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Abstract

Optogenetics has revolutionized neuroscience understanding by allowing spatiotemporal control
over cell-type specific neurons in neural circuits. However, the sluggish development of
noninvasive photon delivery in the brain has limited the clinical application of optogenetics.
Focused ultrasound (FUS)-derived mechanoluminescence has emerged as a promising tool for

in situ photon emission, but there is not yet a biocompatible liquid-phase mechanoluminescence
system for spatiotemporal optogenetics. To achieve noninvasive optogenetics with a high temporal
resolution and desirable biocompatibility, we have developed liposome (Lipo@IR780/L012)
nanoparticles for FUS-triggered mechanoluminescence in brain photon delivery. Synchronized
and stable blue light emission was generated in solution under FUS irradiation due to the cascade
reactions in liposomes. In vitro tests revealed that Lipo@IR780/L012 could be triggered by FUS
for light emission at different stimulation frequencies, resulting in activation of opsin-expressing
spiking HEK cells under the FUS irradiation. In vivo optogrnetic stimulation further demonstrated
that motor cortex neurons could be noninvasively and reversibly activated under the repetitive FUS
irradiation after intravenous injection of lipid nanoparticles to achieve limb movements.

Graphical Abstract
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INTRODUCTION

Over the past decade, optogenetics has become an increasingly important technology for
neuroscience research and the treatment of neurological disorders, including Parkinson’s
disease (PD) and Alzheimer’s disease (AD), by providing neuroscientists with precise
spatiotemporal control of neural activity with neuron subtype specificity.1~3 However,
since visible light has limited penetration in tissues, invasive partial scalp removal and
implantation of optical fibers are usually required for in vivo optogenetic stimulation,
resulting in permanent damage and chronic gliosis in the brain tissue.! In addition,
perturbation of glial and astrocytic activity and ischemia have been reported during
optogenetics due to the intracranial implantation of the device.*> To achieve biocompatible
optogenetics, several less invasive strategies have been developed such as two-photon
stimulation® or upconversion of nanoparticles to convert tissue-penetrating near-infrared
(NIR) light into visible light after intracortical injection.” However, the slight improvements
in penetration depth using red or NIR light is still insufficient for noninvasive deep

brain optogenetic stimulation, especially for large animals and human applications. On the
other hand, novel opsins with higher light sensitivity have also been designed to achieve
noninvasive brain stimulation up to a depth of 5-10 mm, such as ChRmine opsins with
red-shifted activation spectra®® and step function opsin with ultra-high light sensitivity
(SOUL).10:11 Despite these advances, it is most desirable to develop energy modality for an
even higher tissue penetration for potential use in large animal or human.

Focused ultrasound (FUS) represents one form of a wireless energy harvesting strategy

that has been recently developed for noninvasive local brain anesthesia, sonodynamic
therapy, and chemogenetics for brain stimulation due to its superior tissue penetration
depth exceeding 10 cm and biosafety.12-15 While FUS was experiencing rapid development
for biomedical applications, ultrasound-triggered noninvasive optogenetics was still in
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its infancy due to the limited progress in mechanoluminescence materials.18 Recently,

we developed inorganic zinc sulfide nanoparticles co-doped with silver and cobalt (ZnS/
Ag,Co@2ZnS) to convert ultrasound wave to light for optogenetic stimulation.1”-18 However,
ZnS/IAg,Co@ZnS nanoparticles required charging with 400 nm light outside the brain
before use, and these non-biodegradable inorganic nanoparticles may generally undergo
bioaccumulation and bioaugmentation of heavy metals in organs.19-21 It is desirable

to develop more biocompatible organic materials as mechanoluminescent materials for
sono-optogenetics. Generally, ultrasound-induced piezoelectric effects and cycloreversions
dominated the development of mechanoluminescent organic materials.16 One example
would be dioxetane crosslinked solid polymers to achieve FUS-derived blue light emission
due to the cycloreversions under high intensity ultrasound stimulation.” While all of these
mechanoluminescent materials can produce light emission in the bulk form,16 there is not
yet a biocompatible liquid-phase mechanoluminescent materials system for non-invasive
sono-optogenetics. To uncover the potential of mechanoluminescence in noninvasive brain
stimulation, it is necessary to develop other mechanoluminescent materials to extend the
toolbox of ultrasound-induced mechanophores.20-22

Attributed to its natural constituents, lipids are effectively metabolized in the body.

