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Abstract

Invasive brain implants and tethered optical fibres are typically used in restrained or motion-impaired
animals, limiting the control and the decoding of the neural circuitry in freely behaving ones. Here we
report the implant- and tether-free optical neurostimulation of deep brain regions by locally injected
and untargeted photothermal transducers. The macromolecular transducers, comprising a
semiconducting polymer core and an amphiphilic polymer shell, have an average diameter of 40
nanometres and achieve a photothermal conversion of 71% (at 1064 nm), activating the transient
receptor potential cation channel subfamily V member 1 (TRPV1) ectopically expressed by an adeno-
associated virus in dopaminergic neurons of tyrosine hydroxylase-driven Cre recombinase
transgenic mice. The near-transparency of biological tissue in the second near-infrared window
enabled the light source to be placed at 50 centimetres above the mouse, at a low incident power
density of 10 milliwatt/square millimetre, resulting in the activation, through the scalp and skull, of
the dopaminergic neurons in the ventral tegmental area, with minimal thermal damage. The approach
is suitable for the neurostimulation of socially interacting mice.

One-sentence editorial summary:
The efficient photothermal conversion of near-infrared Il light by locally injected macromolecular

transducers activates, through the scalp and skull, the dopaminergic neurons in the ventral
tegmental area.
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Understanding complex neural circuitry and its correlation to specific behaviours requires spatially and
temporally precise modulation of neuron subtypes in certain brain regions'3. For decades, neural stimulation
has been predominantly achieved with traditional electrical stimulation electrodes®*. More recently,
optogenetics has gained great popularity due to its rapid control of neural activities with visible light and its
dissection of neural circuitry by selectively modulating specific neuron subtypes'-3. Alternatively, non-genetic
optical neural interfaces have also been developed to allow neural stimulation with high spatiotemporal
resolution®".

However, deep-brain neural modulation usually involves invasive implantation of stimulation electrodes and
optical fibres due to the screening of electric fields and the scattering of light in the brain tissue®'°. Chronic
brain implants lead to permanent damage to the brain tissue and overlying skull/scalp, while inducing a
chronic immune response at the implant/tissue interface'®!". Furthermore, tethering the animal to an
electrical wire or an optical fibre during behavioural studies leads to various deleterious consequences,
especially for socially interacting animals (Supplementary Table 1)>'2. To mitigate these challenges,
several novel methods have been demonstrated, including wireless optogenetic interfaces®'3, red-shifted
opsins'-'8, ultrasensitive opsins'®-2°, optogenetic antennas based on upconversion micro/nanoparticles?'-?,
and sono-optogenetics based on mechanoluminescent nanoparticles?. Despite these recent advances,
none of the existing optogenetic interfaces are able to altogether eliminate both the head tethering/fixing and
the brain implants for deep-brain neural modulation in freely moving animals'32'. Magnetothermal neural
modulation has been shown to free the animals from both head tethering and brain implants, yet it still
requires a strong magnetic field provided by a resonant coil in close vicinity to the subject’'s head?*25. A
noninvasive alternative is chemogenetics via peripherally or orally administered chemical actuators for
selectively activating ligand receptors. However, chemogenetic neuromodulation has coarse temporal
resolution due to the long residence time of chemical actuators in vivo?%?7. Therefore, it is desirable to
develop new methods that can modulate neural activity in the deep-brain regions of naturally behaving
animals with high temporal resolution via a tether-free and implant-free interface.

Here we report macromolecular infrared nanotransducers for deep-brain stimulation (MINDS) in freely
behaving animals through the scalp and skull. MINDS can absorb light in one of the biological transparency
windows, the second near-infrared window (NIR-Il window, 1000-1700 nm; Fig. 1a)?®, modulating neural
activity via temperature-sensitive transient receptor potential (TRP) channels?®3°. We demonstrate through-
scalp deep-brain optical neuromodulation in fibre-free and naturally-behaving animals with distant NIR-II
ilumination from >50 cm above the mouse head at a low incident power density of up to 10 mW mm-2. Our
approach could open opportunities for stimulating an animal in a socially interacting environment by remotely
irradiating NIR-II light.

Results

We rationally chose 1064-nm light, since it offers the greatest tissue penetration by reduced scattering and
similar, if not less, absorption in the brain tissue compared to visible light. In addition, 1064-nm light exhibits
significantly lower water absorption than the longer-wavelength NIR-II spectrum beyond 1100 nm. We
estimated the combined effect of scattering and absorption by calculating the brain effective attenuation
spectrum (Supplementary Fig. 1) and found that the 1064-nm wavelength is located near the global
minimum of the brain tissue attenuation spectrum in the entire 400-1800 nm range, which was validated by a
previous report on light-tissue interaction®!. Another advantage of 1064 nm, compared to other wavelengths
around the attenuation spectral minimum, comes from its wide availability afforded by Nd:YAG lasers.

Owing to the minimum attenuation of 1064-nm light in the brain, it can penetrate to deeper brain regions than
shorter wavelengths in the visible and traditional near-infrared (NIR-I, 700-900 nm) windows. Monte Carlo
simulation reveals that 1064-nm NIR-II light can penetrate to a depth of at least 5 mm in the brain through
the scalp and skull (Supplementary Fig. 2). In contrast, 635-nm visible light or 980-nm NIR-I light is
absorbed more by the scalp and the brain surface non-specifically, resulting in lower energy reaching the
deep brain (Supplementary Fig. 2). Therefore, although transcranial deep-brain optogenetics has been
reported, existing techniques operated in the visible and NIR-I windows still require skull-tethered optical
fibres to deliver light at a high incident power density to compensate for the loss in the brain'®2!,

Design principles and photothermal performance of MINDS. MINDS were designed with a 1-conjugated
semiconducting polymer core of pBBTV (poly(benzobisthiadiazole-alt-vinylene); Supplementary Fig. 3,4) to
afford efficient absorption of 1064-nm light. This polymer core was coated with an amphiphilic and FDA-
approved polymer shell, poly(lactide-co-glycolide)-b-poly(ethylene glycol) (PLGA-PEG; Fig. 1b) to afford
water solubility and biocompatibility. MINDS have an average diameter of ~40 nm, as revealed by
transmission electron microscopy (TEM, Fig. 1c) and dynamic light scattering (DLS, Fig. 1d).



MINDS have the following four key design principles that make them efficient NIR-Il sensitizers to activate
TRPV1 channels in vivo. First, MINDS are strong NIR-II light absorbers: the pBBTV core of the MINDS has
strong absorption in the > 1000 nm NIR-Il window (Fig. 1e) via adjustment of the highest occupied and the
lowest unoccupied molecular orbitals (HOMO-LUMO) of the donor and acceptor units. Second, MINDS are
efficient heat generators upon NIR-II illumination: under continuous 1064-nm illumination at 10 mW mm-2, 1.8
mg mL-" MINDS solution reached 39 °C within merely 1.1 s (Fig. 1f,g). Specifically, the photothermal
conversion efficiency of MINDS at 1064 nm was measured to be 71% (Methods), which represents one of
the highest photothermal conversion efficiencies in the NIR-Il window (Supplementary Table 2). Continuous
1064-nm illumination of human embryonic kidney (HEK) 293T cell pellets after incubation with MINDS
resulted in significantly greater heating than the control group without MINDS (Fig. 1h). Third, MINDS remain
stable in normal physiological condition and demonstrate superior photostability upon repeated NIR-II
illumination. The structural stability of MINDS has been confirmed by the minimal change in either optical
absorption or the hydrodynamic diameter over 7 days of incubation in phosphate buffered saline (PBS) and
cell culture medium at 37 °C (Supplementary Fig. 5). Furthermore, the in vivo photostability of MINDS was
proved by negligible variation in the photothermal performance for more than 70 heating/cooling cycles over
1 h (Supplementary Fig. 6). Fourth, the organic semiconducting polymer core and the PLGA-PEG shell
render MINDS biocompatible. Compared to inorganic gold nanoparticles, organic semiconducting polymers
have been reported to afford low toxicity and rapid biodegradation®2. Primary neuron culture showed no
reduction in cell viability after 24 h of incubation with MINDS up to a concentration of 3.6 mg mL™'
(Supplementary Fig. 7), while only a minimal chronic immune response was observed in the brain tissue
near the injection sites of MINDS when compared with the carrier injection (Supplementary Fig. 8).

The superior photothermal performance of MINDS allows them to transfer heat to ectopically expressed TRP
channels in neurons. Infrared-sensitive species such as venomous pit vipers sense long-wavelength
radiation (750 nm — 1 mm) using TRP channels in a specialized organ®. More recently, ectopic expression
of TRPV1 channels in mouse retinal cones endows vision in the infrared via the resonant absorption of gold
nanorods?®. Based on these results, we hypothesize that ectopic expression of TRPV1 channels in the
mouse brain coupled with 1064-nm absorbing MINDS can achieve deep-brain neuromodulation with brain-
penetrant NIR-II light. Several previous reports have used physical targeting of heat-producing nanoparticles
to TRP channels and cell membranes?+2°*, However, we used untargeted MINDS for activating TRPV1
under NIR-II illumination in the following experiments, because the temporal dynamics of TRPV1 activation
precludes the need for physically binding MINDS to TRPV1 channels. The fastest reported time constant of
TRPV1 activation is 5 ms, achieved under a high laser power density of 1.0x10®* mW mm-to drive rapid
temperature increase (Supplementary Table 3)%. Based on the Fourier heat equation, a thermal diffusion
length of ~50 um is expected over this timescale, much greater than the size of a neuron and its membrane.
Similarly, a recent study rejects the existence of nanoscale heat confinement on the surface of particles®®.
Therefore, we reason that untargeted MINDS can provide sufficient heat diffusion to activate TRPV1
channels for both in vitro and in vivo experiments below.

In vitro NIR-Il photothermal activation of TRPV1 with MINDS. We then asked if focused NIR-II
illumination was able to activate TRPV1 in the presence of MINDS. TRPV1 functions as a nonselective
cation channel with a high permeability to calcium when activated®. Therefore, we used calcium imaging to
demonstrate NIR-Il activation of TRPV1 channels in HEK293T cells (Fig. 2a), which were transfected with
pAAV-CMV-TRPV1-mCherry plasmids. Dynamic calcium imaging upon 1040-nm NIR-II illumination
(parameters summarized in Supplementary Table 3 and Methods) revealed several key findings.

First, the specificity of calcium signal increase in MINDS+ and TRPV1+ cells suggests that MINDS-sensitized
TRPV1 channels are activated under NIR-Il illumination. 62.5 + 17.3% of MINDS+/TRPV1+ cells responded
to NIR-II stimulation with a more than 4-fold increase in calcium fluorescence intensity. In contrast, only <
1.5% of the cells in any control group showed a similar response within 5 s of NIR-II illumination, indicating
the necessity of both MINDS and TRPV1 to increase the intracellular calcium concentration by NIR-II (Fig.
2b-d). We then proved that the observed calcium transients were neither from intracellular release of Ca?*
ions from endoplasmic reticulum calcium stores® nor membrane capacitive current®>3%40, Specifically,
TRPV1- cells showed no increase in calcium fluorescence even in the presence of MINDS upon NIR-II
illumination (Fig. 2b-d). Furthermore, the cell specificity for NIR-II activation was confirmed by the
colocalization of calcium signal increase and TRPV1 expression (Supplementary Fig. 9). In addition,
MINDS- cells showed little calcium increase, suggesting that heat transfer to ectopically expressed TRPV1
channels via direct NIR-II illumination is inefficient and requires higher intensities of photon flux that would
damage the neural tissue?®. Therefore, the strong absorption of NIR-II light by MINDS sensitizes TRPV1 to
low-intensity NIR-II light for neuromodulation.



