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Abstract

Devices that can record or modulate neural activity are essential tools in clinical diagnostics 

and monitoring, basic research, and consumer electronics. Realizing stable functional interfaces 

between manmade electronics and biological tissues is a longstanding challenge that requires 

device and material innovations to meet stringent safety and longevity requirements and to 

improve functionality. Compared to conventional materials, nanocarbons and carbides offer a 

number of specific advantages for neuroelectronics that can enable advances in functionality and 

performance. Here, we review the latest emerging trends in neuroelectronic interfaces based on 

nanocarbons and carbides, with a specific emphasis on technologies developed for use in vivo. 

We highlight specific applications where the ability to tune fundamental material properties at 

the nanoscale enables interfaces that can safely and precisely interact with neural circuits at 

unprecedented spatial and temporal scales, ranging from single synapses to the whole human 

body.
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Introduction

Since Luigi Galvani’s first observations of bioelectricity in the 1790s, the library of tools 

to map and modulate neural functions has greatly expanded. Many of these technologies, 

such as neuromodulation devices for epilepsy and Parkinson’s disease, have reached 

maturity for translation and are now routinely used in clinical practice. Others, such as 

implantable microelectrode arrays, have enabled breakthrough discoveries on fundamental 

neural processes, as well as advanced neuroprosthetics for restoring function. Finally, skin-

mounted and wearable interfaces are increasingly being adopted in the consumer market.

Despite the rapid pace of technology development, significant challenges remain in 

realizing safe, stable, and functional interfaces between manmade electronics and biological 

tissues. For recording and stimulation in the brain and peripheral nerves, the push 

towards miniaturization, high spatial resolution, and minimal invasiveness conflicts with 

the performance requirements of low interface impedance and effective charge transfer. In 

wearable sensors, high conformability, flexibility, and resistance to cyclic deformations are 

key to realizing devices that are safe, functional, and comfortable for long-term use. Finally, 

incorporating multiple interfacing modalities within a single platform introduces a host of 

challenges in materials, design, and manufacturing. Conventional neuroelectronic materials, 

such as metals and silicon (Si), are inadequate for matching the electrical, mechanical, and 

chemical properties of neural tissues, and meeting the performance requirements of the next 

generation of neural interfaces.

In the last decade, intense research efforts have focused on new materials and fabrication 

approaches to address these critical challenges. Nanocarbons and carbides, in particular, 

have emerged as exceptionally promising candidates for safe neuroelectronic interfaces 

with a broad range of functionalities across multiple scales. Nanocarbons, including carbon 

nanotubes (CNTs), various forms of graphene, and nanodiamond, have unique properties 

that make them particularly well-suited for neuroelectronic applications, including high 

electrical conductivity, high surface area, flexibility, and surface functionalization [1]**. 

MXenes, a recently discovered class of two dimensional (2D) carbides and nitrides, share 

many of the same advantages as the nanocarbon allotropes, while also offering highly 

scalable top-down synthesis and liquid-phase processability endowed by their hydrophilic 

nature [2]. Furthermore, recent evidence of the in vivo biocompatibility of nanocarbon and 

MXene interfaces at the neuronal cell, immune system, brain, and systemic levels supports 

the potential of these materials for future translation [3–10].

In this review we cover the latest advances in neuroelectronic technologies based on 

nanocarbons and carbides, with a specific focus on applications where these materials 

have shown promise in vivo (Figure 1). We discuss how the molecular properties translate 
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into favorable device performance, and highlight various synthesis and processing methods 

compatible with the manufacturing of neuroelectronics (Figure 2).

Implantable interfaces for brain recording and stimulation

Nanocarbons and carbides have numerous properties that make them ideal for implantable 

neural interfaces. Their nanostructured topology results in a high volumetric surface 

area. Coupled with their high electronic conductivity and capacitance, these enhanced 

interfacial features act to promote charge transfer and signal transduction between the 

electrodes and the neural circuits. From a performance standpoint, this translates into 

safer and more efficient charge injection during stimulation, as well as improved signal 

quality for microscale recording electrodes. Key early demonstrations involved carbon 

nanotube coatings on tungsten and stainless steel microwires [11]. Since then, the library 

of nanocarbons proposed in neuroelectronic interfaces has greatly expanded. Recently, 

