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Abstract: Neural probes, as an invasive physiological tool at the mesoscopic scale, can decipher
the code of brain connections and communications from the cellular or even molecular level, and
realize information fusion between the human body and external machines. In addition to traditional
electrodes, two new types of neural probes have been developed in recent years: optoprobes based
on optogenetics and magnetrodes that record neural magnetic signals. In this review, we give a
comprehensive overview of these three kinds of neural probes. We firstly discuss the development
of microelectrodes and strategies for their flexibility, which is mainly represented by the selection
of flexible substrates and new electrode materials. Subsequently, the concept of optogenetics is
introduced, followed by the review of several novel structures of optoprobes, which are divided into
multifunctional optoprobes integrated with microfluidic channels, artifact-free optoprobes, three-
dimensional drivable optoprobes, and flexible optoprobes. At last, we introduce the fundamental
perspectives of magnetoresistive (MR) sensors and then review the research progress of magnetrodes
based on it.

Keywords: micromechanical technology; neural probes; electrodes flexibility; optogenetics; magnetic
recordings; brain–computer interface

1. Introduction

The neural network of the human brain is composed of an estimated 86 billion neu-
rons [1], which convey information across complex temporal patterns within the neuronal
network. Deciphering the fundamental mechanisms and processes of the human mind
plays an important role in recognizing human thoughts, emotions, and ultimately explains
human behavior. On the other hand, the brain–computer interface (BCI), which allows
direct communication between the brain’s electrical activity and an external device [2], most
commonly a computer, does not rely on conventional brain information output pathways
(peripheral nerve and muscle tissue) and has been widely concerned in medical, industrial,
and household settings [3,4]. In order to realize the bidirectional interaction, it is essential
for accurate acquisition and feedback of neural signals.

Activities in support of the deciphering of nervous system codes and the bidirec-
tional interaction of BCIs rely on advanced methodologies and engineering systems at
different scales [5]. Macroscopically, non-invasive methods such as electroencephalogram
(EEG) [6–9], functional near-infrared spectroscopy (fNIRS) [10,11], and magnetoencephalog-
raphy (MEG) [12–15] have been widely utilized due to their high time resolution. However,
to analyze the neural circuits behind cognition and behavior, it is also necessary to un-
derstand how neurons connect and communicate at the cellular and molecular levels;
therefore, the ideal sensing tool must span from the single neuron to its complex network
of connections [16]. Neural probes are defined as devices inserted or implanted into the
brain or other nervous tissues [17] that meet the above requirements.
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Electrophysiological neural probes already have mature tools at different scales; patch
clamps, which can record electrical activities at a single-cell scale, are the best tool for
studying ion channel activity. With the development of microelectromechanical systems
(MEMS) technology, high-density Si-based microelectrode arrays (MEAs) have successfully
realized the recording of high-throughput and high time resolution of brain electrical
signals. However, as the size of the electrode recording site decreases, it leads to low
capacitance and high impedance at the electrode/tissue interface, which seriously affects
the recording resolution [18,19]. At the same time, the Young’s modulus mismatch between
traditional rigid electrode materials and soft biological tissues exacerbates the rejection of
the probe invasive site, resulting in a decrease in electrode performance. Therefore, recent
studies are more interested in the flexibility of neural microelectrodes, as it is expected
to increase the charge storage capacity and reduce the interfacial impedance, thereby
improving the signal-to-noise ratio (SNR) of electrophysiological signal detection.

In addition, many state-of-the-art neural probes for brain research have been reported
over the past few decades. Among these achievements, the genetic modification of nerve
cells with ion channels that are sensitive to light brought the promising new method of
“optogenetics” into the neurosciences [20] with millisecond temporal resolution and single-
cell spatial resolution [21]. The optoprobes embodied the theory of optogenetics through
engineering design, providing a powerful tool for neuroscience research. In addition, mag-
netophysiology, concentrating on the magnetic field signals generated by ionic neuronal
currents according to Biot–Savart law, acts as a complementary technique to electrical
measurements with the advantages of non-contact, non-distortion, and no reference. The
neural probe for magnetophysiology technology is to integrate micron-size magnetoresis-
tance (MR) sensors based on spin electronics on a needle-shaped micromachined probe,
named “magnetrodes” [22] in this review for a magnetic equivalent of electrodes. Intrusive
magnetic recording of magnetrodes allows the distance from the field source to sensors
to be shortened, so the amplitude of the signal (expected to be no larger than a few nT) is
larger than that of MEG (hundreds of fT).

Herein, the strategy of electrode flexibility will be discussed first, including the se-
lection of flexible substrates and new electrode materials. In the following section, the
concept of optogenetics will be introduced, followed by the review of several novel struc-
tures of optoprobes, which are divided into multifunctional optoprobes integrated with
microfluidic channels, artifact-free optoprobes, three-dimensional drivable optoprobes,
and flexible optoprobes. In Section 4, we will introduce the basics of several types of MR
effects including giant magnetoresistance (GMR) and tunneling magnetoresistance (TMR).
The research progress of magnetrodes based on MR sensors will be reviewed in the same
section. Finally, we provide an outlook on the current problems and future development
directions of these novel neural probes. It is expected that a comprehensive and up-to-date
review of the novel neural probes can be achieved.

