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Abstract:

Neural interfaces, as a bridge for information exchange between the biological
nervous system and electronic devices, are limited by the shortcomings of traditional
rigid metal and silicon-based materials in terms of biocompatibility, channel density,
and long-term stability. This review systematically explores the core roles of
nanomaterials engineering and semiconductor technologies in overcoming these
barriers, with a particular focus on how nanoscale interface modifications can enhance
charge-transfer efficiency. Additionally, the review discusses how flexible integration
technologies alleviate mechanical mismatch between soft and rigid materials and
suppress immune responses. Furthermore, the potential of semiconductor integration
processes to enhance signal acquisition throughput is evaluated. The paper also
addresses key challenges that affect clinical translation, including power consumption
management, structural durability, and large-scale manufacturing, and offers future
perspectives. This review demonstrates that the synergy between nanomaterial
engineering and semiconductor integration provides the fundamental technical
foundation for high-performance, long-lasting neural interface systems.
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1. Introduction

Neural interfaces serve as critical conduits between biological tissues and external
devices, enabling the recording and modulation of neural activity via electrical,
chemical, and optical modalities (Figure 1). They have become indispensable for the
treatment of neurological disorders, the modulation of neural circuits, and the
regulation of neural function. An ideal neural interface is expected to provide cell- or
tissue-selective recording and stimulation, support high-resolution signal acquisition,
and maintain long-term operational stability. Building on early demonstrations of
electrically evoked neural responses in the late nineteenth century, extensive research
has pursued platforms that combine precision with scalability for large-scale
recording and control. Progress in this area has materially advanced mechanistic
understanding and intervention strategies for disorders such as epilepsy, major
depressive disorder, Alzheimer’s disease, and Parkinson’s disease [1].
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Figure 1. Conceptual Overview of Neural Interfaces.

Neural interfaces are constrained by power consumption, functional performance,
and packaging reliability, all of which are ultimately bounded by safety considerations.
The drive toward higher-resolution mapping of neural circuits necessitates a
significant increase in the density of simultaneous recording channels. This push
toward large- scale integration creates a critical conflict between the demand for high
data throughput and the delicate physiological balance of brain tissue. Under stringent
bio- thermal limits (e.g., <0.5 °C allowable temperature rise), achieving high-
throughput wireless data transmission across thousands of channels together with
efficient energy harvesting encounters severe physical bottlenecks [2]. High- channel-
count neural interfaces place a steep power burden on the analogue front end,
digitisation, on-chip processing, and especially wireless telemetry, where energy per
bit scales unfavourably as data rate increases. In implantable applications, this
dissipation is tightly constrained by tissue- safety constraints, because even small
temperature rises can compromise biocompatibility and long-term function. As a
result, power consumption becomes a primary bottleneck that limits simultaneous
scaling of channel count, throughput, and device longevity [3].

To ease the coupled constraints among power consumption, throughput, and safety,
materials and interface engineering has become an important complement to system
and circuit optimisation. Nanomaterials, especially low- dimensional conductors and
functional coatings, can reduce electrode-tissue impedance and enhance charge
transfer [4], so similar recording fidelity and stimulation efficacy can be achieved
with lower drive voltages and smaller currents [4]. Their high surface area and tunable
surface chemistry also help form stable, low noise interfaces [5] and slow interfacial
degradation [6]. Mechanically compliant nanostructures further accommodate tissue
micromotion and support chronic reliability [7]. Together, these features make
nanomaterials a strong materials basis for energy-efficient, high-density neural
interfaces that meet stringent thermal safety limits [8].

Semiconductor technologies, particularly CMOS integration, enable high-density
neural interfaces with dense arrays, on-chip amplification, multiplexed readout [9],
and compact power management. They reduce interconnect complexity and support
higher data throughput while keeping per-channel noise and power low [10]. When
combined with on-chip amplification and multiplexed readout, nanomaterials help
sustain high signal fidelity as channel count scales, while supporting safer operation
under tight thermal and electrochemical constraints.