reduced graphene oxide (rGO) and platinum (Pt) black coatings electrodeposited on 

planar Pt microelectrodes resulted in >60x impedance reduction, allowing detection of 

neuronal spikes chronically in epileptic mice [12]. A major limitation of coatings, however, 

is the poor adhesion with the underlying substrate, which can lead to degradation 

and delamination. Alternative strategies include the direct synthesis of nanocarbons on 

supporting polymeric, semiconducting, or metallic substrates, or the assembly and patterning 

of free-standing films followed by selective polymer encapsulation. Recently, it was shown 

that porous graphene micro-electrocorticography (μECoG) arrays can be directly formed 

by laser pyrolysis of polyimide films [13,14]. These high-surface area electrodes show low 

impedance and high charge injection capacity (CIC), allowing mapping cortical dynamics at 

high-resolution [13] and delivering neural stimulation in vivo [14].

Many nanocarbon allotropes are synthesized through high-temperature chemical vapor 

deposition (CVD). These processes are incompatible with common flexible polymer 

substrates and require several post-processing steps to transfer and pattern films. In addition 

to direct laser patterning, solution processing offers another scalable and high-throughput 

manufacturing route. Due to abundant surface terminations, Ti3C2 MXene is hydrophilic 

and processable in additive-free water-based dispersions. Ti3C2 MXene films with electrical 

conductivity of up to 20,000 S/cm have been recently produced, surpassing the conductivity 

of all other solution-processed 2D materials [15,16]. Recently, solution processing of Ti3C2 

MXene coupled with conventional microfabrication has been shown to be a feasible route 

to form neural microelectrode arrays on 10 μm-thick parylene substrates. Both μECoG 

and laminar microelectrode arrays from Ti3C2 MXene show 4x reduced impedance and 

susceptibility to noise interference, as well as improved sensitivity and signal-to-noise ratio 

(SNR) for recording neuronal spiking activity compared to size-matched Au electrodes [17] 

[18]**. In another demonstration, Ti3C2 MXene-based electrodes were shown to possess 

lower impedance and >10x enhanced CIC and charge storage capacity (CSC) compared to 

size-matched Pt electrodes, and they were used for neural recording in swine and neural 

microstimulation in rats [19]**.

Another emerging nanocarbon for high resolution implantable neural interfaces is boron 

or nitrogen-doped nanocrystalline diamond (NCD). Nitrogen-doped ultrananocrystalline 
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diamond (N-UNCD) has been proposed in high-density arrays of 3D pillar electrodes 

for localized stimulation in high-acuity retinal prostheses [20] and in hybrid carbon fiber 

electrodes with N-UNCD selectively deposited at the tip for neural stimulation, high-quality 

single-unit neural recording, and neurotransmitter detection [21].

In addition to enhancing signal transduction capabilities, neural interfaces incorporating 

nanocarbons can have high mechanical flexibility, resulting from the high aspect ratios of 

nanomaterials, which is essential to minimize the brain inflammatory response and ensure 

implant longevity. For example, highly flexible and stretchable μECoG arrays of densely 

entangled CNTs exhibit excellent chronic recording performance and elicit minimal tissue 

reaction [5]. In this report, the CNT-based devices remained intact after two months of 

implantation, while comparison Pt electrodes showed damage and delamination due to 

the reduced compliance and stretchability of the Pt films compared to the CNT films. 

Beyond planar cortical arrays, highly flexible microwire electrodes can target deeper brain 

structures while also minimizing tissue damage. CNTs can be spun into thin and flexible 

fiber microwires (~10–100 μm in diameter) using either dry- or wet-spinning from liquid 

crystalline dispersions, yielding low-impedance, high-CIC electrodes [22,23]. Microwire 

electrodes can also be fabricated by wet-spinning liquid crystalline dispersions of graphene 

oxide (LCGO), resulting in graphene fibers with highly aligned graphene sheets in a porous, 

high surface area structure [24]. LCGO microwire electrodes, with a Pt coating on one 

side acting as current collector, show high SNR in single-unit recordings and high CIC 

[24]. While these strategies allow fabricating ultra-thin and flexible electrodes, a notable 

challenge is the insertion of these devices into the target brain structure without buckling. A 

variety of strategies relying on chemical, mechanical, fluidic, or magnetic approaches have 

been proposed to address this issue [25].

