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Abstract

Optogenetics has revolutionized neuroscience research through its spatiotemporally precise 

activation of specific neurons by illuminating light on opsin-expressing neurons. A long-standing 

challenge of in vivo optogenetics arises from the limited penetration depth of visible light 

in the neural tissue due to scattering and absorption of photons. To address this challenge, 

sono-optogenetics has been developed to enable spatiotemporally precise light production in a 

three-dimensional volume of neural tissue by leveraging the deep tissue penetration and focusing 

ability of ultrasound as well as circulation-delivered mechanoluminescent nanotransducers. Here, 

we present a comprehensive review of the sono-optogenetics method from the physical principles 

of ultrasound and mechanoluminescence to its emerging applications for unique neuroscience 

studies. We also discuss a few promising directions in which sono-optogenetics can make a lasting 

transformative impact on neuroscience research from the perspectives of mechanoluminescent 

materials, ultrasound-tissue interaction, to the unique neuroscience opportunities of “scanning 

optogenetics”.

Graphical Abstract

*Corresponding author: guosongh@stanford.edu. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review 
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Adv Drug Deliv Rev. Author manuscript; available in PMC 2024 March 01.

Published in final edited form as:
Adv Drug Deliv Rev. 2023 March ; 194: 114711. doi:10.1016/j.addr.2023.114711.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



1. Introduction

Neuromodulation enables the dissection of the causal relationship between neural activity 

and specific behaviors by stimulating targeted sites in the nervous system [1]. Since the 

introduction of cardiac pacemaker technology in the late 1960s, electrical neuromodulation 

in the brain [2,3], spinal cord [4], and peripheral nerve [5,6] has facilitated the 

diagnosis and treatment of neurological disorders and associated symptoms. However, it 

remains a fundamental challenge for stimulating electrodes to achieve cell-type specific 

neuromodulation [7–9]. Optical neuromodulation addresses this challenge by leveraging 

the advances in fiber optics and genetics [10,11]. As the most prominent method of 

optical neuromodulation, optogenetics enables spatiotemporally precise illumination in the 

neural tissue for targeted activation and inhibition of neuronal activity by activating opsins 

genetically expressed in specific neurons. Compared to most electrical neuromodulation 

methods, optogenetics offers neuron-type specific activation and inhibition in live animals, 

thus providing a toolbox of “neural circuit-breakers” for dissecting the neural circuitry 

underlying specific behaviors and disorders [9]. A practical challenge of optogenetics and 

other optical neuromodulation methods [12–14] arises from the limited penetration depth of 

light due to the strong photon scattering in the visible range in the neural tissue [15,16]. 

Specifically, visible photons are strongly scattered and absorbed in the neural tissue, leading 

to >90% attenuation of incident photons through merely 1 mm brain tissue. To mitigate 

this challenge, emerging optogenetic technologies have been developed with red-shifted 

opsin activation spectra, improved opsin sensitivity, as well as novel light delivery strategies 

[17–22]. Among these emerging optogenetic technologies, sono-optogenetics represents 

an attractive alternative to conventional fiber-based optogenetic methods by replacing 

the brain-invasive, head-tethered optical fiber with tissue-penetrant focused ultrasound 

(FUS) [23,24]. Specifically, FUS activates the mechanoluminescence from blood-circulating 
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mechanoluminescent nanotransducers (MLNTs) in the brain, thus realizing a minimally 

invasive method for delivering light to specific brain targets and activating opsin-expressing 

neurons therein. Due to the deep-penetrated depth of FUS (~centimeters) and the capability 

to quickly change its focus, sono-optogenetics offers unique opportunities for neuroscience 

studies and the clinical translation of optogenetics.

In this review, we present an overview of the sono-optogenetics method from the underlying 

physical principles to its neuroscience applications. We first discuss the background and 

some technical challenges of current optogenetics methods. Subsequently, we discuss 

the fundamentals of ultrasound, mechanoluminescent (ML) materials and their synthetic 

routes, trap states and their contribution to the ML process, as well as some strategies 

to optimize ML emission. Next, we review a handful of reported examples of applying 

sono-optogenetics in live animals. We conclude this article with a brief summary and point 

out potential challenges and strategies for adopting this emerging method for neuroscience 

studies.

2. Optogenetics

2.1 Background of optogenetics

The emergence of laser technology has motivated the development of optical 

neuromodulation methods since the 1970s [25]. Although these more conventional 

neuromodulation methods benefit from wireless energy delivery and high spatiotemporal 

resolution, they cannot differentiate among different neuron types, and the hypothesized 

mechanism of action is via the photothermal effect [26,27]. Light-sensitive materials, such 

as photovoltaic silicon membranes and molecules that can undergo photoisomerization, 

have also been leveraged for optical neuromodulation based on nonthermal effects [13,28]. 

Besides these non-genetic optical neuromodulation approaches, advances in genetics and 

molecular biology have led to the development of optogenetics for cell-type specific 

photostimulation of transgenic neurons [29]. Optogenetics represents a transformative 

neuroscience method that enables temporally precise control of neural activity with light 

[30]. Specifically, incident light activates opsins, light-gated ion channels which are 

expressed in specific cell populations, yielding excitatory or inhibitory stimulation of 

targeted cells depending on the depolarizing or hyperpolarizing nature of the specific 

opsin [31]. The unique ability to dissect and manipulate neural circuitry by controlling 

the genetically targeted neuron subtypes and pathways of the nervous system has since 

motivated the development of various approaches for light delivery in the brain and 

peripheral nerve targets [32,33]. Importantly, optogenetics is widely applied in the deep 

brain, where the neural activity in deep-brain nuclei has been implicated in many 

neurological and neurodegenerative diseases [34]. The need to efficiently deliver light 

into these deep-brain nuclei without incurring significant damage to the brain tissue thus 

represents a major motivation behind sono-optogenetics and other advanced optogenetic 

methods.
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2.2 Challenges of light delivery in optogenetics and emerging optogenetic methods

Light delivery in the brain represents a practical challenge for in vivo optogenetics. Visible 

light, which is used to excite most opsins in optogenetics, cannot penetrate into the deep 

brain region due to scattering in the tissue and absorption by the endogenous chromophores 

therein [15,35]. As a result, to deliver light efficiently into the deep brain, implanted optical 

fibers are usually used for in vivo optogenetics [32,36,37]. However, the fiber implantation 

process represents an invasive procedure, causing permanent brain damage along the path 

of implantation [38]. In addition, the mechanical mismatch between the rigid fiber material 

and soft brain tissue usually results in a chronic immune response at the fiber interface, 

necessarily disturbing the local neuronal and glial populations while degrading the long-term 

performance of the fiber interface [39]. Furthermore, the optical fiber tethered to the skull 

restrains the subject’s naturalistic behavior, thus interfering with the free motion and social 

interactions of the animals under study [40].

