Nanotransducer-enabled deep-brain neuromodulation with NIR-II light
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Abstract

The second near-infrared window (NIR-II window), which ranges from 1,000 to 1,700 nm in
wavelength, exhibits unique advantages of reduced light scattering and thus deep penetration in
biological tissues in comparison to the visible spectrum. The NIR-II window has been widely
employed for deep-tissue fluorescence imaging in the past decade. More recently, deep-brain
neuromodulation has been demonstrated in the NIR-II window by leveraging nanotransducers that
can efficiently convert brain-penetrant NIR-II light into heat. In this Perspective, we discuss the
principles and potential applications of this NIR-II deep-brain neuromodulation technique,
together with its advantages and limitations compared with other existing optical methods for
deep-brain neuromodulation. We also point out a few future directions where the advances in
materials science and bioengineering can expand the capability and utility of NIR-II
neuromodulation methods.

Main text

Neuromodulation techniques, capable of selectively activating or inhibiting certain subgroups of
neurons, have a wide range of applications in both basic neuroscience research and therapeutic
solutions.!* Optogenetics, which uses light to control neural activities through microbial opsins,*
has become a powerful tool in dissecting complex neural circuitries and even treating certain
diseases in clinical trials.> > Conventional optogenetics uses visible light, which is strongly
attenuated by the highly scattering brain tissue,® ’ thus necessitating chronic implantation of
optical fibers for efficient light delivery in deep tissue.® Such invasive implantation is not ideal in
both research and clinical settings, since it usually results in permanent neural tissue damage and
physical tethering that restrains the head movement.” '° Despite recent advances in novel in vivo
neuromodulation techniques,!!'! it remains challenging to optically modulate deep-brain neural
activities in freely moving animals without any brain implant or head tethering.

The second near-infrared spectrum (NIR-II spectrum, 1,000-1,700 nm), compared to visible light,
exhibits diminished scattering in biological tissues (especially the brain tissue) owing to the
inversely proportional relationship of tissue scattering with wavelengths.® '®!7 Therefore, NIR-II
light represents a wireless means to interrogate and manipulate neural activity in the deep brain
via properly designed nanotransducers. Specifically, photothermal nanotransducers, which
efficiently convert light into heat, have been demonstrated to control neural activities through
either temperature-sensitive ion channels or membrane capacitance change.'®?! The wide



availability of nanomaterials that interact with light in the NIR-II window thus makes it possible
to perform deep-brain neuromodulation in this advantageous spectrum.’*?* Specifically, a
nanotransducer-enabled NIR-II photothermal neuromodulation technique was recently reported to
modulate deep-brain neural activities of freely moving mice in a tether-free and implant-free
manner.’> % Due to the exceptional photothermal performance of the nanotransducers and deep
brain penetration of NIR-II light, this technique allowed behavioral studies of freely moving mice
in a large arena and can potentially be applied for modulating neural activities in social interaction
experiments.

In this perspective, we first provide a summary of existing optical methods for deep-brain
neuromodulation, with an emphasis on their major advances and limitations. Afterwards, we
discuss photothermal neuromodulation techniques based on different mechanisms. We then
highlight the development and utilities of the recent NIR-II photothermal neuromodulation
technique?? and discuss how this new modality can resolve previously unaddressed challenges. In
addition, we point out some limitations of this NIR-II photothermal neuromodulation approach at
its current stage and present an outlook with a few potential directions in which this new modality
can be further improved for enhanced capability and boarder applications. For a more
comprehensive review of photothermal nanomaterials and nanotransducer-based neuromodulation
techniques, we refer the readers to other existing reviews.?¢-!

Optical Methods for Deep-Brain Neuromodulation

Wireless Optogenetics. Since the demonstration of in vivo optogenetics neuromodulation using a
fiber optics interface,® there have been many other optical approaches developed for deep-brain
optogenetic neuromodulation (Figure 1).!" One example is the wireless optogenetics approach
using radio frequency (RF)-powered micro light emitting diode (u-LED) devices (Figure 1b).'*:
3234 Specifically, by leveraging recent advances in the fabrication and miniaturization of light
emitting devices, Kim et al. demonstrated an injectable, cellular-scale p-LED device that can be
powered with RF scavenging.!* One key advantage of this approach, compared with fiber-based
optogenetics, lies in its wireless interface that frees the animal from physical tethering.
Furthermore, the minimized footprint and reduced bending stiffness of the u-LED device decreases
the immune response at the neural interface compared to fiber optics. However, this method still
requires a chronic implant inside the brain, which inevitably causes brain damage.