They were the first nanodrugs in FDA clinical trials and have been extensively applied

in nanomedicines since the first liposomal formulation was approved by the FDA in
mid-1990s.23-25 More recently, the lipids-based mRNA vaccine developed by BioNTech/
Pfizer and Moderna was clinically applied against COVID-19.26 In this work, we designed
an organic nanoparticle light source based on liposomes for noninvasive deep brain
optogenetic stimulation under FUS. This nanoscopic light source comprises three primary
constituents: chemiluminescent compound L012, sonosensitizer IR780, and a lipid vehicle.
L012 and IR780 are loaded into the lipids to act as nanoscopic light sources due to the
FUS-derived cascade reactions. Specifically, sonosensitizer IR780 generates free radicals
by transferring ultrasound energy to nearby oxygen or water molecules through acoustic
cavitation.1227 The chemiluminescent L012 is then activated by free radicals, producing
light, which can be used for activating opsins expressed by specific types of neurons for
controlling animal behaviors or treating diseases in the future (Scheme 1).

RESULTS AND DISCUSSION

To prepare the FUS-triggered nanoscopic light source, liposomes were first prepared. The
unilamellar vesicles (Figure S1a) were prepared through a thin film hydration strategy.28
Then, L012 and IR780 were loaded into the vehicles to fabricate the FUS-triggered

nano light source (Lipo@IR780/L012) (Figure 1a). IR780-loaded liposomes (Lipo@IR780)
exhibited negligible size differences compared with blank liposomes, as shown in Figure 1b
and Table 1. Transmission electron microscopy (TEM) showed a uniform spherical shape
of Lipo@IR780/L012 (Figure 1c) compared with the typical liposome morphology of blank
lipid vehicles (Figure Sla) due to the integration of IR780/L012, where hydrophobic IR780
was inserted into the liposome membrane walls with smaller aggregates. We evaluated

the stability of Lipo@IR780/L012 nanoparticles via dynamical light scattering (DLS) in

a body fluid mimic solution and FUS irradiation. There were no obvious size changes

after incubation in a 10% fetal bovine serum (FBS)-containing solution or FUS irradiation
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(Figure 1d). In addition, there was no obvious leakage of loading cargoes from nanoparticles
under the FUS stimulation (Figure S1e). These results indicated the excellent stability of
Lipo@IR780/L012 nanoparticles in simulated blood fluid under FUS. The drug loading
content (DLC) values of IR780 (~4.6 wt %) and L012 (~4.3 wt %) were measured from the
UV-vis spectrum according to the calibration curves (Figure S1b,c), and the efficient drug
loading capacity of the lipid vehicles was indicated. The Lipo@IR780/L012 nanoparticles
with an average diameter of about 120 nm (Figure 1b,d and Table 1) and a negative surface
zeta potential (Figure S1d and Table 1) were good for circumventing rapid clearance via the
reticuloendothelial system, liver, and kidney after intravenous (i.v.) administration,29:30

Sonosensitizer IR780 has been reported to generate reactive oxygen species (ROS) under
FUS stimulation due to acoustic cavitation and has been extensively developed for the
cancer sonodynamic therapy.12:27:31.32 | fact, the singlet oxygen (10,) and hydroxyl radical
(‘OH) are the main species of ROS generated in sonochemistry.33:34 As the primary trigger
of the Lipo@IR780/L012 nano light source, ROS are crucial in activating the system
through a rapid reaction with L012. Thus, we first investigated the types of generated

ROS in Lipo@IR780 nanoparticles. 1,3-Diphenylisobenzofuran (DPBF) and salicylic acid
(SA) probes were adopted to specifically detect the generation of 10, and "OH under FUS
irradiation (Figure 2a). DPBF possesses highly specific reactivity toward 10,, forming
1,2-dibenzoylbenzene (DBB) as shown in Figure 2a(i).3>-37 The Lipo@IR780-containing
DPBF solution was irradiated under different durations of FUS (1.5 MHz, 1.5 MPa).

