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Plasmonics for neuroengineering
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The evolving field of plasmonics has enabled the rise of engineered plasmonic nanomaterials
to improve neural interface performance. Plasmonic nanostructures such as nanoparticles, if
appropriately designed, can act as mediators to efficiently deliver light to target cells for less-
invasive modulation with high spatial resolution than common electrical methods. Also,
originating from either excitation of surface plasmons alone or in combination with ther-
moplasmonic effects, they can improve the performances of nanotools in neuroengineering.
Here, we review plasmonic-based modalities and explore recent developments, advantages
and limitations for minimally invasive neuromodulation, central nervous system disease
diagnosis and therapy, and smart carrier-drug delivery toward the brain. The subject of the
study stands at the interface of neuroscience and engineering. Thus, within the scope of this
study, we provide background information about the nervous system and its underlying basic
biology, types of neural interfaces, as well as the physics of surface plasmons and thermo-
plasmonic phenomena.

to one billion people worldwide, across people of different age, sex, education, and incomel.

In the US, the most burdensome neurological disorders are stroke, Alzheimer’s disease and
other dementias, and migraine, with an increasing number of affected people from 1997 to 2017,
attributed to the aging US population and population growth?.

To address these disorders, we need to improve the understanding of neural information
processing. This will allow us to enhance treatment of neurological disorders, and improve
functional recovery in the central nervous system (CNS). Neuroscience relies on monitoring the
electrical activities of neurons within functioning brains and has advanced through steady
improvements in underlying observational tools.

Neurotechnologies capable of stimulating or recording specific populations of neurons have
been initially employed as tools for basic scientific research to study how the brain works.
However, the complexity of the nervous system requires tools with a high spatiotemporal
resolution for probing targeted neurons.

In the realm of nanotools for neuromodulation, plasmonic materials such as gold and silver
offer exciting prospects. They can significantly enhance light-matter interactions when the
oscillation of the surface electrons is coupled with light at the resonance condition. At resonance,
optical signals are significantly enhanced as the absorption is maximized. The amount of
absorbed energy is relaxed nonradiatively, which results in the rapid release of heat energy to the
surroundings. Photothermal effect as a result of the light-to-heat conversion process, also known
as the thermoplasmonic effect, is highly localized near the nanosized plasmonic structures.
Hence, plasmonic particles can be considered as energy sources capable of generating a con-
trollable amount of localized heat3. This localized effect could be used in targeting specific cells

I n 2007, the World Health Organization (WHO) reported that neurological disorders affect up
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with high spatiotemporal resolution in neuromodulation* as well
as in thermally-mediated drug delivery or therapy.

With the rise of nanotechnology, the emerging field of engi-
neered plasmonic nanostructures has improved the performance
of neural interface tools. Neuroplasmonics, generally refers to the
application of plasmonics in neuroengineering®, holds promising
potential in both research and clinical applications. These include
extracellular ~ vesicle detection and  characterization”,
neuroimaging!®!!, neuromodulation via optogenetics!?> and
label-free approaches!3-13, treatment of neurological disorders!®,
relief of chronic neuropathic pain, and treatment of central ner-
vous system injuries!”.

Emerging technologies for sensing brain activity generally
anticipate challenges for finding the best transition process from
academic research labs to useful products for patients!®19,
Plasmonic-based approaches and devices in particular require
careful consideration of their technological limitations and con-
straints, including excessive tissue temperature rise, toxicity of
plasmonic materials, and long-term durability20.

As a step in that challenging transition, we report progress on
the current use of plasmonics to design strategies that improve
the performance of neural interfaces. We discuss the advantages
and limitations of neuroplasmonics for neuromodulation, CNS
disease diagnosis and therapy, and drug delivery toward the
brain. In “Control and readout of neurons”, approaches for
monitoring neural activity are briefly reviewed with an emphasis
on introducing photo-assisted strategies employing plasmonics
and its derivative effects. Specific subsections of “ Electrical neural
interfaces”, “Optical neural interfaces”, and “Hybrid neural
interfaces” provide the relevant details. Within the subsection
“Optical neural interfaces”, detailed discussions are specifically
categorized within optogenetics (via photoupconversion), and
nongenetic  photo-assisted strategies (photothermal, photo-
chemical, and photoacoustic). In “Surface Plasmon Resonance
(SPR) and Thermoplasmonic Effects”, the physics behind loca-
lized surface plasmon resonances (LSPR) and associated thermal
effects (Thermoplasmonics: Thermal Effects in Plasmonic Struc-
tures) are introduced and discussed. “Plasmonic Nanostructures
and Nanotools for Neuroengineering” reviews the applications of
plasmonics/thermoplasmonics in the development of engineered
nanostructures and nanotools for neural engineering, including
prevalent areas of nanoparticle-assisted neuromodulation
approaches (Hybrid plasmonic nanoparticle-coated microelec-
trodes), on-fiber modalities (On-fiber plasmonic modalities), and
on-chip modalities (On-chip plasmonic modalities). We also
discuss the prospects for clinical applications (Prospects for
clinical applications), specially within the categories of diagnosis
and therapy, and smart carrier-drug delivery toward the brain.
The last section, “Summary and outlook”, summarizes the review
and discusses the outlook for the area of plasmonics for
neuroengineering.

Control and readout of neurons
Neurons form highly complex circuits with vast cell variation
based on morphological, biochemical, and physiological proper-
ties. In humans and other vertebrates, the nervous system can be
divided into the central nervous system (CNS) and the peripheral
nervous system (PNS). The CNS includes the brain, which is
separated from the rest of the body by the blood-brain barrier
(BBB), and spinal cord nerves. The brain and the spinal cord
nerves are safely contained within the skull and vertebral canal of
the spine.

Neurons communicate with each other through axons and
dendrites. Synapses, where two neurons communicate, are cate-
gorized into two types, supporting the main modalities of

synaptic transmission: 1) chemical synapses and 2) electrical
synapses. More details about the CNS and synaptic
communications can be found in Supplementary Note 1: Central
Nervous System (CNS).

The nervous system is connected to the outside world through
the engineered connecting tools that are called neural interfaces®!.
These tools can manipulate and read neuronal activities via
electrical??, optical?>?4, or hybrid modalities (combining elec-
trical and optical)2®. Other cross-modalities can also be found via
combinations of the electrical/optical strategies with magnetic?®,
chemical?’, acoustic?82%, or their derivative strategies.

Plasmonic materials as stimulus-responsive mediators have
played a significant role to improve the performance of interfaces in
many ways. With light as a stimulus, photo-assisted plasmonic-
based strategies, via labeled or label-free approaches, can be realized
as photothermal (Fig. la), photochemical (Fig. 1b), photoacoustic
(Fig. 1c), and photoupconversion (Fig. 1d) strategies. Also, the sti-
mulus can be an alternating magnetic field, for magnetic nano-
particles (MNPs) as the mediators, based on which magnetothermal
and magnetomechanical neuromodulation strategies can be realized.
These MNP-based strategies are introduced within hybrid neural
interfaces. In the following, we review various neural interfaces and
how these strategies can improve their performances.

Electrical neural interfaces. Electrical neural interfaces directly
connect the nervous system to a peripheral device. Based on the
principles of electrical stimulation of neural tissues3% 31, neural
interfaces have been mainly implemented in the form of micro-
electrodes and nanoelectrodes (for both stimulation and record-
ing) with steady progress toward better performance32.

To detect the spiking activity of individual neurons in the
brain, electrical interfaces are typically used to make a connection
between the electrolyte solution in the brain with metal or organic
electrodes via associated electronics to convert the submillivolt
voltages into electronic signals. A typical electrical interface
consists of an implanted device, integrated circuits and mechan-
isms to transmit signals from and to the implant, and specialized
algorithms to process these signals. The devices are capable of
applying direct current to the cell as well as reading its response
with the help of an amplifier to magnify the signals for further
data processing. To prevent tissue damage, a stimulating electrode
delivers current on the order of microamperes with a maximum
to ~1 mA, although this value is empirically derived.

The primary strength of the electrophysiological approach is
direct connection to neurons without the need for a membrane
potential reporter. The combination of time resolution and
sensitivity with high signal-to-noise ratio (SNR) allows the
temporal pattern of neuronal signals to be precisely determined
over multiple orders of magnitude. Direct electrical stimulation
and recording of neurons by implanted micro- or thin-film
electrodes in intact brain tissue provide many insights into the
function of neural circuits. A connection, however, requires direct
physical contact to the neurons, which can be a weak point for the
electrophysiology strategy.

