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Brain functions arise from the coordinated activation of neuronal assemblies distributed
across multiple brain regions. The electrical potential from the neuron captured by the
electrode can be processed to extract brain information. A large number of densely and
simultaneously recorded neuronal potential signals from neurons spanning multiple brain
regions contribute to the insight of specific behaviors encoded by the neural ensembles. In
this review, we focused on the neural interfaces developed for small- to large-scale
recordings and discussed the developmental challenges and strategies in microsystem,
electrode device, and interface material levels for the future larger-scale neural ensemble
recordings.

Keywords: in vivo, neural interface, large scale, neural electrode, brain-machine interface

INTRODUCTION

The functions of our brain, including sensation and cognition, motor control, learning, and memory,
are achieved by the coordinated activity of neural populations distributed across multiple brain
regions. The brain itself is very soft and immersed in the cerebrospinal fluid composed of electrolytes.
The brain is also surrounded, protected, and supported by the pia, arachnoid, dura, and skull.

Neurons are the main basic units that enable brain function. It is an electrically excitable cell that
receives, processes, and transmits information (Rastogi and Cohen-Karni, 2019). The typical
morphology of a neuron includes a cell body called soma, slim dendritic branches called
dendrites, and fiber axons extending away from the soma. The dendrites receive signals from
other neurons, while axons transmit signals to others. The electrical signals transmitted by the axons
are called action potentials (APs). Synapses are the junctions for communication between neurons
(Alexander, 1986). Communication between neurons is accomplished by gated ion flow via
chemicals across chemical synapses or potentials across electrical synapses. The superimposed
effect of the electrical activity of neurons in the extracellular medium creates potentials and gradient
electric fields across the brain tissue. These electric field signals can be monitored by placing
electrodes outside the neuron.

Their waveform characteristics, including amplitude and frequency, are determined by the vector
sum of multiple potential sources, the properties of the brain region, and the impedance and effective
contact area of the recording electrodes. Depending on the placement of the recording electrodes, the
recorded electrical signals can be classified into four types (Figure 1) (Rastogi and Cohen-Karni, 2019):

1) Electroencephalography (EEG) signals are recorded from the scalp and are slow-wave signals
(5-300 uV, <100 Hz).
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FIGURE 1 | Implanted locations of surface-attached type arrays,
microwire and Michigan arrays, Utah array, and flexible polymer probe array in
the brain, and fixed locations of the plugs in the skull.

2) Electrocorticogram (ECoG) signals are recorded from the
surface of the cerebral cortex and are medium rhythms
(1 V=500 uV, <200 Hz).

3) Local field potential (LFP) is mainly recorded in the brain
tissue. It is the superimposed effect of the potential formed by
all ionic processes around the electrode and is a faster
rhythmic signal (<1 mV, <300 Hz).

(4) Action potential (AP), which is electrical pulses emitted by a
single neuron, can have an amplitude of more than 500 uV
and a frequency band of 300-7kHz when measured
extracellularly.

The action potential is the signal with the highest information
accuracy and fidelity among the extracellularly recorded signals.
It is extracted from single-unit activity (SUA) and multi-unit
activity (MUA) recorded from a cluster of functionally connected
single neurons. LFPs are generated when synaptic currents in a
single neuron are synchronized and current coupling is formed
with neighboring neurons. APs are in the higher frequency band
and are not significantly represented in the LFP band. Compared
to single and multi-unit activity signals, LFPs are more robust
across changes in electrode sensitivity or position. The temporal
resolution of the neural signals recorded in brain tissue was able
to reach approximately 3 ms, while the spatial resolution varied
from each other. The highest spatial resolution for single-unit
activity recordings was around 0.05 mm, followed by 0.10 mm for
multi-unit activity recordings and 0.50 mm for LFPs (Martini
et al., 2020).

ECoG signals derived from the synchronized
postsynaptic potential activity of a large number of cortical
pyramidal neurons. Similar to the LFP signal, the ECoG is less
susceptible to the relative micromotion of electrodes in brain
tissue than the single neuron recordings (Martini et al., 2020).
However, ECoG is recorded on the surface of the cerebral cortex,
and the signal is somewhat attenuated as it passes through the
cortical neural layer, the pia, the arachnoid, and the cerebrospinal
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fluid, so the spatial and temporal resolutions of the ECoG signal
are both slightly lower than that of the signal recorded in the
cortex (Yuen et al., 1987). The temporal resolution of the ECoG
signal is about 5ms and the spatial resolution is about 1 mm
(Asano et al., 2005). The ECoG electrode does not pierce into the
cortical neural tissue and does not cause significant gliosis and
scarring, nor does it cause intraparenchymal hemorrhage.
Electroencephalography (EEG) is the recording of signals from
the scalp. The temporal and spatial resolution of EEG is much
lower than that of ECoG because the neural signal is significantly
attenuated by the thick skull with low electrical conductivity. It
has a temporal resolution of about 50 ms and a spatial resolution
of about 10 mm (Vallabhaneni et al., 2005). Thus, it can be
roughly estimated that if the spatiotemporal resolution value of
EEG is 1, then ECoG is 100, LFP about 300, MUA about 1,500,
and SUA about 3,000.

