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Nanotechnology Enables Novel Modalities
for Neuromodulation
Xiao Yang, Eve McGlynn, Rupam Das, Sergiu P. Paşca, Bianxiao Cui,* and Hadi Heidari*
stimuli to targeted neural tissue.[1] It
provides powerful tools both for understanding the brain function, and for modulating the activity of malfunctioning neural
circuits to ameliorate disease progression.[2] The use of neuromodulation in neuroscience research has enabled a wealth of
discoveries on functional connectivity in
neural circuits.[3–8] Moreover, neuromodulation strategies capable of improving,
restoring and substituting motor, sensory
and cognitive functions have led to therapeutic avenues and prosthetics for treating
neuropsychiatric disorders. Achieving
minimally invasive neuromodulation on
specific cell types and neural circuits in
deep brain regions with high spatiotemporal resolution is the
ultimate goal for neuromodulation,[2] although it has yet to be
achieved with current neuromodulation technologies.
Here, we focus on how emerging nanotechnology is galvanizing novel neuromodulation strategies, with an emphasis on
recent research progress on nanotechnology-enabled neuromodulation modalities with less invasive surgical procedures,
improved bio-implant interfaces, deeper brain accessibility, and
higher spatiotemporal resolution. We discuss how nanotechnology is enabling specific neuromodulation modalities, such
as electrical, optical, chemical, acoustic and magnetic, as well as
grafted forms of cross-modal neuromodulation strategies using
nanomaterials as energy transducers. In the end, we provide
an outlook on future endeavors in advancing neuromodulation
strategies for fundamental research and clinical translation.

Neuromodulation is of great importance both as a fundamental neuroscience research tool for analyzing and understanding the brain function, and
as a therapeutic avenue for treating brain disorders. Here, an overview of
conceptual and technical progress in developing neuromodulation strategies
is provided, and it is suggested that recent advances in nanotechnology are
enabling novel neuromodulation modalities with less invasiveness, improved
biointerfaces, deeper penetration, and higher spatiotemporal precision. The
use of nanotechnology and the employment of versatile nanomaterials and
nanoscale devices with tailored physical properties have led to considerable
research progress. To conclude, an outlook discussing current challenges and
future directions for next-generation neuromodulation modalities is presented.

1. Introduction
Neuromodulation is the process of changing neural activity by
delivering electrical, optical, chemical, acoustic or magnetic
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2. Roadmap for Neuromodulation Strategies:
From Macroscale to Nanoscale
Modern neuromodulation tools have a history spanning six
decades,[1] ranging from classical approaches including deep
brain stimulation (DBS), to recent approaches including
optogenetics and chemogenetics.[9] Neuromodulation strategies based on electrical stimulation are not limited to DBS
(Figure 1a), but also include sacral nerve stimulation and spinal
cord stimulation.
The well-established electrical neuromodulation approaches
have been used to interrogate impaired neural circuits in a
broad range of neurological disorders, and were approved for
clinical treatments since the 1990s.[9] Notably, DBS of the subthalamic nucleus (STN) has been used to treat and improve
long-term motor functions in Parkinson's disease patients.[10]
Although effective to help alleviate the symptoms of a wide
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Figure 1. From macroscale to nanoscale neuromodulation. a) Classic
electrical, optical, chemical, acoustic, and magnetic neuromodulation
at the macroscale. b) Nanotechnology-enabled new neuromodulation at
the nanoscale. c) Nanomaterial-mediated cross-modal neuromodulation.

range of diseases and disorders, DBS requires the invasive
placement of electrodes, and they may fail after implantation
following tissue responses.
In addition to electrical approaches, recent development in
alternative neuromodulation approaches include optical, chemical, acoustic and magnetic modalities. Optogenetics[11,12] has
rapidly become a powerful neuromodulation tool which revolutionized the interrogation of specific cell types and neural circuits
with high temporal resolution (Figure 1a). The key advantage of
optogenetics over electrical approaches is its capability for cell
type-specific interrogation. While electrical stimulation lacks
specificity, optogenetics can control the function of defined events
in specific cell populations by combining genetic and optical
manipulations. Although optogenetic applications are limited by
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light attenuation in neural tissue[13] and the need for implantation
of optical fibers, recent reports of red-shifted opsins that can be
used without intracranial surgery hold great promise for noninvasive implant-free deep brain transcranial optogenetics.[14]
With similarly high cell-type specificity, chemogenetics
represents another important neuromodulation modality
(Figure 1a). Combining genetic and chemical manipulations,
chemogenetics utilizes engineered receptors and exogenous
molecules specifically targeting those receptors (e.g., G protein-coupled receptors (GPCRs) and clozapine N-oxide for
designer receptors exclusively activated by designer drugs
(DREADD)[4]) to control cell activity. A key advantage of chemogenetics over optogenetics is its noninvasive activation/inhibition as it does not require the implantation of optical fibers,
and thus it has been widely used to evaluate and establish
causality between neural circuits and behavior. However, as
chemogenetics relies on the diffusion of drugs throughout the
body, its onset time on the scale of minutes is slower than that
of optogenetics on the scale of milliseconds.
