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High-resolution neural interfaces are essential tools for studying and modulating neural circuits 

underlying brain function and disease. Because electrodes are miniaturized to achieve higher 

spatial resolution and channel count, maintaining low impedance and high signal quality becomes 

a significant challenge. Nanostructured materials can address this challenge because they combine 

high electrical conductivity with mechanical flexibility and can interact with biological systems on 

a molecular scale. Unfortunately, fabricating high-resolution neural interfaces from nanostructured 

materials is typically expensive and time-consuming and does not scale, which precludes 

translation beyond the benchtop. Two-dimensional (2D) Ti3C2 MXene possesses a combination of 

remarkably high volumetric capacitance, electrical conductivity, surface functionality, and 

processability in aqueous dispersions distinct among carbon-based nanomaterials. Here, we 

present a high-throughput microfabrication process for constructing Ti3C2 neuroelectronic devices 

and demonstrate their superior impedance and in vivo neural recording performance in comparison 

with standard metal microelectrodes. Specifically, when compared to gold microelectrodes of the 

same size, Ti3C2 electrodes exhibit a 4-fold reduction in interface impedance. Furthermore, 

intraoperative in vivo recordings from the brains of anesthetized rats at multiple spatial and 

temporal scales demonstrate that Ti3C2 electrodes exhibit lower baseline noise, higher signal-to-

noise ratio, and reduced susceptibility to 60 Hz interference than gold electrodes. Finally, in 

neuronal biocompatibility studies, neurons cultured on Ti3C2 are as viable as those in control 

cultures, and they can adhere, grow axonal processes, and form functional networks. Overall, our 

results indicate that Ti3C2 MXene microelectrodes have the potential to become a powerful 

platform technology for high-resolution biological interfaces.

Graphical Abstract

Keywords

MXene; titanium carbide; two-dimensional materials; neural interfaces; neural microelectrodes; 
neural recording electrodes; bioelectronics

Understanding the fundamental mechanisms governing the structure and function of neural 

circuits is critical for treating neurological disorders such as epilepsy, depression, and 

Parkinson’s disease. Microelectrode technologies are widely used to elucidate neural 

dynamics on fine spatial and temporal scales (~10–100 μm and 1 ms). However, recording 

stable neural signals with high signal-to-noise ratio (SNR) from microscale electrodes 

remains a significant challenge. Current microelectrode arrays are stiff, invasive, and limited 
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in their ability to provide high-fidelity long-term recordings because conventional electrode 

materials, including metals and silicon, are inadequate for interfacing with biological tissues. 

The significant mechanical mismatch between conventional electrode materials and the soft 

brain tissue elicits an inflammatory response that eventually results in the formation of an 

insulating glial scar around the implant. Additionally, as the geometric area of an electrode 

is decreased to approximate the size of individual neuronal processes, a corresponding rise 

in the electrochemical interface impedance leads to an increased susceptibility to noise 

sources, including thermal noise, mains interference, and signal loss to shunt pathways, 

which ultimately degrade signal quality. Solving these issues to achieve seamless, stable, 

long-term integration between man-made devices and neuronal structures requires 

innovation in bioelectronic materials.

One strategy commonly adopted to overcome the trade-off between electrode footprint and 

interface impedance is to increase the effective surface area over which ionic species in the 

extracellular space can interact with the electrode. This is achieved through nanopatterning,

surface roughening, or electroplating with porous additives., Nanomaterials such as 

graphene, carbon nanotubes,, and nanowires show great promise for high-resolution neural 

interfaces because they offer high-specific-surface areas and desirable thermal, electronic, 

and mechanical properties, including flexibility and high conductivity. However, the lack of 

scalable assembly methods is a key barrier to their widespread adoption for neural 

interfaces. For example, carbon-based nanomaterials are typically hydrophobic and require 

the use of surfactants, superacids, or surface functionalization to allow fluid-phase assembly 

from aqueous dispersions. Residues from surfactants or superacids used in assembly are 

difficult to remove completely and can be detrimental to electrode performance or toxic to 

biological tissues, respectively. Surface functionalization induces defects and reduces the 

conductivity and strength of the resulting structures. Besides solution processing methods, 

chemical vapor deposition (CVD) can also be used to assemble carbon-based nanomaterials 

into thin films for neural electrodes. However, these processes are conducted at high 

temperatures that are incompatible with many flexible, biocompatible polymeric substrates

and thus require tedious subsequent steps to align and transfer the films from the catalyst 

layer to the polymeric substrate.

MXenes are a large class of 2D nanomaterials, composed of early-transition-metal carbides, 

carbonitrides, and nitrides that present an exceptional combination of high electrical 

conductivity, strength, flexibility, and volumetric capacitance. MXenes are usually produced 

by selectively etching the A-group element from ternary-layered carbides of MAX phases, 

which have the general formula of Mn+1AXn, where M is an early transition metal, A is a 

group 12–16 element of the periodic table; X is carbon, nitrogen, or both; and n = 1, 2, or 3. 

