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Abstract: Ultrasound technology, synergistically harnessed with genetic engineering and chemistry concepts, has started
to open the gateway to the remarkable realm of sonogenetics—a pioneering paradigm for remotely orchestrating cellular
functions at the molecular level. This fusion not only enables precisely targeted imaging and therapeutic interventions,
but also advances our comprehension of mechanobiology to unparalleled depths. Sonogenetic tools harness mechanical
force within small tissue volumes while preserving the integrity of the surrounding physiological environment, reaching
depths of up to tens of centimeters with high spatiotemporal precision. These capabilities circumvent the inherent
physical limitations of alternative in vivo control methods such as optogenetics and magnetogenetics. In this review, we
first discuss mechanosensitive ion channels, the most commonly utilized sonogenetic mediators, in both mammalian and
non-mammalian systems. Subsequently, we provide a comprehensive overview of state-of-the-art sonogenetic
approaches that leverage thermal or mechanical features of ultrasonic waves. Additionally, we explore strategies
centered around the design of mechanochemically reactive macromolecular systems. Furthermore, we delve into the
realm of ultrasound imaging of biomolecular function, encompassing the utilization of gas vesicles and acoustic reporter
genes. Finally, we shed light on limitations and challenges of sonogenetics and present a perspective on the future of this
promising technology.

1. Introduction

Understanding and controlling the molecular and cellular
processes that occur within living organisms is essential for
investigating biology and disease. Observing and manipulat-
ing these events can be facilitated through external triggers,
enabling the remote control of cellular function with high
spatiotemporal precision. This advancement offers selective
investigational, diagnostic and therapeutic capabilities. Such
technologies have expanded in recent years to include
optogenetics, magnetogenetics and sonogenetics, providing
new methods to modulate biological functions using external
stimuli. Notably, these techniques are particularly beneficial
when dealing with challenging-to-reach organs, such as the
brain,[1] thereby opening new avenues for scientific explora-
tion and medical intervention.

Over half a century ago, microbiology underwent a
groundbreaking discovery. Scientists revealed the operative
mechanism of bacteriorhodopsin in halophilic bacteria,
working as an ion pump that can be swiftly activated by

visible light.[2] This delineation was a major milestone that
laid the foundation for optogenetics—a field that uses
genetically engineered light-responsive cells controlled by
opsin-based photoreceptors.[1a,3] Although important bio-
logical questions could be answered by applying
optogenetics,[4] serious limitations result from the low
penetration depth of light and its scattering within opaque
tissue.[5] Thus, optic fibers implanted into the brain through
invasive surgical procedures were needed.

Alternatively, magnetogenetics leverages thermosensi-
tive transient receptor potential (TRP) channels, which can
be stimulated through the application of radio-frequency
alternating magnetic field (AMF) to heat the TRP-attached
magnetic nanoparticles.[6] Nevertheless, the precise control
of cellular function using magnetogenetics presents consid-
erable challenges, owing to its inherent nonspecific induc-
tion, limited precision and dependence on intricate infra-
structure that generates powerful magnetic fields, often
resulting in unwanted artifacts.[7] In fact, the reproducibility
of fundamental studies in the field of magnetogenetics
relying on genetically encoded ferritin nanoparticles[8] has
been a subject of debate,[9] with some even questioning their
compliance with the laws of physics.[10] This however does
not apply for the highly reproducible key study by Huang
et al. which involved synthetic nanoparticles.[6]

In 2014, Heureaux et al. reported the initial observation
of sonogenetics,[11] but it was not until 2015 that Ibsen et al.
coined the term, thereby introducing this innovative techni-
que to the scientific community.[12] Sonogenetics utilizes
ultrasound (US) to manipulate, image and control cellular
activities. It employs genetically-encoded US-sensitive
elements,[13] as well as proteins that indirectly influence
genetic readouts, thereby broadening its scope of influence
and potential applications. Sonogenetics offers a seamless
avenue for the translation of remote-control technologies
into clinical applications by presenting several advantages
when compared to optogenetics[14] and magnetogenetics. A
primary distinction lies in sonogenetics’ superior tissue
penetration depth, extending up to tens of centimeters,
while concurrently maintaining precise control. Moreover,
US is already widely used in healthcare and chemistry,
making it adaptable for novel applications from both fields.
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It operates with high spatiotemporal precision, demonstrat-
ing cell-specific and non-invasive properties, while exhibiting
minimal signal attenuation in complex tissues.[1b,13,15] Multi-
ple studies have showcased the efficacy and safety of US in
various systems, including neurons,[16] brain tissue,[17]

nematodes,[18] rodents,[17b,19] primates,[20] and humans.[21]

The depth and resolution of US can be efficiently tuned
to match the system’s needs across different length and time
scales through varying its frequency. In principle, US and
acoustic waves are produced by the propagation of vibration
induced by a transducer, which converts an electrical signal
to mechanical vibrations within the medium. US frequency
typically falls within the range of 20 kHz to several GHz.
However, sonogenetics predominantly employs frequencies
ranging from 1 to 10 MHz due to their safety profile.

In water, these frequencies correspond to comparably
small wavelengths—approximately 15 mm at 100 kHz,
1.5 mm at 1 MHz and 0.15 mm at 10 MHz.[1b] This character-
istic renders them particularly effective for interacting with
small-scale systems. Additionally, the associated time scales
are exceedingly brief (τ �1/f), making US an effective tool
for energy exchange with fast phenomena.[1b] For a compre-
hensive understanding of how US interacts with molecular
and cellular structures, along with insights into the under-
lying physical principles, we recommend referring to an in-
depth review[22] covering these aspects.