2. Microelectrodes
2.1. Rigid Microelectrodes

As one of the most mature tools for neural probes, implantable microelectrodes can ac-
curately record electrical signals at the neuron level. For this reason, they have been widely
applied to the basis of neurobiology, and have greatly promoted the development of BCI.
According to the different electrode materials, microelectrodes can be divided into glass
micropipette electrodes [23–25], metal microwire electrodes [26–28], and semiconductor
substrate electrodes [29–31]. Glass micropipette electrodes, also known as patch clamps,
are used to record the electrical activity of ion channels on biological membranes [32]. Com-
pared with micropipette electrodes made of high-temperature drawn capillary glass tubes,
microwire electrodes have lower high-frequency impedance, higher signal-to-noise ratio,
and better mechanical properties, which can detect the fluctuation of voltage value without
damaging cell activity. Microwire electrodes are the earliest implantable microelectrodes
used for long-term recording of brain activity [33]. However, when the number of channels
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increases, the distance between the microwire electrodes cannot be precisely controlled
during arrangement so that the consistency of electrode performance cannot be guaranteed,
and electrode arrays assembly is also not easy to achieve [34].

With the development of photolithography and silicon etching technology, metal
microwire microelectrodes are gradually replaced by silicon microelectrodes with good
mechanical properties and biocompatibility. The Utah electrode [35,36] and Michigan
electrode [37] are the two most representative types of silicon-based microelectrode arrays.
For the Utah electrode array (UEA), the electrode recording point is exposed at the tip of
each microneedle by mechanical cutting combined with chemical etching, and then metal is
deposited [36]. The rest of the needle is insulated with polyimide to obtain a microelectrode
array with precise size and spacing [38]. UEA-based BCI systems have been approved by
the United States Food and Drug Administration (FDA) for some clinical trials. In 2006,
Hochberg et al. [39] used implantable BCI for the first time to enable quadriplegic patients
to drive computer screen cursors and activate simple robotic devices just by thinking. Over
the years, the number of clinical studies and the leaps they have made in the clinical field
have increased significantly. In March of this year, Chaudhary et al. [40] implanted BCI into
the amyotrophic lateral sclerosis (ALS) patient who lost all muscle-based communication
pathways and he selected a letter to form words and phrases to communicate his needs
and experiences via auditory neurofeedback training, which also proved that brain-based
volitional communication is possible even in a completely locked-in state. The UEA is not
only used for recording, but also for stimulation purposes. For example, inducing tactile
feedback in the hand region of the somatosensory cortex may help improve the accuracy of
BCI devices [41], as well as the dexterity of prosthetics [42].

The Michigan electrode array is a needle electrode similar to UEA. The difference is
that it has multiple plane recording sites on the needle [43–45], which can achieve high-
density stereo recording. In 2017, Barz et al. [46] chronically implanted assembled 3D
Michigan electrode arrays into non-human primates trained to perform a reach and grasp
motor task. This result supports the design of application-specific neural interfaces in
neuroscience research.

2.2. Strategies for Microelectrode Flexibility

Based on MEMS technology, microelectrode arrays made of rigid silicon can effectively
obtain high-density activity information of brain neurons. Nevertheless, the rigidity of
silicon makes it unable to match the physical properties of biological tissues. At the same
time, because of its non-deformable characteristics, it will cause damage to cells when
the tissue moves, so it is not suitable for long-term implantation in the human body.
Therefore, it is desirable to optimize the performance of implantable electrodes through
electrode flexibility.

The flexibility of neural electrodes includes choosing flexible polymers as substrates
and replacing traditional metal electrodes with various new electrode materials. Firstly, an
electrode with flexible probes is a typical method for electrode flexibility, providing an inter-
face more suitable for neural tissue by exhibiting more suitability (Figure 1a,b). The selected
flexible substrate materials should have good biocompatibility, flexibility, and compatibility
with the microfabrication processes, such as polydimethylsiloxane (PDMS) [47–49], poly-
imide (PI) [50,51], Parylene [52,53], and SU-8 [54]. Additionally, the geometry of the probe
can also affect the rejection of the local tissue near the electrode. As shown in Figure 1c,
Wu et al. designed a fishbone-shaped polyimide neural electrode that effectively reduced
the tissue reaction by increasing the distance between the electrode and the probe [55].

On the other hand, electrode performance can be further improved by various types of
organic electroactive electrode materials with high charge injection capability and excellent
electrochemical performance, which includes carbon-based nanomaterials, i.e., carbon nan-
otubes (CNTs) [56–58], graphene [59–61], and conductive polymers (CPs) [62–64]. Further,
nanocomposites of the above materials have also become popular choices. For exam-
ple, combining conducting polymer Poly (3,4-ethylenedioxythiophene) (PEDOT) with



Biosensors 2022, 12, 1167 4 of 21

carbon-based nanomaterials with high mechanical hardness can prevent PEDOT films
from deforming and cracking after long-term operation [65]. Recently, Vajrala et al. [66]
fabricated novel nanocomposites of highly porous and robust PEDOT-CNF by a simple and
reproducible electrodeposition method (Figure 1d), and the experimental results showed
that it has superior performance to pure PEDOT materials.
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Figure 1. Different strategies for electrode flexibility. (a) Schematic of the electrode with flexible Pary-
lene probes [52]. Reprinted under a Creative Commons Attribution (CC BY) license. (b) Optical mi-
crographs of the flexible SU-8 probe with 90◦ bending and penetrate an agar gel. Reprinted from [54],
Copyright (2013), with permission from Elsevier. (c) Microscope image of the fishbone-shaped
polyimide neural probe [55]. (d) Nanomaterials PEDOT-CNF to improve electrode performance:
A—Optical micrograph of the neural probe; B—Schematic diagram of the PEDOT-CNF composite
deposition [66]. Reprinted under a Creative Commons Attribution (CC BY) license.