Non-invasive techniques such as EEG are carried out in non-
invasive brain-machine interfaces. The performance is still
difficult to meet practical requirements due to high signal
distortion, poor specificity, and low resolution in the direction
of neural prostheses (Martini et al, 2020). The implantable
technique has much higher signal quality but requires surgical
implantation of electrodes inside the skull. One of these
techniques, ECoG, requires electrodes to be placed inside or
outside the dura mater, called subdural ECoG and epidural
ECoG, respectively. Compared to EEG, data acquired by
subdural ECoG electrode arrays have a much higher spatial and
temporal resolution but do not reach the neuronal APs (Jayakar
etal, 2016). The penetrating electrodes can increase the resolution
of the spiking event but the space range of penetration is limited by
the fact that brain tissue will be damaged. Especially when used for
long-term chronic recordings, the penetrating electrodes may
trigger permanent local brain tissue damage. However,
extracellular recording electrodes penetrating the brain tissue
can acquire action potential (AP) and LFP signals at any depth
in the brain. It acquires extracellular neural electrical signals with
the highest temporal and spatial resolution and therefore has the
most extensive application in neurophysiological studies. In this
review, the so-called “neural interface” we discussed is focused on
the way in which sensors touch the neural tissue to collect the
neural signals, so EEG and epidural ECoG are not within the
discussion.

The extracellular neurophysiological recording is the process
of transmitting the neural signals captured by microelectrodes
implanted in the brain, with minimal distortion and delay, to a
remote computing unit that processes, store, and visualizes the
data in real-time. The components of a conventional recording
system include (Figure 2) (Putzeys et al., 2020) the following:

1) A set of passive electrode probes with electrical signal
sensing contacts are connected through flexible or rigid
connecting wires to 2) a headstage for pre-amplification of the
neural signals. In the up-to-date designs, the signals are amplified
and digitized here and transmitted via a long signal cable to the 3)
data acquisition unit, which performs signal preprocessing and
transmits the data to the 4) central computer with powerful
computation capabilities for data processing, storage, and
visualization.
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FIGURE 2 | Pipeline and components of a conventional recording system.
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In this review, we would rather focus on the neural interface
which is the front-end of the system than discusses much of the
signal processing and data computation of the recording system
(this is a lot and can be discussed in another article), consisting of
the electrode probe and the headstage.

The development of in vivo neuroelectrophysiological
techniques from single electrode recording at the early stage
has so far achieved over 1,000 channels simultaneous of
recording capability in a single recording device or module.
The expansion of the neural signal recording scale is not only
the increase of channel count but also the expansion of the
recording spatial range with ensured sampling spatial density
(matching the spatial resolution of the corresponding signal). To
simplify the classification, we roughly divided the record scale
into three levels: small, medium, and large. The channel count is
less than 100, a record cover of less than 1 mm is small scale;
channel count more than 100 and a coverage of less than 1 cm is
medium scale; thousands of channel count and cover over 1 cm is
large scale. This is not an absolute criterion, we just show
technical trends.

SMALL-TO-MEDIUM-SCALE RECORDING

We find that the scale-up of the electrode types described below
from small scale to medium scale are not big technical challenges,
which are small process changes, so they are discussed together.

Penetrating Type

Microwire Electrodes

The microwire electrode is a long-established microelectrode used for
electrophysiological studies, and its use dates back to the 1940s
(Sscwartz, 2004). The core of a microwire electrode is a conductive
metal wire, which is surrounded by an insulating material (such as
polymer, ceramic, or glass) that is resistant to electrolyte solutions.
(Figure 3A). Only the tiny metal tip is exposed. The glass-coated
tungsten microwire electrodes can be fabricated with simple tools and
their tips can reach the same size as the soma of the cortical neuron.
Using this electrode, the extracellular neural activity signals close to the

firing neurons have been recorded for the first time with high signal-
to-noise ratios. The neural recording technology based on this
electrode has made a lot of important contributions in the history
of neuroscience research, with pioneering studies in brain regions such
as the primary visual cortex, hippocampus, inferior temporal cortex,
and the neural correlations of perceptual sensation and movement
control (Hubel and Wiesel, 1959; O’Keefe and Dostrovsky, 1971;
Desimone et al., 1984; Newsome and Pare, 1988). The chronic
recording experiments have shown that microwire electrodes less
than 20 pm in diameter significantly reduce the foreign body response
to the inserted microwires.

The tetrode is a small four-channel bundle array of electrodes
consisting of four microwires. The tetrode allows the
simultaneous detection of neuronal signals from the same
source by four electrode sites from slightly different locations
(Figure 3B). The diameter of the metal contact of each electrode
in this small array is typically less than 30 um (Mcnaughton et al.,
1983). The main advantage of tetrodes over single-channel
electrodes is that the extracellular potentials detected by the
four electrodes differ due to the different distances between
each electrode and the neuron (Hubel, 1957). The
classification of extracellular potential signals using a
clustering approach enables the separation of the spiking
events emitted by the adjacent neurons (Choi et al., 2018).