Second, temporal dynamics of calcium signals in multiple cells suggested an average response time of 0.9 +
0.2 s (Fig. 2e; Supplementary Table 3). It has been reported that TRPV1 can be activated by a temperature
jump on a millisecond timescale®®. Therefore, the temporal response of our photothermal TRPV1 activation
method should be dependent on the rate of temperature increase, which in turn depends on the power
density of the NIR-II illumination. In our cell experiments where an average response time of 0.9 + 0.2 s was
found (Fig. 2e), we used a laser power density of 400 mW mm2, much lower than that of 105-10® mW mm-2
in previous reports with ~ms temporal dynamics for activating TRPV1 (Supplementary Table 3)°. Thus, a
longer response time is anticipated for in vivo photothermal neuromodulation due to a more stringent
constraint on the allowable power density of NIR-II illumination on the animals.

In vivo NIR-Il neural stimulation in the mouse hippocampus and motor cortex. Having demonstrated
selective activation of MINDS-sensitized TRPV1 with NIR-II illumination in vitro, we asked if MINDS allowed
for neural activation and behavioural modulation of live mice in vivo. A power density of 8 mW mm-2 within
the safety limit was used for the 1064 nm illumination*'. To avoid overheating the scalp and the brain with
the NIR-II light, a thermal camera was used to monitor the temperature of the scalp (Supplementary Fig.
10) during the experiment, and a discontinuous illumination protocol with feedback control was applied to
activate TRPV1 with a temperature increase from 37 °C to 39 °C (Methods)*’. Real-time scalp temperature
measurements with the thermal camera and Monte Carlo simulation (Methods) revealed that the
temperature in the target brain region oscillates around 39 °C with an overshoot of <1.2 °C. Moreover, a
temperature increase of 2 °C was sufficient to partially activate TRPV1 expressed in the neuron membranes
(Supplementary Note 1).

We first examined whether NIR-Il neuromodulation would be sufficient to activate neural activity in vivo. A
viral vector with a pan-neuronal promoter eSyn (AAV5-eSyn-TRPV1-p2A-mCherry) was stereotactically
injected into the mouse hippocampus for transduction of neurons with TRPV1, followed by the injection of
MINDS in the same region 3~4 weeks later (see Methods). In vivo electrophysiological recording was
performed in anaesthetized mice immediately after injection of MINDS. The hippocampus was chosen for
recording due to the relatively high neuron soma density in CA1 that affords straightforward measurement of
extracellular action potentials*®. Recordings in the TRPV1+/MINDS+ mouse brain showed a statistically
significant increase in neuron firing rate upon NIR-II illumination in a reproducible manner, compared to the
control groups that lack TRPV1 or MINDS (Fig. 3a and Supplementary Fig. 11). This lack of a significant
change in firing rate of the TRPV1—/MINDS+ group ruled out the possibility of non-specific neuron
modulation directly through the membrane capacitive current or inwardly rectifying K* channels driven by the
temperature increase*®44. Additionally, a similar baseline firing rate without NIR-II illumination between
TRPV1+ (5.5 Hz) and TRPV1- groups (6.3 Hz) suggests minimal adverse effects of ectopic TRPV1
expression to the neuron’s excitability. Similarly, a comparable baseline firing rate between MINDS+ (5.5 Hz)
and MINDS- groups (6.4 Hz) suggests minimal adverse effects to the neuron’s firing ability due to the
presence of MINDS.

We then hypothesized that NIR-II illumination was able to activate motor cortex neurons through the scalp
and induce unilateral circling of freely behaving animals (Fig. 3b). The lack of any brain implants or head
tethering, and the use of distant NIR-II light to track the mouse head, should eliminate any perturbation to the
natural behaviour of freely moving animals within the arena (Fig. 3¢ and Supplementary Table 1). To this
end, we performed unilateral transduction of neurons in the secondary motor cortex (M2)?44% using the
AAV5-eSyn-TRPV1-p2A-mCherry virus, followed by the injection of MINDS in the same region 3~4 weeks
later (Fig. 3d). The synapsin promoter was used in a recent study of magnetothermal deep brain stimulation
to drive unilateral circling by stimulating the secondary motor cortex?*. Distant 1064-nm illumination, invisible
to the subject and targeted to the head, was able to penetrate through the scalp and skull for modulating
MINDS-sensitized M2 neurons of the mouse without any fibre implants or tethering in a rectangular arena
(Fig. 3c; see Methods).

Behavioural experiments demonstrated that NIR-II light effectively induced unilateral circling behaviour, as
evidenced by the contrast between the random exploratory trajectories without NIR-II light and unilateral
circling behaviour during NIR-Il illumination (Supplementary Movie 1 and Fig. 3e). NIR-Il neuromodulation
has a key advantage over conventional optogenetics for modulating motor activity, since it frees the animals
from any permanent brain implant or fibre tethering (see Discussion for comparison). Furthermore,
compared to magnetothermal stimulation where the magnetic coil limits the arena to roughly the size of the
animal®*, distant NIR-II illumination enables a much larger arena for animal behavioural study without any
size constraints.

It is important to evaluate the temporal kinetics of in vivo NIR-Il neuromodulation. From the behavioural study
of NIR-Il induced unilateral circling, an average latency time of 5.0 + 1.5 s (mean = 1 SD; Fig. 3f,g) was



found under a power density of 8 mW mm2 at 1064 nm. A similar latency time of ca. 2.9 s, which was
defined as the time it took for the firing rate to increase by 50% of the baseline?5, was found from in vivo
electrophysiological recordings at the same power density (Supplementary Fig. 11e). As discussed above,
the temporal resolution of our method depends on the power density of NIR-II illumination. Despite the ~ms
response time under a power density of 105-10° mW mm-2 in previous reports (Supplementary Table 3)3°
and the response time of 0.9 + 0.2 s under a power density of 400 mW mm-2in our in vitro experiments (Fig.
2e), in vivo application of NIR-II illumination should follow strict guidelines on the limits of exposure to the
laser to prevent any thermal damage to the brain*'. Specifically, for NIR-Il neuromodulation in the M2, a
power density of 8 MW mm was used, 50 lower than used in vitro, thereby leading to a longer response
time. The ~5 s latency time also agrees with temperature in the M2, which increased to 39 °C within 2 s of
NIR-II illumination (Supplementary Fig. 12a,b). The difference between the temperature dynamics and the
latency time measured from behavioural experiments could be attributed to the delay between the
temperature increase and the ramp of neural activity to reach the threshold, and the delay between neural
activation and the onset of behavioural response?®.

Besides the onset time of in vivo NIR-II photothermal activation, we also measured the offset time and
compared it with similar methods. Electrophysiological measurements revealed an offset time of 8.6 s, which
was defined as the time it took for the firing rate to drop below 50% above the baseline (Supplementary Fig.
11e). A similar offset time of 10.7 s was found from behavioural experiments when the NIR-II light was turned
off (Fig. 3f). The offset time is shorter than that of magnetothermal stimulation (14.7 s)?* as heat diffusion is
more spatially confined with a shorter onset time, thus leading to more rapid cooling. Moreover, the offset
time of photothermal neuromodulation is much shorter than that of chemogenetics (hours), which is limited
by slow clearance and regenerative downstream events of designer drugs (e.g., CNO and varenicling)?27,

We next demonstrated the necessity of ectopically expressed TRPV1 for in vivo NIR-II neuromodulation.
First, immunohistochemical staining of TRPV1 in the M2 region of the wild-type mouse brain revealed low
endogenous expression of TRPV1 (Fig. 4a). Second, we have carried out in vivo electrophysiological,
behavioural, and immunohistological studies to compare a group of TRPV1+/MINDS+ animals (n = 11) with
another group of TRPV1—/MINDS+ animals (n = 9). We hypothesized that these two groups of animals
would show no statistically significant difference in these studies if the endogenously expressed TRPV1 or
other temperature-sensitive ion channels suffice in driving the NIR-II photothermal neuromodulation in the
presence of MINDS. The recorded neuron firing rate change upon NIR-II illumination in the TRPV1-/MINDS+
group is significantly smaller than that in the TRPV1+/MINDS+ group (P < 0.001; Supplementary Fig. 11c).
Furthermore, we have also verified the specific activation of M2 neurons with ectopically expressed TRPV1
in the presence of MINDS by immunohistological staining for c-Fos, an immediate early gene for labelling
neuronal activity (Fig. 4)%°. A significant increase in the number of c-Fos-positive cells was only observed in
the TRPV1-overexpressed mice with MINDS injection after NIR-Il illumination, but not in any of the control
groups. In addition, mice in the TRPV1+/MINDS+ group exhibited a significant increase in rotation speed
(4.60 rev min') upon NIR-II illumination, which was not observed in the TRPV1-/MINDS+ group (P < 0.0001;
Fig. 3h). The behavioural results also help rule out the possibility that other TRPV1-expressing neurons
outside the brain, such as the dorsal root ganglion neurons receiving sensory inputs from the peripheral
nervous system (PNS)*, drove the observed unilateral rotation due to the diffusion of brain-injected MINDS
to the PNS. Furthermore, when NIR-Il irradiation was off, TRPV1+ animals do not show a statistically
significant difference (P > 0.05) in the rotation behaviour (characterized as the angular speed) from TRPV1-
control groups (Fig. 3h). This lack of significant difference verifies a negligible effect of ectopic TRPV1
expression alone on the animals’ rotation behaviours. Taken together, these results confirmed the selective
NIR-II stimulation of ectopically TRPV1-expressing neurons in the M2.

We then investigated the necessity of MINDS for in vivo NIR-Il neuromodulation. First, M2 temperature
increased to 39 °C with a spatially confined distribution around the MINDS injection site after ca. 2 s of NIR-II
illumination, whereas it only increased 0.2 °C after the same illumination duration without MINDS
(Supplementary Fig. 12b). The spatially confined temperature increase has been verified by both
experiments (Supplementary Fig. 10, 12e,f) and simulation (Supplementary Fig. 12a). These results
indicate the superior photothermal performance of MINDS over normal brain tissue. Second, we carried out
in vivo electrophysiological, behavioural, and immunohistological studies to test whether direct NIR-II
illumination without MINDS can activate TRPV1 in the brain. We found that the change of neuron firing rates
upon NIR-II illumination in the TRPV1+/MINDS- group is significantly smaller than that in the
TRPV1+/MINDS+ group (P < 0.001; Supplementary Fig. 11c). Additionally, the significant increase in
rotation speed of mice in the TRPV1+/MINDS+ group upon NIR-II illumination was not found in the
TRPV1+/MINDS- group under the same experimental conditions (P < 0.0001; Fig. 3h). Moreover,
immunohistological imaging revealed little c-Fos expression in TRPV 1+ neurons in the absence of MINDS
(Fig. 4). Therefore, the strong absorption of NIR-II light by MINDS sensitizes TRPV1 to low-intensity NIR-II



illumination for neuromodulation. In summary, a significant increase in the neuron firing rate, mouse rotation
speed, and the number of c-Fos-positive cells was only observed in the TRPV1+/MINDS+ mice after NIR-II

illumination, but not in any of the control groups (Supplementary Fig. 11c&e, Fig. 3h&4b). Together these
data demonstrate that both TRPV1 and MINDS are essential for effective and selective NIR-Il photothermal
stimulation to modulate animal motor behaviours.