Two main effects arise from the propagation of acoustic
waves through tissues: thermal and mechanical ones. Ther-
mally, US induces mild hyperthermia (37 °C to 43 °C) or
thermal ablation (>43 °C). Mild hyperthermia increases

blood flow and vascular permeability,[23] while thermal
ablation causes cell death and found applications in the
treatment of cancer and neurodegenerative diseases.[24]

On the other hand, mechanical effects of US include
streaming, cavitation and acoustic radiation forces (ARF),
which all play a significant role in controlling biological
functions.[1b,13] Cavitation (both stable and inertial) instigates
different biophysical effects such as sonoporation and
disruption of tight junctions,[25] resulting in transient perme-
abilization of membranes[26] even for difficult barriers such
as the blood brain barrier.[15] Cavitation utilizes either
endogenous gas nuclei present in inter- and intracellular
spaces, or exogenous nano- and microbubbles co-adminis-
tered with the system[27] to enhance its response to US.[28] In
inertial cavitation, the oscillation of these bubbles leads to
their collapse, thereby transferring a significant amount of
energy into the system, resulting in shearing forces that can
be used productively. Polymer mechanochemistry is a
research field that exploits the conversion of such forces to
stretch polymers and ultimately result in either bond
cleavage or isomerization at the site of mechanically
sensitive molecules within polymers, called mechanophores,
usually located at the polymer’s center.[29]

US has been used for applications in
sonopharmacology,[30] drug activation[31] and US-facilitated
payload delivery.[32] Excellent reviews offering deep insights
into these topics have been published recently.[1b,33] There-
fore, we exclude them from our discussion.

This article provides a comprehensive review of recent
advancements in sonogenetics, highlighting its unique fea-
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tures and advantages that significantly expedite the impact
of US on healthcare technology and remote-control systems.
We discuss the current state-of-the-art sonogenetic molec-
ular toolkits, their capabilities and the diverse range of
applications they encompass. These toolkits (Figure 1) are
categorized based on the underlying mechanism; either
thermal or mechanical sonogenetics.

We distinguish between systems that depend on mecha-
nosensitive (MS) ion channels and mechanoresponsive

macromolecular systems. We extend our scope beyond
merely defining sonogenetics and its applications to explore
the emerging frontiers, pressing challenges and prevailing
unresolved questions central to this rapidly evolving field.

Figure 1. A general scheme summarizing the scope of sonogenetics including sonogenetic tools for either controlling or imaging biomolecular
functions. Manipulating cellular functions can be achieved using thermal or mechanical sonogenetics. Heat-responsive promoters and repressors
are utilized in the former, while mechanosensitive (MS) ion channels and mechanochemically reactive macromolecular systems are employed in
the latter. These strategies ultimately lead to controlled protein activity, signalling pathways or gene expression. On the other hand, gas vesicles
(GVs) have been devised as contrast agents to image biomolecular functions at the cellular level, by means of either exogenous administration of
gas vesicle-producing microorganisms or genetically engineering target cells to express GVs endogenously.
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2. Sonogenetics Mediators

A set of biomolecular tools that connects US to cellular and
molecular function is needed to make sonogenetics feasible.
These sonogenetic mediators are usually found in the form
of MS ion channels,[28b,34] which were discovered in a wide
spectrum of living organisms, ranging from bacteria to
humans. Various MS ion channels developed unique
structures and mechanotransduction mechanisms tailored to
suit their specific biological functions.[35]

The activation of MS ion channels is essential for various
physiological processes, including sensory perception, cellu-
lar signaling and adaptation to mechanical stress. They help
cells sense and respond to their mechanical environment,
allowing them to maintain proper function and adapt to
different conditions.[36] Upon US exposure, both excitatory
and inhibitory effects on MS ion channels in different
experimental and disease conditions have been
documented.[37]

Regarding their mechanism of action, it is widely
acknowledged that the application of mechanical stimuli to a
cell’s membrane results in the distribution of stress across
various cellular components, collectively influencing MS ion
channels and causing a transition from their closed to open
states. Two potential mechanisms have been proposed: the
bilayer model and the tether model.[38] In the bilayer model,
an increase in the plasma membrane tension is believed to
lead to its thinning. This thinning, in turn, exposes hydro-
phobic residues of the channels that were previously
embedded within the lipid bilayer. Consequently, this
mechanical alteration induces a tilting of the channel
subunits, thereby prompting their opening.

Conversely, in the tether model, the stress experienced
by the membrane is transduced to the ion channel through
auxiliary proteins, such as those associated with the
cytoskeleton or the extracellular matrix. These proteins are
believed to directly engage with the MS ion channel
subunits, hence facilitating the mechanosensitive
response.[38a]

Despite their broad occurrence, few MS ion channels are
valuable tools in sonogenetics, such as Piezo1,[28b,39] large
conductance mechanosensitive ion channel (MscL),[11,34b,40]

mechanosensory ion channel (MEC)-4,[18c] hsTRPA1,[34e]

TRP-4,[12] Nav1.5,
[41] voltage-gated calcium channels

(VGCC)[42] and the two-pore potassium channel (K2P)
family.[34a,f]

The first demonstration of US-mediated opening of MS
ion channels was reported by Heureaux et al. for the
bacterial MscL expressed in mammalian cells. A G22S
mutant of MscL that can be activated at a lower US
threshold was used in combination with integrin-bound
microbubbles in retinal pigment epithelial cells.[11] One year
later, the term sonogenetics was introduced by Ibsen et al.,
in a study revealing that neural circuits in Caenorhabditis
elegans (C. elegans) exhibit responsiveness towards low-
pressure US stimulation when coupled with microbubbles.[12]

The crucial role of TRP-4 MS ion channel was underscored
as its absence resulted in reduced sensitivity. Overexpressing
TRP-4 in specific neurons modulated their response to US

and novel roles for ASH, AWC and PVD sensory neurons
and AIY interneurons were discovered.[12]

Furthermore, MEC-4 and MEC-6 MS ion channels have
been activated with high frequency US, resulting in reversal
behavior and neural activity in C. elegans.[43] Towards this
end, surface acoustic waves (SAWs) were generated by an
interdigital transducer (IDT). While it has been demon-
strated that SAWs can directly modulate neural activity,[44]

the specific SAW mode responsible for ion channel
activation remained elusive. Subsequently, further investiga-
tions have revealed that TRP-4 and MEC-4, are necessary
for eliciting responses to US in C. elegans, with evidence
suggesting their cooperative involvement in this process.[45]

Most microorganisms have members of the MscL family,
which act as osmotic release valves in response to osmotic
shock.[46] The best studied example is the MscL from
Escherichia coli (E. coli) and efforts to express it in
mammalian cells opened new opportunities for introducing
new mechanotransduction pathways and employing sonoge-
netics in mammalian systems.