2.3. Methods of Flexible Microelectrode Insertion

Some studies have confirmed that flexible electrodes can indeed reduce the impact on
the surrounding brain tissue [67]. However, an important problem is that flexible neural
probes may be too soft to penetrate the meninges and reach the target site, thus requiring
the use of additional stiffening structures. The method of stiff backbone layers [68] and
insertion shuttles [69–71] can improve the rigidity of flexible probes, but the former will
limit the flexibility of the device, and the latter will temporarily increase the footprint of the
implant, causing additional damage to the nerve tissue during the implantation process.
A more acceptable approach is to temporarily reinforce the probe with a bioresorbable
coating, which restores the flexibility of the probe after the coating dissolves. Commonly
used bioabsorbable coatings include poly (ethylene glycol) (PEG) [72], poly (lactic-co-
glycolic acid) (PLGA) [73], silk fibroin [74], sucrose [75], maltose [76], dextran [77], and
their bilayer structures [78,79]. More than just an insertion aid, these polymers act as
biofriendly coatings to mitigate rejection. In actual use, the appropriate bio-coating should
be selected according to the application scenario, combined with the stiffness, degradation
rate, and bioresorbability of the polymer [80].

3. Optoprobes
3.1. Optogenetics

Optogenetics fuses optical and genetic techniques to inject photosensitive proteins
(called opsins) extracted from algae or bacteria into target tissues [81,82]. When light of
a specific wavelength illuminates opsins, it causes excitatory or inhibitory activity in the
neuron. Traditional electrical stimulation cannot precisely control the stimulation site and
drugs or genetic mutations cannot decide when to activate, while optogenetic technology
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can stimulate a specific site with expected time with high selectivity, spatial and temporal
resolution, and reversibility [21].

Opsins, similar to human photoreceptor cells, act as photoreceptors to be regulated by
specific wavelengths of light to switch ion channels and form action potentials. A variety of
opsins have been used in optogenetics. ChR2, for example, when irradiated with a 470 nm
blue laser, the channels of these opsins open, allowing a large influx of cations (such as
Na+) to generate action potentials, that is, to excite neurons [83,84]. The inhibitory opsin
NpHR3, in contrast, allows Cl− to pass through when irradiated with a 578 nm yellow
laser light, keeping the neurons at resting potential all the time [85].

3.2. Optoprobes

Nevertheless, due to the absorption and scattering of light by the living body, natural
light cannot be irradiated deep into the brain. In order to deliver light into the specific
area that needs to be stimulated, an invasive probe which is called an optoprobe [86]
was developed. According to the different integration methods of optical components,
optoprobes can be divided into optical waveguide probes, MEMS waveguide integrated
probes, and micro-LED (µ-LED) integrated probes.

Optical-fiber-based probes, which directly use commercially available fibers and lasers
as light sources, were the first way to introduce light into animals [87]. Although mature
products are available, the bulky size of the fiber and the difficult manual assembly limited
the further development. Although tapered fiber can reduce the size of the fiber tip by wet
etching [88], the Young’s modulus is still high [89].

Thanks to the MEMS technique, MEMS waveguide integrated probes have great
flexibility in design and application. The size of the probe can be significantly reduced,
taking advantage of the planar profile of the platform, and thus reduce the damage caused
by implantation. At the same time, the structure defined by the photolithography process
leads to a compact footprint and is easy to integrate with multiple channels and multiple
functions. As with optical-fiber-based probes, lasers or integrated LEDs/LDs can be selected
as light sources. Integrating an interfacial optical component such as a gradient-index
(GRIN) lens to improve the coupling efficiency between the light source and the waveguide
has received much attention recently [90].

Probes with integrated light sources directly implant the µ-LED light source into
the body without using an optical guide structure. LEDs have been applied to the tool
of optical neuromodulation due to their improved encapsulation quality and negligible
heat generation [91]. Due to the substrate lift-off and transfer techniques, the size of
the µ-LED is reduced, which can obviously reduce the probe volume or facilitate high-
density integration.

In order to achieve closed-loop optogenetic regulation, electrodes are usually inte-
grated on optoprobes as recording elements for electrical signals generated by optical stim-
ulation, also known as “Optrode” [20]. Optrode enables bidirectional interaction between
neural interface devices and neurons, making it an indispensable tool for optogenetics appli-
cations. Interestingly, many attractive new structures have been developed recently based
on optrodes, including multifunctional optoprobes integrated with microfluidic channels,
artifact-free optoprobes, three-dimensional drivable optoprobes, and flexible optoprobes.
These improvements are expected to enable long-term, multimodal, multifunctional studies
of brain function while minimizing damage to the brain from implantation.