Among the shortcomings of electrophysiology are low spatial
precision (particularly at a single-cell level), low selectivity due to
electrical current leakage to neighboring tissues causing simulta-
neous stimulation of multiple cell types (see Fig. 2a), weak
mechanical stability of the devices and invasiveness of the
implantable electrodes, which may induce an injury with a
subsequent inflammatory response, and artifacts that complicate
neural activity recordings33. Some of the challenges are addressed
with technological progress, for instance by engineering extre-
mely small electrodes (7 pm in diameter) or hybrid ultraflexible
electrodes?232,
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Fig. 1 Working principles of neuroplasmonic strategies. Application of plasmonic nanomaterials for manipulation of neurons including labeled and label-
free neuromodulation through triggering ion channels of various types. The common strategies can be classified into four groups. a Photothermal strategy
with two process variants: activating temperature-sensitive ion channels or thermo-transient receptor potentials (thermo-TRPs) and photothermal-driven
optocapacitive strategy based on induced capacitive current activating voltage-gated channels®>. For photothermal therapy, photomagnetic-driven
photothermal conversion process can be used for design of drug-carriers to promote both cellular uptake and crossing blood-brain barrier
(BBB)67-69,137,142 (= with a potential for triggering thermo-sensitive ion channels due to magnetoplasmonic effect8>). b Photochemical strategy via opto-
uncaging inducing rapid thermal expansion (or collapse) of polymeric cage’3 98, and nanomechanical forces that lead to chemical neuromodulation>: 75,
Additionally, silicon nanowires could elicit AP via atomic gold-enhanced photoelectrochemical process’®. ¢ Photoacoustic strategy inducing acoustic waves
and triggering mechanosensitive ion channels#®. d Photoupconversion strategy using upconversion nanoparticles (UCNPs) for optogenetics under low-
energy and deeply penetrative NIR light exposure that converts into high-energy short wavelengths (VIS)'43 for activating opsins. The low efficiency of the
upconversion process can be enhanced by combining UCNPs with designed plasmonic materials®1-53.

Electrophysiology remains a prevailing strategy for many
applications, such as probing speedy interactions between
neurons or brain areas and for simultaneous recording of activity
across multiple neural circuits.

Optical neural interfaces. Optical modulation (monitoring or
stimulating)3* of neurons avoids some of the challenges imposed
by electrical strategies.

The wavelength of light can be specifically set for passing
through anatomical barriers to access neurons. With the
exception of the photoreceptors in the eye, most neurons are
not generally activated by exposure to light. Light has the capacity
to precisely affect only particular neurons, for example, those that
are transfected with opsins, a group of light-sensitive membrane
proteins (Fig. 2a-c)3> 36, Additionally, light can reduce the
constraint level of size and multiplexing in electrical neural
probes to create ultraminiature multichannel brain sensors®”.

Optical measurement of neural activities is indirect, which
means it requires reporters to translate membrane potentials to
optical signals, which in turn allows monitoring of previously
inaccessible variables with spatial resolution and limited inva-
siveness. Optical neural interfaces include the methods for both
control and readout of the signals. Without the need for gene
modification, the methods are known as intrinsic.

If prior genetic coding is used, the methods are categorized as
extrinsic. Based on the physiological parameters in the brain

(blood cell velocity, level of cerebral blood oxygenation, cellular
volume, and membrane potential), in vivo measurement of brain
intrinsic optical signals can be performed via four main methods:
1) laser doppler flowmetry, 2) near-infrared (NIR)
spectroscopy>8-9, 3) functional optical coherence tomography*’,
and 4) surface plasmon resonance (SPR)41-43, Extrinsic optical
signals, on the other hand, are monitored by genetic or chemical
changes in neurons using fluorescence signals with the use of
commonly used probes of calcium indicators or voltage-sensitive
fluorescent proteins®4,

With a particular focus on plasmonic effects, in the following,
the commonly known optical interfaces are reviewed via the two
main categories of: i) optogenetics via photoupconversion strategy,
and ii) nongenetic photo-assisted approaches based on photo-
thermal, photochemical®>, and photoacoustici® strategies (see
Fig. 1).

Optogenetics. Commonly used electrical stimulation can effec-
tively modulate neural activity; however, single-cell type mod-
ulation is limited due to the heterogeneity of brain tissue.
Additionally, unwanted signals from cells other than the targeted
one are induced due to the leakage of the current to neighboring
cells. Optogenetics as labeled optical strategy can overcome these
shortcomings. Optical modalities based on fluorescent reporters
to monitor and control the function of groups of cells with light,
often in the intact animal, rely on the introduction of exogenous
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Fig. 2 Induction of action potentials. a Electrical stimulation that affects all cell types vs. optical stimulation via genetic targeting of (channelrhodopsin
(ChR2) or halorhodopsin (NpHR))-optogenetic-constructs which is a cell-specific neuromodulation. b Optogenetic tool families#”:144 allowing induction of
action potentials, silencing of neurons, or modulation of intracellular signaling cascades (Panel reprinted with permission from ref. 34). ¢ Classification of opsin
genes (Reprinted (adapted) with permission from ref. 48), and d Using minimally invasive NIR light (780 nm) and gold nanorods (AuNRs) to activate channel
thermo-TRPs (photoactivation of TRPV1-overexpressing HEK293T cells). Schematic representation of the localized photothermal heating of a TRPV1-
expressing plasma membrane bearing plasma membrane-targeted gold nanorods (pm-AuNRs) (Reprinted with permission from ref. 4.

light-responsive biological compounds, ion channels, or ion
pumps?” (see Fig. 2b, c).

The tools operating by optogenetic constructs provide many
advantages, including the allowance of cell-type-specific excita-
tion and inhibition of neurons and modulation of intracellular
signaling cascades3*. An important constraint of optogenetics is
the limited tissue penetration (~1 mm) of the operational
wavelength of opsins, which is in the visible range, and no
NIR-activated opsin has yet been developed. Also, implanted
optical fibers which are the typical light delivery tools to deeper
regions impose possible risk of infection, and tissue damage, as
well as inconveniences associated with the wired fibers such as
artifacts, and unstable signals due to displacement of the fibers,

In the absence of NIR-activated opsins, upconversion nano-
particles (UCNPs) can be used as light-emitting transducers
which were first demonstrated for nanoparticle-mediated opto-
genetics in 201149, By utilizing low-energy NIR illumination,
UCNPs emit high-energy light to facilitate the absorption of
different opsins within their operational wavelength. UCNP-
mediated optogenetics has gained attention due to its advantages,
including access to deeper regions via larger tissue penetration,
minimized photodamage, and the provision of remote and less
invasive stimulation. They offer high spatiotemporal resolution
enabling targeted manipulation of cellular activities in deep
tissues and living animals within optogenetic strategies®C.

UCNPs are often composed of an inorganic photostable host
matrix, a sensitizer, and an activator. The photoupconversion
process relies on the sensitizer to absorb energy from the incident
light source and then transfer it to the activators, leading to the
emission of higher-energy photons. Optimizing chemical com-
position, size, morphology, structure, and surface modification
enhance the low efficiency of photoupconversion. Improvement
of upconversion efficiency of UCNPs is essential for successful
biophotonic applications, which remains challenging due to
conflicting demands.

For instance, to improve their limited brightness, small
particles are highly desirable which exhibit high brightness under
low excitation power density. However, the efficiency of

upconversion luminescence depends on the power density of
the excitation light, which should not exceed 4 W.cm™2 to ensure
the safety of tissues and cells. On the other hand, larger particles
improve photoupconversion efficiency. However, to completely
excrete particles post-examination in diagnostics applications,
particles of around 20 nm in size are favorable which can be
eliminated through the lymphatic system. To reduce thermal
damage from light exposure, one needs to enhance the
photoupconversion efficiency of UCNPs or shift their excitation
wavelength to the NIR spectrum, where water absorption is low?!.

An effective method for enhancing the luminescence properties
of UCNPs is to integrate them with plasmonic materials of
various structures, including continuous metallic films, nanopar-
ticles, or nanostructured metals!2. Utilizing plasmon resonances,
it becomes possible to increase both the intensity of incident
electromagnetic fields and the rates at which radiative emission
occurs (see Fig. 1d).