Upconversion nanoantenna. Another example is the upconversion nanoantenna-based
optogenetics approach in the first near-infrared window (NIR-I window, 700-1000 nm) (Figure
1¢).'*3% 3¢ Upconversion nanoparticles (UCNPs) exhibit the unique non-linear optical property of
converting multiple longer-wavelength photons into one shorter-wavelength photon.’” This
property is particularly suitable for deep-brain applications, since NIR-I light experiences less
scattering in the brain than visible light,® while many existing opsins only respond to short-
wavelength visible light. Based on this advantage, Chen et al. demonstrated implant-free deep-
brain optogenetics by stimulating intracranially delivered UCNPs with 980-nm illumination from
a fiber fixed on the skull.!* Yet, 980-nm is located near a major water absorption peak,® and the
high power density used for deep-brain neuromodulation in this work induced a significant



temperature increase on the brain surface,'* which may alter neural firings and even cause tissue
damage.*® Furthermore, head tethering from the skull-fixed fiber still requires scalp removal and
imposes constraints on the animal’s naturalistic behavior, while the intracranial delivery of UCNPs
necessities invasive surgeries.

Red-shifted opsins. Furthermore, recent advances in protein engineering have resulted in red-
shifted opsins with improved sensitivities.'> *> ChRmine, a potent channelrhodopsin, represents
one of the most sensitive red-shifted opsins so far, with an effective power density for 50%
activation (EPD50) of only 0.03 mW/mm? at 635 nm,'? in contrast to 1.3 mW/mm? at 470 nm for
the original channelrhodopsin-2 (ChR2).*’ Leveraging the ultra-high sensitivity of ChRmine, Chen
et al. reported deep-brain neuromodulation with skull-fixed fiber optics up to a depth of 7-mm in
rat brains (Figure 1d).!> Combined with a systemic viral delivery approach that selectively
transduced certain neuron subtypes,*! ChRmine enabled surgery-free deep-brain optogenetics in
mice. Notably, the illumination condition of 635 nm light used in this work only resulted in
minimal heating on the brain surface. However, 635-nm light is still strongly scattered by the brain
tissue,® necessitating light delivery through skull-fixed fibers, requiring scalp removal, and
imposing physical tethering to the subject.

Sono-optogenetics. In addition, another non-invasive optogenetics approach, sono-optogenetics,
was enabled by a circulation-delivered nanoscopic light sources (Figure 1e).!% 4>% Specifically,
Wau et al. designed and synthesized ZnS-based mechanoluminescent nanoparticles (MLNPs) that
can be activated by deep-penetrating focused ultrasound (FUS).!*> Upon systemic delivery, these
MNLPs flow through the entire body, but only emit 470-nm light transiently at the ultrasound
focus in the brain. Furthermore, the energy-depleted MNLPs can be recharged by an external
excitation light source when they pass through superficial blood vessels. The use of an acoustic
interface enables through-scalp optogenetics neuromodulation in live mice without any brain
implants or scalp incision, but also necessitates close contact between the ultrasound transducer
and the animal’s head, since acoustic waves transmit poorly across the air-tissue interface. At the
current stage, sono-optogenetics has only been demonstrated in head-fixed animals, but the
development of wearable ultrasound transducers may enable sono-opotogenetics neuromodulation
in freely moving subjects.**48

Photothermal neuromodulation

It is desirable to modulate deep-brain neural activities in freely moving animals using a tether-free
and implant-free interface, yet previous optical neuromodulation modalities cannot fulfill this
requirement.!! Specifically, for existing techniques that use light to penetrate through the overlying
tissue and reach the target brain region, such as those based on upconversion nanoantennas (Figure
1¢) and red-shifted opsins (Figure 1d),'> '* only far-red visible light or 980 nm light was used.
These wavelengths are not ideal for deep-brain neuromodulation, since the scattering from the
brain and the absorption from water and several bio-chromophores still remain significant.® In fact,
the choice of excitation wavelengths for UCNPs is largely fixed by the intrinsic energy levels of
lanthanide ions,* while that for red-shifted opsins is currently restricted to far-red visible light,*°
probably due to the difficulty of activating opsins with low-energy photons at longer wavelengths.



