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Abstract:

Graphene flexible electrodes, with their unique two-dimensional structure and
excellent physical and chemical properties, have demonstrated significant
advantages in the field of bioelectronic interfaces. This paper systematically
explores the interface adaptation mechanism between graphene flexible electrodes
and biological tissues, and conducts an analysis from four dimensions: material
properties, interface interaction, biocompatibility regulation, and dynamic
adaptability. Research shows that the electrical conductivity, mechanical flexibility
and surface chemical modification ability of graphene jointly build the stable
adaptation basis of the biological interface, while its interaction with the cell
membrane, proteins and extracellular matrix determines the long-term functional
stability of the electrode. By regulating the surface functional groups, conductive
network structure and mechanical compatibility of graphene, dynamic synergy
between electrodes and biological tissues can be achieved, providing key technical
support for neural interfaces, wearable devices and implantable medical devices.

Keywords: Graphene flexible electrode; Biological interface; Adaptation mechanism;
Surface finishing; Dynamic collaboration.

1. Introduction

As a core link connecting electronic devices with biological systems, the performance of
bioelectronic interfaces directly determines the efficiency of neural signal acquisition, brain-
computer interfaces, and implantable therapeutic devices. Due to the mismatch between
mechanical stiffness and biological tissues, traditional metal electrodes are prone to tissue
damage and chronic inflammatory responses, leading to signal attenuation and electrode failure
[1]. The emergence of graphene flexible electrodes has provided a new path to solve this
difficult problem. Its single-atom-layer structure endows the material with high electrical
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conductivity, high mechanical flexibility and excellent biocompatibility, and it can be deeply
adapted to biological tissues through surface chemical modification and structural engineering

[2].

In recent years, the application of graphene in the field of bioelectronics has made breakthrough
progress. For instance, the flexible graphene electrode brain-computer interface has achieved
single-neuron-level signal acquisition, providing a new therapeutic tool for patients with ALS
and paralysis [3]; The graphene oxide drug delivery system has been approved for the treatment
of brain cancer and pancreatic cancer, and its targeting efficiency is more than three times
higher than that of traditional chemotherapy drugs [4]. However, the complexity of the
interaction between graphene and biological interfaces still has many unsolved mechanisms,
such as the dynamic regulation of interface charge transfer, the suppression strategies of long-
term immune responses, and the maintenance of stability in dynamic physiological
environments, etc. [5] This paper systematically expounds the biological interface adaptation
mechanism of graphene flexible electrodes from four aspects: material properties, interface
interaction, biocompatibility regulation and dynamic adaptability, providing a theoretical basis
for the design of high-performance bioelectronic devices.

2. The Material Properties of Graphene Flexible Electrodes and Their Compatibility
with Biological Interfaces

2.1 Electrical Conductivity and Charge Transport Mechanism of Graphene

The electrical conductivity of graphene stems from its six-membered ring structure composed
of sp? hybrid carbon atoms, with an electron mobility of up to 15,000 cm?/(V-s), far exceeding
that of traditional metallic materials [6]. In biological interfaces, high conductivity ensures low-
impedance charge transmission between electrodes and neurons or muscle cells, reducing
signal distortion. For instance, when graphene-based neural electrodes record local field
potentials, their impedance is reduced by more than 30% compared to metal electrodes,
significantly enhancing the signal-to-noise ratio of the signal [7]. In addition, the two-
dimensional structure of graphene makes the electronic density of states on its surface uniform,
which is conducive to the formation of stable charge transfer complexes with biomolecules
(such as proteins and neurotransmitters), thereby enhancing the electronic coupling efficiency
at the interface.

2.2 Mechanical Flexibility and Compatibility with Biological Tissues

Biological tissues (such as brain tissue and skin) possess a high degree of flexibility and
dynamic deformation capacity. Traditional rigid electrical appliances are highly prone to tissue
damage due to mechanical mismatch. Graphene flexible electrodes achieve mechanical
adaptation to biological tissues through structural engineering: on the one hand, the thickness
of a single layer of graphene is only 0.35nm, and it can be bent to a radius of less than 1 um
without breaking; On the other hand, by compounding graphene with polymers such as
polydimethylsiloxane and hydrogels, flexible electrodes with a tensile rate exceeding 1000%
can be prepared. For instance, after laser-induced graphene (LIG) was combined with
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polyacrylic acid hydrogel, its elongation at break increased from 8% to 40%, while maintaining
stable electrical conductivity, achieving seamless bonding with dynamic biological tissues such
as the heart and muscles.