The single and multiwire electrodes are basically handmade,
which are expensive to manufacture manually and cannot be
mass produced (still can exceed 100 channels, over 1 mm
coverage). These microelectrodes are often considered an “art”
due to the low precision of processing and the low reproducibility
of metrics, such as impedance and shape. However, because they
can be fabricated by hand, this technique is widely used in many
neurophysiology laboratories.

Utah Array

The Utah array is a commercially available electrode array for
intracortical implantation, which adopts an out-of-plane process.
The Utah array (medium scale) consisted of approximately 100
silicon needle shaped electrodes spaced 400 pm with exposed tips
of diameter 10-30 um (Figure 3C). The array is fabricated
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(D) Clinical investigation of the intracortical brain-machine interface.

FIGURE 3 | (A) Features of the microwire electrodes array (scale bar 10 pm). (B) lllustration of tetrode in the neural tissue; (scale bar 25 pm). (C) Utah array.

through MEMS technology with chemical micromachining,
metal deposition, and polymer encapsulation (Campbell et al.,
1990). Neuroscientists needed long-term stable chronic neural
recording in the brain and have come up with the idea of
enclosing the entire electrode array inside the skull. The Utah
array is designed to solve the problem of closing the skull after
implantation of a planar electrode array with the support
substrate and connecting leads. Because the Utah array has the
advantages of high channel count, balanced cortical coverage to
electrode density, and chronic recording feature, it is mainly used
in large animals, especially non-human primates. However, the
tip of the silicon electrode is short (typically no more than
1.5mm), and it is only suitable for recording neural signals
from the cortex. Utah electrodes are similar to microwire
electrodes in that electrode contact is only on the tip of each
shaft. Inserting all nearly 100 probes of a dense array into the
cortex at the same time is difficult, requires the use of a special
micro air hammer to implant them (Normann, 2007; Wark et al.,
2013; Choi et al., 2018) (Figure 5D).

The Utah array and its recording system have been approved
by the U.S. Food and Drug Administration (FDA) for clinical
investigations of intracortical brain-machine interface technology
(iBMI). The Utah arrays are currently used primarily in clinical
trials of motor brain-machine interfaces, which replace and
restore the injured motor function in paralyzed patients by
transmitting motor-related neural signals from the brain to
external effectors (Figure 3D). The main approach is to
implant one or more (two) Utah arrays in the region of the
cerebral cortex responsible for limb movements in the patient’s
brain. In non-human primate experiments, the simultaneous

implantation of multiple Utah arrays with a total of more than
500 channels in the visual cortex of the same macaque monkey
has been achieved so far (Collinger et al., 2013).

Michigan-Type Probes

Another commercially available microelectrode array, the
Michigan probe, is manufactured using an in-plane machining
process. The “Michigan” probe was the first silicon-based neural
electrode array fabricated in 1970. It is manufactured using
micro-electro-mechanical  system (MEMS) that includes
techniques such as depositing metals on silicon and etching
(Wise et al,, 1970). A Michigan electrode is a flat rod with
multiple recording contacts lined up along the wide side of the
flat rod (small scale generally), and the contact surface area is
typically between 100-400 um® The advantage of this
manufacturing process is that the spacing between electrode
contacts can be precisely controlled and the diameter of the
contacts can be as small as 2 um, while the length of the entire
probe can vary from a few millimeters to centimeters, making the
Michigan electrode more suitable for recording brain tissue
structures from the longitudinal direction.

Polytrodes probe is a variant of the Michigan probe designed
for intensively extracellular multi-unit recording in a cluster of
adjacent neurons (Figure 4A). The shank of the polytrode probe
is arranged with multiple closely spaced recording sites,
equivalent to an enhanced version of the tetrode in single-unit
isolation function, and can record up to three times as many
neurons as the number of electrode contacts. The high-precision
lithographic process ensures uniformity in the size of each
recording site, and it is easier to customize the shape of the
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FIGURE 4 | (A) Electrode contacts layout of polytrodes. (scale bar 50 pm). (B) Schematic of probe assemblies: (a) structure of single probe shaft; (b) probe comb
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probe (single or multiple shanks) and the location of the
recording sites on the shank according to the structure of the
brain region to be recorded (Blanche et al., 2005).

Multi-shank Michigan-type probes form a two-dimensional
(2D) comb structure, and 2D probe combs can be further
assembled into three-dimensional (3D) probe arrays. Such
arrays allow dense volumetric electrophysiological recordings of
neuronal networks in one brain region (Wise, 2005) (Figure 4B).
One-dimensional narrow bar multi-electrode probes are expanded
into high electrode density two-dimensional electrode arrays,
which in turn are stacked into three-dimensional electrode
matrices (often expanded to medium scale). This is a
modularization solution with high scalability. The back end of
the electrode matrix is connected to the integrated circuits that
perform signal conditioning, multiplexing, and digitization, via
high-density flexible wires. These wires effectively prevent passive
electrodes from active devices in terms of mechanical, electronic,
and thermal effects. In chronic recording experiments, the
electrode array floating in the brain tissue and the upper side of

the implanted brain tissue covered by dura and skull, are good for
long-term recordings. The base of the silicon probe array for
chronic recording which is not implanted into the brain tissue
does impede the closing of the skull, so it has to be designed to be as
short as possible. Overall, it appears that the shape of the electrode
matrix for chronic recording is a hybrid style of the Michigan probe
and the Utah array.

