics, transistors serve two primary
functions: switching and signal amplification. Within neural
interfaces, FETs are particularly valuable for their ability to
amplify and detect weak neural signals, as well as modulate
neural activity. They establish a localized interface between the
gate electrode and the neural target, similar to the coupling
model described for MEAs, facilitating sensitive trans-
duction.174 FET architectures have evolved from planar
geometries to nanowire and 3D-penetrating structures, using
materials such as silicon222−224 and graphene,225,226 often
integrated with flexible substrates.

These designs have been applied to both in vitro
systems174,222−224,227 and in vivo brain recordings, benefiting
from FETs’ ability to capture ultraslow neural dynamics, down
to 0.025 Hz.228−230 These devices offer advantages such as a
wider frequency band for neural recording due to low
impedances at low frequencies, signal amplification, high
sensitivity, miniaturization, scalability, and integration with
CMOS electronics. However, their widespread use in neural
interfacing has been limited by the reproducibility of complex
fabrication processes, high noise at higher frequencies, current
drifts over time, and their limited capability to interact with
ionic-driven signals.161,231

Offering advantages such as enhanced biocompatibility, ease
of processing and the capability of mixed charge transport
(electronic and ionic functions), organic transistors employ an
organic semiconductor material as the transistor channel.
Accordingly, the current flow through the channel is
modulated by the electric field generated by the gate electrode.
Among the most common types, OFETs, EGOTs, divided into
EGOFETs, OECTs, and IGTs stand out in interfacing
applications with electrogenic cells222 (Figure 5E).

Similar to conventional silicon-based FETs, OFETs operate
by modulating the flow of electrons or holes through an
organic semiconductor channel using a gate voltage. In these
devices, the gate electrode directly contacts a dielectric layer
(e.g., SiO2, Al2O3 or insulating polymers), which, in turn,
interfaces with a thin organic semiconductor film that works as
the channel of the OFET. Their compatibility with conven-
tional electronic circuits and suitability for integration with
flexible substrates make them attractive for neural interfaces.
However, their sensitivity to environmental factors and slower
response times compared to inorganic transistors limit their
effectiveness in high-speed neural sensing applications.232−234

EGOFETs, an improvement on OFETs incorporate an
electrolyte (liquid or ion gel) as the dielectric gate to primarily
modulate the channel electronic conductivity through ionic
effects. Hence, the gate bias induces the redistribution of ionic
charges in the electrolyte, thereby forming two EDLs in series
at the gate-electrolyte and electrolyte-semiconductor inter-
faces. This enhances capacitance and sensitivity, making them
ideal for biosensing applications such as detecting biomole-
cules and ions. Their low-voltage operation is advantageous for
wearable electronics and continuous health monitoring. Yet,
shared ionic interactions can complicate independent gating,
and like OFETs, they suffer from slower response times.225

On the other hand, OECTs operate by allowing ions from
the electrolyte to diffuse into the transistor channel,
modulating its bulk conductivity. This ion-electron coupling
enables volumetric capacitance, resulting in low operating
voltages and high sensitivity to ion fluxes, ideal for detecting
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electrophysiological and neurochemical signals. OECTs are
particularly effective for amplifying weak neural activity and are
known for their long-term stability in aqueous environments.
Conductive polymers such as PEDOT:PSS and its blends
support efficient ion transport, enhancing the performance of
neural monitoring systems and BMIs.

Although slower than other transistors due to the nature of
volumetric ion transport, OECTs offer excellent biocompati-
bility, inherent signal amplification through high trans-
conductance, and scalability through multichannel integra-
tion.150,151,167,235 However, their reliance on a shared electro-
lyte limits independent gating, making them less suitable for
complex circuit integration. To overcome this, internal ion-
gated transistors (IGTs) embed mobile ions directly within the
conducting polymer channel. This enables a self-(de)doping
mechanism that enhances switching speed and transconduc-
tance, facilitating their use in bioelectronic circuits such as
inverters, amplifiers, and oscillators.167,236,237 Successful
examples showed how organic transistors can interface
neuronal tissue at different scales, achieving single cell
monitoring and stimulation as well as surface and implantable
probes for brain interfacing.235,238−240

Building upon these capabilities, recent advances have
focused on integrating photoactive materials into both
conventional electrodes and organic 3-terminal devices.
These platforms in fact might facilitate wireless powering
and stimulation, reducing the need for implanted components
and wiring.241 Clinically, such systems can minimize
inflammation, lower infection risks, and promote faster
recovery while reducing costs. In behavioral animal studies,
wireless neural devices enable experiments in more natural,
sociologically and environmentally relevant conditions, elimi-
nating biases introduced by tethers.242

Among these photoresponsive technologies, photovoltaic
electrodes have gained particular attention. Traditionally
employed in solar energy applications, photovoltaic electrodes
convert light into electrical energy via the photovoltaic
effect.243 These devices typically use semiconducting materials
to absorb photons, excite electrons, and generate a current. In
this context, the electrode serves a dual purpose: capturing
light to generate charge carriers and conducting those carriers
to complete an electrical circuit.

In neurotechnology, this principle has been adapted for
neural interfacing, most notably in the field of vision
restoration. Photovoltaic interfaces have shown promise in
treating degenerative retinal conditions such as retinitis
pigmentosa and age-related macular degeneration, which lead
to the progressive loss of photoreceptors.244 By mimicking the
function of these lost photoreceptors, photovoltaic electrodes
can convert incoming light stimuli into electrical signals that
stimulate the remaining retinal neurons, thereby restoring
partial visual function.

For example, one study demonstrated that temporally
reliable and spatially selective spiking activity could be induced
in primary rat embryonic hippocampal neurons cultured on a
biocompatible device using pulsed light stimulation (20 ms at
1 Hz, 10 mW mm−2 at 532 nm).221 Later, the photovoltaic
layer was replaced due to concerns about faradaic currents;
here, photothermal and photoelectrical effects supported local
heating, inducing slower transient responses and influencing
membrane capacitance and ion channels.222 Furthermore,
photoactive layers under prolonged light pulses (500 ms) were
used to silence neurons, triggering hyperpolarization and

inhibiting both spontaneous and electrically elicited activity.223

These results were extended to models ranging from
degenerated retinal explants224 to dystrophic rats.

More recently, the POLYRETINA epiretinal prosthesis
(Figure 5F) was shown to restore high-resolution visual
responses in vivo.225 The implant includes 10,498 units and
achieves a 43-degree visual angle coverage, enabled by the
conformability of its substrate. As compared to retinal implants
based on inorganic semiconductors,226,227 organic systems
patterned on stretchable substrates achieve wider visual angles,
an essential factor in restoring visual acuities above legal
blindness thresholds (i.e., 20 degrees). A major limitation,
however, is the restricted absorption spectrum in the visible
range, compared to inorganic counterparts capable of
absorbing in the near-infrared (NIR). NIR wavelengths are
preferred for subcutaneous stimulation as they avoid activating
surviving photoreceptors, with further advances in NIR-
sensitive materials228,229 as well as nonfullerene molecules230

which are opening new possibilities for neuronal interfacing.
Recently, OEPCs have been exploited as optoelectronic-to-

ionic transducers154,231 (Figure 5G). They control voltage-
gated ion channels via capacitive coupling, generating charges
at the heterojunction level upon light stimulation. This creates
a potential difference in the surrounding electrolyte, affecting
the membrane potential and potentially triggering action
potentials. Besides primary cortical neurons and retinal
explants,231 OEPCs have been validated in vivo in the rat
somatosensory cortex232 and peripheral nerve,233 successfully
achieving subcutaneous stimulation. In recent studies, OEPC
implantation increased c-Fos expression at stimulation sites,
indicating potential for targeting deeper brain areas.234

Optoelectronic biointerfaces can be further engineered with
material moieties beyond current approaches.235,236 For
instance, the use of perovskites245 and QDs246 was
demonstrated in vitro, although cytotoxicity and bioaccumu-
lation effects are still under investigation.
3.4.3. Optogenetics. These advances in organic and

optoelectronic transistors have significantly expanded the
toolbox for bioelectronic neural interfaces, allowing for
enhanced resolution, flexibility, and bidirectional communica-
tion with neural tissue. As the field moves toward more
integrated and less invasive platforms, the boundary between
active electronics and biological modulation continues to blur.
This convergence is particularly evident in the emerging
synergy between organic optoelectronics and control of
genetically modified neuronal networks. While organic photo-
active materials can deliver precise, wireless stimulation
through photovoltaic or capacitive effects, optogenetics
introduces molecular-level specificity by enabling light-gated
control over ion channels within targeted cell populations.
Together, these approaches redefine the design space for next-
generation closed-loop neural interfaces, seamlessly bridging
synthetic devices and genetically sensitized neural circuits.

Due to the accuracy with which stimulation light can be
applied to cells and tissues, the expression of light-responsive
proteins (optogenetics) has become a primary tool for
manipulating neuronal networks. Initially, efforts to light-
sensitize neurons focused on azo-benzene modifications of
potassium channels,97 but the discovery of ChR2 in 200390

(Figure 3D-E) revolutionized the field by enabling directly
light-gated control of ion channels that could be introduced
into neurons without regard for local chemical pathways.98 The
range of optogenetic tools has expanded99 to cover multiple
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ions,100−104 varying activation dynamics,105−107 and different
light absorption spectra,107−109 offering unparalleled precision
in controlling neurons. Throughout the rise of optogenetics,
there have also been efforts to manipulate secondary
messengers with light,109 among the most recent using
cAMP to potentiate synapses via the blue light activated
bPAC.41 Corresponding supporting technologies have also
been developed to bring light to the optically sensitized
neuron. Optrodes replace one or more of the recording
channels in a multielectrode array with an optical fiber to
deliver light110−112 (Figure 5H). Other MEAs have long
sought to incorporate a nearby light-source,113−115 facing
challenges of heating, optical focus, and electrical cross-talk
between driving currents and sensing elements. Significantly
more progress has been made in all-optical approaches, where
optogenetic stimulation or inhibition is coupled with imaging
of neuronal activity.116 Furthermore, recent results raise
questions if blue light could potentiate synapses in the absence
of optogenetic constructs.117

Emerging technologies, such as NeuroART,118 are revital-
izing closed-loop optogenetic systems for real-time recording
and manipulation. Alternative light-based systems, like PIF
pairs,119,120 photocaged neurotransmitters,96 and photoactivat-
able receptors95 have been developed to control signaling
pathways beyond ion channels. Additionally, azobenzene-based
systems offer synthetic light sensitivity, manipulating proteins
and even mechanical properties of materials in response to
light. Although channelrhodopsins dominate the field, these
alternative methods provide diverse ways to influence cellular
behavior using light.
3.4.4. Ion Pumps. In biological systems, ion pumps are

membrane-spanning proteins with alternating gate mechanisms
that actively move ions against concentration gradients. The
energy for this process is derived either from ATP hydrolysis
(primary pumps) or pre-existing ion gradients (secondary
pumps). These pumps are essential for maintaining osmotic
balance, generating membrane potentials, and facilitating signal
transduction.237

Inspired by nature, artificial ion pumps have been developed
to regulate ion flow in synthetic systems. Applications range
from drug delivery238 and energy conversion239 to more
biologically integrated functions like plant biorhythm regu-
lation240 and human-machine communication.241 Among
these, the most impactful innovation for neurotechnology has
been the development of pumps that can interface directly with
neurons, enabling precise control of ionic environments and
neural activity.

Ion pumps designed for this purpose include several types,
but electron-driven systems have emerged as particularly
promising tools for neuronal interfaces due to their electrical
tunability and compatibility with soft, biocompatible materials.

One such approach is the OEIP, which employs materials
like PEDOT:PSS to transport charged species across
membranes using externally applied electric fields.238,246,247

This method allows for highly localized and temporally
controlled delivery of biologically relevant ions and molecules.
A PEDOT:PSS-based OEIP capable of delivering potassium
ions to neurons was demonstrated. The targeted release of K+

ions depolarized the neuronal membrane, thereby activating
voltage-gated Ca2+ channels.248 This kind of electronic control
over ion signaling enables modulation of neuronal excitability
with minimal invasiveness.

These devices exploit the dual conduction properties of
conjugated polymers like PEDOT:PSS, which support both
electronic and ionic transport. This makes them ideal for
bridging the communication gap between digital electronics
and soft biological tissue.249 Unlike traditional electrodes,
OEIPs can deliver neurotransmitters or ions without
generating Faradaic reactions, reducing the risk of tissue
damage and inflammation.

Extending this concept further, OEIPs have been used to
deliver neurotransmitters such as glutamate, enabling synthetic
synaptic-like behavior. One design used overoxidized PE-
DOT:PSS as the channel and standard PEDOT:PSS as
electrodes. Upon applying voltage, glutamate was electro-
phoretically pumped through the channel.246 This biomimetic
delivery mechanism offers a route to developing artificial
synapses and neuromodulatory systems with high spatial
precision.

While other pump types, such as pH-gradient or light-driven
pumps, are primarily explored in broader nanofluidic and
sensing applications, they also hold potential for neural
interfaces. For example, light-driven ion pumps can offer
remote, noncontact control over ionic flows. A nanopipette
system with photoactive PbS QDs and PEDOT:PSS was
developed that produced ionic currents in response to visible
light.245 Although not directly used for neural modulation,
similar systems could be adapted for optically controlled
neuromodulation in the future, offering new modalities for
wireless brain interfaces.

Naturally occurring protein-based ion pumps, such as those
found in unicellular organisms, have also contributed to the
field through optogenetics. These light-activated pumps can be
genetically targeted to specific neurons and used to manipulate
membrane potential independent of endogenous ion gra-
dients,250 as described in the paragraph 5.4.4. However,
practical challenges such as the need for high light intensity
and the risk of cytoplasmic acidification limit their standalone
use in neural control, often favoring optogenetic channels
instead.

Altogether, bioinspired ion pumps, particularly electron-
driven systems, are shaping a new generation of neuro-
technology. By enabling seamless ionic control at the cell
interface, they offer powerful tools for modulating neural
activity, studying brain function, and developing advanced
therapeutic systems.
3.5. Modalities in Neural Interfaces

Neurons and synapses primarily communicate through
electrical and chemical signaling. However, other stimuli,
such as mechanical, thermal, or optical, can also modulate their
activity by engaging specialized ion channels or disrupting the
system. As discussed earlier, neurons and synapses combine
various signaling modes to form a complex, multimodal
communication network. To achieve seamless integration with
this network, interfacing technologies must be capable of
sensing and responding to this diverse range of stimuli. In
response to this need, multimodal neural probes have been
developed that can simultaneously record (“sense”) and
modulate neural activity using different modalities, such as
electrical, chemical, and optical signals.
3.5.1. Electrical Signal Monitoring and Stimulation.