MXenes contain abundant surface-terminating functional groups, such as hydroxyl (–OH), 

oxygen (–O), or fluorine (–F), which endow them with a hydrophilic nature and allow 

flexible surface modification and functionalization. MXene hydrophilicity enables the use of 

high-throughput solution processing methods without the need for surfactants, superacids, or 

surface functionalization and may also provide an opportunity for creating functionalized 

platforms for drug delivery or electrochemical sensing. While MXenes have been primarily 

investigated for applications in energy storage,, recent studies demonstrate that MXenes hold 

great promise for biomedical applications, including gas and small-molecule detection,, pH 

Driscoll et al. Page 3

ACS Nano. Author manuscript; available in PMC 2019 October 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



sensing, and cancer theranostics., In the area of bioelectronics, Xu et al. recently 

demonstrated a single channel Ti3C2 MXene field-effect transistor (FET) for probing the 

activity of cultured neurons in vitro.

Of the dozens of MXenes that have been discovered, the first MXene, Ti3C2, has been the 

most extensively studied, characterized, and optimized.– Ti3C2 demonstrates remarkably 

high volumetric capacitance (1500 F/cm3) and electronic conductivity (~10 000 S/cm). The 

volumetric capacitance of Ti3C2 exceeds that of activated graphene (~60–100 F/cm3),

carbide-derived carbons (180 F/cm3), and graphene gel films (~260 F/cm3). The outstanding 

electrical properties of Ti3C2, coupled with its processability and high-specific-surface area 

make it an extremely promising material for neural interfaces, particularly for overcoming 

the trade-off between geometric surface area and electrochemical interface impedance, 

which is a primary limitation to achieving high-fidelity recording from microscale 

electrodes. The high capacitance of Ti3C2 films is also a significant advantage for biosensing 

and stimulation applications, in which capacitive electrode interfaces are preferable as they 

avoid harmful Faradaic reactions. Finally, the hydrophilic nature of Ti3C2, an uncommon 

attribute among carbon-based nanomaterials, allows the use of simple, scalable, high-

throughput solution-processing methods.

Prompted by its outstanding properties, in the present study, we investigate the suitability of 

Ti3C2 MXene for high-resolution, implantable electrodes for neural signal sensing. First, we 

describe a high-throughput fabrication process that combines standard photolithographic 

patterning with an ad hoc method for forming precise, micropatterned MXene films from a 

colloidal solution on flexible polymeric substrates. Using this custom approach, we 

demonstrate the feasibility of producing implantable, multichannel neural electrode arrays 

composed of Ti3C2, developing different geometries for recording both from the cortical 

surface and from deeper brain regions. We show that Ti3C2 electrodes exhibit markedly 

reduced impedance compared with gold (Au) electrodes of the same size and that this 

impedance reduction is accompanied by significant improvement in neural recording signal 

quality in vivo. In particular, when used in vivo for the high-fidelity recording of neural 

spiking activity, Ti3C2 electrodes show significantly improved sensitivity, reduced noise, and 

the ability to detect a larger number of spikes compared with Au electrodes. Finally, we 

demonstrate that Ti3C2 MXene is biocompatible with neuronal cultures and does not affect 

cell viability, neurite outgrowth, or synapse formation, although neurons are known to be 

highly sensitive to their local environment and surface interactions.

RESULTS AND DISCUSSION

Preparation and Characterization of Ti3C2 MXene.

We synthesized Ti3C2 MXene by selectively etching the aluminum atomic layers from its 

ternary carbide MAX-phase precursor (Ti3AlC2) in aqueous hydrofluoric (HF) and 

hydrochloric (HCl) solution for 24 h. After the performance of several steps of 

centrifugation and resuspension of the multilayer MXene to produce a sample of well-

dispersed Ti3C2 flakes in deionized (DI) water, the solution could be used to spin-coat Si 

wafers on which devices are fabricated. The detailed Ti3C2 synthesis procedure is outlined 

in the Materials and Methods section. An overview of the process flow from Ti3C2 
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synthesis, through device fabrication, to final application in neural signal recording is shown 

in Figure 1A along with the atomic structure of Ti3C2. The atomic model shows the –OH 

termination for simplicity; however, the MXenes produced for this study have a distribution 

of –F, –OH, and –O terminations. We characterized the Ti3C2 MXene by scanning electron 

microscopy (SEM), dynamic light scattering, and UV–vis spectroscopy. SEM of Ti3C2 

flakes deposited on a porous alumina membrane from the MXene colloidal solution reveals 

flake-like morphology and micrometer-scale lateral size (Figure 1B). Single-layer MXene 

flakes have a thickness of ~ 1 nm and lateral sizes in the range of a few hundred nanometers 

to a few microns, depending on the synthesis process. For application to neural electrodes, 

flakes with large lateral size are preferable because they produce films with higher 

conductivity. Thus, we disperse the Ti3C2 flakes in solution by manual agitation rather than 

sonication, as it is gentler and produces samples with larger flakes. To determine the 

distribution of flake sizes in our sample, we performed dynamic light scattering on a dilute 

Ti3C2 solution. The intensity distribution reveals a Z-average of 1406 ± 77 nm and a 

polydispersity index of 0.390, with three noticeable peaks located at 1.6 μm (81.1%), 6.8 μm 

(16.8%), and 164 nm (2.1%), indicating the percent intensity of different-sized flakes 

(Figure 1C). Finally, to confirm the composition of the Ti3C2 aqueous dispersion, we 

performed UV–vis spectroscopy from 200 to 1000 nm. The material in solution absorbed 

light at the characteristic UV–vis–near-infrared wavelengths for Ti3C2, showing hig UV 

absorption and a broad peak from 760 to 800 nm (Figure 1D).

Fabrication of Ti3C2 MXene Neural Electrode Arrays.