2.3 Surface Chemical Modification and Biomolecular Recognition

The surface chemical modification of graphene is a key means to regulate its interaction with
biological interfaces. Specific functional groups can be introduced onto the surface of graphene
through covalent modifications (such as carboxylation, amination) or non-covalent
modifications (such as n-n stacking, electrostatic adsorption) to achieve selective binding with
biomolecules. For instance, carboxyl fossil graphene can bind to the glycoproteins on the
surface of neurons through amide bonds, enhancing the adhesion between electrodes and cells.
Polyethylene glycol (PEG) -modified graphene can reduce non-specific protein adsorption and
lower immune responses. In addition, the combination of graphene and conductive polymers
(such as PEDOT:PSS) can form a synergistic conductive network, further enhancing the charge
injection capacity and stability of the electrode.

3. The Interaction Mechanism between Graphene Flexible Electrodes and Biological
Interfaces

3.1 Interaction with Cell Membranes

The cell membrane is the first barrier for graphene flexible electrodes to come into contact with
biological systems. The two-dimensional structure of graphene enables it to interact with the
phospholipid bilayer through van der Waals forces, forming stable interfacial contact. Studies
have shown that graphene can be inserted into the hydrophobic regions of cell membranes,
causing changes in membrane fluidity, but it will not lead to membrane rupture. This "gentle
insertion" mechanism not only ensures the close contact between the electrode and the cell but
also avoids cell damage. In addition, the conductivity of graphene can promote the opening of
ion channels on the cell membrane, enhance the excitability of neurons, and thereby improve
the sensitivity of signal recording.

3.2 Interaction with Proteins

Proteins play the role of a "bridge" in biological interfaces, and their interaction with graphene
determines the long-term stability of the electrode. Graphene can combine with proteins
through hydrophobic interactions, hydrogen bonds and electrostatic interactions. For instance,
the adsorption of serum albumin on the surface of graphene can form a protective layer,
reducing the direct contact between the electrode and immune cells, thereby lowering the
inflammatory response. However, non-specific protein adsorption may also lead to "fouling"
on the electrode surface, affecting signal transmission. Selective adsorption of proteins and
optimization of interface functions can be achieved through surface modification (such as peG-
ylation) or the introduction of specific recognition molecules (such as antibodies).

3.3 Interaction with Extracellular Matrix



The extracellular matrix (ECM) provides mechanical support and biochemical signals for cells,
and its interaction with graphene flexible electrodes affects the integration efficiency of the
electrodes. Graphene can be combined with collagen fibers by simulating the fiber structure of
ECM (such as nanofiber networks) to enhance the mechanical anchoring between electrodes
and tissues. In addition, the electrical conductivity of graphene can simulate the electrical signal
transmission function of ECM, promoting information exchange between cells. For instance,
in myocardial tissue, graphene electrodes can coordinate the contraction rhythm of myocardial
cells by conducting electrical signals, thereby achieving functional repair.

4. Biocompatibility Regulation and Long-term Stability Mechanism
4.1 Acute Biocompatibility: Suppression of Inmune Response

Acute immune response is the primary challenge that needs to be faced after the implantation
of graphene flexible electrodes. The activation of macrophages and microglia releases
inflammatory factors (such as TNF-a and IL-6), leading to the formation of fibrotic cysts
around the electrodes and blocking signal transmission. Graphene can suppress immune
responses through surface modification and structural optimization: on the one hand, peG-
modified or heparin-modified graphene can reduce macrophage adhesion and lower the
secretion of inflammatory factors; On the other hand, the porous graphene structure can
promote the exchange of nutrients and metabolic wastes, reducing hypoxia-induced cell death.
For instance, 14 days after the nano-porous graphene electrode was implanted into the brain
tissue of rats, the infiltration of inflammatory cells around it was reduced by 60% compared
with that of traditional metal electrodes.

4.2 Chronic Biocompatibility: Tissue Integration and Functional Maintenance

Chronic biocompatibility requires that the electrode maintain functional stability after long-
term implantation. Graphene achieves deep integration with tissues by promoting angiogenesis
and synaptic growth. Studies have shown that the surface of graphene can induce the migration
of endothelial cells, forming a vascular network and providing nutritional support for the
electrode. Meanwhile, its conductivity can stimulate the extension of neuron axons and
enhance the connection between electrodes and neural networks. For instance, graphene-based
neural electrodes were still able to stably record the sharp wave ripples in the hippocampus six
months after implantation, indicating their long-term compatibility with neural tissues.