3.2.1. Multifunctional Optoprobes

The ability of chemical delivery is crucial for the in-depth study and precise mod-
ulation of neural circuit function; therefore, recent studies have integrated microfluidic
channels on optrodes to constitute multifunctional optoprobes, respectively. Microflu-
idic channels can infuse a drug in the deep brain region of small animals, such as anti-
inflammatory drugs, which may improve the longevity of chronic recordings. Moreover, it
allows for a single-insertion implantation surgery to complete the infusion of opsins and



Biosensors 2022, 12, 1167 6 of 21

subsequent optogenetic modulation, avoiding damage to brain tissue caused by repeated
device insertion in the same region [92].

Coaxial electrodes and microfluidic channels were fabricated on a pharmaceutical-
grade polymer optical fiber via the thermal drawing process, which first realized virus
infusion [93] and drug delivery (Figure 2a) [94]. The drug was infused through the void
space for fluid delivery in the cylindrical fiber [91]. Rubehn et al. used the micromachining
process to integrate an SU-8 waveguide, as shown in Figure 2b, and fluidic channel into a
polyimide-based electrode shaft [95], but these methods all require manual assembly or
bonding, resulting in poor scalability of probes. Shin et al. designed a multifunctional two-
dimensional multi-handle optoprobe (Figure 2c) [96] and three-dimensional high-density
array (Figure 2d) [97] capable of confirming the functional connectivity of different brain
regions in mice on a silicon-based substrate for the first time.
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Figure 2. Different kinds of multifunctional optoprobes integrating optical stimulation, electrical
recording, and microfluidic channels. (a) Multifunctional coaxial polymer fiber-based optoprobe
achieved by thermal drawing process. Refractive index difference between medical-grade materials-
polycarbonate (PC) and cyclic olefin copolymer (COC) allow light to be confined within PC, while
the polymer composite-conductive polyethylene (CPE) is used as recording electrode [94]. (b) Micro-
graphs of two multifunctional optoprobes with different waveguide output surfaces (flat, concave)
which might influence the light propagation in tissue [95]. (c) View of the multifunctional MEMS
two-dimensional multi-handle waveguide-based optoprobes. Reprinted under a Creative Com-
mons Attribution (CC BY) license [96]. (d) Schematic illustrations showing three 2D multifunctional
optoprobes before stacking and bonding (left), assembled 3D high-density multifunctional array
(middle) [97]. Reprinted under a Creative Commons Attribution (CC BY) license.

3.2.2. Artifact-Free Optoprobes

An undesirable feature of many optical devices is the stimulation artifact that may
mask neuronal signals and prevent the temporally precise recording of neuronal re-
sponses [98,99]. It is showed that the magnitude of stimulation artifacts is often an order of
magnitude larger than those of underlying neuronal signals [100]. Especially for µ-LED-
integrated optoprobes. LED, as an active device, has an obvious impact on the electrical
recording when it is switching. Optical-stimulation-induced artifacts mainly include photo-
voltaic effects (PV), electromagnetic interference (EMI), and photoelectrochemical effects
(PEC). Comparison of the three types of optical-stimulation-induced artifacts is shown in
Table 1.
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Metal microelectrodes exposed to optical radiation are susceptible to the PV effect,
producing stimulus-locked optoelectronic artifacts [101–104]. This artifact can be mitigated
using heavily boron-doped silicon substrates [100], but still cannot be completely eliminated
due to the presence of PEC noise. To minimize the effect of optoelectronic artifacts, highly
transparent materials such as graphene [52] or indium tin oxide [105] have been used as
electrode materials. Flexible polymer-based substrates to eliminate PV-induced artifacts
are also a good option [106–108].

Active µ-LEDs and their interconnects will introduce EMI-induced artifacts to the
electrical recording signal [107–109], which bring the largest amplitude of artifacts. When
µ-LEDs work, due to the existence of contact resistance and lead resistance, their N-type
layer cannot maintain a stable ground potential, which affects the recording point of the up-
per layer. Adding a metal shielding layer between the µ-LED active layer and the electrode
recording passive layer can effectively reduce EMI [100,108,110]. The dual-metal-layer
shielding topology has been applied in µ-LED-based photoelectrodes to reduce stimulation
artifacts and has shown superior performance to the single-metal-layer topology [111]. In
addition, transient pulse shaping using the LED drive signal can effectively suppress EMI
noise [110].

The PEC noise on the metal–electrolyte interface can be mitigated by using electro-
chemical modification of materials [102,106,112–114] with a band gap of larger than 3.26 eV,
such as counterion-doped PEDOT, Sn-doped indium oxide, or Pt-Black [52,106,115].

Table 1. Comparison of three types of optical-stimulation-induced artifacts.

Type Source Magnitude Suppression Methods

PV
Metal electrodes exposed to

optical radiation Tens to hundreds µVs
Heavily boron-doped silicon substrates [100]

Transparent electrode materials [52,105]
Flexible polymer-based substrates [106–108]

EMI Active µ-LEDs and their
interconnects

Several mVs
Metal shielding layer [100,108,110]
Dual-metal-layer shielding [111]

Transient pulse shaping [110]

PEC Metal–electrolyte interface Tens to hundreds µVs Electrochemical modification [52,106,115]

3.2.3. Three-Dimensional Drivable Optoprobes

When the optoprobe is implanted in an animal’s brain, the body’s immune tissue
treats the implanted device as a foreign object, causing rejection. The host response re-
jection causes astrocytes and microglia to aggregate and encapsulate the encapsulation
probe [116,117], so that the electrodes could not record the action potentials of neurons. A
drivable part which can lead the probe tip to break through the wrap and continue to func-
tion becomes a good choice. The drivable optoprobes are inspired by the micro-actuated
structure of the electrodes [118,119], which can be customized according to the different
optical components (Figure 3a,b) [97,116] or simpler 3D-printed molds [120–122]. The 3D-
printed mold can also precisely control the adjustment step by twisting of the screw, shown
in Figure 3c, and the minimum step is as low as 320 µm [122].