Sensing (recording) or modulating (stimulating) neural
activity using electrical methods involves converting ionic
currents into electron charge carriers, and vice versa, at the
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interface between the electrode and the neuronal electrolyte
(Figure 4Aiv). This interface is typically modeled by the EDL,
represented as a capacitor in parallel with a resistor. In this
transduction process, ions move through the electrolyte (ionic
conductor), which may be the cytoplasm in intracellular
coupling, the medium in an in vitro culture, or the extracellular
matrix surrounding neurons in tissues, while electrons flow
through the electrode surface (electronic conductor). Con-
sequently, the charge transfer at this interface may occur via
two main mechanisms: capacitive, involving electrostatic forces
that charge and discharge the EDL capacitor, and faradaic,
involving redox reactions. Hence, the dominating mechanism
depends on the material and geometry of the electrode, as well
as on the properties of the EDL.250,251

Sensing neuronal electrical activity entails detecting changes
in membrane potentials, which reflect the fluctuation of ionic
concentration gradients that create charge differences between
the intra- and extracellular space of a neuron. Thus, when
discussing neuronal electrical activity, we refer to fast potential
changes in the form of subthreshold potentials or action
potentials, as well as lower-frequency signals representing the
combined activity of groups of neurons, known as LFPs.
Modern methods, such as the patch-clamp technique
developed in the 1970s, represent a breakthrough in
electrophysiology. This technique enables highly precise
measurement of ionic currents across the cell membrane of
individual cells by forming a tight seal − known as gigaseal
resistance − between a glass micropipette and the cell
membrane.252 This seal allows for accurate sensing of
intracellular potentials, including both subthreshold and action
potentials. While the patch clamp method is widely used both
in vitro (in dissociated neuronal cultures or neural slices) and
in vivo, it is a highly invasive technique that requires direct
contact with the cell’s cytoplasm. Additionally, it relies on
microscopy techniques (e.g., optical or two-photo imaging) to
target cellular and subcellular structures individually, limiting
its use for parallelized, high throughput, and long-term
recordings.219,220,253−255

Contemporary approaches for neuronal recordings have
advanced from single-electrode techniques (e.g., patch clamp
method) to high-density arrays with hundreds of thousands of
electrodes.266−270 This expansion in recording capabilities is
made possible by tools such as MEAs and transistor arrays,
often in combination with CMOS technology. These tools
have enabled primarily extracellular recordings whose signal
quality depends on the close contact between the recording
electrode and the neuronal target as discussed earlier.
Advances in micro- and nanotechnology have allowed the
engineering of the electrode-neuron interface in vitro with
vertical nanostructures or its combination with nanocavities.
These interfaces can be used to form tight seals with high seal
resistances (between 10 and 400 MΩ) that enhance the SNR
of extracellular recordings by increasing recorded potential
amplitudes from tens to hundreds of μV or even
mV.171,187,256,257 In this regard, MEAs with vertical nano-
structured electrodes have enabled the recording of intra-
cellular signals via mechanical poration, electroporation, or
optoporation of the cell membrane,182,253,258 as well as the
noninvasive recording of intracellular-like signals including
subthreshold potentials and action potentials due to tight
engulfment.187,256,257,259

When addressing 3D neural structures, such as neural slices
or intact organs, the quality of neuronal recordings depends on

several factors. One factor is the proximity between the neural
target (generalized point-contact model) and the electrode,
which can be compromised by FBRs or microglial
insulation.190,260 Another crucial factor is the electrochemical
properties of the recording electrodes, particularly their
impedance, which is in turn dependent on the electrical
properties of the tissue (e.g., its resistivity) and the electrode
geometry, surface topology, and charge transfer mechanisms
inherent to the electrode material.261,262

When carrying out electrical stimulation, the delivered
charge activates voltage-gated ion channels, causing changes in
transmembrane potential. This results either in the depolariza-
tion or hyperpolarization of neurons, depending in turn, on the
polarity of the delivered charge.263,264 When capacitive effects
dominate charge injection, a reversible process occurs. Charge
redistribution happens as the negatively charged electrode
attracts cations and repels anions, charging the EDL capacitor,
which is in turn discharged when the electrode’s polarity is
reversed. As a result, charge transfer is governed by
electrostatic forces, with no electron transfer involved.
Moreover, capacitive charging can occur through electrolytic
processes in which charge is stored in thin oxide layers that
possess high dielectric constants.

Faradaic stimulation involves electron transfer mediated by
redox species at the EDL, leading to reversible or irreversible
reactions. Reversible reactions, governed by kinetics, occur
when electron transfer is faster than mass transport of
electrochemical products. These products remain at the
electrode surface and can be reversed with a change in
polarity, leading to effective charge storage. Irreversible
reactions, governed by mass transport, occur when redox
species diffuse away before being fully reacted. This results in
no effective charge storage and can cause changes in the
chemical composition in the surroundings at the EDL,
potentially leading to electrode degradation due to corrosion
or tissue damage due to pH changes. Comprehensive examples
of irreversible reactions are described in other reviews,144,264

however, the electrolysis of water is a potential irreversible
faradaic reaction that may occur to all electrodes.265 During
faradaic charge transfer, staying in the regime of reversible
faradaic reactions is of utmost importance. The faradaic
reaction is then irreversible if the electrode is driven far beyond
its equilibrium potential. In the case of the electrolysis of water,
beyond a certain threshold potential, all electrodes will
produce hydrogen gas and hydroxyl ions upon the reduction
of water, and oxygen gas and hydrogen ions that impact the pH
of the surrounding upon the oxidation of oxygen. This
threshold potential is the so-called ‘water window’, defined as
“the potential region between the oxidation of water to form
oxygen and the reduction of water to form hydrogen”.264

Hence, electrodes must not be driven to potentials beyond the
water window during electrical stimulation. Furthermore, some
electrode materials exhibit charge transfer mechanisms driven
by both faradaic and capacitive processes, namely pseudoca-
pacitive reactions. In this case, faradaic reactions are bound to
the electrode surface, forming, in turn, effective charge storage
at the surface while still enabling the faradaic electron
transfer.144,264

Electrical recording and stimulation, used as sensing and
actuation to monitor and modulate neural activity, offer
powerful means to understand and characterize neural
function, as well as to treat or restore impaired or lost neural
functions. Applications of electrical recording in vitro comprise
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the investigation of circuit dynamics and electrophysiological
phenotyping in engineered neuronal networks in dissociated
and induced pluripotent stem cell-derived neuronal cultures,
spheroids or organoids, and neural slices in vitro.271−273

Furthermore, in vivo neural recordings in laboratory animals
have allowed the long-term tracking of individual neurons
during the adult life of mice274 as well as the monitoring of
neuronal ensembles across brain regions.214 In a clinical
setting, neuronal recordings have enabled a paralyzed patient
to wirelessly and accurately control a computer mouse,
allowing them to play video games.275

Moreover, some applications of electrical stimulation in vitro
include the investigation of diverse electrical stimuli to
understand their influence in network connectivity in neuronal
cultures,276,277 the engineering of 3D neural tissue,278 or the
investigation of electrical stimulation protocols for neural
restoration in neural slices, such as the retina.279,280

Furthermore, clinical applications that have experienced
notable advancement due to electrical stimulation include
the restoration of location in paralyzed subjects,281 unidirec-
tional or real-time feedback and adaptive DBS therapies for
Parkinson’s disease,282,283 the use of cochlear implants for the
restoration of hearing,284 and retinal prostheses for the
restoration of useful vision in blind patients with degenerative
retinal diseases.285

3.5.2. Biochemical Sensing and Actuation. As men-
tioned earlier, the transmission of intercellular signals in
nervous tissues occurs via alterations of the cell potential
governed by the release of neurochemicals such as neuro-
transmitters. The quantitative determination of the concen-
tration variations of these substances is very intricate due to
the huge variety of these chemicals, their different chemical
nature, their complex interrelation, as well as their action on
different time and length scales. A large spectrum of different
techniques can be used to study a particular chemical under
defined conditions. However, there is no universal method that
can decrypt the full complexity of chemical signaling in the
brain.286 On a large scale, during brain-wide or brain slice
studies, imaging techniques can be used providing information
on brain activity, metabolism, and molecule distribution in
large functional domains.

However, biochemical sensing represents a widely used
approach to sense different species in the neuronal networks
from single cell to organ level. For these purposes, common
platforms comprise four main components including the
analyte to study, the receptor which selectively interacts with
the analytical target, a transducer that converts this interaction
into an electrical signal, and the electronic interface that
amplifies and digitalizes the sensor signal.

A wide variety of different receptors has been utilized in
neuronal biochemical sensing with natural origins such as

Figure 6. A. Schematic representations of receptors implemented in biosensors for the detection of neurochemicals including aptamers, antibodies,
enzymes, nanoparticle catalysts, and molecular imprinted polymers. Created in BioRender. Santoro, F. (2024) https://BioRender.com/y36p610. B.
Micrographs of a modified MEA for deep brain implantation and dopamine detection (adapted with permission from reference 340). Copyright
2012, American Chemical Society. C. Neuroprobe with two In2O3 FETs at the tip. Illustration showing release of serotonin in the extracellular
space monitored by an aptamer-FET neuroprobe. (adapted from reference 317). Copyright 2021, American Association for the Advancement of
Science. Distributed under a Creative Commons CC BY License (CC BY 4.0). D. Silicon-based brain-integrated probes with arrays of electronic
sensors for neurochemicals and neurophysiologies in the deep brain. Inset: Image of the neural probe with a conventional syringe needle (D, ≈1
mm) for comparison (adapted with permission from reference341). Copyright 2022, Wiley-VCH GmbH. E. Upon light illumination, three main
phenomena - namely photothermal, photocatalytic and photovoltaic conversion - can occur in an organic semiconductor immersed in an
electrolyte; the consequent generation of heat, ROS or electrical charges, respectively, may determine neuronal activation (adapted from reference
342). Copyright 2021, Springer Nature. Distributed under a Creative Commons CC BY License (CC BY 4.0).
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antibodies and enzymes or synthetic moieties as for instance
aptamers, imprinted polymers, and inorganic catalysts287

(Figure 6A). However, some neurotransmitters, such as the
catecholamines dopamine, adrenaline, and noradrenalin but
also serotonin, epinephrine, and norepinephrine can be directly
measured in vitro and in vivo by amperometric detection
schemes via individual electrode fibers288,289 or high-density
electrode arrays290 without the need for any receptor as they
can be electro-oxidized.

The recording of these amperometric NT signals allows for
the detection of the exocytosis of synaptic vesicles even on the
location of individual synapses and with millisecond temporal
resolution.291 Therefore, mainly fiber-like microelectrodes and
multielectrode arrays made from carbon materials or coated
with conductive polymers (Figure 6B) are positioned near the
cell under study and the electrode is polarized with a potential
more anodic than the oxidation potential of the target
molecule. By recording the oxidation current over time, the
dynamics of the exocytosis as well as the number of released
molecules can be determined.292 Although used in in vivo
settings, this technique does not distinguish between different
oxidizable agents and provides not much information about the
chemical nature of these molecules.293

Another versatile electrochemical technique for the
detection of neurochemicals is FSCV, which offers the
advantages of high temporal resolution, the capability to
distinguish between chemicals, and easy technical implemen-
tation. Therefore, the potential of the electrode is cycled by a
triangular waveform which results in a neurochemical-specific
oxidation and reduction pattern. Since the potential is swept
with rates of several hundreds of volts per second, subsecond
concentration variations can be recorded in vivo with acute and
chronic electrodes.294 The lateral resolution is defined by the
dimensions of the recording electrode. Single-cell recordings
are common practice for both amperometric detection and
FSCV in in vitro and in vivo modalities. However, the waiving
of a receptor layer brings a drawback to these techniques.
Adsorption of the oxidation products and accompanying
fouling in the complex biological matrix impairs the live time of
these sensors.295

Alternatively, sensors modified with enzyme-containing
receptor layers have been developed. Here, the enzymes
provide a high selectivity as they were naturally developed for
conversion of their target molecules (i.e., substrate, cofactor)
and facilitate the detection of nonelectroactive species as they
generate electroactive molecules that can be electrochemically
detected, see above. Representative examples are enzyme-
based sensors for glutamate using glutamate oxidase (GlOx)296

or glutamate dehydrogenase,297 acetylcholine using acetylcho-
linesterase,298 ATP using glucose oxidase and hexokinase or
dopamine utilizing tyrosinase.299,300 The enzymes need to be
immobilized to or in proximity to the electrode which can
alternate the performance of the sensor.301 Furthermore, they
can easily degrade under nonphysiological experimental
conditions and the implementation of miniaturized and
scalable sensors is still in its infancy. Therefore, synthetic
enzyme-like nanomaterials (nanozymes)302 have been devel-
oped that can convert nonelectroactive neurotransmitters and
facilitate their electrochemical detection. One example is the
oxidation of glutamate to oxoglutarate303 via Ni nanowire array
electrodes. Oxytocin was detected by using BDD micro-
electrodes via a chronoamperometric method combined with
flow injection analysis.304 Recently, a carbon fiber electrode

was modified with a single-atom catalyst facilitating the in vivo
sensing of dopamine with a lateral food print of less than 50
μm and a temporal resolution of a few seconds.305 However,
the number of reported sensors is limited to a few
neurotransmitters as the establishment of suitable pairs of
NT and catalyst is intricate.