NIR-ll deep-brain stimulation. We next investigated whether NIR-II light can penetrate deep enough to
stimulate neural activity in deep-brain regions. We chose the VTA as our target owing to its deep location
inside the brain and its pivotal role in the brain’s reward circuitry that could be studied with a conditioned
place preference test (Fig. 5a)?. It has been demonstrated that optogenetic activation of VTA dopaminergic
neurons induces real-time place preference, yet an invasive brain implant or a tethered optical fibre is
typically required for light delivery in this deep brain region?'3'8, We selectively tagged dopaminergic
neurons in the VTA by using an AAV virus (AAV5-EF1a-DIO-TRPV1) encoding TRPV1 in a double-floxed
inverted open reading frame (DIO) in tyrosine hydroxylase (TH)-driven Cre recombinase (TH-Cre) transgenic
mice (Fig. 5b)'3. The Cre-dependent specific expression of TRPV1 in VTA dopaminergic neurons was
confirmed by the colocalization of TH and TRPV1 (Fig. 6). After injecting MINDS in the VTA, we performed
contextual conditioning for normally behaving animals in a Y-maze by associating a specific grating pattern
at one of the arm terminals with widefield NIR-II illumination (red dashed square, Fig. 5¢; Supplementary
Fig. 13). Due to the deep location of VTA in the brain, a power density of 10 mW mm-2, slightly higher than
that used in the M2 (8 mW mm?) but still within the safety limit*', was applied. Real-time scalp temperature
measurements with the thermal camera and Monte Carlo simulation revealed that the temperature in the
target brain region was stabilized within 39.1 £ 0.7 °C (mean £ maximum absolute deviation), facilitated by
the closed-loop feedback control (Methods).

After contextual training with NIR-Il neuromodulation on three consecutive days'?, mice with both TRPV1
transduction and MINDS injection in VTA demonstrated strong preference in the NIR-Il illuminated arm
terminal, as evidenced by longer time the mice spent therein in the post-test (Fig. 5d, Supplementary Fig.
14 and Supplementary Movie 2,3). This result proves deep-brain optical neuromodulation without using any
optical fibres in freely behaving animals. Furthermore, the specificity of in vivo NIR-II neuromodulation of
VTA neurons was validated by comparing the TRPV1+/MINDS+ group with the control groups, in which the
animals missed TRPV1 transduction, or MINDS injection, or both (Fig. 5e,f).

We first confirmed the selective NIR-II stimulation of ectopically TRPV1-expressing dopaminergic neurons in
the VTA. Importantly, immunohistochemical staining of TRPV1 in the VTA region of the non-transduced brain
revealed low endogenous expression of TRPV1 in the TH+ neurons (Fig. 6a). Similar to NIR-II
neuromodulation in the M2, endogenous TRPV1 expression in other parts of the brain or in the PNS could
have led to the observed place preference. However, the demonstrated place preference in the
TRPV1+/MINDS+ group was not found in the TRPV1-/MINDS+ group, with a statistically significant
difference between the groups (Fig. 5e,f). In addition, we found no statistically significant difference in the
preference score between TRPV1+/MINDS- and TRPV1-/MINDS- groups, thus confirming the lack of any
behavioural effect due to the ectopic TRPV1 expression alone in dopaminergic neurons in the VTA.
Furthermore, we have also verified the specific activation of dopaminergic, TH+ neurons with ectopically
expressed TRPV1 by immunohistological staining for c-Fos, which was not found for TH+ neurons lacking
TRPV1 overexpression (Fig. 6a&b). Finally, the non-specific heating of the neural tissue, especially the
tissue above the VTA due to proximity to the NIR-II light, only led to a small temperature increase to 37.9 °C.
A similar temperature increase was found for in-vivo optogenetic stimulation with a minimal light power and
duration that does not produce thermal modulation of behavior**. We have independently verified that non-
specific heating of the brain tissue induced negligible change of firing rates of TRPV1— neurons
(Supplementary Fig. 11), which has also been confirmed in previous magnetothermal neural stimulation
reports425,

We next sought to prove the necessity of MINDS to sensitize the ectopically expressed TRPV1 receptors
under NIR-II. First, the superior photothermal performance of MINDS and deep penetration of 1064-nm light
resulted in a local hot spot around the MINDS injection site deep inside the brain (Supplementary Fig.
12c¢,e,f). Second, we have found that without MINDS, the VTA temperature only increased by 0.5 °C, in
contrast to 2.1 °C with MINDS over the same NIR-II illumination condition (Supplementary Fig. 12¢,d).
Third, the results of behavioural experiments demonstrated negligible place preference in the two MINDS—
groups (Fig. 5e,f). Finally, immunohistological staining of VTA brain slices revealed a significantly lower
percentage of c-Fos+ cells out of all TRPV1+ neurons without MINDS (Fig. 6c).

Given the importance of MINDS for NIR-II sensitization, we also evaluated the in vivo distribution and
potential long-term utility of MINDS. In order to visualize the in vivo distribution and cellular uptake of MINDS,



we doped a green fluorescence dye 1-chloro-9,10-bis(phenylethynyl)anthracene into MINDS and named the
complex ‘MINDS-Fluor’ (Methods). Although most of MINDS remained in the extracellular space, some of
them were internalized by neurons and glia. Specifically, we found MINDS inside neuron somata, neurites,
and the cell body of astrocytes and microglia (Supplementary Fig. 15,16). This finding agrees with a
previous report of neuronal uptake of nanoparticles with similar sizes*®. We have also verified that MINDS
remained functionally stable in vivo and still demonstrated superior differential heating over normal brain
tissue for at least 2 weeks after injection (Supplementary Fig. 17), indicating its potential for long-term
utility. Additionally, our preliminary data shows that MINDS with an amount as low as 0.3 g is sufficient to
significantly elevate the c-Fos expression level in the M2 after 8 mW mm-? NIR-II illumination when
compared with the MINDS (—) control, which might be utilized in future studies for less invasive delivery of
MINDS. Furthermore, thermal damage to the brain tissue is limited for a temperature of 39.2 + 1 °C
according to previous reports and guidelines (Supplementary Note 2 and Supplementary Table 4). We
have also independently confirmed minimal thermal damage via immunostaining of brain slices in the
presence of MINDS under our stimulation protocols (Supplementary Fig. 18). Taken together, we have
demonstrated neural stimulation of deep-brain regions located ca. 6 mm underneath the scalp with distant
NIR-II light, which eliminates the needs for any brain implants or optical fibres, while permitting mouse
behavioural study in a large-size arena such as the Y-maze (Supplementary Table 1).

Discussion

Here, we report a NIR-II light-based neuromodulation approach for the experimental manipulation of neural
activity in a depth range from 1 mm to 6 mm underneath the scalp of freely behaving animals. We paired the
neuron-specific ectopic expression of heat-sensitive TRPV1 ion channels, which were recently reported to
endow NIR vision to rodent and human retinas?®, with NIR-1I absorbing polymeric nanoparticles (MINDS) as
light sensitizers to achieve remote control of neuronal activity in vivo. In coupling these two systems, we
demonstrated controlled activation of TRPV1 channels in neurons, resulting in significant behavioural and
electrophysiological changes. Many optogenetic and chemogenetic systems now exist for controlling
neuronal activity, each with its particular advantages and disadvantages. The NIR-Il neuromodulation
method we report here provides an alternative method in the optical neuromodulation toolbox with some
salient advantages over existing approaches.

Utility of NIR-Il neuromodulation for in vivo applications. NIR-II optogenetic neuromodulation sits in a
“sweet spot” between conventional optogenetics and chemogenetics.

Conventional optogenetics uses visible light to activate a wide range of opsins, with the longest wavelengths
reported for one-photon activation of red-shifted opsins at 635 nm'#'5. Due to the strong scattering and
absorption of visible photons (400-750 nm) in the brain, skull, and scalp®3', a chronic brain implant of an
optical fiber*® or a microLED'® is usually required to deliver light to deep-brain regions, whereas transcranial
red-light delivery can penetrate to a depth of 7 mm by mounting the optical fibre above the exposed skull of
head-tethered animals'+'%'819 |n the latter example, optical fibres need to be fixed on the exposed skull to
meet the high incident power requirement of 2400 mW mm-=2due to the strong attenuation of 635-nm light in
the brain. In contrast, the brain effective attenuation coefficient at 1064 nm is less than half of that at 635 nm
(Supplementary Fig. 1,2), thus enabling neuromodulation of untethered animals with an incident power
density of <10 mW mm from a distant light source placed >50 cm above the mouse head. This low power
requirement frees the animals from the tethering of an optical fibre, since even widefield, spread illumination
can easily reach the required level of power density. Additionally, two-photon activation of opsins enables
deeper brain penetration, yet this technique requires a coherent, focused laser beam in head-fixed animals'”.
Moreover, although 980-nm NIR irradiation has been used for deep-brain optogenetics assisted by
upconversion micro/nanoparticles, 980-nm light is near one of the major absorption bands of water abundant
in the brain tissue®, thus leading to non-specific tissue heating and a limited penetration depth. Specifically,
fibreless optogenetics enabled neuromodulation up to a depth of 2~3 mm in the mouse brain via a diffuse,
high-power NIR laser ~ 20 cm above the subject to excite upconversion microparticles??. Additionally, deep-
brain optogenetics based on upconversion nanoantennas required a tethered fibre interface for efficient light
delivery due to the limited penetration depth?'. In these examples, the absorption wavelengths and energy
conversion efficiencies of upconversion nanoparticles are limited by the intrinsic electronic structures of
lanthanide ions*®, thereby prohibiting using the most brain-penetrant wavelengths to efficiently modulate
neural activity in the deep brain.

Despite recent advances, two challenges remain for conventional optogenetics: first, the chronic brain
implants result in the permanent occupation of the neural tissue and a chronic immune response
characterized as gliosis at the implant/tissue interface'"'3. Second, head fixing and tethering restricts the
study of more complex, ethologically relevant behavioural paradigms. For example, head tethering to an
optical fibre confounds behavioural experiments due to the restriction of the animals’ natural behaviours and



limits the study of socially interacting animals (Supplementary Table 1). Specifically, for behavioural studies
that involve animals in a confined space, such as the tube test for studying social hierarchy'? and the acute
stress test in a restrainer®, it is challenging to use a fibre-tethered interface. A fibre-tethered interface is also
incompatible with social behavioural studies that involve multiple mice in the same cage (e.g., the
IntelliCage) due to potential tangling and biting of the fibers®'. A similar head-fixed setup is required for
sonogenetic® and sono-optogenetic?® neuromodulation. In contrast, NIR-Il neuromodulation enables free
motion and interaction of the subjects via an implant-free and tether-free stimulation interface, since distant
1064-nm light sources can target each animal from ~1 m above while still meeting the incident power
requirement due to deep-brain penetration. In summary, our approach demonstrates a minimal chronic
immune response due to the elimination of brain implants (Supplementary Fig. 8) and allows natural
behavioural study of freely moving and potentially socially interacting animals in future studies due to the
removal of head-tethered optical fibres (Fig. 3,5)'2.