The polymer probe is a flexible polytrode probe. It is
operationally flexible as a microwire electrode, while the
density of recording contacts can approach that of the
Michigan probe. Polymer probes are highly neuro-compatible,
not only from the high biocompatibility of the polymer material
but also from the ability to move with the brain tissue, thus
reducing shear damage to the tissue. One improvement of the
polymer probe is to cut off part of the area around the electrode
contact and make the strip shape polymer probe into an open
mesh structure. This design further enhanced the mechanical
flexibility of the polymer probe and reduces electrical crosstalk
between channel lines by disturbing the parallel interconnect

Frontiers in Nanotechnology | www.frontiersin.org

June 2022 | Volume 4 | Article 885411


https://www.frontiersin.org/journals/nanotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/nanotechnology#articles

Zhang et al.

Large-Scale Neural Recording

Base\ Flexible Polymer Probe

&
—

Syringe

Mesh Electronics

[] Brain tissue ] Skull

Fine Tungsten Needle

=3

Flexible Polymer Probe
y_— i
[
L
[

] [ |
| [ |
I [ 1

!

[ The gap between skull and brain tissue
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wires. However, because the polymer probes tend to be soft and
cannot be directly stabbed into brain tissue, auxiliary methods,
such as reinforcing with water-soluble reinforcers (such as PEG)
(Figure 5A), or bringing electrodes into the brain tissue with fine
metal needles as the sewing machine does (Figure 5B), mesh
electrode arrays can be made not only as penetrating probes but
also as ECoG electrodes that adhere softly to the cortical surface
without the stabbing process (Figures 5A-C).

Surface Attached Type

Neurogrid

Neurogrid is a thin-film electrode array with 4-um parylene C
as the insulating substrate. It has electrodes with poly (3,4-
ethylenedioxythiophene) doped with poly (styrenesulfonate)
(PEDOT:PSS) as a gate in organic electrochemical transistors
and is capable of recording the action potential of neurons
from the cortical surface (Khodagholy et al., 2015). The
samples of this electrode array have 256 recording sites
with a surface area of 10 x 10 um” and an interelectrode
spacing of 30 um, matching the average size of neuronal

bodies and neuronal density (Figure 6A). The interface
material at the electrode contacts was made of PEDOT:
PSS, whose high mixed electronic/ionic conductivity and
high  ionic  mobility  significantly = decrease  the
electrochemical impedance mismatch between the brain
tissue and the metal electrode (Owens and Malliaras, 2010;
Stavrinidou et al., 2013). The encapsulation with parylene C
has prepared a flexible film with a thickness of only 4 pum,
allowing it to be tightly adhered to the surface of the irregularly
shaped cerebral cortex. In addition, the neurogrid can be
folded and inserted into the cerebral sulcus where
conventional subdural ECoG electrodes for clinical use
cannot be inserted (Figure 6B). Since such electrodes do
not penetrate into the brain tissue, there is no need to
worry about severe brain damage; they can be easily
prepared for medium scale. However, it is also seen that the
electrode contacts only cover a small area of the film attached
to the cortical surface, and most of the area is occupied by the
interconnect wires. The low coverage ratio of the practical
records hindered the design of large-scale recording.

Frontiers in Nanotechnology | www.frontiersin.org

June 2022 | Volume 4 | Article 885411


https://www.frontiersin.org/journals/nanotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/nanotechnology#articles

Zhang et al.

Large-Scale Neural Recording

bar, 1 mm).

FIGURE 6 | Neurogrid. (A) Neurogrid conforms to the surface of an orchid petal (scale bar, 5 mm). Inset, optical micrograph of a 256-electrode Neurogrid (scale
bar, 100 pm). The electrodes are 10 x 10 pm? with 30-pm interelectrode spacing. (B) Neurogrid conforms to the surface of the rat somatosensory cortex. (scale

Large-Scale Recording

Under the premise of ensuring high recording electrode density,
the electrical activity of a large number of neurons can be
recorded across multiple brain regions simultaneously by
increasing the number of recording electrodes and expanding
the coverage area of brain tissue. This kind of method can provide
crucial neural information for understanding the self-organized
processes of neural networks and the encoding principle of
specific cognitive behaviors by neuronal ensembles. Thus,
large-scale recording is now an urgently needed neural
technology. The following recording devices are mainly the
engineering innovation of the respective basic small and
medium-scale recording devices, which break through the
bottleneck of the recording scale.