Several emerging methods aim to overcome the challenges of in vivo light delivery for deep-

brain optogenetics. Specifically, red-shifted opsins leverage wavelength-dependent scattering 

of photons in the brain, achieving optogenetic neuromodulation in the deeper tissue with 

red illumination (Fig. 1a) [17,35,41,42]. Additionally, ultra-sensitive opsins can be activated 

by transcranial illumination despite the strong attenuation of light intensity across the brain 

tissue (Fig. 1b) [18,43]. Besides these genetic engineering approaches, materials science 

has also facilitated deep-brain optogenetics and enabled alternative genetic neuromodulation 

approaches. For example, upconversion nanoparticles (UCNPs) that convert 980-nm near-

infrared (NIR) light into local 470-nm blue emission have enabled transcranial optogenetics 

in freely behaving mice (Fig. 1c) [19,44,45]. Besides these conventional opsins, transient 

receptor potential (TRP) channels, which are the molecular basis of infrared sensitivity 

in rattlesnakes [46], have also been employed in emerging optogenetic systems. For 

example, TRPV1 ion channels sensitized by semiconducting polymeric nanotransducers 

termed MINDS (macromolecular infrared nanotransducers for deep-brain stimulation) have 

been shown to respond to brain-penetrant, 1064-nm infrared light (Fig. 1d). This “infrared 

optogenetics” approach enables remote neuromodulation of behaving mice with widefield, 

overhead illumination that can penetrate through the intact scalp, skull, and at least 5 mm of 

the brain tissue [47].

Despite these advances in emerging optogenetic methods, several challenges remain. First, 

none of these methods can achieve deep-brain optogenetics without removing the intact 

scalp of the subject. Since the removal of the scalp usually results in a significant drop in 

cortical temperature and the ensuing alteration of neural activity, it is desirable to keep 

an intact scalp for in vivo optogenetic modulation of the brain[48]. Second, many of 

the materials-enabled methods still require intracranial injection of optical materials (e.g., 

UCNPs and MINDS), thus causing damage to the endogenous neural tissue. Third, despite 

the demonstrated transcranial brain penetration of long-wavelength illumination, none of 

the existing approaches enables easy relocation of a spatially confined illumination spot 

in the three-dimensional (3D) brain tissue. This limitation results from the diffuse nature 

of light (i.e., cortex-impinging light cannot be focused in the deep brain) and the invasive 

nature of fiber implants (i.e., an implanted fiber cannot be easily relocated without incurring 
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additional damage) in brain tissue. Consequently, existing optogenetic approaches usually 

result in limited throughput in terms of the number of disparate brain regions that can be 

simultaneously or sequentially manipulated in the same subject.

3. Ultrasound and its interaction with matter

Ultrasound is commonly generated by piezoelectric transducers, which convert electrical 

charges into mechanical vibration waves. The resulting mechanical wave can propagate over 

a substantial distance in a fluid or solid, depending on the frequency of the wave. Owing to 

its deep penetration in biological tissue, ultrasound has been broadly used as a non-invasive 

technology for clinical imaging. Based on its frequency, conventional ultrasound can be 

classified into three categories: low (<1 MHz), medium (1–5 MHz), and high (5–10 MHz) 

frequency ultrasound [49]. Low frequency ultrasound benefits from deep penetration in 

living tissues at the cost of low spatial resolution, while high frequency ultrasound exhibits 

shallow tissue penetration and high spatial resolution. To focus ultrasound into a diffraction-

limited spot, a curved transducer or a phased array is usually employed to obtain a high 

power density at the focus and achieve sufficient spatial resolution for imaging as well as 

targeted tissue modulation and ablation. Specifically, upon interactions with living biological 

tissues, focused ultrasound (FUS) can generate a combination of mechanical, thermal, and 

chemical effects [50]. In addition, FUS can also interact with ML materials to produce light 

emission. We discuss each of these processes discussed in the following sections.

3.1 Interactions of FUS with biological tissues

When FUS is applied to a fluid, acoustic cavitation is generated when the local pressure of 

the fluid drops below its saturated vapor pressure. The minimum negative pressure required 

to form a cavity (i.e., a gas bubble) is the cavitation threshold. After the bubbles are formed, 

they expand during the rarefaction phase of the FUS and shrink during the compression 

phase. As a result, the bubbles oscillate in response to the ultrasound. Based on the energy 

of FUS and the competition between the gas pressure and liquid inertia, cavitations can 

be classified into two types: inertial and non-inertial [51]. In non-inertial cavitation, the 

bubble undergoes sustained oscillations without collapsing, and the oscillatory motion of the 

bubble is dominated by the pressure factor. In inertial cavitation, the bubble undergoes rapid 

collapse due to the dominance of the liquid inertia. The collapsed bubble may then regrow 

into a new bubble with a radius at least twice the initial size, or it may disintegrate.

When a bubble oscillates and collapses in the biological tissues, it can generate an 

array of secondary mechanical effects (Fig. 2). i) Microstreaming occurs when oscillating 

bubbles transfer their momentum to the surrounding liquid, causing the latter to flow 

[52]. Microstreaming can produce shear stress on the adjacent biological tissue, potentially 

promoting drug release from carriers and enhancing tissue permeability. ii) Microjets are 

produced when a bubble collapses near a surface [51]. The microjet can travel with 

supersonic velocity toward the surface, causing pitting even in hard surfaces such as that 

of steel. The same mechanical impact of the microjet, within the safety range of not causing 

tissue damage, can be leveraged to facilitate tissue permeabilization and drug release [53]. 

iii) Shockwaves are produced during the collapse of an inertial bubble, which results in a 
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discontinuity in the pressure of the surrounding fluid. The emission of a shockwave imposes 

a large stress on the nearby surface; therefore, it has been leveraged for drug release by 

disrupting micelles and liposomes [54,55].

Besides these secondary mechanical effects, FUS also produces thermal effects via the 

nonlinear acoustic radiation force and viscous friction of oscillating bubbles inside the 

tissue. The thermal effect can also be leveraged in therapeutics such as thermal ablation of 

target tissues as well as drug release facilitated by temperature-sensitive carriers [56]. Lastly, 

during the violent implosion of bubbles, the temperature increase inside the collapsing 

cavitation can well exceed the typical thermal effect outside the bubble. Specifically, a 

rapid bubble compression can lead to an extreme temperature reaching several thousand 

Kelvins for a very brief period of time (usually <1 μs) [50]. The collapsing bubbles 

are usually also associated with the emission of light, also known as sonoluminescence. 

