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Abstract: 
The fusion of graphene neural interfaces with adaptive artificial intelligence (AI) systems has become a critical 
breakthrough in human-centred human-centred neurotechnologies and personalised healthcare. Graphene has an 
outstanding electrical conductivity, flexibility, transparency, light architecture and biocompatibility, making it an 
ideal material for wearable and implantable neural devices. At the same time, artificial intelligence systems that 
adapt their performance benefit the interpretation of the neural signals, learning in real time, signal recognition, and 
performance of rehabilitation. This review covers the structural and functional characteristics of graphene neural 
interfaces, adaptive AI in neural signal processing, and the synergy and application of both to brain–computer 
interfaces (BCIs), neuroprosthetics, assistive communication systems, and personalized neurotherapy. Humans 
studies show that graphene-AI systems have boosted the stability of neural signals, motor control, speech decoding 
and rehabilitation efficiency, as well as neural monitoring and remote healthcare. The review also covers critical 
issues like long-term biocompatibility, privacy of neural data, algorithmic transparency, cybersecurity, and 
regulatory approval. While small-scale clinical trials and the absence of standardized frameworks pose challenges, 
the potential applications of graphene-AI combination in neurological rehabilitation and intelligent healthcare 
systems are promising.  
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1. INTRODUCTION
The recent developments in the field of neurotechnology and artificial intelligence have 
revolutionized human-centred healthcare and neural engineering. Graphene, one of the emerging 
biomaterials, has been the focus of high scientific interest because of its remarkable electrical 
conductivity, mechanical flexibility, light weight, transparency, and biocompatibility. Because of 
these special characteristics, graphene is particularly promising for neural interface technologies 
such as brain–computer interaction (BCI), wearable neural sensors, neuroprostheses, and 
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cognitive monitoring devices. Meanwhile, adaptive artificial intelligence (AI) systems have 
enhanced the understanding and handling of complex neural signals via machine learning and 
real-time adaptive learning methods [1]. The integration of graphene neural interfaces and 
adaptive AI systems is a promising interdisciplinary strategy that holds the potential to 
significantly advance the field of neural communications, improve signal fidelity, and develop 
personalized healthcare solutions. 

 

Figure 1: Graphene-Based Neural Interfaces [2] 

The integration of graphene and adaptive AI has demonstrated promising applications in 
assistive communication devices, robotic prosthetics, rehabilitation technologies, and 
neurological disorder management. Graphene-based electrodes offer cleaner and more stable 
neural recordings, and adaptive AI systems provide better signal classification, motor control and 
real-time response based on individual neural patterns. These technologies can increase the 
quality of life of people who are paralyzed, have neurodegenerative diseases, speech problems, 
and mobility issues [3]. Yet, these developments have created other challenges, such as long-term 
biocompatibility, data privacy in the brain, transparency of algorithms and clinical regulation, 
which need to be further explored. Hence, future research is needed across various disciplines to 
develop safe, ethical, and effective graphene-AI neural systems for healthcare applications. 

1.1 Background Information and Context 

The recent advances in neurotechnology, nanomaterials, and Artificial Intelligence (AI) have 
significantly changed the brain–computer interface (BCI), neuroprosthetics and intelligent 
healthcare systems development. Graphene has attracted significant interest as an emerging 
nanomaterial, owing to its outstanding electrical conductivity, mechanical flexibility, 
transparency, light weight and biocompatibility and is a promising material for neural interface 
applications. At the same time, adaptive artificial intelligence (AI) systems have improved the 
ability to interpret and process complex neural signals via machine learning and real-time 
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adaptive learning [4]. The combination of graphene-based neural interfaces with adaptive AI 
systems is a groundbreaking interdisciplinary effort that seeks to enhance the connectivity 
between neural and artificial systems, facilitate human-machine interaction, and develop 
personalized neurorehabilitation solutions. The human-centered studies have shown potential in 
neural monitoring, prosthetic control, assistive communication devices, and cognitive 
assessment devices. 

1.2 Objectives of the Review 

This review aims to examine:  

• To examine the structural, functional, and biocompatible properties of graphene-based 
neural interfaces in human-centered neurotechnology applications.  