The luminescence enhancement strategy relies on the nanos-
tructure’s geometry and dielectric properties of the surrounding
medium. Various geometries like nanowires, nanorods, hole
arrays, and pillar arrays have been employed. To achieve optimal
enhancement of upconversion luminescence, precise adjustment
of metal particle size and geometry is important to optimize the
spectral overlap between the LSPR and the absorption or
emission of the UCNPs2. For instance, using 20 nm discontin-
uous gold islands instead of a continuous gold film enhanced the
luminescence by up to 12 times. Similarly, decorating UCNPs
with 90 nm gold nanorods and applying 2 W NIR power yielded a
remarkable 27-fold enhancement in the 800 nm emission. In
addition to gold, silver nanoparticles have also demonstrated the
ability to promote upconversion luminescence through plasmonic
effects”3.

Limited in vivo animal studies®® and in vitro studies suggest
that opsin activation efficiency by NIR stimulation via UCNP-
mediated optogenetics is relatively comparable to traditional
visible light optogenetics, although typically the latter may require
less laser power. These findings demonstrate the potential of NIR
activation of photoreceptor ChRs using photoupconverted light
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emission from UCNPs. However, the challenges for clinical
translational research yet to be addressed including improvement
of emission efficiency with low-power NIR, cell-type-specific
targeting, and long term biocompatibility.

Nongenetic photo-assisted strategies. Approaches that require no
prior genetic modifications are label-free strategies alternative to
optogenetics>>>°. Nongenetic modulation is relatively simple and
fast compared to optogenetics, as there is no waiting time, days or
weeks, for the virus transfection period. Hence, stimulation and
recording can be performed immediately after the insertion of the
tools. These strategies can be classified into four groups as follows.

Photothermal: Direct infrared neural stimulation (INS) is one
important subset of photothermal and label-free neuromodula-
tion strategy.

The use of low-level pulsed infrared light in neural activation
in vivo to evoke compound nerve and muscle potentials in
mammalian peripheral nerves has been a breakthrough in the
field>”. Infrared light (~780-2100nm) can be used for the
noninvasive and direct modulation (stimulation or inhibition) of
neurons without genetic or chemical premodification8. However,
in the INS approach, the optimal condition pertaining to safety
and efficacy should be found which is the interplay between
various parameters, such as wavelength, radiant exposure, and
optical spot size>®.

To demonstrate the mechanism behind INS, four biophysical
hypotheses based on the electromagnetic field of light, photo-
electrochemical, photomechanical, and photothermal properties
were examined®. The first three were found to be null, but the
photothermal mechanism explained the thermal nature of the
direct INS, i.e., triggering the thermosensitive ion channels or
thermo-transient receptor potentials (thermo-TRPs) (Fig. la).
Moreover, the finding that the temporally and spatially mediated
temperature gradient at the axon level accounted for the direct or
indirect activation of transmembrane ion channels and not the
absolute value of the temperature rise, provided a key under-
standing of the stimulation mechanism.

To date six thermo-TRPs that are sensitive to temperature,
from painful heat, moderate warmth to cold and painful cold
have been characterized®!. More information about the non-
invasive mechanisms for manipulation of various types of ion
channels, including thermosensitive and mechanosensitive chan-
nels, are provided in ref. 48,

Water is an important component in infrared neuromodula-
tion. For certain ranges of wavelengths in infrared wavelength
ranges where water is highly absorptive, water enhances the heat
generation at the target. However, over near-infrared (NIR)
ranges, water has low absorption and scattering yielding a higher
tissue penetration depth. For instance, compared to the light of
the visible spectrum, interrogation by light of near-infrared (NIR-
I, ~650-950 nm and NIR-II, 900-1700 nm) of biological tissue
composed of several substances has a lower degree of light
attenuation and higher tissue penetration.

Light in the NIR-I range propagates relatively deeply (a few
cm) into biological tissue, as it is only weakly absorbed by water,
hemoglobin, collagen and proteins; hence, it has long been used
for {NIRS and fNIRI®>3. Additionally, NIR-II is of special
interest because it is able to penetrate deeper into soft tissue with
reduced scattering and is less autofluorescent. This window also
takes advantage of the water transparency window, a wavelength
range in which water absorption is negligible (800-1400 nm)
compared to other substances with low concentrations, although
there are several wavelengths with absorption peaks.

Apart from directly triggering thermo-TRPs, a rapid change in
the optocapacitance of the membrane can also induce action

potentials indirectly. Optocapacitive neuromodulation relies on
light-to-heat conversion processing by the membrane via an
appropriate energy transducer such as plasmonic nanoparticles
(PNPs). The change in the capacitance and dielectric character-
istics of the cell membrane due to a rapid and transient
temperature increase upon light irradiation induces a capacitive
current across the membrane. This in turn, leads to depolariza-
tion of an electrogenic cell such as the neuron® (see Fig. 1a).

Neuromodulation via the optocapacitive mechanism requires a
high rate of temperature change in the membrane, which is
related to the amount of energy absorbed by the membrane.
Optocapacitive mechanism is nonspecific due to tissue light
scattering, which limits light focusing. Further, the abundance of
water in biological systems can limit the spatial specificity of
optocapacitive neuromodulation with lasers of water-absorbing
wavelengths, thus requiring appropriate transducers.

To efficiently transfer the light energy to the membrane PNPs
are employed based on which light-based thermally-mediated
modulation strategies can be designed. One successful example of
neuromodulation using PNPs via thermoplasmonic effects is the
design of surface-engineered plasma membrane-targeted gold
nanorods (pm-AuNRs) that exhibited high-efficiency cell binding
without cytotoxicity. The pm-AuNRs could induce action
potentials without the need for prior genetic engineering of the
target cells. The thermosensitive TRPV1 cation channel in single
neuronal cells was activated via a nanophotothermal effect that
generated local heat upon illumination with NIR* (Fig. 2d).

The light in the visible wavelength range where water has
minimum absorption can also be used employing PNPs. To evoke
action potentials, particles are conjugated to the proteins
providing stable photothermal performance as well as increasing
the efficiency of the light-to-heat conversion processes. For
instance, using visible light (~532 nm), neurons were stimulated
by conjugating gold nanoparticles (AuNPs) of 20 nm to antibody
molecules. As the AuNPs were placed close to the neuronal
membrane, diffusion of the NPs away from the neuron could be
avoided. The excitation of the neurons was due to heat-induced
changes in membrane capacitance and did not involve tempera-
ture sensitivity of any membrane proteins®®. This approach offers
an alternative path to optogenetics in fundamental research as
well as in human therapeutics based on photostimulation, for
instance, in patients who suffer from degenerative photoreceptor
diseases such as age-related macular degeneration or retinitis
pigmentosa.

Photothermal effect can also be induced using magnetoplas-
monic particles®, or light-responsive magnetic particles which
exhibit plasmonic effects®” (Fig. 1a). Photomagnetic effect can
assist design of drug-carriers toward brain, as well as promoting
the celluar uptake of nanomedicines®8-6%,

Photochemical: Gold’s tunable optical properties, including
resonant wavelengths and biodegradability as composites’?, make
it suitable for smart carriers of bioactive molecules. It enables
remote targeting and controlled release of cargoes to target cancer
cells”1, or precise ejection of neuromodulators to target neurons
with sub-second precision (~0.1 ms)72.

Photochemical neuromodulation via plasmonic effects can be
achieved through two mechanisms: uncaging bioactive molecules
designed to trigger a cellular response, or direct depolarization of
cells through atomic gold-induced photoelectrochemical currents.
Uncaging of bioactive substances occurs either through the
photothermal effect or the photomechanical effect (see Fig. 1b).

In uncaging based on the photothermal effect, a temperature-
responsive polymer, coated on gold nanocages, undergoes
collapse upon exposure to light matching the nanocages’
absorption peak’?. This light-to-heat conversion process causes
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a local temperature increase, resulting in the collapse of the
polymer chains and the subsequent release of the encapsulated
substances. When the laser is turned off, the heating process
ceases, and the polymer returns to its original conformation,
closing the nanocage pores and stopping the release. The release
dosage can be regulated by adjusting the power density and
irradiation time. This approach is suitable for in vivo studies due
to the high transparency of soft tissue in the near-infrared (NIR)
region’?.

Similarly, photo-sensitive microgels have been used for the
controlled release of neurotransmitters, such as glutamate. NIR-
triggered delivery of glutamate in the rat auditory cortex
demonstrated synchronized spiking activity, enabling remote
control of brain activity without genetic modifications’>.