In addition, collapsing bubbles also create reactive oxygen species (ROS), due to the 

pyrolysis of water. This chemical effect of FUS can be employed for cancer therapy, 

acceleration of chemical reactions (sonochemistry), and even mechanoluminescence from 

organic luminescent molecules [57].

3.2. Interactions of FUS with ML materials

Besides the interaction between FUS and biological tissues, FUS also produces mechanical 

stress upon impinging on solid-state materials. ML materials represent a group of solid-state 

materials that produce light emission in response to a mechanical stress, thus offering new 

opportunities for FUS-mediated light emission. Here we review the history, mechanism, and 

materials of mechanoluminescence, with a focus on trap-controlled ML materials.

3.2.1. Mechanoluminescence—Dating back to 1650, Francis Bacon discovered light 

emission by scratching or crushing hard sugar with a knife. This discovery represents the 

first report of the ML phenomenon [58]. Since then, a number of ML phenomena have 

been observed by crushing certain mineral crystals and chemical compounds [59,60]. In 

early samples, ML emission was attributed to fractoluminescence since these processes 

were associated with the fracture and destruction of solids. As an irreversible process, 

fractoluminescence yields weak and non-repeatable light emission with limited practical 

applications. Furthermore, the lack of proper characterization methods prevents researchers 

from fully leveraging the ML process for practical applications. In 1999, Xu et al. 

reported ML materials with robust and reproducible green (SrAl2O4:Eu2+) [61] and yellow 

(ZnS:Mn2+) [62] emission under mechanical stress. These discoveries marked a key 

milestone in the modern research of ML. This bright ML can be self-recovered after being 

charged with UV light and released with cyclic mechanical loading. These unique properties 

have since attracted broad interest in ML research, thus enabling multiple applications from 

the detection of structural cracks [63,64], stress sensing in wearable devices [65], monitoring 

the biomechanics of bones and teeth [66,67], to sono-optogenetics for minimally invasive 

neuromodulation [23,68].

ML is usually classified into three categories: fractoluminescence, triboluminescence, and 

elasticoluminescence (Fig. 3). Fractoluminescence is generated from the separation and 
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recombination of opposite charges when ionic and covalent bonds are broken in solid 

materials (Fig. 3a). Most inorganic and organic crystals emit light upon fracturing, although 

the irreversible physical damages to the material usually result in one-off ML emission, 

thus limiting their utility as a long-term light source. In addition, triboluminescence 

originates from the direct contact between two materials (Fig. 3b). It has been 

hypothesized that contact electrification as a result of mechanical deformation contributes 

to triboluminescence. Specifically, it has been found that the triboelectric potential 

can reach 400 V locally, high enough to induce electroluminescence from crystalline 

ZuS:Cu+ [69]. Lastly, elasticoluminescence involves the elastic deformation of the host 

material, which generates ML signals under repeated mechanical stimuli without fracture 

or damage to the material (Fig. 3c). Specifically, the intensity of elasticoluminescence 

usually increases linearly with the applied mechanical stress. A prevalent model of 

elasticoluminescence attributes its origin to the coupling of strain-induced piezoelectricity 

and electroluminescence under the piezoelectric field.

As a caveat to the above categorization of ML, oftentimes these three mechanisms are 

closely related to one another with more than one of them involved in the ML of the 

same material. For example, an ML material may present elasticoluminescence when the 

mechanical load is within the range of the elastic deformation, while the same material 

may show fractoluminescence beyond the fracture point. Furthermore, some ML materials 

(e.g., ZnS:Mn) generate sufficient piezoelectricity under both compressive and shear stress, 

thus leading to both elasticoluminescence and triboluminescence, respectively, in the same 

material.

Although the exact mechanism of ML emission for a specific material may be obscure, trap-

controlled ML materials provide a model system for understanding the ML process in these 

materials under mechanical stress. A characteristic feature of trap-controlled ML materials 

is that they can reproducibly generate ML emission in response to cyclic mechanical stimuli 

without damaging the material. The reproducible emission in trap-controlled ML materials 

is usually achieved in two steps: i) trapping of charge carriers (i.e., electrons or holes) in the 

trap states; and ii) de-trapping of charge carriers under mechanical stimulus, yielding light 

emission. Below we discuss the origin of trap states, strategies to synthesize trap-controlled 

ML materials, and the mechanism behind trap-controlled ML emission.

3.2.2 Trap states in mechanoluminescent materials—Trap-controlled ML 

materials are usually composed of inorganic host materials doped with transition-metal 

and rare-earth ions. In these materials, the trap state can be formed via the following 

two processes. i) The trap state does not exist in the original host materials and is 

formed by high-energy irradiation, such as X-ray or γ-ray irradiation. In this case, the 

trap states strongly depend on the composition of the host materials and the dose of 

high-energy radiation. Specifically, these ML materials include X-ray or γ-ray irradiated 

alkali/alkaline earth halide and ZnS crystals [70–72]. ii) The trap state is generated 

during the preparation of the host material and does not involve high-energy irradiation. 

In these materials, the concentration and trap depth can be tuned by specific dopants 

made of rare-earth and transition-metal elements, the stoichiometry of precursors, and the 

synthetic method. Since the first report of SrAl2O4:Eu2+ and ZnS:Mn2+ ML materials 
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more than two decades ago, this type of trap-controlled ML materials has attracted 

broad research interest in ML materials research. Several bright trap-controlled ML 

materials are Sr2MgSi2O7:Eu,Dy, CaAl2Si2O8:Eu2+, ZnS:Cu+/Mn2+,Te2+, CaZnOS:Tb3+/

Eu3+/Sm3+Yb3+/Er3+/Pr3+/Tm3+/Dy3+/Ho3+/Sm3+/Nd3+, (Ba,Ca)TiO3:Pr3+, NaNbO3:Pr3+, 

etc.. We focus on the second type of trap-controlled ML materials in this review.