In the other realms of neuromodulation, acoustic,[5,15] and
magnetic[16] stimulation approaches are important neuromodulation modalities due to their noninvasive nature. Because
sound waves and magnetic fields can penetrate deep into
tissues, they can be used to directly activate or inhibit neurons in deep brain regions. With deep penetrating and spatial
focusing capabilities, focused ultrasound (FUS) has been demonstrated to transcranially deliver acoustic energy to modulate
neural activity in humans.[6] Moreover, in recent years interest
has risen significantly in the application of sonogenetics, the
acoustic counterpart of optogenetics and chemogenetics. Most
recent in vivo studies demonstrated sonogenetic modulation
of target neurons expressing an ultrasound-responsive protein,[17] although further investigations are still needed to characterize modulated behavioral alterations.
In the regime of magnetic neuromodulation, transcranial
magnetic stimulation (TMS; Figure 1a) is the most commonly
used magnetic stimulation method for therapeutic applications,
primarily for the treatment of drug-resistant depression.[18,19]
However, with a typical penetration depth of a couple of centimeters,[20] TMS is only applicable to stimulate neurons that lie
close to the outer layer of the human brain and is generally limited by its spatiotemporal precision and lack of target selectivity.
In recent years, active research efforts have been revolutionizing neuromodulation modalities through emerging nanotechnology (Figure 1b).[21] On the one hand, the versatile nanoscience
toolkit pushed neuromodulation approaches that have long been
associated with bulky devices toward miniaturized devices with
soft mechanics, densely packed components and sustained performance. These nanoscale tools with improved spatial resolution
and localized targeting capability allow for seamless integration
with the neural tissue.[22] On the other hand, nanomaterials with
favorable physical and chemical properties distinct from their
bulk counterpart hold promise for overcoming some of the limitations of classic neuromodulation strategies at the macroscale.
Recognizing the intrinsic merits and limitations of individual
modalities, a variety of nanotechnology-enabled grafted neuromodulation modalities that take advantages of the strengths
while sidestepping the limitations of individual modalities
have emerged in recent years (Figure 1c). Nanomaterials and
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nanoscale devices allow the efficient energy transduction from
one modality that excels in deep brain penetration, to another
modality that excels in localized neuromodulation with a high
spatiotemporal resolution, thereby enabling new grafted forms
of neuromodulation modalities.

3. Nanotechnology-Enabled Monomodal
Neuromodulation
Compared to their bulk counterpart, materials and devices with
nanoscale dimensions can circumvent some of the aforementioned limitations of current neuromodulation approaches by
enabling minimally invasive and seamlessly integrated neural
interfaces for localized neuromodulation with high spatiotemporal resolution.
First, miniaturized materials and devices exhibit structural
and mechanical properties closer to the cell populations in the
central nervous system (CNS), thereby enabling more biocompatible and less invasive neural interfaces. Since bending stiffness scales with the material's Young's modulus and the cube
of the thickness,[23] research aimed at improving mechanical
properties has focused on using more flexible materials[24,25]
and/or optimizing the device geometry.[23] When their feature
sizes reach nanoscale, materials become flexible and compliant
and thus are able to seamlessly integrate with neural tissue
with negligible foreign body response.[23] Second, materials
and devices at the nanoscale enable localized neuromodulation with high spatial precision at targeted brain region with

reduced off-target side effects. Nanoscale building blocks
allow for dense packing and concentration in a small volume,
thereby improving the spatial resolution and controllability of
neuromodulation.[22] Third, one fascinating characteristic of
nanomaterials is that they start to exhibit new physical and
chemical properties distinct from their bulk counterpart when
scaled down to the nanoscale regime, which can be harnessed
to enable novel neuromodulation modalities. The dependence
of nanomaterial characteristics on the size, shape, and surface
properties can be employed to fine-tune nanomaterials with tailored properties for innovative neuromodulation modes.
Here, we discuss emerging modalities of neuromodulation
that are enabled by nanotechnology. Neuromodulation strategies based on implantable or injectable materials and devices
at miniaturized scales enable new forms of DBS, optogenetics
and many other neuromodulation modalities with improved
capabilities.