Additionally, our approach enables much shorter onset and offset response times than chemogenetic
neuromodulation. Similar to our approach, chemogenetics does not require any brain implants or head
tethering, but is limited by the relatively coarse temporal resolution of neuronal manipulation?®?7. In this work,
we report an onset time of ~5 s and an offset time of ~11 s for in vivo NIR-Il neuromodulation under a safe
laser power density of 8 mW mm2 (Fig. 3). These response times are remarkably shorter than those
reported for chemogenetics (~min onset and ~h offset)?¢?7. The latency of our approach does not rely on the
slow pharmacokinetics of any molecular actuators but is instead determined by the rate of heating and
cooling of NIR-Il sensitizers, MINDS, in the brain tissue. The strong absorption of MINDS at the 1064-nm
wavelength (Fig. 1e), along with the 2.3-fold increase in TRPV1 channel conductance from 37 °C to 39 °C
(Supplementary Note 1)%, contribute to the seconds-level latency times of neural activation and
inactivation. These seconds-level latency times of NIR-Il neuromodulation agree with temperature dynamics
in the brain (Supplementary Fig. 12b) and represent a major advantage over chemogenetics.

Compared to magnetothermal neuromodulation®2°, our approach allows for manipulating the behaviours of
freely moving animals with an unlimited arena size (Supplementary Table 3). This advantage is due to
negligible attenuation of NIR-II light in free space vs. the 1/r decay of the alternating magnetic field with
distance from the coil, according to the Biot-Savart law. Although we only demonstrated an arena size of up
to 60 cm for NIR-II photothermal neuromodulation, we envisage this method to be applicable in an arena
with unlimited sizes since 1064-nm light experiences virtually no decay in air. In addition, the photothermal
conversion efficiency of MINDS (3.1x10* W g™' at 8 mW mm) is higher than the magnetothermal conversion
efficiency of superparamagnetic nanoparticles driven by alternating magnetic field (ca. 200 W g at 7.5 KA m-
Tand 1 MHz)?*. As a result, NIR-II light can be applied to an unlimited size of the behavioural apparatuses,
whereas a spatially confined magnetic coil is required to produce a sufficiently strong magnetic field. Another
consequence of the higher heating efficiency of our approach is the shorter onset response time of NIR-I
photothermal neuromodulation (~5 s) than that of magnetothermal stimulation (~22 s) in mouse behavioural
studies?*.

Compared to other photothermal neural stimulation approaches®3%53-% our NIR-II photothermal method has
the following advantages (Supplementary Table 3). First, our approach is the only photothermal neural
modulation method that has been demonstrated in free-moving animals, owing to the tissue attenuation
minimum at 1064 nm (Supplementary Fig. 1) and the unique optical properties of MINDS (Fig. 1e). Most of
the existing photothermal neural stimulation reports were limited to in vitro due to the use of short-
wavelength light in the visible and NIR-I, which exhibit severe absorption and scattering from the brain
tissue®6:39.53-55_ Much longer infrared wavelengths of 1889 nm and 1869 nm have also been reported to
stimulate cells via photothermally induced membrane capacitive current*®; however, water absorption
(Supplementary Fig. 1) becomes a major challenge when applying these wavelengths in vivo. Our rational
choice of 1064-nm light, in contrast, represents the longest wavelength used for in vivo neural modulation
and offers the greatest brain tissue penetration in the entire visible to NIR spectrum (Supplementary Fig.
1,2). Specifically, 1064-nm light penetrates >10x deeper than 532-nm light, the latter of which was only
demonstrated for neuromodulation in cultured cells®>®°. Second, our approach uses the lowest power density
for both in vitro and in vivo studies, with the power density for in vivo study within the reported safe exposure
limit of 10 mW mm2at 1064 nm*'. This low power requirement is due to the efficient sensitization of MINDS,
which demonstrates one of the highest photothermal conversion efficiencies in the NIR-1l spectrum
(Supplementary Table 2). The low power density also allowed fine control of the brain temperature without
causing thermal damage (Supplementary Fig. 18, Supplementary Table 4, and Supplementary Note 2).
Third, selective transduction of TRPV1 enables cell-type specific modulation of neural activity (Fig. 4,6), in
contrast to non-selective photothermal neuromodulation based on optocapacitive mechanisms®3%4°_ Using
multiple assays including animal behaviours, in vitro calcium imaging, in vivo extracellular recordings, and
immunohistological imaging, we have proved the ability of NIR-II neuromodulation to target specific cell types



without interference from undesired non-specific activation. Although only neuron activation is demonstrated
in this work, we envisage that specific TRPV1 expression in GABAergic neurons should enable effective
inactivation of pyramidal neurons with NIR-II light®e.

Potential limitations of in vivo NIR-ll neuromodulation. While the NIR-Il neuromodulation approach
reported here overcomes some of the previous challenges as discussed above, we acknowledge potential
limitations of this system.

The primary disadvantage of the in vivo NIR-Il neuromodulation method is the slow response time (~s),
which is still much longer than most optogenetics approaches to activate excitatory opsins (~ms). These
relatively slow kinetics of neural activation makes this approach unfavourable for certain neurobiological
events that happen on the order of milliseconds’. However, some behavioural experiments and many
neurological diseases occur on a time scale of days to even years®, while neuromodulation techniques with
much longer latency time of minutes (e.g. chemogenetics) have also achieved widespread utility for probing
neural circuits in animal models?’. Thus, we believe that with the advantage of a tether-free brain interface,
our approach is particularly suitable for behavioural studies of socially interacting animals, such as in the
IntelliCage®', which remain to be explored in future studies. Specifically, we envision that our method at its
current stage can be readily applied to stimulate an animal when it interacts with multiple other animals by
remotely irradiating NIR-II light. For future development of this approach, the tracking stability and efficiency
can be improved with a real-time computer-vision assisted feedback loop to control the irradiation angle of
the laser collimator®®.

Another disadvantage of the in vivo NIR-II neuromodulation method is the heating of brain tissue, which has
been reported to complicate the interpretation of the behavioural results due to the suppression of neural
activity**. Nonetheless, by comparing the results of electrophysiological, behavioural, and
immunohistological studies between the TRPV1+ and TRPV1- animal groups (Fig. 3h, 4, 5e, 6 and
Supplementary Fig. 11), we have not found any statistically significant activation or suppression of neural
activity solely due to heating of brain tissue to ~39 °C. Besides, heating of the brain tissue to 39 °C, which
was sufficient to significantly increase the conductance of TRPV1 channels (Supplementary Note 1), does
not cause thermal damage to the brain tissue (Supplementary Fig. 18, Supplementary Table 4, and
Supplementary Note 2).

Although we have achieved noninvasive control over specific neural cell types during the behavioural
experiments, TRPV1 transgene delivery and MINDS sensitization still involve invasive intracranial injections
and may cause a similar level of acute invasiveness as other neural modulation techniques'2":25,
Nonetheless, we anticipate that this invasive procedure can be mitigated by systemic delivery of TRPV1
using AAV-PHP.eB virus®® or creating a transgenic mouse line with specific expression of TRPV1 in
neurons®Furthermore, the relatively small sizes of MINDS and their low amount needed for elevating c-Fos
expression in the M2 suggest the possibility of less invasive delivery of MINDS through ultrasound-mediated
blood brain barrier (BBB) openings®!, which remains to be explored in the future work. Additionally, we have
demonstrated that MINDS remain functionally stable in vivo for at least 2 weeks after delivery into the brain
with only a slight decrease in heating capability under NIR-II light, probably due to gradual diffusion from the
injection site over time (Supplementary Fig. 17). More comprehensive studies are needed in the future to
evaluate the functional lifetime and clearance pathways of MINDS from the brain for chronic in vivo NIR-II
neuromodulation.

To conclude, in this study we describe the validation and utility of deep-brain neuromodulation with distant
NIR-II illumination, which penetrates deep into the brain through the scalp and skull to selectively activate
MINDS-sensitized TRPV1 channels in neurons. The utility of our method sits between optogenetics and
chemogenetics: it eliminates the chronic brain implants and fibre tethering required for optogenetics and
features a more precise temporal control of activation and inactivation than chemogenetics. Therefore, the
NIR-II neuromodulation approach reported here allows timely behavioural modulation of freely moving
subjects with minimal chronic gliosis in the neural tissue and no interference to natural animal behaviours.
With complete elimination of any brain implant and head tethering, our approach could afford wide
applications in dissecting the complex neural circuits of normally behaving animals in a naturally interacting
environment such as the IntelliCage in the future®'. When combined with a red-shifted bioluminescent
reporter®?, our method offers an alternative approach of optical neuromodulation with an orthogonal
wavelength and may realize an all-optical bidirectional neural interface through the scalp in behaving
animals.

Methods



Synthesis of macromolecular infrared nanotransducers for deep-brain stimulation (MINDS).
Chemicals were purchased from Sigma-Aldrich unless otherwise claimed. Benzobisthiadiazole (CS10361)
was purchased from Luminescence Technology Corp (Lumtec, New Taipei City, Taiwan). Briefly, 4,7-bis(5-
bromo-4-(2-octyldodecyl)thiophen-2-yl)bisbenzothiadiazole (CS10361, 25 mg, 0.023 mmol), trans-1,2-
bis(tributylstannyl)ethene (16 uL, 0.03 mmol), tris(dibenzylideneacetone)dipalladium(0) (Pdz(dba)s, 0.6 mg,
0.00066 mmol), and tri(o-tolyl)phosphine (1.8 mg, 0.006 mmol) were weighed and transferred to a 50 mL
Schlenk flask followed by dissolution in chlorobenzene (8 mL). After 3 cycles of freeze-pump-thaw
degassing, the abovementioned mixture was heated at 100 °C in oil bath under the protection of nitrogen
atmosphere to perform Stille polycondensation (Supplementary Fig. 3). After reaction for 100 minutes, the
obtained mixture was added dropwise to cold methanol under vigorous stirring, followed by centrifugation at
9000 rpm for 10 minutes at 0 °C to collect dark precipitates®. The obtained precipitates were then washed
with cold methanol for 3 times and dried under vacuum pump to afford purified poly(benzobisthiadiazole-alt-
vinylene) (pBBTV) powder. 'H NMR for pBBTV (CDCls, 6 ppm): 7.6-7.0 (s, 4H), 2.6-2.1 (m, 4H), 1.9-1.8 (m,
2H) (Supplementary Fig. 4).