NIR-stimulated remote photorelease of biomolecules in deep
brain tissue is hindered by the toxicity of high doses of surface
light energy required for energy preservation at depth. Plasmonic
materials offer a solution by serving as nanotransducers,
enabling rapid and localized release of biological compounds
for investigating cell signaling processes, including
neurotransmission®>.

In photothermal uncaging, substances are released through the
accumulation of sufficient heat by plasmonic particles. However,
this heat accumulation can cause tissue damage and irreversible
membrane rupture, leading to the release of the payload.
Additionally, the slow heat-induced uncaging process can also
result in protein damage.

Uncaging based on the photomechanical effect could address
some of the limitations. It relies on the generation of plasmonic
nanobubbles or cavities through clusters of gold nanoparticles
upon exposure to a near-infrared laser pulse. These nanobubbles
mechanically rupture the host cancer cell or disrupt the liposome
and endosome, leading to the release of the drug into the
cytoplasm”4.

For neuromodulation, gold cages have been employed to
design light-stimulated, mechano-responsive encapsulated com-
pounds. These cargoes could access deep brain regions in rodents
(up to 4 mm) using significantly lower laser power, reduced by 40
times compared to traditional gold-coated liposomes””.

Lastly, atomic gold-enhanced photoelectrochemical currents
demonstrated the potential to locally modulate target neurons.
This was exemplified by optically modulating the excitability of
rat dorsal root ganglion neurons through light stimulation of
coaxial p-type/intrinsic/n-type silicon nanowires. The modulation
was achieved by inducing a cathodic process at the n-shell,
resulting in membrane depolarization. The photothermal effect
had a minimal contribution, indicating that it was not the
primary mechanism. The depolarization mechanism in this case
differs from the photo-driven optocapacitive mechanism, which
relies on a light-to-heat conversion process and requires a rapid,
high, and transient temperature change. Instead, it was
hypothesized that the presence of atomic gold on Si nanowire
surfaces lowered the kinetic barrier for photoelectrochemical
current, leading to eliciting action potentials’®. However,
plasmon-induced resonant cavities were observed in Si nano-
wires, revealing two types of resonant modes: discrete modes
along the nanowire length as small as 30 nm, and localized waves
along the nanowire diameter of every size’’. Also, the nanowire
showed intensity modulation similar to longitudinal wave
quantization, and the wavelength of longitudinal plasmons
compressed towards the nanowire tips.

Photoacoustic: The photoacoustic mechanism primarily triggers
mechanosensitive ion channels via nanomechanical forces such as
pressure waves and nanoscale cavitation which are generated by
acoustic waves. In photoacoustic modulation, light energy absorption

raises the particle’s temperature. An increase in milli-Kelvin range is
sufficient to generate pressure waves causing thermoelastic expan-
sion. The waves propagate as sound waves at the speed of sound. The
nanomechanical forces generated by these acoustic waves primarily
activate mechanosensitive ion channels (refer to Fig. 1c). For pho-
toacoustic mechanism to dominate neuromodulation, stress con-
finement is required. For instance, a laser pulse duration shorter than
67 ps for nanoparticles smaller than 100 nm ensures efficient pressure
wave generation, while thermal confinement requires a laser excita-
tion pulse width longer than the thermal diffusion time constant?’.
This sets the photoacoustic mechanism apart from the photo-assisted
optocapacitive method, which requires a rapid and significant tem-
perature gradient.

Plasmonic materials can be engineered as photoacoustic
transducers to enhance the generation of acoustic waves at
resonance’®79. Optoacoustic imaging, based on the detection of
ultrasound waves generated by light-matter interaction, has
significantly advanced neuroimaging and understanding of the
brain. By quantifying different contrast agents, it has bridged the
gap between neuronal and neural network theories. Photoacoustic
imaging, specifically, detects ultrasound waves produced by
endogenous tissue chromophores or exogenous reporters upon
exposure to short-pulsed lasers.

Gold nanoparticles have been used as contrast agents for
imaging, but recent advancements include semiconducting
polymer-based particles known as photoacoustic nanotransducers
for neuromodulation. Surface-modified photoacoustic nanotrans-
ducers selectively bind to neurons and absorb nanosecond-pulsed
lasers in the NIR-II window (1030 nm), generating localized
acoustic waves. Successful in vitro and in vivo experiments using
photoacoustic nanotransducers injected into the mouse brain
cortex demonstrated submillimeter spatial resolution and mini-
mal heat deposition??.

NIR-interrogation of plasmonic nanoparticles enables localized
and efficient rapid thermal expansion, leading to the generation
of acoustic waves through the photoacoustic effect. These acoustic
waves exert nanomechanical forces on mechanosensitive chan-
nels, allowing for selective activation or inhibition of specific
neurons or neural circuits by controlling the intensity and timing
of laser pulses®0.

Ekeroth et al. developed a radioplasmonic system that
combined plasmonic and acoustic resonances?®. The plasmonic
resonance facilitated electromagnetic absorption and heat gen-
eration, while the acoustic resonance enabled resonant thermal
expansion. The synergy between these two resonances resulted in
efficient conversion of energy into acoustic vibrations or light-to-
sound conversion. This approach allowed for total-body thermo-
acoustic imaging with single-cell resolution.

Hybrid neural interfaces. One strategy to improve the overall
performance of neural interfaces while avoiding some of
the challenges in all-electrical or all-optical strategies is the
development of hybrid strategies that mainly combine optical and
electrophysiological modalities, although other cross-modal
strategies such as magnetothermal®!, magnetomechanical®?,
magnetoplasmonic®3, and sonoelectrical®* also exist.
Magnetoplasmonic modulation occurs when both magneto-
optical effects and surface plasmon polaritons (SPPs) are
stimulated in structures that possess both plasmonic and
magneto-optical capabilities3>. This combination leads to the
generation of localized light and amplification of magneto-optical
signals in appropriately arranged nanostructures. Moreover, the
enhanced electromagnetic field resulting from SPP excitation in
plasmonic nanomaterials extends into an adjacent magnetic layer,
thereby increasing its activity in response to magnetic fields®.
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Fig. 3 Magnetic neuromodulation. a Magnetic manipulation using heat or force that are generated by the presence of magnetic materials in an alternating
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generate heat using magnetic nanoparticles (MNPs) that activate channel thermo-TRPs (Reprinted with permission from ref. 26). ¢ Working principles of
magnetothermal and magnetochemical strategies which are nongenetic and non-optical strategies.

A hybrid electroplasmonic platform capable of spatially and
temporally precise neurostimulation was designed to resolve
ineffective spatial resolution in the electrical approach as well as
collateral heating of neighboring tissue in INS. A reliable and
repeatable single-cell hybrid activation with a subthreshold-level
short-duration electrical current was reported through an
empirical cellular study of the membrane action potential. No
damage was observed compared with optical stimulation alone!.

Other hybrid platforms include those based on magnetic field-
responsive transducers. These platforms utilize magnetic nano-
particles (MNPs) for neuromodulation through the generation of
heat or force in response to an alternating magnetic field (Fig. 3a).
Magnetothermal neuromodulation, driven by an alternating
magnetic field, is a label-free and thermally-driven approach.
Deep-penetrating MNPs enable minimally invasive and wireless
deep brain stimulation. This mechanism involves heat generation
by MNPs, resulting in a transient increase in the local
temperature of the membrane. Heat-sensitive TRPV1 channels
can detect this temperature change, leading to the induction of
action potentials2® (Fig. 3b).

Another label-free and non-thermal approach to neuromodu-
lation is the magnetomechanical strategy. In this approach, the
presence of MNPs in an alternating magnetic field produces a
force that activates mechanosensitive ion channels. The working
principles of magnetothermal and magnetomechanical strategies
are demonstrated in Fig. 3c).

The use of magnetic-driven techniques offers benefits such as
remote neuromodulation and a deeper understanding of the
brain’s microcircuitry in both normal and disease states.
However, when considering clinical applications, a primary
concern is safety due to potential heating, the presence of
magnetic particles in the brain, and the use of viral tools.
Additionally, there is uncertainty whether the nanoparticles
respond to other magnetic fields encountered in daily lifed”.

The key element in neuroplasmonics is the ability of plasmonic
materials to generate a controllable amount of heat or force in

response to light as an external stimulus. In order to understand
the parameters that contribute to highly efficient and less invasive
photo-assisted neuromodulation, the background physics of
surface plasmon excitation and resulting heat generation are
reviewed in the following.