• To analyze the role of adaptive artificial intelligence systems in neural signal processing, 
brain–computer interfaces, and neuroprosthetic control.  

• To evaluate the integration of graphene neural interfaces with adaptive AI for improving 
rehabilitation, assistive healthcare, and personalized neurotherapy.  

• To investigate the clinical safety, ethical concerns, neural data privacy, and regulatory 
challenges associated with graphene-AI neural systems.  

• To identify current limitations, future research directions, and opportunities for the 
development of advanced human-centered neurotechnological solutions. 

1.3 Importance of the Topic 

Incorporating graphene nanotechnology with adaptive AI could transform healthcare, 
neurological rehabilitation, and assistive technology, potentially creating more responsive, 
adaptive, and personalized neural systems. These technologies have the potential to greatly 
enhance the quality of life for people with mobility challenges, speech difficulties, 
neurodegenerative diseases, and paralysis. In addition, graphene-AI systems can enable long-
term monitoring of brain activity, smart prosthetic systems, and even enhanced brain health 
services [5]. While these achievements have been made, significant issues of long-term safety, 
neural data privacy, algorithmic transparency, and regulatory approval still need to be addressed, 
underscoring the need for further interdisciplinary research and ethical clinical trials in this 
rapidly developing area. 

2. GRAPHENE NEURAL INTERFACES AND ADAPTIVE AI: ADVANCEMENTS 
IN HUMAN-CENTERED NEUROTECHNOLOGY 

Neural interfaces and adaptive AI systems, when combined with graphene technology, mark a 
significant milestone in the advancement of neurotechnology and human-centric healthcare. 
Excellent electrical conductivity, flexibility, biocompatibility and stable neural signal recording 
properties make graphene to be very suitable for wearable and implantable neural devices. 
Simultaneously, adaptive AI systems enhance the interpretation of neural signals, real-time 
learning, speech decoding, control of prosthetics, and brain–computer interface performance [6].  

2.1 Graphene-Based Neural Interfaces 

Structural and Functional Properties of Graphene 
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The properties graphene has made its use highly suited to neural interface application: 

• Ability to conduct electricity efficiently, allowing neural signals to be transmitted 
effectively.  

• Biointegrated shape and size for conformal contact with brain tissue  
• Optical transparency to assist simultaneous imaging and recording  
• The resistance to chemical reactions and corrosion. 
• Lightweight ultra-thin architecture  
• High surface area and high sensitivity of electrodes.  

Graphene is widely used by human-centered wearable neural sensors because it is able to record 
bioelectrical signals for extended periods and while the sensor is in motion. 

Types of Graphene Neural Interfaces 

• Implantable Graphene Electrodes: Flexible graphene electrodes have been studied for 
human neurosurgical recordings of the cortex. These interfaces show less tissue irritation 
and better signal resolution than stiff metal electrodes. 

• Wearable Graphene Sensors: EEG systems based on graphene are also considered as 
non-invasive neural monitoring systems that can be used in wearable devices. There are 
no conductive gels required in dry graphene electrodes, which not only enhance patient 
comfort but are also user-friendly for long-term applications [7]. 

• Transparent graphene neural array: 2D transparent graphene neural array for 
simultaneous neural recording and optical imaging for multimodal brain monitoring in 
clinical neuroscience research. 

Human-Based Research Findings 

Clinical and pilot studies have been carried out to establish that graphene electrodes can 
perform: 

• Lower electrode-skin impedance  
• More stable EEG signals  
• Results in improved comfort for long-term monitoring.  
• Enhanced flexibility for wearable applications. 
• Increased flexibility for wearable applications.  
• Lower inflammatory reactions in short-term studies of implants  

Most of the studies with humans, however, are still small and at the pilot scale. 

2.2 Adaptive AI Systems in Neural Control 

 AI-Based Neural Signal Processing 
Adaptive AI systems rely on machine learning algorithms for deciphering the patterns of neural 
activity. Common AI Methodologies are: 

• Artificial neural networks (ANNs)  
• Convolutional neural networks (CNNs)  
• Recurrent neural networks (RNNs)  
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• Reinforcement learning  
• Deep learning classifiers  
• Transfer learning algorithms  

These techniques allow the decoding of neural signals in real-time for communication and motor 
control. 