To evaluate the performance of Ti3C2 as a bioelectronic material for recording neural 

activity at different spatiotemporal scales, we designed two different electrode array 

geometries. The first electrode array is a 3 × 3 microelectrocorticography (micro-ECoG) 

array consisting of 50 μm × 50 μm square contacts with 300 μm pitch, covering a total 

recording area of 750 μm × 750 μm, for recording field potentials from the cortical surface 

(Figure 1E). We fabricated micro-ECoG arrays of both gold and Ti3C2 contacts for 

comparison. The second electrode array is a 10-channel laminar array with pairs of 25 μm 

diameter Ti3C2 and Au contacts arranged in a side-by-side “stereotrode” configuration (i.e., 
close enough that each electrode in a pair could plausibly record from the same neurons) 

(Figure 1F). This configuration enables the recording of the spiking activity of individual 

neurons within deeper brain structures and allows the direct comparison of the signals 

recorded by the two types of electrode materials.

Unlike most carbon-based nanomaterials, the surface of Ti3C2 is inherently hydrophilic due 

to the surface terminations present, thus enabling dispersion in aqueous solution without the 

need for surfactants or strong acids. This property is particularly favorable for developing 

high-throughput microfabrication processes and patterning high-quality Ti3C2 films onto 

flexible, biocompatible polymeric substrates. To precisely and reliably micropattern Ti3C2 

recording contacts and interconnects on flexible parylene-C substrates, we developed and 

optimized an ad hoc spin-coat and dry lift-off technique, similar to previously reported 

techniques for micropatterning thin films of organic polymers such as PEDOT:PSS. Briefly, 

we applied an antiadhesive layer to the wafer, followed by a sacrificial parylene-C layer 

through which patterns defined by photolithography were etched by oxygen plasma reactive 
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ion etching (RIE). Then, we spin-coated the Ti3C2 colloidal solution on the wafer, 

thoroughly dried it, and peeled up the sacrificial parylene layer to leave Ti3C2 films behind 

only in the patterns that had been etched through the sacrificial layer. Using this technique, 

we were able to pattern Ti3C2 features with high fidelity and reproducibility. A detailed 

description of the fabrication procedure outlined in the Materials and Methods section, and a 

schematic of the procedure is shown in Figure S1.

It is worth noting that we designed the devices such that Ti3C2 contacts and traces 

overlapped with gold traces outside of the electrode array so that Ti3C2 was the sole material 

comprising the electrode contact and exclusively responsible for the device’s impedance and 

recording performance. To provide adequate mechanical strength for precise insertion of the 

intracortical arrays into the brain along a straight trajectory, we manually aligned and affixed 

micromachined steel backings to the parylene substrate with a thin layer of 

polydimethylsiloxane (PDMS). Finally, for interfacing the devices with the data acquisition 

systems, we connected the assembled devices to custom printed circuit boards (PCBs) via 

zero-insertion-force (ZIF) connectors.

Characterization of Ti3C2 MXene Neural Electrodes.

We used electrochemical impedance spectroscopy (EIS) in a three-electrode configuration to 

characterize the electrochemical behavior of the electrode–electrolyte interface (Figure 2A). 

At the 1 kHz reference frequency, the 50 μm × 50 μm Ti3C2 and Au micro-ECoG electrodes 

show impedance values of 52 ± 25 and 206 ± 31 kΩ, respectively, while the impedance of 25 

μm diameter Ti3C2 and Au intracortical electrodes is 219 ± 60 and 865 ± 125 kΩ, 

respectively (Figure 2B) (Student t test, p < 0.001). In both cases, Ti3C2 electrodes exhibit 

roughly 4-fold lower impedance than comparable Au contacts, showing an advantage in 

utilizing Ti3C2 as the active material. The Ti3C2 electrodes exhibit a more complex phase 

behavior than the Au electrodes, which display predominantly capacitive behavior (Figure 

2A). It has been well-established that Ti3C2 exhibits mainly capacitive charge-transfer 

mechanisms,, and the roughness and porosity of the film contributes to its behavior as a 

nonideal capacitor, as shown by the higher values of the impedance phase. Furthermore, the 

functional groups on the surface of the Ti3C2 flakes can interact with the ionic species in the 

electrolyte, possibly leading to mixed-charge-transfer mechanisms.

One attribute that can reduce electrode impedance is the overall surface roughness or 

porosity, which produces an increase in the effective surface area without impacting the 

device footprint. We evaluated the surface morphology of the Ti3C2 electrodes with SEM 

and atomic force microscopy (AFM) and found that the electrode surface is composed of a 

dense network of overlapping Ti3C2 flakes (Figure 2C) of nanoscale thickness and several 

micrometers in lateral size. AFM mapping of the surface further elucidates the rough and 

wrinkled morphology and reveals an average surface roughness of 32 nm (Figure 2D). The 

thickness of the Ti3C2 films forming the electrodes, as measured by a profilometer following 

lift-off patterning, is 200 ± 30 nm. The rough surface morphology we observe suggests that 

ions can interact with the Ti3C2 electrodes over a large effective surface area, likely 

contributing to their remarkably low impedance compared with metal electrodes.
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In Vivo Neural Signal Recording.