Multiple types of MS ion channels have been identified
in mammals. Notably, the K2P family consists of six
subfamilies including TWIK (tandem of pore domains in a
weak inward-rectifying K+ channel) and TREK (TWIK-
related K+ channel) subfamilies. In particular, three key
members: TREK-1, TREK-2 and TRAAK (TWIK-related
arachidonic acid activated K+ channel) are primarily ex-
pressed in sensory neurons and found to be responsive to a
wide array of mechanical stimuli.[38b]

The Piezo family represents another crucial MS ion
channel family, demonstrating diverse roles in mechanosen-
sory, developmental and regulatory processes.[38b] It is worth
noting that a mild mutation in Piezo1 confers resistance to
malaria in approximately one-third of individuals of African
descent.[47] TMEM63A channels, present in the human
nervous system, have been associated with myelination
defects in infants carrying mutated proteins.[48]

TRP channels have also been postulated to be directly
activated by mechanical stimuli. Furthermore, acid sensing
ion channel 1a (ASIC1a) stands as the sole member within
its family known to be activated by US,[49] and there is some
emerging evidence suggesting that ASIC3 may also be US-
responsive.[50] The utilization of these MS ion channels with
the framework of sonogenetics for various biomedical
applications will be elaborated upon in section 4.

3. Thermal Sonogenetics

US can be localized to deliver precise and concentrated
energy to a specific target area within the body. This focused
US (FUS) and its resulting thermal effects have been
medically utilized for different applications such as cancer
cell killing,[51] uterine fibroid removal,[52] neurosurgery[53] and
kidney stone fragmentation,[54] where it offers several
advantages when compared to traditional surgical proce-
dures such as reduced infection risk, faster recovery and less
damage to healthy tissue.
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Apart from thermally destroying tissue, FUS can be used
to exhibit control over gene expression in combination with
temperature-sensitive repressors and promoters.[55] A pio-
neering example is the mammalian heat shock protein 70
(HSP70), which is severely repressed in its off-state but
readily thermally-induced using mild heating protocols for
few minutes at 43 °C without causing tissue damage.[55a,56] In
2017, a new class of tunable, orthogonal temperature
sensitive repressors (TSRs) was reported, which demon-
strated hundred-fold change in gene expression in response

to temperature change.[57] These bioswitches were also
integrated into logic circuits and spatially activated by FUS
in mammalian hosts (Figure 2A) with high precision.[57]

Additionally, they were used in the field of probiotic
immunotherapy by combining the tumor-infiltrating capabil-
ities of therapeutic bacteria with the spatiotemporal control
of FUS (Figure 2B).[58]

Recently, significant advances in using FUS to activate
HSPs in combination with chimeric antigen receptor (CAR)
T cells in vivo have been reported.[59] Short pulses of FUS

Figure 2. Thermal sonogenetics. (A) Microbial therapeutic approach in which temperature-dependent transcriptional repressors control bacterial
gene expression integrated into thermal logic circuits and utilized in vivo to induce spatially precise gene activation using magnetic resonance
imaging (MRI)-guided focused ultrasound (FUS) and modulation of activity in response to host fever. (B) Similar approach used to trigger
expression of αCTLA-4 and αPDL-1 as immunotherapeutic agents that activate T cells against tumors. (C) Heat-inducible chimeric antigen receptor
(CAR) expression in tumor models in vivo, leading to suppressed cancer development. Images recreated with BioRender.com from Refs. [57,58a,59]
respectively.
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can reversibly induce CAR expression to suppress tumor
growth in mice with a high spatiotemporal control guided by
magnetic resonance imaging (MRI) (Figure 2C). The bio-
compatibility of the HSP, combined with the non-invasive
induction of transient gene expression utilizing FUS, can be
considered as a safe alternative to conventional gene
therapy. In this case, the immune response is localized,
thereby minimizing overstimulation of the immune system
and unwanted side effects.

In a combined sonothermogenetic approach, FUS was
employed to selectively activate genetically modified neu-
rons expressing TRPV1 ion channels in the brains of mice in
vivo, evoking locomotor behaviour. The non-invasive nature
of this approach was confirmed by evaluating neuronal
integrity and assessing markers of inflammation and
apoptosis.[60]

4. Mechanical Sonogenetics

4.1. Ion Channel-mediated Sonogenetics

4.1.1. Microbubbles as Sono-adjuvants

To activate mammalian cells overexpressing MS ion chan-
nels via low-frequency US, microbubbles can be used as
acoustic actuators that sensitize the cells towards low-energy
US. Such systems have been widely utilized for various
ranges of applications in different biological systems.