In this review, we first summarise recent advances in nanomaterials that improve
the electrode tissue interface by reducing impedance and polarisation and by
stabilising chronic performance. We then review progress in semiconductor and
CMOS technologies for high-density neural interfaces, with emphasis on integrated
readout, multiplexing, and compact system integration. We next discuss strategies that
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combine nanomaterials with semiconductor platforms and examine barriers to
translation, including process compatibility, reproducibility, and long- term packaging
under strict bio-thermal constraints. Finally, we outline future perspectives on co-
designed materials, circuits, and packaging for scalable, energy-efficient, and
clinically robust neural interfaces.

2. Nanomaterials for Neural Interfaces

2.1. Overview and Core Advantages of Nanomaterials

Recent advances in nanomaterials have significantly advanced neural interface
development, offering solutions to many of the field's critical challenges. As neural
interfaces are increasingly expected to operate over extended periods in complex
biological environments, the need for materials that can improve electrode
performance, enhance biocompatibility, and ensure long-term stability has become
evident. Nanomaterials, particularly two-dimensional materials and nanostructured
composites, provide unique properties such as high surface area, low impedance, and
enhanced charge transfer, making them ideal candidates for addressing these issues

[1].
2.2. Material Innovations

Graphene and its derivatives are essential 2D materials for neural interfaces due to
their flexibility and biocompatibility [11]. However, single-layer graphene
microelectrodes have limited electrochemical performance, which hinders
miniaturization [12]. Recent efforts have focused on multilayer porous structures. The
main challenge is creating a material that is both densely packed and highly porous to
ensure low ion transport resistance [13].

A major advance in this area is the development of Engineered Graphene for Neural
Interfaces, or EGNITE. This technology uses hydrothermal reduction to turn stacked
graphene oxide into a porous, conductive thin film. This structure contains nanoscale
pores and capillaries that greatly increase the surface area. As a result, the interfacial
capacitance reaches approximately 13.9 mF-cm2, which is a 104 increase over single-
layer graphene. This allows for 25 pum microelectrodes with low impedance and high
charge injection capacity for high-resolution neural recording and stimulation [14].
(Figure 2)

NANOTECHNOLOGY-ENABLED ADVANCES IN NEURAL INTERFACES:

Bridging the Bio-Electronic Gap
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Figure 2. Nanotechnology-Enabled Advances in Neural Interfaces.
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While EGNITE offers exceptional interfacial capacitance, other nanomaterials
present different trade-offs. Conductive polymers like PEDOT:PSS provide high
charge injection capacity and excellent process compatibility, often utilizing
biomimetic polydopamine structures to improve adhesion and tissue integration [4].
Conversely, noble metal coatings such as platinum nanoparticles exhibit superior
electrochemical biostability during chronic stimulation. However, these alternatives
generally lack the extreme mechanical conformity of ultra-thin porous graphene, and
all passive nanomaterials share inherent limitations, including the trade-off between
film thickness and flexibility, as well as vulnerability to metal track corrosion.

2.3. Mechanical Compliance and Chronic Bio-integration

The transition from rigid silicon probes to flexible, nano-enabled interfaces has
effectively addressed the mechanical mismatch with soft neural tissue. Nanomaterial
thin films, often as thin as 12 um, can conform to complex anatomical curvatures
while maintaining electrical integrity [14]. For instance, nanoporous graphene arrays
have demonstrated functional stability after repeated high-angle bending cycles,
which is critical for interfaces in dynamic environments like peripheral nerves [14].
Recent advances also include hybrid encapsulation techniques, such as combining
atomic layer deposition of metal oxides with polymers, to provide a more robust
barrier against ionic infiltration in these thin-film systems [15].

