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Abstract

Remote and genetically targeted neuromodulation in the deep brain is important for understanding 

and treatment of neurological diseases. Ultrasound-triggered mechanoluminescent technology 

offers a promising approach for achieving remote and genetically targeted brain modulation. 

However, its application has thus far been limited to shallow brain depths due to challenges 

related to low sonochemical reaction efficiency and restricted photon yields. Here we report a 

cascaded mechanoluminescent nanotransducer to achieve efficient light emission upon ultrasound 

stimulation. As a result, blue light was generated under ultrasound stimulation with a subsecond 
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response latency. Leveraging the high energy transfer efficiency of focused ultrasound in brain 

tissue and the high sensitivity to ultrasound of these mechanoluminescent nanotransducers, we 

are able to show efficient photon delivery and activation of ChR2-expressing neurons in both 

the superficial motor cortex and deep ventral tegmental area after intracranial injection. Our 

liposome nanotransducers enable minimally invasive deep brain stimulation for behavioral control 

in animals via a flexible, mechanoluminescent sono-optogenetic system.

Graphical Abstract
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INTRODUCTION

Current electrical deep brain stimulation, while generally safe and effective, often exhibits a 

nonspecific tissue activation profile.1,2 On the other hand, direct ultrasound could potentially 

also achieve noninvasive deep brain stimulation, but does not result in cell-type-specific 

neuromodulation within the brain.1,2 This nonspecificity can potentially result in unwanted 

side effects stemming from the activation of nontarget tissues, ultimately limiting the 

therapy’s efficacy.1,2 Therefore, strategies to develop cell-type and circuit-specific deep 

brain stimulation could be an approach to optimize targeted neuromodulation therapy. 

Optogenetics is a powerful tool for achieving precise control of specific types of neurons and 

circuits to understand brain structure in health and disease.3-6 However, clinical application 

of this technology is restricted by invasive light delivery requirements in larger brain 

volumes.3,7 Remote and genetically targetted neural modulation in deep brain regions is 

a promising approach to the advent of clinical applications. More recently, opsins, including 

ChRmine8 and step-function opsin,9,10 and near-infrared (NIR) light-based genetics with 

nanoparticles7,11 have enabled less invasive neuronal modulation in mice. However, the 

intrinsic limitation of light penetration depth in brain tissue continues to be one of the main 

limiting factors for its application in nonhuman primates and humans. Moreover, X-ray-

activated luminescent nanoparticles have been designed for remote and minimally invasive 

optogenetics, but the damage to tissues by X-ray radiation must be considered.12,13 As 

alternatives to visible/NIR light and X-ray radiation with excellent penetration performance 
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and safety profiles are magnetic field and focused ultrasound (FUS). Magnetic modulation 

with nanotransducers14-16 and sonogenetic modulation by combining ultrasound with 

mechanosensitive ion channels17-22 have been shown to function in deep neuronal tissue. 

Magnetic modulation approaches are generally slow, hypothesized to be due to latency 

in converting magnetic power to heating or mechanical force, which hampers their 

application in fast control of neuronal activity.11,18,23-27 On the other hand, while great 

progress has been reported in sonogenetics, the programmability of sonogenetics is still 

limited with respect to neural excitation in comparison to the comprehensive optogenetics 

toolbox that enables versatile control of neuronal excitation, inhibition, excitability, and 

precise activation frequency/kinetics.18,19,28,29 Therefore, it is most desirable to develop a 

minimally invasive and remote light delivery technology that could utilize the optogenetic 

toolbox for neuroscience research and clinical applications.

Utilizing nanoparticles converting ultrasound energy to light has become an increasingly 

promising technology for combining noninvasive and clinically safe ultrasound technology 

with an optogenetic toolbox for neuromodulation.30-36 The initial application of 

sono-optogenetics, which involved rechargeable inorganic mechanoluminescent colloidal 

solutions for ultrasound-to-light conversion, successfully demonstrated ChR2-expressing 

neuron activation in the motor cortex of mice but was constrained by increased engineering 

complexity.37-41 We have recently designed a simpler and more biocompatible liposomal 

nanolight source triggered by FUS.42 However the current sono-mechanoluminescent 

systems exhibit limited photon yields, which restricts their ability to activate neurons only 

in shallow brain regions. The practical application of mechanoluminescent materials in 

optogenetics necessitates the ability to temporally control light emission and achieve high 

photon yields in the solution.40 While significant progress has been made in the field of 

mechanoluminescence, the current reported materials predominantly emit light in bulk form 

through piezoelectric effects and cycloreversions.34 Moreover, the lack of temporal control 

of light emission exhibited by these sono-mechanoluminescent systems further diminishes 

their suitability for optogenetics applications.35,43 Therefore, the development of an efficient 

mechanoluminescent system with enhanced brightness and transient light control capability 

is crucial for enabling the application of sono-optogenetics in deeper tissues.