Field effect transistors (FETs) have also been proposed as alternatives to passive recording 

electrodes. FET arrays can incorporate active multiplexing to achieve higher density of 

spatial sampling and reduce wiring. Graphene solution-gated FETs (gSGFETs) leverage 

the high flexibility, electrochemical inertness, DC stability, and high carrier mobility of 

pristine CVD graphene [26–28]. Recent works have shown that gSGFETs can detect 

low-frequency infraslow brain activity (<0.1 Hz), which is precluded from traditional 

microelectrodes because their high impedance at low frequencies results in a voltage divider 

effect that degrades low-frequency components of the signal [26]*. Switchless multiplexing 

of gSGFETs with an amplitude modulation scheme allows high spatial sampling and 

wireless recordings with flexible μECoG arrays [27]** [28], while significantly simplifying 

the fabrication scheme compared to flexible FETs formed from ultrathin silicon layers [29]. 

Graphene FETs have also been combined with scanning photocurrent microscopy for high 

temporal resolution mapping of individual synapses and spines in cell cultures by leveraging 

the ultrafast photocurrent response of graphene [30].

Peripheral nerve interfaces

Bioelectronic technologies for interfacing with peripheral nerves are commonly used 

in electrodiagnostic and rehabilitation medicine, as well as for treating a variety of 

neurological, inflammatory, and organ-specific conditions [31]. Soft and flexible microscale 
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interfaces based on nanocarbons and MXenes are well-suited for interfacing with curved 

peripheral circuits at scales ranging from single axons to the entire nerve bundle surface, 

while minimizing geometric and mechanical mismatches that prevent current state-of-

the-art peripheral nerve interfaces from providing robust, chronic interfaces in vivo. 

Parylene-insulated CNT fibers and yarns with diameters ranging from 12 [32] to 500 

μm [33] have been implanted as recording and stimulating microwires in the zebra finch 

hypoglossal nerves [32] and in the rat tibial nerves [33]. The combined high flexibility and 

tensile strength of CNT microwires allows different implantation strategies, ranging from 

threading the microwires through a nanoclip affixed to the nerve, to direct needle-assisted 

insertion. Planar electrodes from surfactant-stabilized aqueous dispersions of CNTs cast on 

polydimethylsiloxane (PDMS), with impedances ~7 to 80x smaller than that of comparison 

Au electrodes on PDMS, have also been proposed for stimulating the central nerve cord of a 

horse leech [34].

Graphene oxide (GO) is stable in aqueous suspensions and is ideal for high-throughput 

fabrication on larger scales. In a recent demonstration, nanoribbons were formed via direct 

ink printing in which GO flakes self-assembled within in a sodium alginate-matrix solution. 

The GO nanoribbons act as nanoscale fluidic channels with high ionic conductivity and have 

been used for recording and stimulation of sciatic nerves in bullfrogs [35]*. Furthermore, 

carboxylic GO-composited polypyrrole/poly-L-lactic acid films have shown efficacy as 

conductive conduits to bridge 10-mm sciatic nerve defects in rats and promote nerve injury 

repair through electrical stimulation [36].

Multimodal mapping technologies

Transparent optoelectronic interfaces

Devices that allow combining multiple interfacing modalities can provide new insights into 

the dynamics of neural circuits underlying function, behavior, and disease. In particular, 

optical methods of recording and modulating the activity of neurons and other cells have 

distinct advantages, such as selective targeting of specific cell types at finely tuned spatial 

scales.

Nanocarbons have emerged as ideal materials for transparent electronics in multimodal 

studies combining optical and electrical mapping (Figure 1). Graphene, with its 2D structure 

and high optical transmittance combined with high conductivity, has gained particular 

attention for these applications. From the first pioneering works demonstrating flexible 

μECoG arrays from HNO3 doped-single or multilayer graphene [37,38], a number of 

transparent optoelectronic interfaces have been developed and adopted in basic neuroscience 

studies. Transparent graphene arrays have been used for artifact-free electrophysiology 

combined with ~1 mm deep 2-photon imaging and optogenetic stimulation [39], for probing 

the mechanisms of therapeutic electrical stimulation via optical imaging [40], and for 

studying epileptic seizure dynamics using simultaneous electrophysiology and wide-field 

epifluorescence imaging [41].