To obtain MINDS, the as-prepared pBBTV (0.1 mg) was weighed and co-dissolved with poly(lactide-co-
glycolide)-b-poly(ethylene glycol) (PLGA-PEG, PLGA Mn 4500, PEG M, 2000) (4 mg) in tetrahydrofuran
(THF, 2 mL). Subsequently, the mixed solution was quickly injected into deionized water (10 mL) under
vigorous ultrasonication to afford homogenous suspension, followed by evaporation of THF under a gentle
N2 flow for 40 minutes. The remaining aqueous solution was then sufficiently sonicated and filtered through
polyvinylidene fluoride syringe driven filter (220 nm, Millipore, Burlington MA) to remove impurities and
precipitates. To afford stock solution, the filtered MINDS solution was concentrated via ultracentrifugation at
3500 rpm at 4 °C for 25 minutes (Amicon® Ultra-15 Centrifugal Filters, Molecular weight cut-off 50 kDa,
Merck KGaA, Darmstadt, Germany). Aliquots of stock solution were subsequently diluted with buffer solution
to designated concentrations.

Transmission electron microscopy (TEM) imaging of MINDS. One drop (7 yL) of homogenous MINDS
solution (15 pug mL™") was deposited on a formvar/carbon film coated copper grid (Inlab Supplies Pte Ltd,
Singapore) and dried in a desiccator for at least 48 h. Afterwards, TEM images of MINDS were captured on a
JEOL JEM 1400 transmission microscope (JEOL USA, Inc., Peabody, MA).

Dynamic light scattering (DLS) of MINDS. Aliquot of the abovementioned MINDS solution was diluted with
1x phosphate buffered saline (PBS, pH 7.4) to a final concentration of 5 ug mL™". Then, the hydrodynamic
diameter of diluted MINDS was measured by DLS on a Malvern Nano-ZS Particle Sizer (Malvern Panalytical
Ltd, Malvern, UK).

UV-Vis-NIR absorption spectroscopy of MINDS. UV-Vis-NIR absorption spectrum of MINDS solution was
measured by a Cary 6000i spectrophotometer (Agilent, Santa Clara, CA) with a total path length of 1 mm,
background-corrected for contribution from water. The measured range was 300—1800 nm.

Determination of photothermal conversion efficiency. The photothermal conversion efficiency of MINDS
was calculated following reported methods in the literature®*8%, In brief, an aqueous solution of MINDS
dispersed in 2 mL PBS (optical density at 1064 nm = 1) or a blank PBS solution without MINDS (2 mL) was
placed in 3.5-mL quartz cuvette (Sangon Biotech, Shanghai, China) and illuminated by a 1064-nm laser
(Shanghai Connet Fiber Optics Co., Ltd., Shanghai, China) at a power density of 10 mW mm-2. The average
temperature of the solution was monitored by a dual input J/K type thermometer (TM300, Extech
Instruments, Waltham, MA) continuously and plotted as a function of time during both the heating and
cooling phases. Considering the MINDS solution in the vial as the system to be studied, energy conservation
of the system during the heating phase yields

daT . . . .
Z miCp,i E = Quinps + Qwater + Qviar — Qloss
i

where m; and C,; represent the mass and specific heat capacity, respectively, of all components in the
system including the MINDS, water and the vial, T is the temperature of the solution, Q;nps, Quater @aNd Qpiar
are the photothermal energy input of the MINDS, water and the vial per unit time, respectively, and Q,,; is
the energy loss from the system per unit time due to heat transfer from the system to the surrounding
environment. Q,;;nps Can be expressed as

Quinps = 1(1 —1074P%)p



where [ is the power of the 1064-nm laser impinging on the sample, Abs is the absorbance of the MINDS at
1064 nm, and n is the photothermal conversion efficiency. On the other hand, the energy loss from the
system to environment per unit time due to heat transfer is given by

Qloss = hA(T — Teny)

where h is the heat transfer coefficient, A is the surface area for heat transfer, and T,,,, is the temperature of
. . . dar
the surrounding environment. When the heating curve reaches plateau, prl 0, thus

Quins + Qwater + Qiat = Quoss
Plugging in the expression of Q,;nps and Qs Yields
I1(1 = 107" + Quater + Qviat = hA(Tnax = Tenv)
Therefore

— hA (Tmax - Tenv) - (Qwater + Qvial)
1(1 — 10-4bs)

n

where T,,,,, and T,,, were obtained from the heating curve of the MINDS solution, / was measured with a
thermal power meter (S405C, Thorlabs Inc., Newton, NJ), Abs was measured by a UV-Vis-NIR absorption
spectrometer (Agilent, Santa Clara, CA).

The same heating curve was also obtained for the blank solution without MINDS, which reached a maximum
temperature of T,,,,, under the same laser heating conditions. At equilibrium for the blank solution, we have

Qwater + Qvial = Qloss = hA(Tmax — Tenv)
Plugging the updated expression of Q,,4er + Opia iN the equation for 1 yields

— hA (Tmax - Tenv) — hA (Tr;zax - Tenv) — hA(Tmax - Trlnax)
I1(1 — 10-4bs) I1(1 — 10-4bs)

n

Therefore, to obtain the photothermal conversion efficiency 7, the only unknown variables in this equation
are h and A. In order to measure h and A, consider the cooling phase when the system receives no energy
input from the environment, thus Qu;vps = Quwater = Quias = O:

daT .
Z miCp,i E = —Qioss = —hA(T — Tony)
i

XimiCy,;  dT
hA T-T,.,

—dt

Integrating both sides yield

Zimicp,i In ( T_Tenv ) = —¢
hA T,

max ~ Tenv

Therefore, by plotting In (TT_&) as a function of time t during the cooling phase, one obtains the value

max~ lenv

hA from the slope of linear fitting. Note that ¥, m;C,; was calculated to be 12.928 J/K based on the mass and
the specific heat capacity of quartz container and water.

Preparation of MINDS-Fluor. To obtain MINDS-Fluor (MINDS labelled with a green fluorophore), a
fluorescence dye 1-chloro-9,10-bis(phenylethynyl)anthracene (0.025 mg) was co-dissolved with pBBTV (0.1



mg) and PEG-PLGA (4 mg) in THF (2 mL), followed by rapid injection into deionized water (8 mL) during
vigorous sonication. Thereafter, THF in the aqueous solution was removed by a gentle air flow for 40
minutes. The nanoparticle suspension was filtered through polyvinylidene fluoride syringe driven filter (220
nm, Millipore) and concentrated via ultracentrifugation at 3500 rpm at 4 °C for 25 minutes to obtain stock
solutions. Aliquots of stock solution were diluted with buffer solution to designated concentrations before use.

Calculation of brain effective attenuation coefficient. The brain effective attenuation coefficient (u.) was
calculated as®°":

Herr = /3ta " (Ua + 13)

where u, is the brain’s absorption coefficient and p; is the brain’s reduced scattering coefficient. u; was
calculated based on the brain scattering coefficient (us) as:

Hs =1 =9 us
where g is the anisotropy factor. The values for u, and g were taken from previous reports®.

The brain’s absorption coefficient was calculated using the absorption coefficients of water®®, lipid®®,
oxyhemoglobin and deoxyhemoglobin™, and reduced and oxidized cytochrome ¢ oxidase’! weighted by their
compositions or concentrations in the brain tissue’.

Monte Carlo simulation. Two-dimensional Monte Carlo simulations were performed using MATLAB
following a similar procedure as previously reported’. The simulation sent photon packets with initial energy
E into the scalp at normal incidence. Packets were uniformly distributed within 1 cm centred at the MINDS
injection site to match the laser spot size used during experiments. A step size of 10 or 100 ym was used to
bin the 10 mm deep x 25 mm wide simulation space. Between scattering events, photon packets travelled a
distance of d = —Iin (RAND)/u,. Scattering was considered to be anisotropic, and the scattering angle 6 was
within a range determined by the anisotropy factor g as g = <cos 6>. The distribution of scattering angles
was taken from reference’™. For each travelled distance between two consecutive scattering events, the
packet energy decreased by a factor of exp (—p, - distance). The lost energy was assigned to each
traversed pixel (determined by binning) as the absorbed energy. When crossing an interface between scalp,
skull, or brain tissue, the refraction of the packet was calculated using the refractive index n of different
mediums according to Snell's Law. The optical properties of scalp’®7” and skull’®® and brain tissue®?2
were taken from previous reports.

Simulation of temperature dynamics. The temperature dynamics in the brain tissue was simulated by
solving the Pennes bioheat equation:

d_T= ke V2T 4+ P pp Gy fp (T —Tp)
dt  p;Cyp Pt Gt Cot

where k is the thermal conductivity, p is the density, Cy is the specific heat, T is the temperature, and P; is the
power input per unit volume induced by NIR-II illumination, obtained from Monte Carlo simulation. The
subscript ‘ and ‘b’ represents tissue and blood, respectively. The three terms on the right-hand side of the
equation represent the temperature change induced by thermal diffusion, NIR-II illumination and blood
perfusion, respectively. The physical parameters used for this simulation are summarized in Supplementary
Table 5. To set boundary conditions, we empirically determined a cooling rate from the scalp to the air above
such that the top of the scalp was steady at 36.5 °C (matching measurements of mouse scalp temperature
using a thermal camera) when the system was solved with the Pennes bioheat equation in the absence of
NIR-Il illumination. The resulting temperature distribution (dependent on depth in the tissue) was used as the
initial conditions throughout the domain and was also maintained on the left and right edges of the domain as
boundary conditions throughout the duration of the simulation. The bottom of the domain was held at 37 °C
as the core body temperature throughout the duration of the simulation.

Viral vector construction. Viral vectors used in this work include: pAAV-CMV-TRPV1-mCherry plasmid was
constructed by Vector Biolabs (Malvern, PA), AAV5-eSyn-TRPV1-p2A-mCherry virus, and AAV5-EF1a-DIO-
TRPV1 virus were constructed and packaged by Vector Biolabs (Malvern, PA). For transduction in the



secondary motor cortex (M2) with AAV5-eSyn-TRPV1-p2A-mCherry, it has been reported that the synapsin
(Syn) promoter is neuron-specific with little glial expression®2.

Cytotoxicity test of MINDS. Cytotoxicity of MINDS was tested on rat hippocampal primary neurons isolated
from Sprague Dawley rat embryos and placed in a 96-well plate. Neuron culture was maintained in
Neurobasal-A medium (Gibco) supplemented with 4.5 g L' glucose, B-27 (Gibco) and 0.5% fetal bovine
serum (FBS; Gibco). 2 weeks after isolation, the neurons were incubated with 200 yL MINDS solution of
different concentrations (0 — 3.6 mg mL") in neuron culture medium for 24 h, and an additional group of
neurons were incubated with 5% DMSO as the positive control. After the incubation, the supernatant was
removed, and cells were gently washed with fresh 1x PBS. Colorimetric MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) assays (Invitrogen, Carlsbad, CA) were performed according to the
manufacturer’s instruction. Absorbance at 590 nm was subsequently recorded on a SPECTRAFIluor Plus
microplate reader (Tecan Group Ltd., Mannedorf, Switzerland). Cell viability was calculated as the ratio of
absorbance from MINDS-treated or DMSO-treated cells to that of negative control cells incubated in blank
medium.