 Real-Time Adaptive Learning 
One of the major advantages of adaptive AI systems is their ability to continuously learn from 
user-specific neural patterns. Unlike static algorithms, adaptive AI can adjust the algorithms of 
decoding based on changes in neural activity, fatigue, emotional state or environment [8]. 

Adaptive BCIs have been shown to lead to greater accuracy in human studies for: 

• Speech decoding  

Cursor control  

• Robotic arm movement  

• Prosthetic limb coordination  

• Cognitive workload assessment  

2.2.3 Strengths and Weaknesses of AI Integration 

Strengths 

• Personalized Neural Decoding: Adaptive AI is able to analyze neural activity 
individually from one person and customize their decoding process based on their neural 
signatures uniquely. In addition to that, adaptive AI increases the efficiency and 
effectiveness of BCIs and neuroprosthetics as well. This technology will be greatly 
beneficial for humans, as it can learn to adapt to individual differences between people. 

• Faster Response Times: Artificial intelligence-based neural networks are able to process 
extensive neural data sets in real-time, making it possible for them to be interpreted and 
executed instantaneously. This speed in computation is especially crucial for practical 
uses like robotic prostheses, communicative technology, and mobility assistance systems 
[9]. 

• Improved Signal Classification Accuracy: Modern machine learning and deep learning 
models have the capacity to detect sophisticated neural patterns in a highly accurate 
manner. The use of adaptive artificial intelligence technologies allows for better 
classification of electroencephalography (EEG) and other neural signals through noise 
reduction and separation of relevant neural processes from irrelevant ones.  

Weaknesses 

• High Computational Requirements: Deep Learning models and other forms of 
adaptive AI algorithms need powerful computational capabilities to process information 
from the brain. The addition of high-performance computer chips might cause more 
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complications concerning portability, energy use, and costs. This issue could have 
negative implications for wearable or implantable devices in the field of neural 
engineering. 

• Big Datasets Needing Extensive Amounts of Time: AI-based programs generally 
require large sets of data for training purposes. The collection of relevant data from 
human neural activity is challenging and costly. Insufficient data for training would make 
the algorithm unreliable, thereby limiting its application among a wider population of 
patients [10]. 

• Bias in Neural Decoding Algorithms: AI technologies have a possibility of being biased 
depending on the quality of training data used. The bias generated by the algorithm can 
make the technology perform poorly among people with varied neurological problems, 
age differences, or cognitive traits. 

3. ADVANCEMENTS, SAFETY, AND ETHICAL PERSPECTIVES IN GRAPHENE-
BASED ADAPTIVE NEURAL SYSTEMS 

Neural interfacing of graphene material with adaptive artificial intelligence technology has made 
significant advancements in neurotechnology that is more geared towards humans by enhancing 
brain-computer interfaces, neuro-prosthetics, and assistive healthcare technologies [11]. Graphene 
ensures quality neural interfacing with flexibility and bio-compatibility whereas adaptive 
artificial intelligence improves interpretation and analysis of brain signals. However, several 
issues still need to be addressed such as safety, security, privacy, and regulation.  

3.1 Integration of Graphene Interfaces with Adaptive AI 

The combination of graphene electrodes with adaptive AI models has greatly enhanced the 
efficiency of BCIs[12]. As a result of the superior electrical conductivity and flexibility of 
graphene, as well as its high biocompatibility, graphene electrodes make possible clearer and 
more consistent neural signal recording than traditional electrodes do. Such a high-quality input 
enables the AI system to analyze neural activity much more precisely. For instance, experiments 
using BCIs have achieved faster information transfer, increased ability to recognize motor 
imagery, lower noise levels, and higher usability. Adaptive AI models can adapt to changes in the 
neural activity that occur because of motion, emotions, or tiredness, among other reasons [13]. 

 

Figure 2: Brain–Computer Interfaces (BCIs) [14] 
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The use of adaptive AI in combination with graphene is also very promising in neuroprosthetics 
and assistive technologies [15]. Neural instructions detected by means of graphene interfaces and 
processed using artificial intelligence will be able to result in accurate movements performed by 
an AI-controlled prosthetic limb. Some examples of clinical application can be intelligent 
prosthetic arms, communication aids for people with speech impairments, exoskeletons 
controlled by artificial intelligence, and mobility aid devices. Graphene sensors provide 
additional advantages in terms of flexibility and accuracy, whereas adaptive AI increases 
precision and responsiveness of movements [16]. 