As shown in Figure 2b, the characteristic UV-vis absorption peak of DPBF at 420 nm
dramatically decreased with the extension of FUS time due to the decomposition of DPBF
in the presence of 105, while no obvious changes were seen without FUS irradiation (Figure
S2a). The quantification determined that around 52% DPBF was decomposed after 60 s of
FUS irradiation, but there was no DPBF consumption without FUS irradiation (Figure 2c).
Notably, the generation of 10, was an FUS power-dependent process, which was positively
related to FUS peak pressure (Figure S2b) when peak pressure was above 0.4 MPa (no

10, generation below 0.4 MPa). Similarly, SA was used to track the generation of ‘OH
from Lipo@IR780. SA specifically scavenges ‘OH to form 2,3-dihidroxybenzoic acid and
2,5-dihydroxibenzoic acid (Figure 2a(ii) and 2d—e). We did not observe obvious UV-vis
spectral intensity changes of Lipo@IR780 at 297 nm without FUS irradiation (Figures 2f
and S2c¢). However, the UV-vis spectral intensity at 297 nm gradually decreased with the
FUS irradiation time due to the decomposition of SA, and around 36% of SA reacted with
"OH after 60 s of irradiation (Figure 2f). In addition, the generation of ‘OH was also linearly
dependent on FUS peak pressure (Figure S2d). Although the ROS plays essential roles in
various biological processes, it would directly kill cells by oxidation at high levels.38:39
Thus, we further evaluated the concentrations of ‘OH and 10, after liposome encapsulation
in Lipo@IR780/L012. The results showed that there were no ROS residues under FUS
irradiation in Lipo@IR780/L012 (Figures 2f—g, and S2e-f) since the generated ROS were
rapidly consumed by L012 to emit blue light.

Next, we investigated the mechanoluminescence performance of the Lipo@IR780/L012
system. The mechanoluminescence spectra of Lipo@IR780/L012 showed that the maximal
emission peak was around 470 nm (Figure 3a), which highly overlaps with the
channelrhodopsin-2 (ChR2) absorption spectrum and suggests that Lipo@IR780/L012 is
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suitable to activate ChR2 for optogenetic stimulation.? We also detected the light emission
from Lipo@IR780/L012 through a photon processing system in real time (Figure 3b and
Movie S1). Time-resolved mechanoluminescence intensity revealed that a sharply increased
photon density was detected upon FUS irradiation (1.5 MHz, pulse 100 ms on 900 ms

off, 1.5 MPa) from the baseline of Lipo@IR780/L012 nanoparticles (Figure 3c), where

the ultrasound peak pressure was calculated via amplitude calibration (Figure S3). Of

note, the photon density was positively and linearly correlated with peak pressure, and

no photons were detected when peak pressure was below 0.51 MPa (Figures 3d and

S4), which is consistent with the FUS peak pressure-dependent ROS generation process

of Lipo@IR780/L012 nanoparticles (Figure S2b,d). This shows that the rate-determining
step of light emission from Lipo@IR780/L012 nanoparticles was ROS concentration since
the light emission intensity exhibited a positive relation with FUS peak pressure. A high
temporal resolution of light emission upon FUS irradiation is important for achieving precise
control over specific neuronal activity through sono-optogenetics. Therefore, we further
evaluated the FUS-triggered photon emission at different irradiation frequencies (1.5 MHz,
1.5 MPa) (Figure S5). The system could still exhibit high synchronism at 8 Hz irradiation,
and there were no photon density changes with the irradiation frequencies (Figures 3e and
S5). We also changed the irradiation pulses from 100 to 1000 ms, and the nanoparticles
showed excellent stability to output photons and there were no influences on light intensity
(Figures 3f and S6). Next, we evaluated the noninvasive activation of Lipo@IR780/L012
nanoparticles using pork skin to mimic the normal brain tissue. As shown in Figures 3g and
S7, a remarkable emitted light intensity was achieved from Lipo@IR780/L012 nanoparticles
even at a tissue depth around 10 mm. Specifically, the light intensity only decreased around
30% (Figure 3h) at a depth of 10 mm compared with that of the no tissue covered group

but reduced more significantly at a tissue depth over 15 mm due to the dissipation and
scattering of ultrasound energy into the surrounding tissue.#* Moreover, continuous and
effective light emission is crucial for long-lasting optogenetics stimulation. Therefore, we
also evaluated the light emission half-time of Lipo@IR780/L012 nanoparticles under FUS
irradiation. As shown in Figure 3i, the decay half-time of light intensity was around 60 s (1.5
MHz, pulse 1000 ms on 1000 ms off, 1.5 MPa). The light intensity gradually decreased with
irradiation time due to the continuous and irreversible consumption of L012 until it reached
around 10% after 90 s irradiation. All these results demonstrate that the Lipo@IR780/L012
system demonstrated excellent reliability and synchronism for repeated, noninvasive sono-
optogenetics stimulation.

