1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

WEALTY 4
of %,

SERVIC

A
u
Yeyvaaa

/ HHS Public Access

Author manuscript
Sci Transl Med. Author manuscript; available in PMC 2022 September 22.

Published in final edited form as:
Sci Transl Med. 2021 September 22; 13(612): eabf8629. doi:10.1126/scitranslmed.abf8629.

MXene-infused bioelectronic interfaces for multiscale
electrophysiology and stimulation

Nicolette Driscoll12:3, Brian Erickson4, Brendan B. Murphy12:3, Andrew G. Richardson?25,
Gregory Robbins®, Nicholas V. Apollo12:3, Georgios Mentzelopoulos1:2:3, Tyler Mathis”’:8,
Kanit Hantanasirisakul’-8, Puneet Bagga®19, Sarah E. Gullbrand1112 Matthew Sergison3->,
Ravinder Reddy?, John A. Wolf3> H. Isaac Chen3:>, Timothy H. Lucas?®, Timothy

Dillingham®, Kathryn A. Davis?13, Yury Gogotsi”8, John D. Medaglia*!314, Flavia
Vitale12:3.6,13*

1Department of Bioengineering, University of Pennsylvania, Philadelphia, PA 19104, USA

2Center for Neuroengineering and Therapeutics, University of Pennsylvania, Philadelphia, PA
19104, USA

SCenter for Neurotrauma, Neurodegeneration, and Restoration, Corporal Michael J. Crescenz
Veterans Affairs Medical Center, Philadelphia, PA 19104, USA

4Department of Psychology, Drexel University, Philadelphia, PA 19104, USA
SDepartment of Neurosurgery, University of Pennsylvania, Philadelphia, PA 19104, USA
5Department of Physical Medicine and Rehabilitation, University of Pennsylvania, PA 19104, USA

"Department of Materials Science and Engineering, Drexel University, Philadelphia, PA 19104,
USA

8A.J. Drexel Nanomaterials Institute, Drexel University, Philadelphia, PA 19104, USA

9Department of Radiology, Center for Magnetic Resonance and Optical Imaging, University of
Pennsylvania, Philadelphia, PA 19104, USA

1%Diagnostic Imaging, St Jude Children’s Research Hospital, Memphis, TN 38105, USA

“Corresponding author. vitalef@pennmedicine.upenn.edu.

Author contributions: N.D. and F.V. designed the study. N.D. and N.V.A. conceptualized the MXtrode devices. N.D. developed

the fabrication process, produced all MXtrode devices, performed electrical and electrochemical characterization, captured optical
microscopy images, and analyzed all of the electrophysiology data. N.D., B.E., B.B.M., conducted the EEG experiments and analyzed
the data with F.V.,, J.D.M., G.M., and K.A.D. N.D., B.B.M,, and G.R. performed EMG, ECG, and EOG experiments and analyzed

the data with T.D. and F.V. A.G.R. performed the rat surgery and together with N.D. and T.H.L. performed the cortical stimulation
experiment. H.1.C. performed the swine surgery and together with M.S., J.A.W. and N.D. collected the ECoG data. T.M. collected
SEM images and K.H. measured the magnetic properties of Ti3C2 MXene under guidance from Y.G. R.R. advised on and designed
MRI experiments and P.B. collected the 9.4T MRI images. S.E.G. collected the CT images. N.D. and F.V. wrote the manuscript with
contributions from all authors.

Competing interests: F.V., N.D., N.V.A., and Y.G. are co-inventors on international patent application No. PCT/US2018/051084,
“Implantable devices using 2D metal carbides and nitrides (MXenes).” F.V., N.D., and N.\V.A. are co-inventors on U.S. provisional
patent application No. PCT/US2018/051084, “Rapid manufacturing of absorbent substrates for soft, conformable sensors and
conductors.” B.E. and J.D.M. have served in a consulting and advisory role with Starfish Neuroscience. The remaining authors
declare no competing interests.

Data and materials availability: All data associated with this study are present in the paper or in the Supplementary Materials. Data
sets are publicly available on: https://doi.org/10.6084/m9.figshare.15036012. All code used to generate the results in this work are
publicly available on: https://zenodo.org/badge/latestdoi/388516935. Ti3C2 MXene was obtained via a material transfer agreement
between the University of Pennsylvania and MuRata Manufacturing Co. Ltd.


https://zenodo.org/badge/latestdoi/388516935

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Driscoll et al. Page 2

UTranslational Musculoskeletal Research Center, Corporal Michael J. Crescenz VA Medical
Center, Philadelphia, PA 19104, USA

12McKay Orthopaedic Research Laboratory, Department of Orthopaedic Surgery, University of
Pennsylvania, Philadelphia, PA 19104, USA

13Department of Neurology, University of Pennsylvania, Philadelphia, PA 19104, USA
14Department of Neurology, Drexel University, Philadelphia, PA 19104, USA

Abstract

Soft bioelectronic interfaces for mapping and modulating excitable networks at high resolution
and at large scale can enable paradigm-shifting diagnostics, monitoring, and treatment strategies.
Yet, current technologies largely rely on materials and fabrication schemes that are expensive, do
not scale, and critically limit the maximum attainable resolution and coverage. Solution processing
is a cost-effective manufacturing alternative, but biocompatible conductive inks matching the
performance of conventional metals are lacking. Here, we introduce MXtrodes, a class of soft,
high-resolution, large-scale bioelectronic interfaces enabled by Ti3C, MXene (a two-dimensional
transition metal carbide nanomaterial) and scalable solution processing. We show that the
electrochemical properties of MXtrodes exceed those of conventional materials, and do not
require conductive gels when used in epidermal electronics. Furthermore, we validate MXtrodes
in applications ranging from mapping large scale neuromuscular networks in humans to cortical
neural recording and microstimulation in swine and rodent models. Finally, we demonstrate that
MXtrodes are compatible with standard clinical neuroimaging modalities.

One Sentence Summary:

Ti3Co MXene-based bioelectronics produced through a highly scalable process enable multiscale
electrophysiology and stimulation.

Introduction

Recent advances in soft materials and electronics have fueled a new generation of
bioelectronic technologies for medical diagnostics and therapeutics, healthcare monitoring,
and wearable devices (1-4). Soft and flexible bioelectronic devices designed to safely

and intimately interface with tissues throughout the human body offer paradigm-shifting
opportunities for monitoring brain activity, cardiac health, and muscle function, as well

as for facilitating human-machine interactions, such as myoelectric control of advanced
prostheses (5-7) or brain-computer interfaces (8). Active bioelectronic devices can also
implement intelligent control strategies based on electrical stimulation of excitable circuits
for treating neurological diseases (9, 10), heart arrhythmias (11, 12), and inflammatory
disorders (13, 14), as well as for rehabilitation therapies (15-17).