In recent years, another type of synthetic receptor has gained
interest, namely aptamers as they can be specifically engineered
for a respective target independent of its nature. Aptamers are
mostly short single-stranded DNA or RNA molecules isolated
from nucleic acid libraries via the SELEX process.306 To date,
aptamers have been reported that recognize various NTs for
instance dopamine, serotonin, epinephrine, histamine, ATP,
glutamate, or neuropeptide Y.307 Compared to antibodies,
aptamers can be chemically synthesized at low cost with
minimal batch-to-batch variation, have a lower immunogenic-
ity and higher thermostability under harsh conditions.
Importantly, the binding profile of an aptamer can be precisely
controlled by employing different selection strategies and
manipulating the selection conditions during the SELEX
process, promising a tunable binding specificity.308 Further-
more, the engineered sequences of aptamers are endowed with
programmable structures, enabling conformational flexibility
and diverse structure-switching functionalities, such as aptamer
splitting and target-induced strand displacement.309 The easy
modifications of aptamers by various anchor and signal tags310

can facilitate diverse applications by integrating these receptors
into diverse transducer systems. Electrochemical transducers
have been discussed already in the scope of the direct oxidation
of electroactive NTs and are also the most used concept for the
development of aptamer sensors with in vivo modalities based
on ion current rectification in micropipettes,311 carbon fiber
electrodes,312 metal MEAs313 and others. Interestingly, there
have been reports for EC sensors that utilize aptamer receptors
for dopamine and other electroactive molecules although they
could be directly detected by electrooxidation.314 However, the
aptamer receptors can be easily implemented into the sensor
platform and provide the advantage of a high binding
selectivity among analog neurotransmitters. Aptamers are
even more advantageous for the detection of electrochemically
silent neurochemicals such as the excitatory NT glutamate. To
facilitate the electrochemical recording of this substance, a
redox tag was attached to the aptamer that signals the NT-
aptamer binding via a conformational rearrangement of the
aptamer on the electrode surface and a variation in the current
response of the redox tag.315 The size of the electrodes can be
as small as 10 μm while the temporal resolution is typically in
the range of few minutes.313

Besides amperometric, impedimetric, and voltametric trans-
ducers, also electrical transducers are frequently employed for
the detection of neurochemicals. Above all FETs are used as
they feature high sensitivity based on intrinsic signal
amplification, scalability, and compatibility with microfabrica-
tion. FETs that implement nanomaterials as channel have
demonstrated fM detection limits and wide detection ranges
for neurochemical analytes316 due to high surface-to-volume
ratios or quantum effects (Figure 6C). Some of these sensors
were manufactured in CMOS processes and facilitate a high
device density with a superior sensitivity of ∼ 1 V/fM and large
numbers of readouts at the same time. FET-based sensors
seem to be well suited as highly integrated probes for in vivo
recordings as they facilitate both the measurement of
electrophysiological and biochemical signals.317 Noteworthy,
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the chemical and structural composition of the channel
material remains unaltered during the sensing process, merely
the electrical properties (e.g., impedance) of the channel vary.
Chemical recognition is typically achieved via the immobiliza-
tion of the same types of receptor as discussed for
electrochemical transducers on to the transistor channel
(paragraph 5.4). The lateral footprint of the transistors is
typically larger than for microelectrodes as the device
architecture is more complex while the temporal resolution is
mainly determined by the binding kinetics of the receptor
which can be in the millisecond range.318 The same is true for
transistors made from synthetic semiconducting molecules or
polymers have been utilized for biochemical sensing in
neuronal tissues. Here, OFETS and OECTs have been
developed as biochemical sensing elements,319 permitting the
detection of biochemical signals with high sensitivities and fM
detection limits due to their high transconductance character-
istics320 as demonstrated for dopamine sensing. It was also
observed that the electrical properties of the polymer channel
could be tuned in response to neurotransmitter signals.321

Both electrical and electrochemical transducers have been
implemented in multimodal devices where electrophysiological
and biochemical signals can be recorded at the same time
(Figure 6D). Furthermore, a combination of optical
stimulation via an micro LEDs or optrodes together with the
recording of dopamine signals have been reported in
animals.322

Finally, the local chemical stimulation by pumping of
glutamate was demonstrated in in vitro astrocyte cultures via
increased intercellular [Ca2+] levels and in vivo experiments by
targeting specific regions of the guinea pig auditory system.323

Another work reported on development of an OEIP to
efficiently deliver GABA to the spinal cord of rats to treat
neuropathic pain.324 However, OEIPs are limited by their
operation at high voltage, which is prone to induce drug
degradation. To overcome this drawback, a microfluidic ion
pump was utilized to deliver potassium ions into specific
regions of the mouse cortex. With the activation of the pump,
obvious hyperexcitability was observed during the EEG
recording as a result of potassium ions release.325

Epilepsy is caused by an abnormal, excessive, and
synchronized electrical discharging of brain neurons.326

Incorporating drug delivery and electrophysiological signal
could facilitate a treatment approach for this disease. The
feasibility of direct in situ electrophoretic drug delivery. They
designed a probe consisting of a microfluidic ion pump for an
on-demand drug delivery and electrodes for recording local
neural activity. GABA was delivered to the hippocampus of
mice whose seizures were induced into the animal. After the
pumping of GABA, the abnormal electrical discharging was
suppressed.327

3.5.3. Optical and Optoelectronic Strategies for
Neural Interfacing. Neuronal interfacing through optical
communication faces challenges related to light-tissue
interaction, as penetration depth is limited by scattering and
absorption.328 As light passes through neural tissue, it scatters
in multiple directions due to cellular structures and boundaries.
Additionally, various tissue components absorb light at
different wavelengths, with water, hemoglobin, and lipids
being the primary absorbers in the brain. This absorption can
cause localized heating, potentially leading to tissue damage.
Phototoxicity varies based on power, wavelength, and
stimulation patterns, making careful, application-specific

dosing essential.329 NIR light generally achieves the greatest
penetration depth, while adaptive optics can be used to reduce
scattering and enhance focus on deeper tissues.330 Addition-
ally, micro-LEDs, optical fibers, and waveguides can be
integrated into microfabricated probes for localized optoge-
netic stimulation delivery.

Beyond established stimulation technologies, light-respon-
sive materials that undergo topological changes are being
explored for delivering mechanical cues to cells and tissues,331

dynamically modulating the cellular microenvironment.332

While these materials are currently used to promote stem
cell differentiation and for mechanobiological studies, they
hold potential for novel interactions and stimulation of neural
tissue.

Furthermore, photochemical reactions, particularly the
reduction of oxygen to superoxide and hydrogen peroxide,
have been observed under high-intensity could be induced at
the device-neuron interface333 (Figure 6E). These reactive
oxygen species can modulate cellular processes,334,335 though
their potential toxicity at high concentrations is a concern.336

Additionally, local photothermal effects inevitably occur with
light absorption (Figure 6E). When kept within safety limits,
these effects can induce physiological responses, such as
temperature-dependent membrane depolarization337 or the
activation of temperature-sensitive ion channels.338

Photoelectrical effects are typically classified into photo-
capacitive and photofaradaic processes339 (Figure 6E). Photo-
capacitive stimulation involves charge redistribution without
electron transfer, whereas photofaradaic processes involve
electron transfer across the electrode−electrolyte interface,
leading to redox reactions. Photocapacitive stimulation is
generally considered safer due to its reversible nature, as it
avoids the chemical reactions that can degrade electrodes and
produce potentially harmful chemical byproducts.

4. NEUROHYBRID BIOINTERFACING

4.1. General Considerations

Coupling neuromorphic computing devices with neural devices
and probes involves addressing several important factors to
ensure seamless integration and effective communication
between the neural interface and the neuromorphic system.
Some examples on biointerfacing with neuromorphic devices
have been successfully shown for signal classification and
stimulation, holding promise for tackling into specific neuronal
probes coupling. Neuromorphic biosensors have been already
exploited for classification of biosignals, for example for the
measurements of ions in solution and the training of an
hardware neural network to establish the positivity to cystic
fibrosis from the analyzed sample.343 A complementary circuit
based on OECTs with neuromorphic features has been
demonstrated to show ion-modulated spiking, while able to
interface with Venus Flytrap (Dionaea muscipula) to induce
lobe closure upon input current stimuli.344

While we have extensively discussed previously the relevance
of biocompatibility and integration of neural interfaces, here
we will discuss the main features of neuromorphic platforms to
be directly coupled to neural probes.

A key aspect is to use the neuromorphic system to process
signals of different kinds coming from the neuronal interface in
real time to provide fast response toward a subsequent mean of
actuation or stimulation.
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Power consumption is another key factor. Both neuro-
morphic computing devices and neuronal probes must operate
with low energy use, especially for systems that require long-
term implantation. Neuromorphic computing brain-inspired
architectures are highly energy-efficient, helping to minimize
power demands and reduce countereffects like overheating.

The ability to learn and adapt to changes in neural activity is
another critical requirement. Neuromorphic systems should be
capable of adjusting their behavior based on evolving signals,
recalling synaptic plasticity mechanisms. This short- and long-
time adaptability should be also supported by high-bandwidth
communication between the neuronal probes and the
neuromorphic device, handling possibly large data volumes.

Figure 7. A. Transmission electron micrograph of chalcogenide-based PCM during (i) set, (ii) partial set and (iii) fully reset state, and (iv)
diffraction pattern of the amorphous region (adapted with permission from reference 345). Copyright 2012, American Chemical Society. B. Cross-
sectional TEM image of the Au/h-BN/Ti memristor. The local defects responsible for the formation of conductive nanofilaments are indicated in
red (scale bar, 5 nm) and represented in the scheme (adapted from reference 352). Copyright 2022, Springer Nature. Distributed under a Creative
Commons CC BY License (CC BY 4.0). C. Chemical structure of the DBA small molecule, featuring TPA as donor, truxene as bridge and TCF as
acceptor; schematics of the sandwich memory device (adapted with permission from reference 359). Copyright 2012, American Chemical Society.
D. Schematic of the enzyme-functionalized PEDOT:PSS-based OECT; a synaptic stimulus occurs. From left to right: the postsynaptic response
when glutamate is not present at the gate/electrolyte interface; the mechanism of the enzymatic reaction occurring at the gate electrode when
glutamate is present in solution; enhanced postsynaptic response due to the H+-related polymer dedoping at the channel (the darkened region
highlights a further dedoping) (adapted with permission from reference 357). Copyright 2024, Wiley-VCH GmbH.
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Additionally, low-latency communication is essential to
minimize delays between signal capture and response, which
is crucial for applications like neuroprosthetics where timing is
critical.

Similarly, robust data encoding and decoding mechanisms
are necessary to translate the complex neural signals captured
by the probes into information that neuromorphic systems can
interpret, and vice versa. This ensures accurate and seamless
communication between the brain and the neuromorphic
device.

A compact, durable and integrated design is also important,
especially for implantable systems.
4.2. Materials for Neurohybrid Interfaces

4.2.1. Inorganic Materials. In neuromorphic architec-
tures, the key requirement for materials is their ability to
emulate synaptic plasticity and adaptability, mirroring brain-
like properties such as nonlinearity, memory, learning, and
sensitivity to stimuli. This ability is crucial for replicating the
strengthening and weakening of synaptic weights, which in
neuromorphic systems is mirrored by nonvolatile memories.
These memories allow programmable conductance and the
retention of applied information. Initially, inorganic com-
pounds were used in the development of synaptic devices due
to their impressive resistance-switching and retention capa-
bilities. Since then, a wide range of inorganic materials has
been explored.

Inorganic materials, such as metals and metal oxides, have
been extensively used in memristors and memtransistors,
utilizing different mechanisms, such as phase transitions, redox
reactions, and ion migration. One example is PCMs, where
materials like chalcogenides (e.g., GeSe, GeSbTe) switch
between amorphous and crystalline phases under electrical
pulses. Joule heating induces these changes, where the SET
phase causes crystallization, and the RESET phase returns the
material to its amorphous state. These materials are popular in
neuromorphic computing for their fast-switching speeds,
allowing them to emulate(STDP)345 (Figure 7A).

Metals and metal oxides are also used in RRAM devices,
where conductive filaments are formed in the oxide insulator
layer. In CBRAM, metal cations (such as Cu2+ or Ag+)346

migrate to form and dissolve these conductive filaments,
whereas filamentary RRAM relies on the dislocation and
vacancies of oxygen ions to create conductive paths in metal
oxides like TiOx,

347 HfOx,
348 AlOx,

348 and SrTiO3.
349

Nonfilamentary or interfacial RRAM includes an insulating
oxide layer between the metal electrode and resistive switching
material, creating a more gradual and controlled switching
mechanism.

In addition to inorganic materials, atomically layered 2D
materials350 like graphene, TMDs, and h-BN have emerged as
promising candidates for memristive devices351,352 (Figure
7B). Moreover, monolayer MoS2 has been shown to function
as a light-sensitive channel material capable of optically
resolving neuronal voltages via exciton-trion modulation.353

These materials exhibit low-power switching, optoelectronic
properties, and high tunability through surface functionaliza-
tion, making them particularly suitable for neuromorphic
applications. The ability to tailor these materials’ electrical
properties, combined with their flexibility in device config-
urations, makes them ideal for addressing the complexity of
brain-like computational systems.

4.2.2. Organic Materials. Following the extensive works
on inorganic synaptic devices, the discovery of nonvolatile
behavior in organic semiconductor-based devices allowed to
expand the possibilities for artificial synapse creation. The
unique advantages of organic semiconductors, which are
lightweight, flexible, and stretchable properties combined
with compatibility with low-cost, simple fabrication processes,
have positioned them as strong contenders to replace
conventional inorganic compounds in electronic devices.
Additionally, organic materials offer nearly limitless possibil-
ities for structural modification, allowing for tailor-made
properties suited to specific applications. Their organic and
soft nature also makes them ideal for interfacing electronic
devices with living cells and tissues, due to their inherent
biocompatibility and mechanical properties that closely align
with biological systems.

Alongside the development of inorganic-based memristors,
organic semiconductors have been explored for nonvolatile
memories and resistive switching devices, giving rise to the
field of organic neuromorphics. Unlike traditional insulators,
organic compounds feature conjugated π bonds, where
electrons and vacancies are delocalized across the molecule,
allowing for charge mobility. Furthermore, these systems can
form aggregates via π-π stacking, enabling conduction between
molecules. This opens the door for a variety of semiconductive
materials, including polymers, small molecules, D-A systems
(Figure 7C), organometallic complexes, and organic ferro-
electric materials, to be integrated into memristive devices,
utilizing similar switching mechanisms to their inorganic
counterparts.354

Small organic molecules have been integrated into
memristive switching devices by leveraging charge transfer
mechanisms in D-A systems. In these systems, the donor
moiety transfers the applied stimulus (electrical or optical) to
the acceptor moiety, resulting in a higher conductance state. By
designing single molecules with multiple acceptor units,
multilevel memory devices can be achieved. Additionally,
blends of organic compounds have demonstrated nonvolatile
memory functions in two-terminal architectures, offering
greater tunability by exploiting the individual properties of
each component. This can involve either charge transfer
mechanisms or charge trapping, where specific sites in the
material capture charge carriers. Alongside small molecules,
semiconductive polymers have been explored as active layers in
two-terminal memristive devices, operating through mecha-
nisms such as metal filament formation, redox reactions, charge
trapping, and ion migration.

A major advancement in organic neuromorphic devices
comes from the development of OMIECs, which are capable of
transducing both ionic currents and electrical signals. This dual
conduction mechanism is valuable for a wide range of
applications, including batteries, (bio)chemical sensors, light-
emitting electrochemical cells, ion pumps, and neuromorphic
systems. Indeed OMIECs can communicate with neurons
through ion fluxes as it happens in biological synapse.355 For
example, PEDOT:PSS. has demonstrated significant synaptic
functions in both two-terminal memristive devices and OECTs
(Figure 7D).356−358

4.2.3. Advantages and Challenges in Materials
Design for Neuromorphic Platforms. As mentioned in
the previous paragraph, there is an extremely wide range of
materials used in neuromorphic platforms, both inorganic and
organic, each with its own strengths and weaknesses. This
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variety allows for the selection of different materials and device
architectures based on specific requirements. For example, in
neuromorphic computing frameworks, important considera-
tions include device performance metrics such as switching
speed, programming time, energy consumption, accessible
conductance states, and cycling endurance. These factors are
key when choosing the most suitable materials and
architectures.

