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Abstract
In the treatment of neurodegenerative, sensory and cardiovascular diseases, electrical probes and
arrays have shown quite a promising success rate. However, despite the outstanding clinical
outcomes, their operation is significantly hindered by non-selective control of electric fields. A
promising alternative is micromagnetic stimulation (4MS) due to the high permeability of
magnetic field through biological tissues. The induced electric field from the time-varying
magnetic field generated by magnetic neurostimulators is used to remotely stimulate neighboring
neurons. Due to the spatial asymmetry of the induced electric field, high spatial selectivity of
neurostimulation has been realized. Herein, some popular choices of magnetic neurostimulators
such as microcoils (pcoils) and spintronic nanodevices are reviewed. The neurostimulator
features such as power consumption and resolution (aiming at cellular level) are discussed. In
addition, the chronic stability and biocompatibility of these implantable neurostimulator are
commented in favor of further translation to clinical settings. Furthermore, magnetic
nanoparticles (MNPs), as another invaluable neurostimulation material, has emerged in recent
years. Thus, in this review we have also included MNPs as a remote neurostimulation solution
that overcomes physical limitations of invasive implants. Overall, this review provides peers
with the recent development of ultra-low power, cellular-level, spatially selective magnetic
neurostimulators of dimensions within micro- to nano-range for treating chronic neurological
disorders. At the end of this review, some potential applications of next generation neuro-devices
have also been discussed.

Keywords: neurostimulation, micromagnetic stimulation, microcoils, spintronic nanodevices,
magnetic nanoparticle, spatially selective, ultra-low power

(Some figures may appear in colour only in the online journal)

1. Introduction obsessive compulsive disorder (OCD), deep brain stimulation

(DBS) implants have proved to be quite successful [1] (see
The stimulation of excitable tissues using electrical probes figure 1(a)). Besides, cardiac pacemakers [2], cochlear
and arrays have a long history. For instance, for the treatment  implants [3], limb [4] and retinal [5] prostheses have shown
of Parkinson’s disease, epilepsy, dystonia, tremor and an exceptional success rate. However, these electrical

implants suffer from several technical and biological set-
* Authors to whom any correspondence should be addressed. backs. From a technical point of view, conductive DBS leads
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Figure 1. Neurostimulation techniques which inspired in this review work. (a) Electrical electrode-based stimulation which is clinically
termed as deep brain stimulation (DBS). Reproduced with permission from [11]. There have been many interesting review works based out
of this technology in terms of clinical trials, electrode development etc [1, 12, 13]. (b) Transcranial magnetic stimulation (TMS). Reprinted by
permission from Springer Nature Customer Service Centre GmbH: Springer Nature, Nature Reviews Neuroscience, [14], Copyright © 2000,
Macmillan Magazines Ltd. DBS is a Food and Drug Administration (FDA)-approved treatment for epilepsy and TMS is FDA-approved for
treatment of major depression. Magnetic neurostimulation strategies: both (a) and (b) has inspired towards the development of (c)
micromagnetic neurostimulation (MS). Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature,
Nature Communications, [15-17], Copyright © 2012, The Author(s) and (d) Spintronic neurostimulators. Reprinted from [18], with the
permission of AIP Publishing. Both (c) and (d) are neural implants. (¢) Magnetic nanoparticles (MNPs) externally manipulated by
alternating-gradient magnetic field (AMF) for focal, non-invasive neurostimulation. Reprinted by permission from Springer Nature Customer
Service Centre GmbH: Springer Nature, Nature Nanotechnology, [19], Copyright © 2019, The Author(s), under exclusive licence to Springer

Nature Limited.

interact with the radio frequency (RF) waves during an MRI
test which induces currents within the leads. This generates
heat energy that causes detrimental thermal effects on
neighboring tissues and renders DBS electrodes highly MRI
incompatible [6, 7]. This nuance of DBS implants has been
coined as the ‘antenna effect’ [8]. As these implants are in
galvanic contact with tissues, they cause biofouling, leading
to glial cell scarring, tissue inflammation and immune reac-
tion [9, 10]. This eventually causes the electrical leads to
operate at significantly higher thresholds than necessary, often
demanding replacement with new DBS leads through a
painful and expensive surgical procedure. Transcranial
magnetic stimulation (TMS, figure 1(b)) has the advantage of
being non-invasive, but is not very spatially selective, and it

does not penetrate deep into the brain because magnetic fields
decay over the distance cubed, unlike electrical signals, which
decay over the distance squared. Therefore, TMS cannot sti-
mulate structures located deep in the brain, which are targets
of neurological disorders such as Parkinson’s disease and
essential tremor.

Micromagnetic stimulation (¢MS) becomes a promising
alternative to the electrodes. Some micromagnetic devices/
arrays such as microcoils (ucoils, figure 1(c)) and spintronic
nanodevices (figure 1(d)) may be able to stimulate with much
larger amplitudes and tissue volumes than the same sized
electrodes. Stimulation with magnetic fields does not require
an electrochemical interface and therefore can be scaled down
in size to achieve high spatial precision. There has also been a
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pathbreaking discovery in the near past through magnetic
stimulation of neurons by in vivo delivery of magnetic
nanoparticles (MNPs) externally controlled by high intensity
alternating magnetic field (AMF) gradient [20] (see
figure 1(e)). Relying on the remote control of magnetic fields,
the MNPs and magnetic nanodiscs can trigger temperature-,
mechano-, and/or voltage-sensitive ion channels and even-
tually cause activation of nearby neurons. This effect when
integrated with chemogenetic activation of engineered
receptors, permits control of specific neurons at a spatial and
temporal precision [19, 21].

Figure 1 summarizes different magnetic neurostimulators
of interest discussed in this review and table 2, in section 6
systematically compares their performances. This paper is
arranged as follows: fundamentals of neurostimulation are
outlined in section 2, micromagnetic neurostimulation (uMS)
is reviewed in section 3, spintronic nanodevices and MNPs as
neurostimulators are reviewed in sections 4 and 5, respec-
tively. Challenges and opportunities of magnetic neuro-
stimulation are discussed in section 6 which is followed by
concluding remarks in section 7.

2. Fundamentals of neurostimulation

2.1. Strength, duration and frequency of stimulus

Neurostimulation or firing of neurons involves a unique com-
bination of chemical — electrical — chemical — phenomena.
However, to artificially fire the neurons, a stimulus of a certain
combination of strength and duration needs to be applied. The
minimum current of infinite duration required to bring the
neurons to threshold is the rheobase, while the minimum
duration to fire the neurons at twice the strength of rheobase is
termed as the chronaxie (see figure 2(a)). The idea is to select
the correct combination of strength—duration values such that
they lie on the strength—duration curve (black-colored line in
figure 2(a)). Very recently, a third parameter has been proposed
to be extremely important for neurostimulation: the frequency at
which the stimulus is applied. Repetitive electrical stimulation
can activate neurons even when the strength of the stimuli are
significantly lower than the threshold [22]. For instance, Chan
and Nicholson’s reports in 1986 [23] showed that for the firing
of hippocampal neurons, the threshold field strength is required
to be a single pulse of 10 V m~" amplitude. But in 2003, Francis
et al’s work [24] reported that an electric field strength of only
0.14 V m™ ' is sufficient to stimulate hippocampal neurons
provided the stimuli is delivered within a frequency range of
1-2 Hz. The concept of repetitive magnetic stimulation (r-MS)
is undoubtedly encouraging, as this signifies lower threshold of
neurostimulation, implying reduced neuron damage.

2.2. Molecular events behind neuron firing: action potential

The building blocks of the nervous system are the neurons
which consist of three main parts: cell body (or soma), axon
and axon terminal (see figure 2(b)). Figure 2(c) the basic
cross-section of a neuron membrane composed of ion

channels, ions, and proteins. In neurons, between the intra-
cellular (represented by yellow background in figure 2(c)) and
extracellular fluids (represented by blue background in
figure 2(c)), there is a difference in ionic potential due to the
concentration differences of ions such as Na*, K*, CI" and
Ca®" (see figure 2(c)). This causes an electric potential dif-
ference that is modeled by the Nernst Equation [27]:

RT C
& out i 1
7F g(Ci ) o

Eion =

where, E,,, is the cell potential (in mV), R is the universal gas
constant (8.314 472 ] K~ mol™! ), T is the temperature (in K),
z is the valency of the ion, F, is the Faraday’s constant (9.648
533 99(24) x 10* C mol™ "), C,,, and C;, are the total con-
centrations of all the ions moving in and out of the extra-
cellular membrane, respectively (see figure 2(c)). The study of
ionic conduction through neuron membranes and elicitation
of action potential were pioneered before 1955 by Hodgkin
and Huxley who along with J. C. Eccles were awarded the
Nobel Prize in Physiology or Medicine in 1963 [28]. Con-
nection between two neurons is also built in this process,
where the neurotransmitters accumulated in synaptic vesicles
from one neuron (represented in blue in figure 2(d), neuron 1)
are transmitted through the synaptic cleft to the receptors on
ion channels in the adjacent neuron (represented in pink in
figure 2(d), neuron 2). This forms the synapse between two
neighboring neurons where the axon terminal of one connects
to the dendrites of the other neuron.

When the neurons are at equilibrium, this potential is at
—65 mV termed as the resting membrane potential (see step 1
in figure 3(a)). In response to an electrical, chemical,
mechanical, thermal or optical stimulus, specific voltage-sen-
sitive (electrical stimulus), ligand-gated (chemical stimulus),
mechanically-gated (mechanical stimulus), temperature-gated
(thermal stimulus), or light-gated (optical stimulus) ion chan-
nels are opened (see figure 3(b)) and ions influx/outflux the
cell membranes along concentration gradients [29]. Due to an
influx of Na* ions in the neurons and outflux of K" ions from
the neurons, the electric potential increases (depolarization, see
step 2 in figure 3(a)). At this stage the cell potential reaches a
peak at +45 mV (see step 3 in figure 3(a)). This is followed by
repolarization (see step 4 in figure 3(a)), a phenomenon that
involves outflux of Na* ions from the neurons and influx of
K" ions inside the neurons. During repolarization, the cell
potential starts to fall to a negative value. It reaches a value of
—70 mV when the cell is said to be in refractory period or
undershoot period (see step S5 in figure 3(a)). This brief
refractory period is the separation between two consecutive
action potentials. This cycle of molecular events, from step 1
through 5 in figure 3(a), concerning the transition from resting
membrane potential to refractory period or undershoot, is
termed as the action potential.

2.8. Recording neuronal responses

Neuron responses can be measured in vitro as well as
in vivo. In vivo recordings require implantation of recording
electrodes in the brain or spinal cords of animals. Special
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Figure 2. (a) Schematic of the strength—duration curve for neurostimulation. (b) Schematic demonstration of different parts of a neuron.