3.1. Electrical Neuromodulation
Multiple lines of evidence suggest that structural and mechanical distinctions between electrical devices and their neuron targets can lead to disruption of the native tissue that precludes
the devices from stably interrogating and modulating neural
activity over time.[23,26–28] To minimize these disparities, flexible electronics with nanoscale building blocks have been
actively investigated to deliver electrical stimuli to the CNS for
electrical modulation (Figure 2a). A representative example of

Figure 2. Nanotechnology-enabled modulation. a) Electrical neuromodulation of neurons using microelectrode and nanoFET array. b) Optical neuromodulation of neurons using miniaturized light source and UCNP. c) Acoustic neuromodulation of the brain using miniaturized ultrasonic neural
stimulator. d) Chemical neuromodulation of neurons through locally generated modulatory molecule. e) Magnetic neuromodulation of neurons using
superparamagnetic nanoparticles. For illustrative purposes, diagrams are not necessarily drawn to scale.
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device geometry optimization is the ultraflexible neuron-like
electronics with open mesh structure, which shows a stable
gliosis-free neural interface capable of chronic recording[23] and
stimulation[29] (Figure 2a, right). On the other hand, mechanical
properties of implanted devices can also be improved by using
more flexible materials. For example, soft neural implants with
elastic properties similar to neural tissue were fabricated and
implemented as electronic dura mater[24] and auditory brainstem implants[30] for sustained electrical stimulation in the
spinal cord or the cochlear nuclei, respectively. Notably, spatiotemporally targeted neuromodulation of spinal cord motor
neurons has been shown in individuals with spinal cord injury
to restore voluntary control over previously paralyzed muscles
and improve neurological recovery.[8] The mechanical compliance of these miniaturized electronics allows them to adhere
conformally on the curved surfaces in the CNS, and highlights
their applications in precision neuromodulation and neuroprosthetics in a way not possible for conventional DBS electrodes.
Flexible electronics with multi-contact electrodes could provide
higher-resolution electrical readout and better control of the
electric field for next-generation DBS in clinical settings.[10]
However, comprehensive dosage testing on stimulation parameters is needed to establish safe stimulation protocols.
Scaling down to the nanometer regime, nanowire field-effect
transistor (nanoFET) arrays and complementary metal–oxide–
semiconductor (CMOS) nanoelectrode arrays represent two
active interfacing technologies for stimulating neuronal cultures in vitro. NanoFET arrays were demonstrated to achieve
spatially resolved extracellular modulation of neuronal activity
through integrated junctions with the axons and dendrites of
live mammalian neurons,[31] and to record multiplexed intracellular action potential in primary neurons with full amplitude[32] (Figure 2a, left). Compared to a stimulating electrode
which is often larger than 100 µm in diameter, a nanoFET junction has an area of 0.02 µm2 which mimics the dimension of
a synapse. Nanofabrication allows for custom configuration of
nanoFET device array geometries, with spacing between individually addressable nanoFETs down to 100 nm. Using 0.1 nA
current stimulation, recognizable action potential spikes were
elicited in single neurons.[31] In the intracellular regime, CMOS
nanoelectrode arrays are capable of intracellular stimulation to
activate ion channels of neurons across a large network of cultured neurons.[33] As a step forward, human pluripotent stem
cell (hPSC)-derived brain region-specific organoids and assembloids[34,35] can serve as a platform to investigate how these
electronics with nanoscale building blocks modulate neural
development and to potentially test therapeutic approaches for
neuropsychiatric disorders.
3.2. Optical Neuromodulation
The use of optogenetics for neuromodulation was generally
limited in terms of light penetration, invasiveness and the need
for genetic modifications. Recently, significant progress has
been made by the power of nanotechnology to address each of
these limitations.
The limited light penetration in the visible spectrum and
invasiveness of conventional tethered optogenetics can be

Adv. Mater. 2021, 33, 2103208

2103208 (4 of 12)

addressed or improved by miniaturizing device footprint or
tuning wavelength to the near-infrared (NIR) window. In 2013,
a wirelessly powered optogenetics system with a microscale
light-emitting diode (µ-LED) was built and injected into the
mouse brain.[36] This optoelectronic system consists of active
semiconductor and metal materials bonded to a mechanically
compliant epoxy support. The size of the µ-LED (Figure 2b, left)
is approaching that of a single neuron, and is at least 10 times
smaller than conventional tethered optical fibers. Employing
µ-LEDs in a self-contained stimulation system allows animal
subjects to move freely instead of being limited by the fixed
location of the light source. The µ-LED systems are ultralight
and battery-free, offering unique opportunities for behavior and
social interaction studies on freely moving animals in complex
environments.
