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Abstract. Brain-Computer Interfaces (BCls) enable direct communication between the brain and
external devices, but their performance heavily depends on the quality of the electrodes. Traditional
materials, such as gold and platinum, offer high conductivity but often struggle with biocompatibility
and can cause tissue damage due to their mechanical mismatch with neural tissue. While conductive
polymers provide greater flexibility, they frequently fall short in electrical performance. Nanomaterials,
including carbon nanotubes (CNTs) and graphene, are increasingly considered promising
alternatives. These materials combine high conductivity with mechanical flexibility and offer potential
improvements in biocompatibility, enhancing the capture and transmission of neural signals. Hybrid
materials, which integrate conductive polymers with nanomaterials, have also shown potential by
balancing flexibility and signal quality. This review examines recent advancements in nanomaterial-
based BCI electrodes and focuses on how these new materials address the limitations of traditional
electrodes. It also discusses emerging tools like metallic nanoparticles and nanowires, along with
the ongoing challenges of biocompatibility, tissue integration, and ethical considerations. As
nanotechnology continues to evolve, it has the potential to significantly enhance the functionality and
longevity of BCls, making them more effective in facilitating neural communication.
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1. Introduction

Brain-computer interfaces (BClIs) represent a rapidly advancing field of neurotechnology, enabling
direct communication between the brain and external devices, bypassing conventional neural
pathways. These systems hold tremendous promise for neuroproteins, rehabilitation, and cognitive
enhancement applications. However, the success of BCIs hinges on the electrodes that interface with
neural tissues.

Historically, metals like gold and platinum, along with conductive polymers, have been the
materials of choice for electrodes due to their excellent electrical conductivity and ease of fabrication.
Despite these advantages, such materials present significant challenges, including poor
biocompatibility, mechanical stiffness, and the potential to trigger foreign body reactions that can
compromise the electrode's long-term performance [1].

Given these challenges, there has been growing interest in incorporating nanomaterials into BCI
electrodes. Carbon nanotubes, graphene, and conductive polymers with nanoscale architectures offer
unique properties that make them particularly well-suited for neural interfacing. These materials
provide exceptional conductivity and flexibility, allowing them to conform to the brain's intricate
structure, which reduces the risk of tissue damage and enhances long-term biocompatibility [2,3].
Additionally, these nanomaterials offer improved resolution and stability in recorded neural signals,
a crucial factor for maintaining high functionality in BCIs [4].

2. Carbon-Based Nanomaterials

2.1. Carbon Nanotubes (CNTSs)

CNTs are tubular structures formed by rolling graphene layers and come in two forms: single-
walled (SWCNTs) and multi-walled (MWCNTS) [5]. These materials are known for their high
electrical conductivity, mechanical strength, and adaptability, which help maintain electrode stability
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in the dynamic environment of the brain. CNTs have shown significant improvements over traditional
metal electrodes by reducing impedance and enhancing signal integrity, both of which are critical for
accurate neural recording and stimulation [6].

A major advantage of CNTSs is their ability to closely interact with neural tissues due to their high
aspect ratio and large surface area, which leads to improved signal [7]. This helps overcome one of
the main limitations of conventional metallic electrodes, which often suffer from high impedance and
poor signal quality. Moreover, the flexibility of CNTs allows them to conform more easily to the
brain's complex structure, reducing the risk of tissue damage [3].

However, CNTSs are not without challenges. One significant concern is their potential cytotoxicity.
Although CNTs are generally considered biocompatible, some studies have shown that they can
trigger inflammatory responses, particularly when fragments are released into surrounding tissues [8].
This issue has led to the development of surface modification techniques, such as coating CNTs with
biocompatible materials, to reduce these risks and improve their long-term safety [9]. While CNTs
represent a significant advancement in BCI technology, more research is needed to fully address
concerns related to biocompatibility [2].

2.2. Graphene

Graphene has emerged as a leading candidate for BCI electrodes due to its unique two-dimensional
structure and exceptional electrical properties. Unlike CNTs, graphene’s planar structure allows for
broader contact with neural tissues, which is essential for enhancing the stability and consistency of
electrical signals between the brain and external devices. This makes graphene electrodes particularly
effective for tasks requiring high spatial resolution, such as brain mapping and neural decoding [10].