In this work, we developed a strategy to rectify current limitations of mechanoluminescent 

nanoparticles to enable sono-optogenetic deep brain stimulation. We developed cascaded 

sono-optogenetics with high ultrasound sensitivity and spatiotemporal resolution to achieve 

temporal activation of neurons at both the superficial motor cortex and the deep brain ventral 

tegmental area (VTA) after intracranial injection (Figure 1a). In brief, chemiluminescence 

L012, sonosensitizer IR780, and sono-amplifier polyethylene glycol (PEG) 200 coated 

calcium peroxide (CaO2) nanoparticles were loaded into lipids to prepare a nano light 

transducer for opsin activation under FUS stimulation. Free radicals generated by IR780 

after absorbing ultrasound energy can activate L012 to emit a blue light. Meanwhile, the 

alternating ultrasound pressure wave will perturb the liposome membrane and PEG coating 

at the surface of CaO2, thus enabling the reaction of CaO2 and water to produce hydrogen 

peroxide (H2O2) and calcium hydroxide (Ca(OH)2), increasing the local concentration of 

free radicals and pH. Since L012 reactivity may be inhibited by protonation of the luminol 

molecule at low pH values,44 the increased pH and free radical concentration are expected 
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to improve the quantum yield of L012 (Figure 1b). We evaluated in vivo light emission and 

optogenetic neuronal stimulation and found low activation latency, even at a depth of 5 mm, 

hence achieving minimally invasive, spatiotemporal sono-optogenetic control of neuronal 

activity in the deep mouse brain.

RESULTS AND DISCUSSION

In our recent work, ultrasound-triggered cascade reactions in Lipo@IR780/L012 liposomes 

achieved synchronized and stable blue light emission, but the limited light emission 

intensity was not enough to achieve deep brain stimulation.42 In fact, the local free radical 

concentration and pH in liposomes both play crucial roles in the light emission power. As 

shown in Figure S1, the fluorescence intensity of L012 increased by around 30% when the 

pH changed from 7.4 to 10 and improved around four times when the H2O2 concentration 

was increased from 50 to 500 μM.44,45 To achieve improved light emission intensity under 

ultrasound irradiation, sono-amplifier PEG200 coated CaO2 nanoparticles were first prepared 

by a calcium chloride (CaCl2)–hydrogen peroxide (H2O2) reaction in PEG200 solution.46 

The specific peaks (2θ = 30.1°, 35.7°, 47.4°, and 53.3°) of CaO2 are clearly shown in the 

X-ray diffraction spectrum (Figure 1c), and the transmission electron microscope (TEM) 

results determined that these nanoparticles have 18 ± 12 nm diameters (Figure 1d). X-ray 

diffraction results showed that the CaO2 nanoparticles have high stability (Figure S2) in 

solution but rapidly reacted with water to form H2O2 and Ca(OH)2 (Figure 1e, 2θ = 29.4° 

and 35.6°) once exposed to ultrasound irradiation. The reaction between CaO2 nanoparticles 

and water scarcely occurred in the absence of ultrasound due to the protective effects of the 

PEG coating layers on the CaO2 nanoparticles. However, this reaction was accelerated by 

ultrasound stimulation. The Ca(OH)2 formed would dissolve in the solution, releasing OH− 

ions and subsequently increasing the local pH within the liposome.47 Our L012, IR780, and 

CaO2-loaded liposomes were then prepared using a thin film hydration strategy,48,49 and 

their TEM images are shown in Figure 1f. The dynamic scattering tests (DLS) determined 

that the liposome size slightly increased to 175.9 ± 0.9 nm after payload loading (Figure 