Cell culture and transfection. Human embryonic kidney (HEK) 293T cells were purchased from
MilliporeSigma (Burlington, MA). Cell culture was maintained in Dulbecco’s modified Eagle’s medium with
4.5g L' glucose (DMEM; Gibco) supplemented with 10% FBS (Gibco). HEK293T cells were transfected with
7.5 pL of lipofectamine ® 3000 (Invitrogen, Carlsbad, CA) with 2500 ng of total DNA of the pAAV-CMV-
TRPV1-mCherry plasmid in Opti-MEM medium (Gibco), and used for calcium imaging during near-infrared-I|
(NIR-II) photothermal stimulation 3-5 days after transfection.

In vitro NIR-Il stimulation and calcium imaging. HEK293T cells were seeded into Confocal Dishes (VWR,
Radnor, PA) and allowed to adhere for 24 h in a humidified atmosphere containing 5% CO2 and 95% air at
37 °C. The cells were treated with MINDS at a final concentration of 70 ug mL™" for 24 h in culture medium.
Cells were washed 2 times with 1x PBS, stained in Hank’s Buffer with 20 mM Hepes solution (HHBS; AAT
Bioquest, Sunnyvale, CA; containing 140 mg L-' CaClz) containing the Cal-520® AM fluorescent indicator
(AAT Bioquest, Sunnyvale, CA) prior to live-cell imaging. LSM 780 confocal microscope (Carl Zeiss
Microscopy GmbH, Jena, Germany) was used for calcium imaging with an excitation wavelength of 488 nm
and an emission window of 500-520 nm for image formation. For NIR-II photothermal stimulation, a built-in
1040 nm laser was focused to a spot size of 250 um and a power density of 400 mW mm-2. The average
power density of 1040-nm laser used for photothermal stimulation was significantly lower than previously
reported power density using 780 nm (8x103 mW mm2) and 808 nm (10°> mW mm) laser®3%4, owing to the
much higher photothermal conversion efficiency of 71% measured for MINDS. Real-time calcium imaging
was timed with NIR-II photothermal stimulation from the 1040-nm laser, which was turned on and off on
selected regions of the cell culture. Average fluorescence intensity of Cal-520® AM indicator was analysed
using custom-written MATLAB code with the built-in roipolyarray function®?,

Vertebrate animal subjects. Adult (20-30 g) C57BL/6J mice (male, 6 weeks old, Charles River
Laboratories, Wilmington, MA) and TH-Cre transgenic mice (male, 6 weeks old, Jackson Laboratory, Bar
Harbor, ME) were the vertebrate animal subjects used in this study. All procedures performed on the mice
were approved by Stanford University's Administrative Panel on Laboratory Animal Care (APLAC). The
animal care and use programs at Stanford University meet the requirements of all federal and state
regulations governing the humane care and use of laboratory animals, including the USDA Animal Welfare
Act, and PHS Policy on Humane Care and Use of Laboratory Animals. The laboratory animal care program
at Stanford is accredited by the Association for the Assessment and Accreditation of Laboratory Animal Care
(AAALAC International). Animals were group-housed on a 12 h: 12 h light: dark cycle (temperature: 20-25
°C, humidity: 50-65 %) in the Stanford University’s Veterinary Service Center (VSC) and fed with food and
water ad libitum as appropriate.

In vivo stereotaxic injection of virus. In vivo injection of virus into the brains of live mice was performed
using a controlled stereotaxic injection method®. First, all metal tools in direct contact with the surgical
subject were autoclaved for 1 h before use, and all plastic tools in direct contact with the surgical subjects
were sterilized with 70% ethanol and rinsed with sterile DI water and sterile 1x PBS before use. Viral vectors
were dispersed in sterile 1x PBS with 5% glycerol before injection. Mice were anaesthetized by
intraperitoneal injection of a mixture of 80 mg kg™ of ketamine (KetaVed®, Vedco, Inc., St. Joseph, MO) and
1 mg/kg dexdomitor (Dexmedesed™, Dechra Veterinary Products, Overland Park, KS). The degree of
anaesthesia was verified via the toe pinch method before the surgery started. Buprenorphine SR-LAB
(Zoopharm, Inc., Windsor, CO) analgesia was given subcutaneously at a dose of 1 mg kg™' body weight
before the surgery. To maintain the body temperature and prevent hypothermia of the surgical subject, a
homeothermic blanket (Harvard Apparatus, Holliston, MA) was set to 37 °C and placed underneath the



anaesthetized mouse, which was placed in the stereotaxic frame (World Precision Instruments, Inc.,
Sarasota, FL) equipped with two ear bars and one nose clamp that fix the mouse head in position. Vet
ointment (Puralube®, Dechra Veterinary Products, Overland Park, KS) was applied on both eyes of the
mouse to moisturize the eye surface throughout the surgery. Hair removal lotion (Nair®, Church & Dwight,
Ewing, NJ) was used for depilation of the mouse head according to the manufacture’s instruction and
iodophor was applied to sterilize the depilated scalp skin. A 1-mm longitudinal incision was made with a
sterile scalpel, followed by elongation of the incision by surgical scissors to expose the cranial bone
immediately above the targeted brain regions for injection without removing any scalp skin. The incisions
were made near the distal periphery of the scalp opposite the injection site for unilateral stereotaxic
injections later, thus ensuring the wound in the scalp would not block the underlying neural tissue from
overhead NIR-Il illumination for behavioural modulation.

The following stereotaxic coordinates were used for injection of viral vectors and MINDS:

Secondary motor cortex (M2)3244%: Anteroposterior (AP) +1.0 mm, mediolateral (ML) 0.5 mm (+0.5 for right
hemisphere and -0.5 for left hemisphere), dorsoventral (DV) -0.5 mm

Hippocampus (HIP)8: AP -1.5 mm, ML #1.5 mm, DV -1.5 mm
Ventral tegmental area (VTA)?"8: AP -3.5 mm, ML +0.4 mm, DV -4.2 mm

For each animal, according to the targeted brain region, a 0.5 mm diameter burr hole was drilled using a
dental drill (Marathon-IIl) according to the AP and ML coordinates described above. 2.5 pyL of AAV solution
was injected into M2, HIP or VTA region of the brain using NanoJet (Chemyx, Inc., Stafford, TX) with a 33-
gauge needle (Hamilton Company, Inc., Reno, NV) facing the ventrolateral side at 0.1 yL min-'. AAV5-eSyn-
TRPV1-p2A-mCherry virus (2.2 x 10'2 GC mI') was used for M2 or HIP transduction in C57BL/6J mice,
while AAV5-EF1a-DIO-TRPV1 virus (3.6 x 10" GC ml") was used for VTA transduction in TH-Cre
transgenic mice. After injection of viral vectors, the syringe needle was allowed to stay inside the brain for 2
min before withdrawal. The incised scalp skin was placed back to cover all exposed cranial bone, and sealed
by using Vetbond tissue adhesive (3M, Maplewood, MN). Antibiotic ointment (Johnson & Johnson
Consumer, Inc., Skillman, NJ) was applied copiously around the wound. The mouse was returned to the
cage equipped with a 37 °C heating pad and its activity monitored every hour until fully recovered from
anaesthesia (i.e., exhibiting sternal recumbency and purposeful movement). Animals with failed surgeries
were discard from further experiments.

In vivo stereotaxic injection of MINDS. /n vivo injection of MINDS into the brains of live mice was
performed using a controlled stereotaxic injection method similar to virus injection described above. MINDS
were dispersed in sterile Hank’s Buffer with 20 mM Hepes solution (HHBS; AAT Bioquest, Sunnyvale, CA;
containing 140 mg L' anhydrous CaClz) before injection. Mice were anaesthetized as previously described,
and scalp incision and craniotomy were performed at the corresponding coordinates for M2, HIP or VTA. 2.5
pL of MINDS solution (1.8 mg mL™") was injected into targeted brain region using NanoJet (Chemyx, Inc.,
Stafford, TX) with a 33-gauge needle (Hamilton Company, Inc., Reno, NV) facing the ventrolateral side at 0.1
pL min-'. The same amount of HHBS instead of MINDS was injected for MINDS (-) controls. After injection of
MINDS, the syringe needle was allowed to stay inside the brain for 2 min before withdrawal. The incised
scalp skin was sealed as described above.

In vivo electrophysiological recordings during NIR-Il neuromodulation. Tungsten microwire electrodes
(TM53A15, World Precision Instruments, Sarasota, FL) were used for in vivo electrophysiological recording
immediately after MINDS or carrier-only injection in anaesthetized mice. A 0-80 set screw (18-8 Stainless
Steel Cup Point Set Screw; outer diameter: 0.060” or 1.52 mm, groove diameter: 0.045” or 1.14 mm, length:
3/16” or 4.76 mm; McMaster-Carr Supply Company, Elmhurst, IL) was implanted into the following
stereotaxic coordinates as the grounding and reference electrode: AP: -4.96 mm, ML: 3.10 mm. After
implantation of the grounding screw, two tungsten electrodes were slowly inserted into the left and right
hippocampal regions (AP: -1.5 mm, ML: £ 1.5 mm, DV: -1.5 mm). After reaching the targeted regions, the
electrodes were glued to the skull using METABOND® dental cement (Parkell Inc., Edgewood, NY). The
tungsten probes were connected to an Intan RHD 2132 amplifier evaluation system (Intan Technologies, Los
Angeles, CA), and the 0-80 set screw was used as a reference. For photothermal stimulation of the
hippocampus, a 1064-nm laser was illuminated in the continuous-wave (CW) mode from a distant collimator,
with a power density of 8 mW mm-2. Electrophysiological recordings were acquired with a 20 kHz sampling
rate and a 60 Hz notch filter. The signals were then analysed using MATLAB with a bandpass filter of 250-
6000 Hz®. A total of 52 traces collected from 9 animals were used for statistical analysis.



NIR-lI neurostimulation in the M2. One experimental group of mice receiving both virus and MINDS
injections in the M2 and three control groups of mice were used in this study. The animals were allowed to
completely recover from the stereotaxic injection for 12 h and showed normal behaviours before the
behavioural experiments started. It has been reported that a 12-h post-operative period is sufficient for
studying neuromodulation-induced behavioural changes with minimal interference from pain or
anaesthesia®*. The hair over the scalp and neck was shaved to expose the skin, and a red or blue dot was
marked on the skin between the head and the neck for tracking the animal’s trajectory. For each session,
one mouse was placed in a 14 cm x 15 cm arena and was allowed to explore the space in the box freely. A
video camera (Rebel T6, Canon U.S.A,, Inc, Melville, NY) was used to record the video (640 x 480 pixels, 25
fps) of the mouse before, during and after distant NIR-1l photothermal stimulation. A fibre-coupled collimator
connected to the 1064-nm laser (SOL, RPMC Laser Inc., O’Fallon, MO) illuminated a 1 cm? area that
followed the head of the mouse in the arena. To demonstrate proof-of-concept, the illumination angle of the
fibre-coupled collimator was adjusted manually to track the head of the mouse, while the tracking stability
and efficiency can be further improved with a real-time computer-vision assisted feedback loop with a
custom-written MATLAB code that tracks the head position of the animal (described below) to automatically
control the irradiation angle of the laser collimator, as has been demonstrated in Ref. 58 can be incorporated
into a closed-loop controller for automatic tracking. Precautions were taken during each session to ensure
there was minimum change of shadows caused by the camera in the active area of the animal to avoid
influence on the animal’s behaviour. During NIR-II photothermal stimulation, the 1064-nm laser was
illuminated in the continuous-wave (CW) mode in free space from the collimator, with a maximum power
density of 8 MW mm2. The maximum power density was below the safe exposure limit of 10 mW mm at
1064 nm determined by the International Commission on Non-ionizing Radiation Protection*'. During the
unilateral circling test, a thermal camera (FLIR A325sc, FLIR Systems, Inc., Wilsonville, OR) was used to
monitor heating in real time by following a previously reported protocol*? to avoid the thermal damage to the
brain tissue. Specifically, a closed-loop feedback control was used to turn the laser power down to 0 mW
mm-2whenever the temperature rose above 39 °C and turned back up to the maximum allowed power
density of 8 MW mm2when the temperature dropped below 38 °C. This closed-loop feedback control can be
implemented both manually and automatically. Specifically, in an automatically controlled setup, the
temperature of the scalp from the thermal camera was acquired using the Image Acquisition Toolbox in
MATLAB, and then compared with the two setpoints to control the laser output in real-time. When the
temperature is lower than 38 °C, a high-level voltage of 5 V is sent as an external trigger to turn on the laser.
This high-level 5 V signal is provided by the analog output from a multifunction I/O device (NI USB-6221,
National Instruments, Austin, TX) controlled by MATLAB through the Data Acquisition Toolbox. Similarly,
when the temperature is higher than 39 °C, the output voltage will be changed to 0 V to turn off the laser. If
the temperature is between 38 and 39 °C, the voltage will remain at the prior setpoint. A typical duty cycle of
the 1064-nm laser was ~ 38 % for the first pulse and ~ 18 % for the following pulses, determined during the
experiments by the thermal camera.