(c) Basic illustration of a neuron membrane. Reproduced from [25]. CC BY 4.0. (d) The components of the synaptic cleft that forms the
connection between two neurons. Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature, Nature
Reviews Neuroscience, [26], Copyright © 2014, Nature Publishing Group, a division of Macmillan Publishers Limited. All Rights Reserved.

mention includes, Michigan arrays [31] (see figure 4(a)), the
3D Utah arrays [32] (see figure 4(b)), both of which are
implantable and invasive neural recording strategies. Some
non-invasive recording and/or imaging approaches include
electroencephalogram (EEG) (see figure 4(c)), magne-
toencephalogram (MEG, see figure 4(d)), computed tomo-
graphy scan (CT scan), magnetic resonance imaging (MRI,

see figure 4(e)), etc. In vitro recordings require preparation
of the neuron tissue slice in an electrolytic solution
and observation of the responses using patch-clamp or
recording the local field potential (LFP) using glass
micropipette micromanipulator (see figure 4(f)). Other
popular methods for in vitro recording of neural responses
include Ca-fluorescence imaging [33-35], flavoprotein
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Figure 3. (a) The 5-step molecular events that generates the action potential in a neuron—resting membrane potential, depolarization, action
potential peak and repolarization. Reprinted from [30], Copyright © 2011 Published by Elsevier Ltd. (b) Influx of ions due to application of
an external (primary or secondary) stimulus. Reproduced from [29]. CC BY 4.0.

autofluorescence imaging [36, 37] and advanced optoge-
netic probes [38-40] for neural imaging. Unless it is a
closed-loop stimulation and recording and/or imaging set-
up [41, 42], for neural implants one must make sure that the
stimulation technology is compatible with the recording set-
up. For instance, as discussed earlier, DBS leads once

surgically inserted cannot be monitored externally by MRI
due to excessive heating of the DBS leads due to ‘antenna
effect’. Since neuronal signal recording is not the focus of
this review, we will not introduce the mechanisms of each
recording techniques. Here are some research works for
readers’ reference [8, 31, 32, 34, 43, 44].
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Figure 4. Invasive in vivo recording electrodes: (a) Michigan arrays. Reproduced from [45]. CC BY 4.0. (b) 3D Utah arrays. Reprinted from
[32], Copyright © 1997 Elsevier Science Ireland Ltd. All rights reserved. Published by Elsevier Ireland Ltd. All rights reserved. Non-invasive
recording and/or imaging: (c) electroencephalogram (EEG). Reproduced from [46]. CC BY 4.0. (d) Magnetoencephalogram (MEG).
Reproduced from [47]. CC BY 3.0. (e) 1.2 tesla (T) open magnetoresonance imaging (MRI) equipment. Reproduced with permission from
[48]. (f-i) A freshly dissected brain kept in ice. (f-ii) Hippocampal slicing of the dissected brain with a vibratome. (f-iii) After slicing, the
slices are moved to warmed sucrose-ACSF. (f-iv) Patch clamp recording set-up. (f-v) Low power epifluorescent image/yellow fluorescent
protein signal (YFP) in the CA1 of the hippocampus in a slice. (f-vi) Infrared differential interference contrast (IR-DIC) of the same region as
that in (f-v). (f-vii) High power IR-DIC image of the soma region. (f-viii) Schematic of the major steps involving patch-clamp recording of
the neuron cell. (f-ix) Patch clamp recording from different kinds of neuron cells. Reproduced with permission from [44].
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common substrate and encapsulation materials for neural implants with respect to that of the brain tissue. Closer the value of these materials
to that of the brain, better is the materialistic design for the implant. Reproduced from [49]. CC BY 4.0.

2.4. Material selection for neural prostheses

McGlynn et al [49] have very efficiently demonstrated the
‘Pentagon of Design Constraints’
stimulation implants (see figure 5(a)). First vertex of the

in designing neuro-

pentagon, the design and shape of these neural implants
depend a lot on the accessibility of these neural implants to

the implantation site. Miniaturizing these implants have been
the recent focus for implant design [50-52]. However,
optimization of each iteration involving the advancement of
probe design and fabrication will eventually contribute to
more innovation in neural probes which will be carried for-
ward towards the future of patient care. Second vertex,
selection of materials for the implant corroborating the


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/3.0/
https://creativecommons.org/licenses/by/4.0/

Nanotechnology 33 (2022) 182004

Topical Review

viscoelastic coefficient of the brain is extremely important. In
terms of material selection, it is a trade-off among many
factors. In terms of Young’s modulus, implants made from
polydimethylsiloxane (PDMS) substrates [53, 54] are pre-
ferred over benzocyclobutene (BCB) [55, 56], parylene-C
[57-59], and polyimide [60—62]. Implants made from silicon
substrates are the worst (see figure 5(b)). Alongside Young’s
modulus, one must consider the bending stiffness of the
materials. Neural implants need to be of a certain stiffness for
insertion but not too stiff such that it cannot be accom-
modated within the gyri and sulci of the brain. In terms of
material selection, the same theory applies for encapsulation
of these implants to improve biocompatible and be leakage-
current free. Third vertex of the pentagon includes the force
and tissue insertion dimpling. A successful implant in this
respect is a combination of the material selected for the neural
implant and the surgical technique used to insert the implant.
Fourth vertex of the pentagon is extremely important to take
note while designing: impedance at the site of implantation.
Chronic inflammatory response from neighboring tissues
have proved to be a nuance which is hard to eliminate while
designing neurostimulation implants [63, 64]. After implant-
ation, the adjacent microglial cells accumulate surrounding
the implants thereby increasing the threshold required for
activation of these neuronal cells. This is also the same reason
why most DBS implants need to be replaced every 2 years
through a surgical procedure [13, 65]. The fifth and the final
vertex of McGlynn et al’s pentagon for neural implant design
constraint is density mismatch between the brain tissue and
the designed neural implant. This vertex is in direct correla-
tion with the second vertex. Overall, this pentagon has cov-
ered the basic points for implant design in the brain-computer
interface.

3. Review on micromagnetic neurostimulation

The feasibility of magnetic stimulation on biological tissues,
more precisely human visual cortex, was first demonstrated
by Jacques d’Arsonval in 1896 [66], followed by Silvanus P.
Thompson in 1910 [67]. In this regard, the concept of
employing magnetic pcoils as potential neurostimulators is
relatively new. They are DBS-like-‘implants’ [1] but operate
on the ‘physics’-of-TMS [68], i.e. on applying an electric
current through the pcoils (an inductive load) to generate a
‘highly permeable’ [69] time-varying magnetic field that
ultimately induces an electric field. This induced electric field
is spatially asymmetric and has been reported to have the
potential of selectively stimulating neurons [16]. The most
fascinating property of this induced electric field in neuro-
stimulation is that it is not in direct galvanic contact with the
neuron tissues. Thus, the magnetic neurostimulation devices
are expected to remain protected from biofouling nuances
[70, 71]. We will investigate the pros and cons of micro-
magnetic neurostimulation in section 6 where we have dis-
cussed the advantages and disadvantages in details.
Bonmassar et al [15] had pioneered micro-magnetic
stimulation (uMS) by using commercially available RF

inductors to stimulate neurons (see figure 1(c)). Following
their work, the same group of researchers and several other
research groups worldwide fabricated customized pcoils
[16, 72], including planar [17], trapezoidal [16], figure-of-
eight planar [73] or solenoidal [15, 74], even solenoids with
magnetic cores [75] or V-shaped bent wires [16]. They pro-
vide selective spatial control of different kinds of neurons, for
both in vitro and in vivo applications: L5 pyramidal neurons
[76], intracortical neurons [16], inferior colliculus (IC) [74]
neurons and hippocampal CA3-CA1 synaptic pathway [77].
Also, these pcoils are expected to be MRI compatible when
turned off, as there is no galvanic contact with adjacent tis-
sues, thereby limiting the amount of heat generation [7].
However, the power of operation of these ucoils is three
orders higher than DBS leads [15] and, being sub-mm sized,
achieving cellular-level neurostimulation is impossible.

3.1. Theory of micromagnetic neurostimulation

The principle of uMS is based on Faraday’s law of electro-
magnetic induction [6, 15, 74, 78]:
vxE=-2 @)
Ot
where, E is the induced electric field and B is the magnetic
flux density. Using the definition of the above equation,

B=V x A €)]
and
E- -9 gy, 4)
ot

where E is dependent on both the vector electric potential, A,
and magnetic scalar potential, V, in a time-varying manner.
Biological tissues are excited due to application of a magnetic
field, H, following Ampere’s law [78]:

V x H=1J, (5)

where, J is the current density flowing through the biological
tissues after its activation. Here, H and B are related by:

B = uH, (6)

where p is the permeability of the biological tissue medium
(same as that of air). The total current density J is expressed
as the sum of the conduction current ¢E and the externally
applied current, J,:

J=0E + J,. 7)

This flow of current within the neurons implies activation
of the neurons. Therefore, it must be noted that for uMS,
there is no threshold magnetic field for neurostimulation. A
combination of magnetic field, the tissue permeability, the
device dimension, and the area of the region available for
neurostimulation generates the induced electric field to sti-
mulate the neurons. The goal is to have this induced electric
field, its strength and duration lie on the strength—duration
curve in figure 2(a).



Nanotechnology 33 (2022) 182004 Topical Review

Micro-coil array
micro-coil
Coil #
circuit, D) @
board

primme

H |
TS

]

1
2333

3

m Coil 4

— ol
W0 B0 120 160 2000 0

Horizontal of radial distance from the cod (um)

@ B0 1200 1600 2000
Vertical or depth from the terminal of coll (um)

Figure 6. Commercially available jicoil set-up in micromagnetic neurostimulation. (a) The prototype for the commercially available magnetic
pcoil mounted at the tip of the syringe (micromanipulator) with magnetic field distribution. Electromagnetic simulations on COMSOL AC/
DC Module demonstrating 3D electric field distribution along the horizontal direction (b); along the vertical direction of the pcoil (c). Spatial
attenuation starting 100 pm along the horizontal or radial distance (d) and 100 pm along the vertical or depth (e) of the terminal of the pcoil.
Reproduced from [6]. CC BY 4.0. & Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature,
Nature Communications, [15], Copyright © 2012, The Author(s) (f) Schematic representation of the arrangement of 16 commercially
available inductors in the configuration of 4 x 4 array on a plane of z = 0 mm, thereby forming a multi-solenoid system. The front (middle
image) and side views (bottom image) of the same system are represented in the following images. Reproduced from [81]. © IOP Publishing

Ltd. All rights reserved.

3.2. Microcoil device implants, the driving circuitry and neural
responses

3.2.1. Commercial microcoils. For the first time, in the year of
2012, Bonmassar et al [15] had shown the pragmatic feasibility
of uMS using magnetic pcoils. Their work and some other
follow-up simulations and /or experimental works from several
other groups [6, 74, 79, 80] used commercially available, air-
cored MEMS RF 0402 inductor (Model No. ELJ-RFR10JFB,
Panasonic Electronic Devices Corporation), with 21 turns,
100 nH inductance, 5.5 2 maximum DC resistance, and
400 x 400 x 600 pm dimension as the magnetic pcoils (see
figure 6(a)). Electromagnetic simulations on COMSOL AC/
DC Module (see figures 6(b)—(d)) have shown that the
commercial pcoils generate higher electric field along the
horizontal or radial distance of the pcoil compared to its
vertical or depth. Upon application of a 10 A current, the
spatial distributions for magnetic flux density (in mT) and
induced voltage (in mV) spatial distributions in the y—z plane
are shown in figures 6(b) and (c). However, the induced electric
field attenuates rapidly from the surface of the pcoil along both
horizontal and vertical directions (see figures 6(d) and (e)). This
in turn has led to orientation dependent activation of neurons
by these pucoils contributing to a unique advantage of
micromagnetic stimulation: selectivity (see figures 7(a)—(c)).
This orientation dependence of the pcoils has been reported in
many works [15, 74, 79]. Even a controversy on the most
suitable orientation of the commercially available pcoils has

been reported recently. For instance, it has been reported by
Osanai et al [79] that Type A orientation (see figure 7(b)) can
stimulate neurons in vivo, Type B orientation cannot (see
figure 7(b)). The justification for this preference in orientation
being, the x-component of the induced electric field become
negligible in Type B orientation thereby hindering any neuron
response. This result was in direct controversy with respect to
the most suitable orientation for neurostimulation reported by
several research groups prior to that [15, 74, 76]. Their reports,
although in an in vitro setting, suggest that the Type B
orientation is the most preferable choice for neurostimulation,
Type A being the second choice (see figure 7(c)). This opens a
huge research field in terms of experiments as well as
numerical modeling to investigate which orientation of the
pcoils is the most preferred. There are several factors which
might cause change in preference of the orientation of the
pcoils for neurostimulation. For instance, for both in vitro and
in vivo experiments, the kind of neurons being stimulated
(excitatory or inhibitory) or even the experimental setting in
which the neuron responses are being recorded might affect the
decision regarding which is the most preferable orientation of
commercial pcoils for micromagnetic neurostimulation. In this
respect, the most recent work on micromagnetic stimulation
where Saha et al [77] is extremely relevant. They studied the
effect of these commercial pcoils on eliciting excitatory post
synaptic responses (EPSPs) from the hippocampal CA3-CAl
synaptic pathway. A major observation of their work was that
in in vitro settings too, Type A orientation has been more
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et al reported that for in vitro activation of pyramidal neurons, Type B orientation was most suitable; Type A orientation was the second

choice. © 2014 IEEE. Reprinted, with permission, from [82].

successful in eliciting EPSPs. They justified their findings
through both modeling as well as experimental efforts.