1g and Table 1) compared with blank liposomes, and the negative surface zeta potential 

guaranteed the stability of liposomes in tissue fluid (Figure 1h and Table 1). The DLS 

results indicated a slight increase in the size of the nanoparticles and a slight broadening 

of the size distribution after ultrasound stimulation (Figure S3). This might be attributed to 

the consumption of CaO2 upon contact with water during ultrasound exposure, potentially 

leading to destabilization of the liposome membrane and an increase in membrane fluidity, 

thereby resulting in the observed changes in size and distribution. The drug loading capacity 

(DLC) of IR780 and L012 in the liposomes was 5.7 and 6.2 wt %, respectively, determined 

via UV–vis spectroscopy (Table 1). The L012/CaO2 weight ratio of 1:5 was used in all of 

the following experiments. The DLC of CaO2 in the liposomes was 2.8 wt % measured via 

inductively coupled plasma mass spectrometry (ICP-MS).

Ultrasound-triggered cascade reactions dominate the spatiotemporal light emission from 

these Lipo@IR780/L012/CaO2 liposomes, where the generation of free radicals including 

singlet oxygen (1O2), hydroxyl radical (•OH), and H2O2 is first necessary to activate nearby 

L012 under the irradiation. Thus, we first evaluated the generation of these free radicals in 

Lipo@IR780/CaO2 liposomes via different free radical probes. Singlet oxygen (1O2) and 

Wang et al. Page 5

ACS Nano. Author manuscript; available in PMC 2024 March 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



hydroxyl radical (•OH) were the main free radical species from IR780 under ultrasound 

irradiation.42 1,3-Diphenylisobenzofuran (DPBF) was used to detect 1O2 generation due 

to its highly specific reactivity.42,50 As shown in Figure 2a, the characteristic UV–vis 

absorption peak of DPBF at 420 nm (blue arrow) sharply decreased with ultrasound 

irradiation time to form 1,2-dibenzoylbenzene (DBB). Still, no apparent changes were 

observed when ultrasound irradiation was off (Figure S4a). The quantification determined 

that more than 20% DPBF was consumed via Lipo@IR780/CaO2 liposomes in comparison 

to Lipo@IR780 liposomes after 60 s of FUS irradiation, but no changes occurred without 

FUS irradiation (Figure 2b). Then, we also evaluated the generation of •OH and H2O2 

by measuring the decomposition of salicylic acid (SA). The SA would rapidly react with 
•OH and H2O2 to form 2,3-dihidroxybenzoic acid and 2,5-dihydroxibenzoic acid.42,51,52 

As shown in Figure 2c and Figure S4b, the characteristic UV–vis absorption peak of SA 

at 297 nm (blue arrow) dramatically decreased with FUS irradiation time, and no changes 

were observed without FUS. The quantification showed a decomposition of SA by more 

than 10% by Lipo@IR780/CaO2 liposomes in comparison to Lipo@IR780 liposomes after 

60 s of FUS irradiation. We next evaluated free radical production at different ultrasound 

powers. As shown in Figure S4c and Figure S4d, the free radical concentration increased 

with ultrasound energy, with the Lipo@IR780/CaO2 liposomes exhibiting higher ultrasound 

sensitivity and free radical production yield compared with Lipo@IR780. Finally, L012 is 

a potent free radical scavenger, and we expected that the free radicals could be temporally 

quenched via L012 to produce light instead of leaking out to damage nearby cells. Thus, we 

also examined if free radicals were released from the Lipo@IR780/L012/CaO2 liposomes 

and the results showed that no free radical residues were released outside of the liposomes 

after the FUS irradiation (Figure 2e,f and Figure S4e,f).

Next, we investigated the ultrasound-triggered mechanoluminescence performance of 

Lipo@IR780/L012/CaO2 liposomes (Figure 3a). The cascade reactions, including 

free radical generation and quenching, dominated this ultrasound-triggered 

mechanoluminescence. Free radicals could be generated and quenched for light emission 

within 5.5 and 28 μs, respectively, owing to the high reaction rate constant (4.5 × 10−5 M−1 

s−1, 2.67 × 10−8 M−1 s−1).53,54 Theoretically, light will be generated within 33.5 μs once 

the liposomes are stimulated via FUS. Time-resolved sono-mechanoluminescence spectra 

showed that synchronous photons were produced following the FUS pulse, where the delay 

time of light emission was less than 4 ms, even at 10 Hz stimulation (Figures 3b, 3c and S5 

and S6), which is shorter than the time-to-spike latency of approximately 10 ms for ChR2 