Moreover, three-dimensional optical probe arrays [123] allow measurements of neural
activities across the whole region within an engineered 3D neural tissue, as well as mea-
surements of the local modulations of the neural networks at a specific site [97]. Combining
the 3D array with drivable structures assembled together is expected to enable long-term
chronic recordings across different brain regions and depths (Figure 3d) [97,120,121].
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probe with a custom microdrive [97]. Reprinted under a Creative Commons Attribution (CC BY)
license. (b) Design of multisite drivable fiber-based optrode arrays. (A): Schematic diagram of a
32-channel drivable optrode array; (B): Detailed schematic diagram and top view (C) of the optrode
tip; (D): Photos of a 64-channel multisite drivable optrode array and the optrode tip (E); (F): Op-
togenetic stimulation and electrophysiological recording using a multisite drivable optrode array
implanted in a freely moving mouse [116]. Reprinted under a Creative Commons Attribution (CC BY)
license. (c) The fully prepared drivable optrode with the 3D-printed acrylic microdrive and magnified
view of the optrode tip. (A): Front view of the drivable optrode; (B): Magnified image of the optrode
tip [122]. Reprinted from, copyright (2021), with permission from Elsevier. (d) Schematic diagram of
the completely constructed 3D high-density drivable optrode array. (A): Explosive view of four 2D
high-density probes; (B): Schematic diagram of the completely constructed 3D high-density drivable
optrode array. Reprinted with permission from [121]. Copyright 2021 American Chemical Society.

3.2.4. Flexible Optoprobes

Although the movable structure can penetrate the wrap, it does not fundamentally
solve the rejection reaction. Inflammation resulting from the mismatch in Young’s modulus
(~1–10 kPa) of traditional rigid photoelectrode implants (GPa) and brain tissue remains a
major factor limiting the use of optical probes for chronic research and long-term implan-
tation [89]. Flexible implantable devices have better biocompatibility and are more able
to adapt to the deformation of nerve tissue caused by exercise [124], which can effectively
prolong the working time in the body. Polymers such as Polydimethysiloxane (PDMS),
polyimide (PI), Parylene C, silicone rubber, SU-8, and liquid crystal polymer are good
choices for flexible substrates [89,107,108,125–130].

Reddy et al. used PDMS as the substrate and Parylene C as the core of the waveg-
uides to fabricate implantable waveguide arrays [131], which is a hopeful beginning of
flexible waveguide optoprobes. However, integration of µ-LEDs on flexible substrates
remains challenging. It is a feasible way to bond the LED chip onto the flexible probe
shank by flip-chip bonding (Figure 4a) [132] or wire-bonding [133], but these complicated
and cumbersome ways are not conducive to high-density integration. As illustrated in
Figure 4b, Kim et al. transferred printed µ-LED from a sapphire wafer to a flexible polyester
substrate, forming a wireless multifunctional optoprobe with a microelectrode layer, optical
measurement-microscale inorganic photodetector (µ-IPD) layer, and a temperature sensor
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layer [134]. Reddy et al. monolithically integrated gallium nitride (GaN) µ-LEDs and
recording electrodes on a flexible polymer substrate using a process that can be achieved
in standard microfabrication facilities for the first time [127]. Specifically, they grew GaN-
based heterostructures on a silicon wafer, monolithically integrated and encapsulated in a
flexible polymer that includes interconnects, and released at the end of fabrication process.
A schematic of the probe architecture is shown in Figure 4c.
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optoprobe, in which a PI-based ribbon cable interconnects a bare LED chip by flip-chip bonding
to respective connector pads. Close-up view showing the placement of the LED chip in a cylindri-
cal transparent optoprobe between two macroelectrodes [132]. (b) Optoprobes design for transfer
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region [127]. Reprinted under a Creative Commons Attribution (CC BY) license.