The videos acquired from recording sessions were processed in a custom-written MATLAB code that can
track both the red/blue marker on the skin and the centre of mass of the animal. Based on the trajectory of
the mouse obtained thereof, and the frame rate of the video that defines the time interval between two
neighbouring locations in the trajectory, the angular displacement of the animal with respect to t = 0 s of each
session was calculated and plotted. Clockwise rotation was defined as negative angular displacement while
counter-clockwise rotation was defined as positive angular displacement. Based on the data of angular
displacement as a function of time in each session, angular speed of the animal was computed by dividing
the number of revolutions over total length of time when the 1064-nm laser was on. Analysis of the variance
(ANOVA) was performed using the built-in function ‘anova1’ in MATLAB to evaluate the statistical
significance in angular speed when the laser was on between experimental and control groups. For the
latency analysis, the onset latency time is defined as the time interval between NIR-II illumination and the
start of unilateral circling, while the offset latency time is defined as the time interval between the end of NIR-
Il illumination and the cease of unilateral circling.

NIR-Il neurostimulation in the VTA. One experimental group of mice receiving both virus and MINDS
injections in the VTA and three control groups of mice were used in this study. The animals were allowed to
recover from the stereotaxic injection for 48 h before the behavioural experiments. It has been reported that
a 12-h post-operative period is sufficient for the animals to recover from the surgery with normal behaviours,
thus allowing for the study of neuromodulation-induced behavioural changes with minimal interference from
pain or anaesthesia?*. The hair over the scalp and neck was shaved to expose the skin. For each session,
one mouse was placed in a three-compartment Y maze (Maze Engineer, Inc., Cambridge, MA). Each arm of
the Y Maze was 35 cm by 5 cm, connected by an equilateral triangle with 5 cm side in the centre, resulting in
a total area of 536 cm?for the Y maze. At the end of each arm, a unique context (white, horizontal black



stripes, or vertical black stripes) was oulffitted to facilitate the formation of contextual visual memory
(Supplementary Fig. 13)"3.

One complete set of training and probe trials comprises five days: On Day 1, the animal was allowed to
explore the space in the Y maze freely for 30 min without any NIR-II illumination. On Day 2 to 4 for training
trials, the 1064-nm laser was directed via a fibre collimator to illuminate a 1 cm? area that followed the head
of the mouse whenever its head entered a 25 cm? area at the end of one of the three arms. Similar to the
behavioural experiments in the M2, the illumination angle of the fibre-coupled collimator was adjusted
manually to track the head of the mouse, while the tracking stability and efficiency can be further improved
with a real-time computer-vision assisted feedback loop with a custom-written MATLAB code that tracks the
head position of the animal (described below) to automatically control the irradiation angle of the laser
collimator, as has been demonstrated in Ref. 58. The laser was modulated at 20 Hz with peak power density
of 33 mW mm2in the illuminated area and a 30% duty cycle, resulting in an average power density of 10
mW mm-2, within the safe exposure limit at 1064 nm determined by the International Commission on Non-
ionizing Radiation Protection*'. Similar to the unilateral circling test described above, a thermal camera was
used to monitor the temperature on the scalp of the animal during the conditioning with feedback control of
the laser output to avoid thermal damage to the brain tissue. The same temperature setpoints, hardware,
and software interfaces as in the unilateral circling test were used for NIR-II neuromodulation in the VTA. A
typical duty cycle of the 1064-nm laser was 52 % for the first pulse and 24 % for the following pulses,
determined during the experiments by the thermal camera. The animal was allowed to freely explore all three
arms, including the arm with 1064-nm laser illumination for a total of 30 min on each day. On Day 5 for probe
trial, the animal was allowed to explore the space in the Y maze freely for 30 min without any NIR-II
illumination (Supplementary Fig. 13). During each session, a video camera (VIXIA HF W11, Canon U.S.A,,
Inc, Melville, NY) was used to record the video (1920 x 1080 pixels, 30 fps) of the mouse. Precautions were
taken during each session to ensure there was minimum change of shadows in the active area of the animal
to avoid influence on the animal’s behaviour.

The videos acquired from the probe trial sessions were processed in a custom-written MATLAB code that
can track both the red/blue marker on the skin and the centre of mass of the animal. Based on the trajectory
of the mouse obtained thereof, and the frame rate of the video, the amount of time that the animal spent in
each location of the Y maze during the probe trial was plotted in a heat map for visualization of place
preference. Preference score was defined as the ratio of time the mouse spent in the NIR-Il illuminated arm
terminal during post-test vs. pre-test trial. Analysis of the variance (ANOVA) was performed using the built-in
function ‘anova1’ in MATLAB to evaluate the statistical significance in preference between experimental and
control groups. The preference score is defined as the ratio of total time each mouse spent in the NIR-II light
illuminated arm terminal during post-test vs. pre-test trials. The normalized time in the active region is
defined as the ratio of the time spent in the NIR-II light illuminated arm terminal to the average time spent in
the equivalent regions of the other two control arm terminals for each mouse. The normalized preference
score is defined as the ratio of the normalized time in the active region in post-test trials to that in pre-test
trials.

Histology. C57BL/6J mice were anaesthetized and transcardially perfused with 1x PBS followed by 4%
paraformaldehyde (PFA) in PBS. For the evaluation of the chronic immune response (Supplementary Fig.
8), transcardial perfusion was performed at 1 week and 3 weeks after the animals received MINDS or carrier
injection. For the evaluation of thermal damage in the brain (Supplementary Fig. 18), transcardial perfusion
was performed at 1 week after the animals received NIR-II illumination?®. For imaging c-Fos in the M2 and
VTA (Fig. 4,6), transcardial perfusion was performed at 90 min after the animals of different experimental
and control groups received NIR-II illumination. For the evaluation of in vivo distribution and cellular uptake
of MINDS (Supplementary Fig. 15,16), transcardial perfusion was performed 72 hours after the MINDS
injection. Brains were dissected, post-fixed for 24 h at 4 °C in 4% PFA and then equilibrated in 30% sucrose
at 4 °C for cryoprotection. 20 uym-thick horizontal sections were collected on a cryostat (Leica CM 3050S,
Leica Biosystems Inc., Buffalo Grove, IL). The brain slices were rinsed in 1x PBS three times for 10 min
each and blocked using a blocking solution consisting of 0.3% Triton X-100 and 5% goat/donkey serum
(from the same species in which secondary antibody is made, Jackson ImmunoResearch Laboratories, Inc.,
West Grove, PA) in 1x PBS for 1 h at room temperature. If mouse was used as a host species for the
primary antibody, an additional 1 h blocking using a 26 pg/ml (1:50 dilution) solution of AffiniPure Fab
Fragment Goat Anti-Mouse IgG (115-007-003, Jackson ImmunoResearch Laboratories, Inc., West Grove,
PA) was performed. Slices were then incubated with the primary antibodies (Supplementary Table 6)
containing 0.3% Triton X-100 and 5% goat/donkey serum overnight at 4 °C. After incubation, slices were
rinsed in 1x PBS with 0.05% Triton X-100 three times for 10 min each, before they were incubated with the
secondary antibodies (Supplementary Table 6) containing 0.1% Triton X-100 and 5% goat/donkey serum
for 1 h at room temperature. Slices were then rinsed in 1x PBS three times for 10 min each before they were



mounted on glass slides with coverslips using ProLong Gold Antifade Mountant (Invitrogen, Carlsbad, CA).
The slides remained in the dark at room temperature for at least 24 h before microscopic imaging. Confocal
fluorescence images were acquired on a Zeiss LSM 780 confocal microscope. The confocal imaging
parameters were set using the “Smart Setup” function on the ZEN Blue software and were kept the same
across the same experiments. The data was analysed using ImagedJ 1.53 c.

Assessment of the chronic functional stability of MINDS in vivo. 2.5 L of 1.8 mg mL* MINDS solution
was injected into VTA of C57BL/6J mice as described above. The animals were sacrificed 1 day or 2 weeks
after the injection, and 2-mm thick acute coronal sections containing the injected MINDS near the VTA were
collected from the freshly dissected brains using a brain slicer (Braintree Scientific Inc., Braintree, MA) and
immersed in Hank's balanced salt solution (HBSS) immediately afterwards to prevent dehydration until use.
The coronal sections were then transferred to the top of a 10-mm petri-dish lid with the MINDS-injected side
facing up. 10 mW mm2 1064-nm illumination was applied to the brain slice, and a thermal camera was used
to monitor the temperature change. Also see the schematics in Supplementary Fig. 17a for more
information.

Replication. The sample size for each experiment was determined by power analysis to ensure statistical
rigor for all comparisons®”. The calcium fluorescence imaging experiments to investigate percentage of
responsive cells (with and without MINDS, and with and without NIR-II illumination) have been repeated on 3
independent trials for each experimental condition, resulting in 12 trials in total. The dynamic calcium
imaging experiments to investigate the fluorescence intensity change and latency time upon NIR-II
illumination have been repeated for 9 times for each experimental condition, resulting in 36 replicates in total.
The assessment of chronic immune response has been repeated on 3 mice at each time points and
experiment conditions, resulting in 12 mice. The assessment of thermal damage has been repeated on 3
mice with or without NIR-II illumination for both the M2 and VTA illumination protocols, resulting in 12 mice.
The unilateral circling experiments to investigate widefield NIR-II modulation of motor behaviour (angular
speed and latency time) have been repeated on a total of 15 animals and 37 trials. The in vivo
electrophysiological studies have been repeated on 9 animals and 44 traces. The assessment of chronic
functional stability of MINDS has been repeated on 3 mice for each time point with or without MINDS
injection, resulting in a total of 9 mice. In addition, investigations of NIR-Il modulation of reward circuitry and
place preference have been repeated on a total of 18 independent animals. In total, experiments and
analyses of 75 mice were included for replication.