In the context of cancer immunotherapy, T cells that
endogenously express the Piezo1 MS ion channel were
coated with streptavidin to allow their subsequent binding to
biotinylated microbubbles.[28b] Activation of Piezo1 ion
channel results in calcium influx, which then activates the
calcium-dependent phosphatase calcineurin that phosphor-
ylates NFAT transcription factors. NFATs translocate to the
nucleus and activate an NFAT-dependent promoter that
triggers the expression of anti-CD19 CAR gene in T cells
(Figure 3A). This enabled these T cells to engage with target
tumor cells that express CD19 on their surface, leading to
subsequent activation of T cells to secrete cytokines that
ultimately results in cancer cells’ apoptosis.[28b]

In the realm of neuromodulation, Shen et al. employed
microbubbles designed for precise targeting of the extrac-
ellular domains of Piezo1 on the cellular membrane of
sensitized N2A cells and primary cultured neurons. To
achieve this, they initially conjugated biotinylated micro-
bubbles with avidin. Subsequently, they functionalized the
surface by binding to biotinylated anti-Piezo1 antibodies.
The utilization of these specialized targeting microbubbles
facilitated the stimulation of Piezo1 ion channels at signifi-
cantly reduced US intensities.[61]

4.1.2. Microbubble-free Ion Channel Stimulation

Mechanical activation of ion channels could also be achieved
without the administration of microbubbles. However, either
a higher frequency US or a more sensitive MS ion channel

mutant is needed. Due to its extensive investigation, MscL
has been the channel of choice for expression in mammalian
cells in several studies. Ye et al. used the gain-of-function
mutation I92L to sensitize MscL towards low-pressure US
pulses, expressed it in a primary culture of rat hippocampal
neurons and achieved programmable excitation of
neurons.[34b] The same MscL mutant was used for US-
controlled tumor apoptosis in HeLa, B16 and 4T1 cells.
Moreover, tumor growth was suppressed in a B16 melanoma
mouse model. Continuous sonication resulted in excessive
calcium influx, which then activates cells’ apoptosis.[40b]

Similarly, to trigger cancer immunotherapy via US, iron-
alginate nanogels containing poly(ethyleneimine) were used
to deliver the MscL gene to cancer cells in vivo to render
them US-responsive. Excessive calcium influx led to cell
apoptosis, which in turn liberated tumor associated antigens
that can promote dendritic cell maturation and T cell
activation leading to tumor treatment and potential prophy-
lactic effect in mice.[62]

Furthermore, Qiu et al. successfully stimulated primary
neurons, which express the MscL G22S mutant that has
lower voltage gating threshold (Figure 3B). They demon-
strated targeted stimulation of MscL G22S expressing
excitatory neurons in mice cortices, which led to a stronger
muscular response in their limbs.[40a] The G22S-MscL was
the first MscL demonstrating neuromodulation in the right
cortex and right dorsomedial striatum of mice brain in vivo
using US without any effects on other regions. Cadoni et al.
advanced the technology by fine-tuning the spatiotemporal
resolution to a precision of 400 μm at a frequency of
15 MHz.[63] This significant breakthrough, in line with the
stringent requirements of brain-machine interfaces, was the
activation of neurons in the visual cortex of mice, generating
a behavior indicative of light perception.

A recent study introduced an innovative method in
sonogenetic applications by leveraging music characterized
by low-frequency auditory stimuli as low as 50 Hz to
modulate insulin levels in type 1 diabetic mice implanted
with MscL-transgenic cells. This pioneering approach re-
sulted in near wild-type blood insulin concentrations,[64]

showcasing its potential in therapeutic contexts. These
findings necessitate a reassessment of the conventional
narrow frequency spectrum utilized in sonogenetic studies.

In neuroscience, the establishment of a non-invasive
technique capable of perturbing neuronal activity with high
spatial resolution has been a long-standing challenge. US
stands out as a superior alternative to conventional neuro-
modulation methods as it effortlessly traverses an intact
skull. For instance, the auditory sensing protein Prestin was
engineered to respond to US in transfected cells and induce
calcium influx both in vitro and in mouse brain in vivo.[34c] In
the same context, Wu et al. harnessed low-frequency US for
a dual purpose; gene delivery and neuromodulation. They
genetically engineered an ultra-sensitive mutant of the
Prestin protein and coupled its plasmid with microbubbles
to achieve transcranial US targeting of neurons buried in
deep brain.[34d]

In the quest of non-invasive Parkinson’s disease treat-
ment, a sonogenetic approach employed an engineered
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Figure 3. Ion channel-mediated sonogenetics. (A) Microbubbles attached to cell surfaces act as ultrasound (US) amplifiers to mechanically activate
Piezo1 ion channels in chimeric antigen receptor (CAR) T cells. Calcium influx leads to NFAT dephosphorylation by calcineurin and the stimulation
of anti-CD19 CAR expression enabling cancer immunotherapy. (B) Expression of the mechanosensitive (MS) ion channel MscL-G22S in vivo and
sonication with low-intensity 0.3 MPa US. Calcium influx is triggered and neurons are activated, which evokes muscular response and c-Fos
expression. (C) Engineered auditory-sensing protein mPrestin is expressed in dopaminergic neurons of Parkinson’s disease mice. US (0.5 MHz) is
exerted repeatedly for localized brain stimulation to ameliorate the dopaminergic neurodegeneration and mitigate Parkinson’s symptoms. Images
recreated with BioRender.com from Refs. [28b,40a,65] respectively.
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Prestin in mice (Figure 3C) to ameliorate the dopaminergic
neurodegeneration by 10-folds upon US stimulation.[65] A
significant 4-fold alleviation of symptoms was observed,
suggesting a clinical potential towards the treatment of
neurodegenerative diseases.

As one of the principal mechanoreceptor channels in
mammalian cells, Piezo ion channels were expressed for US
targeted modulation of cellular activity in different studies.
Prieto et al. could stimulate Piezo1 channels expressed in
mammalian cells selectively using a focused 43 MHz
transducer.[39a] A study by Qui et al. revealed that US alone
could stimulate both heterologous and endogenous Piezo1,
leading to calcium influx and increased nuclear c-Fos
expression in primary neuron cell culture. This was accom-
panied by an additional increase in the expression of crucial
proteins like phospho-CaMKII, phosphor-CREB and c-Fos
in the neuronal cell line.[39b] Liao et al. have developed a
vertically deployed SAW platform to trigger Piezo1 channels
expressed in HEK293T cells. Their study concluded that the
ion channel response depends on the pulse repetition
frequency (PRF) or burst duration of US.[66]