Another nanotechnology strategy to address the limitations
of light penetration and invasiveness of conventional optogenetics is via injectable upconversion nanoparticles (UCNPs)[37]
(Figure 2b, right). Since the scattering and absorption of light by
biological tissue are wavelength-dependent,[13] the use of molecularly tailored UCNPs that are excited upon NIR illumination
and emit light in the visible spectrum enables transcranial deep
brain stimulation by red-shifting excitation wavelengths. During
the synthesis process, these core–shell UCNPs were coated with
silica or poly(acrylic acid) to improve their long-term stability
and biocompatibility.[37] Notably, NIR light generated outside the
skull at a distance of several millimeters was shown to trigger
dopamine release from genetically tagged neurons. To date,
most of the in vivo studies investigating nanotechnology-enabled
optical modulation were performed on rodent models. A key
step toward their clinical applications will be implementation in
non-human primates, which will require changes in strategy in
the context of the larger size of the primate brain.[38] Moreover,
further characterization of the metabolic and immune responses
to UCNPs will be needed. Despite the benefits of NIR stimulation, UCNPs usually require high power NIR light source[39]
with power density ranging from 1.1 to 21.7 mW mm−2.[40,41]
While genetic modifications are widely adopted in research
studies on rodents, they remain limited in non-human primates and restricted in clinical settings. Genetic manipulation
via viral tools is needed for optogenetics. However, the associated safety concerns make the applications and translation of
optogenetics from rodents to non-human primates and clinical
studies challenging. In this regard, emerging forms of nanostructures provide novel strategies for non-genetic optical neuromodulation through targeted and localized photothermal
effect without the need for genetic modifications. For example,
Au nanoparticles can be conjugated to high-avidity ligands of
membrane proteins of neurons for extracellular neuromodulation.[42] In this scheme, targeting cells of interest is achieved
by conjugating Au nanoparticles to synthetic molecules or
antibodies that specifically bind to membrane proteins. This
strategy requires cell-type-identifying membrane proteins and
is more limited than genetic methods in this regard. Further
investigation is helpful to assess the efficacy and selectivity of
this strategy in vivo. Moreover, nanostructures such as extracellular Si mesostructures[43] and intracellular Si nanowires[44] can
produce pronounced photothermal effect upon light irradiation
that induces localized temperature increase, transiently opens
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ion channels and triggers actional potentials. The internalized
Si nanowires provide a platform for light-controlled non-genetic
neuromodulation of neural activity through a glial-mediated
pathway.[44] In addition, poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)-based electrochromic thin film
with thickness on the nanometer scale was recently reported
to photothermally stimulate and electrochemically record
cultured neurons and brain slices,[45] which represents a new
paradigm of optical interrogation without genetic or molecular
manipulation.
3.3. Acoustic Neuromodulation
Acoustic neuromodulation using FUS offers a unique combination of advantages in noninvasiveness, deep brain penetration and sharp spatial focus. FUS is able to focally concentrate
energy and effectively deliver power and signals to devices.[46]
However, due to the bulky size of FUS neural stimulators, in
vivo animal experiments have long been limited to acute sessions under anesthesia and body fixation. Recently, the use
of nanofabrication leads to miniaturized head-mounted FUS
stimulators and thereby enables chronic experiments on freely
behaving animals (Figure 2c).[47] The lightweight neural stimulator could be synchronized with electromyography recording
system to enable closed-loop neuromodulation. FUS can
penetrate into tissue deeper than 1 cm.[46] A notable report
seeking to understand the mechanism for FUS-induced cortical response used the following modulation parameters: frequency of 500 kHz, pulse duration of 200 µs and intensities
between 0.034 and 4.2 W cm−2.[5] The frequency is above the
range of hearing of mice, but secondary auditory effects were
observed. FUS neuromodulation is also a relatively gentle technique without tissue heating or other visible damage to the
target brain region.[48] Tissues that underwent low-intensity
FUS modulation appeared as healthy as control tissues without
stimulation.
While acoustic signals prove accurate in measuring and
modulating brain activity in the short term, it is challenging
to deploy them on a long-term basis because they require
the application of an impedance matching gel as the liquid
medium on the skin, which will dry out within hours. Another
challenge is related to the direction of external and internal
devices where any migration/motion will affect the performance of acoustic modulation. Furthermore, acoustic signals
for neuromodulation may induce cavitational damage in the
tissue.[49] Continuous exposure to acoustic signals was shown to
damage brain development in mouse embryos.[50] Thus, potential hazard due to the continuous, long-term exposure to FUS at
different stages of the brain development needs to be evaluated
thoroughly. With ongoing research into the miniaturization of
head-mounted neuromodulation systems, power needs will dictate the size of the overall system.