Surface plasmon resonance (SPR) and thermoplasmonic
effects

In 1902, Wood was the first who reported observation of the
surface oscillations of free electrons which were optically
excited®, and Liedberg demonstrated the first SPR-based bio-
sensor in 1983%%. Since then, SPR has been widely applied in
biosensing, enabling the detection of single-molecular con-
centrations with significant practical implications.

SPPs are electromagnetic waves composed of charges that
propagate along the interface of a metal and a dielectric material.
The optical excitation of SPPs is known as SPR. Supplementary
Note 2: Physics of Surface Plasmons provides further explana-
tions on the ways to excite SPRs, including prism-coupled and
fiber-optic coupling, with applications for biosensing.

When SPRs are excited, they become localized in PNPs,
resulting in the generation of heat in the vicinity of these particles.
The amount of produced heat energy can be controlled through
appropriate selection of materials, the geometry of the nano-
particles, and their design. In this context, we will provide a brief
overview of the localized SPR phenomenon and the underlying
mechanism responsible for heat generation by plasmonic
materials.

Localized surface plasmon resonance (LSPR). Metal NPs, such
as gold and silver, exhibit strong optical extinction and can
generate LSPRs in the visible and near-infrared (NIR) wavelength
range when their diameter (d) is smaller than the incident light
wavelength (1)°0 (see Fig. 4a, b).
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The resonant wavelength at which surface plasmon polaritons
are excited depends on the refractive index (RI) of the
surrounding medium. Changes in RI caused by modifications
or molecule adsorption on the NP surface can be detected by
measuring redshifts in the LSPR spectral position. This label-free
approach is useful in biomedical applications such as intracellular
drug delivery, where adjusting the resonance peak from visible to
NIR region is necessary’l. This tuning can be achieved by
manipulating the morphology and composition of NPs with
various structures like core-shells, nanorods, or nanoprisms®2.
Hence, it is possible to select an appropriate light wavelength for a
specific neuroengineering application considering tissue safety.

An example of using the SPR phenomenon to directly record
neural activities is the development of an all-optical refractive index
(RI)-based modality that could simultaneously stimulate and detect
neural activity*!. To explain the biophysical mechanism underlying
this approach and establish a connection between optical signals
and neural activity spikes, the stimulation process was modeled
using three molecular-scale phenomena: i) Poisson-Boltzmann
equations, analyzed numerically with the finite element method
(FEM), ii) Drude-Lorentz electron model, analyzed numerically
with Green’s method, and iii) Fresnel’s 3-layered model®3. The
theoretical model demonstrated strong agreement with previous
experimental data obtained by Kim et al.4l.

Thermoplasmonics: thermal effects in plasmonic structures.
The large optical cross-section and nonradiative relaxation of
absorbed light by PNPs generate significant localized heating
energy. PNPs convert light energy to plasmonic photothermal
(PPT) heat energy known as thermoplasmonic effect®, making
them a stable in situ heat source for controllable and uniform
thermal processing.

Under resonance conditions, highly energetic photoexcited
electrons quickly release thermal energy to the surroundings. This
creates a temperature profile strongly influenced by the medium
properties, particle shape and composition, and characteristics of
the light source (continuous or pulsed wave)®> (see Fig. 4c).
Pulsed waves result in a steep temperature profile, advantageous
for stimulating thermosensitive ion channels, as discussed earlier.

The light-to-heat conversion process occurs in three steps with
different time scales: i) electron—electron collisions in ~10 fs <
7<100 fs, ii) relaxation through the electron-phonon interaction
(e-ph) within 100 fs < 7<1 ps, and iii) transfer of thermal energy
to the metal-medium interface with cooling of NP via
phonon-phonon collisions (ph-ph) in the range of 10ps<7<
10 ns (Fig. 4d)°°.

Given their heat-generating properties, PNPs have garnered
significant interest in the field of thermoplasmonics, finding
applications in diverse areas of science, such as nanomedicine
(intracellular drug delivery both in general therapeutic and
precision applications)®” based on photothermal effects?®, cell
biology, remotely controlled photothermal therapy®®, neuroima-
ging and neuromodulation®1%0, The heat dissipation of excited
plasmonic nanoparticles in the medium also leads to a change in
refractive index (RI), which can be utilized in designing RI-based
biosensors.

Plasmonic nanostructures and nanotools for
neuroengineering

Engineered nanostructures, such as nanoparticles (NPs) or
nanofilms, have been extensively utilized to enhance neural
interface performance. These nanostructures have great potential
in various neuroengineering applications, including optical
modulation and readout of neural activity for research purposes,
as well as clinical applications such as diagnosis, therapy, stem cell
differentiation enhancement, smart drug delivery, especially for
crossing the BBB, and imaging?7-101-103,

Plasmonics advancements are also expanding the capabilities of
optical tweezers which enabled studies on neuronal growth,
function, and communication across different scales. This allows
label-free trapping and sensing of a wider range of molecules, and
when combined with fiber optics or tweezers-in-tweezers tech-
nologies, they offer potential applications for deep brain optical
trapping and precise molecule delivery to neurons!04105,

Materials capable of converting light to heat encompass various
structures, such as metallic/semiconductor materials, carbon-
based materials, organic polymers, and two-dimensional materi-
als, with a wide range of applications!%°. Among these, inorganic
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NPs such as gold, silver, platinum, zinc, metal alloys, and heavily
doped semiconductors!?” hold particular interest due to their
unique optical properties, including absorption and thermo-
optical effects!08,

AuNPs are the most well-studied plasmonic materials in bio-
related applications since they show better biocompatibility, sta-
bility, and electroconductivity?!. They have been employed in
many biomedical applications, including tumor diagnosis and
therapy!'? and neuromodulation!10.

There are many different kinds of plasmonic nanostructures
and nanotools for neuroengineering. Here we will discuss three of
the most prevalent: hybrid plasmonic nanoparticle-coated micro-
electrodes, on-fiber plasmonic modalities, and on-chip plasmonic
modalities, and their advantages and limitations. Prospects for
clinical application including diagnosis and therapy, and smart
carrier-drug delivery toward brain are also highlighted.

Hybrid plasmonic nanoparticle-coated microelectrodes. Plas-
monic nanomaterials can be used to improve the spatial resolu-
tion and specificity of electrical neural interfaces. Proposing 3D
plasmonic nanostructures on multielectrode arrays, Dipalo et al.
reported successful long-term and stable recordings of both
intracellular and extracellular electrical spiking activity in primary
mammalian neurons and cardiac-derived HL-1 cells (see
Fig. 5a-c)!11. The efficacy of the proposed method was demon-
strated with the recording of spontaneous and unperturbed
electrical activity with a high SNR. The key point in this
achievement was the combination of vertical nanoelectrodes
structured on planar microelectrodes with  plasmonic
optoporation.

Nanogold grains could improve performance of a neuroelec-
trode: a single-cell-sized microelectrode was fabricated with a 500
nm-gold nanograin deposition at its center (shown in Fig. 5d-f).
Performance testing using rat hippocampal neuronal culture
showed lower device-tissue interface impedance (a 69-fold
decrease) and higher electrical charge injection for stimulation
(a tenfold increase) compared to a microelectrode with a flat gold
layer. Additionally, a very low noise level (2.89 uV(RMS))
yielding a high SNR for low-amplitude action potentials
(18.6-315 V) was reported, suggesting the potential application
of the construct for cell-based biosensors or clinical neural
prosthetic devices!!2,

To precisely modulate neural activity using light of visible
spectrum, a nanoelectrode made up of a glass micropipette coated
by AuNPs of ~20 nm diameter was used for localized activation
and inhibition of electrically excitable cells by a 532 nm green
laser. The experimental in vitro studies served as proof of concept
that wireless nanoelectrodes in combination with visible light can
be used for precise temporal modulation of neural and cardiac
cellular responses instead of electrical electrodes or infrared
lasers!13.

The lack of electro-optical translators for the efficient
conversion of electrical activity into high photon-count optical
signals was successfully overcome by Habib et all’. A
noninvasive electroplasmonic nanoantenna for extracellular, high
SNR and real-time optical recording of electrophysiological
signals from electrogenic cells (neurons and heart cells)
(Fig. 5g-k) was developed. The electroplasmonic optical probe
offered ultrasensitive and label-free detection of electrical signals
at kilohertz frequencies. It was reported that the probe could be
used in vivo via integration of plasmonic devices on flexible
substrates and optical fibers.