3.2 Biocompatibility and Safety Considerations 

There are many features of graphene that help it become an ideal candidate for use in neural 
interfaces [17]. First, the ultra-thinness and flexibility of the material allow avoiding mechanical 
incongruity between the material and the soft neural tissues and, hence, ensuring comfort and 
preventing additional stresses on neighboring cells while recording neural signals from within 
the brain. The existing research carried out on humans indicates that graphene-based interfaces 
have the ability to prevent inflammation, irritation, improve conformability, and ensure stable 
functioning of electrodes. 

Despite these advantages, many clinical safety issues persist that need to be addressed. These 
issues involve the potential side effects of the biodegradation process in graphene materials, the 
risk of nanomaterial accumulation in the human body, inconsistent synthesis techniques for 
graphene materials, and inconsistent quality control processes when manufacturing devices. 
Furthermore, there has been no clinical validation on the long-term effects of graphene neural 
interfaces after implantation in the human brain. Most of the research that supports this topic 
involves short-term testing among humans [18]. 

3.3 Ethical and Regulatory Challenges 

AI-aided neural networks produce vast amounts of extremely sensitive neurologically and 
cognitively personal information, thus creating neural data privacy issues from an ethical point 
of view [19]. The leakage of this kind of information could have a severe effect on personal 
autonomy and privacy of cognitive states, especially where continuous brain monitoring is 
required. The risks here include potential brain surveillance, data ownership ambiguities, 
cybersecurity threats, and difficulties achieving full informed consent from users of the 
technology. As the brain information is likely to contain thoughts, emotions, behaviors, or 
cognitive intent, there must be effective ways to secure the information. 

An additional issue that exists is related to the transparency in the algorithms used for adaptation 
in artificial intelligence applications [20]. The reason is that many AI applications function 
through black-box methods, where the decision-making procedure is not easy to understand. The 
problem with the above-mentioned issue is that it might create difficulties when validating the 
neural interpretations or treatment plans made by such algorithms. In medical settings, the 
inability to interpret algorithms can negatively affect the trust levels between practitioners, 
patients, and machines [21]. 
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The combination of graphene nanomaterials with adaptive AI technologies also poses difficult 
regulatory issues [22]. These issues include the setting of regulatory pathways for medical 
approvals, the undertaking of thorough safety testing, the delineation of AI responsibility 
criteria, and the adherence to international rules on biomedical devices. Regulatory bodies will 
need to consider not only the safety of graphene-based neural interface devices but also the 
ethical considerations in relation to AI decision-making systems [23]. Nevertheless, full 
regulatory guidelines for such hybrid graphene-AI neurotechnologies are currently being 
formulated. 

4. HUMAN-CENTERED CLINICAL TRANSLATION AND PERSONALIZED 
NEUROTHERAPY 

The incorporation of graphene-based neural interfaces in conjunction with adaptive AI 
technologies has been playing a key role in advancing personalized neurotherapeutic options that 
can benefit the health care industry [24]. The aim here is to transition neurotechnologies from 
laboratories to patient-oriented technologies, which are aimed at advancing neurological 
diagnosis, rehabilitation, and treatments. Individualized neurotherapy involves neural 
modulation, personalized rehabilitation techniques, and advanced patient monitoring [25]. 

 

Figure 3: Neurotherapy [26] 

Graphene-based neural devices have great potential to be translated into clinical practice thanks 
to their flexibility, lightweight nature, and enhanced electrical sensitivity [27]. They enable non-
invasive continuous neural monitoring, which results in better tolerance in humans. Furthermore, 
once integrated with an adaptive AI system, these devices will allow for the analysis of neural 
activity in each patient, leading to personalized treatment based on the results obtained. 

An adaptive AI system is capable of learning from the reactions of patients throughout the 
therapy process, making it possible to make adaptive changes in the degree of stimulation, 
movement support, or even the interpretation of language signals [28].  