Furthermore, in the year of 2019, Minusa et al [81]
arranged 16 of these commercially available inductors in a
4 x 4 array on a flex printed circuit board (PCB) and studied
the influence on the auditory cortex of rodent brain (see
figure 6(f)). Along the line of investigation for commercially
available pcoils for implantable micromagnetic neurostimula-
tion, several groups across the world have contributed in the
past decade, each having their unique experimental
approaches of pcoil mounting and neuron recording set-up
[6, 74, 79, 83-85]. However, in this field of research one
thing has been constant: numerical studies for generating the
spatial heatmaps of the magnetic flux density and the induced
electric fields from the respective pcoils. One possible reason
may be that because these implants are sub-mm in size, it is
difficult to customize a set-up to measure the magnetic field,
let alone measure the induced electric field from these ucoils.
Hence, numerical simulation on ANSYS-Maxwell or COM-
SOL AC/DC module is beneficial in this respect. Never-
theless, Minusa et al [83] has been successful in custom-
building such a set-up where the induced electric field
generated from these pcoils are measured by the electro-
motive force (emf) generated within the custom-built search
coil. Even, Khalifa et al [75] very recently used the nitrogen
vacancy in diamond as a magnetometer to measure the
magnetic field coming out of these pcoils. This further
corroborates the fact that it is indeed difficult to measure the
microscale magnetic field generated from these pcoils.

In an electrical circuit, ucoils behave as inductive loads.
Since in an inductor, the voltage and the current are not
necessarily in the same phase, simply passing a current

through an inductive load is not enough to drive the pcoils.
To drive an inductive load, we need a voltage source, which
for the pcoils in uMS reported by researchers from Harvard
Medical School is the function generator (AFG3021B,
Tektronix Inc.). Researchers from Hokkaido University used
a digital acquisition (DAQ) as the signal source [79, 81, 83].
However, the function generator is equipped to drive a
resistive load of approximately 50 2 which causes the
necessity of a special kind of amplifier/driver along with the
voltage source. Hence, the uMS drive consists of a function
generator connected to a 1000 W MOSFET power amplifier
of gain which varies across different literature [15, 16, 83]
(see figure 8(a)). As per the published reports for uMS, this
gain ranges between 2.3 V/V and 5.6 V/V gain of bandwidth
70 kHz (PB717X, Pyramid Inc.). The various current
waveforms that are applied through the pcoils through this
driving circuitry has been summarized in table 1 (see
figure 8(b)). The reason for selection of this specific class-D
power amplifier for uMS studies is unknown. However, it
seems like ©MS requires a high current to elicit neuron
responses and this amplifier provides an extremely high
current rating. On the other hand, very recently, Dong et al
[84] has preferred to custom-design the pcoil driving circuitry
using audio amplifier integrated circuits (ICs) and has shown
how pMS can stop epileptic discharges from hippocampal
brain slices.

Figure 8(c) demonstrates the in vivo neural response from
the inferior colliculus (IC) neurons of the dorsal cochlear
nucleus (DCN) of adult male Syrian golden hamsters aged
12-17 weeks, before (figure 8(c), top) and after euthanasia
(figure 8(c), bottom). Multi-unit measurements were per-
formed through rigorous process of filtering and amplification
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of the signal using recording electrodes with an impedance of
0.4-0.5 M(2. In general, as shown in figure 8(c) (top), it is
observed that the neurons show a latent response. A
stimulation artefact is observed immediately on application
of the stimulus, followed by firing of neurons after 8 ms of
stimulus application which continues up to 15 ms. Raster
plots in figure 9(a) show that for a constant stimulus duration
of 50 ws, out of three different amplitudes of 100 mV,
300 mV and 600 mV, as the stimulus amplitude increases, the
probability of neuron firing increases significantly. On the
contrary, the raster plots in figure 9(b) where a constant
stimulus amplitude of 300 mV and varying stimulus durations
of 25 us, 50 ps and 100 ps were applied, it shows a maximum
neuronal firing probability at 50 pus and comparatively
reduced firing probability in the other two cases. This
in vivo study implies that both the stimulus strength and
duration through the pcoils jointly influence the neuronal
response.

In general, some conclusions can be made with respect to
implantable uMS. The in vitro studies [6, 15] showed that
uMS is highly dependent on the orientation of the ucoil,
varied with the amplitude and time duration of the pMS drive.
The in vivo studies [16, 78] confirmed all the observations in
the in vitro studies, in addition to showing that uMS can elicit
neuronal stimulation in an interconnected neural circuit (see
figure 8(a), where uMS was made at DCN but responses were
recorded at IC neurons) and is not restricted to local circuitry
(for instance the in vitro tissue slices).

3.2.2.  Custom-fabricated  microcoils: ~ V-shaped. The
commercial pcoils discussed in section 3.2.1 require an
extremely high input current for suitable performance as
neurostimulators. For pcoils being implantable devices, such
high current of operation is unacceptable as this would cause
detrimental thermal effects on neuronal tissues. This
motivated the research groups to fabricate customized
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copper (Cu) [16] or gold (Au) [17] ucoils. Park et al [74]
reported in vivo experimental results on sputtered Cu coils of
dimensions 10 pum wide x 2 pm thick on a Si/SiO, substrate
of cross-sectional area 50 ym x 50 um. The Cu coils were
passivated by a 300 nm thick SiO, to prevent leakage as well
as an attempt at making the Cu pcoils biocompatible (see
figure 10(a)). However, it is likely that coils made of Cu will
continue to remain cytotoxic [88, 89]. Table 1 covers the
detail of the in vivo application of this pcoil.

3.2.3. Custom-fabricated microcoils: planar microcoil. In that
perspective, the 6 X 6 planar, electroplated Au pcoil arrays
fabricated by Rizou et al [17] in figure 10(b) seems to be a
better alternative. Each planar Au pcoil has 5 turns and is
made of 1.7 pm thick, 2 ym wide wires and with 2 pm pitch.
The fabricated pucoils have the following specifications:
R4c=22 Q,L =1.69 pH, and C = 14 nF, considering the
self-resonant frequency to be at 10 MHz. For a current of 9
mA, the simulated spatial distribution of the magnetic flux
density (in mT) and the induced electric field density (in mV)
at 800 nm above the pcoil surface is shown in figure 10(c).
Simulations show that these planar pcoils, being smaller in
dimension compared to the commercial pcoils, generate more
localized and larger electric field for neurostimulation.
Table 1 covers the detail of the in vivo application of this
pcoil.  Yet another new design of planar pcoils for
micromagnetic neurostimulation have been developed by
Saha et al [90, 91], the very first of its kind in terms of design,
materials and study of its application. Those new
neurostimulation planar pucoils are currently being
investigated for cellular-level stimulation by culturing
neuron cells directly on these devices.

3.2.4. Custom-fabricated planar microcoils with soft magnetic
material. The pcoils proposed by Ramadan et al [92],
Niarchos et al [93] (see figures 11(a) and (b)) and Dong et al
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Table 1. Summary of reports published in the field of micromagnetic neurostimulation (uMS)

Coils

Length x width x thickness
(in mm)

Driving circuitry and neuro-
logical disease treatment
(if any)

No. of
coils

Experimental setting

Stimulation site

Distance
between coil
and neuron
tissue

Neuron response recording set-up

Reference

Commercial microcoil
(Panasonic, ELJ-
RFRI10JFB)

Commercial microcoil
(Panasonic, ELJ-
RFRI10JFB)

Commercial microcoil
(Panasonic, ELJ-
RFR10JFB)

V-shaped Cu microcoil

Commercial microcoil
(Panasonic, ELJ-
RFRI10JFB)

Commercial microcoil
(Panasonic, ELJ-
RFRI10JFB)

Commercial microcoil
(Panasonic, ELJ-
RFRI10JFB)

Commercial microcoil
(TDK,
MLG1005SR10JTD2)

Commercial microcoil
(Murata,
LQPO02TN39NJ02)

F/C structured planar
microcoil
Planar microcoil array

1 x05x0.5

1 x05x0.5

1 x05x0.5

2 x 0.1 x 0.05

1 x05x0.5

1 x05x05

1 x05x05

1 x05x0.5

04 x 02 x02

0.1 x 0.1 x 0.002

0.05 x 0.05 x 0.0017

Positive and negative pulses
of frequency 1 Hz; Ampli-
tudes ranging from 0-10 V in
steps of 0.5 V
Monophasic rectangular sti-
mulation pulses with differ-
ent pulse-widths (25-100
psec) and amplitude (100
mV — 600 mV)
Sinusoidal bursts of ampl-
itude (0-5.005 V) of fre-
quency 500 Hz for an
interval of 30 s; Each burst
separated by 20 s
Single full period 3-kHz
sinusoid waveform of ampl-
itude 0-200 mv; Single
sinusoids of 5 or 10 pulses
delivered at 10 and 100 Hz
resp.; repetitive stimulation at
1 pulse/sec delivered for 10 s
Monophasic rectangular pul-
ses with varied pulse widths
and amplitudes

Rectangular pulses of pulse
width 0.5 ms, amplitude 5 V,
stimulation frequency 10
times/trial and stimulation
interval 6 s
Rectangular pulses of pulse
width 0.5 ms, amplitude 5 V,
stimulation frequency 10
times/trial and stimulation
interval 6 s
Pulses of width 1 ms and
duration 10-30 s were gen-
erated at a frequency between
20 Hz - 400 Hz.
Portable microcoil driving
circuit with an amplitude of
10 V and 70 kHz frequency;
Treatment of epilepsy
simulations

FEM + NEURON
simulations

4 x4
array

6 x6
array

in vitro

in vivo

in vitro

in vitro and in vivo

Finite element method
(FEM) + NEURON-
based modeling + in vivo
experiments
in vivo

in vivo

in vitro

in vitro

Rabbit retinal
ganglion cells

Dorsal cochlear
nucleus (DCN)

Prefrontal cortex
(PFC) L5 Pyr-
amidal neurons

M1 L5 pyr-
amidal neurons

Syrian golden
hampsters

Auditory cortex

Primary auditory
cortex

Hippocampal
CA3 region

Hippocampal
CA3 region

300 £ 50
fm

~100 pm
dorsal

200 pm
away from
the center

of soma

50-160 pm
from
the soma

~20 pm

500 pm

200 pm

Patch-clamp

Microelectrode + oscilloscope

Patch-Clamp

Calcium fluorescence imaging and
analysis (in vitro); detection of
whisker movements in mice (in vivo)

Microelectrode + oscilloscope

Flavoprotein autofluorescence
imaging

Microelectrode + oscilloscope

Patch-clamp

Multichannel bioelectric recording
set-up

[15]

[74]

[86]

[16]

[6]

[79, 83]

[81]

[85]

[84]

[87]

[17]
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All Rights Reserved.