In contrast, photothermal nanomaterials offer a much wider range of wavelength selections, with
many recent demonstrations of nanotransducers that respond to NIR-II light.?2>* In this section,
we first give a few examples of photothermal neuromodulations techniques based on different
mechanisms, most of which were only demonstrated in vitro. We then present a discussion of a
recently reported NIR-II photothermal deep-brain neuromodulation approach, and highlight how
it can address previous challenges.

Activation of temperature-sensitive ion channels. One common mechanism for photothermal
neuromodulation is through the activation of temperature-sensitive ion channels (Figure 2), such
as TRP (transient receptor potential) channels. The activation of these channels results in the influx
of cations across the cell membrane, thus depolarizing the cell. For example, Nakatsuji et al. used
785 nm light and gold nanorods (AuNRs) to activate cultured HEK293T cells that expressed
temperature sensitive ion channel TRPV1 (TRP subfamily V member 1) (Figure 2a)."”
Furthermore, Lyu et al. demonstrated reproducible photothermal activation of TRPV1-expressing
ND7/23 cells in vitro with 808 nm light and semiconducting polymer nanobioconjugates (SPNs),
which showed better photothermal stability during multiple heating and cooling cycles than
AuNRs (Figure 2b).>! Additionally, Nelidova et al. recently adapted a similar strategy to stimulate
mice retinal cones that expressed either rat TRPV1 or snake TRPA1 (TRP subfamily A member
1) (Figure 2¢).>? Specifically, they delivered AuNRs locally to the retina, and stimulated them
with 915 nm or 980 nm NIR light. Using this strategy, they were able to restore vision in mice
with retinal degeneration and evoke behavioral responses using visual cues.

Heat-induced membrane capacitance change. Another mechanism for photothermal
neuromodulation is through membrane capacitance change induced by a transient and rapid
temperature increase (Figure 3). The heat-induced membrane capacitance change then leads to a
current flowing across the cell membrane to stimulate the cell. This mechanism was first proposed
and validated by Shapiro et al., who used intense pulsed laser with wavelengths >1500 nm to
rapidly heat up water and demonstrated cell stimulation in different biological systems, including
oocytes, HEK cells and artificial neurons (Figure 3a).?° Based on this mechanism, Carvalho-
deSouza et al. used pulsed 532 nm light and surface-functionalized gold nanoparticles (AuNPs) to
activate dorsal root ganglion (DRG) neurons in vitro and mice hippocampal neurons in acute brain
slices (Figure 3b).>* Furthermore, Jiang et al. designed biocompatible mesostructured silicon as
the photothermal agent and used it to stimulate DRG neurons in vitro with pulsed 532 nm laser
(Figure 3c).'® Notably, the energy of a single laser pulse (5.32 pJ) used in this work was 30% lower
than that in Ref. 53 that used AuNPs. Apart from extracellular interface with an entire cell, the
same group also designed silicon nanowire as the photothermal agent for intracellular interface
with organelles (Figure 3d).>* Specifically, Jiang et al. used pulsed 592 nm light and internalized
silicon nanowire to modulate glial activities in vitro, probably as a result of calcium release from
internal organelles upon photothermal stimulation. More recently, Rastogi et al. designed fuzzy
graphene consisting of 1D nanowires and 2D graphene flasks for photothermal neuromodulation
in both 2D culture of DRG neurons and 3D culture of cortical spheroids using 405 nm or 635 nm
light (Figure 3e).>> Importantly, the high photothermal performance of fuzzy graphene allowed
cell stimulation with an energy level of < 100 nJ per pulse, much lower than that in previous



works. '8 3% 3% Similarly, Wang et al. recently used 2D TisC2Tx MXene flakes for DRG neurons
stimulation in vitro (Figure 3f).>° Compared with fuzzy graphene, MXene flakes can also be
effectively excited by 808 nm light, which is beneficial for future in vivo application due to the
deeper penetration of NIR light.

