Biomedical Engineering Letters (2021) 11:163-170
https://doi.org/10.1007/s13534-021-00193-w

REVIEW ARTICLE

=

Check for
updates

Nanomaterials-assisted thermally induced neuromodulation

Conggqi Yang' - Seongjun Park'?

Received: 19 March 2021/ Revised: 22 May 2021 / Accepted: 2 June 2021/ Published online: 11 June 2021

© Korean Society of Medical and Biological Engineering 2021

Abstract

Neuromodulation, as a fast-growing technique in neuroscience, has been a great tool in investigation of the neural pathways
and treatments for various neurological disorders. However, the limitations such as constricted penetration depth, low tempo-
ral resolution and low spatial resolution hindered the development and clinical application of this technique. Nanotechnology,
which refers to the technology that deals with dimension under 100 nm, has greatly influenced the direction of scientific
researches within recent years. With the recent advancements in nanotechnology, much attention is being given at apply-
ing nanomaterials to address the limitations of the current available techniques in the field of biomedical science including
neuromodulation. This mini-review aims to introduce the current state-of-the-art stimuli-responsive nanomaterials used for

assisting thermally induced neuromodulation.
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1 Introduction
1.1 Technologies for neuromodulation

Neuromodulation is defined as the application of various
modalities (e.g. electricity, magnetic fields, light, or chemi-
cal agents) to interfere with the nervous system to regulate
neural activity. It has not only been utilized in the neurosci-
entific investigation but also been clinically implemented
to treat various neurological diseases, including depression,
stroke, spinal cord injury, Parkinson’s disease, chronic pain,
etc. [1].

At the current time, therapeutic techniques for neuromod-
ulation are mainly (1) oral medicines and (2) direct brain
modulation. In terms of oral medicines, drugs used to modu-
late neural activities are limited owing to the blood—brain
barrier (BBB), which is the first interface between the
extracellular fluid of the central nervous system and the
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circulating blood. Moreover, with oral administration of
medicines, time is needed for drug absorption which results
in low temporal resolution for neuromodulation [2, 3].

In direct brain modulation, both invasive and non-inva-
sive modulation techniques existed for effectively relieving
the neurological disorder. Invasive stimulation, such as Deep
brain stimulation (DBS) and intracranial cortical stimulation
(ICS) possess high spatiotemporal precision. However, they
require surgical implantation of electrodes to deliver an elec-
trical pulse to targeted areas and present limited long-term
efficacy [4]. On the other hand, there are non-invasive brain
modulation techniques such as transcranial magnetic stim-
ulation (TMS) and transcranial direct current stimulation
(tDCS), which modulate brain activity by applying external
stimuli, such as magnetic fields and electrical current [5].
However, magnetic stimulation lacks temporal resolution
due to slow responsiveness efficiency, and the operation set-
tings are relatively complicated. In addition, the use of TMS
and tDCS in clinical settings is limited due to low spatial
resolution and penetration depth as the magnetic or elec-
tric fields rapidly attenuate in-depth. Thus, a more efficient,
non-invasive, cell-type specific, and less time-consuming
neuromodulation technique is needed for the treatment of
neurological disorders at the moment.
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1.2 Advances of stimuli-responsive nanoparticles
in thermal neuromodulation

Over the last decade, the advancement of nanotechnology
has dramatically changed the lifestyle of human society in all
kinds of ways. The incorporation of nanomaterials as trans-
ducers allow more efficient delivery of drugs and translation
of external energy into the biological system. Moreover, it
provides much needed benefits in the field of neuromodula-
tion, such as higher spatiotemporal resolution and the usage
of lower stimuli intensity, which is likely to minimize tis-
sue damages [6]. The combination of nanotechnology and
thermal neuromodulation provides great possibilities for
manipulation of neural activities, followed by the discovery
of the underlying mechanisms of neural systems and dis-
ease treatment. Among various thermal neuromodulation
schemes, photothermal and magnetothermal neuromodula-
tion are the two most frequently applied schemes for thermal
neuromodulation. Hence, in this review, the recent advances
in stimuli-responsive nanoparticles involved in photothermal
and magnetothermal neuromodulation will be discussed.