neuron activation.55 In addition, we evaluated ultrasound power-dependent light emission, 

as shown in Figure 3d and Figure S7. Lipo@IR780/L012/CaO2 liposomes exhibited higher 

photon productivity and ultrasound sensitivity compared with Lipo@IR780/L012. Next, 

we investigated the ultrasound-triggered photon delivery performance in tissue. Ultrasound 

energy propagates through tissue as a traveling pressure wave, exponentially attenuating 

with tissue depth.56,57 As shown in Figure 3e, the ultrasound wave of 1.5 MHz could 

achieve a penetration of 20 mm with 40% energy delivered even at a tissue depth of 10 

mm. The energy transfer efficiency of ultrasound is orders of magnitude higher than both 

visible and NIR light.7,8,58 Furthermore, Lipo@IR780/L012/CaO2 liposomes demonstrated 

higher ultrasound-triggered photon production at a comparable tissue depth compared to 
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Lipo@IR780/L012 liposomes. Photon production exhibited a decrease with increasing tissue 

depth, but noteworthy light generation was still observed even at a depth of 10 mm (Figure 

3f and Figure S8). These data demonstrated the potential for achieving remote and wireless 

photon delivery for minimally invasive brain modulation.

Next, we investigated opsin activation in primary neuron cultures under sono-

mechanoluminescent irradiation. The mechanoluminescence spectra of Lipo@IR780/L012/

CaO2 liposomes exhibited the maximal emission wavelength at around 470 nm, and the 

photon yield was about three times higher than that of Lipo@IR780/L012 liposomes (Figure 

3g). The light emission wavelength mainly overlapped with the channelrhodopsin-2 (ChR2) 

for optogenetic stimulation.59 JRGECO1a red calcium indicators were chosen to track 

neuron activity and minimize spectral overlap (Figure 3h and Movie S1).60,61 Neurons 

transduced with AAV9-hSyn::ChR2-EYFP and AAV9-hSyn::NES-JRGECO1a (Figure 3i) 

exhibited synchronized firing after the irradiation in the presence of ultrasound (FUS+) and 

Lipo@IR780/L012/CaO2 liposomes (LipoCaO2+) with around 80% spike probability, but no 

evident increase of calcium fluorescence was observed in all other control groups (Figure 

3j-l).

We next tested sono-optogenetic neural activation in the mouse secondary motor cortex 

(M2), where optogenetic activation is expected to modulate limb motion. Local injection 

is chosen in this work due to higher spatial resolution, higher emission intensity, and 

prolonged stability for multiple days’ stimulation, especially important for VTA described 

later. Here, the Lipo@IR780/L012/CaO2 liposomes were unilaterally injected into the right 

M2 of Thy1-ChR2-YFP transgenic mice. After 24 h, FUS was applied to the M2 region 

of the mouse brain (Figure 4a). The normalized ultrasound energy heat map at the mouse 

motor cortex showed that around 1.15 MPa peak pressure was delivered to the M2 region 

when 1.55 MPa primary ultrasound energy was used (Figure S9). The high energy transfer 

efficiency ensured that these liposomes could be effectively activated. As shown in Figure 

4b, the synchronous blue light with power intensity 1.21 mW/mm2 was generated under 

the FUS stimulation, which should be sufficient to achieve more than 60% wild-type ChR2 

spike probability.8,62 Furthermore, it is worth noting that the ultrasound’s thermal effect 

can activate neurons through temperature-sensitive ion channels.63,64 Therefore, we assessed 

the local temperature at the targeted brain area during sono-optogenetic stimulation. Our 

findings revealed a mere 1.0 °C increase during the 20 s ultrasound stimulation, with no 

significant intracranial heating observed that could potentially alter neuronal physiology 

(Figure S10). Since the motor cortex is responsible for higher-order control of movement,65 

we tested in vivo sono-optogenetic stimulation in anesthetized subjects by video tracking 

of contralateral and ipsilateral limbs (Figure 4a). As shown in Figure 4c,d and Movie 

S2, DeepLabCut analysis determined that contralateral left limb motion was observed in 

Thy1-ChR2-YFP transgenic mice with FUS stimulation with liposome injection, while no 

ipsilateral limb motion was observed. Limb motion was not activated in the absence of 

FUS stimulation or liposome injection, or in wild-type mice. We anticipate seeing some 

limb motion in wild-type mice with FUS stimulation of endogenous mechanosensitive ion 

channels and anticipate the absence such nonspecific activity is a result of anesthesia.66-69 

We next evaluated neuron activation in posthoc tissue samples via expression of immediate 

early gene marker c-Fos. A dramatic increase in c-Fos signals was selectively observed 
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in the right M2 region in subjects receiving both FUS stimulation and liposome injection 

(Figure 4f,g and Figure S11). These results suggested that sono-optogenetics with our 

liposome nanotransducers is sufficient to achieve effective, remote, and minimally invasive 

photon delivery in the motor cortex for neuron activation.