From the perspective of materials science, carrier traps in trap-controlled ML materials are 

normally regarded as point defects in host materials. These point defects can be created 

by doping or nonstoichiometry of the precursors during synthesis. Specifically, the doping 

strategy includes non-equivalent substitution and equivalent substitution. On one hand, non-

equivalent substitution refers to the substitution of monovalent or divalent metal cations 

(M+/M2+) in the host by trivalent rare-earth dopants (Ln3+). For example, when three 

divalent metal cations (M2+) are substituted by two trivalent rare-earth dopants (Ln3+), two 

types of defects are generated simultaneously, according to the equation below:

Ln2O3 + 3MM
× 2LnM⋅ + V M" + 3MO

where the negatively charged vacancy V M′′  and the positively charged substitutional atom 

LnM
.  act as hole and electron traps, respectively. On the other hand, equivalent substitution 

occurs in alkaline-earth metal (M2+= Ca2+, Sr2+, Ba2+)-based ML materials. For example, 

Eu2+ and Mn2+ ions can replace M2+ in these materials. Although the net charge is neutral 

for these substitutional atoms, the electronegativity of Eu2+ and Mn2+ ions is different 

from alkaline-earth cations, thereby leading to isoelectronic traps [73]. Besides the doping 

strategy, the nonstoichiometry approach leverages a non-integer elemental ratio in the 

host material; that is, the number of cations or anions is slightly more or less than that 

in a stoichiometrically perfect lattice. In this case, point defects, such as oxygen/sulfide 

vacancies or cation vacancies are introduced, acting as electron or hole traps, respectively.

3.2.3. Synthesis of trap-controlled ML materials—Trap-controlled ML materials 

are conventionally synthesized via solid-state reactions, the sol-gel method, and the 

ultrasonic spray pyrolysis technique. To fulfill the trap engineering requirement as discussed 

in 3.2.2, introducing point defects to host materials of the desired phase necessitates high-

temperature treatment. Therefore, all conventional methods require reaction or annealing at 

an elevated temperature, necessarily yielding large, micrometer-sized particles incompatible 

with minimally-invasive syringe-assisted in vivo delivery. To address this challenge, recently 

our lab reported a novel biomineral-inspired approach for preparing trap-controlled ML 

colloids. In the following sections, we provide a comprehensive overview of the three 

conventional methods along with our new approach for synthesizing trap-controlled ML 

materials.

Solid-state reactions: Solid-state reactions represent the most straightforward and efficient 

method for preparing crystalline ML materials. Historically, most of trap-controlled ML 

materials were first reported with their synthesis via this method. In a typical solid-state 

reaction, the precursors are thoroughly ground using a mortar and pestle, followed by 

reactions at elevated temperatures (typically > 1000 °C) for several hours. An additional 
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grinding process is usually involved after the products are cooled to room temperature. 

Solid-state reactions usually benefit from their simplicity, large-scale production, as well 

as bright ML emission of the product. However, the reaction at high temperatures for 

hours necessarily results in large-grained (>10 μm) products. The products of solid-state 

reactions are usually less favorable for biomedical applications since the micron-sized 

particles prohibit their in vivo delivery via the common systemic administration route. 

Specifically, large particles impose the risk of blocking the microvasculature, especially 

capillaries, after systemic administration. Moreover, large particles may trigger macrophagic 

uptake and rapid blood clearance mediated by the mononuclear phagocyte system (MPS). 

Albeit unfavorable, high-temperature treatment is usually required for creating sufficient 

point defects, which act as trap states to store photon energy, in host materials of desirable 

polymorphs. It is not surprising to note that the two following methods involve a similar 

high-temperature annealing step for preparing trap-controlled ML materials as well.

The sol-gel method: The sol-gel method acts as a mild chemical route to synthesizing 

MLNTs. A typical solgel method involves two steps: i) the formation of metal-chelates 

from an aqueous solution of metal precursors and ii) the polymerization of metal-chelates 

to form clusters of the product. Specifically, metal salts dissolved in an aqueous solution 

are usually mixed with chelating agents, such as citric acid, ascorbic acid, ethylene diamine 

tetraacetic acid (EDTA) to form metal-chelates. In some cases, a crosslinking agent, such 

as a polyhydroxy alcohol (e.g., ethylene glycol, EG, or polyethylene glycol, PEG), is 

added to the previous mixture to produce polymeric resin gels on a molecular level. The 

crosslinking agent is believed to facilitate compositional homogeneity and size uniformity 

of resulting particles [74]. A salient advantage of the sol-gel method lies in the ability to 

tune the particle size and morphology via changing the molecular weight of PEG and the 

ratio of the chelating agent to PEG. After the chelation and gelation step, the intermediate 

is still subject to post-annealing at an elevated temperature (500~1000 °C) to obtain the 

desired phase of the host material and improve uniform doping of trap states. Importantly, 

the post-annealing process burns off all organic additives on the surface of nanocrystals, 

resulting in aggregated, large particles with broad size distributions from nanometers to 

micrometers.

The ultrasonic spray pyrolysis technique: The ultrasonic spray pyrolysis technique is 

a straightforward aerosol synthetic method to prepare nanoparticles. To implement this 

technique, the synthetic system is composed of an ultrasonic atomizer that generates 

aqueous droplets containing the precursors and a furnace for high temperature calcination of 

the droplets [75]. This method usually yields spherical particles as a result of the spherical 

aerosol droplets. Further, the particle size distribution is mainly determined by the diameter 

of the droplet, which is in turn related to the frequency of the ultrasonic atomizer and the 

precursor concentration [76]. As an example, the ultrasonic spray pyrolysis technique has 

been used to prepare spherical SrAl2O4:Eu2+ nanoparticles with sizes in the range of 10-30 

nm [77]. A remaining challenge of this approach arises from the inevitable aggregation of 

nanoparticles due to the coalescence of the aerosol droplets during calcination.
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The biomineral-inspired approach: As discussed above, the elevated temperature leads 

to large ML particles and aggregates during solid-state reactions, post-annealing in the 

sol-gel method, and calcination in the ultrasonic spray pyrolysis technique. An intuitive 

strategy to avoid aggregation or coalescence of MLNTs is thus making ML colloids after 

any high-temperature treatment in a top-down approach. To this end, our group recently 

developed a biomineral-inspired approach by leveraging the demineralization found in 

nature (Fig. 4) [68,78]. Demineralization of natural biominerals (e.g., seashells, bones, and 

dental enamel) exhibits a self-preservation behavior, in which the biominerals can gradually 

dissolve to nanoparticles in an undersaturated microenvironment. Remarkably, the resulting 

nanoparticles are resistant to further dissolution despite their thermodynamic metastable 

nature. We applied the biomineralization approach to produce colloidal ML nanocrystals 

from a wide range of bulk silicate, aluminate, and sulfide phosphors from solid-state 

reactions (Fig. 4a). The as-prepared ML colloids are as small as 20 nm while preserving 

the strong ML emission of their bulk counterparts in the spectral range of 470~610 nm 

(Fig. 4b and c). Therefore, the biomineral-inspired approach represents a unique method for 

synthesizing stable and bright ML colloids for biomedical applications that we discuss in 

greater detail below.