In addition to that, it is important to note the possibility for remote healthcare monitoring by 
using graphene-based neuro-devices. Patients would be able to have their brain activity assessed 
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without leaving hospitals, which allows for early diagnosis of neuro disorders and helps avoid 
unnecessary workload [29]. 

However, even with all these advancements, there are some limitations that come with the 
clinical application of neurotechnology. First, most research has been performed within lab 
settings using only a few human subjects. Issues related to device stability, regulation, 
standardization, and ethical handling of neural information persist as obstacles to its adoption 
[30]. 

Table 1: Summary of Literature on Graphene-Based Biocompatible and Neural Interface 
Technologies [31] 

Author(s) 
& Year 

Study Focus Methodology/Approach Key Findings 

Rodríguez 
Meana 

(2023) [32] 

Biocompatibility and 
functionality of 

graphene-based neural 
interfaces in 
biomedical 
applications 

Review-based analysis of 
graphene neural interface 

technologies and 
biomedical performance 

Reported that graphene 
exhibited excellent 

electrical conductivity, 
flexibility, and neural tissue 

compatibility. The study 
found reduced 

inflammatory responses and 
improved signal 

transmission compared to 
conventional electrodes, 

while emphasizing surface 
modification for long-term 
implant stability and safety. 

Sabet & 
Sabet 

(2025) [33] 

Biocompatible 
graphene-polymer 

composites for 
biomedical and 
environmental 
applications 

Literature review of 
graphene-polymer 

composite fabrication and 
applications 

Identified enhanced 
mechanical strength, 

thermal stability, 
antimicrobial activity, and 
conductivity in graphene-
polymer composites. The 

study highlighted 
applications in tissue 

engineering, biosensors, 
drug delivery, water 

purification, and pollutant 
removal, while discussing 

challenges related to 
toxicity and sustainability. 

Sarkar et 
al. (2025) 

[34] 

Graphene–hydrogel 
biointerfaces and 

translational 

Comparative review of 
graphene-hydrogel design 

frameworks and 

Demonstrated that 
graphene-hydrogel systems 

improved flexibility, 
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biomedical pathways biomedical integration conductivity, hydration, and 
cellular compatibility. The 
study reported enhanced 

cell adhesion, tissue 
regeneration, and neural 
communication, while 

identifying translational 
barriers such as 

manufacturing complexity 
and regulatory concerns. 

Tabish et 
al. (2025) 

[35] 

Low-dimensional 
nanoarchitectonics for 

neurochemical 
sensing and 
neurological 
modulation 

Review of nanoscale 
engineering approaches for 

neurotechnology 
applications 

Found that graphene-based 
nanostructures significantly 

improved neurochemical 
sensing sensitivity, 

selectivity, and real-time 
monitoring. The study 

emphasized applications in 
neural modulation, brain-
machine interfaces, and 

personalized neurological 
therapies with improved 

biocompatibility. 
Tariq et al. 
(2022) [36] 

Synthesis and 
applications of 
graphene and 

graphene-based 
nanocomposites using 
conventional and AI-
assisted approaches 

Comprehensive review of 
graphene synthesis 
techniques and AI 

integration 

Reported exceptional 
physicochemical properties 

of graphene 
nanocomposites, including 
high conductivity, surface 
area, and durability. The 

study highlighted the role 
of artificial intelligence in 

optimizing synthesis, 
characterization, and 

performance prediction, 
thereby accelerating 
graphene technology 

development. 
 

Future innovations in personalized neurotherapy will certainly involve the convergence of 
explainable AI algorithms, secure cloud computing of neural data, low-power wearables, and 
reproducible methods of graphene manufacturing [37]. It will also be necessary to maintain close 
cooperation between healthcare practitioners, neuroscientists, biomedical engineers, and AI 
experts in order to deliver safe neurotechnology solutions. 
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5. DISCUSSION 
Combining the capabilities of graphene-enabled neural interfaces with adaptive artificial 
intelligence technologies has been very beneficial for both neurotechnology and personalized 
medicine. This is because of the superior qualities provided by graphene such as conductivity, 
flexibility, biocompatibility, and neural signal recording, combined with adaptive algorithms that 
facilitate better signal decoding and improve real-time learning as well as the effectiveness of 
rehabilitation therapies [38]. 