[94] (see figures 11 (c) and (d)) have a soft magnetic core or
an array of soft magnetic pillars surrounded by planar pcoil.
The purpose of the soft magnetic core is to provide a larger,
more spatially concentrated magnetic flux from the pcoils.
Although these pcoils are commonly used as magnetic
actuators, they can act as potential neurostimulators.
Furthermore, a 6 x 6 array of gold pcoils (shown in
figures 10(b) and (c)) were fabricated by Rizou et al [17]
specifically for implantable micromagnetic stimulation
(uMS). Inspired by the combined efforts of Ramadan et al
[92] and Rizou et al [17], there lies the possibility of an
implantable nanopatterned soft magnetic material-based
pcoil that has an array of electroplated soft magnetic
permalloy (NiggFe,o) cylinders of a specific diameter and
height. The planar Au coils spiraling around the
nanopatterned soft magnetic pillars consist of some desired
number of turns, wire diameter and thickness. The idea for
this kind of nanopatterned soft magnetic material-based
pcoil is to optimize the aspect ratio of the cylindrical
permalloy pillar such that the magnetic field generated by
the planar coil alone is equal to or less than the coercive
field of the permalloy pillar. This calls for extensive
micromagnetic calculations (possible on platforms such as
OOMMF [95] or Mumax3 [96]) with varying aspect ratios
such that the coercive field of the permalloy pillar is as low
as possible and it specifically has a linear MH curve, i.e. no
hysteresis loop at the center. The other part of the plan will
be to optimize the number of turns of the pcoil and
the current of operation for the pcoil through -electro-
magnetic simulation studies on COMSOL AC/DC Module
(https://www.comsol.com/acdc-module) or ANSYS Maxwell
software (https://www.ansys.com/products/electronics /ansys-
maxwell). This will help in determining the final dimensions of
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the nanopatterned pcoil associated with neurostimulation in
addition to the number of nanopatterns that will be required to
generate the required magnetic field, which in turn generates the
induced electric field for neurostimulation. The ultra-low power
of operation coupled with high spatial resolution of tissue
stimulation makes the pcoils reported by Ramadan er al [92]
promising candidates for neurostimulation. The recent soft
magnetic material cored solenoidal coils reported by Khalifa
et al [75] further strengthens the concept. A very similar
approach to simulate such nanopatterned soft magnetic
material-based pcoils generating intensified and focused
magnetic flux density at these pillars (see figure 11(d)) have
been reported by Tian ef al [87] and Dong et al [94]. However,
strong experimental evidence to support this type of pucoils in
micromagnetic neurostimulation is missing in literature thereby
providing ample scope for innovation. Recently, a patent has
been filed by Wang et al [97] claiming the invention of
nanopatterned soft magnetic material-based pcoil (nSMMcoil)
for ultra-low power, cellular-level neurostimulation.

3.2.5. Printing microcoils on flexible substrates. All the
literatures reported so far used either commercially available
or microfabricated pcoils to demonstrate micromagnetic
neurostimulation. In view of fabrication methods of pcoils,
Le et al [98] have recently done an excellent job in
summarizing the MEMS inductor fabrication techniques
focusing on applications in power electronics and neuro-
technologies. The traditional method to fabricate pcoils is
time consuming and expensive. However, there exists some
extremely cost-effective, fast and reproduceable methods of
fabricating pcoils using additive manufacturing methods,
including inkjet printing, aerosol jet printing, and
3D printing. For instance, Sarreal ef al [99] used aerosol jet
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printing techniques to demonstrate micromagnetic cochlear
stimulation using silver-nanoparticle pucoil, as shown in
figure 12. Zhang et al [100] fabricated a copper based
flexible micro inductive coil on paper. Other probable
techniques for custom fabrication of ucoils using additive
manufacturing techniques are available from Ha et al [101],
Meier et al [102] and Wang et al [103].

3.3. Treatment of neurological disorders using micromagnetic
neurostimulation

Most of the work on micromagnetic neurostimulation has
been focused on designing custom-made pcoils and
recording electrophysiological responses, both in vivo and
in vitro on specific neuron models. However, attempts have
been made to investigate the use of commercial pcoils for
the treatment of epilepsy. Lee et al [104] showed that single
pulses through commercial pcoils generated weak and
inconsistent subthalamic nucleus activity but repetitive sti-
mulation effectively suppressed the activities in ~70% of
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the targeted neurons. The suppression of the subthalamic
activity reported was latent in general which was inversely
correlated to the stimulus energy of the waveform. They
reported larger amplitudes and lower frequencies triggered
the fastest onset of suppression. Dong et al [84] reported
suppression of epileptiform discharges in rat hippocampal
slices through high frequency stimulation from the com-
mercial pcoils. Skach et al [105] reported reversible axonal
blockage of unmyelinated axons of the buccal ganglia (see
figures 13(a) and (b)) from the marine mollusk Aplysia
California using commercial pcoils operating at a high
frequency supported by simulations (see figures 13(c)—(e)).
Ye et al [106] reported somatic inhibition using the same
neuron model and similar commercial pcoil set-up. Both
works further highlight the potential of micromagnetic
neurostimulation as a promising treatment for epilepsy. This
technology is infant in its nature and has immense scope for
finding its application in other fields of brain disorder
treatments.
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4. Spintronic nanodevices in micromagnetic
neurostimulation

The spintronic nanodevice is one type of nanomaterial that
utilizes the intrinsic spin of the electron and its associated
magnetic moment. The topic of spintronics emerged in the
1980s starting with the discovery of spin magnetization in
metals [107] and the giant magnetoresistance (GMR) effect in
multilayered thin films [108]. In addition to the fundamental
electronic charges of electrons, the electron spins have been
exploited as an additional degree of freedom and actively
applied in different areas such as data storage, quantum
computing, neuromorphic computing [109-115] etc. The
interplay of electron spins with their motion inside a potential
(in the form of electric and/or magnetic) can be fine-tuned to
generate a time-varying magnetic fields. Which, as a result,
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generates a localized, time-varying electric field. In this
section, we will review the recent advances in using spin-
tronic nanodevices for neurostimulation.

In 2016, Wang et al [116] had given a proof-of-concept
for a spintronic neurostimulator using current driven domain
wall motion through a photolithography patterned magnetic
nanowire. The working principle for spintronic neuro-
stimulators is where the electric field for neurostimulation is
induced by the movement of magnetic domain walls inside
the stational magnetic nanowires. Spintronic nanodevices
operate in the ultra-low power regime [117, 118] and can be
fabricated onto flexible biocompatible substrates [119, 120].
Therefore, in addition to showing all the functionalities of
uMS, spintronic neurostimulators promise to reduce
thermal effects on neurons. The nanometer-size of these
spintronic nanodevices allow cellular-level neurostimulation.
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located at the center of the coil will not be stimulated. Reproduced from [99]. CC BY 4.0.

Furthermore, flexible biocompatible substrates facilitate better
fit in the grooves of the brain (i.e. gyri and sulci).

4.1. Magnetic nanowire neurostimulator (MNNS)

In 2016, the feasibility of magnetic neurostimulation due to
displacement of domain walls through magnetic nanowires
had been proposed by Wang et al [116]. Domain walls are the
interface between neighboring magnetic domains. Domains
are nanostructures in thin films where the magnetization in
each domain is uniform while the magnetizations of different
domains may point in different directions. The magnetization
directions change from one domain to another through
domain walls. On application of an external magnetic field or
a charge current or a combination of both, these domain walls
displace as a result of Zeeman energy and spin transfer torque
(STT) [121]. STT is an effect in which the magnetization of
the magnetic layer is modified using a spin-polarized current.
Figures 14(a)-(i) shows the schematic of a magnetic nano-
wire-based neurostimulator (MNNS) as reported by Su et al
[18]. Figures 14(a)—(ii) shows the magnetic stray fields gen-
erated by the perpendicular transverse and transverse domain
walls in a magnetic nanowire, respectively. By applying a
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current pulse of density 10'>~1013 A m~? along the long axis
of the permalloy nanowires, the domain wall moves along the
magnetic nanowire. The velocity of the domain walls is
dependent on the amplitude and the direction of the applied
current density [122, 123]. The stray fields from domain walls
at the nanowire surface are on the order of 10° A m~'. The
stray fields generated as a result of this displacement have
been widely used to switch the local magnetization
[124-126]. Following Faraday’s law, this displacement of
domain walls (as well as the stray fields) induce a localized
electric field. However, this stray field attenuates fast from the
surface of nanowire with distance.

Su et al has used Object Oriented Micromagnetic Fra-
mework (OOMMEF) [95] to calculate the intensity of the time-
varying magnetic field generated (see figures 14(a)—(iii) and
(a)—(v)). The induced electric field caused by displacement of
the domain walls (stray fields) as shown in figures 14(a)—(iv)
and (a)—-(vi), which is the cause of neurostimulation.
Assuming the induced electric field has a circular contour of
same width as that of the domain wall:
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Figure 13. Commercial jcoils suppress action potentials generated by extracellular B6 soma stimulation (a) The picoil was situated near the
BN2 such that the induced electric field is generated parallel to the axon. Soma was stimulated by the electrode at B6 soma in a partially
desheathed buccal ganglion. (b) Morphological location of the B6 neuron on the caudal surface of the buccal ganglion with its schematic
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activity. (d) Action potentials were triggered in the B6 soma with electric pulses (0.1 ms width, 4 s interval) through the pcoils. Axonal
recordings when 1. no magnetic stimulation was applied to the BN2. 2. a weak magnetic stimulation was applied to BN2. 3. a strong
magnetic stimulation was applied to BN2. (e) Histogram of the firing frequency of the six repetitions shown in (d). Reproduced from [105].
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which gives
_raB
2 At

)]
where, E is the induced electric field, B is the magnetic flux
density from the stray field, r is half of the total width of the
domain wall and At is the time for one domain wall to pass
the observation point. Therefore, if v is the velocity of the
domain wall motion, it can be represented as v = r/At.
Replacing this in equation (9), we obtain,

E=—-2AB. (10)
2
Equation (10) specifies that the induced electric field is
directly proportional to the change of the stray field and the
velocity of domain wall propagation. This signifies that the
induced electric field is dependent on the duration and
intensity of the applied current density [129].

4.2. Skyrmion-based neursotimulator (SkyNS)

Skyrmions were experimentally observed for the first time in
2009 [130]. Since then, they have been believed to be
potential candidates for next generation neuromorphic com-
puting, ultra-fast data processors and high storage memory
devices [131-133]. The dynamics of skyrmions along a heavy
metal (HM)/ferromagnetic metal (FM) racetrack, with or
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without defects, have also been studied by several groups
[134, 135]. A HM/FM nanotrack inspired from the simula-
tion study by Huang et al [131] for magnetic skyrmion-based
synapses is an excellent candidate for neurostimulators. Saha
et al [127] used Mumax3 [96] to simulate in figures 14(b)—(i),
a HM/FM bilayer thin film with a PMA FM layer of
dimensions 500 nm x 200 nm x 1 nm with a high aniso-
tropy barrier of dimension 80 nm X 40 nm situated at the
center is mounted at the tip of a needle. The skyrmions are
nucleated on one side of the barrier. On applying a charge
current of the order of ~10'% A m™2 through the HM, due to
spin Hall effect (SHE), the skyrmions bypass the barrier and
arrive on the other side of the barrier. The higher anisotropy
barrier here acts as a hurdle in the path of the skyrmions
thereby impeding the motion of the skyrmions. For neuro-
stimulation, perfect nucleation and smooth movement of the
skyrmions from one side of the barrier to the other side is
desired. This is desired such that the out-of-plane magneti-
zation component (M,) shows a change with respect to time
(see figures 14(b)—(ii)). As per Faraday’s law, this will induce
an electric field suitable for neurostimulation (see
figures 14(a)—(iii)).