In order to evaluate the activation of opsins under repetitive FUS irradiation, we

utilized CheRiff-eGFP tet-on spiking human embryonic kidney 293 (HEK) cells with the
constitutively expressed blue light-activated CheRiff actuator, voltage-gated sodium channel
Nay1.5, and inducibly (tet-on) expressed K;;2.1. The mechanoluminescence spectra of
Lipo@IR780/L012 also highly overlapped with the CheRiff opsin absorption spectra (Figure
3a).42 The spiking HEK cells were transfected with pGP-CMV-NES-jRGECO1a plasmids to
express calcium ion (Ca2") indicators, as shown in Figure 4a and Movie S2. Once the opsins
channels were activated under the irradiation of blue light, calcium ions would rapidly
diffuse into the cells and then bind with the JRGECO1a calcium indicators for increased

red fluorescence. Our experiments confirmed that the red fluorescence signal remarkably
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increased after the spiking HEK cells with Lipo@IR780/L012 nanoparticles were irradiated
by ultrasound (Figure 4b). The time-resolved red fluorescence signal revealed that the sharp
increment was observed only in the Lipo@IR780/L012 nanoparticles (+) group with FUS
irradiation, but no changes were observed in any other control groups without ultrasound or
nanoparticles (Figure 4c), which demonstrates that the spiking HEK cells only fired when
the mechanoluminescence occurred. Of note, the red fluorescence signal gently decayed
with the continuous irradiation due to the photobleaching of jJRGECO1a calcium indicators.
In addition, mechanoluminescence power would decrease with the continuous consumption
of L012 under the FUS irradiation, thus influencing the spike probability. As shown in
Figure 4d, the spike probability was approximately 66% under the mechanoluminescence
irradiation. We then evaluated the biosafety and biocompatibility of Lipo@IR780/L012
nanoparticles. As shown in Figure 4e, the cell viability tests in HEK cells determined that
there was a minimum toxicity to the cells even when the Lipo@IR780/L012 nanoparticles
concentration was up to 200 wg/mL, and there was no obvious toxicity to HEK cells after
FUS stimulation due to the high stability of Lipo@IR780/L012 nanoparticles and minimum
ROS residue leakage from the liposomes. The hemolysis assay shown in Figure 4f also
verified high biocompatibility of Lipo@IR780/L012 nanoparticles, with only around 25%
hemolysis occurring at a concentration around 1000 zg/mL under the FUS stimulation.43:44
These results indicate that the Lipo@IR780/L012 nanoparticles are safe enough for further
in vivo application.

The in vitro tests demonstrated that the opsins are effectively activated under the ultrasound
irradiation with Lipo@IR780/L012 nanoparticles. Following this, we asked whether the
Lipo@IR780/L012 nanoparticles allowed for noninvasive optogenetic brain stimulation

in ChR2-expressing mice after tail vein administration under FUS irradiation. First, we
evaluated the FUS energy delivery in the mouse brain. As shown in Figure S8, the FUS
focus was set to overlap with the motor cortex region (depth ~1 mm) through adjusting

the water balloon, and FUS at 60% amplitude (2.45 MPa) could provide up to 1.93 MPa

at focus, which is more than the pressure (1.5 MPa) needed to generate full light emission
intensity of nanoparticles. In addition, we also evaluated the distribution of Lipo@IR780/
L012 nanoparticles in the brain via NIR fluorescence imaging. As shown in Figure S9, the
nanoparticles could be effectively delivered to the brain area and circulated in the blood
after injection for 15 min, and they generated blue light under the FUS irradiation with

a power intensity of 1.01 mW/mm? (Figure S10). Then, Thy1-ChR2-YFP transgenic mice
with ChR2 expressing neurons were used for in vivo sono-optogenetic stimulation. As
shown in Figure 5a, the mouse was head-fixed in a stereotaxic frame and anesthetized using
2.5% isoflurane. Then, Lipo@IR780/L012 nanoparticles at a concentration of 10 mg/mL
were injected through the tail vein. The FUS transducer water balloon was placed in direct
contact with the intact scalp of the mouse with filling ultrasound gel (Figure 5a). To visually
evaluate sono-optogenetic brain stimulation, the motor cortex areas were irradiated (Figure
5a) since the motor cortex controls the execution of body movement, including the complex
movements of the leg and fingers, allowing us to easily evaluate activation by tracking
mouse movement.*® After i.v. administration off 15 min, the isoflurane concentration was
decreased to 0.5% to make sure that the mice were in the light anesthesia status in order

to effectively observe its response to FUS irradiation (1.5 MHz, pulse 100 ms on 900
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ms off, 2.45 MPa). A video camera was used to track the synchronized limbs’ response
under the sono-optogenetic stimulations, where the hip, knee, and feet were marked with
different colored dots (Figure 5b and Movie S3). Kinematic data were obtained by using
DeepLabCut to quantify the joint angle (hip to knee: 8and knee to feet: ¢, shown in