1.3 Photothermal nanomaterials

The photothermal effect refers to the phenomenon in which
photoexcitation of the materials activated by the light at
specific wavelenghts results in the production of heat in the
biological system. The photothermal sensitive nanomateri-
als function as nanotransducers to convert light into heat in
order to generate localized hyperthermia for the stimulation
of neurons. Currently, several photothermal nanomaterials,
including gold nanomaterial [7-13], carbon nanomaterials
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[14, 15], liquid—metal nanocapsules [16], and semiconduct-
ing polymer nanobioconjugates (SPN) [17-19] have been
shown to be able to modulate neural activities.

The application of gold-based nanomaterials has sub-
stantially grown for the past few years due to their unique
characteristics, including high biocompatibility, great optical
property, easy synthesis process, and the possibility of sur-
face modifications [6]. More importantly, their innate ability
to cross the BBB opens up a wide range of possibilities for
treating neuronal disorders of the central nervous system
(CNS) [13, 20]. The photothermal property of gold nanoma-
terials is due to the stimulation of localized surface plasmon
resonance (LSPR) with the light wavelengths between vis-
ible to near-infrared range. Upon exposure at the resonant
frequency, electrons within the gold materials are excited
and oscillate collectively, followed by mild heat generation,
which activates the transient receptor potential cation chan-
nel subfamily V member 1 (TRPV1) (Fig 1).

Several studies have presented stimulation of neurons
using gold nanomaterials in three different shapes, which
are nanorod, nanosphere, and nanostar. The most frequently
used morphology of gold nanomaterials for neural stimula-
tion is gold nanorods (AuNR) as their optical absorption
can be tuned by modifying the aspect ratio(length/width). In
2013, a group in Australia discovered that AuNR together
with a 780 nm near-infrared (NIR) laser is able to induce
NG108-15 neuronal cells outgrowth. Similar results were
observed with AuNRs coated with poly-(4-styrenesul-
fonic acid) or silica [22]. In the following two years, the
same group also presented that both coated and uncoated
AuNRs are able to induce intracellular calcium transients
and trigger differentiation of neuronal cells upon exposure
to 780 nm laser light [9]. Contemporarily, other groups
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also demonstrated the use of AuNR for neural stimulation.
Kim’s group compared the effect of neural tissue stimulation
with conventional infrared stimulation and AuNR-assisted
infrared stimulation. Their results suggested that the neural
stimulation with AuNR significantly increased the neuronal
activation level and lowered the stimulation threshold of
infrared, which is suggested to lessen the tissue damage [10].
However, a contradictory result published in 2014 claimed
that AuNRs inhibited neural activities upon near-infrared

exposure in the hippocampal neurons. The paper suggested
that the inhibitory effect of photothermal stimulation under-
went a different biological pathway with the involvement of
the TREK-1 channel, a thermosensitive potassium channel,
compared to other studies that claimed that photothermal
activation of the TRPV1 channels [11] (Fig. 2b.).

Other than AuNR, golden nanoparticle (AuNP), which
is known as golden nanospheres, and gold nanostar (AuNS)
attracted researchers’ attention recently due to their smaller
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Fig.2 Photothermal manipulation of membrane Ca2+ channel
through nanomaterials. a Excitation of dorsal roots ganglion neu-
rons with AuNPs with patch clamp recording setup. Comparison of
the firing response of neuron induced by two stimuli types: electric
and light. Neurons were responsive to light stimuli in the presence
of AuNPs, while washing off AuNP did not trigger any neuronal
response. Reproduced with permission [12]. Copyright 2015 Cell
Press. b Photothermal inhibition of electrically evoked neural activity
using AuNRs. Microelectrode array (MEA) for electrical stimulation
and recording of the neural activity. Upon exposure to near infrared
(NIR) irradiation, spike rates of neurons decreased in cells treated