To assess the functionality of Ti3C2 neural electrodes in vivo, we performed acute recording 

experiments in rats under ketamine-dexmede-tomidine anesthesia. Schematic of the 

recording setup for both the brain surface (micro-ECoG) and the brain-penetrating 

(intracortical) arrays are shown in Figure 3A. First, we tested Ti3C2 and Au micro-ECoG 

devices placed over sensorimotor cortex (Figure 3A, left). On both electrodes, we detected 

clear physiological signals (Figure 3B). However, the background noise level in the spike 

band (500–5000 Hz) was lower in the Ti3C2 recordings than in the Au recordings: 3.7 ± 0.3 

versus 6.6 ± 2.0 μVrms, respectively. The power spectral density (PSD) of the recorded 

signals confirmed the presence of two brain rhythms commonly observed in rats under this 

type of anesthesia: slow oscillations at 1–2 Hz and γ oscillations at 40–70 Hz (Figure 3C). 

These two rhythms were, in fact, coupled, as revealed by computing the signal average in a 

window centered on gamma oscillation events (Figure 3D). The γ bursts occurred on 

average at a specific phase, namely the peak, of the slow oscillation, as reported previously 

with traditional metal electrode recordings., Thus, the Ti3C2 electrode surface recordings 

reproduced known physiology in this brain state and with lower noise than Au electrodes.

Next, we inserted electrode arrays intracortically to record neuronal action potentials 

(spikes). The 10-channel intracortical arrays were composed of both Ti3C2 and Au 

electrodes (Figure 3A, right). Examples of the neural activity recorded from a Ti3C2 contact 

are shown in Figure 3E,F. The neuron recorded on this Ti3C2 electrode tended to fire 

rhythmically at a low frequency (<5 Hz) but with bursts of spikes in each cycle (Figure 

3E,G). The full bandwidth recording revealed that the rhythmic spiking of this cell was 

related to the slow oscillation in the field potential (Figure 3H). As with γ oscillations 

recorded at the brain surface, spikes from this neuron were biased to occur at a particular 

phase of the rhythm (Figure 3I), which again had a frequency of 1–2 Hz (Figure 3J). 

Although these results demonstrate the functionality of intracortical Ti3C2 electrodes, we 

next pursued the more critical question of how they perform relative to the Au electrodes.

The intracortical array was designed such that each pair of Ti3C2 and Au electrodes was 

arranged as a stereotrode, with contacts separated by 35 μm. This configuration allows the 

direct comparison of the signal recorded with the two types of electrodes at different depths 

in the sensorimotor cortex (Figure 4A). Spiking activity was observed predominantly on the 

distal three pairs of electrodes (Figure 4B). Spikes that occurred simultaneously on adjacent 

Ti3C2 and Au electrodes in a pair were considered to be generated by the same neuron. For 

each of these “common spikes,” we computed the SNR from each electrode. The mean of 

the distribution of SNRMXene – SNRAu was, at all three depths, greater than zero 

(permutation test, p < 0.001), indicating that spikes recorded on the Ti3C2 electrodes had 

higher SNR than those on the Au electrodes (Figure 4C). Additionally, Ti3C2 electrodes 

recorded more “unique spikes”, spikes that occurred only on one electrode in the pair 

(Figure 4D). These unique spikes had lower amplitudes than the common spikes and 

therefore may have arisen from neurons located further from the electrode sites. This result 

suggests that, due to their lower impedance, the Ti3C2 electrodes have a larger “seeing 

distance”, allowing them to resolve spiking activity from a larger volume of tissue.
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Finally, we quantified the power spectrum of the wideband neural signal recorded on 

representative Ti3C2 and Au electrodes in the array (Figure S2). The Ti3C2 electrode 

recorded higher overall power across a wide range of frequencies. Additionally, a significant 

peak at 60 Hz was observed on the Au electrode, while this peak is completely absent on the 

adjacent Ti3C2 contact, which indicates that the higher impedance Au electrodes are more 

susceptible to mains interference.

Ti3C2 MXene Neuronal Biocompatibility.

MXenes have shown great promise in a number of biomedical applications including cancer 

theranostics, diagnostic imaging, and biosensing. Recent studies report that MXenes are 

biocompatible to immortalized tumor cell lines in vitro and at the systemic level when 

injected intravenously in vivo., However, very little is known about the safety and 

compatibility of MXenes to neuronal cells. Thus, we performed cytotoxicity studies in vitro 
on primary cortical neurons grown on Ti3C2 films. At 7 days in vitro (DIV), quantification 

of the percent viable neurons showed no significant difference in cell survival between Ti3C2 

and control polystyrene cultures (Ti3C2: 84.4 ± 4.40%, polystyrene: 87.3 ± 2.05%; p > 0.64) 

(Figure 5A–C). Cell densities on Ti3C2 at 7 DIV were significantly sparser than those on 

polystyrene (Ti3C2: 650 ± 155 neurons per square millimeter, polystyrene: 1132 ± 132 

neurons per square millimeter; p < 0.05), suggesting that additional surface treatments may 

be required to promote neuronal adhesion. Although there was also a reduction in overall 

neurite density on the Ti3C2 cultures, there were no significant differences in neurite 

outgrowth per neuron (Ti3C2: 5.73 ± 1.05 neurites per neuron, polystyrene: 6.00 ± 0.737 

neurites per neuron; p > 0.8). Immunocytochemistry revealed widespread network formation 

on both substrates (Figure 5D-I), with neurons extending branching neurites (Figure 5E,H) 

and synapsin-positive puncta present surrounding cell bodies and at axon–soma junctions 

(Figure 5F,I).