Furthermore, Piezo1 was expressed in osteoblast precur-
sor cells and shown to be selectively stimulated by US to
induce the corresponding downstream signaling pathways
leading to a significant increase in cell migration and
proliferation. Intracellular calcium acts as a second messen-
ger and the increase of its levels leads to the activation of
ERK1/2 phosphorylation, which in turn regulates cell
proliferation. Structural remodeling was also observed after
US stimulation of Piezo1-transfected cells, demonstrated by
the accumulation of actin filaments in the perinuclear
region.[67]

Recent investigation of the underlying biological mecha-
nisms of ultrasonic neuromodulation’s demonstrated the
functional expression of Piezo1 channel in different regions
of the brain, including both the right motor cortex and
central amygdala with the latter exhibiting greater sensitivity
to US.[68]

In the same context of ultrasonic neuromodulation, Yoo
et al. investigated the biomolecular and cellular mechanisms
by which FUS excites primary cortical neurons. Their results
established that US excites neurons via direct mechanical
force leading to extracellular calcium influx. The roles of
TRPC1 and TRPP2 as MS ion channels and TRPM4 as
calcium-dependent amplifier were confirmed through specif-
ic pharmacological and genetic inhibition of different types
of MS ion channels. Overexpression of the involved
channels was shown to sensitize the target cells to lower US
intensities, thereby expanding the sonogenetics toolbox to
cells that don’t inherently respond to US.[34f]

Another member of the TRP family, TRPA1, is
endogenously expressed in the central nervous system,
particularly in astrocytes found in regions such as the
hippocampus, cortex and trigeminal caudal nucleus. Oh et al.
identified a novel mechanism of US-induced neuromodula-
tion in which sonication triggered the activation of TRPA1
channels. This in turn leads to intracellular calcium increase
followed by Best1-mediated release of gliotransmitters,
including glutamate. The latter stimulated NMDA receptors

within the nearby synapses, thereby initiating action poten-
tials. It was further proposed that the TRPA1-Best1-
NMDAR pathway might be involved in pathological proc-
esses such as brain concussion, characterized by direct
mechanical effects on cells.[69]

Within the same TRP family, Burks et al. mechanically
activated a Na+-containing TRPC1 current using FUS,
thereby stimulating cyclooxygenase-2 (COX2)-dependent
pathways and inducing mesenchymal stem cell (MSC)
tropism to kidneys and muscles.[42]

Ultrasonic neuromodulation of TRAAK ion channels, a
member of the K2P family, was observed in genetically
engineered neurons.[34a] This could open the door for further
studies in which TRAAK ion channels might be used as
tools in sonogenetics in the future.

Finally, Lim et al. determined that ASIC1a and cytoske-
letal proteins played crucial roles in mechanotransduction
and activation of cultured neurons upon stimulation by low-
intensity US. The role of ASIC1a was more profound than
that of Piezo or TRP proteins. The proposed mechanism
differed between in vitro and in vivo scenarios. In vitro,
activation of the sodium channel ASIC1a likely led to the
stimulation of voltage-gated calcium channels, resulting in
increased intracellular calcium levels. In vivo, ASIC1a
activation was attributed to a cytoskeletal-dependent mech-
anism arising from the mechanical effects of acoustic
pressure exerted on extracellular matrix proteins.[49]

4.2. Mechanochemically Reactive Macromolecular Systems

A novel and distinctive approach towards sonogenetics
involves the design and development of macromolecular
systems that inherently respond to US, without using MS
ion channels or co-administering nano- and microbubbles as
sono-adjuvants. This methodology expands the scope of
sonogenetics and broadens its definition by incorporating
mechanochemical strategies that utilize US as a trigger for
controlling cellular functions at various levels.

These approaches were inspired by the realm of polymer
mechanochemistry, where US-mediated mechanical forces
induce chemical reactions and transformations in
polymers,[70] aiming to create new materials,[71] modify
existing ones,[72] or facilitate reactions otherwise unattain-
able under standard conditions.[73] Force-responsive moieties
named mechanophores have been designed to selectively
react to applied US.[74] Additionally, supramolecular mecha-
nophores have emerged, in which assemblies formed
through weak, dynamic, non-covalent interactions dissociate
upon exposure to mechanical forces.[75]

Transferring these concepts from polymer mechano-
chemistry to sonogenetics requires meticulous consideration
of the physicochemical properties of the involved biological
macromolecules. These approaches mark significant ad-
vancements in the field of sonogenetics, offering tailored
solutions for manipulating cellular functions and paving the
way for their application in medical research and therapy.

Within this burgeoning landscape, we describe two
recent strategies employed to modulate cellular activity at

Angewandte
ChemieReviews

Angew. Chem. Int. Ed. 2024, 63, e202317112 (9 of 18) © 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 2024, 13, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202317112 by R

w
th A

achen, W
iley O

nline L
ibrary on [02/12/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



the protein level by US, either by de novo designing the
protein to become mechanoresponsive, or by activating the
protein from a mechanoresponsive nucleic acid scaffold on-
demand.

4.2.1. Proteins Engineered with Supercharged Unfolded
Polypeptide Chains

It is well-established in polymer mechanochemistry that the
application of US as a source of mechanical shear stress can
trigger transformations at the molecular level via the
collapse of US-generated cavitation bubbles.[76] The kinetics
of bond scission induced by US depend on the degree of
polymerization of the polymer.[77] Therefore, for proteins to
become mechanosensitive, a long flexible domain is needed.
This can be achieved with so-called supercharged elastin-
like polypeptide chains (SUPs),[78] which can be fused to
proteins[79] to increase their sensitivity towards US.