4. Magnetrodes
4.1. Magnetophysiology

Magnetophysiology, which refers to the measurement of the magnetic field generated
by ionic currents, has many advantages compared with electrophysiology. First of all, there
is no need for direct contact with the field source during magnetic field measurement.
Even if the sensor is wrapped due to rejection after long-term implantation, it can still
detect brain magnetic signals as long as the insulation is reliable. In addition, the benefits
of magnetic recording include: (1) The electric field strongly depends on the electrical
conductivity of the tissue between the nerve cell and the recording electrode, and the EEG
signal is affected by the large difference in electrical conductivity between different tissues.
While the magnetic permeability of most biological tissues is uniform and basically the
same as that in air, there is no distortion when propagating through the tissue, and it only
decays with increasing distance from the current source; (2) The electrode measurement is
always relative to the potential of the reference electrode, and the position and type of the
reference electrode have a great influence on the measurement signal. In multi-electrode
recordings, all channels usually share the same reference electrode, so the resulting signals
are not independent, which also poses problems for the analysis of functional connectivity.
On the other hand, magnetic recording requires no reference, so current signals can be
measured directly without interference; (3) Electrical measurement records scalar values,
while magnetic recording can set several sensors with different sensitive directions on the
same probe to obtain vector information about the magnitude and direction of the current
source, so it is expected to precisely locate the neuronal activity.
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However, magnetophysiology is much less developed than electrophysiology, mainly
because of the weakness of the magnetic field. Specifically, according to a simple model,
the magnetic field generated by a single neuron is on the order of several pT. For the local
magnetic field, assuming a certain number of neurons are regularly arranged in bundles
and perfectly synchronized, then the magnetic field for 100 neurons is approximately
260 pT. These signals are typically seven to nine orders of magnitude lower than the Earth’s
magnetic field; thus, they require very sensitive magnetic sensors to detect.

4.2. MR Sensors

Magnetoresistance (MR) sensors, whose resistance change as a function of the applied
magnetic field, can realize reliable magnetic signal detection in the nT to pT range at
room temperature using micron-sized structures [135–137]. MR sensor fabrication relies
on a large-scale process, being compatible with Si-based integrated circuits which means
low power consumption and cost, and makes it suitable for integration with different
components [138–143]. The first type of MR sensor is an anisotropic magnetoresistance
(AMR) sensor, which exploits the angle between the magnetic field and current [144]. More
recently, spintronics, which takes advantage of the intrinsic property of electron spin to
manipulate the macroscopic magnetism of materials, has opened the way to new MR
sensors: the giant magnetoresistance (GMR) sensor and the tunnel magnetoresistance
(TMR) sensor with higher sensitivity and smaller size. These two types of sensors based on
ferromagnetic (FM)/non-magnetic (NM) heterostructures are what we mainly discuss here.

The GMR effect was independently discovered by Grunberg [145] and Fert [146] in
1988, and recognized with the Nobel Prize in 2007. It is caused by the asymmetry of
spin-dependent scattering of spin-up and spin-down electrons at the FM/NM interface. In
sensor applications, the spin-valve (SV) multilayer structure proposed by Dieny et al. [147]
is widely used because of its better linearity [148,149] and the transport measurements
are performed in a standard four-point probe with the current-in-plane (CIP) geometry
(Figure 5a). The simplest SVs comprise two FM layers separated by a metal intermediate
layer. The magnetization of one FM layer is free to rotate under application of a weak mag-
netic field while the other is pinned by coupling with an adjacent antiferromagnetic layer
using the so-called exchange anisotropy phenomenon [150]. According to the two current
models proposed by Mott [151], the phenomenological explanation of the GMR effect can
be obtained. Figure 5b shows the movement of conduction electrons in a multilayer film
sample under different applied magnetic fields. When the magnetization directions of the
adjacent magnetic layers are distributed in parallel, two FM/NM interfaces show different
resistance states. One interface is high-resistance state, while the other is low-resistance
state; the spin conduction electrons can move freely, and the overall device presents a low-
resistance state. When adjacent magnetic layers are distributed anti-parallel, both spin-up
and spin-down conduction electrons will encounter a magnetic layer with the opposite
spin direction, and are strongly scattered there. As a result, no electrons in any spin state
can pass through the FM/NM interface, and the device presents a high-resistance state.

Since then, scientists have been exploring the control of electron spin and thin film
magnetic orientation at the atomic scale. Later, the discovery of MgO-barrier with thick-
ness below 2 nm became a breakthrough in magnetic tunnel junction (MTJ)-based TMR
sensors [152]. If the bias voltage is applied on the MTJ structure of FM layer/insulator
layer/FM layer, the spin current can tunnel the insulator layer due to the spin tunneling
effect [153], which seems impossible in classical physics. TMR originates from the energy
level difference between spin-up electrons and spin-down electrons in density of states
(DOS). During tunneling, electrons can only tunnel from a given spin subband in the first
FM to the same spin subband in the second FM due to the conservation of spin orientation,
as shown in Figure 6. The output exhibits low resistance when the magnetic moments of
the two FM layers are arranged in parallel, and high resistance when they are arranged in
an anti-parallel configuration. Therefore, the MTJ output can reflect the external magnetic
field strength.
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4.3. Magnetrodes

In view of the advantages of high sensitivity, miniaturization, and room tempera-
ture sensing, MR sensors have been designed as planar sensor arrays placed under the
hippocampal brain slice to measure magnetic signals. Further, in order to achieve in vivo
measurements and meanwhile minimize damage, “magnetrodes” have been proposed
which are analogous to electrodes [154]. Integrated MR sensors onto a sharp silicon probe
opens up the development of the magnetrodes.