Overall, neurons reproducibly adhered, grew, and formed neuronal networks on both Ti3C2 

and polystyrene, with both substrates yielding equivalent neuronal viability and neurite 

outgrowth per neuron out to at least 7 DIV. These results indicate that Ti3C2 is capable of 

supporting neuronal growth and network formation with negligible cytotoxicity relative to 

established cell culture substrates. While both cultures exhibited similar neurite counts per 

neuron and axonal and synaptic presence at 7 DIV, Ti3C2 cultures had a reduction in both 

neuron density and a commensurate reduction in neurite outgrowth compared to polystyrene. 

These results suggest decreased neuronal adhesion on Ti3C2 compared to polystyrene, which 

indicates further optimization of the pretreatment protocol used to culture neurons and 

promote neuronal adhesion and neurite growth on Ti3C2 films is necessary.

CONCLUSIONS

In this study, we developed a protocol for fabricating high-resolution Ti3C2 MXene neural 

electrode arrays using simple, scalable solution-processing methods. The methodology 

described here can easily be extended to create other types of MXene sensors, and the 

extraordinary processability of MXenes highlights the potential for cost-effective production 

of MXene biosensors at industrial scales, which is not currently possible for devices based 
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on other carbon nanomaterials. The high conductivity of Ti3C2, coupled with the high 

effective surface area of MXene films, endows Ti3C2 neural electrodes with remarkably low 

impedance, which improves their sensitivity for recording neural activity at fine spatial 

scales. Recordings from Ti3C2 micro-ECoG devices showed known physiologic signatures 

with lower baseline noise than control Au electrodes. Using high-resolution intracortical 

arrays, we demonstrated that Ti3C2 electrodes record multiunit neuronal spiking activity 

with improved SNR compared with gold electrodes. Additionally, our observation that Ti3C2 

electrodes recorded overall a larger number of spikes, many of which were low-amplitude, 

suggests that these electrodes are capable of recording from a larger volume of brain tissue. 

Thus, Ti3C2 microelectrodes may represent a significant advance for the sensitive detection 

of neuronal spiking activity compared with conventional silicon- or metal-based 

microelectrodes. Furthermore, our observations suggest that Ti3C2 could be useful for a 

range of implantable sensors beyond neural recording applications, such as cardiac 

monitoring, and it may be a candidate for the replacement of expensive electrode materials, 

such as platinum, currently used in many implantable devices. Finally, although the 

biocompatibility of Ti3C2 has been demonstrated following systemic injection for cancer 

theranostic applications, the compatibility of this material to neurons and brain cells has so 

far remained largely untested. Our work shows that not only do neurons remain viable in 

contact with Ti3C2 but they also extend neurites and form functional networks when cultured 

on Ti3C2 films. While more work needs to be done, our experiments indicate that Ti3C2, and 

possibly other MXenes, have significant potential to transform the field of implantable 

sensors in both research and clinical applications. The promising bioelectronic properties 

and versatility in fabrication of Ti3C2 MXene may both reduce cost and improve 

performance in current and future medical devices.

MATERIALS AND METHODS

Preparation of Ti3C2 Colloidal Solution.

Ti3AlC2 MAX-phase carbide powder synthesis has been explained elsewhere. A total of 5 g 

of Ti3AlC2 was added slowly to a chemical etchant [50 mL, 12 M HCl (Alfa Aesar), 

deionized (DI) water, 49% HF (Sigma-Aldrich), 6:3:1 ratio] while it was in an ice bath and 

was agitated on a stir plate (24 h, 500 rpm, 25 °C, Teflon stir bar) in an unsealed container to 

make multilayer Ti3C2 MXene (ML-MXene). The solution was then centrifuged (2 min, 

3500 rpm, ~6 cycles) in 2 large tubes (175 mL) to reach ~6 pH. An intercalant was used to 

delaminate Ti3C2 into single flakes by mixing 10 g of lithium chloride (LiCl, Alfa Aesar) 

and 100 mL of DI water in an ice bath 30 min prior to adding the ML-MXene. After the 

addition of Ti3C2, the solution was manually shaken until small bubbles appeared on the side 

of the container (~15 min), and the solution was stirred on a stir plate (at least 4 h at 300 

rpm). The solution was then centrifuged (3500 rpm, 2 cycles, 2 min) in 2 large tubes to 

cause the sediment to swell. Next, the sediment was evenly dispersed and centrifuged (3500 

rpm, 1 h, 2 cycles) in 4 150 mL tubes, Finally, to remove insoluble contaminates from the 

single flake and ML-MXene, the sediment was dispersed (10 min of manual shaking) in 300 

mL of DI water in 2 150 mL tubes and centrifuged (500 rpm, 2 min). The resulting 

supernatant was centrifuged at 10000 rpm for 15 min in 6 small tubes (50 mL), and the 

sediment (with concentration of 10 mg/mL) was collected. Prior to spin-coating, the Ti3C2 
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solution was dispersed for centrifugation (3500 rpm, 2 min) in 2 small tubes, and the 

supernatant was collected to be used for spincoating. The concentration of Ti3C2 in the 

supernatant was measured (~10 mg/mL) by vacuum filtration of the solution (1 mL) on a 

hydrophobic Celgard membrane.

Characterization of Ti3C2 Flakes.