Beyond physical flexibility, nanostructured surfaces play a vital role in modulating
the chronic foreign body response. By utilizing high-surface-area and biomimetic
coatings, these materials can foster better tissue-electrode integration compared to
conventional metallic electrodes [16]. Longitudinal studies on nanoporous graphene
have shown minimal microglial activation and no significant fibrous capsule
formation after 12 weeks of cortical implantation [14]. Furthermore, the
electrochemical stability of these interfaces is evidenced by their ability to sustain
high charge injection and stable impedance over 15 million stimulation pulses without
structural degradation [17]. Modern research into hierarchical micro-nanostructures
and noble metal nanoparticle coatings continues to refine these properties, ensuring
that high-resolution bidirectional communication remains reliable throughout the
functional life of the implant

2.4. Challenges

Nanomaterial thin films have successfully provided high-fidelity bidirectional links
through low impedance and high charge injection, effectively solving the mechanical
and electrical mismatches inherent in traditional electrodes. Despite these gains, long-
term reliability is still hindered by the potential corrosion of metallic tracks, a
vulnerability that even chemically stable nanomaterials cannot fully mitigate. There is
also a persistent trade-off between increasing film thickness for performance and
maintaining the extreme flexibility required for seamless integration. Furthermore, the
chronic effects of secondary reactions, such as oxygen reduction, remain under-
investigated. As arrays scale toward higher spatial resolutions, the resulting data
volume creates a processing bottleneck that exceeds the capabilities of passive
materials, driving the integration of active semiconductor technologies for advanced
signal management.
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3. Recent Advances in Semiconductor Technologies for Neural
Interfaces

3.1. High-Density CMOS Integration

The scaling of neural interfaces toward higher channel counts is increasingly
limited by the data-throughput and physical-wiring constraints of passive systems [18].
To overcome these bottlenecks, research has shifted toward active semiconductor
architectures, particularly CMOS integration, which enables signal processing directly
at the sensing site [19]. By enabling local amplification, multiplexing, and digitization,
these technologies minimize noise and signal degradation while supporting thousands
of recording sites. This transition redefines the neural interface as an integrated bio-
electronic system capable of high- throughput signal management and efficient on-
chip computation [20].

The advancement of semiconductor technologie[yl4.1]s, primarily driven by
Complementary Metal-Oxide-Semiconductor (CMOS) integration, has enabled the
development of high-density neural probes that significantly exceed the channel
counts of passive arrays. Systems such as Neuropixels 2.0 and the recently developed
Neuropixels Opto exemplify this progress by integrating thousands of recording sites
with active circuitry for signal amplification and multiplexing on a single shank [21].
These systems-on- chip (SoC) architectures reduce interconnect complexity and
minimize signal degradation by performing amplification and digitization directly at
the sensing source [18]. Beyond data acquisition, the integration of wireless telemetry
and power management has facilitated the development of fully implantable,
tetherless interfaces that operate within stringent bio-thermal constraints. Emerging
architectures, such as the BISC platform, further push these limits by utilizing ultra-
thin substrates to achieve high-bandwidth communication while incorporating real-
time on-chip processing to manage the massive data volumes inherent in high-
resolution brain-machine interfaces [22]

Advanced architectures like Neuropixels 2.0 leverage deep-submicron CMOS
processes (e.g., 130 nm) to achieve extreme miniaturization, seamlessly integrating
dense sensing arrays and active circuitry onto highly compact shanks [21]. Building
on this, systems such as Neuropixels Opto demonstrate the potential of heterogeneous
integration—combining gallium nitride (GaN) optoelectronics with silicon logic to
enable concurrent optical modulation and electrical recording on a single device [19].
Beyond penetrating probes, platforms like the Biological Interface System to Cortex
(BISC) illustrate how single-chip designs can successfully support massive electrode
arrays alongside high-bandwidth wireless telemetry [22]. Crucially, to manage this
immense data throughput without violating stringent bio-thermal safety limits, these
modern interfaces increasingly rely on on-chip neuromorphic processing. By
performing real-time signal compression at microwatt power levels, neuromorphic
architectures effectively resolve the fundamental conflict between high-channel-count
data acquisition and the thermal constraints of biological tissues [20].

3.2. Active On-Chip Safety Management

Beyond thermal management, recent safety research has shifted from passive
biocompatibility to active on-chip circuit management. Modern CMOS architectures
integrate real-time impedance monitoring and precision charge- balancing modules to
maintain control over the electrode- tissue interface [18]. These active units detect
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subtle deviations in electrochemical potential and automatically adjust stimulation
waveforms accordingly. This ensures that charge injection remains strictly within the
safe water window, effectively suppressing oxygen reduction reactions and localized
pH fluctuations [20]. Such hardware-native closed-loop control fundamentally
reduces the risk of tissue damage, significantly extending the operational lifespan of
high-throughput interfaces in complex biological environments [23].