Statistical analysis. The variance in calcium fluorescence intensity (Fig. 2), angular speed (Fig. 3) place
preference (Fig. 5), cell density and population percentage (Fig. 4, 6 and Supplementary Fig. 18), raw and
normalized neural firing rate (Supplementary Fig. 11), ex vivo temperature measurements (Supplementary
Fig. 17) for each cell, animal, behavioural trial or electrophysiological traces was calculated, by which the
pooled standard deviation (SD) among each experimental group were determined. Comparisons between
experimental groups were made using one-way analysis of variance (ANOVA) without normality assumption
given its reasonable tolerance of violations to normal distribution®”. No adjustments were made for multiple
comparisons, and P values of less than 0.05 were considered statistically significant.

Reporting Summary. Further information on research design is available in the Nature Research Reporting
Summary linked to this article.

Data availability

The main data supporting the results in this study are available within the paper and its Supplementary
Information. The raw and analysed datasets generated during the study are too large to be publicly shared,
yet they are available for research purposes from the corresponding authors on reasonable request.

Code availability
The custom MATLAB code used in this study is available
at https://github.com/XiangWu96/Wu_NBME 21 code.
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Figure captions

Fig. 1 | Efficient photothermal conversion of MINDS in the NIR-ll window. a, Schematic showing
through-scalp neuromodulation with NIR-II illumination > 50 cm above the mouse head, which activates
TRPV1 via the sensitization of MINDS (red circles). b, Schematic showing the composition of MINDS,
highlighting the pBBTV conjugated copolymers in the core (red hexagons) and the PLGA-PEG polymer
comprising the shell (green spirals). ¢, A representative TEM image of MINDS. The experiment was
repeated three times independently with similar results. d, Distribution of the hydrodynamic diameters of
MINDS revealed by DLS measurement. Data are presented as mean values +/- standard deviation (SD). (n
= 3 independent experiments). e, Absorption spectrum of MINDS dispersion in PBS, showing strong
absorption in the 1000-1700 nm NIR-Il window (red shade). f, Representative photothermal heating and
cooling curve of 1.8 mg mL-' MINDS dispersion, where the red bar indicates illumination with a 1064-nm
laser at a power density of 10 mW mm-2. g, Thermal images showing efficient photothermal heating of 25 ug
mL-" MINDS (right), in comparison with the same solution before NIR-II illumination (left) and PBS (middle).
Both the PBS and MINDS images were taken when the temperature reached equilibrium after 30 min under
10 mW mm-2 1064-nm illumination. h, Thermal images of cell pellets incubated with PBS and MINDS,
showing effective heating of cells with MINDS. Both images were taken when the temperature of the cell
pellet reached equilibrium after 10 min under 10 mW mm2 1064-nm illumination.

Fig. 2 | NIR-ll photothermal activation of MINDS-sensitized TRPV1 in vitro. a, Schematic showing NIR-I|
photothermal activation of TRPV1 expressed in the plasma membrane of cells mediated by MINDS. b,
Calcium imaging of HEK293T cells under different experimental conditions. A calcium signal increase is only
seen when the NIR-II laser illuminates TRPV1+/MINDS+ cells. The experiment was repeated three times
independently with similar results. Scale bars represent 50 um. ¢, Percentage of responsive cells upon NIR-
Il illumination. A cell is defined responsive if its calcium signal rises over 50% of original intensity within 5 s of
NIR-Il illumination (i.e., AF /F, > 50%)?®. (n = 3 independent experiments for each group, including 874 cells
in total; one-way analysis of variance (ANOVA), F(3,8) = 38, P < 0.0001; F(2,6) = 1.23, P = 0.36). Data are
presented as mean values +/- SD. d, Statistical analysis of calcium signal changes for different groups of
cells (n = 9 replicates with 15 cells in each replicate), shown as the ratio of maximum calcium signal change
after NIR-II illumination over the original calcium signal before NIR-II illumination. (One-way ANOVA, F(3,32)
=40.74, P < 0.0001; F(2,24) = 1.82, P = 0.18). Data are presented as mean values +/- SD. e, Temporal
dynamics of the calcium signal for different groups of cells, showing an average latency time of 0.9 £ 0.2 s
for calcium signal to increase over 3 SD of baseline and 1.1 £ 0.2 s to increase to 50% of the maximum.
Data are presented as mean values +/- standard error of the mean (n = 9 replicates with 15 cells in each
replicate). (P = 0.05 (N.S.), ****P < 0.0001. N.S., not significant.)

Fig. 3 | Through-scalp NIR-Il neuromodulation of the mouse hippocampus and motor cortex. a,
Representative traces showing the increase in neuron firing rate in the mouse hippocampus upon 1064-nm
light illumination (left). The neuron firing rate returned to the baseline after the 1064-nm light was turned off
(right). b, Schematic showing through-scalp NIR-II activation of motor neurons (located ca. 2 mm underneath
scalp surface) that ectopically overexpress TRPV1 channels and project to the spinal cord for controlling the
unilateral limb via the sensitization of MINDS (red dots). ¢, A representative image showing the arena for
motor behavioural modulation by distant NIR-II illumination (invisible in the image since the camera used to
take this image is insensitive to the NIR-Il wavelength). d, Schematics illustrating the process of TRPV1 virus
delivery (green dots, top), injection of MINDS (red dots, middle, where the green haze indicates neural tissue
transduced with TRPV1), and NIR-II activation of TRPV1 neurons through the scalp (bottom). e, Trajectory of
the mouse before (black), during (red) and after (gray) distant NIR-II illumination. f, Angular displacement
(number of revolutions, where positive indicates counter-clockwise revolutions and negative indicates
clockwise revolutions) before, during and after NIR-II illumination. g, Bar chart showing the statistics of onset
and offset latency times for M2 neural stimulation with NIR-II illumination. See Methods for the definitions of
onset and offset latency times. Data are presented as mean values +/- SD and each point indicates an
independent trial from a total of N = 13 trials. h, Statistical analysis of rotational movements of animals under
different experimental conditions. (n = 6 mice for TRPV1+/MINDS+ and n = 3 mice for all other groups; one-
way ANOVA, F(1,16) = 76.13, P < 0.0001; F(1,12) = 0.32, P = 0.58; F(1,12) = 0.36, P = 0.56; F(1,26) = 0.01,
P =0.92). Data are presented as mean values +/- SD and each point indicates an independent trial. (P =
0.05 (N.S.), ****P < 0.0001.)

Fig. 4 | Inmunohistology of the M2 region after NIR-Il illumination. a, Confocal images of the M2 region
under different experiment conditions. An increase in c-Fos expression driven by NIR-II stimulation was only
observed in the presence of both TRPV1 and MINDS. The scale bars indicate 50 um. The number of images
taken is reflected in the n values for b—d. b, Statistical analysis for the density of c-Fos+ cells for the four
experiment conditions in a (one-way ANOVA, F(3,8) = 13.11, P=0.0019; F(2,6) = 1.22, P = 0.36). c,



Percentage of c-Fos+ cells within the TRPV1+ cell population. (one-way ANOVA, F (2,6) = 296.45, P <
0.0001; F(1,4) = 1.2, P=0.33). d, Percentage of TRPV1+ cells within the c-Fos+ cell population. (one-way
ANOVA, F(2,6) =19.32, P <0.0024; F(1,4) = 1.26, P = 0.32). Both ¢ and d were analysed for the three
experimental groups with TRPV1 transduction. All data are presented as mean values +/- SD n = 3 mice per
group (P=0.05 (N.S.), **P < 0.01, ***P < 0.0001.).

Fig. 5 | Through-scalp NIR-Il stimulation of a deep-brain region. a, Schematic showing through-scalp
NIR-II activation of VTA dopaminergic neurons (located ca. 6 mm underneath the scalp surface) that
ectopically express TRPV1 via the sensitization of MINDS (red dots). b, Schematics illustrating the process
of the specific transduction of dopaminergic neurons with TRPV1 (green dots, left), injection of MINDS (red
dots, middle, where the green haze indicates neural tissue transduced with TRPV1), and distant NIR-II
illumination for neural modulation through the scalp (right). ¢, Photograph showing the setup of a Y-maze for
contextual conditioning test. d, Representative post-test heat maps showing the time of travel of mice under
different experimental conditions. Red dashed squares indicate NIR-Il irradiated regions. e, Statistical
analysis of time spent in the NIR-II illuminated region (left) and preference score (right) for different
TRPV1/MINDS combinations in the VTA. (One-way ANOVA, left: F(1,6) = 9.29, P =0.023; F(1,6) = 1.69, P =
0.24; F(1,10) = 0.02, P = 0.88; F(1,6) = 0.03, P = 0.86; right: F(3,14) = 13.35, P = 0.00022; F(2,11) = 0.36, P
= 0.71.) f, Statistical analysis of the normalized time spent in the NIR-Il illuminated region (left) and the
normalized preference score (right) for different TRPV1/MINDS combinations in the VTA. (One-way ANOVA,
left: F(1,6) = 36.67, P =0.00092; F(1,6) = 1.07, P=0.34; F(1,10) = 0.32, P = 0.59; F(1,6) = 1.57, P = 0.26;
right: F(3,14) =9.93, P =0.00091; F(2,11) = 0.25, P = 0.78.) See Methods for the definitions of preference
score, normalized time in the active region and normalized preference score. In the left panels of both e and
f, the centre lines, lower bound, upper bound, and whiskers indicate the mean, 25" percentile, 75"
percentile, and +1 SD, respectively. In the right panels of e and f, data are presented as mean values +/- SD.
n = 6 mice for TRPV1-/MINDS+ and n = 4 mice for all other groups, with data points shown for each animal.
(P=0.05(N.S.), *P<0.05, **P < 0.001.)

Fig. 6 | Inmunohistology of the VTA region after NIR-Il illumination. a, Confocal images of the VTA
region under different experimental conditions. An increase in c-Fos expression driven by NIR-II stimulation
was only observed in the presence of both TRPV1 and MINDS. The scale bars indicate 50 ym. The number
of images taken is reflected in the n values for b—d. b, Percentage of c-Fos+ neurons in the TH+ cell
population, corresponding to the four conditions presented in a. (One-way ANOVA, F(3,8) = 75.69, P <
0.0001; F(2,6) = 0.54, P = 0.61.) ¢, Percentage of c-Fos+ cells within the TRPV1+ cell population. (One-way
ANOVA, F(2,6) = 75.83, P <0.0001; F(1,4) = 0.85, P =0.41.) d, Percentage of TRPV1+ cells within the c-
Fos+ cell population. Both ¢ and d were analysed for the three experimental groups with TRPV1
transduction. (One-way ANOVA, F(2,6) = 7.59, P = 0.023; F(1,4) = 0.28, P = 0.63.) e, Statistics of TRPV1
expression in TH+ neurons (left bar) and TH expression in TRPV1+ neurons (right bar). All data are
presented as mean values +/- SD (n = 3 mice per group, P = 0.05 (N.S.), *P < 0.05, ****P < 0.0001).