The recording of neural activity by MR sensors was first attempted by
Amaral et al. [155,156] in 2011, and follow-up works have been conducted since then. In
their first work, a planar chip of 15 SV sensors prepared by microfabrication was placed
under the CA1 region of the mouse hippocampal brain slice (Figure 7a). The hippocam-
pus was selected because the pyramidal cells in the hippocampus are highly organized,
which means that they are arranged in parallel and all cells are on the same plane, thus
providing a larger superposition of magnetic fields. When electrical impulse stimulations
were applied to the CA3 region, the resulting stimulation propagated along the fibers
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to the CA1 pyramidal neuron region, where it was detected by the underlying sensors.
In order to verify the authenticity of this signal, they inhibited the action potential with
tetrodotoxin (TTX), and the signal pulse stopped, confirming that the signal measured
by the sensor originated from the action potential. However, the distance between the
biological sources of the signal of interest and the sensor (about 10µm) constrains its further
development. Two years later, they developed a hybrid device capable of being physically
inserted within the brain slice that combines 15 silicon probes and MR sensors by placing
the SV-GMR sensor (Figure 7b) [157] or MTJ-TMR sensor [158] at the end of each needle tip,
which is the prototype of magnetrodes and is expected to measure of the magnetic field
in different regions. However, in fact, they only measured a single sensor located in the
area of pyramidal cells and observed the same type of signals as previous studies [155]. A
common problem for both studies was that there was no comparison with other existing
techniques for recording neural responses to verify the accuracy of the acquired signals.

Later in 2017, Caruso et al. [22] formally proposed the concept of “magnetrodes” and
reported on in vivo magnetic recordings in the cat visual cortex with five segments of
4 × 30 µm2 SV-GMR arranged in a meander configuration. They averaged over multiple
stimulus repetitions to calculate the event-related field (ERF), which was on the order of
several nT. Although the SNR was still not satisfactory, this experiment shows the po-
tential to exploit the fundamental advantages of magnetophysiology. In the same year,
Valadeiro et al. [159] integrated two SV-GMR sensors (40 × 2 µm2) with a thin film gold elec-
trode (20 × 20 µm2) at the tip of a single probe. They designed two different magnetrodes
whose sensing direction was along the magnetrode length or width, and penetrated the
hippocampal tissue with an inclination; the bending of the magnetrode’s tip will not affect
the device performance [160], mainly for MR sensors. The gold electrode was responsible
for verifying the biological signals and cell activities (live/dead) during the experiment. A
recent study demonstrated a GMR magnetrode with two orthogonally sensitive directions,
thanks to Joule heating-induced localized magnetization reorientation technique.
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Figure 7. (a) Hippocampus slice with the relative position of the sensor array with respect to the
hippocampus structure. Red arrows represent the hippocampal network forming a well-characterized
closed loop due to synaptic and action potential sources [155]. Reprinted with permission from AIP
Publishing 2011. (b) SEM image of the needles array and the tip of the needle with a well-defined
SV sensor [157]. (c) Schematic representation of the in vivo experimental set-up to record neural
responses from rat cerebral cortex [22]. Reprinted with permission from Elsevier 2017. (d) Schematic
view of the sharp magnetrodes with orthogonal and parallel configurations and the position of
SV1, SV2, and gold electrode along the probe. The arrows indicate the sensing direction [159].
(e) Photograph of the GMR magnetrode with orthogonally sensitive directions. Reprinted with
permission from [161]. Copyright 2020 American Chemical Society.
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Another interesting part of this work is the research about biocompatibility. The
multi-layer films of MR sensors contain elements such as Co, Fe, and Mn, which are
toxic to organisms. On the other hand, interstitial fluid may also damage sensors on the
magnetrodes. Therefore, it is essential to find a suitable passivation layer to ensure cell
activity and protect the sensor. Sharma et al. [162] preliminarily studied the survival of
neurons cultured for 2 weeks on MTJ arrays protected by SiO2(50)/Si3N4(70)/SiO2(50)
(thickness in nm) trilayer which were all deposited by magnetron sputtering and showed
about 50% cell viability. Moretti et al. [163] then conducted a more systematic study of the
biocompatibility of magnetrodes. They reduced the thickness of the intermediate Si3N4
layer to 25 nm in order to bring the sensor closer to the field source, and found that the SiO2
layer was deposited by e-beam evaporation, while Si3N4 grown by magnetron sputtering
had better compactness [164] and cell adhesion [165].

In earlier studies [155–158], a common problem was that the actual measured signal
value was often bigger than the theoretical prediction [166], but still there is a lack of specific
analysis of the reason/its causes. The first contribution came from Valadeiro et al. [159]
who concluded that parasitic effects, generated from resistive, inductive, and capacitive
couplings, may induce an electrical component when magnetrodes record the signal in
the experiment. Then, Caruso et al. [22] developed a measurement scheme capable of
suppressing capacitive coupling which was the main cause of interference signals. In
this scheme, the sensors were powered by a high-frequency alternating current (AC) and
their output was demodulated for both in-phase and out-of-phase components of AC
modulation. As a result, magnetic signals were almost completely reflected in the in-phase
component, while electrical signals were mainly reflected in the out-of-phase component.

5. Conclusions and Outlook

In this report, we provide the first comprehensive review of the latest research progress
in flexible electrodes, as well as two novel neural probes—optoprobes and magnetrodes,
and focused on their potential for applications in brain research and BCI. Flexible neu-
ral microelectrodes are more consistent with soft and dynamic neural tissue properties,
and have outstanding advantages in biocompatibility, conductivity, and reliability. The
use of bioresorbable coatings could help the flexible electrodes better insert into brain
tissue. However, there are still some problems in clinical application, such as low interface
matching which will affect signal quality and long-term compatibility. Therefore, exploring
new advanced flexible materials and optimizing the manufacturing process will be the
long-term theme of the next generation of flexible devices.