The neurostimulation performance will be dependent on
the skyrmion dynamics. The velocity of the skyrmions have
been reported to be controlled by, introduction of defects
[131, 136], the applied current density [131, 133], the
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Figure 14. (a-1) Schematic illustration of the magnetic nanowire-based neurostimulator (MNNS) where different parts of the neuron can be
stimulated by domain-wall movements through multiple magnetic nanowires. (a-ii) Schematic view of the domain wall movement within the
magnetic nanostructure with perpendicular transverse wall (left inset) and transverse wall (right inset). The dotted red arrows represent the
magnetization in that domain. (a-iii) y-component of the magnetic field (B,) projected along x-direction. (a-iv) y-component of the induced
electric field (E,) obtained by applying Faraday’s laws of electromagnetic induction on By, (a-v) z-component of the magnetic field (B,)
projected along y-direction. (a-vi) z-component of the induced electric field (E,) obtained by applying Faraday’s laws of electromagnetic
induction on B.. These B, and E, components are believed to stimulate neurons. Reprinted from [18], with the permission of AIP Publishing.
(b-1) Schematic view of the skyrmion-based neurostimulator (skyNS) mounted at the tip of a needle for cellular-level neurostimulation. As
reported by Saha ez al, SkyNS is a heavy metal (HM)/ferromagnetic metal (FM) bilayer to which on application of a charge current along the
HM layer due to spin hall effect (SHE), the skyrmions generated in the HM/FM bilayer system move from one end of the device to the other.
(b-ii) The movement of skyrmions generate a time-varying out-of-plane magnetic field, M,. (b-iii) On applying Faraday’s law of
electromagnetic induction to the time-varying magnetic field generated an induced electric field, E, (right). Reproduced from [127]. © IOP
Publishing Ltd. All rights reserved. (c-i) Spin orbit torque-based neurostimulator (SOTNS) arrays fabricated on a flexible substrate for
therapeutic neuromodulation. SOTNS array is formed of an antiferromagnetic (AFM in yellow) and ferromagnetic (FM in green) bilayer. (c-
ii) Schematic illustration of how the switching of a single FM pillar contributes to stimulation of a neurons (c-iii) and (c-iv). Since the FM
pillars are of comparable dimensions (even smaller) to that of the neurons, it contributes to cellular-level stimulation of neurons. (c-v) and (c-
iv) The time-varying current applied to the AFM bilayer which causes switching of the FM pillar thereby generating a time-varying magnetic
field (c-vii) and (c-viii). On applying Faraday’s law to this time-varying magnetic field, an induced electric field is generated (c-ix) and (c-x).
Reprinted with permission from [128]. Copyright © 2019, American Chemical Society.
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dimension of the barrier and nanotrack width [136] and the
number of skyrmions nucleated [131]. For perfect nucleation
of the skyrmions, the Dzyaloshinskii-Moriya interaction
(DMI) value and the uniaxial anisotropy of the thin film are
responsible which can be tuned by the thickness of the thin
film and ion irradiation, respectively [137]. The aim should be
to perfectly tune these properties such that the value of the
induced electric field lies on the strength—duration curve (see
figure 2(a)). However, one cannot deny a major disadvantage
of skyrmionic devices in neurostimulation. It requires an
external out-of-plane magnetic field for perfectly stable
nucleation and smooth dynamics. However, several attempts
have been made to alleviate this requirement such as invest-
igation into synthetic antiferromagnetic skyrmions [138] and
field-free deterministic nucleation of skyrmions [139].

4.3. Spin—orbit torque-based neurostimulator (SOTNS)

It has been observed that on passing an in-plane charge cur-
rent, J., to a heterostructure with structural inversion sym-
metry and consisting of a large spin—orbit interaction (SOI)
material results in a spin—orbit torque (SOT). As a result of
this torque, it causes the magnetization of adjacent perpen-
dicularly magnetized ferromagnetic layer to switch direction
[140]. This effect is typically observed in a non-magnet/
ferromagnet (NM/FM) bilayer where the NM can be a heavy
metal (HM) [141-143], an antiferromagnet (AFM)
[144-146], topological insulators [147] or a Weyl semimetal
[148]; basically a spin channel that generates the spin current.
The in-plane spin polarized electrons accumulate at the
interface of the NM/FM and exerts a Slonczewski-like torque
(SLT) that causes the magnetization of the FM layer to
switch. In general, a bias magnetic field is required to break
the symmetry along the charge current direction, a phenom-
enon known in literature as the deterministic SOT switch-
ing [149].

As we are trying to stimulate neurons magnetically, it is
not recommended to apply an external magnetic field to
operate these spintronic devices. Hence, field-free switching
of the FM layer must be studied. It can be achieved by
introduction of interlayer exchange coupling [144, 145, 150],
tilted or graded magnetic anisotropy [151], interplay of spin
orbit and spin transfer torques [152], etc. In this case, the FM
nanopillars on an AFM racetrack can be fabricated on to
flexible substrates as in figures 14(c)—(i). On application of a
current through the AFM layer (represented in yellow), it
causes switching of the ferromagnetic nanopillar (represented
in green). On changing the direction of the current, it causes
the FM layer to switch in a different direction (see
figures 14(c)—(@i)). This attributes to the tunable neuro-
stimulation property of SOTNS in cellular level neuro-
stimulation (see figures 14(c-iii) and (c-iv)). On application of
the current through the AFM layers (see figures 14(c-v) and
(c-vi)), the switching of the FM nanopillar will cause a rate of
change of magnetization (see figures 14(c-vii) and (c-viii))
which will induce an electric field suitable for neurostimula-
tion (see figures 14(c-ix) and (c-x)). The AFM layer supplies
the bias field by exchange coupling and supports field-free
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switching of the ferromagnetic nanopillar. The applied current
density must be greater than or equal to a critical current
density (J..;) for successful switching of the FM layer
[153, 154] and therefore mediate neuromodulation. For neu-
rostimulation purposes, we will consider only the switching
of the z-component of magnetization as the FM layer has
perpendicularly magnetized anisotropy (PMA). This switch-
ing can be experimentally measured by the magneto-optic
Kerr effect (MOKE) signal. Also, micromagnetic simulations
can give a rough estimate about the strength and duration of
the induced electric field. The switching speed depends upon
the thickness of the FM and AFM layer and the diameter of
the FM nanopillar.

4.4. Potential applications of spintronic neurostimulators

Implantable micromagnetic stimulation (xMS) of neurons
using spintronic nanodevices is a nascent concept, with
theoretical studies reported so far and no experimental
demonstration. It has been found that high frequency (140
Hz) electrical stimulation of hippocampal slices induces an
increase in extracellular K™ concentration and blocks neuron
depolarization [155]. This finding was confirmed by Bikson
et al [156], where at high frequency, the increased extra-
cellular K™ concentration led to inactivation of voltage-gated
ion channels. Furthermore, the efficiency of the magnetic field
is such that it can enhance adult neural stem cell and trigger
cell proliferation [157]. Low intensity, high frequency repe-
titive transcranial magnetic stimulation (rTMS) for rehabili-
tation of ischemic injury or demyelination has been reported
to activate microglia [158, 159], while high intensity, high
frequency rTMS applied to spinal cord injury decreased
microglial activation [160]. Yet, in another report, high
intensity, low frequency rTMS did not significantly change
microglial number in the motor cortex or hippocampus of
healthy rats [161]. The significant variation in results and
limited number of studies on the effects of magnetic stimu-
lation suggests the need for deeper investigation into this area
which opens a plethora of opportunities for research.

The spintronic neurostimulators discussed herein show a
high frequency of operation, i.e. they generate nanosecond
pulsed electric field (nsPEF) for stimulation (see figures 14 a
(iv) and (v)) for MNNS, figure 14 (b-iii) for SkyNS,
figures 14(c-ix) and (x) for SOTNS. This domain of research
has been under the spotlight for almost a decade now
[162, 163]. Although most applications for nsPEF have been
found to be extremely efficient in tumor ablation and cancer
therapies (see figure 15(a)) [164, 165], there are several
controversial views in terms of neurostimulation. Some
reports suggest that nsPEF inhibits action potential in primary
hippocampal neurons [162] while several groups have
recently reported the focal stimulation efficiency of nsPEF on
neurons [166—168]. Romanenko et al [168] have reported the
generation of action potentials from a single pulse of 10 ns.
Casciola et al [167] reported activation of a peripheral ner-
vous system by a 12 ns stimuli and Pakhomov et al [166]
reported neuronal membrane excitation by a 200 nsPEF. All
these nsPEF stimulation methods involve extremely complex
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Figure 15. (a) General response of cells to an externally applied nsPEFs of different intensity, duration and number of pulses (). Reprinted
from [164], © 2020 Elsevier B.V. All rights reserved. (b) nsPEF generator [165]. (c) nsPEF from the experimental set-up in (b) [165]. (d)
Demonstration of the fragmentation of the stained nuclei of the tumor cells for varied duration of application of the nsPEF in (c). Reprinted

from [165], Copyright © 2006 Elsevier Inc. All rights reserved.

pulse generator hardware (see figures 15(b) and (c)). Even
though the molecular mechanism associated with nsPEF
neurostimulation is still unclear, promising experimental
reports from several groups in the field of nsPEF-based tumor
therapy validate the potential of the spintronic neuro-
stimulators as a futuristic low-power implantable nanosecond
pulsed electric field neurostimulator.

In this section 4, we have discussed the working princi-
ples for 3 different kinds of spintronic nanodevices, namely,
SkyNS, SOTNS and MNNS. However, all 3 of them are
theoretical works so far. Preliminary experiments on spin-
tronic nanodevices have its own challenges. Usually,
demonstration of a new neurostimulation implant follows a
specific experimental flowchart. First, there is in vitro
demonstration of its neuron activation performance followed
by its in vivo demonstration. Traditional in vitro performance
demonstration using brain slices on these spintronic nanode-
vices might be challenging because of the very fast attenu-
ating stray fields [128]. However, in vitro demonstration is
possible by culturing neuron cells directly on the surface of
these spintronic devices. This could pave the way for exper-
imental study on cellular-level neurostimulation. However,
such kind of cellular-level study needs extensive trouble-
shooting of the biocompatibility of the encapsulation coating
of the device surfaces. For in vivo performance demonstra-
tion, one needs to fabricate the spintronic nanodevices at the
tip of a pencil-shaped structure such that they can be inserted
deep into the brain. Probably, designing the mechanical
design is the challenging part. Although for spintronic
nanodevices, implant biocompatibility is not a significant
concern. This is because nowadays, almost any device
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fabricated on silicon substrates can be encapsulated with a
coating of the Parylene-C polymer. However, Parylene-C
does not adhere too well with some thin film interfaces. In
that case, we need silane A-174 adhesion promoter for better
adhering the Parylene-C to most thin film interfaces [169].
There might be another potential concern for experimental
demonstration of spintronic nanodevices in terms of the
defects and edge roughness necessary for generation for
skyrmionics and domain wall dynamics [170]. This could
cause potential Young’s modulus mismatch between the
spintronic implants, MNNS and SkyNS, and the brain tissue
causing more tissue damage than necessary. Probably there is
a lot of concerns to address before experimentally diving into
employing spintronic nanodevices as neurostimulation
implants. However, the potential of these spintronic neuro-
implants to selectively stimulate at a cellular-level and tar-
geted treatment of tumor cells make giving their experimental
demonstration worth a try.