Figure 5], m shows the design of a hybrid electroplasmonic
stimulation platform for spatially and temporally precise neural
excitation. The visible light pulses were aimed at a gold

nanoparticle-coated nanoelectrode placed alongside the neuron
within a distance of 2 pm. The improved results of a single-cell
hybrid activation were reliable and repeatable, without any
damage as observed with pure optical stimulation. Thus, the
hybrid neurostimulation method holds promise for creating
personalized high-acuity neural modulation prosthetic devices. It
could serve as a preferable alternative to conventional electrical
stimulation technologies!4.

Near-infrared stimulation (800 nm) combined with a gold
nanorod-coated microelectrode was used to develop a closed-loop
thermoplasmonic neural stimulation platform. The goal was to
investigate whether using a photothermal inhibition mechanism
in a closed-loop system enables a controllable neural spike rates.
The thermoplasmonic-based feedback controller showed precise
neuromodulation in vitro. The technology was suggested to be
helpful in studying neuronal network dynamics and developing
new neuromodulation techniques for clinical applications!?.

On-fiber plasmonic modalities. Optical fibers are one the most
commonly used light delivery tools, for instance, in neuroimaging
or optogenetics. However, the merging characteristics of an
optical fiber platform and thermoplasmonic effect can be a basis
for developing light-triggered active lab-on-fiber probes!!4. With
careful design of the plasmonic structure and the optical prop-
erties of the source and the fiber, a thermoplasmonic-assisted lab-
on-fiber can be used as optrodes in biomedical applications.

For neuroengineering applications, careful analysis of the
plasmonic fiber-based device is essential in order to control
temperature rise in the target due to the thermoplasmonic effect,
in order to supply the required heat for neuromodulation while
avoiding excessive heating which could potentially damage the
tissues. In terms of tissue safety analysis, a specific scenario
involving the photothermal effect of the thermoplasmonic fiber
optic design for in vivo neural stimulation was numerically
examined. The study took into account the complexity of physical
structure of the brain (Fig. 6a)!!>. Modeling the two actual
experimental conditions for photothermal neuromodulation,
acute or long-term, two cases were considered: exposing the
brain to air and closing the brain from the outside after fiber
implantation.

Below a penetration depth of 1 mm, a noticeable disparity in
temperature rise was observed between the two cases: the skull
open to air and the skull covered. In the case of the brain open to
air (e.g., acute experimental condition), it was found that the laser
power needed to be significantly reduced when stimulating the
brain’s surface. However, for the covered brain, a slight increase
in laser power was required to achieve the same thermal
stimulation effect. This difference was attributed to the limited
areas of heat transfer and air convection. Furthermore, the study
found that the daily variations in cerebral blood flow had a
negligible impact on temperature changes.

Although fiber-optic photothermal neuromodulation is rela-
tively more invasive than ultrasound-based neural stimulation, it
offers advantages such as precise targeting within the submilli-
meter range and the ability to produce versatile stimulation
effects, whether excitatory or inhibitory.

Considering the thermoplasmonic effect of resonant materials,
Principe et al. designed a thermoplasmonics-assisted active lab-
on-fiber probe where a gold square lattice of nano-holes was
directly integrated onto the cleaved facet of an optical fiber tip!1°.
They studied temporal heating and cooling processes both
experimentally and numerically. The rapid time dynamics of
the device together with the possibility of controlling the
temperature distribution were demonstrated. By careful design
of a plasmonic nanostructure allowing wavelength selectivity and
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Fig. 5 Hybrid plasmonic nanocoated microelectrodes. Schematic illustration of the plasmonic optoporation platform integrated with a hippocampal

neuronal culture system: a SEM image of an electrode with plasmonic 3D nanoelectrodes. b SEM cross-section view of a neuronal process (blue) engulfing
two 3D nanoelectrodes (yellow). ¢ Representation of neurons on a microelectrode array (MEA) with 3D nanoelectrodes. The 3D nanoelectrode excited
with a laser records intracellular activity, while the rest of the electrode catches extracellular signals. (Reprint permitted under Term of Use from ref. ™). Gold
nanograin microelectrode: d SEM image of morphologies of Au grains on an electrode with a diameter of 10 um. e Phase-contrast optical image of live
neural networks cultured on an MEA. The inset shows a representative extracellular action potential detected from a nanograin microelectrode.

f Stimulation and recordings of neuronal networks in vitro (Reprinted with permission from ref. 2). Electroplasmonic nanoantenna: g SEM image of
cardiomyocyte cells cultured on an array of electroplasmonic nanoantennas (height of 45 nm, diameter of 90 nm). h Side and top views of near-field
enhancement |E/EQ|? along the pristine nanoantenna at 678.8 nm. Finite-difference time-domain (FDTD) simulations show that plasmonic excitations lead
to strong confinement of the light within the 20-nm-thick electrochromic layer. i High SNRs (-60-220) are shown for the electroplasmonic nanoantenna
even for low field values (2 x 10E2 to 8 x 10E2 V/cm). j Electron micrograph of human-induced pluripotent stem cell (hiPSC)-derived cardiomyocytes
(iCMs) (purple) cultured on an electroplasmonic nanoantenna array. k Differential scattering signal in response to electrogenic activity of a network of
cardiomyocyte cells. A strong far-field signal allowing label-free and real-time optical detection of the electrogenic activity of iCMs is obtained from
substrates with electroplasmonic nanoantennas (red curve). Control measurements are performed to verify the origin of the electro-optic signal. In the
absence of electroplasmonic nanoantennas, no far-field signal is detected (blue curve) (Modified and Reprinted with permission under Term of Use from ref. 13).
Hybrid nanoplasmonic microelectrode: | Schematic illustration. m SEM images of a microelectrode having a tip coated with ~20 nm diameter colloidal gold
nanoparticles (AuNPs). LSPR absorption of AuNps is shown in the inset (Reprinted (adapted) with permission from ref. 14).

low power loss, the device’s performance could be improved. This
opens up possibilities for future advanced applications, including
drug delivery, photo-acoustic imaging probes, and nano-heaters
for biochemical applications.

In 2012, a fiber-based SPR sensor was designed for the in vivo
detection of brain activity*2. The setup involved dividing a
635 nm diode laser using a 2 x 2 fiber coupler to direct half of the
laser energy to a multimode fiber coated with a 50 nm gold layer,
generating SPR waves, while the other half was directed to a
photodetector. The sensor measured the shift in SPR signal
intensity relative to changes in refractive index (An) in refractive
index units (RIU).

The performance of a fiber-based SPR sensor as an all-optical,
less-invasive method for monitoring neural activity was compu-
tationally analyzed with different available geometries using the

10

FEM. It was shown that the optical response of the proposed
sensor tracked the action potential of the neuron in its vicinity*3.

As an alternative to optogenetic for optical neuromodulation
without genetic modification, Kang et al. proposed a
thermoplasmonic-based optical fiber probe for neural stimulation
(see Fig. 6b, c). They demonstrated the ability of this approach to
modulate neural activity locally in vitro. They further simulated
the spatiotemporal temperature change by the thermoplasmonic
optical fiber and analyzed its applicability to in vivo animal
models!!7.

On-chip plasmonic modalities. Prism coupled-SPR is a basic
chip platform for biosensing, however, its application for neu-
romodulation has been limited so far. In 2008, Kim et al.
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Fig. 6 Examples of plasmonic/thermoplasmonic nanotools. a Numerical investigation of the effects of photothermal stimulation on brain modulation by a
thermoplasmonic optical fiber (Reprint permitted under Term of Use from ref.1). b lllustration of a thermoplasmonic fiber tip for NIR in vitro localized
photothermal neural stimulation on microelectrode array (MEA) chips. Direct inhibition of the network of neurons occurred as a result of localized heat
generated by the gold nanorod (GNR)-coated fiber tip. Neurons far from the fiber tip remained unaffected. ¢ Extinction spectrum and infrared
thermographic image of the fiber delivering NIR light. The white arrow in the inset shows the localized temperature change at the tip (Reprinted with
permission from ref. 7). d A schematic of the SPR system for neuromodulation and detection of the reflection intensity of the laser beam through a
multichannel photodetector array (Reprinted with permission from ref. 41). e Distributed gold nanorods (GNRs) in the vicinity of the plasma membrane of
nerve tissues absorb light energy at 980 nm. Pulsed infrared illumination photothermally heats GNRs, increasing the local temperature at the membrane
and inhibiting neural activity. TEM image of a cross-sectional view of rat sciatic nerve after injecting GNRs. Compound nerve action potentials recorded
from a rat sciatic nerve in vivo with and without gold nanorods, upon exposure energy of 0.641J. cm~2 (Reprinted with permission from ref. 120). f Schematics
of the inkjet-printed thermoplasmonic interface for patterned neuromodulation (Reprinted with permission from ref. 122). g Schematic showing the
enhancement of the fluorescence spectra of voltage-sensitive dye on a layer-by-layer (LbL) substrate when neurons are on a GNR-coated nanoplasmonic
substrate. The corresponding peak values of fluorescence of voltage-sensitive dye with respect to the different numbers of LbL are plotted (Reprinted with
permission from ref. 124). h Simultaneous microelectrode recording and calcium imaging from cultured neurons with NIR light-sensitive GNRs during
photothermal illumination (Reprinted with permission from ref. 100). i Scanning electron microscopy images (SEM) images of Au nanowire (AuNW)
electrodes obtained with anodic aluminum oxide templates. (A) Top, and (B) cross-section view of an ordered network of parallel AuNWs of 1.2 um in
length and 160 nm in diameter standing over a flexible Au base. (C) SEM images from primary neural cell cultures at high cell seeding conditions. SEM
images from cultures at low cell seeding conditions on top (D) and 45 tilted (E) views. Scale bars: 2 pm (A), 0.5 pm (A-inset), 5 pm (B) and 1 pm (B-inset),