An example for this is an engineered green fluorescent
protein (GFP) variant modified with an internal long
unfolded pentapeptide repeat unit (VPGEG)n linked to the
11th beta-strand that is part of the beta-barrel (Figure 4A).[80]

Mechanical force due to aforementioned shear stress leads

to changes in the protein’s tertiary structure, displacing the
beta-strand from the barrel and extinguishing fluorescence,
while maintaining the secondary structure of GFP (Fig-
ure 4C). In the same work, Zhou et al. activated trypsin by
the release of a genetically modified inhibitor fused with a
cationic SUP domain that acts as a biophysical transducer
for the shear forces originating from ultrasonication (Fig-
ure 4B). As a result, the protein-protein interaction between
trypsin and its inhibitor is cleaved, therefore, restoring
trypsin activity (Figure 4D).

In these two examples, the unprecedented activation and
deactivation of the optical and catalytic activities of genet-
ically engineered proteins was revealed. The strategy of
equipping proteins with SUPs enabled the tuning of their
mechanosensitivity to render them controllable by US-
induced shear forces.

4.2.2. Proteins Activated from Nucleic Acid Scaffolds

Apart from outfitting proteins with mechanosensitive do-
mains via protein engineering, nucleic acid scaffolds made of
polynucleic acid aptamers (poly aptamers) can be utilized to
inhibit and restore enzymatic activity in combination with

Figure 4. De novo design of ultrasound (US)-sensitive proteins to control optical and catalytic activity. (A) Illustration of US-induced unfolding of
green fluorescent protein (GFP)-supercharged elastin-like polypeptide chains (SUP) fusion and switching off fluorescence properties. (B) Concept
of US-mediated disassembly of trypsin inhibited by bovine pancreatic trypsin inhibitor (BPTI)-SUP complex, which can be followed by the hydrolysis
of the substrate Nα-benzoyl-L-arginine ethyl ester (BAEE) yielding a product absorbing at 253 nm. (C) Absorption (dashed) and normalized
fluorescence emission (solid) spectra of anionic GFP-E72 at different sonication times using 20 kHz US. (D) The enzymatic activity of trypsin,
trypsin-SUMO-BPTI and trypsin-SUMO-BPTI-K36 complexes for different times of sonication. Image recreated with BioRender.com from Ref. [80].
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low frequency US and high frequency medical low-intensity
FUS (LIFU).[81] This approach precludes the need for
genetically engineering cells and can be potentially used to
control the activity of a wide range of proteins.

High molar mass poly aptamer chains, prepared through
rolling circle amplification (RCA), bind to thrombin and
inhibit its catalytic activity (Figure 5A). FUS is used
similarly as explained earlier—to induce shear stress by
collapsing cavitation bubbles.

This stretches the long poly aptamer chains resulting in
scission of non-covalent thrombin-aptamer interactions such
as hydrogen bonds and hydrophobic interactions (Fig-
ure 5B). This was demonstrated in both irreversible and
reversible manner, with the latter involving a gold nano-
particles system with split aptamers protruding from their
surface (Figure 5C). This was the first time to report protein
activation from their aptamer-bound form using US as a
source for mechanical force.

The utilization of non-invasive US as an external cue to
regulate protein activity has been infrequently explored in
the past. Currently, there is no widely agreed-upon strategy
for its application in this field, despite its advantages such as
biocompatibility, exceptional tissue penetration depth and
high spatiotemporal precision. Although this field is still in
its early stages, it holds significant potential for future
approaches concerning the remote control of protein activity
both within cells and in living organisms.

5. US Imaging of Biomolecular Functions

Aspiring towards imaging of specific cells’ function deep
inside intact organisms is essential for addressing both basic
research questions and therapeutic approaches. Optical
imaging techniques that utilize fluorescent and luminescent
protein reporters face challenges due to light scattering and
absorption.

Figure 5. Mechanochemically responsive macromolecular systems. (A) Synthesis of pTBA15 polyaptamer by rolling circle amplification (RCA).
(B) Thrombin binding and inactivation by pTBA15 and subsequent release and activation with ultrasound (US) to catalyze the formation of fibrin
from fibrinogen. (C) Aggregation of gold nanoparticles (AuNPs) functionalized with either the split aptamers TBA15-L or TBA15-R in presence of
thrombin. Sonication leads to reversible disaggregation to achieve thrombin release and activation. (D) Low-intensity focused ultrasound (LIFU)
setup using 2.5 MHz transducer (60 mm diameter, 50 mm focal length and 0.9 mm � 6 dB focal diameter) which is positioned through a custom-
made motorized 3D-manipulator inside a 150 L degassed water tank with a pre-determined distance from the bottom of a sonographic well plate
that contains the samples. The well plate is fixed in its place using a holder. Images recreated with BioRender.com from Ref. [81].

Angewandte
ChemieReviews

Angew. Chem. Int. Ed. 2024, 63, e202317112 (11 of 18) © 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 2024, 13, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202317112 by R

w
th A

achen, W
iley O

nline L
ibrary on [02/12/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



On the other hand, US imaging stands as the most
commonly employed modality in the realm of diagnostics in
medical practice, with a range of imaging modes applicable
in the biomolecular context.[82] Compared to other modal-
ities, US possesses remarkable temporal resolution while
also providing adaptable and frequency-dependent spatial
resolution. To obtain high-quality images with enhanced
lateral and axial resolution, it is essential to employ high
center frequency and wide bandwidth. US medical imaging
does not necessitate high intensity but instead relies on
frequent samplings with a high PRF.[83]

In soft tissues, the frequencies conventionally used in US
imaging (ranging from 3 to 25 MHz) correspond to wave-
lengths spanning from 60 to 500 μm and penetration depths
of 10 to 1 cm, respectively. Given that both spatial resolution
and penetration depth are contingent upon frequency,[84]

attaining a high submicron resolution—akin to optical
imaging—requires employing US frequencies in the GHz
range. However, this escalation in frequency significantly
limits tissue penetration to around 1 mm. This presents a
pivotal trade-off in US imaging that demands thorough
scrutiny in the subsequent section.