Photothermal neural inhibition. Apart from neural activation, photothermal effects can also be
utilized for neural inhibition (Figure 4). For example, Yoo et al. used AuNRs and 785 nm light to
reversibly inhibit spontaneous activities of a neural network in vitro (Figure 4a).>” They attributed
the photothermal inhibition effect to temperature sensitive potassium channel TREK-1. More
recently, Owen et al. showed that the illumination conditions commonly used for in vivo
optogenetics neuromodulation may produce a significant thermal effect and inhibit activities of
medium spiny neurons (MSNs) in the striatum of the mouse brain (Figure 4b).>® Similarly, they
also attributed this photothermal neural inhibition effect to the activation of an inwardly rectifying
potassium channel (Kir), the conductance of which depends on temperature.

NIR-II Photothermal Deep-Brain Neuromodulation. As summarized above, most of existing
photothermal neuromodulation modalities were only demonstrated in vitro, with a stimulation
wavelength in the visible or NIR-I region. Extending the photothermal neuromodulation toolbox
to the NIR-II window is beneficial for in vivo applications due to the deeper penetration depth. Yet,
going too far into the infrared spectrum is not desired, since water absorption becomes too
significant beyond ca. 1500 nm.*® Therefore, Wu et al. estimated the combined effect of scattering
and absorption of brain tissue by plotting its effective attenuation coefficient in the entire 400-
1800 nm spectrum.?? The effective attenuation coefficient is defined as Uerf =

\/ Bug  (ug + k), where p, and ul are the absorption coefficient and reduced scattering
coefficient, respectively. As revealed in Figure 5a, the global minimum for light attenuation in
the brain sits between 1050 and 1150 nm (effective attenuation coefficient ~ 0.28 mm™), and the
choice of 1064-nm naturally stands out due to its wide availability enabled by Nd:YAG lasers.
Inspired by this finding, the authors designed nanotransducers named MINDS (macromolecular
infrared nanotransducers for deep-brain stimulation), which exhibit strong absorption at 1064-nm
as a result of rational tuning of the highest occupied and lowest unoccupied molecular orbitals
(Figure 5b,c). Specifically, the 40-nm MINDS consist of a NIR-II absorbing core of pPBBTV
(poly(benzobisthiadiazole-alt-vinylene) with a photothermal conversion efficiency of 71%, and an
FDA-approved amphiphilic shell of PLGA-PEG (poly(lactide-co-glycolide)-b-poly(ethylene
glycol)) to improve biocompatibility (Figure 5b). The molar absorption coefficient and mass-
normalized absorption coefficient of MINDS are 5.52 x 10° M e¢m™ and 23.6 L g! cm™,
respectively. Due to the strong absorption at 1064 nm and superior photothermal performance of
MINDS, through-scalp wide-field 1064-nm illumination created a local hot spot around MINDS
injected in the deep brain, while only inducing a negligible temperature increase at the brain
surface (Figure 5d). This differential heating capability is essential for NIR-II neuromodulation
by exposing the animal to irradiation within the safety limit.®® The authors also confirmed that the
illumination conditions used in this study would not result in thermal damage or ablation effect in
the brain tissue.??