5. Magnetic nanoparticles (MNPs) in
neurostimulation

Although the current stage micro-/nano-electrodes technol-
ogy is mature enough to provide reliable neurostimulations,
the chronic stability and biocompatibility of devices require
further validation before translating to clinical settings [171].
For instance, neurostimulation electrodes that actively inject
charge currents have not yet reliably demonstrated continuous
function in the body for ten years or more, which is a
recognized indicator of clinical feasibility. On the other hand,
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magnetic nanoparticle (MNP)-based remote neurostimulation
with high spatiotemporal resolution and specificity is one
class of invaluable neurotechnology that emerged in recent
years [172, 173]. Combined with externally applied magnetic
fields, MNPs offer several capabilities for neurostimulation
that are not available in conventional brain stimulation tech-
niques. Firstly, MNPs can interface with the nervous system
at cellular and even molecular levels due to their nanometer-
scale sizes. Secondly, some unique properties such as
magnetic hyperthermia and magnetoelectric can be triggered
and controlled remotely by means of applying magnetic fields
[20, 174]. Thirdly, the free-standing MNPs face less problems
with the biocompatibility and neuro-interfacing issues. Ben-
efiting from the facial synthesis and surface functionalization
of MNPs [175-177]. In addition, it overcomes the physical
limitations of other neurostimulation techniques such as
invasive surgical implants. Thus, allowing for pharmacolo-
gical interrogation of targeted neural populations in freely
moving subjects [19].

5.1. Magnetothermal neurostimulation

The temperature fluctuations can cause a perturbation of
neuronal activity either through the plasma membrane or the
temperature-sensitive membrane proteins. Many researchers
have reported that spatially localized temperature gradients on
neuronal tissues can increase the membrane capacitance and
trigger action potential [174, 178-181]. Slow and prolonged
heating can also inhibit the normal neural activity and sup-
press the epileptiform activity [182]. Optical stimulations
with Au (gold) nanoparticles are prevalently used for this
purpose while, this technique is limited by the inability of
visible light to penetrate deep into tissues [183—185]. On the
other hand, the low radiofrequency magnetic fields can
penetrate into the body without substantial attenuation and
allow the precisely controlled remote neurostimulation with
the MNPs [186—188]. In addition, compared to the implanted
electrodes for DBS, the MNP-based thermal neurostimulation
is less invasive and the stimulation can be wirelessly con-
trolled by externally applying magnetic fields. The magne-
tothermal neurostimulation is achieved through the activation
of the heat-sensitive transient receptor potential cation chan-
nel subfamily V member 1 (TRPV1), also known as the
capsaicin receptor and the vanilloid receptor 1, as shown in
figure 16(a) and (b) [174, 189-191]. Magnetothermal is
achieved by MNPs dissipating heat via the hysteresis loss
when subjected to alternating magnetic fields (AMFs)
[192, 193]. Same to the magnetic hyperthermia which has
long been applied for the cancer treatment [192, 194-196].
Herein, we will give one example of magnetothermal mod-
ulation of neural activities through the hyperthermia
of MNPs.

Mushi et al reported the wireless deep brain magne-
tothermal stimulation that can sufficiently evoke the motor
behavior in awake, freely moving mice [188]. To avoid the
heat loss to the surrounding buffer fluid from MNPs, they
used membrane-targeted MNPs that can directly bound to cell
membrane of temperature-sensitive TRPV1" channels and
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effectively deliver power to raise the temperature and evoke
motor behaviors of mice. In this way, they have successfully
activated three separate brain regions: motor cortex, dorsal
striatum and the ridge between dorsal and ventral striatum. As
shown in figure 16(d), the MNPs with 8 nm Co-ferrite core
and 2.25 nm Mn-ferrite shell are synthesized and coated with
5.4 nm Poly(methyl acrylate) (PMA) for better colloidal sta-
bility. These MNPs are superparamagnetic and show a spe-
cific loss in power (SLP) of 733.3 + 2.8 W g ' at 37 kA m ™'
and 412.5 kHz. To target these MNPs specifically to the cell
membrane and meanwhile using fluorophores to monitor the
temperature in molecular scale. MNPs are surface functio-
nalized with antibodies against endogenous neuronal surface
markers and fluorescent protein tags. As shown in
figure 16(e), fluorescent micrographs of GCaMP6f + neuron
(green) is successfully labeled with MNPs (red). The local
temperature rise by MNPs can be estimated from the fluor-
escence intensity of fluorophores as shown in figures 16(c)
and (f).

The responses of TRPV1™ hippocampal neurons to
magnetothermal stimulation are firstly examined by investi-
gating the spontaneous firing rate of 10 day old TRPV1™ and
TRPV1 (control neurons, without TRPV1) neurons across a
range of bath temperatures from 32 to 39 °C, as shown in
figure 16(g). With the increase of bath temperature, the action
potentials (APs) increase from 1.5 = 1.2 per 5sto 13 + 3 in
the same period. While for the control neurons, a slight
decrease of spiking rate to 1 &= 1 APs per 5 s is observed.
Thus, confirming that the TRPV1 in hippocampal neurons
renders their firing rate highly heat-sensitive without dis-
rupting natural function. Then the hippocampal neurons with
TRPV1 are bound with MNPs as is confirmed from the
fluorescence signals in figure 16(e). With the application of
AMF at 22.4 kA m~ ! and 412.5 kHz for 5 s, an increased
spiking measured by Ca2™ transients are observed from
TRPV1™" neurons, as shown in figure 16(h). During the AMF
application, the neuron membrane temperature is measured by
the fluorescence signal and showed an increase of 2 °C in
figure 16(i), which caused the spiking increasing from basal
activity (1.8 = 0.6 APs) to 12.1 4+ 2.0 APs in the 5 s AMF
window, then to 4.5 £ 1.2 APs after the removal of AMF, as
shown in figure 16(j).

Then these MNPs are applied to stimulate the motor
cortex neurons to evoke precise behavior in an awake,
moving mouse. A total of 6 mice in 14 trials running along
the periphery of the arena are monitored as shown in
figure 16(k). To illustrate the contrast between the induced
and the resting behaviors, the track of the head of a repre-
sentative mouse is shown in figure 16(l). The monitored
running path along the periphery of the circular arena recor-
ded during the AMF field is in sharp contrast to the resting
status (before and after the AMF field), as shown in
figure 16(m). The detailed data in figure 16(n) shows that
upon the application of AMF, the mouse initiated running,
which slowed down quickly after the removal of AMF.
Repeat stimulation of the same animal evoked increased
movement reliably in each trial. The linear running speed and
angular speed of one mouse in 4 trails are summarized in
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Figure 16. Magnetothermal neurostimulation activates the TPRV1 channels by heating membrane bound MNPs using an AMF. (a) MNPs
encapsulated in PMA polymer are functionalized with NeutrAvidin conjugated with Dylight550 fluorophores, then bound to the neuronal
membrane via biotinylated antibodies targeting membrane proteins. The neurons are transfected to express temperature sensitive TRVP1
channels and the calcium indicator GCaMP6f. (b) Applying an AMF heats the MNPs bound on neural membrane and rises the temperature
locally, which activates the TRPV1 channels. The resulting Ca>" influx depolarizes the neurons and is measured as a transient intensity
increase of the GCaMP6f fluorescence. (c) The experimental setup combining the AMF application with fluorescence microscopy for in vitro
studies. (d) TEM images of core-shell MNPs as synthesized (left) and PMA polymer shell coated MNPs (right). Scale bar represents 100 nm.
(e) From left to right: fluorescent micrographs of GCaMP6f + (green) neuron; membrane bound MNPs (red); overlay of the GCaMP6f
(green) and MNP (red) signals; and transmitted light image of the same neurons. Scale bar represents 10 mm. (f) (Top) Local heating of
MNPs during AMF application measured as a dip in DyLight550 fluorescence intensity, which drops linearly with increasing temperature.
The grey bar indicates the application of the AMF. (Middle) Calculated temperature change near MNPs. (Bottom) The GCaMP6f
fluorescence signal recorded in the neuron decorated with MNPs shows a Calcium transient after 5 s of AMF when the membrane
temperature increased by 2 °C. Temperature decreased after the AMF was removed and the Calcium transients slowly subsided again. (g)
Within seconds of AMF application, membrane targeted MNP stimulate magneto-thermally TPRV1™ neurons in culture. Rate of action
potential (AP) firing as a function of bath temperature, recorded from GCaMP6f transients observed in TRPV1 expressing hippocampal
neurons (red) and wild-type neurons (control, black) when perfused with pre-heated buffer. The Ca®>" transients are modeled by a spike train.
(h) GCaMPo6f fluorescence intensity changes (green, Ca®") in different TPRV1™" neurons decorated with MNP (5 s field, 22.4 kA m™! at
412.5 kHz, in gray). Calculated spike events (black) are indicated under each Ca*" trace. (i) Change of cell surface temperature estimated
from DyLight550 fluorescence intensity. (j) GCaMP6f signal recorded from MNP bound TRPV1™" neurons in 5 s intervals. (k) Experimental
set-up for in vivo magnetothermal stimulation of motor behavior in awake mice. A water-cooled two-turn coil around the arena generated the
AMF. An overhead camera was used to record the mouse’s behavior in the arena. (I) Photograph of mouse in the observation arena. (M)
Representative trajectory recorded from a mouse stimulated in the motor cortex before (black), during (red), and after (blue) AMF
application. (n) (Top) Position of the mouse’s head, (x green; y orange) measured taking the center of the arena to be the origin. (Middle)
Black trace shows the linear speeds of the mouse. Speed markedly increases during all AMF applications (Grey bars). (Bottom) After each
AMF application, the mouse slows down regular exploratory motion. Comparison of (0) linear and (p) angular speed of this mouse with
MNPs injected in the motor cortex, with and without AMF. Reproduced from [188]. CC BY 4.0.
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figures 16(o) and (p) where significant differences are
observed with AMF on and off.

Overall, this MNP-based magnetothermal stimulation
offers genetically and spatially targetable, repeatable, and
temporarily precise activation of deep brain circuits without
the need of surgical implantations of electrodes. Although this
method has shown many advantages over the optical stimu-
lation and is less invasive compared to the implanted elec-
trodes. The concern of thermal tissue damage caused by MNP
heating should not be ignored [187, 197]. The magne-
tothermal control of neural activities requires more in-depth
studies before reaching to clinical stage.

In addition, some pharmacological neuromodulation
using MNPs loaded with drugs and the hyperthermia of
MNPs to release drugs at target neurons is also another
method that have been extensively reported [19, 186, 198].
However, this method is categorized as pharmacological
neurostimulation since the heat generated by MNPs is not the
direct reason of neurostimulation. The only function of
magnetic hyperthermia is to trigger the release of loaded
drugs.