5.1. Gas Vesicles as US Contrast Agents

Conventional US contrast agents in the form of synthetic
microbubbles have been used for several decades.[85] Never-
theless, challenges associated with their size and stability
limited their application when it comes to molecular imaging
and observation of dynamic cellular processes.[86] In 2014,
Shapiro et al. proposed a novel class of air-filled protein
nanostructures, named gas vesicles (GVs) as biomolecular
contrast agents for US imaging.[87] GVs are cylindrical or
spindle-shaped gas-filled protein nanostructures, with
lengths ranging from 100 nm to 2 μm and widths of 45 to
200 nm.[88] They are constituted out of a 2 nm-thick amphi-
philic protein shell, selectively permeable to gas that can
freely enter and leave the hollow structure while water is
excluded (Figure 6B).[89]

Due to the larger acoustic impedance difference of
aqueous media and the GVs’ gaseous interior, US contrast
can be achieved both in vitro and in vivo. GVs are physically
remarkably stable and pressure resistant, withstanding up to
1.3 MPa before disrupting.[90] Initially, GVs were used as US
contrast agents after purification and subsequent incubation
with cells or injection in vivo.[87] Since then, substantial
advances have been reported aimed to understand and
engineer the acoustic characteristics of GVs at the molecular
level, as well as to improve their targeting properties and
their detection by US.[91]

Furthermore, GVs were used in imaging in oncology[92]

and neuroscience[93] and their stability was further enhanced
by PEG-modification of their surface.[94] GVs were also
modified to operate as acoustic biosensors that show
dynamic variations in US contrast in response to enzymatic
activity.[95] One of the surface proteins of the GV shell was
engineered to be cleaved by different proteases which

reduces the collapse pressure and enhances nonlinear US
contrast.

5.2. Acoustic Reporter Genes

The ability of GVs to be genetically modified led to the
development of acoustic reporter genes (ARGs), as acoustic
analogues to optical reporter genes, such as GFP, in which
the contrast detected signal can be correlated to their
expression.[96] By combining structural GV proteins from
Anabaena flos-aquae with assembly factors from Bacillus
megaterium, a hybrid operon was successfully expressed
recombinantly in E. coli resulting in strong US contrast in
cells. Engineering various genetic variants of GVs enabled
multiplex imaging by modulating and tuning their response
to US.

A major challenge was the translation of ARGs from
prokaryotes to eukaryotes. In 2019, ARGs were expressed
in mammalian cells for the first time, allowing high-
resolution imaging of gene expression inside living
organisms.[97] Due to the limited sensitivity with which
ARG-expressing cells can be visualized, an imaging para-
digm was developed to improve the cellular detection
limit.[98] This new tool, termed burst US reconstructed with
signal templates (BURST), increased the detection limit of
US to image ARG-expressing cells by more than 1000-fold
in comparison with conventional methods. Furthermore, it
enabled the detection of gene expression in single cells in
dilute cell suspensions.[98]

Recently, a second-generation of ARGs was developed
for both bacterial and mammalian cells (Figure 6A) through
a genomic mining approach.[99] These are ARGs with
enhanced properties compared to their first-generation
counterparts, as they offer stronger US contrast (9-fold and
38-fold, respectively), generate distinguishable non-linear
signals in the presence of background tissue and maintain
stable long-term expression. Employing these novel ARGs,
Hurt et al. conducted non-invasive imaging of in situ tumor
colonization and monitored gene expression within tumor-
targeting therapeutic bacteria. Additionally, they tracked
gene expression and tumor growth within a breast cancer
mouse model.[99] It is speculated that the improved proper-
ties and performance of second-generation ARGs could
facilitate a wider range of in vivo applications in the future.
While many capabilities of ARGs are similar to optical
reporter genes, as for example the imaging of cellular
dynamics by promoter-driven expression, ARGs can be
resolved non-invasively without any surgical procedures.

The realm of optical microscopy applications expanded
beyond the initial scope envisioned when GFP was utilized
in biotechnology. In a manner akin to the enhancements
and modifications made to fluorescent proteins, the method-
ical advancement of both ARGs and accompanying US-
based imaging technologies holds the potential to unlock the
possibilities of highly sensitive, high-resolution and non-
invasive imaging of cellular function within mammals.

Another study showcased GVs to serve as biomolecular
agents for inertial cavitation, enabling remote activation to

Angewandte
ChemieReviews

Angew. Chem. Int. Ed. 2024, 63, e202317112 (12 of 18) © 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 2024, 13, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202317112 by R

w
th A

achen, W
iley O

nline L
ibrary on [02/12/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



destroy cells and tissue.[100] This facilitates genetically
engineered cells to lyse, release molecular payloads and
cause localized mechanical damage upon command. In this
case, GVs act as precision mechanical warheads, activated
by FUS with millimeter accuracy. In the future, this
approach could improve drug delivery to targeted tissues
and enhance effectiveness of immunotherapy treatments.

The latest findings have illuminated the potential of GVs
to serve as actuators of ARF,[101] a phenomenon witnessed
for the first time through genetic manipulation. Such a facet,
not only facilitates the direct and selective manipulation of

bacterial cells utilizing ARF, enhancing scope for acoustic
trapping, translation and holographic patterning, but also
extends to the selective acoustic maneuvering of mammalian
cells predicated on their genotype. These discoveries herald
applications in biomaterials and biotechnology, including
dynamic 3D cellular patterning for tissue engineering and
living materials, leveraging GVs’ acoustic properties for
enhanced and reconfigurable fabrication techniques and
offering new avenues in acoustofluidic devices for cellular
separation based on gene expression.