Despite considerable progress in the field of soft, ultra-thin, and conformable bioelectronics
(18-22), conventional materials and fabrication processes remain largely inadequate for
producing large-scale, high-density multielectrode arrays that can map and modulate activity
with high spatiotemporal resolution over broad areas in excitable tissues. For example,
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thin-film processing has enabled advances in ultra-thin and flexible electronics; however,
such processes rely on wafer-scale microfabrication conducted in a cleanroom facility,
which is time consuming, expensive, and typically limits the maximum attainable area
coverage to a few square centimeters (1). Recent work has demonstrated the possibility to
expand this size limit by implementing the fabrication process on large-diameter wafers
(19), but microfabrication techniques remain difficult to scale and are not cost-effective.
Contributing to manufacturing challenges is the fact that flexible polymeric encapsulation
materials require low-temperature processing below their glass transition points and can

be incompatible with certain chemicals and solvents commonly used in microfabrication.
In addition to the processing constraints, conventional bioelectronic materials — such as
gold (Au), platinum (Pt), iridium (Ir), and silver/silver-chloride (Ag/AgCl) — are both costly
and intrinsically limited in their electronic, mechanical, and chemical compatibility with
biological tissues. For example, they present challenges in achieving low electrode-tissue
interface impedance, which is essential for high-fidelity recording and for safe, effective
delivery of electrical stimulation. As a result, in applications such as epidermal electronics,
conventional Ag/AgCl electrodes typically require a conductive gel at the skin interface

to sufficiently lower the impedance to acquire good quality signal. The conductive gels
pose issues including skin irritation and impedance instability as they dry out (23, 24).
Metal-based devices are also inadequate for coupling with clinical imaging modalities such
as magnetic resonance imaging (MRI), often causing artifacts in the images even if they
are considered MR safe. To realize the next generation of soft, large-scale, high-density
bioelectronic interfaces for human applications, innovation in both materials and fabrication
is needed.

Solution processing techniques, such as inkjet or screen printing, offer a scalable and
low-cost route for fabricating large-area multielectrode arrays unencumbered by the size
constraints of wafer-level methods. Despite these advantages, widespread adoption of such
techniques has so far been limited by the lack of conductive inks that can produce electrodes
with biocompatibility, flexibility, electronic conductivity, and electrochemical properties
comparable to those made with conventional materials. High conductivity can be achieved
by printing ink formulations based on metal nanoparticles, however, they typically require
high annealing temperatures which are not compatible with soft polymeric substrates (25,
26). Furthermore, metal inks raise concerns about potential toxicity (27). Conducting
polymer-based inks, notably those using poly(3,4-ethylenedioxythiophene) (PEDOT) with
various dopants such as polystyrene sulfonate (PSS), can be processed at ambient
temperatures to generate flexible, biocompatible films, but their conductivity is generally
much lower than metal films (28, 29). This has constrained their use predominantly to
electrode coatings in devices that require metal interconnects. Furthermore, PEDQOT is prone
to hydrolysis in wet environments leading to loss of conductivity over time (30). Finally,
graphene oxide (GO) inks require an additional reduction step to be converted to the
conductive reduced graphene oxide (rGO) form, which poses materials and safety issues
due to the high temperatures and toxic chemicals employed in the reduction process (31).
Furthermore, the conductivity of rGO is still far inferior to that of pristine graphene (32) and
PEDOT:PSS films.
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Transition metal carbides, nitrides, and carbonitrides (MXenes) have emerged as a new
class of two-dimensional (2D) nanomaterials that enable low-cost, additive-free, solution
processing and can produce biocompatible films with metallic conductivity. MXenes are
2D flakes ~1 nm in thickness and up to 10s of um in lateral size which contain abundant
surface-terminating functional groups, including hydroxyl (-OH), oxygen (-O), or fluorine
(-F), which make them hydrophilic and also allow for versatile surface modification and
functionalization. The unique hydrophilic nature of MXenes enables a wide range of safe,
high-throughput, and scalable processing methods using simple water-based inks, including
spray (33), spin (34), and dip coating (35), direct writing (36), and inkjet printing (36, 37).
Of the large variety of MXenes that have been synthesized to date, Ti3C, (the chemical
formula is often written as Ti3C,Ty to account for the surface terminations, Ty) has been
the most widely studied and optimized MXene. It is made of Earth-abundant elements and
no cytotoxicity has been observed in previous studies (38). Recently, TizC, has attracted
attention for a number of biomedical applications (39), including cancer theranostics (40),
hemodialysis (41), and wearable mechanical sensors (42, 43). Our group has pioneered

the use of Ti3C, for implantable neural microelectrodes (44, 45) and skin-conformable, thin-
film wearable sensors (46). TisCo has metallic behavior exhibiting electronic conductivity of
up to 15,000 —20,000 S/cm, higher than all other solution-processed 2D materials (47, 48).
Additionally, MXenes are produced using a top-down selective etching procedure which is
highly scalable compared to the bottom-up techniques such as physical and chemical vapor
deposition required to synthesize many other nanomaterials (49).

In this work, we developed a class of flexible, multichannel, high-density bioelectronic
interfaces — which we have named “MXtrodes” — that are capable of both high-fidelity
recording and effective stimulation of neural and neuromuscular circuits at multiple scales.
We leveraged the excellent processability of TizC, MXene to develop a rapid, low-cost,
and highly scalable method for fabricating multichannel electrode arrays of arbitrary size
and geometry. We report a comprehensive study of the electrochemical properties of
Ti3Cy, relevant for recording and stimulation of bioelectric circuits, and we demonstrate
the utility of MXtrodes for mapping and modulating excitable networks at scales ranging
from large neural and muscular circuits in humans to small animal models. We show

that gel-free MXtrode arrays for human epidermal recording have electrode-skin interface
impedance and recording quality comparable to larger, commercially available pre-gelled
Ag/AgCl electrodes. Furthermore, we demonstrate the ability of MXtrodes to map neural
and neuromuscular activation patterns at high spatial and temporal resolution and to
deliver effective electrical stimulation. Finally, we show that MXtrodes minimally interact
with magnetic fields and x-rays, resulting in artifact-free high-field MRI and computed
tomography (CT) imaging. The unique properties of Ti3C, and the high-throughput,
scalable, and cost-effective fabrication process developed here support use of MXtrodes
for applications in healthcare, research, and wearable electronics.

Sci Transl Med. Author manuscript; available in PMC 2022 September 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Driscoll et al. Page 5

Results

Rapid, low-cost manufacturing of MXtrodes

We developed a simple method for producing the MXtrode arrays involving: i) laser-
patterning a porous absorbent substrate; ii) infusing it with a water-based Ti3C, MXene ink;
and iii) encapsulating the resulting conductive composite in flexible elastomeric films. We
fabricated two types of electrodes to address application-specific requirements by varying
the same basic process (Fig. 1A): flat or planar electrodes for epidermal sensing and for
cortical brain recording and stimulation, and three-dimensional (3D) “mini-pillar” electrodes
for gel-free electroencephalography (EEG).