PCMs show very low switching times of ∼ 500 ps, correlated
to the crystallization dynamics of the active layer and hence its
melting temperature in the range of ∼ 600 °C. On the other
hand, switching speed in CBRAMs is in the range of ∼ 100 μs,
being dependent on metal ion movements kinetics, while
filamentary RRAMs can achieve faster speed in the range of ∼
10 − 100 ns, thanks to the higher mobility of oxygen vacancies,
as opposed to interfacial RRAMs that show the slowest
dynamics up to ∼ 1 ms due to high energy barriers to induce
the switching.360

In such cases, it has been shown that the geometry of the
device, including the active layer’s area and thickness,
influences its switching properties. As a result, careful device
design can enhance overall performance. In this regard, 2D
materials can provide a step forward in improving switching
times, although they display a wide range of speeds from 10
ms360 down to 10 ns.361 In addition, organic semiconductors
also show a wide range of switching speeds according to the
specific employed material and device architecture, given the
great variety of available compounds.

Inorganic-based two- and three-terminal devices typically
require relatively high voltages, ranging between −3 V and +5
V for memristors and up to 10 V in memtransistors,362

according to the selected materials and architectures, therefore
requiring high power for synaptic events (e.g., for SET and
RESET switching363). Nevertheless, recent works demonstra-
ted very low energy consumption as, for instance, in GOQDs
stacked with ZHO memristors,364 and ultralow power
heterostructure composed of Ag/MoS2/HfAlOx/carbon nano-
tube, achieving 1.9 fJ per spike event, lower than biological
neurons.365 However, high voltages and high power con-
sumption enable fast switching and programming speeds,
therefore this existing trade-off can be tuned according to the
device needs.

Similarly, memory switching devices based on organic
compounds, small molecules, polymers and hybrid organic−
inorganic blends,354 operate at roughly the same voltages range
of the inorganic counterparts. Interestingly, the high versatility
of this class of compounds in terms of molecular structure and
fabrication techniques, provides eventually a wide range of
possibilities, leading to the lowest power-consuming artificial
synapse of ∼ 1 fJ per synaptic event in a nanowire synaptic
transistor architecture.366 At the same time, memristive
materials have demonstrated significant potential for neuro-
morphic biointerfacing, offering both computational and
adaptive capabilities while processing biosignals in real time.
Their integration in bioelectronic systems has been explored
for applications such as bidirectional neural interfacing and
low-power bio-AI fusion, further expanding their role in
neurohybrid platforms.367

On the other hand, utilizing the mixed conduction of
OMIECs holds great promise for creating synaptic devices with
low power consumption, especially when used in OECTs,
thanks to their operation at voltages below 1 V.

When considering the stability of the various neuromorphic
and synaptic devices, particularly regarding cyclic endurance, a
wide range of studies have demonstrated excellent performance
across different architectures and material choices. This is
especially true for computing applications, where the devices
are operated in “dry” conditions. However, as we move toward
the implementation of neurohybrid interfaces, which aim for
seamless integration between electronic devices and living
tissues while mimicking biological behaviors, organic materials
stand out as the ideal candidates. Since neurons and the brain
function in aqueous environments and communicate through
the exchange of ions and molecules (such as neuro-
transmitters) with very low power consumption, organic-
based synaptic devices offer these same characteristics.
Additionally, they provide intrinsic biocompatibility as well
as biointegration, are crucial factors for successful biointerfac-
ing, as explained in paragraph 5.2.
4.2.4. Neuromorphic Biomaterials for Improved

Neural Interfacing. As we advance the mimicry of real
neurons and brain-like behavior in neural interfaces and neuro-
hybrid systems, biocompatibility becomes a critical factor in
selecting materials. Devices that interact with living tissues and
cell cultures must be nontoxic, preserving cell viability and
avoiding inflammatory responses, especially when used in
implants. While metals like gold and platinum are well-known
for their biocompatibility, many commonly used inorganic
materials in neuromorphic platforms can be toxic or have
uncertain toxicity profiles. This concern has driven significant
research in recent years toward developing neuromorphic
devices made from organic semiconductors and nature-derived
materials, which are considered ideal candidates due to their
natural compatibility with biological systems. Additionally, the
stability of electronic devices in aqueous environments is
crucial for ensuring long-term interfacing. In this regard,
OMIECs368 have a prominent position being intrinsically
stable in aqueous environments and more importantly can
emulate the means of communication of neurons through ion
fluxes as in biological synapses.

As mentioned, in 5.3.1, The physical interaction between
cells and devices also plays a key role in transmitting electrical
and electrochemical signals. In vitro systems often experience
decoupling between cells and tissues due to the presence of a
physical gap, known as the cleft. Over the past decade, various
technological and microfabrication techniques have been
developed to engineer nano- and microtopographies, such as
3D and pseudo-3D structures, grooves, and scaffolds, aimed at
minimizing this cleft.369 These structures promote cytoskeletal
rearrangements and plasma membrane ruffling, leading to
tighter cell-surface junctions, which are crucial for bioelec-
tronic devices to achieve stronger electrical coupling and
improve SNR. Standard silicon-based microfabrication techni-
ques have been successful in creating diverse surface
topographies. However, organic semiconductors offer greater
flexibility in design and fabrication, allowing for the use of
unconventional patterning techniques. For instance, PEDOT
doped with PSS− or PF6

− has shown the ability to form
dendritic fibers that mimic neuronal dendrites, potentially
guiding neuronal growth and network formation.367,368,370,371

These fibers, fabricated using AC-driven electropolymerization,
have shown promise in exhibiting memory and synaptic
functions, making them valuable in applications like reservoir
computing.372
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Additionally, neurons, particularly synapses, are not static
units; they can strengthen or weaken their connections
through physical reshaping. As a result, there is growing
interest in engineering topographies that can mimic and
potentially drive synaptic morphological changes. One
promising approach involves using light-responsive polymers
capable of undergoing conformational changes when exposed
to light, such as azobenzene-based materials. Recent studies
have shown that micropillars made of pDR1m azopolymer can
be reversibly reshaped into elongated bars, demonstrating the
potential for dynamic manipulation of synaptic structures.332

Although nonconductive, such microstuctures have been
coated with PEDOT:PSS to impart conductivity yielding a
light-driven conductive deformable substrate.373

4.3. Devices and Architectures in Neuromorphic
Biointerfacing

Traditional computing architectures rely on a clear separation
between processing and memory, where data is transferred
through interconnecting buses. While this approach has been
effective, the increasing disparity between processing speed
and memory access, known as the von Neumann bottleneck,
limits overall performance and scalability. As data-intensive
applications demand higher efficiency, these limitations
become more pronounced, leading to increased latency and
energy consumption. Neuromorphic computing offers an
alternative by integrating memory and processing within the
same system, enabling parallel data processing that more
closely resembles the functionality of biological brains. This in-
memory computing paradigm significantly enhances energy
efficiency and processing speed, making it highly suitable for
applications such as brain-machine interfaces (BMIs), neuro-
prosthetics, and real-time learning systems.374 Moreover,
neuromorphic systems can integrate multiple sensory inputs,
advancing biohybrid devices and brain-machine interfaces.375

4.3.1. Three-Terminal Devices and Transistors. Ad-
dressing the limitations of conventional computing architec-
tures requires advancements in hardware capable of efficiently
handling synaptic operations. Three-terminal devices have
been proposed as a viable solution, as they allow independent
modulation of memory and processing functions within a
single unit. Unlike two-terminal memristors, these devices
introduce an additional gate terminal that provides enhanced
control over conductance states, improving both energy
efficiency and computational scalability.376 This additional
control facilitates synaptic plasticity, which is crucial for
implementing learning and adaptation in neuromorphic
systems.377

In neuromorphic applications, MOSFETs are fundamental
building blocks for circuits that emulate neuron-like behavior.
A notable example is the 45 nm CMOS neuromorphic chip,
which employs a MOSFET-based architecture to simulate
synaptic plasticity and support spiking neural networks
(SNNs) that mimic biological synaptic processes.378 MOS-
FETs offer scalability and high integration, making them well-
suited for large-scale neuromorphic systems. However, tradi-
tional MOSFETs tend to have higher energy consumption
compared to emerging alternatives.378,379 Additionally, silicon
nanowire transistors have been developed to operate at lower
voltages. In the realm of inorganic transistors, indium gallium
arsenide transistors have shown high electron mobility, which
has been exploited for high-speed neuromorphic devices for
computing applications,380 but not for biointerfacing due to

biocompatibility issues. Likewise, ferroelectric field-effect
transistors have shown potential in neuromorphic applications
thanks to the several nonvolatile states that can be achieved by
their channel material,381 but the biointerfacing relevance of
these devices is exploratory. The latter has been more
effectively addressed with TMDs, such as MoS2, thanks to
their flexibility, biocompatibility and the ability to show
neuromorphic features.382

4.3.2. Memristors. Memristors, widely regarded as the
archetypal artificial synapse, have been central to the emulation
of synaptic plasticity and memory functions. Theoretically
introduced by Chua in the 1970s as the fourth fundamental
circuit element, memristors are nonvolatile memories whose
resistance can be modified by various stimuli, including
electrical, magnetic, and optical signals. They are implemented
in both two-terminal and three-terminal device architectures,
providing a wide range of applications.363 In two-terminal
metal−insulator−metal architectures, the switching mecha-
nism operates between high-resistance and low-resistance
states during the SET and RESET phases, producing a
characteristic hysteresis loop that modulates the device’s
conductance. Three-terminal devices, called memtransistors,
add a gate terminal to control the resistive switching of the
two-terminal memristor, offering further conductance states.363

4.3.3. Organic Transistors. Beyond two-terminal devices,
organic field-effect transistor (OFET) can be integrated as
artificial synapses exploiting small semiconductive organic
molecules and materials at the channel.383 Nonvolatile
memory operation in OFETs is achieved by inserting an
active layer between the gate and the organic semiconductor
channel, which serves to store dipoles or charges.383 Three-
terminal devices like OFETs are particularly appealing for
emulating synaptic functions, as the gate terminal can
represent the presynaptic input, while the channel modulation
corresponds to the postsynaptic terminal, effectively mirroring
synaptic weight changes. Various device architectures and
organic semiconductors, including both n-type and p-type
materials, have been investigated, highlighting the versatility of
these compounds.384 Conductive polymers offer significant
advantages in electrode functionality, particularly in their
ability to modulate electrical behavior by leveraging ion fluxes
in addition to electron movement. This makes them ideal
candidates for operation in aqueous environments, where they
exhibit excellent stability and low power consumption.385,386

The ionic-to-electronic transduction capability of these
materials is especially utilized in organic electrochemical
transistors (OECTs), where signal amplification of biological
activity is achieved by interpreting the chemical signals
generated by cells, rather than purely electrical signals. This
approach allows for the collection of more comprehensive,
neuroinspired information.365,382 OECTs, due to their high
transconductance, provide highly efficient local signal trans-
duction while consuming minimal energy. Organic operational
amplifiers (OPAs), when integrated with OECTs, can amplify
biological signals even at 0 V gate bias by fine-tuning geometric
parameters such as channel thickness and the width-to-length
ratio.387−389 These systems can amplify small signals, such as
100 μV, with power consumption as low as 50 nW.390 Given
the vast data output from neural recording devices, local data
processing becomes essential to reduce memory and battery
demands.

Devices are engineered to mimic the behavior of biological
neurons and synapses, functioning as synaptic devices that
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replicate neural plasticity.358,391 By configuring the gate as a
presynaptic neuron and the source-drain pathway as a
postsynaptic connection, transistors can simulate synaptic
weight modulation and neural signal transmission, effectively
bridging the gap between electronic and biological systems.

Recent advancements in materials like organic semi-
conductors and oxide-based transistors have further refined
the emulation of synaptic behavior, enabling the creation of
artificial synapses with learning and memory capabil-
ities.151,392,393 These materials allow transistors to convert
external stimuli, such as light, pressure, or temperature, into
electrical signals, broadening their application in artificial
synapse development.391,394,395 With high transconductance
and the ability to amplify signals at low voltages, transistors are
particularly suited for neuromodulation, where precise control
of neural signals is critical.396

OECTs can effectively mimic both short-term and long-term
synaptic plasticity. High-frequency pulses simulate synaptic
strengthening by increasing OECT conductance, emulating
short-term plasticity, while long-term changes are achieved by
retaining charges within the channel. One of the earliest
neuromorphic OECTs, based on PEDOT/PEI, successfully
replicates long-term synaptic plasticity mechanisms due to its
nonvolatile memory properties.356 Additionally, OECTs
support spatial data integration, enabling functions such as
classification. By combining p-type and n-type OECTs,
neuromorphic platforms can be created to mimic learning
processes like Hebbian learning or firing frequency adaptation
in response to stimuli.