Finally, we investigated ultrasound-triggered deep photon delivery in the mouse VTA. 

The VTA is well-known for regulating both motor behavior and reward learning via 

dopaminergic projections.70,71 We chose to assay the function of our sono-optogenetic 

approach in a head-fixed, lever pressing paradigm, which allows the animal to activate 

the ultrasound trigger (Figure 5a and Figure S12). Before behavioral evaluation, we first 

assayed ultrasound-driven in vivo light emission at the VTA (1.5 MHz, 1.55 MPa, pulse 

100 ms on, 900 ms off). Due to the high energy transfer efficiency of ultrasound in brain 

tissue, around 0.97 MPa of ultrasound energy from 1.55 MPa of primary ultrasound source 

was measured at the VTA, which is sufficient to activate liposomal light emission (Figure 

S13). The time-resolved light emission spectra showed that temporal blue light of 1.0 

mW/mm2 power density was detected under ultrasound stimulation (Figure 5b), which is 

sufficient to activate ChR2-expressing neurons. Liposomes were unilaterally injected into 

the mouse VTA region, and an ultrasound stimulation metal ring was affixed to the skull. 

Twenty-four hours after surgery, the mouse was placed in the 3D-printed holder allowing 

the animal to reach the ultrasound-triggering lever with the front limbs. Upon pressing the 

lever, the FUS transducer was programmed to generate one pulse (100 ms on, 1.5 MHz, 1.55 

MPa). To systematically investigate the reward-seeking behaviors under sono-optogenetics, 

we tracked the mouse press number over 5 days, including prestimulus (Pre, the FUS 

pulse is always off) at day 1, during stimulation (Dur, a FUS pulse was generated once 

the mouse presses the lever) at day 2 to day 4, and poststimulus (Post, the FUS pulse 

is always off) at day 5. Mice were not observed to have an innate preference for lever 

pressing (Figure 5c). However, the Thy1-ChR2-YFP transgenic mice administered both 

liposomes and FUS stimulation exhibited rapidly increased lever pressing rates with FUS 

(Dur), and this preference was preserved across trial days, as observed with continued 

lever pressing without FUS stimulation (Post) (Figure 5d-g, and Movie S3). We again 

evaluated expression of c-Fos (Figure 5h,i) and observed a significant increase in c-Fos 

signal under the Thy1-ChR2/FUS/liposome condition, including in tyrosine hydroxylase 

(TH)+ dopamine (DA) neurons. These results showcase the ability of our sono-optogenetic 

system to effectively deliver photons to the VTA, activate DA neurons, and achieve remote 

and minimally invasive modulation of reward learning behaviors. Finally, we investigated 

the in vivo biosafety and biocompatibility of this system. Seven days after sono-optogenetic 

stimulation, the brain sections stained with hematoxylin and eosin (H&E) showed that 

liposomes did not result in notable cell toxicity (Figure S14). We also noted no difference 

across samples in expression of glial activation (Iba1; Figure S15) or neuron apoptosis 

(caspase-3; Figure S16). Furthermore, these organic liposomes are expected to undergo brain 

clearance via the paravascular glymphatic pathway, wherein microglia intercept extraneous 

liposomes and facilitate their transportation to the paravascular regions for subsequent 

clearance.72

Wang et al. Page 8

ACS Nano. Author manuscript; available in PMC 2024 March 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



CONCLUSION

In conclusion, we developed cascaded liposomal nanotransducers triggered by FUS to emit 

light for deep brain sono-optogenetics. Ultrasound energy can be noninvasively delivered 

to the deep brain via pressure waves with high transmission efficiency and subsequently 

sensed by the sonosensitizer IR780 and sono-amplifier CaO2 to produce spatiotemporal blue 

light via a controlled cascade reaction in liposomes. In vitro and in vivo results suggested 

that ChR2-expressing neurons could be spatiotemporally controlled via irradiation by sono-

mechanoluminescence, thus achieving temporal neuron activation at the motor cortex and 

VTA for behavioral modulation. Excellent biosafety and biocompatibility data make our 

sono-optogenetic system promising for minimally invasive, genetically targeted deep brain 

modulation in large animals in the future.