Penetrating Type

Neuropixels

Compared to the conventional silicon-based Michigan electrodes,
the feature of this design is that complementary metal oxide
semiconductor (CMOS) technology is used to realize the
integration of recording electrodes and multi-channel
multiplexed circuits into the same silicon probe, and the
silicon probe is also integrated with the amplification, filtering,
and digital signal preprocessing circuit into the same processed
silicon wafer (Figure 7A).

Version 1.0 of Neuropixel is fabricated in a 130 nm CMOS
process. 960 recording electrodes and the precision electronics
(or: complex electronic circuits) with multiplexed addressing and
local amplification functions are integrated on a 10 mm long, 70 x
20 um cross-section rigid silicon probe. The probe shank is
connected with the base via 384 connecting wires. A
configurable 384-channel integrated circuit on the 5 x 9 mm?
probe base is responsible for dual-band recording (30 KHz pulse
frequency and 2.5 KHz LFP frequency per channel) and to send
data over 20 MB bandwidth to the acquisition board through a
digital port. Although there are 960 recording sites that can be
selected, only 384 signal channels can record simultaneously on

neuropixel 1.0 (Jun et al., 2017) (Figures 7B,C).Version 2.0 of
Neuropixel has four shanks in each probe, a total of 5,120
recording sites, which can intensively record the signals in the
1 x 10 mm plane (Figure 7D). Neuropixel 2.0 is a dual probe unit
structure. So there are 10,240 recording sites and the number of
simultaneously recordable channels reaches 768 but the volume
of the probe shrinks to one-third of the neuropixels 1.0
(Steinmetz et al, 2021). Under the premise of ensuring
thousands of recording sites, the neuropixel probe compresses
the cross-sectional area and wiring amount of the probe through
multiplexing and further simplifies the connection through the
integration of the preprocessing chip and the probe, which greatly
reduces the overall volume of the neural interface device (Putzeys
etal., 2019). When recording the neural activities, this design can
effectively reduce the restraint on animals.

Argo

As the longest-used microwire electrode, it can be made very slim
and stiff. It not only has low insertion damage to the brain tissue
but also has good recording quality. For the application of
microwire electrodes in large-scale recording, it is necessary to
solve the problem of connecting the electrode array composed of
a large number of microwires to the amplifier array (Mal et al,,
2003). The solution proposed by “Argo System” was to use a
sacrificial coating to thicken the wire and then tie them into a
bundle, spaced just perpendicularly coupling to the plane of the
large CMOS amplifier array (Figures 8A,B).

After the butt-joint of the microwire bundle array to the amplifier
array surface of the backplane, a recording device similar to the Utah
array for penetrating cortex is formed. The significant progress of the
Argo over the Utah array is the overall data throughput. The
prototype of the Argo system has the ability to continuously
record 65,536 channels at 32 kHz and 12 bits of resolution.

The prototype validates the ability to record 791 single-unit
APs in the rat cortex with an array of up to 1,300 penetrating
microwires. Stimulus-evoked LFPs are recorded by microwire
arrays with more than 30,000 channels attached to the surface of
the sheep’s auditory cortex. (Sahasrabuddhe et al., 2020). This
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method of grafting microwires array to the CMOS process  Neuralink
products suitable for mass production provides a large-scale  Neuralink has specifically developed a robotic sewing machine
neural interface platform with further expansion. that automatically implants each thread to stab into the brain
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FIGURE 9 | Neuralink. (A) “Linear Edge” probes, with 32 electrode contacts spaced by 50 um; (B) “Tree” probes with 32 electrode contacts spaced by 75 pm; (C)
the brain sewing machine; (D) Wired transmission; (E) The wireless implantable recording system module.
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tissue with the help of a fine tungsten needle hook (Musk and
Neuralink, 2019; Tooker et al., 2012a; Tooker et al., 2012b)
(Figures 9A,B). The sewing machine has the ability to
locate specific cortical areas with machine vision and to
automatically avoid the surface blood vessels for safe
electrode implantation (Hanson et al., 2019) (Figure 9C).
The neuralink provides a system-level solution, including
an array of flexible polymer probes integrated with
customized low-power electronics for signal acquisition, and
implantation machinery that can automatically implant
electrodes into the cortex (Figure 9D). The current wired
transmission version (Figure 9D) of the system is a state-of-
the-art large-scale scientific research platform for in vivo
neuroelectrophysiology. The wireless version (Figure 9E) of
the system is the first fully implanted front-end for preclinical
investigation.

Surface Attached Type

Compared with the traditional cortical surface electrode arrays,
the ultra-thin (<30 um) flexible cortical surface microelectrode
(LECoG) arrays can keep good cortical recording quality over a
long period, and with little irritation or damage to brain tissue
after implantation (Moshayedi et al., 2014). The micro-ECoG
arrays can densely sample neural electrical activity and extract
richer spatiotemporal information, which can be not only used
for long-term brain activity mapping but also have tremendous
potential in therapeutic applications of brain-machine interfaces
(Viventi et al., 2011; Won et al., 2018).