3.4. Chemical Neuromodulation
Conventional chemogenetic approaches, such as the widely
used DREADD technology,[4] enable spatial and temporal con-
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trol of specific neural signaling pathways. However, as noted
above, one major drawback that limits the use of chemogenetics
on behavioral studies thus far has been the low temporal resolution in the minutes–hours timeframe needed for systemic
administration and GPCR activation. Recognizing the potential of nanoclusters in catalyzing neuronal signaling pathways
and achieving more localized neuromodulation with controllable kinetics, iron sulfide-based nanocatalysts that catalyze the
local generation of nitric oxide (NO) were recently developed.[51]
This gaseous molecule activates the transient receptor potential cation channel subfamily V member 1 (TRPV1) (Figure 2d).
Notably, the latency of TRPV1-mediated neuromodulation is on
the order of 100 s, and is quantitatively controllable by changing
the applied voltage. This electrocatalytic NO generation platform implemented in an implantable probe allows for neuromodulation in the targeted regions in the CNS.
3.5. Magnetic Neuromodulation
Magnetic neuromodulation represents a powerful noninvasive neurostimulation method, although it still suffers
from the attenuation through neural tissue and low focusing
capacity. Recent years have witnessed multiple lines of effort in
addressing these limitations by nanotechnology. For example,
μ-magnetic stimulation (μMS) has been introduced as an
implantable alternative to TMS, with improved resolution.[52]
However, selective stimulation still presents a challenge. A new
silicon-based µ-coil design has been presented its effectiveness in activating cortical pyramidal neurons in vitro as well
as driving behavioral responses in vivo.[53,54] An asymmetric
magnetic field has increased directionality, preventing simultaneous activation of nearby axons and can provide a spatial
resolution of 60 μm. Furthermore, as magnetic fields are permeable through encapsulation and glial scar, the performance
of implantable µ-coils does not degrade as stiff electrodes
would, since electrical stimulation requires close contact with
target neurons. A design of a copper coil encompassing quartz
at the core[55] was elaborated by finite element modelling and
fabricated for in vitro testing. Action potentials were elicited
from retinal ganglion cells at a distance of up to 1100 μm, with
marked increases in the number of spikes recorded when the
coil was placed along the plane of the cells or the stimulation
amplitude was increased. Modulation of the field strength may
be accomplished by altering these two parameters. Highly conductive metals such as copper and silver are the most common
materials for fabricating magnetic microcoils; however, they
are considered toxic for biological use.[56] Encapsulating these
materials with a layer of parylene-C, SiNx or SiO2 is a key step
toward fully biocompatible microcoils.
On the other hand, magnetic nanoparticles represent a significant portion of magnetic neuromodulation development.
Superparamagnetism—a form of magnetism appearing in
magnetic nanoparticles—is a representative example of the
unique properties that occur at the nanoscale. Superparamagnetic nanoparticles can be delivered to deep brain structures and remotely controlled, enabling an effective strategy
to achieve deep brain stimulation. Force-generating or heatdissipating superparamagnetic nanoparticles can be used for
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wireless neuromodulation by modulating specific ion channels.[57–60] The ion channels of specific cells are targeted,
either by exploiting their natural action, or through genetic
modification. Mechanosensitive channels (e.g., TREK1[57] and
Piezo1[58]) are activated by the magnetic force of synthetic magnetic nanoparticles, while heat-sensitive ion channels (e.g.,
TRPV1) can be activated through magnetic nanoparticles that
generate heat in response to an external alternating magnetic
field (Figure 2e).[59,60] Importantly, there is no observable difference in neuronal density and glial response between stimulated
and unstimulated subjects, indicating that the transiently dissipated heat generated by the magnetic nanoparticles result in
negligible tissue damage.[60]
Magnetogenetics, the magnetic counterpart of optogenetics,
chemogenetics, and sonogenetics, uses magnetic stimuli to
manipulate cell behavior via magnetoreceptors. Single magnetic proteins such as MagR have been used to stimulate the
neurons, but further investigation is required to understand the
operating principle, the mechanism of coupling with ion channels, etc.[61] While magnetogenetics can be less invasive compared to optogenetics, the magnetic forces generated by previously reported iron-containing proteins are inadequate to produce significant magnetic effects. The energy produced from
these magnetic proteins is much lower than the thermal energy
generated from the magnetic nanoparticles.[62] Recognizing
this limitation, efforts have been made to engineer genetically
encoded magnetic protein crystal.[63] Notably, the engineered
protein crystal can generate magnetic forces 9 orders of magnitude larger than those used in previous studies, paving the way
for exploiting the full potential of magnetogenetics. A different
mode of magnetogenetic modulation is via ion channels gated
by magnetic heating. However, quantitative analyses suggest
that it has certain physical limits.[62] The surface temperature
of 6 nm MnFe2O4 nanoparticles has been shown to increase by
more than 4 °C under a radio-frequency magnetic field, raising
the temperature of nearby cell membranes to ≈40 °C, at which
point spikes with action potential magnitude were observed.[59]
22 nm Fe3O4 nanoparticles increase in temperature to above
43 °C under an alternating current (AC) magnetic field, above
the activation temperature for TRPV1.[60] By contrast, ferritin
protein with a 6 nm iron core, which is of comparable size to
MnFe2O4, has negligible heating capabilities. In general, the
heating efficiency of magnetic nanoparticles strongly depends
on their size, and those with a diameter below 10 nm have very
low heating efficiency. Its theoretical maximum temperature
increase is merely 1.5 × 10–10 K even when modified to boost its
specific heating rate.[62]

4. Nanomaterial-Mediated Cross-Modal
Neuromodulation
Magnetic and acoustic neuromodulation modalities excel
in penetration depth and noninvasiveness, while electrical,
optical, and chemical neuromodulation modalities have
strengths in localized stimulation with high precision. In addition to addressing limitations of each individual modality as
discussed above, nanomaterials and nanoscale devices also
enable emerging forms of graft neuromodulation modalities
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by being employed as signal transducers across energy terms.