Figure 5b) changes under the ultrasound irradiation (Figure S11). Our results revealed sharp
changes in @in the Lipo@IR780/L012 nanoparticles (+) group with FUS irradiation but

no change in all other groups in left and right limbs (Figures 5¢c—d and S12). Similar

results were also observed in knee to feet movement (), indicating the temporary and
reversible activation of motor cortex neurons under the repetitive mechanoluminescence
irradiation. The quantitative analysis of @ (Figure 5e) and ¢ (Figure 5f) angle changes
showed that there were statistically significant differences between Lipo@IR780/L012
nanoparticles (+)/FUS irradiation (+) groups and other control groups with Lipo@IR780/
L012 nanoparticles (+)/FUS irradiation (=), Lipo@IR780/L012 nanoparticles(-)/FUS
irradiation (+), and Lipo@IR780/L012 nanoparticles (-)/FUS irradiation (-). Previous
studies have reported limb movements and auditory side effects as a result of direct,
nonspecific FUS stimulation.*>-47 However, negligible limb motions were observed in

our experiments when the mice were irradiated without Lipo@IR780/L012 nanoparticles,
probably because the non-specific FUS stimulation depends on the anesthesia status, which
is different in our studies from that in previous reports.*6-48 These results revealed that our
FUS-induced Lipo@IR780/L012 system can be used to achieve highly reliable noninvasive
brain stimulation. Notably, this system may be more efficient in a highly vascularized tissue
where the liposomes are activated under the FUS irradiation to stimulate the neurons around
the vessels. In addition, immunohistology analysis of c-fos expression, an immediate early
gene and a marker of neuron activity, in the motor cortex was also conducted (Figure S13a).
The results validated that the neuronal excitation could only be triggered by the presence

of both FUS and Lipo@IR780/L012 nanoparticles (Figure S13b,c). Of note, lower c-fos
baseline expression in the motor cortex was observed in control groups than in previous
studies.1049-52 The reason is that we conducted the experiments in mice under anesthesia,
where the neuron activity was largely suppressed under this anesthesia state. Moreover, we
also evaluated the in vivo biosafety of this system by hematoxylin and eosin (H&E) staining.
The mice were sacrificed, and organs (heart, liver, spleen, lung, kidney, and brain) were
extracted 7 days after FUS irradiation. The results revealed there were negligible damages in
these organs, suggesting excellent biosafety of our system for sono-optogenetic stimulation
(Figure S14). In addition, we also evaluated the biocompatibility of this system through
neuroinflammation markers Ibal (Figure S15) and cell death marker caspase-3 (Figure S16),
where these results indicated that there were no obvious glial activation and apoptosis in
neuronal cells under the stimulation of this system.

CONCLUSIONS

In conclusion, we developed a biocompatible mechanoluminescence system based on
organic lipid vehicles, sonosensitizer IR780, and chemiluminescent L012 to achieve
noninvasive optogenetic stimulation of neural activity under FUS, without the need
for charging of the nanoparticles. Ultrasound energy is noninvasively transmitted to
the brain tissue and sensed via sonosensitizer IR780, generating ROS that trigger the
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nearby chemiluminescent L012, resulting in blue light emission. We revealed that these
Lipo@IR780/L012 nanoparticles were able to emit blue light under FUS for activating the
CheRiff-expressing spiking HEK cells. Furthermore, in vivo experiments demonstrated that
motor cortex neurons in Thy1-ChR2-YFP transgenic mice can be temporarily and reversibly
activated under the repetitive FUS irradiation after i.v. injection of Lipo@IR780/L012,

thus achieving noninvasive sono-optogenetic brain stimulation. Notably, the axial resolution
of the present FUS is in the order of millimeter, and the development of FUS with a
submillimeter resolution is imperative for more specific neural modulation.