The heat generated by MINDS under NIR-II illumination was transferred to ectopically expressed
TRPV1 channels for neural activation (Figure 1f).> To demonstrate the in vivo utility of this
bioinspired NIR-II neuromodulation technique, Wu et al. selectively transduced TRPV1 into
dopaminergic neurons in the ventral tegmental area (VTA), which is a hub of the reward circuitry
in the mouse brain,®' and injected the MINDS solution to the same region (Figure 5e).?> They
studied the neuromodulation effect via a conditioned place preference test in a Y-maze.'* ®!
Specifically, mice were allowed to explore the entire arena freely, while NIR-II illumination was
confined in one of the arm terminals with a specific wall pattern (Figure 5f).?? Notably, the source
of NIR-II illumination was placed ~1 m above the mouse head, leaving no device in the proximity
of the freely moving subject. After 3 days of conditioning with NIR-II illumination, the animals
exhibited a strong place preference for the arm terminal with NIR-II illumination, while control
mice lacking either TRPV1, MINDS, or both did not show any place preference (Figure 5g).>
These results confirm successful deep-brain neuromodulation of dopaminergic neurons with NIR-
IT light.

Compared with other existing optical deep-brain neuromodulation modalities discussed above, this
recent demonstration of NIR-II neuromodulation enables remote neural stimulation of freely
moving animals via an implant-free and tether-free interface.?? Therefore, brain-penetrant NIR-II
illumination enables neuromodulation in animal behavioral experiments without perturbing the
naturalistic behaviors of the subject, thus enabling potential applications for manipulating the
neural activities of socially interacting animals.

Outlook and Future Directions

Although this new NIR-II neuromodulation approach overcomes some challenges in previous
methods, at the current stage it still has a few limitations that warrant further improvements. In
this section, we present discussions about these limitations and include an outlook for each
limitation on how advances in materials science and bioengineering can push the boundaries of
NIR-II neuromodulation strategies (Figure 6).

Faster response times. The response time for the current NIR-II neuromodulation technique is ~
1 s in vitro and a few seconds for in vivo behavioral experiments, as a result of the threshold
activation behavior of TRPV1.2? Although this second-level time delay is much faster than those
for chemogenetics or magnetothermal neuromodulation in rodents,®% it is still longer than the
millisecond-level response time for most optogenetics approaches, which makes this technique
unsuitable to study fast neural dynamics.* Furthermore, this second-level response time leads to a
thermal diffusion length on the scale of millimeter, thus placing a large volume of brain tissue at
the risk of thermal damage. Note that the power density used for NIR-II deep-brain
neuromodulation (10 mW/mm?) is already approaching the maximum permissible exposure at
1064 nm,*° thus disallowing a faster response time by simply increasing the laser power. One
straightforward way of shortening this response time is to design new materials with higher
absorption and more efficient photothermal energy conversion. However, considering the
photothermal conversion efficiency of MINDS is already close to unity (71%),?? pushing the



nanotransducer to the physical limit of its photothermal efficiency may not result in a significant
improvement on the response time.

Recently, Sebasta et al. demonstrated sub-second magnetothermal neural activation in fruit flies
using a temperature rate-sensitive ion channel Drosophila TRPA1-A (dTRPA1-A).% In contrast
to TRPV1, which has a fixed activation temperature,®’ the activation threshold of dTRPA1-A
decreases at a high temperature increase rate,®® thus allowing fast magnetothermal
neuromodulation during rapid heating with a small absolute temperature change.®® However,
dTRPA1-A cannot be directly applied to mammals, since its activation threshold is lower than 37
°C and will thus be constantly activated at body temperature.®® Nonetheless, this recent
demonstration suggests that other engineered or naturally originating rate-sensitive ion channels
with their activation thresholds slightly higher than the mammalian body temperature can
potentially enable fast photothermal neuromodulation in rodents (Figure 6a). Furthermore, the
resulting shorter latency time and lower absolute temperature increases will also significantly
reduce the potential risk of thermal damage in the brain tissue.