We used a carbon dioxide (CO5,) laser to pattern a nonwoven, hydroentangled cellulose-
polyester (60%—-40%) blend substrate into the desired electrode array geometry. This served
as a scaffold for the MXene flakes, with the laser patterning process allowing for rapid
prototyping and customization of the array geometry with feature sizes down to 250 um,
the resolution limit of the laser (fig. SIA). Next, we infused the cellulose-polyester substrate
with MXene ink, which was prepared by a minimally intensive layer delamination (MILD)
method (50) to produce a water-based MXene ink with a concentration of 20 mg/mL. The
ink quickly wicked into the absorbent substrate, coating all the fibers. In principle any
absorbent fabric or paper material could be used as the substrate in this process, however
the fiber type and alignment can affect the electrical properties. MXene is known to adhere
well to natural, negatively charged fibers such as cellulose and cotton (51). We evaluated
nonwoven, hydroentangled substrates of several different materials and chose a 60%-40%
cellulose-polyester blend as the substrate because after infusing with MXene it showed the
highest conductivity and best durability when subjected to cycles of bending (fig. S1, B

to E). We also optimized the concentration of MXene ink, finding that a concentration

of 20 mg/mL maximized the conductivity and uniformity of the resulting structures.
Concentrations higher than 20 mg/mL did not absorb effectively into the substrates due

to their high viscosity, instead forming a thick, brittle layer of MXene in the surface layers
of the substrate, and concentrations below 0.5 mg/mL did not form a continuous conductive
network (fig. S1 F,G).

The MXene-infused substrates were thoroughly dried in a vacuum oven for 1 h. The
resulting structure was a rough, macro-porous conductive composite, with MXene flakes
coating the individual fibers in the textile matrix. The presence of TizC, MXene in

the resulting composite was confirmed through X-ray diffraction (XRD) and Raman
spectroscopy (fig. S2) as well as optical and scanning electron microscopy (SEM) imaging
(fig. S3, A,B). For the planar MXtrode arrays, the MXene conductive composite was
encapsulated in ~1 mm-thick layers of polydimethylsiloxane (PDMS), with a thorough
degassing step prior to curing that allowed the PDMS to infiltrate into the conductive matrix
(fig. S3C). In the planar MXtrode arrays for cortical recording and stimulation, an additional
1 um-thick layer of parylene-C was deposited to serve as an additional barrier to moisture.
Electrode contacts were defined by cutting through the top encapsulation layer with a
biopsy punch of the desired electrode diameter and removing the polymer disk to expose
the conductive MXene composite beneath (fig. S3D). To fabricate 3D MXtrode arrays for
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gel-free EEG recording, “mini-pillars” of MXene-infused cellulose foam 3 mm in height
were deposited onto the electrode locations prior to PDMS encapsulation. Similar to the
absorbent cellulose-polyester substrate, the cellulose foam readily absorbed the MXene ink,
which thoroughly coated all surfaces to form a porous conductive composite after vacuum
drying (fig. S3E). No adhesive was required to affix the 3D mini-pillars to the underlying
laser-patterned substrate: inking the two structures with MXene and vacuum drying them
while in contact resulted in the formation of a continuous conductive network fusing the
laser-patterned substrate and the cellulose foam together, which was further reinforced
after polymer encapsulation. Mechanical testing confirmed the durability of the connection
between the mini-pillar and underlying substrate (fig. S4). 3D MXtrode array fabrication
was completed by PDMS encapsulation and trimming of the mini-pillars to expose the
conductive MXene-cellulose foam composite. The versatility, simplicity, scalability, and low
cost of this process enabled parallel fabrication of MXtrodes in different geometries within
the same batch for diverse bioelectronic applications (Fig. 1, B to E, fig. S5).

Electrical and electrochemical properties of MXtrodes

In the MXtrode arrays, the MXene-cellulose-polyester conductive composite forms the
wires which carry the signal out to the recording amplifier. Thus, it is important that this
composite is highly conductive to reduce ohmic losses, minimize noise, and acquire high-
quality signals. The bulk conductivity of the MXene composites was 3015 + 333 S/m (fig.
S6) which is in agreement with previously reported values for MXene-coated cellulose fibers
(51). To highlight the conductivity advantage of Ti3C, MXene compared to other conductive
inks — which could in principle be used in our fabrication process — we also fabricated
conductive composites using PEDOT:PSS and rGO inks with the same cellulose-polyester
absorbent substrate. The bulk conductivity of PEDOT:PSS and rGO composites was 7.6 +
0.4 S/m and 0.005 + 0.002 S/m, respectively, both lower than that of MXene (fig. S6).

To evaluate the impedance and charge transfer properties of MXene electrodes, we
conducted electrochemical measurements in phosphate buffered saline (PBS) on MXtrodes
with diameters ranging from 500 um to 3 mm and compared them to 2 mm-diameter

Pt electrodes. Specifically, we performed electrochemical impedance spectroscopy (EIS),
cyclic voltammetry (CV) and voltage transient (chronopotentiometry) experiments to
measure the impedance magnitude, charge storage capacity (CSC), water window, and
charge injection capacity (CIC) of each electrode, and to determine how these properties
scaled with electrode diameter. Data are shown in Table 1 and included in Data File S1, and
literature values for other common electrode materials are shown in table S1. EIS revealed
that the MXtrodes of all diameters tested showed greatly reduced impedance compared

to the Pt electrodes at frequencies below 200 Hz — where impedance is dominated by

the electrochemical properties of the electrode interface (52) and where most physiologic
signals of interest lie (Fig. 2A). At 10 Hz, the impedance of the MXtrodes ranging from 500
pum to 3 mm was 1343.3 = 81.6 Q (500 pm), 644.2 + 97.3 Q (1 mm), 451.2 + 35.4 Q (2 mm),
and 241.4 £ 14.7 Q (3 mm), while the impedance of the Pt electrodes was 8918.3 + 1147.7 Q
(2 mm). At the reference frequency of 1 kHz — where the interface impedance is controlled
by the solution resistance, resistance of wires connecting the electrode, and electrode size
(52) — the impedance of size-matched MXtrodes is slightly higher than Pt, likely due to the
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higher resistance of MXtrode wires compared to Pt (Fig. 2A, Table 1). We attribute the low
impedance of the MXtrodes to the highly porous and rough morphology of the electrodes,
which endows the interface with a high effective surface area.