Experimental Section/Methods.

The experimental details and characterization are shown in the Supporting Information.
pGP-CMV-NES-jRGECO1a was a gift from the Douglas Kim & GENIE Project (Addgene
plasmid # 61563; http://n2t.net/addgene:61563; RRID/Addgene_61563). CheRiff-eGFP tet-
on spiking HEK cells were purchased from ATCC. Thy1-ChR2-YFP transgenic mice were
ordered from Jackson laboratory. All procedures were designed according to the National
Institute of Health Guide for the Care and Use of Laboratory Animals, were approved by the
Institutional Animal Care and Use Committee at the University of Texas at Austin, and were
supported via the Animal Resources Center at University of Texas at Austin.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

Nano performance of Lipo@IR780/L012. (a) Illustration of the IR780-and L012-loaded
liposome, Lipo@IR780/L012; (b) size distribution of the blank liposome, Lipo@IR780, and
Lipo@IR780/L012 determined via DLS; (c) TEM image of Lipo@IR780/L012; and (d) size
stability tests of Lipo@IR780/L012 with/without 10% FBS or under the FUS irradiation,
determined by DLS.
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Figure2.

FUS-induced ROS generation of Lipo@IR780 nanoparticles. (a) Reaction mechanism of
ROS probes in the presence of ROS, (i) DPBF specifically reacts with 10, to generate
DBB, (ii) SA will react in the presence of ‘OH to generate dihydroxybenzoic acid; (b)
time-dependent UV-vis degradation spectrum of DPBF indicating that 10, was generated
via Lipo@IR780 under FUS (1.5 MHz, peak pressure 1.5 MPa); (c) quantification analysis
of DPBF decomposition in the presence of Lipo@IR780 with and without FUS irradiation
(n> 3 per group); (d) time-dependent UV-vis degradation spectrum of SA indicating that
"OH was generated via Lipo@IR780 under FUS (1.5 MHz, peak pressure 1.5 MPa) (n> 3
per group); (e) quantification analysis of SA decomposition in the presence of Lipo@IR780
with and without FUS irradiation (7> 3 per group); (f) quantification analysis of DPBF
decomposition in the presence of Lipo@IR780/L012 with and without FUS irradiation (n>
3 per group), indicating that no 10, residues escaped from liposomes; and (g) quantification
analysis of SA decomposition in the presence of Lipo@IR780/L012 with and without FUS
irradiation (7> 3 per group), indicating that no ‘OH residues escaped from liposomes. All
plots show mean + SEM unless otherwise mentioned.
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Figure3.

FSS-triggered light emission of Lipo@IR780/L012. (a) Mechanoluminescence spectrum
of Lipo@IR780/L012 nanoparticles (black) overlaid with the ChR2 absorption spectrum
(red dotted curve) and CheRiff absorption spectrum (blue dotted curve); (b) illustration of
the FUS-induced light emission of Lipo@IR780/L012 nanoparticles and signal processing;
(c) blue light was generated from Lipo@IR780/L012 nanoparticles under FUS irradiation
(1.5 MHz, pulse 100 ms on, 900 ms off, 1 Hz, 1.5 MPa): photography of Lipo@IR780/
L012 nanoparticles when the FUS was (i) off and (ii) on and (iii) 470 nm blue light
emission from Lipo@IR780/L012 nanoparticles under the repetitive FUS irradiation; (d)
quantification analysis of light density indicating that the light emission of Lipo@IR780/
L012 nanoparticles increases linearly with FUS peak pressure; (e) Lipo@IR780/L012
nanoparticles light emission intensity under different FUS irradiation frequencies [7= 4
per group, one-way analysis of variance (ANOVA)] (1.5 MHz, 1.5 MPa); (f) Lipo@IR780/
L012 nanoparticles light emission intensity under different pulse intervals (7= 4 per group,
one-way ANOVA) (1.5 MHz, 1.5 MPa); (g) blue light emission from Lipo@IR780/L012
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nanoparticles upon FUS irradiation under 10 mm pork skin (1.5 MHz, pulse 100 ms on,

900 ms off, 1 Hz, 1.5 MPa); (h) quantification analysis of light density at different pork
skin depths (1.5 MHz, pulse 100 ms on, 900 ms off, 1 Hz, 1.5 MPa) under FUS irradiation;
and (i) light density of Lipo@IR780/L012 nanoparticles decayed with continuous FUS
irradiation. All plots show mean + SEM unless otherwise mentioned. *£< 0.05, **P< 0.01,
***P<0.001, and ****P< 0.0001; ns, not significant.
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Figure 4.