Supplementary Material
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Figure 1. 
FUS-activated nanotransducers act as a wireless light source for spatiotemporal 

neuromodulation. (a) Schematic of the neural activation through FUS-triggered blue 

light emission from Lipo@IR780/L012/CaO2 mechanoluminescent liposomes at focus. 

(b) Mechanism of FUS-triggered light emission from cascaded mechanoluminescent 

nanoparticles. In this scheme, the ultrasound energy is absorbed through sonosensitizer 

IR780 to generate free radicals in the liposomes, and the ultrasound-induced mechanical 

force would also cause the perturbation of the polyethylene glycol (PEG) 200 coating at 

the CaO2 surface, thus enlarging the reaction with H2O to generate H2O2 and to increase 

the pH in the lumen due to the generation of Ca(OH)2. Accelerated free radicals and 

H2O2 production react with L012 to generate blue light, and the increased pH would 

improve the quantum yield of L012, thus achieving enhanced blue light emission. (c) XRD 

analysis of PEG 200 coated CaO2 nanoparticles. (d) TEM images of PEG 200 coated 

CaO2 nanoparticles. (e) XRD analysis of PEG 200 coated CaO2 nanoparticles after FUS 

stimulation. (f) TEM image of Lipo@IR780/L012/CaO2 liposomes. (g) Dynamic light 

scattering (DLS) tests of blank and payload liposomes in solution. (h) Stability evaluation of 

payload liposomes in serum mimic solution tested by DLS.
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Figure 2. 
FUS triggered the generation and consumption of free radicals by L012. (a) UV–vis 

spectra of DPBF under ultrasound irradiation (1.5 MHz, 1.55 MPa) over time, indicating 

the efficient generation of 1O2. (b) Quantitative analysis of DPBF decomposition with 

or without ultrasound irradiation (n > 3 per group) in different nanoparticle solutions. 

(c) UV–vis spectra of SA under ultrasound irradiation (1.5 MHz, 1.55 MPa) over time. 

(d) Quantification analysis of SA decomposition with or without ultrasound irradiation (n 
> 3 per group) in different nanoparticle solutions. Quantification analysis of (e) DPBF 

decomposition and (f) SA decomposition at the similar irradiation conditions after loading 

L012 over time. These results showed an absence of free radical residues in Lipo@IR780/

L012/CaO2 liposomes under FUS irradiation.
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Figure 3. 
FUS-triggered blue light emission and neuronal activation. (a) Schematic of the blue 

light emission from mechanoluminescence solution under ultrasound irradiation. (b) 

Photons were generated from Lipo@IR780/L012/CaO2 liposomes under repetitive FUS 

irradiation (1.5 MHz, 1.55 MPa, pulse 50 ms on, 950 ms off). (c) Latency time between 

ultrasound excitation and photon emission from Lipo@IR780/L012/CaO2 liposomes at 

different ultrasound irradiation frequencies. (d) Quantification analysis of light intensity 

from Lipo@IR780/L012 and Lipo@IR780/L012/CaO2 liposomes under similar ultrasound 

irradiation (1.5 MHz, 1.55 MPa, pulse 50 ms on, 950 ms off). (e) Normalized ultrasound 

energy transmission efficiency in porcine skin (1.5 MHz, 1.55 MPa). (f) Quantification 

analysis of light intensity from Lipo@IR780/L012 and Lipo@IR780/L012/CaO2 liposomes 

under similar ultrasound irradiation (1.5 MHz, 1.55 MPa, pulse 50 ms on, 950 ms off) 

at different tissue depths. (g) Mechanoluminescence spectra of Lipo@IR780/L012 and 

Lipo@IR780/L012/CaO2 liposomes, where the emission spectrum of the liposomes is 

overlaid with the ChR2 opsin absorption spectrum (green dot curve). (h) Illustration 

of a ChR2-expressing neuron activating under ultrasound irradiation in the presence of 