5.1 Interpretation and Analysis of the Findings 

As shown by the results of this review, the use of graphene-based neural interface integration 
with adaptive AI systems is considered an important achievement in the field of human-centric 
neurotechnology and personalized medicine. Graphene materials exhibit outstanding 
characteristics, including high electrical conductivity, flexibility, light weight, transparency, and 
biocompatibility, thus making them ideal candidates for development of neural interface 
implants. Human-centric research shows that the application of graphene electrodes is effective 
in enhancing neural signal quality, reducing electrode-skin impedance, ensuring comfort while 
using them, and achieving stable neural recording. Meanwhile, adaptive AI systems have helped 
in improving neural signal analysis via machine learning, deep learning, and adaptive real-time 
processing. 

5.2 Implications and Significance 

Graphene and adaptive AI have a number of significant clinical and technical implications in 
modern medicine. Neural systems powered by adaptive artificial intelligence will help people 
who suffer from paralysis, neurodegeneration, speech disabilities, and other conditions with fast 
and accurate signal processing, neural decoding, more precise motor control, and adaptability 
during rehabilitation [39]. Adaptive AI and graphene materials can be used in wearable 
technologies that will enable continuous neural monitoring and remote medical care to create 
new tele-neurology and neurotherapy systems. Graphene materials can improve patient comfort 
and adaptability of medical devices to individual patients through increased sensitivity and 
flexibility. At the same time, adaptive AI technology can respond differently depending on the 
individual's neural activity and surrounding environment. 

5.3 Research Gaps and Future Direction 

However, there are still many limitations that need to be addressed. Firstly, most of the existing 
human-focused studies suffer from having too small sample sizes, short-term experiments and 
being at a prototype stage, which restricts their applicability to real-life scenarios. Further studies 
should explore long-term issues such as biocompatibility and biodegradation of nanoparticles, 
nanomaterial accumulation and the safety of prolonged implants through clinical trials [40]. 
Additionally, ethical issues associated with neural data protection, cybersecurity, informed 
consent and transparency of artificial intelligence algorithms should not be overlooked. 
Furthermore, an absence of regulation makes the translation of these neural networks into 
clinical use problematic.  

6. CONCLUSION 

203



J. Pharm. Res. Integr. Med. Sci.                                                                                                                            Srivastav et. al.          

 
 
 
 
 

Journal of Pharmaceutical Research and Integrated Medical Sciences (JPRIMS) 
 ISSN: 3049-1681 | Vol. 03, Issue-05, May -2026 | pp. 193-207 

J. Pharm. Res. Integr. Med. Sci.                             https://aktpublication.com/index.php/jprims/index 

 

 

 

 

Journal of Pharmaceutical Research and Integrated Medical Sciences (JPRIMS) 
ISSN: 3049-1681 | Vol. 03, Issue-05, May-2026 | pp.-193-207 

 

This review demonstrates that the combination of graphene-based neural interfaces with 
adaptive artificial intelligence technology is the great breakthrough in neurotechnology and 
personalized healthcare based on human-centered technology. Graphene can be used 
successfully in wearables and implantable neural devices because of its unique electrical 
properties, flexibility, transparency, lightness, and biocompatibility, whereas adaptive artificial 
intelligence increases the efficiency in interpreting neural signals, real-time learning, 
personalized signal decoding, and rehabilitation results. The review shows that the technologies 
described above have found their use in brain-computer interface devices, neuroprosthetics, 
assistive speech technologies, and personalized neurotherapy. The technologies allow enhancing 
brain monitoring, motion control, speech decoding, and rehabilitation results. In addition, the 
technologies under consideration can significantly improve people's quality of life with such 
conditions as paralysis, neurodegenerative diseases, speech disorders, and locomotion 
disabilities. Still, this review emphasizes the challenges associated with long-term 
biocompatibility, neural data security issues, cybersecurity, algorithm transparency, and 
regulatory approval that should be explored further. Thus, the continuous research from various 
disciplines, human trials, governance, and technology standardization are crucial for safe and 
efficient future healthcare innovations. 
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