As-prepared Ti3C2 was characterized by SEM, dynamic light scattering, and UV–vis 

spectroscopy. SEM was performed using a Zeiss Supra 50 VP (Zeiss, Germany) at an 

accelerating voltage of 5 kV by vacuum filtering a dilute (~0.01 mg/mL) solution over a 

porous alumina membrane (Anodisc, 0.1 μm pore size, Whatman). Dynamic light scattering 

was performed using a dilute Ti3C2 solution (<0.1 mg/mL) in a polystyrene disposable 

cuvette (Malvern Instruments, Zetasizer, NanoZS). The measurement was repeated 5 times, 

and an average was reported (Figure 1C). UV–vis spectroscopy was conducted from 200 to 

1000 nm on a Ti3C2 solution diluted 1000× (ThermoScientific Evolution 201).

Device Fabrication and Assembly.

A silicon wafer was coated with a 4 μm thick layer of parylene-C. Metal traces and pads 

(Ti/Au = 10:100 nm) were patterned using standard photolithography and lift-off processes. 

The wafer was coated with an anti-adhesive layer (1% Micro-90), and then a second, 3 μm 

thick sacrificial layer of parylene-C was deposited. Patterns for MXene traces and electrode 

contacts were defined by photolithography with the negative resist NR71-3000p and 

subsequent oxygen plasma reactive-ion etching (RIE) to etch through the sacrificial 

parylene-C layer. A Ti3C2 colloidal solution was spin-coated on the wafer, and the wafer 

was subsequently baked at 130 °C for 3 h to ensure that the resulting Ti3C2 film was fully 

dried. A 50 nm thick layer of SiO2 was deposited by electron-beam evaporation to serve as a 

protective mask on the Ti3C2 patterns during subsequent fabrication steps. The sacrificial 

parylene-C layer was then manually peeled up with tweezers, leaving behind Ti3C2/SiO2 

only on the Ti3C2 contacts and traces that were previously defined. After the deposition of a 

top 4 μm thick parylene-C encapsulation layer, an etch mask was defined through 

photolithography, electron-beam deposition of aluminum (100 nm), and lift-off to define the 

outline of the devices and openings over Au bonding pads and electrode contacts. The 

exposed parylene-C was etched with oxygen RIE, and the Al etch mask was subsequently 

removed via wet etching. The SiO2 protective layer covering the Ti3C2 contacts was etched 

with 1:6 buffered oxide etchant (BOE: 6 parts 40% NH4F, 1 part 49% HF, Sigma-Aldrich) to 

expose the Ti3C2 electrode sites. Finally, the completed devices were released from the 

silicon wafer. Both micro-ECoG and intracortical electrode arrays were fabricated using this 

procedure, with different photomasks to define the geometries. Steel backings (2.5 μm thick) 

were laser-micromachined (IPG IX280-DXF Green Laser Micromachining, 532 nm) to 

provide mechanical support for insertion of the intracortical arrays. Devices were carefully 

aligned and manually fixed to these steel backings using polydimethylsiloxane (PDMS) as 

an adhesive. Both micro-ECoG devices and steel-backed intracortical array devices were 

inserted into zero-insertion force (ZIF) connectors on custom printed circuit boards for 

connection to the data acquisition systems for in vitro characterization or in vivo neural 

recording.
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Electrochemical Impedance Spectroscopy.

EIS of Ti3C2 and Au microelectrodes was performed with a Gamry Reference 600 

potentiostat (Gamry Instruments) in a phosphate-buffered saline (PBS) bath of pH 7.4 at 

room temperature. EIS measurements were collected using a three-electrode configuration 

with Ti3C2 or Au microelectrodes as the working electrode, a graphite rod (Bio-Rad 

Laboratories, Inc.) as the counter electrode, and a Ag/AgCl (Sigma-Aldrich) electrode as the 

reference electrode. Measurements were acquired by applying a 20 mV rms sinusoidal 

voltage input in the 1 Hz–1 MHz range.

Electrode Surface Morphology Characterization.

SEM images (Zeiss Supra 50VP) were taken with an accelerating voltage of 5 kV. AFM 

surface mapping (Bruker Dimension Icon AFM) was performed in tapping mode in air, and 

data were analyzed in NanoScope Analysis software (Bruker).

Animal Surgery and In Vivo Recording.

In vivo neural recordings were collected from n = 3 Sprague Dawley rats during acute, 

sterile procedures. Rats were anesthetized with a solution of ketamine (60 mg/kg) and 

dexmedetomidine (0.25 mg/kg) and placed in a stereotaxic frame. The right somatosensory 

cortex was exposed with a craniectomy and durotomy. Skull screws were placed in the left 

parietal and frontal bones around which Ag wires were wrapped to serve as the reference 

and ground for the recordings. The electrode arrays were mounted on a stereotaxic 

manipulator, positioned over the exposed cortex, and lowered. Ti3C2 and Au micro-ECoG 

arrays were placed over barrel cortex successively, and recordings from each were collected 

in 5 min segments. For intracortical Ti3C2/Au arrays, recordings were made at a number of 

depths throughout the cortex to sample neural activity. The wideband neural signals (1 Hz to 

7.5 kHz) were acquired at 30 000 samples per second by an electrophysiology system (Intan 

RHS2000 Stimulation/Recording System, Intan Technologies). All procedures were 

approved by the Institutional Animal Care and Use Committees at the University of 

Pennsylvania and adhered to the guidelines set forth in the NIH Public Health Service Policy 

on Humane Care and Use of Laboratory Animals (2015).

In Vivo Data Analysis and Statistical Methods.