Acting as mediators, these nanoscale platforms are capable of
harnessing and converting a primary stimulus, typically a wirelessly and remotely transmitted, noninvasive, deep-penetrating
signal such as ultrasonic or magnetic stimulus, to a secondary
stimulus, typically a physiologically relevant signal such as electric, optical or chemical stimulus at the localized neural interface. By grafting multiple neuromodulation modalities, these
transduction schemes can integrate the strengths and circumvent respective limitations of individual modalities to provide
improved neuromodulation capabilities. While we acknowledge
the elegant demonstrations using nanomaterials and nanoscale
devices for multimodal neuromodulation “A + B” (such as electrical + chemical[24] and optical + chemical[64–66]), we focus our
discussion on cross-modal neuromodulation “A to B”.
4.1. Ultrasound as Input Modality for Cross-Modal
Neuromodulation
4.1.1. Acousto-Electric Neuromodulation
Piezoelectric materials are solid materials that can convert
acoustic waves into electric fields via acoustoelectric transduction. Nanoscale piezoelectric materials can be used to locally
modulate neural activity by activating voltage-gated ion channels with electric fields. Notably, nanotechnology leads to a substantial volume reduction of lead zirconate titanate (PZT)-based
piezoelectric transducers and thereby enables wireless, untethered and battery-free implantable acoustic neural stimulators of
rat sciatic nerve.[67] The miniaturized neural stimulator incorporating piezoelectric transducer, an energy-storage capacitor
and an integrated circuit has the potential to facilitate powerful
therapeutic interventions through closed-loop neuromodulation. On the other hand, other lead-free piezoelectric materials
have also been explored for neuromodulation studies given the
safety considerations of PZT. For example, piezoelectric barium
titanate nanoparticles have been used as transducers to stimulate neuron-like cells[68] (Figure 3a), showing their potential for
noninvasive acoustic neuromodulation. Future investigation
using animal models is needed to assess their feasibility in
vivo, and effort in further improving piezoelectric coefficients
of these substitute materials is needed to provide better piezoelectric performance.
4.1.2. Acousto-Optical Neuromodulation
The major drawbacks of in vivo optogenetic modulation include
the limited penetration depth of visible light and the intrusive
surgical implantation of tethered optical fibers. While the use
of NIR light for optogenetics increases the penetration depth
by a few millimeters,[37] it is still inherently limited by the scattering in lipid-rich brain tissue and not on par with ultrasound.
Therefore, it is beneficial to leverage the wirelessly transmitted,
noninvasive, deep penetrating ultrasound with optogenetics to
enable a new paradigm acousto-optical neuromodulation.[69] In
this graft neuromodulation modality, FUS has strengths of penetration depth and spatial focusing, while optogenetics provides
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a remotely controlled chemical modulation. Upon FUS application, a liquid perfluorocarbon core encapsulated by a block
copolymer matrix shell undergoes a liquid-to-gas phase transition and releases the drug cargo[70] (Figure 3c). In this proofof-principle in vivo study using an acute rat seizure model,
the nanoparticles show strong efficacy in silencing seizures by
uncaging a small molecule lipophilic anesthetic that can cross
the blood–brain barrier (BBB) without the need for disruption.
This FUS-gated nanoparticle-mediated drug release platform
shows potential for noninvasive targeted neuromodulation in
basic and clinical neuroscience. This remotely controlled drug
release platform could be next used to test clinically approved
drugs.[71]
4.2. Magnetic Field as Input Modality for Cross-Modal
Neuromodulation
4.2.1. Magneto-Electric Neuromodulation

Figure 3. Nanomaterial-mediated cross-modal modulation. a) Acoustoelectrical neuromodulation using piezoelectric nanoparticles. b) Acousto-optical neuromodulation using mechanoluminescent nanoparticles.
c) Acousto-chemical neuromodulation through nanoemulsion-assisted
release of chemical compound. d) Magneto-electrical neuromodulation using magnetoelectric nanoparticles. e) Magneto-chemical neuromodulation through magnetic nanoparticle-triggered release of chemical
compound.