3.2.4 Mechanisms of trap-controlled mechanoluminescence—In this section, 

we summarize typical models to explain trap-controlled ML. Specifically, we explain 

capture of charge carriers by trap states, piezoelectricity-induced de-trapping process under 

mechanical stimulus and associated luminescence emission in detail.

Carrier trapping and release: There are two proposed carrier traps (hole traps and electron 

traps) in the ML process (Fig. 5). Taking SrAl2O4:Eu2+ as an example [61], in the first 

hole traps model, Eu2+ generates Eu+ and a hole upon optical excitation (Fig. 5a). The hole 

escapes to the valence band and then can be captured by negative-charged Sr vacancies 

V Sr′′  that serve as hole traps. Under mechanical stimulation, the hole is released from the 

traps and recombined with Eu+ to form excited Eu2+. Then Eu2+ ions return to the ground 

state and emit green light. In the second model, oxygen vacancies serve as electron traps 

and electrons are regarded as carriers (Fig. 5b) [79]. Upon UV light excitation, Eu2+ ion 

in the ground state is excited to the conduction band and oxidized to a trivalent state Eu3+ 

accomplished with the generation of an electron simultaneously. This electron is trapped by 

oxygen vacancies V O
.. . After applying mechanical stimuli, the electron is released from the 

trap and recombines with Eu3+ moving through the conduction band to form Eu2+, finally 

emitting green light. It should be mentioned that in these two examples, the detail of the 

carrier de-trapping process under mechanical stress is not discussed. We refer the readers to 

the following section for the detailed discussion of the detrapping process.

Piezoelectricity-induced carrier de-trapping: As we mentioned in 3.2.1, piezoelectric 

property is required for ML emission. The mechanical stress-induced piezoelectric effect 

is believed to de-trap carriers during the ML emission. Because the lack of central 

symmetry is a prerequisite for piezoelectric materials, non-centrosymmetric crystal structure 

is usually required for materials to produce ML emission. Xu et al. has confirmed that 

among Eu2+-doped strontium aluminates (SrAl12O19, Sr3Al2O6, SrAl4O7, Sr4Al14O25, 
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α-SrAl2O4, β-SrAl2O4, and their mixed phases), α-SrAl2O4 is the only polymorph 

without centrosymmetry, thus exhibiting ML emission [80]. In the piezoelectricity-

induced electroluminescence model, the applied mechanical stress produces a strong 

piezoelectric field which is sufficient to directly induce electroluminescence. Specifically, 

this piezoelectric field results in the de-trapping and acceleration of electrons to the 

luminescent center to emit light. Several previous works have experimentally confirmed the 

presence of a strong piezoelectric field above the electroluminescence threshold [69,81]. 

However, the piezoelectricity-induced electroluminescence model can only explain the 

mechanoluminescence in semiconducting (e.g. ZnS, (Ba,Ca)TiO3) host materials that have 

reported electroluminescence properties. Moreover, this model cannot explain the ML 

emission under low mechanical stress that only produces a weak piezoelectric field well 

below the electroluminescence threshold.

To explain ML induced by a weak piezoelectric field, a piezoelectricity-induced carrier 

de-trapping model is proposed (Fig. 6). In this model, ML materials excited by light 

generate charge carriers which are captured by trap states in the host matrix (Fig. 6a). Then 

mechanical stress is applied to the host matrix to locally produce a low piezoelectric field. 

Owing to a continuous distribution of trap states in their energy, the carriers captured in 

shallow traps may be de-trapped to the conduction band under this weak, local piezoelectric 

field, before they subsequently return to the ground state accompanied with light emission 

(Fig. 6b). In contrast, de-trapping of carriers from the deep traps requires a stronger 

piezoelectric field and is thus usually not considered in this model.

3.2.5 Optimization of ML emission—Although an array of trap-controlled ML 

materials has been developed, ML emission from most materials is weak and invisible to 

the naked eye under ambient light. The weak ML emission thus makes these materials less 

ideal for specific biomedical applications where sufficient power density of illumination 

is required under minimum mechanical perturbation induced by FUS. To address this 

challenge, much of the recent effort has been contributed to improve the ML intensity of 

trapped-controlled materials.

The first strategy relies on modifying the microstructure of ML materials, informed by 

the full understanding of the structure-property relationship. Specifically, to optimize 

mechanoluminescence through activator dopants, a common method relies on co-doping 

the activator with transition-metal or rare-earth ions because the presence of co-dopants 

helps increase the number of trap states in the host matrix. The most prominent strategy 

leverages the combination of Eu2+ (activators) and Dy3+(co-dopants). For instance, Xu et al. 

reported that ML emission intensity increases around two orders of magnitude via co-doping 

of Eu2+ and Dy3+ in Ca2MgSi2O7 in comparison to Eu2+ singly-doped Ca2MgSi2O7 [82]. 

They attributed the ML enhancement to the creation of shallow traps that were confirmed 

by the new emission band at low temperature range in the thermoluminescence spectrum. 

Besides optimizing the dopants, another strategy is based on screening the much larger 

family of persistent luminescent phosphors for polymorphs of the host material without 

centrosymmetry. A prominent fact attesting to this method is that most trap-controlled ML 

materials reported thus far possess both mechanoluminescence and persistent luminescence. 

As a strategy to optimize mechanoluminscence, substitution of ions in the host lattice may 
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significantly enhance the emission since substitutional ions change the volume of the unit 

cells, thus increasing the piezoelectric coefficient by altering crystal symmetry. This ion 

substitution strategy has been employed in alkaline earth metal-based ML materials, such as 

(CaxSr1-x)Al2Si2O8:Eu2+ [83], (Ca,Ba)TiO3:Pr3+ [81], (Sr,M)2MgSi2O7:Eu2+ (M = Ca, Sr, 

Ba) [84].