Compared to CNTSs, graphene offers additional benefits, such as greater flexibility and minimal
thickness, enabling electrodes to conform more closely to the brain's surface. This reduces the
likelihood of tissue damage, a common issue with stiffer electrode materials [11]. Furthermore,
graphene’s high electron mobility and conductivity support the development of high-density
electrode arrays, which improves the accuracy of neural signal acquisition [12].

Nevertheless, graphene faces some of the same biocompatibility challenges as CNTs. While pure
graphene is generally biocompatible, derivatives like graphene oxide can cause oxidative stress and
inflammatory responses [13]. These issues have driven research into surface modifications and the
creation of graphene-based composites that combine graphene’s desirable properties with other
biocompatible materials. These studies are crucial for ensuring the safe and effective use of graphene
in neural interfacing technologies [14].

3. Metallic Nanomaterials

3.1. Gold Nanoparticles (AuNPs)

AuUNPs have become central to the development of advanced BCI electrodes due to their excellent
electrical conductivity, high chemical stability, and biocompatibility [15]. Integrating AuNPS into
electrodes can increase surface roughness, which enhances the availability of active sites for neural
signal transmission. This enhanced interaction at the surface allows for more sensitive detection of
neural activity, thereby improving the fidelity of signal transmission compared to traditional
electrodes [16].

Compared to carbon-based nanomaterials, the inertness of AuNPs makes them less prone to
oxidation, reducing oxidative stress, a significant concern with materials like graphene oxide. This
intrinsic biocompatibility makes AuNPs suitable for long-term implantation in neural tissues,
lowering the risk of adverse reactions. AUNPs have been successfully applied in both invasive and
non-invasive BCls, with significant use in deep brain stimulation (DBS), where they enhance the
accuracy and effectiveness of electrical stimulation in treating neurological disorders such as
Parkinson's disease and epilepsy [17].
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However, the high cost of gold and the tendency of nanoparticles to aggregate in vivo present
challenges that limit the widespread use of AuNPs. Current research is focused on optimizing the size
and surface chemistry of AuNPs to maintain their dispersity and functional activity [18].

3.2. Silver Nanoparticles (AgNPs)

AgNPs are another class of metallic nanomaterials valued for their high electrical conductivity and
antimicrobial properties. AgQNPs have been combined with polymer matrices to create flexible and
conductive composites that can conform to the brain's contours, reducing issues associated with stiff
metal electrodes. This increased flexibility offers better electrode-to-tissue contact, leading to more
reliable signal acquisition [19].

Silver presents a more economically feasible alternative to gold, but it also has significant
biocompatibility concerns. High concentrations of silver ions released from AgNPs can be toxic to
cells, leading to cytotoxicity and inflammatory responses. These toxicity issues have prompted the
development of strategies to control silver ions' release rate or coat AgNPs with biocompatible
materials that reduce their reactivity while retaining their beneficial properties [20].

3.3. Platinum Nanoparticles (PtNPs)

Platinum nanoparticles (PtNPs) have been used less frequently than gold or silver nanoparticles,
but they offer specific advantages that make them valuable in certain BCI applications. PtNPs are
known for their remarkable catalytic properties, which can be harnessed in signal transduction and
electrochemical sensing electrodes. Along with high conductivity, PtNPs exhibit chemical stability,
allowing them to maintain performance in the brain's complex environment, where stability and
reliability are essential [21].

In neurochemical sensing, PtNP-enhanced electrodes have been used to detect neurotransmitter
levels in real-time, providing valuable information about the brain's chemical environment. This
capability is crucial in research settings, where understanding neural activity and its relationship to
behavior and disease is paramount. PtNPs have also been utilized in sophisticated neural prosthetics,
where their catalytic properties enhance interaction at the electrode-tissue interface, increasing the
sensitivity and longevity of the implant [22].