The electrochemical stability window for MXtrodes determined from wide-scan CVs is -=1.7
to +0.6 V (fig. S7, A,B), showing that MXene is exceptionally stable in the cathodic region.
Water electrolysis was observed beginning at =1.9 V, and —1.7 V was therefore chosen as a
conservative cathodic limit. In the anodic region, evidence of faradaic current was observed
beginning at +0.7 V, and +0.6 V was therefore chosen as the anodic limit. This wide
potential range is advantageous for therapeutic electrical stimulation applications, and while
the anodic potential limit (+0.6 V) is slightly lower than that of Pt, platinum-iridium (Ptlr),
or iridium oxide (IrOx) (+0.8 V), stimulation waveforms can be engineered to minimize
voltage excursions in the anodic range while taking advantage of the large cathodic limit
(53-55). Whereas previous studies have reported anodic oxidation of TizC, films at +430
mV (56), we observed no oxidation peak or current loss when MXtrodes were cycled within
the range of —1.7 to +0.6 V for up to 50 cycles (fig. S7C). The extended anodic stability
limits may result from lower current densities at the electrode surface, as previously reported
for other electrodes with a rough surface topology (57).

Analysis of cathodic CSC (CSC¢) for MXtrodes and Pt electrodes from CVs at 50 mV/s
within their respective water windows revealed enhanced capacitive charging and charge
delivery for MXtrodes with ~100 times larger CSC¢ than Pt electrodes (Table 1, fig.

S7D). To place these results in the broader context of bioelectronic materials, we show
CSCc values for a variety of other common electrode materials in table S1. To enable

a more direct comparison of CSC¢ values between MXtrodes and Pt electrodes, we also
ran CV scans in the intersection of the MXene and Pt voltage windows, —0.6 to +0.6 V
(Fig. 2B and fig. S7E). Within this more constrained voltage range, the MXtrodes showed
greater than 20 times enhanced CSC¢ compared to Pt, which we attribute both to the high
intrinsic capacitance of TizC, MXene (58-60) and to the high effective surface area of

the MXtrode surface (table S2). The expected nonlinear relationship between CSC¢ and
electrode diameter observed for the MXtrodes (fig. S7F) reflects the known phenomenon of
electrochemical charge exchange happening predominantly at the edge of the electrode (55,
61).

Next, we measured the voltage transients evolved on each electrode when used to deliver
charge-balanced, cathodic-first biphasic current pulses ranging from 1 to 5 mA with a
duration of 500 ps in both phases (4, #;) and an interpulse interval (#;,) of 250 ps (Fig. 2C
and fig. S7, G to J). For the 500 pum-diameter MXtrodes, the current amplitude range was
restricted to 600 PA to 2 mA. The maximum cathodic excursion potential, £, was taken
10 ps after the cathodic pulse end and CIC¢ was defined as the injected charge at which
Emcwould reach the water reduction potential. The resulting CIC¢ values reveal that the
MXtrodes outperform Pt electrodes, with MXtrodes showing ~10 times larger CIC¢ than the
Pt electrodes (Table 1). CIC¢ values for several other common electrode materials are shown
in table S1, although we note that drawing direct comparisons between electrodes that are
not size-matched is problematic due to the nonlinear scaling relations of these properties.
MXtrodes show a larger access voltage (V,) compared to Pt, which we attribute to the
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ohmic resistance of the MXtrode wire leading to the electrode. Still, the enhanced CIC,,
has implications for stimulation applications and suggests that MXtrodes could offer more
efficient charge transfer than current state-of-the-art Pt electrodes. The scaling dependency
of CIC¢ on electrode diameter for the MXtrodes (fig. S7K) revealed the expected nonlinear
scaling dependency resulting from edge effects. A schematic depicting the relative sizes of
the MXtrodes included in the analysis is shown in fig. S7L.

Finally, we evaluated the impedance of MXtrodes at the interface with human skin.
Achieving low electrode-skin impedance is key for recording high-fidelity signals (62,

63) and becomes particularly challenging in gel-free structures like MXtrodes. Thus, we
measured EIS for 3 mm-diameter MXtrodes, both in planar and 3D configurations, on clean
human skin following standard preparation with an alcohol swab and light abrasion. At 1
kHz, the planar and 3D MXtrodes showed impedances of 6.6 + 2.9 kQ and 4.9 £ 2.6 kQ,
respectively, with the lower impedance of the 3D electrodes attributable to the improved
contact from the mini-pillars pressing into the skin (Fig. 2D). When normalized by their
geometric surface area (GSA) of 0.071 cm?, the impedance is 0.47 + 0.20 kQ-cm? for planar
and 0.35 + 0.12 kQ-cm? for 3D MXtrodes, which are among the best values reported for dry,
gel-free epidermal electrodes (1, 64, 65) and ~100 times lower than those of commercially
available gelled Ag/AgCl electrodes commonly used for electrodiagnostics and monitoring
(46).

Epidermal sensing in humans

We investigated gel-free MXtrodes for human epidermal sensing applications, using custom
geometries designed for each application. First, we acquired scalp EEG on a healthy human
subject using 3D MXtrodes and standard gelled Ag/AgCl EEG electrodes for comparison.
We designed an 8-channel (ch) MXtrode array, with 3 mm-diameter mini-pillar electrodes
arranged in a ring around a central opening, where we placed a standard 1 cm-diameter
gelled Ag/AgCl EEG electrode for side-by-side comparison of simultaneously acquired
EEG (Fig. 3A). In the first EEG task, we placed the MXtrode array over the parietal region
near EEG site P1 (as defined in the EEG 10-20 system, located over inferior parietal cortex
to the immediate left of the midline) (Fig. 3B). Ground and reference for all EEG recordings
were gelled Ag/AgCI electrodes placed at the center forehead and left mastoid, respectively.
Before placing the electrodes on the skin, the entire recording area was cleaned with an
alcohol swab and lightly abraded. The electrode-skin interface impedance at 1 kHz for

the dry MXtrodes was 2.8 + 0.9 kQ, while the impedance of the larger gelled Ag/AgCI
electrode during the same experiment was 1.2 kQ at 1 kHz (Fig. 3C). Given the critical

role of the electrode-skin interface impedance in determining the quality of scalp EEG
signals (66), the low impedance of mm-scale, gel-free MXtrodes is notable and enables
high-resolution EEG recording with dense arrays. We recorded EEG in 2 min sessions,
with the subject alternating eyes open and eyes closed resting states. In both states, the
EEG signal recorded on the dry MXtrodes was comparable to the signal recorded on the
gelled Ag/AgCl electrode (Fig. 3D). A clear 10 Hz alpha rhythm emerged in the eyes
closed state with a higher amplitude than in the eyes open condition (Fig. 3, E,F). This
alpha signature is one of the most reliable and widely studied behaviorally-linked EEG
signatures in human subjects research (67). During the recording session, there was no
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significant difference between the mean alpha bandpower across the electrodes (P> 0.05,
one-way ANOVA), confirming that the signals were comparable between the dry MXtrodes
and the gelled Ag/AgCl electrode (fig. S8). Interestingly, however, when alpha bandpower
values were calculated in 1 s windows with 0.5 s of overlap and observed sequentially,
distinct spatiotemporal patterns of alpha activation emerged even across the small scalp area
sampled (movie S1).