Multiplexing. In the current NIR-II neuromodulation method, the authors only demonstrated
neural activation with a single wavelength of NIR-II light.?? Therefore, a potential improvement
lies in the ability of multiplexed stimulation with different illumination wavelengths. Multiplexing
has the benefit of probing different populations of neurons inside the same subject simply by
altering the wavelength parameter of the light stimulus. Recently, multichannel magnetothermal
neural stimulation has been achieved using different nanomaterials that heat up under sufficiently
different field strengths and frequencies of alternating magnetic fields.®®® A similar idea can be
leveraged to achieve multiplexing in photothermal neuromodulation using nanotransducers with
sufficiently different absorption peaks. However, since there is only a narrow spectral window that
allows deep tissue penetration (Figure 5a),?? it is essential to design nanotransducers with very
sharp absorption peaks to avoid any crosstalk between neighboring channels (Figure 6b). In this
respect, AuNRs can be promising candidates for achieving multiplexing due to their narrow
bandwidth and wide wavelength tunability.”” 7' However, even the absorption peaks of AuNRs
are too wide to achieve multiplexing within the narrow range of 1050-1100 nm, and a
compromising solution would be to move one absorption peak to the secondary local minimum in
the range of 700-900 nm (effective attenuation coefficient ~ 0.33 mm™' at 800 nm, Figure 5a).
Apart from AuNRs, a recent demonstration of silica-coated semiconductor microcavities affording
whispery gallery modes might be leveraged to design photothermal systems with extremely narrow
bandwidth,”” thus allowing fitting two or more photothermal channels in the 1050-1100 nm range.

Non-genetic NIR-II deep-brain neuromodulation. Another limitation for the current NIR-II
neuromodulation method lies in the need for genetic modification. Although the selective
expression of TRPV1 enables cell-type specific neuromodulation, it also presents an obstacle for
potential clinical translation. Recently, Zhang et al. demonstrated non-genetic NIR-II
photothermal neuromodulation in behaving mice with bioinspired nano-vesicles,”® which convert
short but intense NIR-II pules into rapid temperature increases that modulate neural activities
through the membrane capacitance change.?’ Nonetheless, only neuromodulation in the motor



cortex and hippocampus was demonstrated with a fiber fixed on the scalp, while the feasibility of
remote NIR-II neuromodulation in deeper brain regions remains to be explored. Besides, the
acoustic wave generated by the photothermal effect has also been utilized for non-genetic
neuromodulation in vivo.”* 7 Specifically, Jiang et al. designed semiconducting polymer
nanoparticles that generate photoacoustic waves upon nanosecond NIR-II pulses, which activated
endogenously expressed mechanosensitive ion channel TRPV4 and modulated neural activities in
the primary motor cortex in mice.”” However, this NIR-II photoacoustic neuromodulation
technique requires fiber implantation for efficient light delivery at its current stage. Nonetheless,
further optimization of current photothermal nanomaterials with extremely high absorption may
enable tether-free and implant-free NIR-II neuromodulation in the deep brain via either the
membrane capacitance change or the acoustic activation mechanism in the future (Figure 6c¢).

As the light pulse duration in these two methods is on the level of millisecond to nanosecond, it is
important to optimize the thermal conductance of the coating layer on the nanotransducer surface
to enable fast thermal diffusion from the nanotransducers to the cell membrane or receptors of
interest. Furthermore, since both mechanisms require rapid temperature changes and thus intense
NIR-IT pulses, one potential concern arises from the transient temperature increase in the
superficial tissue that may lead to thermal damage therein. Thus, appropriate controls and thermal
damage assessment should always be included to rule out confounding factors and confirm the
safety of NIR-II exposure protocols. Besides, other non-thermal neuromodulation mechanisms,
such as photovoltaic neural stimulation and azobenzene-based photoswitches,’s”” may also be
leveraged to achieve non-genetic deep-brain neuromodulation if the corresponding material
toolbox can be extended to the NIR-II region with sufficient efficiency.

Surgery-free NIR-II neuromodulation. Although NIR-II light can penetrate deep into the brain
and modulate neural activities in a non-invasive manner, the deliveries of MINDS and adeno-
associated virus (AAV) encoding TRPV1 still require invasive intracranial surgeries. To mitigate
this remaining level of invasiveness, systemic delivery methods for MINDS and TRPV1 can be
adapted (Figure 6d). For example, ultrasound-mediated blood-brain-barrier (BBB) opening may
be leveraged for non-invasive deliveries of both MINDS and TRPV1.2% 8! Specifically, the
development of an ultrasound responsive liposome system that can simultaneously deliver both
MINDS and AAV in a single intravenous injection and ultrasound session will greatly simplify
the procedure and reduce the perturbation to the animal.®? Furthermore, systemic delivery of
TRPV1 to target a specific type of neurons inside the brain can also be achieved by leveraging the
recently developed AAV-PHP.eB virus.*!