Lipo@IR780/L012/CaO2 nanoparticles. The ChR2 opsin channel could be activated under 

blue light emission. The Ca2+ imaging with JRGECO1a could be used to image the neuronal 

activation. (i) Fluorescent images of primary neurons expressing hSyn::ChR2-EYFP and 

hSyn::JRGECO1a; scale bar: 20 μm. (j) JRGECO1a fluorescence signal recording of ChR2-

expressing neurons in different experimental conditions, (i) FUS −, LipoCaO2 −; (ii) FUS +, 
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LipoCaO2 −; (iii) FUS −, LipoCaO2 +; (iv) FUS +, LipoCaO2 +, FUS stimulation (1.5 MHz, 

1.55 MPa, pulse 100 on 900 ms off). (k) Statistical analysis of JRGECO1a signal changes 

in different groups (n = 3 per group, two-way ANOVA and multiple comparisons test). (l) 

Spike probability of ChR2-expressing primary neurons under the different conditions (n = 3 

per group, two-way ANOVA and multiple comparisons test). All plots show mean ± SEM 

unless otherwise mentioned. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, not 

significant.
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Figure 4. 
In vivo sono-optogenetics for spatiotemporal motor cortex modulation. (a) Schematic 

of the remote motor cortex activation of sono-optogenetics for controlled limb motion. 

Lipo@IR780/L012/CaO2 liposomes were injected into the M2 area in the right hemisphere. 

After 24 h, a FUS transducer with a focus on the motor cortex area was used to treat 

the mouse, and the limb motion was recorded via camera and analyzed with DeeplabCut. 

(b) Blue light emission from mechanoluminescent liposomes under the FUS irradiation 

(1.5 MHz, 1.55 MPa, pulse 100 on 900 ms off). (c) Time-resolved left limb motion and 

(d) right limb motion in different experimental conditions, FUS −, LipoCaO2 −; FUS + , 

LipoCaO2 −; FUS −, LipoCaO2 +; and FUS +, LipoCaO2 +. (e) Statistical analysis of the 

right and left limbs’ motions in different groups of subjects (n = 5 per group, two-way 

ANOVA and multiple comparisons test) in response to FUS irradiation. (f) Confocal images 

of the right motor cortex region under different experimental conditions. Increased c-Fos 
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signals triggered by FUS were only observed in the presence of both ChR2 opsins and 

mechanoluminescent liposomes; scale bar: 20 μm. (g) Statistical analysis of c-Fos signal 

densities under different experimental conditions at the M2 motor cortex region (n = 4 

per group, two-way ANOVA, and multiple comparisons test). All plots show mean ± SEM 

unless otherwise mentioned. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, not 

significant.
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Figure 5. 
In vivo sono-optogenetics for spatiotemporal mouse VTA modulation. (a) Schematic of the 

remote VTA neuron activation of sono-optogenetics for lever press tests. Once the mouse 

presses the lever trigger, a FUS pulse is given (1.5 MHz, 1.55 MPa, pulse 100 ms). (b) The 

blue light emission from mechanoluminescence liposomes under FUS irradiation (1.5 MHz, 

1.55 MPa, pulse 100 on 900 ms off). (c) The mouse-lever-press curve at the prestimulus 

session, where the FUS generator was off to obtain the lever press baseline, (d) during FUS 

stimulation (or no FUS stimulation) epoch, where FUS is triggered on via the action of the 

mouse, and (e) at poststimulus epoch (FUS generator is off) under the different experimental 

conditions (n = 4 per group, 1.5 MHz, 1.55 MPa, pulse 100 ms). (f) Time courses of the total 

lever presses in each epoch for the mouse under the different experimental conditions (n = 4 

per group; 1.5 MHz, 1.55 MPa, pulse 100 ms; two-way ANOVA and multiple comparisons 

test). (g) Statistical analysis of mouse lever presses at all epochs (n = 4 per group; two-way 
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ANOVA and multiple comparisons test). (h) Confocal images of the VTA region under 

the different experimental conditions. Increased c-Fos signals triggered by FUS were only 

observed in the presence of both ChR2 opsins and mechanoluminescent liposomes; scale 

bar: 20 μm. (i) Statistical analysis of c-Fos signal densities under the different experimental 

conditions at the VTA region (n = 4 per group, two-way ANOVA, and multiple comparisons 

test). All plots show mean ± SEM unless otherwise mentioned. *P < 0.05, **P < 0.01, ***P 
< 0.001, ****P < 0.0001; ns, not significant.
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