Despite these exciting advances, the interface impedance of graphene electrodes is too 

high to realize high-density mapping with single-cell resolution, even with processing 
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optimization and chemical doping. One strategy to overcome this limitation is to 

electrochemically deposit Pt nanoparticles on the surface of the graphene contacts [42]. 

This approach yielded ~100x reduction in the electrode impedance, though at a slight cost to 

optical transparency [42]. Beyond graphene, CNTs have also been adopted in optoelectronic 

neural interfaces. Compared to CVD-grown graphene, transparent CNTs films have a lower 

interface impedance and higher degree of resistance to bending and stretching. Transparent 

μECoG arrays from CNT films have been used for simultaneous electrophysiology, optical 

imaging, and optogenetic stimulation in rodent models of traumatic brain injury, where both 

the brain and the device were subjected to rapid deformations [43]*.

Electrochemical sensors

Chemical species such as neurotransmitters, hormones, and metabolic substrates/products 

play key roles in mediating and modulating neural functions. Devices that integrate 

electrophysiological recording with electrochemical sensing enable investigating the 

interplay between chemical and electrophysiological signaling in neural circuits. 

Traditionally, the detection of neurotransmitters and other brain analytes has relied on 7–

10 μm carbon fibers in glass pipette electrodes. These devices have significant drawbacks, 

such as the mechanical fragility of carbon fibers, their susceptibility to biofouling, and 

the compromise between impedance and surface area that precludes the ability to record 

at single unit resolution. Nanocarbons are well suited for in vivo electrochemical sensing 

due to their high surface area, fast charge transfer kinetics, electrocatalytic nature, and 

high resistance to biofouling [44]. For example, electrodeposited rGO/Pt on a laminar 

electrode probe enabled simultaneous glutamate detection and single neuron recordings 

by functionalization with glutamate oxidase [12]. Nanodiamond is also gaining attention 

for electrochemical sensing due to its wide potential window, low baseline current, and 

improved stability and longevity in vivo compared to carbon fibers [45]. Boron-doped 

diamond-coated tungsten electrodes have been used for in vivo monitoring of dopamine 

(DA) and adenosine in the human brain, and for long-term monitoring in a swine model. 

In the chronic setting, diamond-based electrodes show enhanced stability during prolonged 

fast-scanning cyclic voltammetry and robustness against tip degradation [45]*. N-UNCD 

selectively deposited at the tip of carbon fiber electrodes has also been shown to be highly 

sensitive and selective to DA, in addition to offering neural recording and stimulation 

capabilities [21]. In another demonstration, CNT fibers assembled into ultra-flexible helical 

bundles were individually functionalized for simultaneous detection of different analytes 

in vivo, including H2O2, prostate-specific antigens (PSAs), and glucose [46]**. In the 

same structure, sensing terminals could be distributed along the helical bundle length 

to produce a μm-scale spatial gradient map of a single analyte in tissues [46]**. This 

platform demonstrated the versatility of CNTs for electrochemical sensing and could easily 

be adapted for sensing of neurochemicals in the brain.

MRI compatible electrodes

MRI is an invaluable tool for post-operatively localizing deep brain stimulation (DBS) 

leads and electrodes implanted for epilepsy evaluation. Combining structural and functional 

(fMRI) brain mapping with high-resolution electrophysiological recordings or DBS 

stimulation is also extremely valuable for basic neuroscience research. Traditionally, DBS 
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and other implantable brain electrodes are made of Pt or Pt-Ir alloys. These materials 

have a large magnetic susceptibility mismatch with tissues, resulting in artifacts or signal 

loss around the electrodes [47]. Nanocarbons and carbides, by comparison, have magnetic 

susceptibility much closer to that of native tissues. This property can be leveraged to realize 

electrodes that are not only safe for use during MRI, but also do not induce imaging 

artifacts and distortions. CNT disk electrodes, with magnetic susceptibility of −5.9 to −8.1 

ppm, have been shown to produce no distortions in MR images because of their close 

match to native tissues (−9.0 ppm), in contrast to Pt-Ir alloys (~240 ppm) [48]. Similarly, 

soft, flexible CNT fiber electrodes are virtually artifact-free when implanted into a rat 

brain and imaged in a 7.0 T MRI scanner [49]. Graphene fiber electrodes fabricated from 