For the second EEG task, the electrodes were removed and replaced over the hand motor
area which was localized using single pulses of transcranial magnetic stimulation (TMS)

to evoke lateral finger movements (fig. S9A). The subject performed 2 min periods of
imagined and actual hand flexion while EEG was recorded simultaneously with the co-
located MXtrodes and gelled Ag/AgCl electrode. During this motor task, we also found that
the EEG signal was comparable between the two electrode types. Furthermore, we observed
a suppression of the 8-12 Hz motor mu rhythm during the actual hand flexion relative to
the imagined hand flexion (fig. S9B). The mu suppression signature during imagined hand
movement is an important EEG feature which has been successfully used as a control signal
for EEG-based brain-computer interfaces (BCls) (68, 69).

Following these experiments, we performed EEG recording on N=3 additional subjects
using a different montage to further highlight the advantages of mm-scale gel-free MXtrodes
for high-density EEG mapping. In these experiments, two 16-ch arrays of 3 mm-diameter
3D mini-pillar MXtrodes arranged in a 4x4 grid with 3 mm inter-electrode spacing were
placed over the F3 and F4 EEG 10-20 positions. This yielded 32-ch bi-frontal recordings,
with density exceeding the densest configurations of traditional Ag/AgCl electrodes in
common use today (the 10-5 system). We mapped alpha bandpower activation during eyes
closed resting states, and found distinct spatiotemporal activation patterns across the arrays,
which was consistent across subjects (fig. S10 and movie S2). These findings support recent
evidence that the “spatial Nyquist rate”, or inter-electrode distance sufficient to extract the
maximum possible resolution from scalp EEG signals, is smaller than previous estimates
which posited that 20-30 mm electrode spacing is sufficient (70). Together, the results

of these EEG experiments confirmed that mm-scale, gel-free MXtrodes can record EEG
signal at least as well as standard gelled Ag/AgCl EEG electrodes, while also improving
spatiotemporal resolution for high-density EEG applications.

Next, we evaluated MXtrodes for high-density surface electromyography (HDSEMG)
recording to map muscle activation and localize innervation zones (1Zs). HDSEMG
recordings require flexible, large-area, and high-density electrode arrays capable of covering
the wide range of muscle sizes. We created custom MXtrode HDSEMG arrays to map
muscle activation and localize 1Zs in two muscle groups of different sizes (Fig. 4). First,

we used a 20-ch planar MXtrode array placed over the abductor pollicis brevis (APB) at

the base of the thumb. In this experiment, the 3 mm-diameter dry MXtrodes had an average
electrode-skin interface impedance of 54.6 + 28.4 kQ at 1 kHz (fig. S11A). We stimulated
the median nerve to evoke APB contractions and recorded the EMG on the MXtrode array.
We calculated the mean evoked muscle response across stimulation trials (Fig. 4A) and
constructed a latency map of the peak of the evoked response. The location with the shortest
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latency indicates the location of the 1Z, which can be seen overlaid on the subject’s hand in
Fig. 4B, and it is in good agreement with expectations based on anatomical landmarks (71).

Following the APB mapping experiment, we mapped the activation of the larger biceps
brachii with a 40-ch planar MXtrode array. Here, the 3 mm-diameter dry MXtrodes had

an average electrode-skin interface impedance of 22.0 £ 14.3 kQ at 1 kHz (fig. S11B).
Unlike the smaller APB muscle, which has a small and spatially confined 1Z corresponding
to a single neuromuscular junction (NMJ), the larger biceps brachii has distributed NMJs

in 1Z regions that run perpendicular to the muscle (72). We used two different methods to
localize these I1Zs in the biceps: first we stimulated the supraclavicular nerve and constructed
a latency map of the peak evoked response, similar to the methods used for the APB (Fig.
4, C,D). This produced a clear mapping of the 1Z location as the region with the shortest
latency, running across the short head of the biceps brachii. Second, we recorded motor unit
action potentials (MUAPS) as the subject performed isometric contractions of the biceps
(fig. S11 C,D). In these recordings, bipolar subtraction of the raw EMG signal along the
length of the biceps muscle revealed MUAPs that propagated outward in both directions
from the 1Z, with signal inversion and a clear latency as the MUAP traveled away from the
1Z (fig. S11D). Localization of the biceps 1Z obtained from both methods were in excellent
agreement with each other, and with previous reports (72). These results demonstrate that
dry, high-resolution MXtrode arrays are capable of mapping muscle activation with high
accuracy to precisely localize 1Zs in both small and large muscle groups.

In addition to the HDSEMG mapping experiments, we also evaluated the susceptibility

of dry MXtrodes to motion and pressure-induced artifacts. To test motion artifacts, we
recorded EMG from the forearm using 3 mm-diameter planar MXtrodes placed adjacent

to a 20 mm-diameter gelled Ag/AgCI control electrode. The subject alternated between

a stationary pinch grip to produce EMG, and a relaxed grip while raising and lowering

the forearm using the opposite hand to minimize muscle activation (fig. S12A). Motion
introduced small deflections in the signal which were low in amplitude and frequency
could be easily removed by a standard EMG bandpass filter (fig. S12 B,C). Notably,

the artifacts were larger in amplitude on the gelled electrode compared to the MXtrodes.
Next, we evaluated pressure-induced artifacts, which are relevant in applications such as
EMG-controlled prosthetics, where electrodes located in a prosthetic socket can experience
substantial normal forces. Similar to the motion artifacts, we observed small deflections
recorded on the MXtrodes during changes in pressure, which could also be easily filtered out
with a standard bandpass filter (fig. S13).