with AuNRs. Reproduced with permission [11]. Copyright 2014
American Chemical Society ¢ Stimulation of ND7/23 cells and Hela
cells by laser-induced liquid metal Nanocapsules. Upon exposure to
laser, increased calcium influx can be observed through fluorescent
microscopy. Calcium influx degree is positively correlated with the
laser irradiation time. Reproduced with permission [16]. Copyright
Nature Publishing Group d Nanomodulator in control of neural activ-
ity in ND7/23 cells upon NIR irradiation. Activated nanomodulators
opened up protein channels for calcium and increased Ca2 + concen-
tration in neurons can be observed in fluorescent microscopy. Repro-
duced with permission [21, 22]. Copyright 2014 John Wiley and Sons
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scales, which provide higher precision in neural modulation
and less time-consuming synthesis procedures. One study
shown in Fig 2a presented that AuNP at a 20 nm scale was
able to excite dorsal roots ganglion neurons with a maximum
firing rate of about 40 Hz [12]. In addition, the feasibility
of AuNPs in the stimulation of a more complex neurologi-
cal tissue was also shown in the paper. The authors dem-
onstrated that the firing of action potentials was due to the

heat-induced membrane capacitance change. Another study
by the Yoo group presented that AuNS, which obtained bet-
ter biocompatibility compared to AuNR, was capable of
suppressing the neural activity when it was attached either
directly on cell or on a microelectrode arrays (MEAs)
chip [13].

In addition to gold nanomaterials, Fig. 3a presents other
inorganic nanomaterials accommodated with photothermal
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Fig.3 Other photothermal nanomaterials for neuromodulation. A
schematic illustration (left) and TEM (right) image of a Transform-
able LM nanocapsule Reproduce with permission. [16] Copyright
2017 Nature Publishing Group b Carbonanohorns Reproduce with
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properties are also utilized to modulate neural activity.Car-
bon nanomaterials present a good photothermal conversion
efficiency and high energy absorbance in the NIR range [20].
Dye-functionalized carbon nanohorns (CNH), with conju-
gated fluorescent IRDye800CW = presented higher photo-
thermal conversion efficiency compared to bare CNHs since
the excitation energy of the dye upon the NIR irradiation
would transfer to the CNH, resulting in a lower stimulation
energy level. It was demonstrated that dye-CNH induced
calcium influx in Hela, RAW264.7, and ND7/23 cells and
triggered paw movement in a living frog model remotely
[21, 22](Fig. 2d). Also, another carbon-made nanotube
hybrid with thermoresponsive ligands was able to trigger
integrin receptor clustering and control the differentiation
of human neural stem cells via photothermal effect [14].
Other than carbon nanomaterials, liquid metal nanocapsules,
which were formed by light-induced morphological transfor-
mation, generated heat in response to CERTAIN Light and
induced calcium influx in ND7/23 cells on a microseconds
timescale [16] (Fig. 2c).

In addition to inorganic nanomaterials, organic nanoma-
terial as shown in Fig. 3b and ¢, which were nanobioconju-
gates made of semiconducting polymer (SP), has also been
used as a photothermal transducer in neuromodulation.This
organic nanoconstruct exhibited better biocompatibility
and higher photothermal conversion efficiency compared
to GNR. Not surprisingly, it was reported in the study that
their designated variants of SP nanobioconjugates increased
the intracellular calcium influx by twofold within the first
100 ms and the calcium channel activities could be con-
trolled reversibly by switching the NIR laser on and off at
an interval of 0.5 s [17]. Another macromolecular infrared
nanotransducers for deep-brain stimulation (MINDS), which
composed of organic SP core showed efficient heat genera-
tion upon NIR-II illumination. Even at a distance of 50 cm
above the mouse head, deep brain neurons were activated at
a low incident power density [18]. Moreover, NIR respon-
sive nanoparticles proposed by the Xing group obtained not
only excellent photothermal efficiency but also an ability
to penetrate the blood brain barrier as well as drug loading
capability, which presented a new concept of multifunctional
nanotransducers for neuromodulation [19].