There are documented examples in which OECTs emulate
learning mechanisms through neurotransmitter oxidation
during electrical stimulation. Neurotransmitters such as
serotonin, dopamine, and ascorbic acid have been tested in
these systems.397,398 Moreover, an enzyme-mediated organic
neurohybrid synapses has been implemented to achieve
neuromorphic behavior driven by nonelectroactive neuro-
transmitters, such as the glutamate, thanks to the oxidation of
hydrogen peroxide.357 Such devices have been integrated into
organic circuits to trigger the closing of Venus Flytrap lobes in
response to repeated inputs or enable robots to use
reinforcement learning to navigate a maze.399 Mechanisms to
control and make the communication between the device and
the biological environment bidirectional have been demon-
strated with the use of another biologically produced species,
hydrogen peroxide, allowing for a closed-loop modulation of
the system response.400 This application paves the way for a
new generation of implantable devices in which the neural
response is responsible for learning in artificial systems and, at
the same time can be integrated by the system itself in case of a
damaged tissue in which some neural connections need to be
restored. Recent approaches demonstrated the integration of
highly resistive biomembranes with organic transistors to
enable synaptic functions mediated by biological ion channels,
further bridging the interface between artificial and biological
systems.401,402 In addition, investigations about the influence
of the tissue-like environment can affect the neuromorphic
behavior of organic electrochemical transistors.403

4.3.4. Crossbar Arrays. The architecture in which the
devices are connected can play an important role to achieve an
optimization in the elaboration of information, as it happens
for the data transfer between the memory and the computing
units. In particular, crossbar arrays architecture was proposed
to enable parallel processing of analog units, performing

vector-matrix multiplication and implementing neural net-
works.404 Their grid-like structure makes the connections
between input and output lines efficient. Among the
advantages of these architectures, there is the possibility to
integrate memristive devices in high-density configurations and
scale the network to increase the number of modules allocated.
These systems leverage the properties of memristors, which
can change resistance depending on the history of voltage
applied, similarly to what happens in neurons when the
information is transmitted at the synapse level.405 By applying
read and write pulses, device states change across rows and
columns, enabling massive parallel updates. In this way,
computations occur in the same place where data is stored,
reducing latency and energy consumption.405 Moreover,
crossbar arrays can perform analog and digital operations,
thanks to the possibility to have a gradual or abrupt transition
in the conductivity, and then in the state of the system.406 For
instance, a Ti:PEDOT:PSS:Ti sandwich structure could
display a gradual change in the conductance thanks to the
modification of the interface between metal and conductive
polymer to achieve 100 states and it was shown to be used in
crossbar arrays.407,408 Access devices like switches or
transistors are needed to connect or block memory elements.
Key requirements include linear switching for predictable
states, low read/write currents for energy efficiency, prevention
of sneak paths, and stable conductance states for reliable
operation.409 For the prevention of sneak path, a device based
on poly(3-hexylthiophene) (P3HT) with photochromic diary-
lethene was optically modulated to achieve 256 conductance
states and it was promising for neuromorphic applications,
such as light-assisted programming, overcoming some
limitations in electrical memristive-based crossbar arrays
without the use of access devices.410 In a digital application
of crossbar arrays for neuromorphic computing, an organic
polymer was modulated, achieving potentiation and depression
of the film, creating separate conductance paths in three
dimensions, allowing for the formation of two memristive
devices on a crossbar-point between four electrodes.411

Neuromorphic brain interfaces based on RRAM crossbar
arrays have been developed mainly for spike sorting and real-
time processing of neural signals.406

4.3.5. Spiking Neural Networks. The emulation of brain
connections and organization enables artificial neural networks
(ANNs) to replicate the parallel computation typical of the
brain. However, ANNs operate on hardware that is
fundamentally different from the brain, such as Von Neumann
machines, which often rely on GPUs and significantly increase
power consumption.31 The energy consumption gap between
ANNs and BNNs is largely due to differences in how
information is processed. ANNs run on Von Neumann
architecture, which require vast amounts of energy to execute
billions of operations per second. These systems rely on
synchronized operations controlled by an external clock and
process information digitally.412

In contrast, BNNs transmit information asynchronously in a
mixed analog-digital format, with individual neurons firing
independently.72 To replicate the brain’s energy-efficient
computation model and overcome the mismatch between the
synchronized digital operations of Von Neumann machines
and the brain’s more efficient communication system, spiking
neural network (SNN) circuits have been developed.32 In
SNNs, neurons communicate in real-time via electrical signals,
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or spikes, using neuromorphic hardware such as Intel’s Loihi or
IBM’s TrueNorth.32

However, training SNNs presents a challenge due to their
event-driven and nondifferentiable nature, which prevents the
use of traditional gradient descent and backpropagation
algorithms commonly applied in ANN training.413 To address
this, brain-inspired methods leveraging stochastic signaling
have been developed to improve information propagation and
enable the training of SNNs.414 For instance, random
backpropagation on neuromorphic hardware has achieved
task accuracy comparable to ANNs running on GPUs.

Furthermore, recent advancements have made it possible to
train SNNs and neuromorphic chips using gradient-based
techniques similar to those driving deep learning, opening new
pathways for local synaptic plasticity rules. Neuronal spiking
communication can also be replicated on biomimetic hardware
architectures, such as silicon neurons.415 These systems
approximate neural activity using spike trains with specific
timing, mimicking the integrate-and-fire behavior of biological
neurons through components like capacitors and threshold
counters. An example is the Axon-Hillock circuit, where a
silicon neuron generates a spike when the membrane voltage
reaches a threshold.416

Moreover, silicon neurons can exhibit synaptic plasticity,
mimicking the conductance changes in biological membranes
during action potentials, making the hardware circuits more
complex and accurate than numerical models.415 Among the
other computing tasks, SNNs can be used for classification of
signals, and in particular biosignals, such as EEG, ECG, and
EMG. Temporal patterns can be extracted from those and
encoded as spike trains and used to predict the class of the
signal.417 Different methods are adopted to train SNNs for
classification: backpropagation through time can be used to
train multilayer SNNs,418 while other methods are required for

nondifferentiable spike events. Surrogate gradient methods are
used to approximate the gradient of a spike function to a
smooth differentiable function,419 conversion methods trans-
late the trained weight of an ANN into a SNN architecture.420

There are also more bioplausible methods to train and update
synaptic weight, such as the spike-timing-dependent-plasticity
rule.421 The event-driven computation and the temporally
sparse processing of signals make SNNs efficient and suitable
for biological information classification tasks.422 Regarding
event-driven and temporally dispersed computation in SNNs,
these approaches also have a place in the emulation of the
senses, e.g., human vision, which is based on highly efficient
neural pathways and low-power information coding. Numer-
ous neuromorphic circuits and devices mimicking the function
of one or more components of the visual pathway have been
developed aiming at achieving biorealistic, real-time, low
latency, and low-power machine vision systems, overcoming
the limitations of traditional CMOS circuits.423 For example,
optoelectronic electrochemical transistors (OPECTs), inte-
grating light-responsive materials at either the gate or the
channel, can emulate some features of the biological retina. An
OPECT with an azobenzene-based gate electrode connected
to a PEDOT:PSS resistor was shown to replicate the ON/OFF
pathway of the retina.424 In darkness, the device mimics the
continuous firing of retinal ganglion cells (like glutamate
release in biological systems), while under light this firing is
suppressed, in analogy with ganglion cells hyperpolarization in
response to light. In a more recent work, the retina’s sensory
processing was simulated by integrating light-triggered spikes
with neurotransmitter-based modulation.425 The system
consists of a commercial light sensor, the neuromorphic
spiking circuit and PEDOT:PSS biohybrid synapse. When
exposed to light, the sensor generates a potential, causing the
neuromorphic circuit to spike at a frequency proportional with

Figure 8. Neuromorphic architectures for biosignal processing. A. Memristors have been inserted in circuits in order to achieve the obtained
sparse-spiking and on-demand encoding, in order to reconstruct neuromorphic signals. In this example they have been used for ECG heartbeat
classification (adapted from reference 428). Copyright 2023, Springer Nature. Distributed under a Creative Commons CC BY License (CC BY
4.0). B. Neuromorphic devices have been adopted for the implementation of retinal-prosthesis examples. For instance, a localized temperature-
regulation has allowed for an outline extraction with an overall power consumption that is lower than the physiological one (adapted from reference
433). Copyright 2020, IEEE. Distributed under a Creative Commons CC BY License (CC BY 4.0). C. In other applications memristor arrays have
been put in RC systems to achieve image recognition through a reservoir dynamics (adapted from reference 434). Copyright 2023, Wiley-VCH
GmbH. Distributed under a Creative Commons CC BY License (CC BY 4.0).
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the light intensity, replicating how afferent neurons encode
sensory information. The role of the biohybrid synapse is to
adjust the spike frequency based on the concentration of
neurotransmitter, simulating interneurons signal modulation.
Similarly, an optoelectronic neuromorphic circuit was
developed able to emulate retinal photopic and scotopic
adaptation while exhibiting STP and LTP.426 The circuit
consists of a photovoltaic divider, using a metal chalcogenide
(i.e., CdSe) photosensor and metal oxide (i.e., IGZO) load
transistor functioning as artificial retina, and an ionotronic
synaptic IGZO transistor as optic nerve. In another work from
the same group, mixed QDs (CdSe for red/green and
cadmium sulfide (CdS) for blue light sensitivity) were
integrated in a IGZO transistor to create multispectral
(RGB) color recognition and adaptive chromatic filtering via
gate-tunable memory modes.427

4.4. Biointerfacing

4.4.1. Biosignal Processing and Classification. Neuro-
morphic systems have seen widespread adoption across various
fields for signal processing. Notably, significant advancements
have been made in analyzing biological signals, which can
exhibit diverse characteristics and patterns. Asynchronous
spike encoder based on neuromorphic memristors have been
used to reproduce and predict EEG and electrocardiogram
(ECG) recordings428 (Figure 8A). In neuroprosthetics
applications, for instance, signals from the motor cortex and
electromyogram (EMG) are captured, processed, and used to
stimulate movement. A relevant example of this is the
Neurochip, a system that records spiking activity from the
primary motor cortex of monkeys and EMG signals from their
forearm muscles. This technology has demonstrated the ability
to restore motor function by using spinal cord stimulation to

trigger movements.429,430 Neuromorphic interfaces are also
used to generate locomotor-like activity through intraspinal
microstimulation methods, aimed at promoting motor
rehabilitation in patients with spinal injuries. In this process,
the neuromorphic hardware interacts with neural circuits to
analyze muscle activity and generate precise stimulation.431

Neural signals can also be processed using neuromorphic
systems to model and classify pathological conditions. For
example, a biohybrid system was developed to detect
pathological signals in rats and restore memory function after
a pharmacological blockade of the hippocampus.431 In the field
of neural interfaces, neural signals have been identified and
analyzed to classify LFP and multiunit activity in response to
external stimuli in organoids. Notably, researchers observed
distinct responses to the presence or absence of visual stimuli
and achieved a bidirectional synaptic connection between the
mouse brain and human organoids, a remarkable breakthrough
in the realm of neuromorphic interfaces.432

In a different approach, a system-on-chip was proposed, not
yet validated in vivo, that integrates neuromorphic processing
to optimize power consumption and stimulation precision. The
device consists of 1,225 interconnected pixels, each made up of
a photodiode paired with a neuromorphic image processor,
enabling decentralized processing. This design aims to achieve
power consumption levels comparable to those of the
biological retina433 (Figure 8B). In a different application,
memristors arrays have been put in connection with a culture
of neurons to exploit the dynamics of the reservoir to complete
tasks of image recognition434 (Figure 8C).
4.4.2. In Vitro Platforms. Several neuromorphic solutions

have emerged over the past decade for direct interfacing with
biological systems, including bioinspired neural networks used

Figure 9. In vitro neuromorphic applications. A. To achieve a communication between biological neurons and a neuromorphic system, several
strategies have been investigated. For example, organic memristive devices were connected to two cortical neurons, through a patch-clamp
technique to simulate natural excitatory activity and allow for their coupling (adapted with permission from reference 437). Copyright 2018, Wiley-
VCH GmbH. B. In another example, silicon memristors were connected to two neurons, showing bidirectional communication (adapted from
reference 438). Copyright 2020, Springer Nature. Distributed under a Creative Commons CC BY License (CC BY 4.0). C. The direct interfacing
between the biological cells and the OECT has allowed mimicking of synaptic plasticity driven by the neurotransmitter released from the culture in
the biohybrid synapse (adapted from reference 398). Copyright 2020, the Authors, under exclusive license to Springer Nature Limited.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.4c00862
Chem. Rev. 2025, 125, 9092−9139

9118

https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00862?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00862?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00862?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00862?fig=fig9&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.4c00862?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


for processing, computing, and classification tasks. For
instance, metal-oxide memristors have been employed to
record neural activity from retinal ganglion cells when
connected to MEAs. These systems offer benefits such as
efficient neural data recording, noise reduction, and scalability
to larger neural networks, enabling real-time encoding and
compression of neuronal spike activity.435 However, these
inorganic memristors cannot be classified as neuromorphic or
neurohybrid devices because their signal processing is separate
from the neuron interfaces, and they lack the ability to exhibit
synaptic plasticity. Biomimetic SNNs, on the other hand, can
operate in real time, delivering biologically realistic stimula-
tions to living cells, such as in vitro neurons and cerebral
organoids, with validation through calcium imaging. Depend-
ing on the application, these systems can provide either spike-
time-based or waveform-based stimulation.436 In a different
approach, OMDs have been used to connect two cortical
neurons, creating artificial synapses to simulate natural
excitatory signals (Figure 9A). While OMDs mimic certain
features of natural synapses, such as activity-dependent
coupling and spike-timing properties, they still fall short in
fully replicating key synaptic behaviors, including short- and
long-term plasticity, which are essential for learning
processes.437 Additionally, the communication between the
neurons in these systems is unidirectional, which is not
biologically accurate, and scaling to more complex biological
networks remains a challenge. This limitation was addressed in
a study involving a three-neuron brain-silicon network, where
bidirectional communication between rat hippocampal neu-
rons and silicon-based artificial neurons was implemented. In
this setup, memristors emulated synaptic plasticity, including
both LTP and depression, allowing for dynamic adjustments in
connection strength based on neuronal firing rates438 (Figure
9B). The bidirectional communication pathways in this system
make it adaptable for closed-loop neuroprosthetics and real-
time adaptive responses in neurohybrid systems. However, the
absence of organic materials affects its biocompatibility and the
efficiency of information transmission. Another example of
bidirectional communication is the use of a transparent organic
transistor, which enabled both stimulation and recording of
primary neurons, allowing for membrane hyperpolarization
and depolarization. This device achieved a higher SNR
compared to MEAs on the same neuronal preparation.439

However, in these examples, the transistors exhibit volatile
memory, meaning they cannot reproduce plasticity mecha-
nisms necessary for neuromorphic computing capabilities.
Organic electrochemical transistors, which convert ionic
signals to electronic information, have demonstrated the
potential for biohybrid synapses. These devices showed
nonvolatile memory when exposed to dopamine released
from PC-12 cells, which was modulated by pulse-train voltage
oxidation, mimicking synaptic behavior398 (Figure 9C). This
principle could also be applied to other electroactive species
released at the synaptic cleft, such as serotonin and ascorbic
acid.397 While the system lacks bidirectionality, it successfully
emulates synaptic plasticity. Another example of neuro-
transmitter-based communication between PC-12 cells and
transistors involves a supercapacitive graphene nanowall gate
electrode. The charging and discharging of the device are
triggered by acetylcholine released from biological cells. When
integrated into a Y-shaped “OR” gate circuit, this device
mimics the integrate-and-fire model for spike generation and

reproduces the paired pulse facilitation mechanism in response
to neurotransmitter signals.440

Optoelectronic stimulation presents another promising
method for neuron interaction. In one example, a retina-
inspired optoelectronic synapse using QDs was used for
neuromorphic stimulation of hippocampal neurons. While the
TiO2 material used in this setup is biocompatible, there have
been concerns about potential toxicity.441

In the Brainoware application, brain organoids were
interfaced with high-density MEAs to create a neuromorphic
hardware system capable of adaptive reservoir computing. This
system enables complex computing tasks, such as speech
recognition, and supports unsupervised learning mecha-
nisms.442 However, challenges remain in downscaling,
maintaining organoid viability, and interfacing between
organoids and hardware.
4.4.3. In Vivo Platforms. Several challenges must be

addressed when moving from in vitro to in vivo experiments.
The first consideration is ethical: devices implanted in living
organisms must meet strict standards, particularly minimizing
inflammatory responses and ensuring stability and longevity.
Extensive research is necessary before new materials can be
transitioned from in vitro to in vivo use, as living tissues are
significantly more complex and harder to control than in vitro
cultures.443 Furthermore, issues such as device stability,
longevity, and minimizing inflammatory responses when
implanted in vivo must be fully addressed.437,444 In the field
of technologies for bidirectional recording and stimulation of
living tissue, there are applications such as interfaces for motor
interaction with the environment, sensory prostheses to restore
biological senses, and systems designed to replace damaged
brain circuitry. Neuromorphic interfaces with neural tissue can
be classified into three main categories: perception, control,
and cognitive interfaces.124,392