Optogenetics has opened new opportunities in the study of brain function, and opto-
probes provide a strong support for optogenetics to achieve precise regulation. Depending
on the way the optical components are integrated, three types of optical probes—optical
fiber probes, MEMS waveguide integrated probes, and µ-LED-integrated probes—have
been developed, and there are many studies that have been devoted to increasing the
number of electrical recording and optical stimulation channels to improve their func-
tionality. On this basis, preliminary studies of the various new structures of optoprobes,
such as multifunctional optoprobes, artifact-free optoprobes, three-dimensional drivable
optoprobes, and flexible optoprobes have shown overall feasibility, but much work remains
to be done to make these methods long-term, stable, and reliable for long-term implantation.
In addition to controlling spiking activity at the somatodendritic level, there has recently
been growing interest in using optogenetic tools to understand synaptic plasticity [167] and
further understand learning/memory [168,169]. In vitro [170–172] and in vivo [173–176]
plasticity has been studied by different research groups. These optogenetic tools provide
neuroscientists with a variety of experimental methods to finely manipulate neurons with
unparalleled spatiotemporal resolution, which will facilitate the further development of
neuroscience and BCI.

With regard to magnetrodes, application of neural recordings with MR sensors are still
a long way off. At present, the research of magnetrodes mostly focuses on the structural
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design of the device; the detection of ultra-weak magnetic signals by a single MR sensor
remains a challenging task, as the noise in the low-frequency region of the sensor so far is
comparable to or even higher than the signal. In addition to reducing the intrinsic noise
of the sensor by optimizing the MR stack structure and other means, connecting multiple
sensors in series within a certain footprint is also a good choice for reducing low-frequency
noise. Last but not least, there are still few in vivo experiments with magnetrodes and no
standard operating procedure to regulate the acquisition of neural magnetic signals [177].
With the deepening of research, in addition to solving the above problems, the integration
of MR sensors with flexible substrates to improve the biocompatibility of magnetrodes
is also an encouraging development direction. Using magnetrodes to measure magnetic
signals is an excellent choice to supplement existing electrophysiological techniques, and it
is believed that it will get more and more attention and research.

Various new types of neural probes have been extensively studied by scientists all
over the world, but from animals to humans, and from laboratories to markets, we still
have a long way to go to improve the daily life of people who have lost the ability to move
or speak. Many leading scientists are working with companies to solve technical problems
such as damage to the brain caused by implanted devices, accuracy in reading input, and
portability. Blackrock Neurotech has been working in this field for 18 years and currently
has a variety of electrodes such as Utah array, Slant array, and NeuroPort array, and is still
developing a fully implantable wireless BCI with less invasiveness. Neuralink’s system
integrates it all into a tiny coin-sized device for wireless charging and transmission, but
it needs to remove part of the skull and complete the implantation surgery by a robot.
Interestingly, Synchron has developed a stent called “stentrode” with 16 electrodes molded
around a vessel stent. The device, which enters the brain through blood vessels at the base
of the neck, requires no drilling of the skull and no wires exiting the head or body, and
is currently FDA-approved. However, such scaffolds have poor resolution and therefore
cannot be used to control complex prosthetics [178]. As we all know, differences between
people will bring great challenges to the practical application of BCI, so it is also crucial to
develop more specific dedicated brain–computer interface chips in the future. In addition,
one of the biggest difficulties is the controversy of safety, effectiveness, and the ethics
of implanted technology; we need normative ethical oversight and the establishment of
technology to prevent information leakage to protect users.

Author Contributions: Conceptualization, J.L.; writing—original draft preparation, J.L.; writing—review
and editing, N.X. and J.C.; funding acquisition, J.C. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported in part by the National Key R&D Program of China (2021YFB2011600),
National Natural Science Foundation of China (Grant No. 62271469, 61901440), Beijing Municipal
Natural Science Foundation (Grant No. 4202080), Young Elite Scientists Sponsorship Program by
CAST (No. YESS20210341) and the One Hundred Person Project of the Chinese Academy of Sciences.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

AMR anisotropic magnetoresistance
BCI brain–computer interface
CNTs carbon nanotubes
CPE composite-conductive polyethylene
DOS density of states
ERF event-related field
FDA Food and Drug Administration
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GaN gallium nitride
GRIN gradient-index
MEG magnetoencephalography
MR magnetoresistive
NM non-magnetic
PC polycarbonate
PEC photoelectrochemical
PEG poly (ethylene glycol)
PI polyimide
SNR signal-to-noise ratio
TMR tunneling magnetoresistance
UEA Utah electrode array
AC alternating current
CIP current-in-plane
COC cyclic olefin copolymer
CPs conductive polymers
EEG electroencephalogram
EMI electromagnetic interference
FM ferromagnetic
fNIRS functional near-infrared spectroscopy
GMR giant magnetoresistance
MEAs microelectrode arrays
MEMS microelectromechanical systems
MTJ magnetic tunnel junction
nT/pT/fT nano/pico/femto tesla
PDMS polydimethylsiloxane
PEDOT Poly (3,4-ethylenedioxythiophene)
PLGA poly (lactic-co-glycolic acid)
PV photovoltaic
SV spin-valve
TTX tetrodotoxin
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