However, concerns about the potential cytotoxicity and high cost of PtNPs limit their widespread
application in BCI technologies. Ongoing research is focused on mitigating these issues through
surface modifications and the development of more cost-effective synthesis methods [23].

4. Hybrid Nanomaterials

4.1. Polyaniline (PANI) with Carbon Nanotubes (CNTSs)

PANI is a conductive polymer widely studied for its environmental stability and ease of synthesis.
When integrated with CNTs, PANI forms a composite that exhibits enhanced mechanical strength
and flexibility due to the unique structure of CNTs. This combination results in a material with
superior electrical conductivity and mechanical properties, making it an ideal candidate for BCI
electrodes. Compared to CNTs alone, the PANI-CNT composite offers improved processability and
mechanical integration with neural tissues while maintaining the high conductivity necessary for
effective neural interfacing [24].

The PANI-CNT composite has been particularly effective in applications requiring both neural
signal recording and stimulation. The high aspect ratio and large surface area of CNTs within the
composite enhance the electrode’s ability to closely couple with neural tissues, resulting in better
signal capture and reduced impedance. This improvement is critical for neuroprosthetics and deep
brain stimulation, where precise and reliable signal transmission is essential [25].
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4.2. Poly 3,4-ethylenedioxythiophene (PEDOT) with Graphene

Another significant development in hybrid nanomaterials is the combination of PEDOT with
graphene. PEDOT is known for its high conductivity and flexibility, which are further enhanced when
paired with graphene’s exceptional electrical properties. The resulting PEDOT-graphene composite
offers improved conductivity, increased durability, and mechanical stability, making it suitable for
high-performance BCI electrodes [26].

Compared to using graphene or PEDOT alone, the composite offers a synergistic effect, where the
mechanical flexibility of PEDOT complements the high surface area and conductivity of graphene.
This combination allows the composite to conform closely to the brain’s surface, minimizing tissue
damage and ensuring stable operation over extended periods. These composites are particularly useful
in applications requiring long-term stability and high-resolution neural recordings, such as brain
mapping and cognitive neural prosthetics [27].

4.3. Polypyrrole (PPy) with Gold Nanoparticles

PPy is another conductive polymer effectively combined with gold nanoparticles to create
composites that exhibit enhanced electrical conductivity and mechanical strength. Including gold
nanoparticles increases the surface roughness of the electrodes, providing more contact points with
neurons, thereby improving signal specificity and reducing impedance. Compared to using gold or
PPy alone, the composite offers a more balanced approach, combining the biocompatibility and
conductivity of gold with the flexibility and processability of PPy [28].

This makes PPy-gold nanoparticle composites highly suitable for applications requiring precise
neural signal recording, such as neural monitoring systems for patients with neurological disorders.
Moreover, PPy-gold ensures reliable signal transmission even over long periods, which is crucial for
developing durable and practical BCI systems [29].

5. Discussion

5.1. Overall Cross-Examination of Nanomaterial Categories

Carbon-based nanomaterials, particularly CNTs and graphene, are highly valued for their
exceptional electrical conductivity and mechanical flexibility. These characteristics make them ideal
for applications where electrode flexibility is critical to reducing tissue damage and maintaining long-
term biocompatibility. For example, CNTs offer an unparalleled high aspect ratio and large surface
area, which enhances signal capture and lowers impedance—crucial for precise neural recording and
stimulation. However, the potential cytotoxicity and inflammatory responses remain significant
hurdles that researchers continue to address through surface modification and functionalization
strategies [30].

Metallic nanomaterials, such as AuNPs, AgNPs, and PtNPs, stand out due to their high electrical
conductivity and chemical stability, making them particularly suited for applications where long-term
stability and biocompatibility are paramount. AuNPs, for example, have been extensively used in
BCls due to their ability to enhance neural signal transmission through increased surface roughness,
thus improving the sensitivity and fidelity of signal detection. Nevertheless, the high cost of gold and
the potential cytotoxicity of silver nanoparticles limit their widespread use. The aggregation of
metallic nanoparticles in vivo further complicates their application, necessitating ongoing research
into more stable formulations and coatings to mitigate these issues [31].