the cell-type specificity. Mechanoluminescent ZnS:Ag,Co@ZnS
nanoparticles function as local light sources for optogenetic
neuromodulation when triggered by FUS through the intact
skull of adult mouse (Figure 3b). Notably, the nanoscale light
emitters can be recharged repetitively in superficial blood vessels by excitation light as they circulate within the systemic
circulation.
4.1.3. Acousto-Chemical Neuromodulation
Nanoparticle carriers can be employed to noninvasively uncage
neuromodulatory drugs under sonication, thereby enabling
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Similar to acoustic waves, the magnetic field is another form of
energy with the advantage of wireless transmission and deep
penetration, and therefore has been widely employed as a primary stimulus for noninvasive remote control. A wide range
of magnetic nanoparticles have been used as signal transducers for magnetoelectric neuromodulation. Magnetoelectric
nanoparticles (MENs) are commonly derived from a CoFe2O4–
BaTiO3 heterostructure and can be injected into live animals
for neuronal stimulation. CoFe2O4–BaTiO3 core–shell nanoparticles were used in a proof-of-principle study to stimulate
specific neural circuits deep in the mouse brain under a lowintensity magnetic field.[72] Moreover, selective control and wireless navigation deep in the CNS of GCaMP6s transgenic mice
while maintaining external control via the magnetic field were
demonstrated.[73] Neural responses were consistently recorded
with a short latency period through calcium imaging of acute
and organotypic slices. As shown in Figure 3d, the MENs could
be delivered into the bloodstream and guided to cross into
the CNS by an external direct current (DC) magnet. Wireless
stimulation may be carried out upon application of an external
alternating magnetic field without inducing a noticeable neuroinflammatory response in the brain. Most recently, CoFe2O4–
BaTiO3 nanoparticles have also been successfully demonstrated
to modulate subthalamic region deep in the brain of freely
behaving mice.[74]
Small volumes (1 mg of particles in 0.2 mL of liquid) of
MENs are sufficient to stimulate single neurons with an AC
magnetic field of 3.58 × 104 A m−1 at 10 Hz.[73] While this is a
promising in vivo proof of concept, the level of magnetic field
allowable for head and chest exposure as defined by the IEEE
is (1.44 × 104)/f A m−1[75] which equates to 1.44 × 103 A m−1
at 10 Hz. Larger magneto-electric neuromodulation systems
that utilize implantable magneto-electric wireless power
transfer can achieve sufficient power for stimulation at less
than 1 mT and frequencies higher than 100 kHz.[76] Improving
magneto-electric coefficient of nanoparticles and investigating
the lowest possible magneto-electric field for neuromodulation will make this technology more feasible for human
implementation.
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In addition to the substantial volume reduction, nanoparticles can be readily combined with biocompatible polymers or
hydrogels to further reduce the mechanical mismatch between
the neuromodulator and target tissue.[77] Coatings such as glycerol mono-oleate have been employed to reduce cytotoxicity and
ensure the uniform dispersion of nanoparticles.[73] A hydrogel
structure diffused with CoFe2O4–BiFeO3 core–shell particles
may also be directed toward target neurons using a rotating
magnetic field. Tested with SH-SY5Y cells, the hydrogel-MEN
devices dispatch their load of living cells as it biodegrades, and
stimulate nearby neurons as a result of the magneto-electric
effect. Magnetoelectric stimulation was also employed to facilitate neuronal differentiation for developing models of Parkinson's disease. Looking forward, further research assessing the
long-term in vivo efficacy of this hydrogel-MEN platform would
be necessary.
The required magnetic field strength, which is strictly regulated for human tissue exposure, is much lower for nanoscale
neuromodulation techniques compared to repetitive TMS (rTMS).
While both therapies operate largely in the 0–20 Hz range, rTMS
requires a field strength on the order of 104 Oe,[72] while nanoparticle approaches may require only 100s of Oe.[72,73] The exposure
limit, as set by the International Commission on Non-Ionizing
Radiation Protection (ICNIRP), is dependent on frequency.[78] In
the 1–8 Hz frequency range, the limit is around 400 Oe for continuous public exposure. Large-magnitude AC magnetic fields
may cause tissue heating and other adverse side effects. The lowstrength magnetic fields employed by nanoparticle therapies are a
significant benefit when compared to high-strength rTMS.