The second strategy for enhancing ML emission leverages an inorganic-organic composite 

architecture to enhance ML emission. To this end, researchers have designed specific array 

architectures to concentrate applied mechanical stress on specific spots in the polymeric 

matrix to obtain high mechanoluminescence. For example, Wang et al. fabricated a matrix 

composed of square array architecture with ZnS:Mn2+/photoresist pixels [85]. The array 

architecture design could well eliminate the crosstalk from adjacent pixels, resulting in 

a good resolution under weak stress. Later, Wang et al. upgraded the square array to a 

pyramidal array [86]. The concentrated stress on the center of the pyramid achieved a 

pressure sensitivity threshold down to 0.6 kPa. Zhu et al. also reported micro-sized ZnS:Cu 

pillars PDMS arrays, the ML intensity in which is twice that prepared with a plain PDMS 

surface[87].

4. Sono-optogenetics

Sono-optogenetics is motivated by the challenges of in vivo light delivery for conventional 

optogenetics, the deep penetration and focusing ability of ultrasound in biological 

tissues, as well as light emission of trap-controlled ML materials under FUS-induced 

mechanical stress. Our group for the first time demonstrated that a circulation-delivered 

and rechargeable internal light source, which is mediated by tissue-penetrant FUS, can 

replace conventional fiber-based light illumination for minimally invasive optogenetic 

neuromodulation (Fig. 7a). Specifically, we synthesized ZnS:Ag,Co@ZnS core/shell 

MLNTs via a two-step hydrothermal process (Fig. 7b). The ZnS:Ag,Co@ZnS MLNTs 

exhibited mechanoluminescence centered at 470 nm under FUS stimulation with the 

ML spectrum highly overlapping with the activation spectrum of channelrhodopsin-2 

(ChR2) (Fig. 7c). To demonstrate the feasibility of FUS-mediated sono-optogenetics, 

we systemically injected ZnS:Ag,Co@ZnS MLNTs into the blood circulation of mice, 

recharged these MLNTs during their circulation by 400 nm light in the superficial 

vessels, and discharged them with through-scalp FUS in the mouse brain to stimulate 

ChR2-expressing neurons (Fig. 7d). Importantly, our in vivo experiments demonstrated the 

specificity of contralateral limb activation only in mice expressing ChR2 in the brain and 

injected with MLNTs (Fig. 7e and f). The lack of stimulated limb motion with ultrasound 

alone in the absence of ChR2 or MLNTs rules out the possibility of nonspecific neural 

activation with FUS. The biocompatibility of intravenously injected ZnS:Ag,Co@ZnS 

MLNTs was confirmed with a lack of any noticeable tissue damage or pathological lesion 

in the organs. This work represents the first proof-of-concept demonstration of minimally 

invasive sono-optogenetic neuromodulation with tissue-penetrant FUS and circulating 

MLNTs.

Besides our demonstration above, Chang et al. developed a magneto-luminescence 

microdevice (MLMD) to realize non-contact ML emission for optogenetic modulation (Fig. 
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8) [88]. The MLMD was constructed by integrating CaZnOS:Tb3+ ML phosphors into 

a container with a free-moving magnet bar, in which the magnet bar was controlled in 

a rotational motion by an external magnetic field to activate the ML phosphors to emit 

light. To study wireless neuromodulation with the MLMD in mice, the authors implanted 

the microdevice into the primary motor cortex of mice expressing the C1V1 opsin (Fig. 

8a). Electrophysiological recordings exhibited a significant difference in the frequency 

and number of action potentials between mice with vs without the MLMD. Moreover, 

immunohistochemistry also revealed a higher expression level of c-fos, an immediately early 

gene that labels recent neuron activity, in the brain of mice with MLMD stimulation than in 

all control groups (Fig. 8b). Furthermore, behavioral tests revealed a significant difference of 

locomotion in C1V1 mice with MLMD, indicating effective optogenetics by ML stimulation 

(Fig. 8c). In addition to neuromodulation, the authors utilized the MLMD to stimulate a 

photosensitive protein KillerRed, which generates ROS in response to 544 nm light emitted 

by the MLMD for subcutaneous antitumor therapy. During the treatment with implanted 

MLMD under the magnetic field, a negligible change in the mouse body weight was found 

along with minimal tissue damages in H&E stained organ slices, suggesting the good 

compatibility of MLMD. Although this work provided an innovative approach to deliver ML 

light for neuromodulation, the invasiveness may still be a concern for bioapplications.

Recently, our group developed a biomineral-inspired approach to prepare ML colloids with 

a broad range of compositions and emission wavelengths (Fig. 9) [68]. This method enables 

us to synthesize Sr2MgSi2O7:Eu,Dy, ZnS:Cu,Al, ZnS:Mn, and CaTiO3:Pr colloidals in a 

stable aqueous suspension with ML emission at 470 nm, 534 nm, 578 nm, and 610 nm, 

respectively, under hydrodynamic FUS stimulation. Importantly, this approach produces 

water-soluble ML colloids with sizes down to 20 nm, not only avoiding the blockage of 

blood capillaries after systemic delivery, but also fitting into the suitable size range (10–

200 nm) of nanoparticles for long circulation time in vivo [89], which is desirable for in 
vivo biomedical applications. Since this approach well preserves the crystallinity of the 

solid-state precursor particles, the resulting colloids exhibit intense mechanoluminescence. 

Importantly, the ML of the Sr2MgSi2O7:Eu,Dy colloids was much stronger than that of 

previously-reported ZnS:Ag, Co@ZnS MLNTs from a two-step hydrothermal route. We 

characterized the rechargeable emission of all ML colloidal nanocrystals in an artificial 

circulation tubing, observing reproducible emission at each corresponding wavelength with 

consistent intensity under repeated FUS pulses (Fig. 9a).

In addition, we measured fast onset and offset kinetics of ML emission when FUS is 

applied and removed to the colloids, obtaining a short onset time of ≤5 ms for all 

materials regardless of the FUS duration (Fig. 9b). The fast temporal kinetics and diverse 

wavelengths of mechanoluminescence thus facilitate the application of these materials for 

sono-optogenetic activation of both excitatory (e.g., ChR2) and inhibitory opsins (e.g., 

eNpHR). Leveraging the rich vasculature throughout the entire mouse body, we systemically 

delivered Sr2MgSi2O7:Eu,Dy colloids and applied FUS to the liver, kidney, and brain of 

the mouse (Fig. 9c). Reproducible blue light emission corresponding to the focal point of 

ultrasound can be observed from all tested organs, revealing a high spatial resolution of 

150–500 μm approaching that of typical optical fibers (Fig. 9d). To evaluate the biosafety 

of Sr2MgSi2O7:Eu,Dy colloids, we carried out biodistribution, excretion, and histological 
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analyses in mice after systemic delivery of these colloids, identifying negligible adverse 

effects [78]. Lastly, we confirmed the efficacy of sono-optogenetics in Thy1-ChR2-YFP 

transgenic mice expressing ChR2 (Fig. 9e). Applying immunostaining of c-fos, we found an 

obvious increase in expression level of c-fos in the Thy1-ChR2-YFP mouse brain compared 

to that in wild-type C57BL/6J mice (Fig. 9f&g). This result also rules out the possibility of 

nonspecific, direct neural activation with FUS in the mouse brain since the wild-type mouse 

brain exhibits minimal baseline activity even in the presence of FUS.