In prosthetics, sensorimotor integration is essential for both
biological systems and emerging robotic technologies. It
involves coordinating sensory input with motor output, a
process fundamental to exploring and adapting to the
environment.445 Sensorimotor integration covers a range of
biological processes, from simple reflexes to complex voluntary
movements, enabling learning and decision-making based on
sensory information. Developing this capability in artificial
systems has been challenging.429,446−450 Traditional robotic
systems rely on rigid structures and computationally intensive
algorithms, which limit their adaptability and efficiency.
However, advancements in organic electronics, such as flexible
artificial synapses and optoelectronic systems, offer promising
solutions to these limitations. For instance, artificial pupil reflex
systems can utilize real-time associative learning and
spatiotemporal integration in neuromorphic systems.445

In this context, the concept of embodiment is relevant as it
considers the physical interaction between a system and its
environment.446 The structure and material properties of a
system, such as skin, play a key role in its sensorimotor
abilities. Human skin not only provides sensory data but also
enhances interaction through its softness and texture, making
tasks like grasping objects easier. In robotics, replicating this
level of embodied intelligence with artificial skin has been
challenging, as traditional materials like silicon lack the
flexibility and sensory capabilities of human skin. Conducting
polymers, which can be fabricated with flexibility, presents a
potential solution. Prototypes of electronic skin made from
flexible organic materials are showing promise, with the ability
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to process pressure stimuli from the motor cortex in live rats,
perform multimodal perception, generate neuromorphic pulse-
train signals, and enable closed-loop actuation445 (Figure 10A).
Recent work on artificial nociceptors demonstrates how
synaptic transistors can mimic pain perception by integrating
sensory and memory functions within a single device,
responding to temperature variations in a way similar to
biological skin451 (Figure 10B). Some systems are now capable
of connecting to prosthetics, allowing amputees to feel textures
and distinguish between objects, mimicking the sensory

responses of human skin. However, challenges such as
scalability and fabrication variability still hinder the full
realization of artificial skin.445 Stretchable elastic synaptic
transistors have demonstrated their applicability in neuro-
logically integrated soft systems.452 On the other hand,
neurohybrid systems can be used to restore neurodegenerative
diseases with an adaptive stimulation, in which the signal
coming from two different parts of the brain can be processed
with a memristive device453 (Figure 10C).

Figure 10. In vivo neuromorphic applications. A. Neurormorphic devices can be applied for the integration of somatosensory integration to
obtain a perception-action loop. An example is represented by the e-skin, in which a synaptic transistor is stimulated with signals from the
somatosensory cortex and can cause leg-twiching in the sciatic nerve in the animal (adapted with permission from reference445). Copyright 2023,
The American Association for the Advancement of Science. B. Sensory skin based synaptic transistors, in which the action potentials created by the
on mechanoreceptor are transmitted to the artificial synapse (adapted with permission from reference 452). Copyright 2019, The American
Association for the Advancement of Science. C. Neurohybrid systems have been exploited also for adaptive stimulation in the hyppocampus,
through the use of memristors that can process and transmit the information from one area of stimulation to another (adapted with permission
from reference 453). Copyright 2021, Elsevier Ltd. D. Biocompatible neuromorphic systems, based on organic electronic circuits have the
advantage of performing local computation of electrocphysiological signals (adapted from reference 454). Copyright 2023, Wiley-VCH GmbH.
Distributed under a Creative Commons CC BY License (CC BY 4.0).
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To enable in situ processing of electrophysiological signals,
EGOTs have been integrated into an organic circuit for real-
time signal transduction, amplification, and sorting. This
system leverages brain-like processing capabilities, aligning
the biological time scales of neural signals with those of organic
electronics (Figure 10D). A prerecorded in vivo SEP from a
rat’s barrel cortex was used to benchmark the platform’s
sorting and filtering abilities. The SEP signals, typically
composed of alpha (5−15 Hz), beta (15−30 Hz), and
gamma (30−150 Hz) frequency components, were processed
in real time, demonstrating the system’s ability to isolate and
amplify specific frequency bands of neural activity.454 In
another application, a neural network model was trained to
predict the deep calcium activity recorded by two-photon
imaging while surface potentials were recorded by the
graphene arrays. These in vivo experiments validated the
ability of the platform to conduct multimodal neural
recordings characterized by high spatiotemporal resolution.213

5. ETHICS AND OUTLOOK
The development of neurohybrid interfaces, where artificial
neuromorphic systems are integrated with biological neural
circuits, presents profound ethical challenges that must be
addressed as these technologies advance toward clinical
application. As this review highlights, the technical complexity
of creating devices capable of interfacing with living neural
tissue, whether through SNNs, OECTs, or CPs, brings with it a
unique set of ethical concerns grounded in the specific ways
these devices interact with the nervous system.

One of the most pressing ethical issues arises from the ability
of neurohybrid interfaces to potentially influence or alter
neural activity. Devices designed to monitor and stimulate
neuronal circuits, such as those employing closed-loop systems
for treating epilepsy or neurodegenerative conditions, have the
capacity to modify brain function in real time.20 This opens up
concerns related to autonomy and cognitive liberty.455 For
instance, there is uncertainty on how to ensure that these
devices operate in ways that support the individual’s control
over their own mental processes, a right and ability often
referred to as ‘mental self-determination’.456 This is particularly
relevant for closed-loop systems where neural stimulation is
adjusted automatically based on neurofeedback. The technical
aim of achieving seamless bidirectional communication
between artificial and biological systems raises questions
about the limits of human agency when devices have the
power to modulate neural signals continuously. The challenge
lies in balancing therapeutic efficacy, such as preventing
seizures or mitigating Parkinsonian tremors, without under-
mining an individual’s sense of control over their own
cognitive and motor functions.457

A significant emerging trend is the integration of advanced
AI algorithms, particularly deep learning and reinforcement
learning, into neurohybrid platforms to enable personalized
neural modulation. These systems can detect and model
individual neurophysiological signatures by analyzing electro-
physiological recordings, such as LFPs or EEG data, in real
time. Through continuous data acquisition and model
updating, AI-enhanced closed-loop systems can dynamically
adjust stimulation parameters (e.g., frequency, amplitude,
spatial targeting) based on patient-specific biomarkers of
pathological activity. For instance, convolutional neural
networks and long short-term memory architectures have
demonstrated success in predicting epileptic seizures from

intracranial EEG signals with high sensitivity and specificity,
enabling preemptive neurostimulation that could abort seizure
onset. This convergence of adaptive AI with organic or
neuromorphic electronics capable of bidirectional interfacing,
such as OECTs or memristive synapses, heralds a shift toward
individualized neuromodulation protocols rooted in the
principles of precision medicine. These developments are
also representative of the broader trend toward technological
convergence, which envisions a fusion of biological, digital, and
cognitive systems into cohesive, hybridized infrastructures.458

As neurohybrid interfaces evolve into increasingly autono-
mous and adaptive therapeutic systems, it becomes imperative
to develop robust ethical oversight mechanisms, adaptive
regulatory frameworks that can accommodate algorithmic
evolution, and interdisciplinary collaborations spanning neuro-
science, computer science, ethics, and law. These efforts are
essential not only for realizing the clinical promise of AI-
augmented neurotechnologies but also for safeguarding human
agency and mental integrity in the context of deepening brain-
machine symbiosis.

Ethical implications extend further when considering the
data privacy issues inherent in neuromorphic platforms.
Devices such as organic transistors, which can transduce
both ionic and electrical signals, have the potential to capture a
broad array of neural data. The precise recording of electrical
activity in living neurons, combined with neuromorphic signal
processing, enables these systems to gather information not
only about motor commands but potentially about thoughts,
emotions, and cognitive states.459,460 The sensitivity of these
neural data demands rigorous data governance protocols to
prevent unauthorized access or exploitation.460 With tech-
nologies that bridge the biological and digital domains, thereby
referred to as converging technologies,458 questions about who
owns this neural data and how it can be used, especially as it is
processed through artificial platforms, are critical.455 Moreover,
the technical flexibility of these devices, such as their ability to
adapt to changing neural signals in real time, could be
exploited for purposes beyond therapy, such as cognitive
enhancement or surveillance, further introducing uncertainty
into the ethical landscape.

A particularly urgent ethical challenge emerges from the
research and development phase of neurohybrid interfaces.
The iterative process of designing neuromorphic devices
capable of mimicking synaptic plasticity and learning functions,
such as in memristors or OECTs, requires extensive testing in
both animal models and human trials. Here, traditional
concerns about the safety, efficacy, and long-term impacts of
neural implants intersect with the emerging complexities of
adaptive and learning systems. For example, neuromorphic
devices that emulate brain-like learning raise questions about
how to assess safety when the system’s behavior can evolve
over time. Testing devices that not only interact with but also
“learn” from the neural environment introduces ethical
uncertainties about predictability and control, as it may be
difficult to anticipate how these systems will behave after
extended use.

The potential for neurohybrid interfaces to enhance human
capacities also brings into focus the ethical boundaries between
therapeutic use and human enhancement. Neuromorphic
technologies, designed to emulate the brain’s efficiency and
adaptability, could be employed not only to restore lost
functions but to augment cognitive abilities, memory, or
sensory perception. These developments challenge existing
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ethical frameworks that distinguish between medical treatment
and enhancement, an issue that appears remarkably polarizing
in the public.461 Moreover, the risk of creating disparities
between those who can access these advanced neuro-
technologies and those who cannot, it could exacerbate social
inequalities, particularly if enhancements are marketed as
consumer products. These inequities become even more
pronounced when considering the cost and accessibility of
the materials and technologies involved in producing neuro-
hybrid systems, such as the use of sophisticated organic
polymers or cutting-edge neuromorphic chips like Intel’s Loihi.

Research ethics are particularly critical as the field moves
toward integrating more complex closed-loop systems in
clinical trials. The use of adaptive technologies, which respond
dynamically to changing neural environments, presents
challenges for obtaining informed consent. Patients may
consent to a device with specific therapeutic parameters, but
as the system adapts and modifies its behavior, ensuring
ongoing informed consent becomes problematic. In such cases,
both patients and researchers need to be aware of the evolving
nature of technology and the potential for unforeseen effects
on neural activity. Informed consent becomes particularly
fraught when devices evolve over time as they may deviate
from the initially consented to risk profiles. This is particularly
relevant for neurohybrid interfaces relying on machine
learning. This raises the need for ’dynamic consent’ models,
where patients can regularly revisit and adjust their consent
based on device performance and emerging effects. We
recommend deployers of AI-reliant neurohybrid interfaces to
prioritize dynamic vs static consent models, ideally based on
interactive personalized interfaces that allow participants to
engage as. As they choose and to alter their consent choices in
real time.462,463

There is also the broader question of how to ethically design
experiments where the line between human and machine
agency becomes increasingly blurred, particularly when
studying adaptive interfaces that could exert autonomous
influence over brain function.457,464 In such systems, decision-
making processes are partially delegated to algorithms capable
of learning from and modifying neural activity in real time.
This raises complex ethical issues related to accountability,
transparency, and user consent. For example, if an AI-driven
interface modifies neural stimulation patterns based on internal
optimization criteria rather than explicit human input, it
becomes difficult to determine whether resulting changes in
cognition or behavior are attributable to the subject or to the
system. It was argued that experimental protocols must
therefore incorporate safeguards such as algorithmic explain-
ability, thresholds for autonomous intervention, and mecha-
nisms for user override.465 Furthermore, researchers must
carefully assess the psychological and phenomenological
impact of interacting with systems that may not only respond
to but also shape one’s cognitive and emotional states. These
considerations are critical for preserving human agency and
ensuring that participants are not subjected to unintended
forms of behavioral or emotional manipulation.

In the outlook for neurohybrid interfaces, interdisciplinary
collaboration will be crucial for addressing these ethical
concerns. The development of neuromorphic technologies
requires not only technical expertise in bioengineering,
materials science, and computational neuroscience but also
engagement with neuroethicists, legal scholars, data security
experts and regulatory bodies. Ethical foresight must

accompany technical innovation to ensure that the promise
of neurohybrid interfaces for treating neurological disorders is
realized without compromising individual rights, privacy, or
societal well-being. Similarly, legal compliance is necessary.

However, achieving legal compliance may be challenging as
the legal landscape surrounding neurohybrid interfaces is
evolving with many of these technologies challenging existing
regulatory frameworks in various jurisdictions. In the United
States, the FDA is the primary body responsible for regulating
medical devices, including neural interfaces. Devices such as
closed-loop systems, BCIs and BMIs would need to undergo
premarket approval or clearance under FDA’s IDE process,
which governs clinical trials for high-risk devices. However,
neuromorphic devices, particularly those that involve deep
learning, raise questions about whether the current regulatory
criteria, which focus on static risk assessments, are equipped to
evaluate systems that adapt over time. The FDA’s recent
Digital Health Innovation Action Plan recognizes this gap, as it
outlines efforts to develop frameworks for regulating adaptive
and evolving AI-based medical devices, which would be crucial
for neuromorphic interfaces.

In Europe, the regulation of neurohybrid systems falls under
the MDR, which came into effect in 2021. Under the MDR,
neural implants and other neurohybrid technologies would be
classified as high-risk Class III devices, subject to strict
premarket evaluation for safety and efficacy. However, as with
the FDA, the current European regulations are focused on
devices with predictable and static behaviors, creating
uncertainties around the regulatory pathways for dynamic
learning systems. The GDPR also plays a critical role in
governing the use of neural data in Europe. The GDPR
mandates stringent protections for personal data, which
includes the neural data captured by neurohybrid interfaces.460

While the GDPR provides a strong foundation for data
protection, its applicability to neurohybrid interfaces and
adaptive neurotechnologies in general remains ambiguous. For
instance, the regulation does not yet clearly delineate how data
minimization principles apply to systems that continuously
collect and analyze neural data. Similarly, the applicability of
the right to explanation is questionable in the context of
neurohybrid interfaces as explainable AI (XAI) models for
neuromorphic systems remain rare.466458,459 Beyond Europe,
intergovernmental efforts such as the OECD Principles on AI
and the UNESCO Recommendation on the Ethics of Artificial
Intelligence call for anticipatory governance frameworks that
address data misuse and algorithmic opacity. These guidelines
emphasize the need for transparency, human oversight, and
accountability, which are particularly relevant for neurohybrid
interfaces as they increasingly integrate AI-driven function-
alities. However, while these global initiatives provide valuable
normative anchors, their practical implementation and
enforceability remain significant challenges. Many of these
frameworks are nonbinding and rely on voluntary compliance
by states or organizations, which limits their ability to ensure
consistent application across jurisdictions. Moreover, the
technical complexity and opacity of AI-enabled neuro-
technologies often outpace the regulatory capacities of existing
institutions, resulting in enforcement gaps and regulatory
uncertainty. Addressing these limitations will require the
development of concrete enforcement mechanisms, such as
auditability requirements, regulatory sandboxes for experimen-
tal oversight, and international cooperation on standards and
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accountability practices tailored to convergent neurotechnol-
ogies.