Final remarks. Functional nanotransducers have been exploited to enable novel neural
interfaces,?” with a recent demonstration of NIR-II deep-brain neuromodulation in freely moving
animals based on photothermal nanotransducers.??> Compared with existing optical deep-brain
neuromodulation approaches, this NIR-II neuromodulation method eliminates any brain implant
or head tethering, thus allowing remote neural activation in freely moving animals (Figure 1).
However, this method at its current stage still has some limitations, such as the second-level
response time, the lack of multiplexing, the need for genetic modification, and the remaining



invasiveness associated with intracranial surgeries. Nonetheless, with the rapid expansion of
functional biomaterials and bioengineering toolboxes, these limitations of NIR-II neuromodulation
will be mitigated in the near future (Figure 6). Furthermore, apart from neuromodulation, infrared
photothermal systems based on nanotransducers have also been used in other emerging fields in
biology, such as CRISPR-Cas9-mediated genome modifications and chimeric antigen receptor
(CAR) T-cell therapies.®* ® Thus, we envision that with further optimization and development,
NIR-II photothermal system will eventually become a versatile platform for studying and
controlling various biological processes.

Although NIR-II light can penetrate through the entire mouse brain (~6 mm in depth), it remains
challenging to reach the deep regions in the human brain (>10 cm in depth). Such limitation comes
from the intrinsic light-tissue interaction, with one potential direction to address this challenge by
looking at other frequency ranges in the electromagnetic spectrum for much deeper penetration.
For example, radiofrequency waves such as WiFi can penetrate tens of centimeters in biological
tissues, and we thus envision that the development of biomaterials which can strongly interact with
RF signals may eventually enable noninvasive neuromodulation throughout the entire human
brain. %7
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Figure 1. Optical methods for deep-brain neuromodulation. (a) Conventional optogenetics with
an implanted optical fiber.® (b) Wireless optogenetics based on RF-powered p-LED devices.!* 3>
3% (¢) Transcranial optogenetics based on upconversion nanoantennas and NIR-I illumination.'* (d)
Transcranial optogenetics based on the red-shifted opsin, ChRmine.'? (e) Sono-optogenetics based
on transcranial FUS and circulation-delivered MLNPs.!% 42435 (f) Tether-free NIR-II photothermal
neuromodulation based on MINDS and TRPV1. Adapted with permission from Ref. 22.
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Figure 2. Photothermal neuromodulation via TRP channel activation. (a) (i) Schematics of
photothermal activation of TRPV1-expressing HEK293T cells with AuNRs and NIR light. (ii)
Fluorescence images of cells before (top) and after (bottom) NIR illumination. The scale bars
represent 100 pm. (iii) Calcium-dependent fluorescence intensity dynamics upon NIR illumination.
Adapted with permission from Ref. 19. Copyright 2015, Wiley-VCH. (b) (i) Schematics of
photothermal stimulation of TRPV1-expressing cells with SPN and NIR light. (ii) Fluorescence
images of ND7/23 (TRPV1+) and HeLa (TRPV1-) cells under different experimental conditions.
Adapted with permission from Ref. 51. Copyright 2016, American Chemical Society. (¢) (i)
Schematics of TRP channel activation in the retina via AuNRs and NIR light. (ii) Cumulative
frequency of responding TRPVI-expressing cones with and without AuNRs upon NIR
illumination. (iii) Schematics of behavioral tasks during photothermal stimulation of the mouse
retina. (iv) Anticipatory lick rate as a function of NIR intensity for mice with sSTRPAT1, or rTRPV1,
or neither. Adapted with permission from Ref. 52. Copyright 2020, American Association for the
Advancement of Science.
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Figure 3. Photothermal neuromodulation via membrane capacitance change. (a) (i) Current
measurement of voltage-clamped oocytes under the stimulation of NIR light pulses (red lines). (ii,
ii1) Local temperature (ii) and voltage (iii) measurements of oocytes membrane under NIR light
pulses, showing the mechanism of photothermal neuromodulation via membrane capacitance
change. Adapted with permission from Ref. 20. Copyright 2012, Nature Publishing Group. (b) (1)
Schematics showing the perfusion of surface-functionalized AuNPs, which adhere to the cell
membrane even after washing. (i1) Current measurement from DRG neurons under green light