4.3 Maintenance of Stability in Dynamic Physiological Environments

Living organisms are in a dynamic physiological environment (such as fluctuations in body
temperature and fluid flow), and electrodes need to have environmental adaptability. The
stability of graphene flexible electrodes is maintained through the following mechanisms:(1)
Self-repairing function: After graphene is compounded with dynamic covalent bond polymers,
it can achieve self-repair through reversible bond recombination when microcracks form; (2)
Anti-fatigue design: By optimizing the interlayer stacking method of graphene (such as AB
stacking), the conductivity stability of the electrode under cyclic deformation can be enhanced.
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(3) Environmental responsiveness: Introduce temperature-sensitive or PH-responsive polymers
to adjust the surface properties of the electrode under different physiological conditions and
reduce non-specific adsorption.

5. Dynamic Adaptability: The Physiological and Environmental Synergistic Mechanism
of Graphene Flexible Electrodes

5.1 Deformation Adaptability: Synchronous Movement with Biological Tissues

Biological tissues (such as skin and muscles) undergo deformation during movement, and
electrodes need to have the ability to deform synchronously to prevent debonding. Graphene
flexible electrodes achieve deformation adaptability through the following strategies: (1) Ultra-
thin structure design: The thickness of single-layer graphene is close to the scale of
biomolecules and can bend along with micro-deformations of the tissue; (2) Stretchable
conductive network: Graphene is combined with liquid metal or elastic polymer to form a
stretchable conductive path, with a resistance change rate of less than 10% at 50% strain. (3)
Anisotropic design: By directionally arranging graphene layers, the electrode is made highly
stretchable in a specific direction, matching the anisotropic deformation of biological tissues.

5.2 Electrophysiological Adaptability: Matching of Signal Frequency and Amplitude

Neural electrical signals have the characteristics of wide frequency band (0.1Hz - 10kHz) and
low amplitude (uV-mV level), and the electrodes need to have frequency response and noise
suppression capabilities. Graphene flexible electrodes achieve -electrophysiological
adaptability through the following mechanisms: (1) Low interfacial impedance: The high
electrical conductivity and large specific surface area of graphene can reduce the electrode-
tissue interfacial impedance and enhance the ability to collect high-frequency signals; (2) Noise
suppression: Surface modification can reduce motion artifacts and electromagnetic
interference. For instance, after graphene is combined with polyethylene terephthalate (PET),
its noise level is 40% lower than that of traditional Ag/AgCl electrodes. (3) Synchronous
acquisition of multimodal signals: By integrating graphene-based electrochemical sensors and
mechanical sensors, synchronous recording of electrophysiological signals and biomechanical
signals can be achieved, providing multi-dimensional data for the diagnosis of neurological
diseases.

5.3 Metabolic Adaptability: Nutrient Supply and Waste Removal

Long-term electrode implantation requires addressing the issues of nutrient supply and
metabolic waste clearance. The graphene flexible electrode achieves metabolic adaptability
through the following design: (1) Porous structure: Nano-porous graphene can promote tissue
fluid penetration, providing oxygen and nutrients to the cells around the electrode; (2)
Antibacterial function: The sharp edges of graphene can damage the cell membranes of
bacteria, reducing the risk of infection. For instance, the antibacterial rate of graphene oxide
against Staphylococcus aureus exceeds 90%. (3) Self-cleaning function: Through



photocatalytic or electrocatalytic action, the surface of graphene can degrade metabolic wastes,
maintaining a clean interface.

6. Conclusion

The biological interface adaptation mechanism of graphene flexible electrodes stems from their
unique material properties and dynamic regulation capabilities. By optimizing electrical
conductivity, mechanical flexibility and surface chemical modification, graphene can achieve
stable contact and functional synergy with biological tissues. By regulating the interactions
with cell membranes, proteins and extracellular matrices, it can suppress immune responses
and promote tissue integration. Through dynamic adaptive design, the long-term stability of
the electrode in complex physiological environments can be maintained. Future research needs
to further explore the interface effects of graphene heterostructures, the quantum mechanism
of charge transfer at the bio-electronic interface, and the interface adaptation optimization
algorithm based on artificial intelligence. With the deep integration of materials science and
biotechnology, graphene flexible electrodes will play a revolutionary role in fields such as
neural repair, wearable health monitoring, and brain-computer interfaces.
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