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ABSTRACT

Neural electrodes are electronic devices utilized for the detection and recording of electrical signals produced by neurons. Recent
advancements have focused on exploring diverse innovative materials to enhance the performance and biocompatibility of
electrodes, making them more compatible with the human body. By utilizing flexible polymer substrates and novel conducting
materials, neural electrodes have been developed to adapt to the body's movements. Moreover, transparent flexible electrodes,
employing transparent conducting materials, have also emerged, presenting a broad spectrum of potential applications.
Additionally, ongoing research is investigating the fabrication of neural electrodes through solution processes and printing
techniques, aiming to replace conventional electrodes that are burdened with high manufacturing costs. This paper
comprehensively discusses the various types of neural electrodes, the utilization of novel materials in electrode design, and the

application of solution processes in their fabrication.
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. Example of neural electrodes and electrophysiology (a) Intraoperative photograph showing 240-channel

neural interface device conforming to the surface of the cortex with accompanying headstage. Scale bar, 1

m [10],

(b) Raw LFP traces (left) from multiple recording electrodes of the NeuroGrid in a subject

under general anesthesia using a 120-electrode neural interface device demonstrating localized b frequency
oscillation (blue) and d wave (green). Scale bar, 500 ms, 200 mV. Corresponding colormap of power in b
frequency band across 8x15 array [10], (¢) SEM image for an HD-USEA device (top image) and a
close-up (bottom image). Scale bars=1 mm top image; 50 x#m bottom image [16], (d) A chisel-shaped

silicon probe. Scale bar, 25 mm [17]. Adapted with permission from [10],

[16], [17], respectively.

Copyright 2016 American Association for the Advancement of Science, 2014 IOP Publishing and 2011

PLOS, respectively.
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Fig. 2. Flexible Neural electrodes. (a) All-CNT flexible multielectrode arrays fabrication scheme [23], (b) The flexible
CNT electrode array mounted on a PCB support linking the electrodes to external amplifiers (scale bar: 5
mm) [23], (c) Schematic of stereoscopic multifunctional neural interface and its components [24], (d)
Photograph of a neural interface including an LED [24]. Adapted with permission from [23] and [24F],
respectively. Copyright 2014 Springer Nature and 2019 John Wiley and Sons, respectively.
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Fig. 3. Application of flexible and transparent neural electrodes. (a) Schematic drawing of ERG recording with the
GRACE device and photographs of a GRACE device made from G-quartz [15]. (b) Schematic illustration of
GRACE fabrication with G-quartz and G-Cu [15]. (c) Schematic drawing of opto-experimental setup and
image of a blue light stimulus through the CLEAR device implanted on the cortex of a Thyl::ChR2 mouse
[29]. (d) Optical evoked potentials and post-mortem control data with the laser set at 24.4 mWmm-—2.
X-scale bars represent 50 ms, y-scale bars represent 100 1V [29]. Adapted with permission from [15] and
[29], respectively. Copyright 2014 Springer Nature and 2018 Springer Nature, respectively.
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Fig. 4. Solution processed and soft printed neural electrodes. (a) The schematic diagram of Au-TiO, NW dispersion
and neural electrode array made of it. Scale bars: 1 mm [30]. (b) Intraoperative recording of SSEPs using
the soft SEG. Top: raw LFP time traces. Right: heat map of SSEPs. Left: electric impedance of the SEGs at
1 kHz. Scale bars: 100 ms, 500 £V [30]. (c¢) Schematic of the array process flow using soft printing and
photograph of soft and conformable x-ECoG array [31]. (d) Optical fiber positioning over the center of a
#-ECoG array placed on the surface of a Thyl-COP4/YFP rat cortex and representative Signal [31]. Adapted
with permission from [30] and [31], respectively. Copyright 2018 John Wiley and Sons and 2020 American
Chemical Society, respectively.
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Fig. 5. Inkjet-printed neural electrodes. (a) Fabrication diagram and schematic of the side and top views and photograph
of a single PEDOT:PSS microelectrode [33]. (b) A l6-electrode neural interface printed on PI and microphoto-
graphic photos for soft conformal Pl-based (left) and PCL-based (right) arrays showing electrodes lying on the
surface of the rat brain [34]. (c) Schematic illustration of the fabrication and sintering process of AgNPs/
PEDOT:PSS electrodes on PI and PCL substrate [34]. Adapted with permission from [33] and [34], respectively.
Copyright 2022 John Wiley and Sons and 2020 American Chemical Society, respectively.
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SEM: Scanning electron microscopy
CLEAR: Carbon layered electrode array
HD-USEA: High density utah slanted electrode array
PCB: Printed circuit board
GRACE: Graphene contact lens electrode
SSEP: Somatosensory evoked potential
SEG: Stretchable electrode grid
PCL: Poly(&-caprolactone)
AgNP: Ag nanoparticle
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