Neural Matrix

The Neural Matrix (Figure 10A) is a kind of thousand-channel-
level array of puECoG electrodes. It is to greatly reduce the amount
of wiring by integrating the powerline time-division multiplexing

Large-Scale Neural Recording

electronic device directly into the sensor to increase the ratio of
electrode contact coverage to the total area of the array, and
ensure high electrode density. In a neural matrix test prototype,
the neural signals were recorded from a high-density electrode
array with nearly 100 wires containing over 1,000 recording sites
by setting up two layers of metal interconnect lines plus
embedded multiplexers. The electrode array is in a 28-column
by 36-row mode with a coverage of 9 x 9.24 mm” (Figure 10B). A
total of 1,008 wires are needed for the traditional electrode array
but the total number of wires required for the neural matrix is
only 92 (2 times columns then plus rows), saving more than 90%
of the wiring area. Because cortical surface electrodes require a
relatively low sampling rate (generally do not have to exceed
1KHz), all electrode sites within the neural matrix can be
sampled in a two-dimensional scanning cycle. While each
channel of the neuropixels requires a much higher sampling
rate, it adopts a multiplexing method that is to select recording
sites with no more than the total number of recordable channels
before each recording session (Chiang et al., 2020).

PtNRGrids

Recently, another thousand-channel-level uECoG electrode
array, called PtNRGrids, is developed. It is a 6.6 um thin-
film electrode array with 30 um diameter electrode contacts
and low impedance by platinum nanorod modification
(Figures 11A-C).The spacing of recording sites for this
array can be configured between 150 pm and 1.8 mm to
form a coverage area ranging from 5 x 5mm? (1,024 grids)
for rodents to 8 x 8 cm* (2048 grids) for the human brain. With
this high spatial resolution electrode array, the investigator
observed the epilepsy discharge dynamics and spatial diffusion
process in patients with epilepsy surgery (Tchoe et al., 2021).
Compared to the high electrode density design of the neural

transistors. (B) Structure of a neural matrix array.

FIGURE 10 | Neural matrix. (A) Photograph of 1008-ch neural matrix array. Inset: each electrode is connected to a unit cell consisting of two flexible silicon
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FIGURE 11| PtNRGrids. (A) Large-area fabrication of PtNRGrids electrode arrays on 18 cm—by-18 cm glass substrates. (B) Microscale features of PtNR contacts,
metal leads, and perfusion holes shown by B optical (top) and (C) electron microscope images (bottom).

matrix, the PtNRGrids design passed a large number of
interconnecting wires through the wide electrode spacing
and achieved the large-scale recording with that the
electrode contact coverage occupies most of the total area.
Since the spatial resolution of the ECoG signal does not exceed
the LFP signal, the sampling density of hundreds of micron
spacing does not lose a lot of brain information. For the human
brain, due to the larger brain surface, reducing the spatial
sampling density while covering a larger brain area may be
more beneficial to obtaining richer brain information. So this
large-scale recording compromise with the deployment of
lower electrode density is also acceptable.

Distributed Type
The flexibility of this type represents the direction and future of
large-scale recording (or even stimulation).

Neurograin

The large-scale recording electrode arrays mentioned above are
integrated processing devices, with the location of each
electrode contact determined and implanted into the brain as
an ensemble. The idea of the next generation neural interface
design has been proposed: the electrode implantation position
can be set independently and flexibly, the scale can reach
thousands, and it should have the bidirectional function of
recording and stimulation (Lee et al, 2021). A proof-of-
concept experiment of the distributed sensor system
(Figure 12A) is completed on the cortex by
microminiaturization of the device “neurograin” as a network
node but maintaining high signal fidelity. The neurograin
system is composed of implantable, submillimeter,

individually addressable (Huang et al., 2019), and microchip
sets (Figure 12B). Each neurograin is an independent packed
module of 500 pm x 500um x 35 um and wireless powered by
inductive coupling technology for near-field transmission (Lee
et al., 2018). Neurograin microdevices do not need tether and
can be implanted in specific brain regions individually or
collectively for reading and writing neural information, with
good prospects for clinical application.

DISCUSSION

From that mentioned above, the whole system design of the large-
scale recording devices with the penetrating electrode was
introduced, and the surface attached electrode was focused on
the electrode itself. As a large-scale recording device that can be
widely used, it must be presented as a system. With the
requirement of portability, the front-end of the neural
recording system-neural interface tends to appear in the form
of a microsystem. This requires the co-design and system
optimization of the high-channel count electrode array with
the analog front-end circuit connected. We will make a brief
discussion of some key points from the engineering design
perspective in the order of system-device-material.

Microsystem

Due to the limited number of electrode contacts (usually less than
100) in traditional neural interface devices, either a large range of
brain regions is sampled at a lower spatiotemporal resolution or a
small volume of neurons at a higher spatiotemporal resolution. In
recent years, the requirement of increasing the sampling volume
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TABLE 1 | Common materials and characteristics used for the preparation of conductive and insulating layers of the electrode.