For multiunit analysis, signals were band-pass filtered from 300 to 6000 Hz (2nd order 

Butterworth). The standard deviation of the background noise for each channel was 

estimated as:

σn = median ∣ x ∣
0.6745

and spikes were detected by setting a threshold of 5σn. Spikes observed on both the Ti3C2 

and Au electrode in a stereotrode pair were assumed to have been generated by the same 

neuron, and thus classified as “common spikes”, if they occurred within 0.1 ms of each 

other. All remaining spikes were classified as “unique spikes”. To ompare signal quality, the 

SNRs for each common spike were computed from the signals observed on the Ti3C2 and 
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Au electrodes in the stereotrode pair and subtracted. A permutation test was then performed 

to test if the mean of the resulting distribution was centered around 0.

Cell-Culture Substrate Preparation.

Glass slides coated with Ti3C2 were soaked in 70% ethanol for 20 min. Slides were then 

rinsed in sterile cell-culture water before exposing each side to UV light for 30 min (1 h total 

exposure). After UV treatment, slides were immersed in poly-L-lysine (PLL) (0.05 mg/mL 

in sterile cell culture water) overnight. Slides were then rinsed in sterile cell-culture water 

before being immersed in laminin (20 μg/mL in sterile cell-culture water) overnight prior to 

neuronal plating. For control cultures, polystyrene Petri dishes were coated in PLL and 

laminin using the same protocol.

Cortical Neuron Isolation and Culture.

All procedures were approved by the Institutional Animal Care and Use Committees at the 

University of Pennsylvania and the Michael J. Crescenz Veterans Affairs Medical Center and 

adhered to the guidelines set forth in the NIH Public Health Service Policy on Humane Care 

and Use of Laboratory Animals (2015). Neural cell isolation and culture were performed 

following protocols previously published. Briefly, rats with a predetermined mating schedule 

were euthanized, and embryonic day 18 fetuses were removed from the uterus and 

transferred to cold Hank’s balanced salt solution (HBSS). After removal, the fetus brains 

were extracted and the cerebral cortical hemispheres isolated under a stereoscope via 

microdissection. Cortical tissue was dissociated in 0.25% trypsin and1 mM Ethyl-

enediaminetetraacetic acid (EDTA) at 37 °C, after which the trypsin/EDTA mixture was 

removed and replaced with 0.15 mg/mL DNase in HBSS. Dissociated tissue and DNase was 

centrifuged for 3 min at 3000 rpm before the DNase was removed and the cells resuspended 

in neuronal culture media, composed of Neurobasal plus B27 and Glutamax (ThermoFisher) 

and 1% penicillin–streptomycin. Neurons were diluted to ~1.5 × 106 neurons per milliliter. 

A total of 200 μL from the primary cortical neuronal suspensions was plated on each of the 

Ti3C2 slides and control dishes within 2 mL of neuronal culture media and grown under 

standard cell culture conditions (37 °C, 5% CO2). Half-media changes were performed every 

2 days, with phase images taken using a Nikon Eclipse Ti–S microscope paired with a 

QIClick camera and NIS Elements BR 4.13.00.

Neuronal Viability Assessment.

To assess culture viability, phase images of Ti3C2 slides (n = 6) and control cultures (n = 6) 

were taken at 7 days in vitro (DIV). Neurons within a randomly identified 0.5 mm2 area 

were manually scored as either live or dead depending on their morphology (i.e., presence 

and integrity of neurites and cell body). Neuronal survival was quantified as the proportion 

of live neurons to total (live and dead) neurons, while cell density was calculated as the total 

number of neurons per square millimeter. Each metric was averaged across Ti3C2 and 

polystyrene controls and compared via unpaired t test, with statistical significance identified 

as a p value of less than 0.05. All data were presented as mean plus or minus the standard 

error of the mean.
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Immunocytochemistry.

At 7 DIV, Ti3C2 slides (n = 6) and control cultures (n = 6) were fixed in 4% formaldehyde 

for 35 min. Fixed cultures were rinsed in 1× PBS and permeabilized with 0.3% Triton ×100 

and 4% horse serum in PBS for 60 min before being incubated with primary antibodies 

overnight at 4 °C. Primary antibodies were Tuj-1/β-III tubulin (T8578, 1:500, Sigma-

Aldrich) to label axons and synapsin-1 (A6442, 1:500, Invitrogen) to label presynaptic 

specializations. Post-incubation, cultures were rinsed in PBS before being incubated with 

fluorescently labeled secondary antibodies (1:500; sourced from Life Technologies and 

Invitrogen) for 2 h at 18°−24 °C. Finally, Hoechst (33342, 1:10 000, ThermoFisher) was 

added for 10 min at 18°−24 °C before rinsing in PBS. Cultures were imaged on a Nikon 

A1RMP+ multiphoton confocal microscope paired with NIS Elements AR 4.60.00 and a 

16× immersion objective. Sequential slices of 1–1.2 μm in the z plane (nslices = 20) were 

acquired for each fluorescent channel. All confocal images presented are maximum intensity 

projections of the confocal z slices.

Neurite Measurement and Data Analysis.