Hybrid nanomaterials, which combine the properties of conductive polymers with either carbon-
based or metallic nanomaterials, offer a balanced approach that leverages the strengths of each
component. These materials are designed to integrate the high conductivity and mechanical flexibility
of carbon-based materials with the stability and biocompatibility of metallic nanoparticles. For
instance, composites like PEDOT-graphene or PANI-CNTs demonstrate improved electrical
properties and durability while maintaining the flexibility necessary for conforming to the brain’s
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complex structure. This makes them promising candidates for long-term neural interfacing, although
the complexity of these composites can present challenges in terms of consistent fabrication [32].

Currently, carbon-based nanomaterials are the most widely researched and have demonstrated
substantial utility in BCI applications, particularly in contexts requiring high conductivity and
flexibility. Metallic nanomaterials, especially gold nanoparticles, are more established in clinical
applications due to their biocompatibility and stability, despite their higher costs. Hybrid materials,
while still largely experimental, represent the future frontier of BCI electrode development, offering
the potential to overcome the limitations of single-material systems by combining the best attributes
of carbon-based and metallic components [32].

5.2. Ethical Considerations

The integration of nanomaterials into BCIs introduces several ethical considerations that must be
addressed to ensure the responsible development and deployment of these technologies. Long-term
safety is one such issue, as the full impact of nanomaterials on neural tissues over extended periods
has yet to be fully understood. Materials like CNTSs, graphene, and various metallic nanoparticles
pose potential risks, such as cytotoxicity, inflammatory responses, and unforeseen interactions with
biological systems. Ongoing research into the long-term biocompatibility of these materials is crucial
to mitigating these risks and ensuring their safe use in clinical settings [33].

Informed consent is also critical, particularly when these technologies are used in vulnerable
populations, such as patients with severe neurological disorders. It is essential that patients fully
understand the potential risks and benefits of BCI implants, as well as the experimental nature of
using advanced nanomaterials. Ensuring that patients provide informed consent based on a clear
understanding of these factors is crucial to ethical practice [34].

Equitable access to BCI technologies is a growing concern, as the high cost and complexity of
these advanced materials may limit their availability to a select few. As these technologies evolve,
efforts must be made to ensure they are accessible to a broader population and to prevent exacerbating
existing healthcare inequalities. This includes exploring cost-effective alternatives and developing
scalable production methods for nanomaterials, which could help reduce costs and increase access to
these life-changing technologies [35].

6. Conclusion

The application of nanomaterials in BCls represents a significant advancement in neurotechnology,
offering enhanced electrical conductivity, biocompatibility, and flexibility over traditional materials.
Carbon-based nanomaterials like CNTSs, graphene, and metallic nanoparticles such as gold, silver,
and platinum have shown great promise in improving BCI electrode performance. These materials
enhance the ability to capture and transmit high-fidelity neural signals while reducing the risk of
tissue damage and inflammatory responses.

However, while the potential of these materials is clear, several challenges must be addressed.
Long-term biocompatibility remains a critical issue, with ongoing research needed to fully understand
the impact of nanomaterials on neural tissues over time. Additionally, further development of surface
modification techniques and biocompatible coatings will be essential to mitigate any adverse
biological responses and ensure the safe and effective use of these materials in BCIs.

Future research should also focus on developing more affordable and scalable production methods
for nanomaterials to ensure broader access to these advanced technologies. Exploring cost-effective
alternatives to expensive nanomaterials could contribute to more equitable access to BCI technologies.
Furthermore, interdisciplinary collaboration will be critical in advancing this field, as it will require
the combined efforts of neuroscientists, materials scientists, and ethicists to navigate the complex
challenges associated with developing and deploying these technologies.

By continuing to explore the potential of nanomaterials in BCls while addressing the associated
challenges and ethical considerations, researchers can help ensure that these technologies are
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developed and deployed to maximize their benefits and minimize risks. This approach will be crucial
in realizing the full potential of BCls to transform the lives of individuals with neurological disorders
and beyond.
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