5.2. Magnetomechanical neurostimulation

Like the magnetothermal neurostimulation strategy that uses
heat to trigger the heat-sensitive ion channels, the magneto-
mechanical neurostimulation uses mechanical forces to trig-
ger the mechano-sensitive ion channels. Transient receptor
potential cation channel subfamily V member 4 (TRPV4) is
an ion channel protein that reported to be responsive to
mechanical forces [199, 200]. Wheeler et al firstly explored
the possibility to use the magnetic forces from MNPs to
trigger the Ca>" influx by opening the TRPV4 ion channels
[201]. Later Tay et al identified that N-type mechano-sensi-
tive Ca®" ion channel plays a key role in response to the
magnetic force [202]. They used starch-coated MNPs that can
bound to the neural membrane instead of being internalized.
Upon the application of magnetic fields, the magnetomecha-
nical stimulation triggers the Ca®" influx in neurons. They
demonstrated that the magnetic forces could enhance the open
probability of the ion channels and facilitate the Ca®" influx.
However, it should also be noted that there might be other
unknown mechano-sensitive ion channels contributing to the
Ca*" influx such as PIEZOl and NMDA receptors
[203, 204]. In this work, the authors reasoned that it is most
likely the magnetically induced Ca”" influx is due to the
N-type Ca®" channels. They also applied this method for
chronic stimulation of a fragile X syndrome (FXS) neural
network model and found that magnetic force-based stimu-
lation modulated the expression of mechano-sensitive ion
channels which are out of equilibrium in a number of neu-
rological diseases including FXS.

In addition to MNPs, Gregurec et al synthesized magn-
etic nanodiscs (MNDs) with diameters of 98-226 nm and
thickness between 24 and 37 nm for remote control of
mechanosesory neurons [21]. They demonstrated these
MNDs can serve as versatile transducers to remotely trigger
Ca®" influx in week and slowly varying magnetic fields
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(<28 mT, <5 Hz). Figure 17(a) shows the SEM images of
synthesized MNDs with controllable sizes. They adapted a
high-throughput protocol that relies on a solvothermal
synthesis of hematite (a-Fe,O3) nanodiscs with a hexagonal
lattice, followed by the reduction into magnetite MNDs
(figure 17(a: 1)). By tuning the amount of water in the solu-
tion, they can synthesis hematite MNDs with average sizes
from 226 nm down to 98 nm. The magnetic vortex states of
226 nm, 181 nm, and 98 nm MNDs are characterized by
electron holography as shown in figure 17(b: i-iii). These
particles show zero net magnetizations with negligible
demagnetization fields. The magnetization field in each par-
ticle, as shown in figure 17(b: iv—vi), can reach to 0.6 T
locally, corresponding to a saturation magnetization of 128
Am? kgl?el.

It is hypothesized that the transition of magnetization
states of MNDs under the magnetic fields can exert torques
mimicking the biological mechanotransduction as shown in
figure 17(c). And this torque is proportional to the magnetic
moments of MNDs. The effect of MND caused stimulation is
firstly proved on cultures of dorsal root ganglia explants
(DRGs). DRGs contain sensory neurons expressing a wide
range of mechanoreceptors. As mechanotransduction in sen-
sory neurons involves changes in membrane potential and
Ca”" influx, the effects of magnetically mediated torques on
the cells decorated with MNDs can be monitored via the
fluorescence change of the Ca®" indicator: Fluo-4. The Ca*"
imaging of DRGs incubated with MNDs (either 98 or 226
nm) are carried out under varying magnetic field amplitudes
and frequencies as shown in figure 17(d). The results confirm
that the highest frequencies and amplitudes resulted in the
highest percentages of responding cells.

To further explore whether the neuronal activation caused
by the MND torque is mediated by mechanosensitive ion
channels, they inhibited two major mechanoreceptors present in
DRGs: the PIEZO2 and TRPV4. Each receptor is inhibited by
incubating DRG neurons with GsMTx4 and HC-067047,
respectively. Results in figure 17(e) show that after the first
magnetic field plus, there is a decrease in neuron activity. Thus,
individually inhibiting mechanosensitive channels significantly
reduces the efficacy of magnetomechanical stimulation. The
possibility of voltage- or ligand-gated channels in DRGs con-
tributing to the magnetomechanical stimulation is also excluded
by testing the non-mechanosensitive cells, human embryonic
kidney (HEK-293), as shown in figure 17(f). This preliminary
work demonstrated that switching the magnetizations in MNDs
can transduce local torques that could be used for triggering
mechanoreceptive sensory neurons in the presence of slowly
varying magnetic fields.

5.3. Magnetoelectrical neurostimulation

In this section, we will introduce another type of MNP-based
neurostimulation method that also relies on the control of
wireless magnetic field but uses the magnetoelectric (ME)
nanomaterials. Similar to the inductive coils, the ME nano-
materials transform a magnetic field to an electric field
[20, 205, 206]. To be specific, the application of magnetic
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Figure 17. (a) Synthesis of MNDs. (i) Crystal units of nonmagnetic hematite phase converted to magnetic magnetite after reduction. SEM
images of nanodiscs synthesized in a two-step solvothermal reaction with 6% H,O (ii, vii), 7% H,O (ii, viii), 8% H,O (iv, ix), 9% H,O
(v, x), and 10% H,0O (vi, xi). (ii—viii) and (vii—xi) are the hematite (a-Fe,O3) and magnetite (Fe;0,4) nanodiscs. Scale bars are 200 nm. (b) (i
—iii) Electron holographs of MNDs: magnetic field lines overlapping the MNDs with 226, 181, and 98 nm in diameter, respectively. Blue
and red lines denote vortices of opposite directions. (iv—vi) Correspond to magnetizations of upper images. Scale bars are 100 nm. (c)
Magnetomechanical stimulation of MND-decorated DRG neurons allows for remote activation of Ca>" influx. DRGs relay sensory
information, including mechanosensory information, to the spinal cord. DRG explants incubated with MNDs can be stimulated when slowly
varying magnetic fields that cause the magnetizations of MNDs to transform from vortex to in-plane. Thus, producing magnetic forces on
mechanosensitive ion channels and resulting in Ca*" influx. (d) Tuning parameters for magnetomechanical stimulation in DRG neurons and
demonstration of magnetomechanical stimulation in HEK-293 cells transfected with TRPV4. Fluorescence traces resulting from stimulation
of DRG neurons incubated with 226 nm (left) and 98 nm diameter MNDs (right) with magnetic field amplitudes and frequencies varied.
Magnetic field is applied in 4 pulses of 10 s with 30 s wait times between pulses. (¢) DRGs incubated with 1 M PIEZO?2 inhibitor GsMTx4
(left) and with TRPV4 inhibitor HC-067047 (right) both show a decrease in activity after the first stimulation sequence. (f) The response of
unmodified HEK-293 cells decorated with MNDs to magnetic field (left), the response of HEK-293 cells expressing TRPV4 decorated with
MND:s to the magnetic field (middle), and the blocked response of HEK-293 cells decorated with MNDs, expressing TRPV4, and incubated
1 uM TRPV4 inhibitor HC-067047 (right). Reprinted with permission from [21]. Copyright © 2020, American Chemical Society
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field causes strain in the magnetic cores and thus, created a
charge separation (see figure 18(a)) in ME nanomaterials that
can directly interact with the neural network for localized and
targeted brain stimulation.

For example, Kozielski et al demonstrated the applica-
tion of magnetoelectric nanoparticles (MENPs) for both
in vivo and in vitro neuronal modulations [206]. As shown in
figures 18(a) and (b), MENPs composed of magnetostrictive
CoFe,0, cores and piezoelectric BaTiO5 shells are synthe-
sized. The morphologies and magnetostrictive to piezoelectric
material ratio of MENPs are characterized by TEM and TEM-
EELS as shown in figures 18(d) and (e), respectively. To
maximize the ME output (also called ME coefficient) of these
MENPs, AC magnetic field with a large DC bias is applied
along the same axis to align the magnetic domains, axis of
magnetostriction, and piezoelectric poling axis as shown in
figures 18(b). The calculated ME coefficient of these MENPs
is 86 V.m~' T~ at 200 and 225 mT. Furthermore, the ME
coefficient shows little dependence on the AC magnetic field
frequency across the range of 35 to 385 Hz, which covers the
range of DBS frequencies found to have clinical effect.

The ability of MENPs for magnetoelectric stimulation is
firstly examined in vitro using intracellular Ca®* signaling in
human SH-SYSY cells, as shown in figure 18(f). MENPs are
administered as a suspension in the medium while for the
control groups there are either no nanoparticles (NPs), or only
MSNPs (magnetostrictive nanoparticles), or only PENPs
(piezoelectric nanoparticles). The magnetic field parameters
are either no field, a 225 mT DC field, a 6 mT, 140 Hz AC
field, or both DC and AC fields. A significant increase of
Ca”" transients is observed when MENPs are stimulated with
a simultaneous AC and DC magnetic field versus basal
activity.

The in vivo neuromodulation is carried out by injecting
the MENPs into the subthalamic area via stereotactic infusion
in freely moving mouse as shown in figure 18(c). It is shown
that the local c-Fo protein expression is significantly
increased in the motor cortex and nonmotor thalamus fol-
lowing the stimulation of MENPs under an AC and DC
magnetic fields compared to only DC field, as shown in
figure 18(g-1). Then two groups of mice are injected with
MENPs or MSNPs (control). The mice behaviors with AC
and DC magnetic fields or with only DC magnetic field are
recorded in a rotarod test and a CatWalk analysis system as
shown in figure 18(m). The dynamic parameters of the Cat-
Walk test indicate a significant difference in the behavior of
MENP-treated mice compared with the MSNP-treated ones.
To be specific, the average speed, duty cycle of each limb,
and stride length of each limb all changed significantly in
MENP-treated mice following AC and DC field stimulation
but not in MSNP-treated mice (figure 18(n)). In addition, the
gait- and balance-related static parameters such as regularity
index, run maximum variation, and base of support, showed
no significant difference following AC and DC stimulation in
both mice groups treated with MENPs and MSNPs
(figure 18(0)). Which confirms that the magnetic stimulation
caused by MENPs does not affect animal motor activities.
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These results demonstrate the potential of ME nanoma-
terials for wireless magnetoelectrical modulation of neural
activities. And this modulation is sufficient to change animal
behavior and to modulate other regions of the corticobasal
ganglia-thalamocortical circuit.

Furthermore, the availability of novel MENPs with
colossal ME coefficient values favors the better neuro-
stimulation performance with minimal MENP dosage. Wang
et al reported 20 nm CoFe,04-BaTiO; and NiFe,0,4-BaTiO;
core-shell MENPs showing colossal magnetoelectric coeffi-
cient values of above 5 and 2 V cm™' Oe ™!, respectively
[205]. This ultra-high magnetoelectric coefficient is attributed
the heterostructural lattice-matched interface between the
magnetostrictive core and the piezoelectric shell. Nguyen et al
also reported a similar core-shell MENP structure showing
ME coefficient of >5 V cm™ ! Oe ™! [207]. In their work, they
have demonstrated the ability of using MENPs to wirelessly
activate cortical neurons and cortical network ex vivo and
in vivo. The ex vivo and in vivo Ca>" imaging data supports
that MENPs evoke cortical neuronal activity with fast tem-
poral resolution at cellular and global network levels. Fur-
thermore, the process of MENPs delivery and magnetic
stimulation did not induce detectable neuroinflammation.

On a separate note, Singer et al reported the wireless ME
neurostimulation that can provide therapeutic deep brain sti-
mulation in a freely moving rodent model for Parkinson’s
disease (PD) [208]. Where the ME stimulator is not MENP,
instead, it’s a rectangular film with magnetostrictive layer
bound to a piezoelectric layer, in the size of a grain of rice
(<25 mm? in area).