One additional concern is liability in the event of device
malfunction or unintended changes in neural behavior. As
neurohybrid systems like OECTs or memristors can adapt
their signal processing, questions arise over who holds
responsibility when things go wrong: the manufacturer, the
healthcare provider, or the system itself? Consensus papers by
multidisciplinary experts460,467,468 as well as institutional
reports (EU Parliament 2024,440 Council of Europe 2024469)
have concluded that current legal frameworks are ill-equipped
to handle the complexity of adaptive systems, and new
regulations are needed to address liability in these contexts.

Finally, the dual-use potential of neurohybrid systems, where
the same technologies used for therapy could be adapted for
cognitive manipulation, interrogation, or performance en-
hancement, demands urgent ethical scrutiny. As with other AI-
enabled biomedical technologies, the risks of weaponization or
coercive use must be considered, particularly in settings such as
military, correctional institutions, or high-performance pro-
fessions. For instance, adaptive neurotechnologies capable of
modulating stress resilience or alertness could, in theory, be
deployed to optimize combat performance or enhance
belligerance, raising serious concerns about consent,
autonomy, and abuse. While outright prohibitions of military
application are likely ineffective,470,471 safeguards will be
needed not only with regard to technical constraints on
usage but also export controls, and review processes that
explicitly account for dual-use scenarios. Embedding these
protections into both design and deployment pathways is
essential to prevent misuse and to ensure that neurohybrid
innovations remain aligned with human rights and human-
itarian norms.

6. CONCLUSIONS
Implementing neuromorphic technologies for long-term
interfacing with the neuronal system presents numerous
challenges. Key considerations include accurately emulating
neuronal functions while ensuring biocompatibility, preventing
signal mismatches, and integrating both processing and sensing
capabilities into a single device. Neuromorphic devices offer
the potential to combine computation and sensing directly
within biological environments. This is especially important for
neurointerfacing, where chemical signals often precede
electrical ones in biological processes.

Achieving energy-efficient, real-time neurointerfacing re-
quires devices to function with parameters similar to the
biological counterpart, such as low operating voltages and
minimal power consumption. However, current artificial
synapses still fall short compared to inorganic alternatives in
terms of endurance and speed. Advanced materials like soft or
organic semiconductors are increasingly preferred for their
biocompatibility and mechanical properties that closely match
biological tissues, reducing inflammatory responses and
promoting long-term integration between electronics and
neurons at cellular and tissue level.

Wearable and implantable devices, essential for continuous
in vivo monitoring, benefit from the energy efficiency and
adaptability of neuromorphic platforms. These devices can
better interpret biological signals, even in noisy conditions, by
acting as thresholded integrators. However, direct biointerfac-
ing exposes electronics to harsh environments, necessitating

the use of durable materials like conducting polymers that can
withstand extended exposure to water and ions.

To achieve seamless biointerfacing, further advancements in
material reliability, durability, and the miniaturization of
operational voltages are needed. Bidirectional communication
between electronic and biological systems can be enabled
through multimodal interfaces that replicate both electrical and
biochemical processes, such as synaptic plasticity. This will
support more efficient edge computing and enable real-time
interactions between neural networks and electronic devices.
In turn, self-adaptable neuronal interfaces should provide
advanced multimodal sensing, on chip computing exploiting
organic and inorganic interfaces and architectures with closed-
loop endorsement to provide required targeted stimulation to
support and restore lost neuronal functionalities and efficient
prosthetic interfacing.
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ABBREVIATIONS
TCF = 2-dicyanomethylen-3-cyano 4,5,5-trimethyl-2,5-
dihydrofuran
ADCs = Analog-to-digital converters

AI = Artificial Intelligence
ANNs = Artificial neural networks
bPAC = Beggiatoa photoactivated adenylyl cyclase
BNNs = Biological neural networks
BDD = Boron-doped diamond
BCI = Brain-computer interface
BNI = Brain−Neuromorphics Interface
BHJ = Bulk heterojunction
CdSe = Cadmium selenide
CdS = Cadmium sulfide
cAMP = Cyclic adenosine monophosphate
ChR2 = Channelrhodopsin 2
CMOS = Complementary metal−oxide−semiconductor
CBRAM = Conductive bridging random-access memory
CP = Conductive polymer
cGMP = Cyclic Guanosine Monophosphate
DBS = Deep brain stimulation
DACs = Digital-to-analog converters
DSP = Digital signal processor
D-A = Donor−acceptor
DBA = Donor−bridge−acceptor
ECG = Electrocardiogram
ECoG = Electrocorticography
EEG = Electroencephalography
EDL = Electrical double layer
EGOT = Electrolyte-Gated Organic Transistor
EGOFET = Electrolyte-Gated Organic Field-Effect Tran-
sistor
EPSP = Excitatory postsynaptic potential
FSCV = Fast-scan cyclic voltammetry
FET = Field-Effect Transistor
FPGA = Field-programmable gate array
FBR = Foreign Body Response
FDA = Food Drug Administration
GABA = Gamma-aminobutyric acid
GDPR = General Data Protection Regulation
GOQDs = Graphene oxide quantum dots
GPUs = Graphical processing units
h-BN = Hexagonal boron nitride
IPSP = Inhibitory postsynaptic potential
IGZO = Indium−gallium-zinc-oxide
ITO = Indium Tin Oxide
IGTs = Internal ion-gated organic electrochemical tran-
sistors
iBCI = Invasive brain-computer interface
IDE = Investigational Device Exemption
IrOx = Iridium oxide
LFPs = Local field potentials
LTD = Long-term depression
LTP = Long-term potentiation
MDR = Medical Devices Regulation
μECoG = Microelectrocortigography
MEA = Microelectrode array
mGluR = Metabotropic glutamate receptor
MOSFET = Metal-Oxide-Semiconductor Field-Effect Tran-
sistor
MoS2 = Molybdenum disulfide
NIR = Near Infrared
NNN = Neurohybrid neuronal networks
NMDAR = N-Methyl-D-Aspartate receptor
OECN = Organic electrochemical neuron
OECT = Organic electrochemical transistor
OEPC = Organic Electrolytic Photocapacitor
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OEIP = Organic electronic ion pump
OMD = Organic memristive device
OMIEC = Organic mixed ionic-electronic conductor
PEDOT = Poly(3,4-ethylenedioxythiophene)
PEDOT:PSS = Poly(3,4-ethylenedioxythiophene):polystyr-
enesulfonate
PCM = Phase change material
P3HT = Phytochrome interacting factor (PIF)Poly(3-
hexylthiophene-2,5-diyl)
PTB7-Th = Poly([2,6′-4,8-di(5-ethylhexylthienyl)benzo-
[1,2-b;3,3-b]dithiophene]{3-fluoro-2[(2-ethylhexyl)-
carbonyl]thieno[3,4-b]thiophenediyl})
PCPDTBT = Poly[2,6-(4,4-bis(2-ethylhexyl)-4H-
cyclopenta[2,1-b;3,4-b′]dithiophene)-alt-4,7(2,1,3-benzo-
thiadiazole)]
PEI = Poly(ethylenimine)
PDMS = Polydimethylsiloxane
QD = Quantum dot
rGO = Reduced Graphene Oxide
RRAM = Resistive random-access memory
ROS = Reactive oxygen species
SELEX = Systematic evolution of ligands by the exponential
enrichment
SPI = Serial Peripheral Interface
SNR = Signal-to-noise ratio
SEP = Somatosensory evoked potential
SNNs = Spiking neural networks
STDP = Spike-timing-dependent plasticity
TMDs = Transition metal dichalcogenides
TPA = Triphenylamine
USB = Universal Serial Bus
ZHO = Zr0.5Hf0.5O2

REFERENCES
(1) Markovic,́ D.; Mizrahi, A.; Querlioz, D.; Grollier, J. Physics for

Neuromorphic Computing. Nat. Rev. Phys. 2020, 2 (9), 499−510.
(2) Zhang, J. Basic Neural Units of the Brain: Neurons, Synapses

and Action Potential. arXiv May 30, 2019. http://arxiv.org/abs/1906.
01703 (accessed 2024−11−01).
(3) Sporns, O. The Human Connectome: A Complex Network. Ann.
N.Y. Acad. Sci. 2011, 1224 (1), 109−125.
(4) Denev̀e, S.; Alemi, A.; Bourdoukan, R. The Brain as an Efficient

and Robust Adaptive Learner. Neuron 2017, 94 (5), 969−977.
(5) Luan, L.; Yin, R.; Zhu, H.; Xie, C. Emerging Penetrating Neural

Electrodes: In Pursuit of Large Scale and Longevity. Annu. Rev.
Biomed. Eng. 2023, 25 (1), 185−205.
(6) Przedborski, S.; Vila, M.; Jackson-Lewis, V. Series Introduction:

Neurodegeneration: What Is It and Where Are We? J. Clin. Invest.
2003, 111 (1), 3−10.
(7) Reeve, A.; Simcox, E.; Turnbull, D. Ageing and Parkinson’s

Disease: Why Is Advancing Age the Biggest Risk Factor? Ageing Res.
Rev. 2014, 14, 19−30.
(8) Reitz, C.; Brayne, C.; Mayeux, R. Epidemiology of Alzheimer

Disease. Nat. Rev. Neurol. 2011, 7 (3), 137−152.
(9) Hofmann, U. G.; Stieglitz, T. Why Some BCI Should Still Be

Called BMI. Nat. Commun. 2024, 15 (1), 6207.
(10) Zhang, J.; Li, J.; Huang, Z.; Huang, D.; Yu, H.; Li, Z. Recent

Progress in Wearable Brain-Computer Interface (BCI) Devices Based
on Electroencephalogram (EEG) for Medical Applications: A Review.
Health Data Sci. 2023, 3, 0096.
(11) Hochberg, L. R.; Serruya, M. D.; Friehs, G. M.; Mukand, J. A.;

Saleh, M.; Caplan, A. H.; Branner, A.; Chen, D.; Penn, R. D.;
Donoghue, J. P. Neuronal Ensemble Control of Prosthetic Devices by
a Human with Tetraplegia. Nature 2006, 442 (7099), 164−171.
(12) Campbell, P. K.; Jones, K. E.; Huber, R. J.; Horch, K. W.;

Normann, R. A. A Silicon-Based, Three-Dimensional Neural Inter-

face: Manufacturing Processes for an Intracortical Electrode Array.
IEEE Trans. Biomed. Eng. 1991, 38 (8), 758.
(13) Wilson, B. C.; Jermyn, M.; Leblond, F. Challenges and

Opportunities in Clinical Translation of Biomedical Optical Spec-
troscopy and Imaging. J. Biomed. Opt. 2018, 23 (03), 1.
(14) Schuman, C. D.; Kulkarni, S. R.; Parsa, M.; Mitchell, J. P.; Date,

P.; Kay, B. Opportunities for Neuromorphic Computing Algorithms
and Applications. Nat. Comput. Sci. 2022, 2 (1), 10−19.
(15) Li, H.; Wang, J.; Fang, Y. Recent Developments in

Multifunctional Neural Probes for Simultaneous Neural Recording
and Modulation. Microsyst. Nanoeng. 2023, 9 (1), 1−13.
(16) Wang, Y.; Liu, S.; Wang, H.; Zhao, Y.; Zhang, X.-D. Neuron

Devices: Emerging Prospects in Neural Interfaces and Recognition.
Microsyst. Nanoeng. 2022, 8 (1), 128.
(17) Turing, A. M. I. -COMPUTING MACHINERY AND

INTELLIGENCE. Mind 1950, LIX (236), 433−460.
(18) Vidal, J. J. Toward Direct Brain-Computer Communication.
Annu. Rev. Biophys. Bioeng. 1973, 2 (1), 157−180.
(19) Wan, C.; Pei, M.; Shi, K.; Cui, H.; Long, H.; Qiao, L.; Xing, Q.;

Wan, Q. Toward a Brain-Neuromorphics Interface. Adv. Mater. 2024,
36, 2311288.
(20) Valeriani, D.; Santoro, F.; Ienca, M. The Present and Future of

Neural Interfaces. Front. Neurorobotics 2022, 16, 953968.
(21) Xiong, H.; Chu, C.; Fan, L.; Song, M.; Zhang, J.; Ma, Y.; Zheng,

R.; Zhang, J.; Yang, Z.; Jiang, T. The Digital Twin Brain: A Bridge
between Biological and Artificial Intelligence. Intell. Comput. 2023, 2,
0055.
(22) Wang, H. E.; Triebkorn, P.; Breyton, M.; Dollomaja, B.;

Lemarechal, J.-D.; Petkoski, S.; Sorrentino, P.; Depannemaecker, D.;
Hashemi, M.; Jirsa, V. K. Virtual Brain Twins: From Basic
Neuroscience to Clinical Use. Natl. Sci. Rev. 2024, 11 (5), nwae079.
(23) Lin, Z.; Zhang, C.; Zeng, Y.; Tong, L.; Yan, B. A Novel P300

BCI Speller Based on the Triple RSVP Paradigm. Sci. Rep. 2018, 8
(1), 3350.
(24) Jung, I.-H.; Chang, K. W.; Park, S. H.; Chang, W. S.; Jung, H.

H.; Chang, J. W. Complications After Deep Brain Stimulation: A 21-
Year Experience in 426 Patients. Front. Aging Neurosci. 2022, 14,
819730.
(25) Bronte-Stewart, H. M.; Petrucci, M. N.; O’Day, J. J.; Afzal, M.