GO suspensions have also been used for simultaneous DBS and artifact-free fMRI in the 

subthalamic nuclei of Parkinsonian rats [50]*. This multimodal paradigm, made possible 

by artifact-free nanocarbon electrodes, can serve as a useful tool for studying the effects of 

electrical stimulation on brain network activity in vivo to investigate mechanisms of DBS 

[50]*. Ti3C2 MXene electrodes, with magnetic susceptibility of 0.21 ppm, were also shown 

to enable artifact-free MRI imaging, and they were additionally compatible with computed 

tomography (CT) imaging [19]**.

Wearable sensors

Skin-mounted electrodes for monitoring a number of biometric variables are common 

across many areas of healthcare for disease prevention, diagnosis, and treatment. These 

devices are also gaining traction in consumer electronics, such as in smartwatches 

and wearable biosensors for videogaming and fitness tracking. Conventional electrodes 

for epidermal electrophysiology include “wet” Ag/AgCl and dry (i.e., gel-free) metal 

electrodes. In wet electrodes, the conductive gel used to lower the interface impedance 

and improve the electrode-skin contact can cause irritation and skin breakdown, as well 

as signal instability in long-term recordings. Despite these drawbacks, wet electrodes are 

the mainstay in scalp electroencephalography (EEG) for neurodiagnostics and monitoring, 

surface electromyography (sEMG) for diagnosing nerve and neuromuscular disorders, and 

electrooculography (EOG) for evaluating retinal pathologies. Dry metal electrodes overcome 

the issues caused by gels, but are typically stiff, prone to noise and motion artifacts, and 

offer poor spatial resolution. Nanocarbons and carbides assembled into flexible, conformal, 

and stretchable structures offer great promise for dry, low-impedance, high-fidelity skin 

sensors with potential to be integrated into many types of wearable sensor technologies. 

Graphene electronic tattoos, fabricated by sandwiching a CVD-grown graphene monolayer 

between liquid bandage and polymethyl methacrylate substrates, have been used for human 

EOG with angular resolution of up to 4° [51]. The limited stretchability of graphene, 

however, is an issue in wearable applications where the sensors are required to follow skin 

deformations and sustain repeated cycles of application and removal. To overcome this 

challenge, a mechanically-robust structure comprising graphitized fibers electrospun onto 

monolayer graphene and semi-embedded into soft elastomers has been demonstrated for 

EEG and sEMG with stability to repeated skin placement [52]. Recently, rGO has also 

been widely explored in wearable applications. Some examples include planar multichannel 

rGO electrodes embedded into PDMS for EMG, EOG, and EEG recordings and hand 
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gesture recognition [53], rGO flakes bridged by silver nanowires (AgNWs) for EEG [54], 

and rGO-nylon membranes for EEG and sEMG [55]. In these structures, the integration 

of rGO with PDMS, AgNWs, and nylon membranes serves to increase the device stability 

under bending strains and reduce cracking. MXenes also show great potential for large-scale 

epidermal electronics due to their higher conductivity compared to rGO and facile, scalable 

processing from aqueous dispersions. Ti3C2 MXene multichannel electrode arrays have been 

recently proposed for high-density, high-resolution, low-noise sEMG [56]*. These arrays 

demonstrated 100- to 1000-fold lower impedance, which translated to higher SNR and 

spatiotemporal resolution than commercially available gelled electrodes for finely mapping 

sEMG across small muscle groups during resisted flexion. In another demonstration, Ti3C2 

MXene-based electrodes produced in a range of geometries showed excellent performance 

for gel-free recording of sEMG, EEG, EOG, and electrocardiography (ECG) [19]**. Ti3C2 

MXene has also been inkjet-printed into a flexible electrode patch for sweat analysis and 

cytokine detection [57]. Direct inkjet-printing of MXene can be easily adapted for specific 

neuroelectronic applications.