200 pm (C, left), 100 um (C, middle), 10 um (C, right), 4 um (D and E, left) and 400 nm (D and E, right) (Reprinted with permission from ref. 133).

developed a low noise prism coupled-SPR sensor chip for in vitro
recording of extracellular neural activity*!. The sample was a
natural neuronal tissue of sciatic nerves from the knee (distal) to
the special cord (proximal) of a rat. A glass slide of BK7 prism
coated with a 50 nm-thick gold film was used as a chamber for
optical recording. A low-noise laser diode of 635 nm and a beam
diameter of 100 um used as a source (Fig. 6d). Simultaneous
recording of electrical and intensity-based optical signals in
response to electrical stimulation was reported to be label- and
artifact-free. The reported limitation of this system was the
required close proximity of the metal surface to the nerve.
Using a LSPR modality with a gold nanoparticle-embedded
probe, Zhang et al. could successfully detect hippocampal neural
spiking activity in real time!!8, Inspired by this work, a similar
probe was numerically studied to enhance the sensitivity. The
proposed modified structure showed better performance in terms
of sensitivity in a broader range of refractive index changes!!°.

As noted earlier, tissue damage is an important risk in many
optical neuromodulation techniques. To address this concern in
infrared neural stimulation (INS), plasmonic gold nanorods were
employed. By harnessing the localized photothermal effect in the
plasma membrane, the action potentials of in vivo peripheral
neural tissues were triggered using pulsed infrared light and gold
nanorods. This could increase neural responsivity while sig-
nificantly lowering the threshold stimulation level compared to
conventional INS. The requisite radiant exposure is thus reduced,
along with the concern about tissue damage (see Fig. 6e)!20.

By integrating nanomaterials as mediators into optical neural
stimulation, Wang et al. improved the responsivity and sensitivity
of INS to achieve spatial specificity, energy efficiency, and safety
by significantly lowering the light power!21.

To make personalized implants that can be remotely controlled
to alter brain activity, inkjet printers were utilized (see Fig. 6f).
The inkjet-printed thermoplasmonic patterns of gold nanorods
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could generate heat at micron resolution over a large area and
selectively modulate neuronal network activities. The printed heat
patterns selectively and instantaneously inhibited the activities of
cultured hippocampal neurons upon NIR light illumination. It
was concluded that the inkjet printing process could be a
universal method for biofunctional thermoplasmonic interfaces in
various bioengineering applications. Because the printing process
is applicable to thin and flexible substrates, the technology was
suggested to be easily applicable to implantable neurological
disorder treatment devices and wearable devices!?2.

Plasmonic gold nanorods were recently used to stimulate
neurons via the thermoplasmonic effect, followed by successful
demonstration of both induction and suppression of action
potentials!?3. Hong et al. designed a neural chip platform using a
gold nanorod-assisted thermoplasmonic interface on a multi-
electrode array for in situ neuro-manipulation. They could
successfully manipulate a cultured neuronal network both
structurally and functionally. The advantages of the design were
maximizing the photothermal conversion efficiency at the desired
wavelength and the NIR operation range of wavelength, which is
less harmful to the cells.

Plasmonic gold nanorods have the additional capability of
improving fluorescence signals in optical imaging of neural activity.
To enhance the fluorescence effect of low SNR voltage-sensitive dyes,
a nanoplasmonic chip incorporating gold nanorods was developed.
The chip’s performance was tested using cultured rat hippocampal
neurons and a widely used type of voltage-sensitive dye, di-8-
ANEPPS. The fluorescence signal reached its maximum level with
nine layers of polyelectrolyte spacer, resulting in enhanced membrane
potential imaging (Fig. 6g)!?%. Simultaneous fluorescence imaging
and electrical recording confirmed the suppression of neural spiking
activity at the single-cell level in photothermal neuromodulation
(Fig. 6h)100,

Prospects for clinical applications. There are general considera-
tions for clinical translations of research technologies. Neuro-
plasmonic approaches need to be validated in long-term trials in large
animal models such as nonhuman primates that are closer to
humans in terms of brain size, peripheral nerve anatomy, and rele-
vant autonomic nerve stimulation condition. Such trials would
characterize the cell and tissue response to foreign materials and
identify any potential for inflammation, fibrosis, or toxicity.

In optical approaches, one main concern is the potential
thermal tissue damage. Furthermore, inspection of the long-term
robustness of devices after implantation is required for device
optimization!2>126, Securing regulatory approval for neuroplas-
monic therapies will also entail navigating pathways optimized
distinctly for devices and drugs. Many neuroplasamonic technol-
ogies will likely transcend this traditional boundary, and early
engagement with regulators, such as the FDA, would be critical.

Photothermal imaging, cancer therapy, i.e., hyperthermia®,
and selective destruction of antibiotic-resistant bacterial® are
examples of clinical applications of plasmonic biomaterials. While
neuromodulation technologies remain in pre-clinical testing,
certain electrical stimulation strategies have been successfully
implemented in clinical applications for the treatment of brain
disorders such as Parkinson’s disease, epilepsy, and major
depression. Devices used in these cases are generally electrodes
connected to co-implanted electrical stimulators and have
favorable safety profiles with low chances of hardware failure
over the years-long implantation period.

Researchers hoping to translate technologies developed in the
laboratory would benefit from early engagement with clinicians
and clinical partners to identify indications that would stand to
benefit from new therapeutic modalities. In addition, initiatives

that bring together researchers, clinicians, and potential industry
and venture partners have shown great success in accelerating the
translation of new technologies to the clinic.

Optogenetics, for instance, with a transformative effect on basic
neuroscience research, has been employed as a study tool in the
field of health and disease and has shown its potential for real
clinical applications in the areas of drug discovery and gene
therapy. However, the strategies are mostly tested on rodents, and
critical steps for trials on larger animal models and humans have
yet to be undertaken!?’.

Nanomaterials with plasmonic factors could be interesting
candidates for future clinical neuroengineering (neuromodula-
tion, smart nanocarriers for drug delivery toward the brain, etc.)
as they are stimuli-responsive and have the ability to act as
mediators for efficient light- or heat-assisted neuromodulation
while having the privilege of nanosizing, yielding minimally
invasive integration with the nervous system or the ability to cross
the BBB. The capability of plasmonic biomaterials has been
realized in neuroengineering, such as neuronal tissue engineering
and regeneration, using engineered scaffolds!?8, although inor-
ganic plasmonic materials, such as gold and silver, have been less
employed for in vivo drug delivery systems as nanocarriers.
Despite a few NPs accepted for clinical use, the majority of them
are yet to proceed beyond clinical trials!0l.

Diagnosis and therapy. Plasmonic nanoparticles (PNPs) are tun-
able for high sensitive optical labels, therefore, they have pro-
mising potentials for diagnosis of neurological disorders!?°.
Hyperactive behaviors of neurons and neural circuits that are
often found in neurological disorders such as epilepsy could be
treated by controlling the activity of brain cells.

Plasmonic extracellular matrix, a promising method to control
neuronal activity, can be remotely tuned to enhance cell-based
therapies by stimulating or inhibiting neural activity by a source
of light!”. By modifying and tuning their surface chemistry and
remotely activating surface plasmons they can be employed for
deep tissue treatment. The tuning ability of metallic NPs allowing
modulation of signaling pathways, generation of reactive oxygen
species, and regulation of various transcription factors paves the
way toward new therapeutic devices for pain management devices
to alleviate chronic neuropathic pain!”.