Electrode component

Advantage/disadvantage

Conductive component

Insulting component

Metal - Easy fabrication/instability
Silicon - Convenient to design
Polymer - Biocompatible and mechanical stability
Carbon-based materials - Highly conductive/mechanical/sensitive
- SuU8 Brittle
- Polydimethylsiloxane (PDMS) Biocompatibility strechability
- Polyimide Thin flexible
Parylene Thin flexible

and improving the sampling density was proposed under the
premise of collecting the neural signals with high fidelity for
scientific research and clinical application. The current large-scale
neural recording technology can be suggested to have the ability
to record more than 1,000 electrode contacts within the scale of
1 cm or above (Chiang et al., 2020).

The number of electrode contacts that can be recorded is
mainly limited by the number of channels that can be read out in
parallel and the maximum number of interconnect lines in the
probe shank. Because the cross-sectional area of the probe shank
determines the tissue damage of the penetrating probe, the
number of interconnecting lines is limited by the width of the
probe shank (Chiang et al., 2020). Reduction in the area and
spacing of the electrode contacts can increase the density and
number of the electrodes, but this increases the impedance of the
electrode and the density of the interconnect lines, leading to
enhanced signal crosstalk and electromagnetic interference.

To optimize connectivity and wiring between components,
and minimize noise and channel crosstalk, especially the effects of
motion artifacts, the researchers proposed several integrated
circuit design schemes involving buffer, multiplexing,
amplification, and signal preprocessing functions. The concept
of active electrodes is proposed, integrating a buffer circuit (pixel
amplifier) under each electrode contact to solve the high electrode
impedance problem in situ to ensure a high interconnect density.

However, this active buffer cannot be made with the complex
circuit; otherwise, it will increase the noise, the pixel area, and also
electrode contact area. The other methods to break through the
wiring bottleneck include the direct integration of power supply
and multiplexing electronics on the electrode. It can make the
packaging of the electrode array more compact but the large
voltage difference between the power supply wire in the device
and the physiological environment outside will accelerate the
failure of the polymer packaging and shorten the life of the
implant. The smaller the size of the penetrating probe, the smaller
is the displacement in the brain tissue and the more stable the
signal becomes, but the smaller the area and volume provided for
the electrode contacts, interconnecting lines, and active circuits.
As the number of electrode contacts increases, the arrangement of
the interconnecting lines becomes denser. The placement of
active circuits near the electrode contacts, although wiring can
be optimized, brings the active components closer and transmits
heat into the brain tissue. At this time, the energy consumption of
the active component is also a factor for brain injury evaluation.

The need to cover a large area of brain tissue and collect a large
number of neuronal activity signals at a high sampling rate
promotes the development of high spatiotemporal resolution
and high-channel count neural interface technology, including
usage of a high-performance electronic circuit device to address,
amplification, digitization, and preprocessing of high-channel
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count neural signals. In addition to the sensing electrodes, the
design of the integrated circuit for amplification also has
challenges, including reduction in the overall power
consumption, noise reduction of the amplifier, and increased
wiring density. As the number of channels increases, the neural
signal amplifier design is greatly limited in area and power
consumption, to keep very low input noise when connecting
to very small electrodes. Integrating the amplifier as close as
possible to the electrode reduces the noise by shortening the high-
density interconnect lines. For example, the combination of the
CMOS process (processing integrated circuit) and MEMS process
(processing electrodes) is used to effectively increase the number
of channels of electrodes and amplifiers (Rubehn et al., 2009).
Neuralink-is a system-level solution, both the integration of the
microelectrode array and ASIC with signal preprocessing and
communication modules has been implemented. The biggest
challenges facing the development of large-scale neural
interface integration devices may come from application and
translation. The value of this technology can only be reflected by
commercially transforming it into widely used scientific research
tools or clinically approved medical devices.

Functional neuroprosthetic is an important application
scenario of brain-machine interface technology in the clinical
area. Patients wish to be able to interact with the external
environment through a brain-machine interface. For the
currently wired data transmission type implanted brain-
machine interface device, upgrading to wireless data
transmission will have many advantages, such as the brain-
machine device is simple and neat, mobility of user is greatly
expanded, user experience is improved, and so on. If the device is
fully implanted under the scalp, the scalp is completely closed,
thus avoiding the risk of infection at the signal cable exit site and
allowing the user to move around freely. However, the use of
wireless data transmission may cause ethical discussions, as
brain-machine interface systems communicating with the
network may have cybersecurity risks and may disclose the
patient information that are considered confidential. As an
implantable medical device, systematic testing of brain-
machine interfaces must be performed in the brain of animal
models highly similar to their human counterparts, such as non-
human primates (NHP), and must be tested by performing
intelligent tasks. In neuroscience research, especially in neural
correlation studies of animal constraint-free behavior,
simultaneous monitoring of animal limb movements, inter-
individual interactions, and neural activity is required, and
wireless transmission of collected neural signals is also
essential (Waschke et al., 2021).