Novel transduction modalities

In addition to traditional electrophysiological recording and stimulation, and more recent 

approaches for functional optical mapping and manipulation, nanocarbons are advancing 

novel tools for interrogating neural structures at unprecedented temporal resolution and 

spatial scales. Specifically, nanoscale transducers based on nanocarbons are enabling novel 

approaches for contactless, nongenetic control of local neural activity by leveraging the high 

bidirectional conversion efficiency of optical, magnetic and acoustic stimuli into biological 

signals. Photothermal stimulation via nanoparticle-mediated light-to-heat conversion is 

emerging as an alternative to optogenetics for remote neuromodulation, as it allows 

subcellular-scale precision without requiring genetic modifications. Three-dimensional 

fuzzy graphene (NT-3DFG), consisting of 2D mono- and few-layer graphene flakes CVD-

grown out-of-plane on 1D Si nanowires, has recently been proposed as a nanoagent for 

photothermal stimulation due to its high photothermal conversion efficiency, broadband 

absorption spectra, and ease of peptide functionalization to promote cell adhesion and 

aqueous stability [58]*. NT-3DFG has been demonstrated for effective activation of rat 

dorsal root ganglion neurons and 3D cortical neural spheroids via photothermal stimulation 

at 10 to 200x lower laser power densities compared to Au and Si nanoparticles [58]*. Ti3C2 

MXene exhibits peak absorption in the near-infrared (NIR) range, which is beneficial for 

biomedical applications as the radiation penetration in the tissue is higher. Recently, Ti3C2 

has been demonstrated to be a suitable material for NIR photothermal neuromodulation at 

subcellular scale, both as single-flake as well as in film form [59].

Quantum biosensors rely on nitrogen-vacancy (NV) complexes in diamond for optically 

transducing magnetic, electrical, and thermal cellular signaling [60]. The naturally-occurring 

system of the nitrogen atom, neighboring vacancy-type defect, and three adjacent carbon 

atoms possesses a tetrahedral (C3v) symmetry, while an additional trapped electron gives 

the system a total electronic spin of S = 1 and a desirable electronic structure for 

quantum sensing. The electronic spin levels of the NV center are highly sensitive to 

magnetic fields and thermal fluctuations and can be interrogated via the optically detected 
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magnetic resonance (ODMR) technique, which involves laser pump initialization and 

fluorescence readout. Through the Zeeman effect, NV sensors can detect external magnetic 

fields transduced as resonance frequency shifts in the NV fluorescence spectrum. A NV 

magnetometer, based on a single-crystal diamond chip grown via CVD, has recorded single-

neuron action potentials on the exterior of marine fanworms [61]. Intracellular thermometry 

has also been shown with colloidal suspensions of nanodiamonds (~170 nm diameter and 

NV densities ranging from 500 [62] to 900 NVs/particle [63]*) dispersed within mouse 

primary cortical neurons [62] and C. elegans in vivo [63]*. ODMR from the NV centers 

provides intracellular temperature maps [62] as well as temperature dynamics of chemically 

stimulated worm thermogenesis [63]*.

Conclusion

Intense research efforts from the materials science and neuroengineering communities 

have pushed nanocarbons and carbides to the forefront for enabling high-resolution, 

multifunctional neuroelectronic interfaces. The unique combination of nanostructured 

topology, high surface area, electronic conductivity, and capacitance allows establishing 

bidirectional communication with neural circuits through electrical recording and 

stimulation, while the enhanced flexibility and strength endows the devices with softness 

and compliance matching the native tissue. Additional advantages include optical 

transparency, low magnetic susceptibility, electrocatalytic behavior, and photothermal 

efficiency, which can be leveraged to integrate additional functionalities into multifunctional 

platforms, such as optical and MR imaging, electrochemical sensing, and photothermal 

stimulation. The recent works highlighted in this review and summarized in Table 1 

demonstrate the capabilities of nanocarbons and carbides to transduce and modulate neural 

signals in vivo across multiple modalities and scales. To fully evaluate the feasibility and 

potential of these nanomaterials for clinical translation, several challenges must still be 

addressed including: 1) establishing the safety and long-term stability of the devices in 
vivo over periods of months to years in a range of relevant animal models, 2) further 

increasing the resolution and density to monitor and control large networks with sub-cellular 

resolution, 3) scaling up the materials synthesis, processing, and manufacturing pipelines to 

meet demand.
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thermometry inside complex, multicellular organisms (C. elegans). It presents nanodiamonds as 
potential sensing platforms that can overcome the many technical challenges inherent to in vivo 
studies, such as the complex movement and structure of living organisms.
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Figure 1. 
Schematic of the key emerging applications of nanocarbons and MXenes for in vivo 
neuroelectronics.
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Figure 2. 
Schematic diagram illustrating the main classes of nanocarbons and carbides, together with 

their advantages, synthesis, and processing methods. (a) Schematics of the nanocarbons and 

carbides adopted in neuroelectronic applications in vivo discussed in this review. The term 

“MXene” refers to the broad family of 2D MXenes, with numerous carbide formulations. 