1.4 Magnetothermal nanomaterials

The penetration of visible light into biological tissue is
limited due to light scattering, thus the optical approach in
modulating neural activities in the deep brain region remains
a problem. Magnetic fields are deemed as promising external
stimuli for controlling neural activities due to their relatively
low interaction with biological molecules and ability to pen-
etrate deep brain regions. Superparamagnetic nanoparticles,
which are the most widely used magnetic nanoparticles

(MNPs), are small particles made from ferromagnetic mate-
rials. They are usually tiny enough to be counted as only
single-domain magnetic particles, thus no interactions or
orderings can be observed. In other word, superparamag-
netic nanoparticles do not retain any net magnetization in the
absence of the external magnetic field, which makes them
suitable for biomedical usage [15].

In recent years, in order to strengthen the modulation
effect and provide precise localization, more studies have
used MNPs as transducers to translate magnetic fields into
different stimuli such as thermal energy. The first study
that applied MNPs for remote neuromodulation was car-
ried out in 2010. Huang et. al presented that manganese fer-
rite (MnFe,0,) nanoparticles with a diameter of 6 nm were
able to convert the magnetic energy imposed by a radio-
frequency (RF) magnetic field into thermal energy. By con-
jugating streptavidin with nanoparticles, MNPs were able to
target cells of interest that expressed genetically engineered
proteins both in hippocampal neurons and in C.elegans.
Moreover, the study demonstrated that with the application
of MNPs, a RF magnetic field strength at 0.67kA m-1, which
fulfills the Food and Drug Administration’s standard for RF
fields’ strength for clinical use, was able to induced calcium
influx and led to cell membrane depolarization in hippocam-
pal neurons. Moreover, the MNPs together with magnetic
fields were able to trigger a thermal avoidance reaction in
C. elegans [23](Fig. 5b).

Verification of the effectiveness of MNP was first applied
on mammalians in 2012. Stanley et.al demonstrated with the
expression of genetically engineered protein and applica-
tion of MNPs with exposure of magnetic field were able to
remotely control the release of insulin in mice [24]. In 2015,
Chen et al. presented the use of the magnetothermal effect to
modulate of neural activities in a mammalian system. In this
work, with the introduction of genetic engineering protein
receptors into the ventral tegmental area (VTA), followed by
MNPs injection and exposure to magnetic fields, the mag-
netothermal excitation was observed both in vitro, in which
the membrane depolarization was induced in hippocampal
cells, as shown in Fig. 4a, and in vivo, in which a specific
neuronal population was activated in the deep brain region
in mice, as shown in Fig. 5c. In addition, the researchers
showed the long term effectiveness of neural stimulation
with MNP for more than one month [25]. Later in 2016,
bidirectionally targeted temporal neuromodulation through
magnetothermal effect in mice was presented by Stanley et.
al. In the study, the TRPV1 receptors were targeted in a
subpopulation of glucose-sensing neurons in ventromedial
hypothalamus (VMH) through ferritin nanoparticles injec-
tion and magnetic field stimulation. Both remote excitation
and inhibition of the modified TRPV1 channels successfully
adjusted the blood glucose levels and altered the feeding
behavior in mice [26].