4.2.2. Magneto-Chemical Neuromodulation
One major drawback limiting the use of conventional chemogenetic approaches has been the low temporal resolution in
the minutes–hours timeframe needed for systemic administration. To improve temporal and spatial precision, magnetic
field-responsive nanomaterials can be used for local delivery of
neuromodulators. In response to alternating magnetic fields,
magnetic nanoparticles injected into freely moving mice dissipate heat, and subsequently trigger the release of chemical neuromodulators from thermally sensitive liposomes[79] (Figure 3e).
This magneto-chemical neuromodulation strategy achieves a
remotely controlled, wireless, noninvasive and precise chemical
manipulation of targeted neural circuits with a latency reduced to
20 s, with the potential to be further improved by optimizing the
heating efficiency of magnetic nanoparticles.

5. Outlook
Recent advances in nanotechnology are revolutionizing neuroscience studies by enabling novel modalities of neuromodulation.[9] The nanotechnology toolkit continues to blur the
distinctions between artificial and biological systems through
the miniaturization of material structures and device architectures to micro/nanoscale. Nanomaterials and nanoscale devices
offer the opportunities to interrogate specific cell populations
in the brain in a less invasive manner with unprecedented
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spatiotemporal resolution. Their capability to seamlessly integrate with the nervous system and efficiently transduce signals
across energy terms could shape the future of neuromodulation therapy. Moving forward, continued work can open up new
possibilities for next-generation neuromodulation modalities
for fundamental neuroscience research and clinical translation.
5.1. Neuromodulation for Neuroscience Research
First and foremost, we envision that cross-modal modulation
strategies will continue gaining interest as these combinational modalities provide optimized routes for neuromodulation by taking advantages of the strengths while bypassing the
limitations of individual modalities. The diverse selection of
combinational modalities depends largely on the specific neuromodulation application as well as the accessibility of target
cell populations.
Second, while the dramatic reduction in dimension and footprint of nanoscale platforms leads to significantly less invasive
neuromodulation strategies, bioengineering approaches are
needed to make these strategies entirely noninvasive. Recently,
there have been multiple efforts to develop noninvasive gene
delivery methods for neuromodulation, including the use of
viral variants capable of crossing the BBB,[80] transient BBB
opening via FUS,[81] and using genetically modified mouse
lines for optogenetics[69] and chemogenetics.[82]
Third, precise regulation of neural functions in an autonomous, programmable, closed-loop manner would take neuromodulation a step closer to personalized medicine. By integrating real-time sensing modalities, devices can adjust the
intensity of neuromodulation in dynamic response to physiological and pathological neural activity in the local environment.
These sophisticated bidirectional communication capabilities to
transmit information to and from the brain lay the foundation
for precise and personalized treatments for a variety of conditions such as Parkinson's disease and epilepsy.
Fourth, next-generation neuromodulation would benefit
greatly from synergy among neurotechnology, tissue engineering, data science, and artificial intelligence[83]—research
disciplines that have long been disassociated from each other.
For example, the symbiotic coexistence of artificial neuromorphic devices integrated with engineered brain tissue may drive
unprecedented graft–host interactions toward integration and
dynamic adaptation to rebuild malfunctioning brain circuits.
Moreover, high-frequency data collection and processing of stimulation/recording signals from high-density arrays of thousands
of miniaturized active channels in parallel over long-term behavioral sessions becomes increasingly challenging. A real-time
closed-loop feedback control system with detection and modulation capabilities necessitates optimization for data storage and
decoding hardware, as well as efficient software algorithms such
as machine learning that incorporate biological insights.
5.2. Neuromodulation for Clinical Application
While emerging neuromodulation modalities have demonstrated to be potent research tools in animal studies, certain
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challenges remain to be overcome on its path to clinical implementation for diagnostics, prosthetics, and therapeutics.
First, comprehensive investigations on the safety and chronic
biocompatibility of these nanoscale platforms would constitute a critical step in evaluating their future clinical translation. For the wide variety of functional nanoparticles, detailed
characterizations and rigorous statistical analyses about their
diffusion and metabolism dynamics will shed light on the cellular
and tissue response and potential toxicity. Thermal effects are
another consideration for assessing ultrasonic and magnetic neuromodulation modalities that trigger heat-sensitive ion channels.
In addition, addressing the uncertainties in the safety and efficacy
for use of genetic manipulations in humans would be essential
for the translational development of optogenetics, chemogenetics,
sonogenetics, magnetogenetics, and their derivative strategies.
Second, realizing the full potential of these appealing neuromodulation modalities in clinical settings calls for a convergence of efforts from not only the research community, but also
industry. Collaboration between academy and industry (e.g.,
Neuralink[84]) will accelerate the development and promote the
dissemination of these emerging technologies as widely accessible tools in healthcare facilities.
In summary, the vibrant field of nanotechnology has brought
and will continue bringing new vigor to its intersection with
neuroscience for next-generation neuromodulation modalities.
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implementing these techniques.
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