Next, we acquired electrocardiogram (ECG) recordings on a healthy human subject with

1.3 cm-diameter MXtrodes in a simplified 3-electrode montage (Fig. 5A). We recorded
sequentially from MXtrodes and from 2 cm-diameter pre-gelled Ag/AgCl electrodes, placed
in the same locations. The dry MXtrodes and pre-gelled electrodes had average 1 kHz
skin-electrode impedances of 1.29 kQ and 1.38 kQ, respectively. On both types of electrodes,
characteristic ECG features were clearly visible, with the P wave followed by the QRS
complex and the T wave (Fig. 5, B,C). These results confirmed that dry MXtrodes can
record the ECG with signal quality comparable to standard clinical gelled electrodes.
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As a final demonstration of MXtrodes for human epidermal sensing, we acquired
electrooculography (EOG), which has applications in ophthalmological diagnosis, BCls,
and for monitoring attention and fatigue (73, 74). The EOG signal arises from the standing
dipole potential between the positively charged cornea and the negatively charged retina,
which enables tracking eye movements as this dipole is rotated. With the same 1.3 cm-
diameter dry MXtrode geometry used in ECGs, we recorded the EOG in two configurations
to track up-down and left-right eye movements. By placing MXtrodes above and below the
eye, recorded voltage fluctuations could be decoded to track the up and down movements
of the eye (fig. S14, A,B). Similarly, placing MXtrodes on both sides of the eyes enabled
decoding the left-right movements (fig. S14, C,D).

Cortical neural recording and microstimulation with MXtrodes

We next sought to evaluate MXtrodes for implantable sensing and stimulation applications,
given their favorable electrochemical properties. One such application is intraoperative
electrocorticography (ECoG), a common mapping technique used in resective brain surgery
for epilepsy or tumors. We acquired ECoG recordings in an anesthetized swine, a relevant
model system in neuroscience given its gyrencephalic structure and neuro-anatomical
similarity to the human brain. In this experiment we inserted a 6-ch array of 500 pm-
diameter planar MXtrodes through an 8 mm craniotomy/durotomy and placed MXtrodes in
direct contact with the cortical surface (Fig. 6A). The array configuration consisted of 3
rows of electrode pairs with 5 mm inter-row spacing and 4.5 mm pitch, so that the rows of
electrodes spanned several cortical gyri. A few seconds of representative raw ECoG signal
are shown in Fig. 6B. The signals were large in amplitude with negligible 60 Hz noise
interference, as evidenced by the power spectra (Fig. 6C). Furthermore, maps of interpolated
voltage across the MXtrode array revealed stereotyped spatial patterns emerging during the
“up” and “down” states in the ECoG signal (Fig. 6 D,E), highlighting the utility of cortical
brain mapping with MXtrodes.

In addition to ECoG recording, direct stimulation of the cortical surface is used clinically
for intraoperative cortical mapping (75) and neuromodulation therapies (76), as well as for
closed-loop BCls (77). Given that the MXtrodes showed superior CSC and CIC compared
to Pt, a material commonly used in stimulating electrodes, we sought to demonstrate

the effectiveness of MXtrodes for electrical stimulation by evoking motor responses via
intraoperative stimulation in rat brain. We placed a 500 pm-diameter planar MXtrode
subdurally onto the whisker motor cortex of an anesthetized rat. Contralateral to the
MXtrode, an optical micrometer was positioned to track whisker displacement, with one
whisker placed into a plastic tube to maximize detection sensitivity (Fig. 6F). Trains

of charge-balanced, cathodic-first stimulation pulses with 300 ps half-phase period and
amplitudes ranging from 1.0 to 1.4 mA were delivered through the MXtrode. We observed
stimulation-evoked whisker movements for amplitudes greater than 1.0 mA, with the
whisker deflection amplitude scaling with the stimulation intensity (Fig. 6, G to | and movie
S3). Whisker movements registered as oscillatory deflections on the micrometer, with the
first deflection peak always being the largest in amplitude. To compare whisker deflection
across stimulation current amplitudes, we computed the mean amplitude of the first whisker
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deflection across stimulation trials at each current amplitude. These results confirm that
MXtrodes can deliver electrical stimulation to effectively modulate neural activity.

Finally, we evaluated the stability of MXtrodes to stimulation pulses by subjecting 500
pum-diameter MXtrodes to 1000 cycles of 1.2 mA biphasic stimulation in PBS, with
stimulation parameters matching those shown to evoke whisker movements in vivo (i.e.
charge-balanced, cathodic-first pulses with 300 ps half-phase period). This corresponds to a
cathodic charge density of 0.18 mC/cm?, which is within the range of the charge injection
limit. Impedance spectra for the MXtrodes measured before and after repeated pulsing
showed no change in the impedance behavior, indicating good stability to repeated cycles of
stimulation (fig. S15).

Compatibility of MXtrodes with clinical imaging

With the widespread adoption of bioelectronic technologies, compatibility with clinical
imaging has become increasingly important. MRI and CT are the two most common
imaging techniques used in the diagnosis of injury and disease, as well as in image-guided
interventions. In the MRI environment, mismatch in magnetic susceptibility between the
device materials and the tissue produces imaging artifacts that shadow the surrounding
anatomical structures (78), a challenge that is compounded at high field strengths which

are increasingly being used for high resolution imaging (79). Although the magnetic
susceptibility of TisC, MXene had not been previously characterized, we hypothesized
from the weak dia- and paramagnetic properties of C and Ti, respectively, that TizC, may
have a low magnetic susceptibility and thus prove compatible with the MR environment. To
verify our hypotheses, we performed MRI scans of MXtrodes and measured the magnetic
properties of TizC, at body temperature. We imaged cross-sections of 3 mm-diameter planar
MXtrodes and 2.3 mm-diameter commercial Pt electrodes embedded in conductive agarose
phantoms in a 9.4T high-field research MRI system (Fig. 7A). In the MR images, we found
substantial shadowing around the Pt electrodes, while no artifact was visible around the
MXtrode (Fig. 7B). The MXene composite forming the conductive electrode was almost
completely indistinguishable from the surrounding PDMS encapsulation. To further explore
the MRI compatibility of the MXtrodes, we next imaged an array of 3 mm-diameter 3D
mini-pillar MXtrodes in a 3T clinical MRI scanner. The MXtrodes were placed atop a tissue
phantom and imaged using a battery of scan sequences typical of structural and functional
MRI (fMRI). Regardless of the scan sequence, the MXtrodes showed no artifact and were
nearly invisible in the images (fig. S16A). Thermal infrared (IR) images and continuous
temperature monitoring of the MXtrode array during the phantom scanning showed no
evidence of heating (fig. S16 B,C). Following these safety evaluations, we conducted the
same battery of structural and functional scan sequences on a human subject with the device
placed on the forehead. As before, no artifacts or image distortions were observed around
the MXtrode array (Fig. 7 C to E).

To support these findings, we measured the magnetic susceptibility of a TizC, free-standing
film at 310 K, and found it to be 0.21 ppm (fig. S16D), indicating that TizC, is weakly
paramagnetic with magnetic susceptibility very close to that of human tissues (-11.0 to
—7.0 ppm). This innate property of Ti3C, leads directly to the excellent compatibility of the
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MXtrodes with MRI. For comparison, the magnetic susceptibility of Pt is 279 ppm, more
than an order of magnitude larger than the susceptibility of human tissues (78). In situations
where it might be important for implanted electrodes to be visible in MRI images, such as in
epilepsy seizure foci localization relative to electrode locations, a marker such as iron oxide
nanoparticles could in principle be incorporated into the electrode contacts to aid in their
visualization (80).