Multiphoton images from the immunocytochemistry performed above were imported into 

ImageJ and processed using the open-source NeuriteQuant plugin. NeuriteQuant provided 

quantitative estimates of neurites per cell from the multiphoton images. Neurites per cell 

were averaged for both polystyrene and Ti3C2 cultures, with unpaired t tests being used to 

compare measurements. All data are presented as mean plus or minus the standard error of 

the mean.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Synthesis, characterization, and application of Ti3C2 for neural recording. (A) Schematics 

illustrating synthesis and atomic structure of Ti3C2, fabrication of Ti3C2 neural 

microelectrode arrays, and application of Ti3C2 arrays for recording brain activity at 

different locations in the rat brain. (B) SEM image of Ti3C2 flakes deposited onto an 

alumina membrane. The arrows point to Ti3C2 flakes on the membrane. (C) Dynamic light 

scattering particle size intensity distribution (percent) of the Ti3C2 solution in terms of 

hydrodynamic size (d, nanometer) (D) UV–vis absorption spectra of the Ti3C2 aqueous 

solution diluted 1000×. (E, F) Schematics and bright-field microscopy image of (E) Ti3C2 

micro-ECoG array and (F) Ti3C2/Au intracortical electrode array.
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Figure 2. 
Characterization of Ti3C2 neural electrodes. (A) Bode plots of impedance magnitude and 

phase for comparable Ti3C2 and Au micro-ECoG electrodes. Points represent means, and 

bars show standard deviations; Ti3C2 n = 10 and Au n = 10. (B) Scatter plots of 1 kHz 

impedance values for Ti3C2 and Au electrodes in micro-ECoG and intracortical electrode 

arrays. Micro-ECoG electrodes are 50 μm × 50 μm, and intracortical electrodes are 25 μm in 

diameter. For both types of electrode arrays, Ti3C2 shows an ~4× reduction in impedance 

compared to Au. Black bars indicate means. Micro-ECoG: Ti3C2 n =18 and Au n = 18. 

Intracortical: Ti3C2 n = 19 and Au n = 19. Single asterisks indicate p < 0.001 (C) SEM 

images of Ti3C2 electrodes. Individual Ti3C2 flakes are visible on the electrode surface. (D) 

AFM surface mapping showing the rough surface morphology of a Ti3C2 electrode.
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Figure 3. 
In vivo neural recordings with Ti3C2 MXene electrodes. (A) Schematic of in vivo neural 

recording with Ti3C2 electrode arrays. Ti3C2 micro-ECoG arrays were placed on the cortical 

surface after craniotomies were performed, and Ti3C2/Au intracortical arrays were inserted 

into the cortex through a burr hole. Devices were connected via a custom printed circuit 

board to the data-acquisition system. (B) Raw signals obtained from a Ti3C2 micro-ECoG 

device. (C) Power spectral density of micro-ECoG signals showing physiologic peaks for 1–

2 Hz slow oscillations and 40–70 Hz γ oscillations. (D) The γ-triggered average showing γ 
oscillations coupled to the up phase of the slow oscillation. (E) Action potentials (spikes) 
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recorded extracellularly in rat hippocampus under ketamine–dexmedetomidine anesthesia. 

Noise in the spike frequency band (500–5000 Hz) was 4.67 μVrms. (F) Overlaid spike 

waveforms (N = 580) from a 200 s recording. (G) Interspike intervals had a bimodal 

distribution. The neuron tended to fire rhythmically at 1 to 2 Hz with bursts of 2 spikes 

separated by about 10 ms. (H) The full bandwidth (0.5–5000 Hz) recording revealed that the 

rhythmic spiking was related to a slow oscillation in the field potential. Red lines indicate 

spike times corresponding to E. (I) Spike-triggered average showing that the spikes were 

locked to the rising phase of the slow oscillation. (J) Power spectrum of the full bandwidth 

recording with a physiological peak at 1.5 Hz.
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Figure 4. 
Comparison of in vivo signal recorded on Ti3C2 and Au electrodes intracortically. (A) 

Schematics of an intracortical electrode array with five Ti3C2–Au stereotrode pairs. The 

array was inserted into the cortex and advanced in approximately 500 μm steps to a depth of 

2 mm while recording. (B) Multi-unit spiking activity observed on the distal three pairs of 

electrodes in the array at three different recording depths. Spikes that were observed 

simultaneously on adjacent Ti3C2 and Au contacts are indicated by blue dots. Spikes unique 

to a given electrode are indicated by orange dots. (C) Histogram of SNRMXene–SNRAu for 

the common spikes on the adjacent electrodes outlined in blue boxes in panel B. In all cases, 

the distribution mean was significantly greater than zero (permutation tests, p < 0.001), 

indicating higher SNR on Ti3C2 contacts compared to Au. (D) Number of unique spikes 

seen on adjacent Ti3C2 and Au electrodes. In all cases, more unique spikes were observed on 

Ti3C2 contacts, indicating that these electrodes were more sensitive for recording unit 

activity than Au electrodes.
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Figure 5. 
Biocompatibility of Ti3C2 MXene films. Representative phase images of primary cortical 

neurons cultured on (A) polystyrene and (B) 200 nm thick Ti3C2 films at 7 DIV. (C) 

Quantitative comparison shows no significant difference in neuronal survival on Ti3C2 or 

polystyrene (p > 0.6). (D–I) Representative multiphoton images of neurons cultured on 

Ti3C2 at 7 DIV stained for nuclei (blue), axons (red), and synapses (green). Outlined region 

in panel D is shown in panels E–G; the outlined region in panel G is shown in panels H and 

I, highlighting the network formation as confirmed by the presence of synapsin-positive 

puncta along the axons and cell bodies (arrows). Scale bars: 100 μm (panels A, B, and D), 

50 μm (panel G), 25 μm (panel I).
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