3.3. Hermeticity and Hybrid Packaging

As previously highlighted regarding passive thin films, hybrid encapsulation is
crucial for bio-integration. However, for the heterogeneous integration of ultra-thin
CMOS dies, these physical barriers must achieve an even higher standard to protect
sensitive active circuitry. A pivotal development centers on using Atomic Layer
Deposition (ALD) to construct high-density, nanometer-scale inorganic ceramic
layers (e.g., AI203 or HfO2), achieving nearly pinhole-free ionic isolation [24]. By
interleaving these highly hermetic inorganic layers with flexible polymers like
Parylene-C, researchers create advanced multilayer architectures that successfully
harmonize the mechanical compliance required for soft tissue with the rigorous
hermeticity needed for active silicon electronics [25]. This transition to atomic- level
precision protection ensures that CMOS-based high- throughput interfaces can
maintain electrical stability for years within corrosive physiological environments
[26].

3.4. Translational Bottlenecks and Integration Challenges

Despite breakthroughs in safety and integration, semiconductor-based neural
interfaces still face critical translational bottlenecks. A primary limitation remains the
mechanical mismatch between silicon dies and ultra-soft neural tissue, which
continues to drive chronic inflammatory responses even with thinned substrates.
Regarding performance scaling, the stringent bio-thermal limit of 0.5 °C imposes a
physical ceiling on the computational density of on-chip processing, constraining the
deployment of complex real-time algorithms [26]. Furthermore, while hybrid
encapsulation shows promise in simulated models, its long-term stability within
dynamic human physiological environments lacks sufficient long- term in vivo
validation [27]. Future improvements must prioritize the optimization of
heterogeneous integration to bridge the gap between CMOS logic and flexible
nanomaterials, ensuring functional high-density systems with minimal biological
disruption [28].

4. Discussion and Future Perspectives

Future progress depends on bridging the gap between materials and semiconductor
engineering. Integrating flexible nanomaterials directly onto chip surfaces can reduce
mechanical damage to neural tissue. This approach maintains high performance while
ensuring a stable interface. To solve heat issues, neuromorphic computing
architectures offer a new path. They allow decoding algorithms to run efficiently on
the device, reducing data transfer and meeting safety standards [26]. Future interfaces
will actively adjust to stay in balance with the biological environment. As
manufacturing becomes standardized and testing matures, these systems will move
from the lab to become general human-machine interaction platforms.

And scaling neuromorphic computing is essential for clinical neural interfaces.
These architectures minimize power consumption by mimicking the brain’s sparse
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activity patterns [29]. This efficiency enables local decoding, which avoids the
thermal limits typically imposed by high-speed wireless transmission. Beyond energy
savings, neuromorphic systems offer a way to address neuroplasticity. Localized
learning allows the interface to track shifts in neural circuits and update parameters in
real time. This transition toward adaptive logic ensures long-term synergy between
electronic and biological systems, facilitating the development of symbiotic
interaction paradigms.

5. Conclusions

It is argued that the fusion of nanomaterials engineering and semiconductor
integration constitutes a paradigm shift for neural interface design. This synergy
moves the field beyond rigid probes toward active, bio- fused systems that prioritize
long-term biocompatibility, extreme channel density, and operational stability. The
integration of nanostructured interfaces with CMOS-based logic is pivotal, enabling
not only high-fidelity signal management but also the mitigation of mechanical
mismatch and chronic immune responses through flexible architectures. Crucially,
this approach incorporates active circuit management to ensure that system operation
remains strictly within the 0.5 °C bio-thermal safety limit. This hybrid framework
establishes a new foundation for future research, poised to significantly advance our
capabilities in engineering clinically robust, safe, and symbiotic systems for seamless
human-machine interaction.
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