5. Conclusion and outlook

In this review, we present a comprehensive overview of the principles and applications 

of sono-optogenetics. The sono-optogenetic approach is motivated by the limited tissue 

penetration of visible light in in vivo optogenetic applications and enabled by the focusing 

ability of tissue-penetrant ultrasound as well as circulation-delivered MLNTs. In addition, 

the interactions between FUS and biological tissues as well as the underlying mechanism 

of FUS-stimulated emission in trap-engineered ML materials set the physical constraints 

for the application of this approach. Here, we summarize the challenges, methods for 

improvement, and potential directions from the perspectives of materials, ultrasound, and 

neuroscience for future sono-optogenetics research:

1) ML materials: despite the development of various trap-controlled ML materials, the 

mechanoluminescence of most materials remains weak and below the intensity requirement 

for specific biological applications such as optogenetics. Developing new piezoelectric 

host materials with strong emission based on current materials is highly desirable; The 

ML intensity of piezoelectric polymer composites has demonstrated ML enhancement 

[90]; therefore, piezoelectric polymer coating on ML particles can potentially increase 

the ML emission intensity. Besides improving the emission intensity, for the future sono-

optogenetics research, replacing the current UV-based charging scheme with self-charged 

triboluminescence represents another promising direction. Lastly, the use of organic ML 

materials and mechanophores may offer new opportunities toward the clinical translation 

of sono-optogenetics owing to their improved biocompatibility [57,91,92]. Previous 

works have reported the generation of ROS from specific organic sonosensitizers with 

sonodynamic properties under FUS stimulation [93,94]. The generation of ROS is a double-

edged sword. On one hand, the produced ROS under FUS can generate chemiluminescence 

in the presence of chemiluminescent molecules, thus yielding ultrasound-triggered in situ 
photon emission for optogenetics [57,95]. On the other hand, excessive ROS may cause 

damage to the brain by inducing apoptosis and disrupting the blood-brain barrier [96,97]. 

To avoid undesirable biological effects induced by ROS, it is important to use organic ML 

materials with their ROS generation under control and spatially confined to only react with 

chemiluminescent molecules for sono-optogenetics.

2) Focused ultrasound: FUS is known to produce nonspecific neuromodulation, likely 

resulting from a combination of neuron membrane capacitance change [98], activation of 

mechanosensitive ion channels [99], and even activation through auditory pathways [100–

102]. Specifically, it has been found that direct ultrasound neuromodulation in the mouse 

brain has a frequency dependence, with an increasing threshold in FUS intensity to achieve 
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the same effect as the center frequency increases [103]. In addition, the pulse repetition 

frequency (PRF) of FUS has also been found to evoke the response of excitatory and 

inhibitory neurons differently [104]. In contrast, many of the ML colloids synthesized in 

our lab do not show enhanced sensitivity toward a specific frequency or PRF of FUS. 

This difference in neuron vs ML material response to FUS thus enables researchers to 

design specific FUS protocols to achieve sono-optogenetic activation of specific neuron 

populations by leveraging light emission from ML materials while minimizing direct FUS 

neuromodulation. Importantly, our preliminary results have demonstrated specific behavioral 

and immunohistochemical activation with sono-optogenetics, thus ruling out the possibility 

of nonspecific, direct neural activation with FUS in the mouse brain [23,68].

3) Neuroscience studies: as discussed in 2.2 above, deep-tissue light delivery represents one 

of the major challenges for in vivo optogenetics. Furthermore, the inability to reposition the 

illuminated region in the same animal’s brain represents another challenge with conventional 

implants (e.g., fibers and light-emitting diodes) for optogenetics. In contrast, intravenously 

delivered MLNTs circulate in the bloodstream and emit light at any location or depth 

in the mouse brain determined by the focus of impinging ultrasound. This “virtual” 

light source can thus produce on-demand and dynamically programmable light emission 

patterns throughout the entire brain of live mice with millisecond precision, enabling unique 

opportunities for “scanning optogenetics”. The “scanning optogenetics” approach, which 

represents a unique advantage of sono-optogenetics, can enable neuroscientists to rapidly 

turn on and off multiple brain regions simultaneously or sequentially in the same subject 

with a high throughput. As a proof-of-concept example, our recent work demonstrates a 

flexible and wireless multicolor display composed of different combinations of MLNTs and 

perovskite quantum dots in a silicone elastomer with each pixel individually addressed by 

scanning FUS to produce localized emission [105]. This scanning approach may allow for 

the dissection of the unique and/or synergistic contributions of different brain regions to a 

certain behavior or pathology of interest, such as the drug seeking behavior, in the same 

subject and experiment.
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Fig. 1. Emerging optical neuromodulation methods.
(a) A red-shifted and ultrasensitive opsin, ChRmine, enables transcranial deep-brain 

optogenetics with 635 nm illumination. Reproduced from [17] with permission from 

Springer Nature, Copyright 2021. (b) A high-photocurrent and low-light-sensitive opsin, 

ChRger2, enables transcranial optogenetics with 447 nm illumination. Reproduced from 

[18] with permission from Springer Nature, Copyright 2019. (c) UCNPs composed of 

NaYF4:Yb,Tm@NaYF4 enables transcranial activation of ChR2 under 980-nm illumination. 

Reproduced from [19] with permission from American Association for the Advancement 

of Science, Copyright 2018. (d) Polymeric nanoparticles enable through-scalp and tether-

free neuromodulation in deep-brain regions with widefield, 1,064-nm infrared illumination. 