6. Challenges and opportunities of micromagnetic
neurostimulation

Electrical and magnetic stimulation, both have been excellent
sources for neuromodulation therapies. Electrical stimulation
is usually applied through electrodes in the brain while,
magnetic stimulation is performed transcranially, in a non-
invasive manner but not focally. In implantable micro-
magnetic neurostimulation (uMS), the induced electric field
that is generated from a time-varying magnetic field as per
Faraday’s law of electromagnetic induction is spatially
asymmetric. Therefore, this focal stimulation with magnetic
fields may activate different populations of neurons than
electrical stimulation, giving us the flexibility to study dif-
ferent population of neurons which are otherwise not inves-
tigated through electrical stimulation. In addition, these
magnetic implants do not need to be in direct galvanic contact
with the biological tissues, thereby avoiding the electro-
chemical interface with the brain. This prevents intense
immune reaction and inflammatory response by tissues on
implantation of these implants thereby significantly reducing
biofouling nuances. Therefore, implantable magnetic stimu-
lation eliminates many safety limitations in the waveforms
that can be applied to drive these devices.

Figure 19(a) shows the comparison between the neural
response from DBS microelectrodes and magnetic pcoils as
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Figure 18. (a) Schematic view of one MENP consisting of magnetostrictive core and piezoelectric shell. (b) Schematic demonstrating the
rationale for using a large DC magnetic field overlaid with an AC field to generate optimal magnetoelectric output. (c) MENPs are injected
bilaterally into the subthalamic region of mice and are wirelessly stimulated using an AC and DC magnetic field. The (d) TEM and (e¢) TEM-
electron energy loss spectroscopy (TEM-EELS) images show MENP morphology and BaTiO3/CoFe,0, phases (green and red,
respectively), with quantitative elemental analysis measurement of the molar percentage of each material. (f) Magnetic stimulation of MENPs
modulates neuronal cell activity in vitro. Cells were treated with MENPs, using no NPs, MSNPs, or PENPs as controls. Magnetic stimulation
was 220 mT DC, 6 mT and 140 Hz AC, or both DC and AC fields along the same axis (AC + DC). Neuronal activity was measured via
intracellular Ca®" imaging using Fluo4 dye. Images of total Ca>" activity over time is shown for selected experimental groups. Magnetic
stimulation of MENPs locally modulates neural activity in mice, yielding modulation of basal ganglia circuitry and behavioral change.
Staining for c-Fos protein locally to the MENP injection site following DC magnetic stimulation (g) or AC and DC magnetic stimulation (h)
shows increased c-Fos expression (i) and increased c-Fos—positive tissue volume (j) in the latter. Quantification of c-Fos in the motor cortex
(k) and limbic thalamus (1) shows increased expression when MENPs were stimulated with an AC and DC magnetic field versus only a DC
magnetic field. (m) Dynamic movement parameters as measured by the CatWalk recording showed significant changes in mouse speed, limb
duty cycle, and limb stride length (n) in MENP-treated mice following AC and DC stimulation versus DC stimulation, while MSNP-treated
mice showed no significant change. Static movement parameters of mouse movement such as regularity index, run maximum variation, and
front-paw base of support as measured by CatWalk recording did not significantly change with AC and DC versus DC only magnetic
stimulation in either nanoparticle group (o). Rotarod latency to fall also did not significantly change with AC and DC versus DC only
magnetic stimulation in either nanoparticle group (0). From [206]. Reprinted with permission from AAAS.
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Figure 19. (a) Comparison of neural responses from electrical microelectrodes (top row) to that of magnetic pcoils (bottom row) through
calcium fluorescence imaging technique. From [16]. Reprinted with permission from AAAS. (b) Simulation results for the RF induced spatial
heating of the implants to compare MRI compatibility of an electrical implant and a magnetic implant. It shows, under the same
circumstances, the magnetic jicoils show significantly lower heating effects on the surrounding tissues proving to be MRI compatible.
Reproduced from [7]. CC BY 4.0. (c) The spatial electric field gradient of a square magnetic pcoil given by simulation results. It shows that
the spatial gradient of the square pcoils is above the TMS threshold for over 75 pm from the location of the coil. From [16]. Reprinted with

permission from AAAS.

mapped by calcium fluorescence imaging technique [16].
Compared to the DBS microelectrodes, that are in the size
range of several mm [1] and represent a uniform spread of
neuron activation, the ucoils, whose size range is in the order
of several um, not only has the advantage of smaller size of
implants but also provides the benefit of selectively activating
neurons. Besides, pcoil implants activate deeper neurons
(6075 pm) while the focal depth for activation in the case of
microelectrodes are limited to 10 um (see figure 19(c)). On
the dark side, from figure 19(a), it is also observed that these
pcoils operate on a current (52 mA) which is three orders
greater than the current of operation for microelectrodes
(30 wA). This signifies that pucoils may cause enhanced
thermal effects on neuronal tissues, thereby hindering their
application as implantable neurostimulators. The thermal
effects of planar magnetic ucoils were studied through com-
putational modeling, where Park et al [78] had reported the
increase in temperature on gray matter of the brain remains
unaffected by the number of turns of the coil, the line width
and line thickness of the coil. In contrast, with the increase of
the outer diameter, the thickness of the insulating layer and
the interval of the pulse, the thermal effect of the gray matter
is reduced [78]. Additionally, these pcoils are still too large
(several hundreds of pm) to activate individual neurons.
However, yet another advantage of these pcoils over micro-
electrodes is their MRI compatibility as reported by Bon-
massar et al [7]. To mimic an MRI environment, the authors
simulated a RF induced local heating profile for electrical
implants and pcoil implants. As shown in figure 19(b),
between the wire implant and the MS implant, the former
showed an increase in temperature of the surrounding tissues
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while the pcoil showed a heating profile more like the case
where there was no implant. Finally, as discussed in
section 3.3, these pcoil implants have been investigated as a
potential treatment option for epilepsy across various reports
[104-106].

To address the drawback in magnetic neurostimulation
caused by the pcoils, spintronic nanodevices have been
investigated as a promising magnetic neurostimulation
implant. Although, the study of these implants has been
limited to theoretical results only, they have shown extreme
promise in terms of cellular-level stimulation of neurons
[18, 127, 128]. The nanosecond pulsed electric fields
(nsPEFs) generated from these spintronic implants have
found yet another application in treatment of brain tumors as
discussed in section 4.3. MNPs in neurostimulation offer non-
invasive yet focused and targeted magnetic neurostimulation.
The MNPs can also be controlled externally by an alternating
magnetic field gradient providing an excellent precision over
the region of target stimulation [21, 198].

7. Conclusive remarks

The existing techniques for the treatment of neurological
disorders leave enough room for debate among drugs, non-
invasive TMS, tDCS, and wearables. Undoubtedly, the use of
implants is the most contentious among these, primarily
because it involves an invasive, surgical procedure, as well as
experienced, skilled neurosurgeons for successful implant-
ation of these DBS leads and repeated patient monitoring after
the implant surgery. In addition, DBS electrodes are MRI
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Table 2. Performance statistics of the existing neurostimulators.

Volume of the

Power of implant

Method of stimulation implant (in cc) operation (in nW) Pros Cons References
Clinical DBS electrodes® Electric ~107 ~10% Focused, localized Implants, MRI [1, 12]
incompatible
T™S Magnetic ~10* ~10'6 Non-invasive, No focal stimulation [68, 209, 210]
impressive depth of
stimulation
Commercial pcoils Magnetic ~107" ~10° Focused, high penetra- Implants, high power [6, 15, 74, 104]
tion depth
Fabricated pcoils Magnetic ~107° ~10° Selective Implants, no cellular [16, 17]
resolution

Nanopatterned soft magnetic Magnetic ~5 % 107° ~4.5 x 10% Cellular resolution Implants, bulky [92]
material pcoils

Magnetic Nanowire-based Magnetic ~6 x 1071 ~2 x 108 Better cellular High power, high frequency [18, 116, 129]
Neurostimulator (MNNS) resolution

Spin orbit torque neuro- Magnetic ~8 x 107" ~2 x 108 Best cellular resolution High frequency [128, 144, 145, 211]
stimulator (SOTNS)

Skyrmion-based neuro- Magnetic ~107'° ~1.434 Better cellular resolu- Difficult fabrication, high [127, 131, 139]
stimulator (SkyNS) tion, lowest power frequency

in vivo MNP delivery-based Magnetomechanical, ~3 x 10° parti- — Non-invasive, focal Non-biocompatible dis- [20, 21]
neurostimulation chemomagnetic cles/cc stimulation sociation of MNPs in

the body

Opver its several years of success in clinical settings, these electrical implants have been renamed as per its application. Special mention includes: transcutaneous electrical nerve stimulation (TENS), electrical muscle
stimulation (EMS), functional electrical stimulation (FES) [212-215].
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incompatible which means more dependency on expensive
CT-scan, PET scan techniques for monitoring the impact of
the implants on the patient’s health. Yet, DBS electrodes got
FDA clearance way back in 1997 and over the years, it has
found its way to become a trusted treatment for Parkinson’s
disease, tremors and epilepsy. Implantable p¢MS through
pcoils is a relatively new concept and the reports have been
quite promising. Although the pcoils consume significantly
higher current than the DBS leads and the activation of
neurons at single cell level is impossible, it shows promise for
selective deep activation of neurons due to high permeability
of magnetic field through biological tissues. To resolve the
issue of high-power consumption of the pcoils, we have
reviewed the soft magnetic material-based pcoils which can
significantly reduce the current consumption and meanwhile,
provide a much better spatial resolution for tissue activation.
Other strategies to reduce the power of operation for uMS
include optimizing the stimulation pulse shape (triangular or
rectangular or sinusoidal) and designing a complex circuitry
to harvest the unused energy from the inductors as future
wireless neurostimulators. Several research groups recently
have reported studies on neurostimulation with magnetic
microcoils (ucoils). The induced electric field from the time-
varying magnetic field generated from these magnetic pcoils
is used to remotely stimulate neighboring neurons. Due to the
spatial asymmetry of the induced electric field, high spatial
selectivity of neurostimulation has been realized on ucoils.
However, the complications regarding high power of opera-
tion (~10°~109 nW) and neurostimulation at the cellular-
level remain unsolved.

For the three spintronic neurostimulators (nucleation of
domain walls in nanowires, field-free SOT switching and
nucleation and movement of skyrmions), ultra-low power
consumption and excellent cellular-level resolution of these
nanodevices are their most attractive features. However, these
spintronic nanodevices have a high frequency of operation
(GHz range) which causes generation of nanosecond pulsed
electric field (nsPEF), which is questionable for neuro-
stimulation but opens a new research domain that promises
low-power tumor therapy. It is exciting to note that magneto-
ionic switching [90, 216-218, 91, 219] in the frequency
range of 1 Hz promises to make spintronic neurostimulation
possible.

In section 5, we reviewed an emerging neurostimulation
strategy that relies on magnetic nanomaterials such as MNPs,
magnetic thin films, and magnetic nanodiscs (MNDs). These
magnetic nanomaterial-based neurostimulation strategies are
categorized by the mechanisms such as magnetothermal,
magnetomechanical, and magnetoelectrical stimulations.
Compared to the counterparts of DBS electrodes, pcoils, and
spintronic devices, the MNPs are intrinsically smaller and can
be remotely controlled by external magnetic fields. With the
recent advancements of MNP synthesis and surface biomo-
difications, these free-standing MNPs face less problems with
the biocompatibility and neuro-interfacing issues. It can be
foreseen that MNPs will be one category of invaluable
neurotechnology for less invasive and more reliable
neurostimulations.

28

Overall, this paper reviews the next generation implan-
table magnetic neurostimulators which can stimulate deep
target neurons at the cellular level with lowered thermal
effects on tissues. Although the initial success of magnetic
stimulation is promising, deeper study on magnetic stimula-
tion protocols and evaluation of long-term safety of these new
implants must be made for any further advancements.
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