As the manufacturing of electrode arrays offers more and
more electrode contacts, the data bandwidth demand of signal
acquisition is also raised, which poses severe challenges to the
capability of wireless data transmission. The low-bandwidth
signal acquisition method needs to be considered to reduce the
pressure of wireless transmission. For example, the recording
of the broadband waveform of each signal channel is simplified
to collect only the neuronal spiking events (retain or discard
the spike waveform). This approach is used in the wireless
version of neuralink. According to the study of intracortical

Large-Scale Neural Recording

motor brain-machine interface decoding in macaque and
humans, the LFP band signal obtained with a digital
sampling rate of 1kHz is sufficient for functional
applications. These acquisition methods can compress the
transmission bandwidth to at least a few 10th or can record
more channels of signals with the released bandwidth. The
rational data compression will greatly simplify the design of
the wireless brain-machine interface system. However, the
compression algorithm needs to be evaluated according to
the neural information characteristics and decoding
requirements of the recorded brain region. Blind
compression may lose critical information.

Electrode

Two microelectrode arrays, “Michigan Probe” and “Utah
Arrays”, are technically mature and are currently the most
widely used neural signal detection tools in neuroscience
research and clinical investigation. The electrode contacts of
the Utah array, tetrode, and microwire array are all at the tip
of the shank, forming a sensing plane essentially parallel to the
surface (Campbell et al., 1990; Sscwartz, 2004). The Michigan
probe, however, picks up in-plane signals perpendicular to the
cortical surface and can record neural activities in different layers
of the cortex (Pochay et al., 1979).

To improve the spatial resolution of the recordings, the surface
area of the microelectrode contacts is small and tightly arranged, so
as to have a high chance of contacting with single neurons. Relying
on the mature micro-nano processing technology, the dense
contact microelectrode array has achieved mass production. If
the shape and volume of the probes are determined, shrinking the
size of electrode contacts increases the number of recording sites. If
the probe surface is fully covered by the recording contacts which
are all simultaneously readable, the damage by the insertion trades
the largest amount of neuronal information. To effectively collect
the weak neural signals, especially for single action potential
detection, the electrode must be very sensitive to microvolt level
voltage. High sensitivity electrodes are characterized by lower
impedance and higher charge injection capacity (ie., the
maximum exchangeable charge per unit area before the
irreversible electrochemical reaction occurs). However, there is
always a contradiction between high spatial resolution and high
sensitivity of the electrode arrays, because reducing the area of the
electrode contacts increases the impedance and decreases the
charge injection capacity. For conventional metal electrodes,
increasing the roughness and porosity of the contacts increases
the effective surface area, thereby reducing the electrode impedance
and increasing the charge injection capacity.

In order to keep a high signal-to-noise ratio chronic recording
in the brain for long periods (several years), the shape factors and
mechanical properties need to be paid attention to the electrode
design. For cortical surface electrodes, the use of a soft ECoG
electrode grid structure helps to increase the contact area between
the electrode contacts and brain tissue, reduce the impedance
between the brain and electrodes, and also greatly reduce the
damage to the brain tissues. There is still a lot of implant
problems of penetrating electrodes that need to be considered,
such as the silicon needle electrode is brittle and easy to break,
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and the mechanical mismatch between hard silicon electrodes
and soft brain tissues is not easy to solve. The probe-type
electrode with a flexible polymer substrate often cracks
between the insulating layer and metal electrodes.

Material
Silicon is a biocompatible material suitable for the etching of
integrated circuit devices, and it is also the basic material for
manufacturing Michigan-type and Utah-type electrode arrays.
Silicon-based microelectrode arrays with the advantages of
micrometer precision, high repeatability, low production cost, and
easily processed geometry are the primary electrodes used for
neurophysiological research. As the design of the electrode size
gradually ~decreases, the electrode contacts made with
biocompatible noble metals (platinum (Pt), iridium (Ir), and gold
(Au), etc.) expose the problem of high impedance but low charge
injection capacity (Won et al,, 2018). This severely limited the further
improvements in the spatial resolution of the electrode arrays.
Soft conductive polymer materials, relative to rigid electrode
materials, showed better performance in strain and inflammatory
response of brain tissue. For example, conductive Poly (3,4-
ethylenedioxythiophene) (PEDOT), doped with poly (styrene
sulfonate) (PSS), has the advantages of good biocompatibility,
excellent conductivity, and easy synthesis. The conductive
polymers can also serve as buffers to the mechanical mismatch
to reduce the foreign body response of the brain. However, there
is a problem of poor adhesion between the PEDOT and the metal
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electrodes (Won et al., 2018). A design of the sandwich structure
of Au/PIN-5NO,/PEDOT possesses both the electrochemical
properties and biocompatibility of PEDOT, while also
ensuring mechanical stability (Table 1).

The development of neuromorphic nanomaterials with
high similarity to the characteristics of neural tissue,
achieving seamless connection and functional fusion with
neurons and having long-term effects on the brain, is
expected in the future.

From the point of view of the design and use of the whole
system, the distributed neural interface system similar to
neurograin and can achieve high temporal resolution is the
ideal neural technology.
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