Ingvitro sono-optogenetic stimulation and biosafety tests of Lipo@IR780/L012. (a)
Illustration of FUS-triggered CheRiff channels opening due to 470 nm blue light emission
from Lipo@IR780/L012 nanoparticles. The flow of Ca2* into the cells binds with
JREGCO1a proteins to enhance the red fluorescence signal. (b) Fluorescence images of
CheRiff-expressing spiking HEK cells with and without mechanoluminescence irradiation
from Lipo@IR780/L012 nanoparticles: ultrasound off and ultrasound on; (c) fluorescence
signal recording from CheRif-expressing spiking HEK cells under the following conditions:
(i) no FUS and no Lipo@IR780/L012 nanoparticles; (ii) with FUS (1.5 MHz, puls 100 ms
on, 900 ms off, 1 Hz, 1.5 MPa) and no Lipo@IR780/L012 nanoparticles; (iii) no FUS and
with Lipo@IR780/L012 nanoparticles; (iv) with FUS (1.5 MHz, puls 100 ms on, 900 ms
off, 1 Hz, 1.5 MPa) and with Lipo@IR780/L012 nanoparticles; and (d) spike probability of
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CheRiff-expressing spiking HEK cells under the different conditions (7= 4 per group, two-
way ANOVA). (e) Cell viability tests of Lipo@IR780/L012 nanoparticles in HEK cells with
and without FUS irradiation (n = 5 per group). (f) Hemolysis tests of Lipo@IR780/L012
nanoparticles (7= 3 per group). All plots show mean £ SEM unless otherwise mentioned. *P
<0.05, **P<0.01, ***P< 0.001, and ****P < 0.0001; ns, not significant.
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Figure5.

In vivo sono-optogenetic motor cortex stimulation. (a) Schematic of in vivo noninvasive
sono-optogenetic brain stimulation, where the mouse was fixed in a stereotaxic frame and
deeply anesthetized using 2.5% isoflurane, and then, Lipo@IR780/L012 nanoparticles were
injected through the tail vein. The FUS transducer was in direct contact with the scalp of
the mouse during brain stimulation, where the photograph of the in vivo sono-optogenetics
is given. The motor cortex zone was irradiated via FUS, created using BioRender.com. (b)
Limbs’ response to FUS was recorded via a camera and analyzed via DeepLabCut. The
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photograph of limbs’ response to FUS was used to track the brain activation, where different
colored dots were marked on joints to track the movement, and kinematic joint angle
changes of hip—knee (6) and knee—feet (p) response to FUS were tracked and calculated
through DeepLabCut. (c) Time-resolved right limb’s hip—knee response and (d) knee—feet
response to FUS, including no FUS and no Lipo@IR780/L012 nanoparticles, with FUS (1.5
MHz, puls 100 ms on, 900 ms off, 1 Hz, 2.2 MPa) but no Lipo@IR780/L012 nanoparticles,
no FUS with Lipo@IR780/L012 nanoparticles, and with both FUS (1.5 MHz, puls 100

ms on, 900 ms off, 1 Hz, 2.2 MPa) and Lipo@IR780/L012 nanoparticles in Thyl-ChR2-
YFP transgenic mice and C57BL/6J wild type mice with Lipo@IR780/L012 and FUS. (e)
Statistical analysis of the hip—knee and (f) knee—feet angle changes in different groups of
subjects (/7= 4 per group, two-way ANOVA) in response to FUS irradiation. All plots show
mean + SEM unless otherwise mentioned. *£< 0.05, **P< 0.01, ***P< 0.001, and ****P
< 0.0001; ns, not significant.
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Ultrasound irradiation

Lipo@IR780/1.012

0 Sonosensitizer . Chemiluminescence
ROS NH2 O
= | NH
- -~ *
+
Na 1

Scheme 1. Schematic of FUS-Triggered Blue Light Emission From Lipo@I R780/L 0122
4(a) After i.v. injection, Lipo@IR780/L012 nanoparticles circulate in blood and emit blue

light to the surrounding for optogenetic stimulation of opsin-expressing neurons under FUS
irradiation; the diagram is created using Biorender.com. (b) Mechanism of light emission of
Lipo@IR780/L012 nanoparticles under FUS irradiation.
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