In CT imaging, X-ray attenuation resulting from the high density and large atomic mass

of metals in conventional electrodes poses challenges (81). Multilayer Ti3Co, MXene has a
density of about 4 g/cm3, which is ~5 times lower than Pt. Thus, we hypothesized that Ti3C,
could minimize attenuation and scattering artifacts in CT. To test our hypothesis, we imaged
3 mm-diameter planar MXtrodes and 2.3 mm-diameter commercial Pt electrodes embedded
in conductive agarose phantoms in a microCT scanner. As expected from the density
matching considerations, we observed X-ray scattering artifacts around the Pt electrodes,
but not around the MXtrodes (Fig. 7F).

Discussion

In this work we developed a class of MXene-based bioelectronic interfaces and
demonstrated their use for high-fidelity recording and effective stimulation of neural and
neuromuscular circuits across multiple scales. The simple fabrication method reported here
offers a scalable and low-cost means of producing large-area, multichannel electrode arrays
from high performance, solution processable 2D materials. The method is conducive to
large-scale manufacturing, a key aspect for translation beyond the lab and into clinical

and consumer markets. It also enables rapid customization of array geometries for various
applications as well as for patient- or subject-specific fit where desired. These advantages
separate this work from previously described thin-film tattoo-like arrays (5, 20), which
require time consuming, complex, and costly microfabrication, as well as photomasks to
define geometries.

Ti3C, endows MXtrodes with low impedance and excellent charge delivery properties,
which were evaluated for a range of electrode sizes. In epidermal sensing applications,

the low interface impedance of gel-free MXtrodes opens possibilities for high-resolution
EMG and EEG, while eliminating the challenges associated with conductive gels. Compared
to other recent works demonstrating gel-free epidermal electrodes with Ag-Au core-shell
nanowires (82) and commercially available carbon conductive inks (83), our electrodes
show greatly reduced electrode-skin interface impedance. In addition to their low interface
impedance, the high CSC and CIC of MXtrodes suggest that they may represent a suitable
alternative for stimulation electrodes with enhanced charge transfer efficiency and reduced
power consumption, although further evaluation of the chronic in vivo safety and stability
during stimulation is needed.

In HDSEMG mapping, MXtrode arrays hold promise for applications in neuromuscular
diagnostics and rehabilitation, such as for localization of NMJs to target chemodenervation
therapies for muscle spasticity and excessive muscle tone. In the future, this may eliminate
the need for invasive intramuscular needle EMG stimulation in search of the NMJ. In
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scalp EEG, the dry electrode system enabled by 3D MXtrodes may offer a route toward
minimizing skin breakdown and alleviating key challenges associated with current gelled
systems, such as the time required to apply each electrode and impedance fluctuations over
time as the gels dry out. These advantages, coupled with the possibility for obtaining high
density EEG recording with mm-scaled MXtrodes, also make this technology attractive for
neuroscience research, non-invasive BCI systems, neuro-rehabilitation, and brain-controlled
videogaming. Finally, the compatibility of MXtrodes with both MRI and CT imaging
enables accurate, artifact-free imaging. This opens exciting possibilities for multimodal
studies in both clinical diagnostics and neuroscience research, such as those combining
simultaneous EEG with functional MRI or GIUCEST imaging (84, 85).

Several limitations of this study should be noted. The voltage limits that define the water
window of MXtrodes cannot be equated to the voltage limits for “safe stimulation” without
further in vivo testing and histological evaluation, as tissue damage from stimulation is
influenced by many factors, including pulse frequency, duty cycle, current density, and
electrode size (86). Scalp EEG recordings were limited to subjects with short (i.e. <1 cm
long) hair to ensure the 3D mini-pillar electrodes, which were 5 mm in height, could achieve
adequate contact with the scalp. In the future, optimization of 3D electrode geometries may
enable EEG recording in subjects with longer hair. Additionally, the small area coverage of
the EEG electrode montages that we used limited our ability to use independent component
analysis (ICA), because interpretation of ICA components is facilitated by visualization of
scalp topographies, which are limited in a small array. Finally, in all epidermal recordings,
skin preparation including light abrasion was needed to reduce contact impedance and
achieve consistent recording quality across subjects, because skin impedance is highly
variable between subjects when no skin treatment is used (63).

Overall, our results indicate that MXene-based bioelectronics hold great potential for
advanced healthcare diagnostics, monitoring and therapy, as well as for research and
consumer electronics. Future directions include evaluating and improving the stability of
Ti3C5 for long-term use (48, 87), optimizing the MXene infusion process to maximize the
MXene loading and conductivity of the resulting composite (51), and exploring alternative
encapsulation materials to further improve the flexibility and breathability of the electrode
arrays (19).

Materials and Methods

Study design

The purpose of this study was to develop TizC, MXene-based bioelectronic devices and

to evaluate their properties and performance in recording electrophysiology and delivering
electrical stimulation. The epidermal recording performance of MXtrodes was evaluated by
performing EEG, EMG, EOG, and ECG recording on healthy human subjects affiliated
with the University of Pennsylvania and Drexel University. The EEG recording experiment
was approved by the Institutional Review Board (IRB) of Drexel University (Protocol
#1904007140) and the other epidermal recording experiments were approved by the
University of Pennsylvania IRB (Protocol # 831802). Informed consent was obtained

after the nature and possible consequences of the study was explained. In each epidermal
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recording experiment, the recording performance of MXtrodes was compared to clinical
standard pre-gelled electrodes for the specific application. The performance of MXtrodes
for cortical brain recording and stimulation was evaluated in pigs and rats, respectively. All
animal studies were approved by the University of Pennsylvania Institutional Animal Care
and Use Committee. For this pilot study, data from N=1 subject or animal was collected
for the following applications: EMG, EOG, ECG, ECoG, and cortical stimulation. Data
from N=4 subjects was collected for EEG. Experiments were not blinded, there was no
randomization, and there were no exclusions of data.