@ Springer



168 Biomedical Engineering Letters (2021) 11:163-170
a c AMF
Calcium N\N\N\N
Spikes“‘““f“’”;m.’“’"r..m......m e
5 P (SO -
e » [} 0 ! ! L]
§ ©)
op ——B A
3 = o| e 1 1
: 2% =

5s

% & Ano1+, MNP+
& A& 4 AMF
5 3 ,
- € ;
w ol oN P [ 1],
¥ M) ‘g_EZ o1l ’ 1
3 s fnillnt o
: S

g 0 beostl 11

MNP AMF OFF MNP AMF ON

Time (s) AFIF,
0.10

Fig.4 Magnetothermal manipulation of neural activities in vitro
through MNPs. a Alternating magnetic fields induced action poten-
tials with co-existence of TPRV1 and MNPs. Reproduce with permis-
sion [25]. Copyright 2015 American Association for the Advance-
ment of Science b Inhibition of neural activity in hippocampal
neurons expressing anoctamin 1 with MNP upon exposure to the
magnetic field. Reproduce with permission [28]. Copyright 2018

Frontier Scientific Publishing ¢ Increased firing rates induced by
magnetic fields and MNPs was observed through GCaMP6f fluores-
cence. Reproduce with permission [27]. Copyright 2017 ELife Sci-
ences Publications d Calcium concentration changed in adrenal cells
in response to capsaicin and magnetothermal stimulation by MNPs.
Reproduce with permission [30]. Copyright 2020 American Associa-
tion for the Advancement of Science
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Fig.5 Magnetothermal manipulation of neural activities in vivo
through MNPs. a Magnetothermal stimulation in the motor cor-
tex induced running behavior in awake mice. The activeness corre-
sponded to the onset-time period of magnetic fields. Reproduce with
permission [27]. Copyright 2017 ELife Sciences Publications. b
Thermal avoidance response in C. elegans was evoked by MNP upon
application of magnetic fields. A threshold temperature for behavio-
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c-fos staining under fluorescence microscopy. Reproduce with per-
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In 2017, magnetothermal neural stimulation was validated
in an awake, freely moving animal model. (Fig. 5a) In order
to confirm the capability of magnetothermal stimulation in
modulating any behaviors in an freely moving animal, Pralle
group activated the motor cortex and observed the running
behavior in mice. The motor cortex of mice was expressed
with uniform TPRV1 with a viral infection to ensure robust
magnetothermal activation of neurons. It was reported that
the magnetic field induced a mice behavior of running along
the periphery of the observation arena, compared to rest-
ing or slow locomotion in the absence of a magnetic field
[27]. Over the years, TRPV1 has been genetically modi-
fied in cells or animals to active neurons and evoke animal
behaviors. In 2018, the Pralle group demonstrated that the
anoctamin 1 (TMEM16A), a temperature gated chloride
channel, could suppress 80% of the neuronal activities upon
magnetothermal stimulation [28]. Yet TMEM16A has only
shown its capability to inhibit neuronal activity in vitro, and
therefore, more work needs to be done to validate the effect
of TMEM16A in the mammalian system (Fig. 4b).

Other than their role as primary transducers, MNPs have
also been applied as secondary transducers for neuromodu-
lation. In a study conducted by Rao et al., they presented
a remotely controlled chemo-magnetic neuromodulation
in freely moving animals. In the study, the heat produced
by MNPs upon magnetic field exposure triggered the drug
release of thermal-sensitive liposomes which in turn led the
chemogenetics activation of specific neurons that have been
genetically modified. The magnetically gated liposomes suc-
cessfully alternated both social and motivation behaviors of
mice through the activation of different pathways [29].

2 Summary and perspectives

In this review, recent progresses with respect to two prom-
ising approaches, photothermal and magnetothermal, in
nanomaterials-assisted thermally-induced neuromodulation
have been introduced. These new techniques not only pro-
vide minimal invasiveness, high spatial-temporal resolution
as well as cell-type specificity, but also bring neuromodula-
tion techniques into a new safer stage. However, there still
remain several challenges to be answered for clinical usage,
including the safety of nanomaterials and transfection with
viral vectors. Thereby, future works should consider the fea-
sibility of implementing their techniques on human subjects.
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