F.; Parker, J. E.; Kehnemouyi, Y. M.; Wilkins, K. B.; Orthlieb, G. C.;
Hoffman, S. L. Perspective: Evolution of Control Variables and
Policies for Closed-Loop Deep Brain Stimulation for Parkinson’s
Disease Using Bidirectional Deep-Brain-Computer Interfaces. Front.
Hum. Neurosci. 2020, 14, DOI: 10.3389/fnhum.2020.00353.
(26) Renard, Y.; Lotte, F.; Gibert, G.; Congedo, M.; Maby, E.;

Delannoy, V.; Bertrand, O.; Lécuyer, A. OpenViBE: An Open-Source
Software Platform to Design, Test, and Use Brain-Computer
Interfaces in Real and Virtual Environments. Presence Teleoperators
Virtual Environ. 2010, 19 (1), 35−53.
(27) Stieglitz, T.; Rubehn, B.; Henle, C.; Kisban, S.; Herwik, S.;

Ruther, P.; Schuettler, M. Brain-Computer Interfaces: An Overview of
the Hardware to Record Neural Signals from the Cortex. Prog. Brain
Res. 2009, 175, 297−315.
(28) Maynard, E. M.; Nordhausen, C. T.; Normann, R. A. The Utah

Intracortical Electrode Array: A Recording Structure for Potential
Brain-Computer Interfaces. Electroencephalogr. Clin. Neurophysiol.
1997, 102 (3), 228−239.
(29) Rakhmatulin, I.; Parfenov, A.; Traylor, Z.; Nam, C. S.; Lebedev,

M. Low-Cost Brain Computer Interface for Everyday Use. Exp. Brain
Res. 2021, 239 (12), 3573−3583.
(30) Siegelmann, H. T. [No Title Found]. Minds Mach. 2003, 13

(1), 103−114.
(31) Mehonic, A.; Sebastian, A.; Rajendran, B.; Simeone, O.;

Vasilaki, E.; Kenyon, A. J. Memristors�From In-Memory Comput-
ing, Deep Learning Acceleration, and Spiking Neural Networks to the
Future of Neuromorphic and Bio-Inspired Computing. Adv. Intell.
Syst. 2020, 2 (11), 2000085.
(32) Merolla, P. A.; Arthur, J. V.; Alvarez-Icaza, R.; Cassidy, A. S.;

Sawada, J.; Akopyan, F.; Jackson, B. L.; Imam, N.; Guo, C.;

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.4c00862
Chem. Rev. 2025, 125, 9092−9139

9126

https://doi.org/10.1038/s42254-020-0208-2
https://doi.org/10.1038/s42254-020-0208-2
http://arxiv.org/abs/1906.01703
http://arxiv.org/abs/1906.01703
https://doi.org/10.1111/j.1749-6632.2010.05888.x
https://doi.org/10.1016/j.neuron.2017.05.016
https://doi.org/10.1016/j.neuron.2017.05.016
https://doi.org/10.1146/annurev-bioeng-090622-050507
https://doi.org/10.1146/annurev-bioeng-090622-050507
https://doi.org/10.1172/JCI200317522
https://doi.org/10.1172/JCI200317522
https://doi.org/10.1016/j.arr.2014.01.004
https://doi.org/10.1016/j.arr.2014.01.004
https://doi.org/10.1038/nrneurol.2011.2
https://doi.org/10.1038/nrneurol.2011.2
https://doi.org/10.1038/s41467-024-50603-7
https://doi.org/10.1038/s41467-024-50603-7
https://doi.org/10.34133/hds.0096
https://doi.org/10.34133/hds.0096
https://doi.org/10.34133/hds.0096
https://doi.org/10.1038/nature04970
https://doi.org/10.1038/nature04970
https://doi.org/10.1109/10.83588
https://doi.org/10.1109/10.83588
https://doi.org/10.1117/1.JBO.23.3.030901
https://doi.org/10.1117/1.JBO.23.3.030901
https://doi.org/10.1117/1.JBO.23.3.030901
https://doi.org/10.1038/s43588-021-00184-y
https://doi.org/10.1038/s43588-021-00184-y
https://doi.org/10.1038/s41378-022-00444-5
https://doi.org/10.1038/s41378-022-00444-5
https://doi.org/10.1038/s41378-022-00444-5
https://doi.org/10.1038/s41378-022-00453-4
https://doi.org/10.1038/s41378-022-00453-4
https://doi.org/10.1093/mind/LIX.236.433
https://doi.org/10.1093/mind/LIX.236.433
https://doi.org/10.1146/annurev.bb.02.060173.001105
https://doi.org/10.1002/adma.202311288
https://doi.org/10.3389/fnbot.2022.953968
https://doi.org/10.3389/fnbot.2022.953968
https://doi.org/10.34133/icomputing.0055
https://doi.org/10.34133/icomputing.0055
https://doi.org/10.1093/nsr/nwae079
https://doi.org/10.1093/nsr/nwae079
https://doi.org/10.1038/s41598-018-21717-y
https://doi.org/10.1038/s41598-018-21717-y
https://doi.org/10.3389/fnagi.2022.819730
https://doi.org/10.3389/fnagi.2022.819730
https://doi.org/10.3389/fnhum.2020.00353
https://doi.org/10.3389/fnhum.2020.00353
https://doi.org/10.3389/fnhum.2020.00353
https://doi.org/10.3389/fnhum.2020.00353?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1162/pres.19.1.35
https://doi.org/10.1162/pres.19.1.35
https://doi.org/10.1162/pres.19.1.35
https://doi.org/10.1016/S0079-6123(09)17521-0
https://doi.org/10.1016/S0079-6123(09)17521-0
https://doi.org/10.1016/S0013-4694(96)95176-0
https://doi.org/10.1016/S0013-4694(96)95176-0
https://doi.org/10.1016/S0013-4694(96)95176-0
https://doi.org/10.1007/s00221-021-06231-4
https://doi.org/10.1023/A:1021376718708
https://doi.org/10.1002/aisy.202000085
https://doi.org/10.1002/aisy.202000085
https://doi.org/10.1002/aisy.202000085
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.4c00862?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Nakamura, Y.; Brezzo, B.; Vo, I.; Esser, S. K.; Appuswamy, R.; Taba,
B.; Amir, A.; Flickner, M. D.; Risk, W. P.; Manohar, R.; Modha, D. S.
A Million Spiking-Neuron Integrated Circuit with a Scalable
Communication Network and Interface. Science 2014, 345 (6197),
668−673.
(33) Kandel, E. R.; Schwartz, J. H.; Jessell, T. M.; Siegelbaum, S. A.;

Hudspeth, A. J. Principles of Neural Science, Fifth ed.; McGraw Hill
Professional, 2012.
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I.; Ernst, T.; Briançon-Marjollet, A.; Albrieux, M.; Villard, C. Neuron-
Gated Silicon Nanowire Field Effect Transistors to Follow Single
Spike Propagation within Neuronal Network. Adv. Eng. Mater. 2021,
23 (4), 2001226.
(224) Zhang, A.; Lee, J.-H.; Lieber, C. M. Nanowire-Enabled

Bioelectronics. Nano Today 2021, 38, 101135.
(225) Kireev, D.; Offenhäusser, A. Graphene & Two-Dimensional

Devices for Bioelectronics and Neuroprosthetics. 2D Mater. 2018, 5
(4), 042004.
(226) Bonaccini Calia, A.; Masvidal-Codina, E.; Smith, T. M.;

Schäfer, N.; Rathore, D.; Rodríguez-Lucas, E.; Illa, X.; De La Cruz, J.
M.; Del Corro, E.; Prats-Alfonso, E.; Viana, D.; Bousquet, J.; Hébert,
C.; Martínez-Aguilar, J.; Sperling, J. R.; Drummond, M.; Halder, A.;
Dodd, A.; Barr, K.; Savage, S.; Fornell, J.; Sort, J.; Guger, C.; Villa, R.;
Kostarelos, K.; Wykes, R. C.; Guimera-̀Brunet, A.; Garrido, J. A. Full-
Bandwidth Electrophysiology of Seizures and Epileptiform Activity
Enabled by Flexible Graphene Microtransistor Depth Neural Probes.
Nat. Nanotechnol. 2022, 17 (3), 301−309.
(227) Kireev, D.; Brambach, M.; Seyock, S.; Maybeck, V.; Fu, W.;

Wolfrum, B.; Offenhäusser, A. Graphene Transistors for Interfacing
with Cells: Towards a Deeper Understanding of Liquid Gating and
Sensitivity. Sci. Rep. 2017, 7 (1), 6658.
(228) Chiang, C.-H.; Won, S. M.; Orsborn, A. L.; Yu, K. J.; Trumpis,

M.; Bent, B.; Wang, C.; Xue, Y.; Min, S.; Woods, V.; Yu, C.; Kim, B.
H.; Kim, S. B.; Huq, R.; Li, J.; Seo, K. J.; Vitale, F.; Richardson, A.;
Fang, H.; Huang, Y.; Shepard, K.; Pesaran, B.; Rogers, J. A.; Viventi, J.
Development of a Neural Interface for High-Definition, Long-Term
Recording in Rodents and Nonhuman Primates. Sci. Transl. Med.
2020, 12 (538), No. eaay4682.
(229) Garcia-Cortadella, R.; Schwesig, G.; Jeschke, C.; Illa, X.; Gray,

A. L.; Savage, S.; Stamatidou, E.; Schiessl, I.; Masvidal-Codina, E.;
Kostarelos, K.; Guimera-̀Brunet, A.; Sirota, A.; Garrido, J. A.
Graphene Active Sensor Arrays for Long-Term and Wireless Mapping

of Wide Frequency Band Epicortical Brain Activity. Nat. Commun.
2021, 12 (1), 211.
(230) Penttonen, M.; Nurminen, N.; Miettinen, R.; Sirviö, J.; Henze,

D. A.; Csicsvári, J.; Buzsáki, G. Ultra-Slow Oscillation (0.025 Hz)
Triggers Hippocampal Afterdischarges in Wistar Rats. Neuroscience
1999, 94 (3), 735−743.
(231) Kang, H.; Kim, J.-Y.; Choi, Y.-K.; Nam, Y. Feasibility Study of

Extended-Gate-Type Silicon Nanowire Field-Effect Transistors for
Neural Recording. Sensors 2017, 17 (4), 705.
(232) Shi, W.; Guo, Y.; Liu, Y. When Flexible Organic Field-Effect

Transistors Meet Biomimetics: A Prospective View of the Internet of
Things. Adv. Mater. 2020, 32 (15), 1901493.
(233) Tao, J.; Sun, W.; Lu, L. Organic Small Molecule Semi-

conductor Materials for OFET-Based Biosensors. Biosens. Bioelectron.
2022, 216, 114667.
(234) Song, J.; Liu, H.; Zhao, Z.; Lin, P.; Yan, F. Flexible Organic

Transistors for Biosensing: Devices and Applications. Adv. Mater.
2024, 36 (20), 2300034.
(235) Nawaz, A.; Liu, Q.; Leong, W. L.; Fairfull-Smith, K. E.; Sonar,

P. Organic Electrochemical Transistors for In Vivo Bioelectronics.
Adv. Mater. 2021, 33 (49), 2101874.
(236) Spyropoulos, G. D.; Gelinas, J. N.; Khodagholy, D. Internal

Ion-Gated Organic Electrochemical Transistor: A Building Block for
Integrated Bioelectronics. Sci. Adv. 2019, 5 (2), No. eaau7378.
(237) Cea, C.; Spyropoulos, G. D.; Jastrzebska-Perfect, P.; Ferrero, J.

J.; Gelinas, J. N.; Khodagholy, D. Enhancement-Mode Ion-Based
Transistor as a Comprehensive Interface and Real-Time Processing
Unit for in Vivo Electrophysiology. Nat. Mater. 2020, 19 (6), 679−
686.
(238) Berggren, M.; Głowacki, E. D.; Simon, D. T.; Stavrinidou, E.;

Tybrandt, K. In Vivo Organic Bioelectronics for Neuromodulation.
Chem. Rev. 2022, 122 (4), 4826−4846.
(239) Tyrrell, J. E.; Boutelle, M. G.; Campbell, A. J. Measurement of

Electrophysiological Signals In Vitro Using High-Performance
Organic Electrochemical Transistors. Adv. Funct. Mater. 2021, 31
(1), 2007086.
(240) Spanu, A.; Martines, L.; Bonfiglio, A. Interfacing Cells with

Organic Transistors: A Review of in Vitro and in Vivo Applications.
Lab. Chip 2021, 21 (5), 795−820.
(241) Lu, Y.; Jia, Y.; Yu, C. Recent Advances in Power Supply

Strategies for Untethered Neural Implants. J. Micromechanics
Microengineering 2021, 31 (10), 104003.
(242) Burton, A.; Obaid, S. N.; Vázquez-Guardado, A.; Schmit, M.

B.; Stuart, T.; Cai, L.; Chen, Z.; Kandela, I.; Haney, C. R.; Waters, E.
A.; Cai, H.; Rogers, J. A.; Lu, L.; Gutruf, P. Wireless, Battery-Free
Subdermally Implantable Photometry Systems for Chronic Recording
of Neural Dynamics. Proc. Natl. Acad. Sci. U. S. A. 2020, 117 (6),
2835−2845.
(243) Photodetectors and Solar Cells. In Physics of Semiconductor
Devices; John Wiley & Sons, Ltd, 2006; pp 663−742. DOI: 10.1002/
9780470068328.ch13.
(244) Goetz, G. A.; Palanker, D. V. Electronic Approaches to

Restoration of Sight. Rep. Prog. Phys. 2016, 79 (9), 096701.
(245) Aria, M. M.; Srivastava, S. B.; Sekerdag, E.; Dikbas, U. M.;

Sadeghi, S.; Pering, S. R.; Cameron, P. J.; Gursoy-Ozdemir, Y.;
Kavakli, I. H.; Nizamoglu, S. Perovskite-Based Optoelectronic
Biointerfaces for Non-Bias-Assisted Photostimulation of Cells. Adv.
Mater. Interfaces 2019, 6 (17), 1900758.
(246) Karatum, O.; Kaleli, H. N.; Eren, G. O.; Sahin, A.; Nizamoglu,

S. Electrical Stimulation of Neurons with Quantum Dots via Near-
Infrared Light. ACS Nano 2022, 16 (5), 8233−8243.
(247) Vagni, P.; Airaghi Leccardi, M. J. I.; Vila, C.-H.; Zollinger, E.

G.; Sherafatipour, G.; Wolfensberger, T. J.; Ghezzi, D. POLYRETINA
Restores Light Responses in Vivo in Blind Göttingen Minipigs. Nat.
Commun. 2022, 13 (1), 3678.
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Matrix: Learning and Adaptation of Electrical Properties. J. Mater.
Chem. 2012, 22 (43), 22881.
(412) Abderrahmane, N.; Miramond, B. Information Coding and

Hardware Architecture of Spiking Neural Networks. In 2019 22nd
Euromicro Conference on Digital System Design (DSD); IEEE: Kallithea,
Greece, 2019; pp 291−298. DOI: 10.1109/DSD.2019.00050.
(413) Neftci, E. O.; Augustine, C.; Paul, S.; Detorakis, G. Event-

Driven Random Back-Propagation: Enabling Neuromorphic Deep
Learning Machines. Front. Neurosci. 2017, 11, 324.
(414) Cramer, B.; Billaudelle, S.; Kanya, S.; Leibfried, A.; Grübl, A.;
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