(b) Key properties of these materials, which drive performance and enable incorporating 

multiple interaction modalities within single devices. (c) Primary synthesis methods, and 

(d) main fabrication processes for neuroelectronic interfaces based on the nanocarbons and 

MXenes shown in (a).
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Table 1.

Overview of the emerging neuroelectronic technologies based on nanocarbon or carbide materials for in vivo 
use.

Technology Device type Materials Functionality Spatial scale Ref.

Implantable brain 
interfaces

Depth array rGO & Pt black 
coating

Recording & glutamate 
sensing 25 μm [12]

ECoG array Porous graphene 
(pyrolyzed)

Recording & 
stimulation 250 [13,14]

ECoG & depth arrays

Ti3C2 MXene

Recording 25–50 μm [17,18]**

ECoG arrays Recording & 
stimulation 500 μm [19]**

Microwires Carbon fiber & N-
UNCD

Recording, stimulation, 
& dopamine sensing 10 μm [21]

ECoG array

CNTs

Recording 50 μm [5]

Microwires Recording & 
stimulation 53 μm-88 μm [22]

Microwires Recording 12 μm [23]

Microwires rGO Recording 20 – 40 μm [24]

FET cortical & depth 
arrays

CVD graphene
Recording 50 – 100 μm

[26]*

FET cortical array [27]**,[28]

FET array Synaptic recording 40 μm [30]

Retinal electrodes Planar 3D pillar array N-UNCD Stimulation 80 μm [20]

Peripheral nerve interfaces

Microwires

CNTs

Recording & 
stimulation 12 μm [32]

Microwires Recording & 
stimulation 500 μm [33]

Planar electrode Stimulation 160 μm [34]

Nanofluidic channels GO Recording & 
stimulation 3 mm [35]*

Cuff electrode Carboxylic GO Stimulation 2 mm [36]

Optoelectronic interfaces ECoG arrays

CVD graphene

Recording, optical 
stimulation and 

imaging
100 μm [39]

Stimulation & optical 
imaging 100–200 μm [40]

Recording & optical 
imaging 50 μm [41]

CVD graphene & Pt 
nanoparticles

Recording & optical 
imaging 100 μm [42]

CNTs
Recording, optical 

stimulation and 
imaging

100 μm [43]*

Electrochemical sensors

Fiber bundle CNTs Recording & multiple 
species sensing 50 μm [46]**

Microwires Boron-doped 
diamond Dopamine sensing 50 μm [45]

MRI-compatible interfaces Depth array CNTs Stimulation 3 mm [48]
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Technology Device type Materials Functionality Spatial scale Ref.

Microwires Recording & MR 
imaging 5–20 μm [49]

Microwires rGO Recording & MR 
imaging 75 μm [50]*

Wearable sensors

Planar electrode
CVD graphene

EOG ~5–10 mm [51]

Planar electrode EEG, EMG 10 – 20 mm [52]

Electrode array

rGO

EEG, EOG, EMG 10 mm [53]

Planar electrode EEG ~1 cm [54]

Planar electrode EEG, EMG ~1–5 cm [55]

Electrode array

Ti3C2 MXene

EMG 1.6 mm [56]*

Electrode array EMG, EEG, ECG, 
EOG 3 mm [19]**

Contactless, nongenetic 
neuromodulation

Microfibers NT-3DFG Photothermal 
stimulation

1.4 μm [58]*

Single nanoflakes Ti3C2 MXene ~10 μm [59]

Quantum biosensors

Single-crystal 
diamond chip Diamond NV centers Recording 4 mm x 13 μm NV 

thickness [61]

Thermometry 170 nm [62]

Single nanodiamonds Nanodiamond NV 
centers 168 nm [63]*
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