Reproduced from [47] with permission from Springer Nature, Copyright 2022.
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Fig. 2. Interactions of FUS with biological tissues via cavitation.
Microstreaming occurs when oscillating bubbles transfer their momentum to the surrounding 

liquid. At higher pressure amplitudes, microstreaming of the liquid near the bubble can 

generate shockwaves and micro-jets. Oscillating bubbles can induce acoustic re-radiation 

and viscous friction to heat their surrounding liquid. The reactive oxygen species and 

sonoluminescence are produced via the high pressures and temperatures-induced extreme 

conditions in the core of a collapsing bubble.
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Fig. 3. Schematics of three ML processes.
(a) Fractoluminescence; (b) Triboluminescence; (c) Elasticoluminescence.
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Fig. 4. Preparation of multicolor ML colloidal nanocrystals by a biomineral-inspired method.
(a) The biomineral-inspired approach leverages a suppressed dissolution mechanism by 

learning from natural biominerals to generate ML colloids as a rechargeable internal 

light source under FUS stimulation. (b) Top: SEM images of (i) Sr2MgSi2O7:Eu,Dy, (ii) 

ZnS:Cu,Al, (iii) ZnS:Mn, and (iv) CaTiO3:Pr bulk materials synthesized by solid-state 

reactions. Scale bars represent 50 μm. Middle: TEM images of (i) Sr2MgSi2O7:Eu,Dy, (ii) 

ZnS:Cu,Al, (iii) ZnS:Mn, and (iv) CaTiO3:Pr ML colloidal nanocrystals prepared by the 

biomineral-inspired approach . Scale bars represent 200 nm. The luminescence images of 

ML bulk materials and their colloidal nanocrystals in an aqueous solution are inserted in the 

top and the middle rows. Bottom: size histograms of (i) Sr2MgSi2O7:Eu,Dy, (ii) ZnS:Cu,Al, 

(iii) ZnS:Mn, and (iv) CaTiO3:Pr colloidal nanocrystals. (c) Mechanoluminescence spectra 

of (i) Sr2MgSi2O7:Eu,Dy, (ii) ZnS:Cu,Al, (iii) ZnS:Mn, and (iv) CaTiO3:Pr bulk materials 

(left) and their corresponding colloidal nanocrystals (right). Reproduced from [68] with 

permission from American Chemical Society, Copyright 2022.
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Fig. 5. Schematic diagrams showing the interaction of charge carriers with traps during the ML 
emission in SrAl2O4:Eu2+ phosphors.
Hole (a) and (b) electron traps serve as the main carrier traps during the ML emission, 

respectively. VB represents valence band; CB represents conduction band.
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Fig. 6. Schematic of piezoelectricity-induced carrier de-trapping process in the 
mechanoluminescence process.
(a) Carrier trapping in a doped-piezoelectric lattice, (b) Piezoelectricity-induced carrier 

de-trapping, leading to mechanoluminescence. VB represents valence band; CB represents 

conduction band.
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Fig. 7. Sono-optogenetic neuromodulation via FUS-triggered ML emission from MLNTs 
circulating in the blood.
(a) Schematic showing circulation of ZnS:Ag,Co@ZnS MLNTs in blood vessels, which 

transports 400-nm photoexcited MLNTs at superficial vessels into deep-brain regions 

to produce 470 nm emission under FUS for optogenetic stimulation. (b) TEM image 

of ZnS:Ag,Co@ZnS MLNTs and the inset is the high-resolution TEM image. (c) 

Normalized fluorescence (green) and mechanoluminescence (blue) emission spectra of 

ZnS:Ag,Co@ZnS MLNTs, largely overlapping with the absorption band of ChR2 (the pink 

shade under black dashed curve ). (d) Photograph of sono-optogenetic neuromodulation 

setup for mouse, highlighting the intact scalp of the shaved mouse. (e) Photographs and 

hindlimb kinematics of a Thy1-ChR2-YFP mouse during sono-optogenetic neuromodulation 

through intact scalp, before (Left) and after (Right) injection of ZnS:Ag,Co@ZnS MLNTs. 

In top images, the kinematics of left and right hindlimbs are shown in red and black 

lines, respectively. In bottom kinematic diagrams, contralateral limb activation via sono-

optogenetic neuromodulation is highlighted in red. (f) Representative hindlimb movement 

of a Thy1-ChR2-YFP mouse injected with ZnS:Ag,Co@ZnS MLNTs under repetitive FUS 

stimulation. Reproduced from [23] with permission from National Academy of Sciences, 

Copyright 2019.
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Fig.8. Wireless optogenetics enabled by a MLMD.
(a) Schematic showing MLMD device implanted in the primary motor cortex (M1) and 

the wireless neuromodulation by MLMD in free-moving mice. (b) The confocal images of 

C1V1 and C-fos staining in hippocampus regions of the mouse brain in different groups. 

All scale bars represent 200 μm. (c) The displacement trajectories of mice with different 

neuromodulation conditions. Reproduced from [88] with permission from Wiley-VCH, 

Copyright 2021.
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Fig. 9. A biomineralization approach to prepare ML colloidal NPs for sono-optogenetic neural 
modulation.
(a) Rechargeability demonstrated by multicolor ML colloids including: i) 

Sr2MgSi2O7:Eu,Dy , ii) ZnS:Cu,Al, iii) ZnS:Mn , and iv) CaTiO3:Pr in an artificial 

circulation tubing . The FUS pulses were shown as gray ticks above the emission curve. 

(b) ML temporal kinetics of ML colloids including: i) Sr2MgSi2O7:Eu,Dy, ii) ZnS:Cu,Al, 

iii) ZnS:Mn, and iv) CaTiO3:Pr upon FUS pulses with different duty cycles in the artificial 

circulation tubing . (c) Fluorescent images of the mouse organs including: i) liver, ii) 

kidney, and iii) brain with their blood vessels filled with Sr2MgSi2O7:Eu, Dy ML colloids 
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with FUS off (top) and on (bottom), (d) ML intensity profiles of the emission spots 

from the mouse organs including: i) liver, ii) kidney, and iii) brain shown as red dashed 

lines in the inserted figures of (c), respectively. (e) Schematic of in vivo FUS-mediated 

optogenetic neuromodulation with Sr2MgSi2O7:Eu,Dy colloidal nanocrystals circulation in 

the motor cortex region of mouse brain. (f) Representative confocal fluorescence images 

of c-fos staining (left), ChR2-YFP (middle), and the overlay (right) of the same region of 

the motor cortex in Thy1-ChR2-YFP transgenic (top) and wild-type (bottom) mice after 

Sr2MgSi2O7:Eu,Dy colloidal nanocrystals were administered, recharged by UV light during 

blood circulation, and discharged under FUS to produce light emission. All scale bars are 40 

μm. (g) Statistical analysis of c-fos+ cells’ density for the Thy1-ChR2-YFP and wild-type 

mice in (f). All data are presented as mean ± SD. n = 3 mice per group. One-way analysis of 

variance (ANOVA), *** P < 0.001. Reproduced from [68] with permission from American 

Chemical Society, Copyright 2022.
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