stimulation with or without AuNPs. (iii) Schematics of photothermal stimulation of mouse
hippocampal slices via AuNPs and green light. (iv) Fluorescence intensity of voltage-sensitive dye
in the mouse hippocampal slice upon green light stimulation. Adapted with permission from Ref.
53. Copyright 2015, Elsevier Inc.. (¢) (i, i) Reconstructed X-ray microscopy 3D structure (i) and
SEM image (ii) of mesostructured silicon. (iii) Schematic of photothermal stimulation with
mesostructured silicon. (iv) Voltage measurement of DRG neurons under 15 Hz green light
stimulation. Adapted with permission from Ref. 18. Copyright 2016, Nature Publishing Group. (d)
(1) Schematics of silicon nanowire interfacing with intracellular organelles. (ii) TEM image and
SAED pattern of a silicon nanowire. (iii) Brightfield and fluorescence images of neurons and glia
cells after green light stimulation. Adapted with permission from Ref. 54. Copyright 2018, Nature
images of 3D graphene flakes. Scale bars represent 1 um in (ii) and 500 nm in (iii). (iv, V)
Brightfield and fluorescence images (iv), and temporal dynamics of fluorescence intensity (v) of
DRG neurons upon red light stimulation. Adapted with permission from Ref. 55. Copyright 2020,

images of T13C2Tx flakes interfacing with a DRG neuron. Scale bars represent 10 pm in (i1) and 1
um in (iii). (iv, v) Brightfield and fluorescence images (iv), and temporal dynamics of fluorescence
intensity (v) of DRG neurons upon red light stimulation. Adapted with permission from Ref. 56.
Copyright 2021, American Chemical Society.
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Figure 4. Photothermal inhibition of neural activities. (a) (i) Schematics of photothermal
inhibition of neural activities with AuNRs and NIR light. (ii, iii) Neural firing rates upon NIR
illumination before (ii) and after (ii1) incubation with AuNRs. Adapted with permission from Ref.
57. Copyright 2014, American Chemical Society (b) (i) Schematics for the experiment setup of
spontaneous measurement of temperature and electrophysiology in vivo during green light
green light stimulation. Adapted with permission from Ref. 38. Copyright 2019, Nature Publishing
Group.
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Figure 5. NIR photothermal neuromodulation with MINDS. (a) The effective attenuation

coefficient of brain tissue in the 400-1800 nm spectrum. (b) Schematic showing the design of
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MINDS. (¢) Absorption spectrum of MINDS. (d) Cross-sectional thermal images of a mouse head
at different time points after through-scalp wide-field 1064-nm illumination. The white arrows
highlight the MINDS injection site. The scale bars represent 5 mm. (e) Schematics showing NIR-
IT neuromodulation of reward circuitry in the mouse brain. (f) A photo showing the setup of the
conditioned place preference test inside a Y-maze. (g) Post-test heat maps showing the time of
travel of mice with different experimental conditions. Adapted with permission from Ref. 22.
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Figure 6. Future directions for NIR-II deep-brain neuromodulation methods. (a) A faster response
time can be achieved with temperature-rate sensitive ion channels.®® (b) Multichannel stimulation
can be achieved via photothermal systems with sharp and non-overlapping absorption peaks.®® ¢*-
"I (¢) Non-genetic NIR-II deep-brain neuromodulation may be achieved with highly absorbing and
efficient photothermal nanotransducers via either the membrane capacitance change or the acoustic
activation mechanism.”7* (d) Surgery-free NIR-II deep-brain neuromodulation can be achieved
with systemic delivery of transgenes and MINDS, either via ultrasound-mediated BBB opening or
engineered AAVs with brain tropism.*!- 83! Adapted with Permission from Ref. 22.