Gold nanoclusters were used as the anti-Parkinson’s disease
drugs and showed excellent capacity to inhibit aggregation and
fibrillation of a-Syn in in vitro experiments'30. A biosensing
methodology using helically arranged gold nanorods was
developed to detect amyloids in Parkinson’s and prion diseases
with good agreement between theoretical simulations and
experimental findings. Strong dipolar coupling results in an
intense chiral response, which makes the detection of nanomolar
concentrations of amyloid fibrils possible. The technique
successfully identified patients with Parkinson’s disease from
human brain homogenates. To confirm the generality of the
technique, it was also used for the specific detection of infectious
amyloids formed by prion proteins!3!.

Gold nanorods (AuNRs) are good candidates for neuromodula-
tion, as the plasmonic peak can be tuned by changing its aspect ratio.
AuNRs were designed with a resonance peak at 808 nm within the
NIR-I spectral window, providing deep tissue penetration and
minimum absorption while avoiding the risk of tissue damage by
collateral heating. It was shown that they could reversibly modulate
the left stellate ganglion function, and inhibit and decrease the
occurrence of ventricular arrhythmias in a canine model of acute
ischemia. The neuromodulation was based on a photothermal
mechanism where genetic transfection is not required!32.

Recently, highly ordered nanostructured electrodes composed of
densely packed gold vertical nanowires (AuNWs) were designed, and
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their impact on primary neural cell cultures in vitro and spinal cord
tissue in vivo was explored (Fig. 6i). It was found that AuNWs
supported the growth of highly viable and dense neural cultures
containing a majority of neurons accompanied by glial cells. The gold
nanostructure was implanted in an experimental model of rat spinal
cord injury, and subacute responses did not significantly differ from
those induced by the injury itself, thus highlighting their potential for
in vivo applications as neural interfaces in contact with central
nervous tissues, including the injured spinal cord!33.

In molecular hyperthermia, plasmonic AuNPs were success-
fully used demonstrating inactivation of an important G-protein
coupled receptor for chronic pain sensitization with nanoscale
spatio-temporal resolution. The transient photoinactivation of
cell membrane protein activity did not require genetic modifica-
tion, and did not induce global tissue heating as expected in
traditional hyperthermial34,

Smart carrier—drug delivery toward brain. Finding efficient pas-
sage across the BBB is an important challenge for drug delivery to
the brain, for which NPs have shown their potentiall9213>, In
particular, stimuli-responsive PNPs can be considered smart
nanocarriers’®193, Gold nanoparticles (AuNPs), in particular,
have a localized photoconversion capacity in response to light
exposure and hence can act as a carrier for targeted and con-
trollable drug delivery. Drugs or genetic factors that are either
directly loaded at the nanoparticle surface or encapsulated in
micelles, liposomes, or red blood cells would be released via either
bond breakage or phase change due to the temperature increase
of PNPs under their resonance condition!3.

For instance, a hybrid nanomaterial of palladium plasmonic
nanosheets encapsulated by drug responded to an external NIR
light stimulus at 808 nm and presented a high photothermal
conversion efficiency of 52%. They employed to facilitate the
induction of local hyperthermia in photothermal therapies and
used as drug-release activation agents!3’.

Magnetoplasmonic NPs, having both magnetic and plasmonic
properties, respond to both magnetic fields and light as remote
stimuli; therefore, they have become potential candidates as smart
nanocarriers for delivering neuroprotective drugs, genes and
growth factors. Light-stimulated superparamagnetic iron oxide-
gold core-shell NPs which were functionalized with nerve growth
factor were successfully used to promote in vitro neuronal growth
and differentiation®8. The cellular uptake and crossing of the BBB
of magnetoplasmonic NPs can be optimized by tuning the
external stimuli and designing structural and surface functiona-
lization, hence, they have been realized as a new therapeutic
strategy for neurodegenerative disease!38.

Core-shell magnetoplasmonic particles (MNP@Au) were
synthesized for multimodal brain imaging and showed potential
for targeted drug delivery toward the brain. The particles of
~15 nm exhibited superparamagnetic properties, with a resonance
plasmonic peak of gold in the visible range. Enhanced contrast in
both MRI and X-ray in the presence of a magnetic field and light
exposure was observed along with transmigration of the particles
across the BBB without disrupting its integrity®®. NIR-responsive
nanostars, with a magnetic core and gold-shell structure,
exhibited multipolar magnetic plasmon resonance characteristics.
The potential of being effective candidates for image-guided drug
delivery, as well as having precise multimodal imaging capabil-
ities, was demonstrated. This allows for tunable NIR-triggered
on-demand drug release!3.

Summary and outlook
Neuroplasmonics, an approach based on plasmonic-assisted
neuromodulation, provides various technical benefits in

neuroengineering applications over traditional electrostimulation
or optogenetics. The optical and thermal properties of plasmonic
nanostructures are tunable by design (geometry and material) for
a particular need. Further, their responses can be controlled
remotely with an external stimulus. Their responsiveness to
external stimuli enables us to appropriately engineer them as
transducers to control activity of the target cells through several
photo-assisted strategies discussed in this review paper. This is
the basis for designing wireless platforms in neuroengineering!4?,
which helps prevent many challenges associated with wired
devices. For instance, displacements during freely moving
experiments and invasiveness related to the implantation of wired
devices.

In NIR optogenetic strategy, UCNPs act as light emission
transducers where plasmonic materials can help enhance pho-
toupconversion efficiency. Fabricating plasmonic nanoparticles
(PNPs) for nongenetic neuromodulation strategies is relatively
simple and fast. Also, engineering plasmonic-based neural
interfaces are inexpensive compared to other approaches such as
optogenetics constructs. UCNP-plasmonic hybrid structures offer
improved long-term stability, biocompatibility, and efficiency
compared to conventional optogenetic strategies. They also
address limitations related to light penetration depth and inva-
siveness while enhancing upconversion brightness. As a result,
these structures are suitable for diverse biomedical applications
like drug delivery and NIR-mediated optogenetics.

Optogenetics requires prior gene modifications. The injection
of transfect genes in rodents requires days to weeks to be healed
before starting the experimentation. Although optogenetics has
been used successfully for basic research in neuroscience, it needs
to be carefully investigated before translation to humans from the
aspect of long-term safety. From this perspective, using light-
sensitive biocompatible materials for neuromodulation is
advantageous over optogenetics as simplifying clinical translation.
However, the limitations of metallic nanoparticles, cell toxicity,
and tissue damage, and clinical side effects should also be care-
fully taken into account.

With the progress in nanofabrication, the stimulus-responsive
plasmonic nanostructures can be potentially integrated into an
ultra-miniaturized platform seamlessly, as compared to various
types of implantable neural interfaces. This avoids implant-driven
injuries and inflammations, leading to minimally invasive
approaches.

Although there have been some successes in laboratory, it is
necessary to gather more data on the safety, side effects, human
response, and lifespan of the nanoplasmonic particles as well as
required devices when they are tested on larger animals and
eventually on humans. Especially, a targeted delivery of nano-
plasmonic particles to the site of interest via smart surface
chemistry will also be necessary to enable localized neuromodu-
lation. General considerations in clinical translational research
are the difficulties in measuring complex samples or tissues,
making it hard to apply technological advancements in analysis
from the lab to the clinical setting. To enable non-experts to use
lab instruments, strict control of processes is necessary to ensure
accurate data. Therefore, a simple and reliable automated plat-
form is required to tackle these challenges and optimize lab
analysis systems for specific clinical purposes!4!. Furthermore, a
minijaturized portable plasmonic system might enable facile
deployment and easier access to clinical settings. A longer time
study period would be ideal to comprehensively evaluate the
performance of new strategies over extended usage.

Thermal considerations for tissue safety, control of collateral
heating of the tissues, cell toxicity of nanoparticles, and efficacy are
among the important concerns that should be addressed before these
methods are translated from animal studies to the clinic, and
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ultimately considered as routine medical practices. Robustness of the
devices and ease of long-term use in patients who may be ambu-
latory will have to be established. Approvals by regulatory bodies,
and acceptance by the medical profession and by the public will
hinge on the results of these steps. As described in this review, the
field of plasmonics for neuroengineering is relatively young but
holds the promise of new treatment modalities, especially where
alternatives do not currently exist or are less attractive.
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