Statistical analysis

Data are presented with mean values + SD, unless otherwise noted in the figure caption.
One-way analysis of variance (ANOVA) with post-hoc analysis was used for multiple
comparisons of mean EEG alpha bandpower among electrodes. Significance was defined as
P < 0.05. Statistical analysis was performed using MATLAB (R2018a, MathWorks Inc).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Rapid, high-throughput manufacturing of MXtrodes, MXene ink-infused bioelectronics.
(A) Schematic of the fabrication method for laser-patterned planar and 3D mini-pillar

MXene electrode arrays. (B to E) Photographs of different electrode array geometries (top)
and schematics of their intended anatomic application sites (bottom): (B) EMG, (C) ECG,
(D) EEG, and (E) ECoG monitoring. Scale bars: (B to D) 5 mm; inset in (D) and (E) 2 mm.
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Fig. 2. Electrochemical properties of MXtrodes.
(A) EIS spectra measured in 1X PBS for 3 mm, 2 mm, 1 mm, and 500 um planar MXene

electrodes compared to 2 mm Pt electrodes (n=10 per type). Data are plotted as means with

shaded regions corresponding to SDs. (B) CVs for representative 2 mm planar MXtrode and
Pt electrodes scanned from —0.6 to +0.6 V at 50 mV/s. (C) Voltage transients in response
to biphasic current pulses, with .= #;= 500 s and #, = 250 s, current amplitudes
ranging from 1 to 5 mA for representative 2 mm planar MXtrode and Pt electrodes. Anodic

and cathodic voltage limits for MXene and Pt are displayed on their respective plots as
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dashed red lines. (D) EIS spectra measured on skin for 3 mm MXtrode 3D pillar and planar
electrodes (n=10 per type). Data are plotted as means with shaded regions corresponding to

SDs.
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Fig. 3. Dry EEG recording enabled by 3D pillar MXtrodes.
(A) Photographs of a MXtrode 3D EEG array with eight 3 mm-diameter MXene electrodes

in a circular arrangement around a central opening. (B) Photograph of MXtrode electrode
array and standard gelled Ag/AgClI cup electrode placed on head of human subject. (C)
Map of 1 kHz impedance values for all electrodes on the subject’s head. (D) Segments

of recorded EEG signal from all electrodes during the eyes open (left) and eyes closed
(right) tasks at resting state on one subject. (E) Spectrograms of the EEG signal recorded
on MXene electrode b in the eyes open (top) and eyes closed (bottom) conditions. Alpha
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frequency band is enclosed in dashed box to highlight differences between eyes open and
eyes closed states, which were consistent across 4 recording epochs. (F) Power spectral
density during eyes open and eyes closed EEG recordings. The 8-12 Hz alpha band is
highlighted.
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Fig. 4. High density surface EMG mapping with MXtrode arrays.
(A and B) EMG recordings from the APB muscle. (A) Average evoked response following

N=10 median nerve stimulation epochs recorded on 20-ch MXtrode array placed over APB.
Blue ticks indicate time of nerve stimulation, and purple dots indicate time of peak evoked

response. (B) Latency map of peak response overlaid on photo of the MXtrode array on the
APB. White “x” indicates the channel with shortest latency, corresponding to the IZ. (C and
D) EMG recordings from the biceps muscle. (C) Average evoked response following N=10
supraclavicular nerve stimulation epochs recorded on 40-ch MXtrode array placed over the
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biceps. Blue ticks indicate time of nerve stimulation, and purple dots indicate time of peak
evoked response. (D) Latency map of peak response overlaid on photo of the MXtrode array
on the subject’s biceps. Distributed 1Z running perpendicular to the muscle is apparent as the
band with the shortest latency. Data collected from N=1 subject for each muscle group.
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Fig. 5. Electrocardiography with MXtrodes.
(A) Photograph of ECG recording setup. Electrodes were interchanged in the same
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locations (blue arrows) to obtain sequential recordings from either dry MXene or pre-gelled
commercial electrodes. (B) Ten seconds of ECG recordings on the dry MXtrodes (top) and
the pre-gelled commercial electrodes (bottom). (C) Average ECG waveforms recorded on
the two electrode types, marked with salient ECG features. Data collected from N=1 subject.
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Fig. 6. ECoG recording and cortical stimulation with MXtrode arrays.
(A) Schematic depicting ECoG recording setup with the 6-ch array of 500 um-diameter

MXtrodes placed subdurally on somatosensory cortex of N=1 pig. (B) A few seconds of
representative ECoG data recorded on the MXtrode array. (C) Power spectral density of the
ECoG recording. (D) Segment of ECoG data, displayed according to the spatial arrangement
of the 6 MXtrodes. (E) Instantaneous voltage mapping recorded across the 6 MXtrodes
during down states (panels 1 and 4) and up states (panels 2 and 3). The timing of these
voltage maps is indicated in (D) by the vertical lines. Voltage was interpolated across
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the array and normalized, with black dots indicating location of the 6 MXtrode contacts.

(F) Schematic of the cortical stimulation setup, with the 4-ch array of 500 um-diameter
MXtrodes placed over barrel cortex, and the optical micrometer used to detect and amplify
the whisker deflection signal in N=1 rat. (G) Whisker deflection data recorded by the optical
micrometer during a series of stimulation pulse trains delivered at 1.4 mA. (H) Average

first whisker deflection for each stimulation pulse amplitude, time-aligned by the stimulation
onset (n=10 stimulation trails per current amplitude). (I) Scaling of whisker deflection
amplitude with stimulation amplitude.
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Fig. 7. MRI and CT compatibility of MXtrodes.
(A) Schematic of the phantom imaging setup used for 9.4T MRI and CT imaging. Strips

of disk electrodes (3 mm-diameter MXtrodes or 2.3 mm-diameter clinical Pt ECoG strip
electrodes) were embedded in a conductive agarose phantom and imaged in the transverse
plane. (B) High-field 9.4T MRI scans for Pt electrode (left) and MXtrode (right). (C-E)
MXtrode EEG array placed on human forehead and imaged in 3T clinical scanner using
(C) T1 weighted MPRAGE, (D) T2 weighted FLAIR, (E) HCP resting BOLD fMRI scan
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sequences. Location of MXtrode array on the subject’s forehead is indicated by the arrows.
(F) High-resolution CT scans for Pt electrode (left) and MXtrode (right).
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Summary of electrochemical properties of planar MXtrodes of varying diameters,
compared to a 2 mm-diameter Pt electrode contact.

For each type of electrode, N=10 for |Z| values and N=5 for CSC and CIC¢ values.

Material Electrode 1kHz|Z|in PBS 10 Hz |Z| in PBS Potential Limits vs. CSCc (mC CICc (mC
diameter Q) Q) Ag/AgCI (V) cm?) cm?)

3mm 2056 £11.1 2414+ 147 -1.7-0.6 157.9+19.6 0.53+0.08

2mm 369.2 +£40.2 451.2+354 -1.7-0.6 306.3+35.2 0.67 +0.03

Mxene 1 mm 430.2 +86.1 644.2+97.3 -1.7-0.6 607.8 +£90.2 1.02 +0.07

500 pm 7292+71.2 1343.3+81.6 -1.7-0.6 1495.3 £ 60.5 2.01+0.46

Pt 2mm 301.7+77.6 8918.3 + 1147.7 -0.6-0.8 44+07 0.05+0.001
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