Figure 6. Genetically encoded acoustic protein nanostructures. (A) Schematic polycistronic plasmids encoding the mammalian acoustic reporter
gene (ARG) adapted from Anabaena flos-aquae (mARGAna). A, N, J, K, F, G, W, V encode for gas vesicle (GV) proteins (gvpVs). gvpA is supplied on
a separate plasmid to enable stoichiometric tuning. Blue fluorescence protein (BFP) and green fluorescence protein (GFP) are used for fluorescent
analysis and sorting (recreated with BioRender.com from Ref. [99]). (B) Illustration of an Ana GV highlighting its dimensions (adapted from
Ref. [89a], CC BY 4.0). (C) Solid mechanics simulations on GV shell models reveal a linear relationship between buckling and GvpC density,
consistent with experimental data (adapted from Ref. [89a], CC BY 4.0). (D) Cryo-electron tomography (cryo-ET) of an individual Ana GV (left,
adapted from Ref. [89a], CC BY 4.0) and cryo-electron microscopy (cryo-EM) of Escherichia coli (E. coli) engaged in the heterologous production of
Bacillus megaterium GVs (right, adapted from Ref. [89b], CC BY 4.0). Scale bar 50 nm (left) and 100 nm (right). (E) In situ mARGAna expression
enables non-destructive ultrasound (US) imaging of orthotopic tumors. Representative middle sections of cross-amplitude modulation (xAM) US
tomograms of MDA-MB-231 mARGAna tumors induced with doxycycline (left) and uninduced control (right) imaged on day 4. Scale bars 2 mm.
(adapted from Ref. [99], CC BY 4.0.)
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6. Challenges and Future Outlook

Sonogenetics is an emerging field, having developed within
the last decade, that explores the use of US to manipulate
and control biological function with high spatiotemporal
precision. Sonogenetics not only allows the steering of
cellular processes but also enables their real-time imaging.
Achieving these functionalities involves mechanosensitive
biomolecules and macromolecular architectures that re-
spond to sonication and elicit a down-stream biological
activity through various mechanisms, encompassing thermal,
mechanical, or acoustic effects.

Recent research highlights the versatility and potential
of sonogenetics, with notable achievements including the
neuromodulation in mice brain,[37] the MRI-guided rever-
sible CAR T cell expression in mice to suppress tumor
growth,[59] and the expression of ARGs in mammalian cells
enabling imaging of gene expression in vivo.[99] While these
recent accomplishments showcase the remarkable potential
of sonogenetics, ongoing research and technological devel-
opments hold the key to unlocking even more exciting
possibilities and addressing current challenges in this evolv-
ing field.

One of the primary challenges in sonogenetics is the
identification of appropriate US mediators, aimed at
expanding the repertoire of available tools. A frequently
employed strategy revolves around the utilization of MS ion
channels, necessitating the discovery and subsequent genetic
expression of these channels within target cells.[102] Two
primary methods are employed in this endeavor: top-down
screening and bottom-up channel engineering. The latter
approach, though highly effective, demands considerable
labor input,[103] while the former relies predominantly on
calcium imaging as its readout, which is characterized by
limited sensitivity. To advance our understanding and
further identify novel MS ion channels, there is a pressing
need to develop techniques such as voltage-based imaging[34f]

and low-frequency US compatible patch clamping.
Furthermore, the exploration of inhibitory MS ion

channels is paramount for achieving bidirectional control
over cellular activity through US.[104] In this regard, the
investigation of US-responsive potassium or chloride chan-
nels assumes significance. Novel MS ion channel mutants
characterized by heightened sensitivity and enhanced single-
channel conductance would offer the advantage of direct
utilization in engineered cells, without the need for the
administration of microbubbles as sonoadjuvants.

The systematic and hypothesis-driven advancement of
sonogenetic mediators would not only enable the engineer-
ing of novel variants endowed with specific mechanosensi-
tive properties and ion selectivity, but also provide a
valuable avenue for gaining profound insights into the
mechanisms governing their activation and regulation, as the
precise mechanism underlying this stress-induced transition
has been a subject of ongoing debate.[38b]

Significant technical challenges are associated with the
utilization of MS ion channel-dependent approaches in
sonogenetics, including safety profiles and substantial costs.
Specifically, when genetically engineering neurons and other

cell types using viral vectors, a range of safety concerns
emerges, notably the risk of triggering an immune response.
Furthermore, unintended side effects can occur due to
inadvertent stimulation of non-target endogenous MS ion
channels, which can compromise efficiency. For example,
US was reported to activate the ascending auditory system
via a cochlear pathway[105] and was shown to exhibit
secondary mechanical effects similar to that evoked by
audible sound[19d] in animal models. Moreover, transcranial
US stimulation was found to provoke auditory signals in
human subjects.[106] These findings revealed the need to take
this auditory confound into consideration while developing
ultrasonic neuromodulation as a tool in neuroscience
research in the future.

Additionally, the application of high-intensity FUS
(HIFU) carries the potential to cause irreversible tissue
damage. These safety-related issues could significantly limit
the translational potential of such sonogenetic tools for
clinical applications. Moreover, as with any gene-based
therapy, critical aspects such as targeted delivery, biodistri-
bution and liver clearance must be thoroughly investigated
in vivo.[107]

Another challenge lies in the fabrication of designer
proteins that are inherently sensitive to low-intensity US.
The need for such proteins stems from the desire for
enhanced safety and minimal tissue disruption during
therapeutic interventions. This sensitivity would be partic-
ularly advantageous in minimizing potential adverse effects
and broadening the applications of US-responsive proteins.
Given the myriad of potential protein candidates, it is crucial
to identify which proteins exhibit both structural and func-
tional compatibility with US responsiveness. Efficient and
advanced high-throughput screening methods would allow
for the systematic assessment and optimization of these
proteins, followed by a rigorous investigation of their
function within cellular milieus and in vivo. Such insights
would offer a clearer understanding of their physiological
implications, potential side-effects and overall therapeutic
efficacy.

Moreover, a generalized approach to protein activation
and deactivation is sought after. The goal is to formulate
strategies that enable the modulation of any given protein
without the arduous task of individually engineering each
one. Such universal strategies would provide a more stream-
lined and adaptable approach to therapeutic applications.

In the context of developing sonoresponsive nucleic acid
carriers, their successful deployment mandates stabilization.
Drawing from techniques established in the context of
therapeutic nucleic acids, these carriers must remain robust
and functional across diverse cellular contexts and in vivo.
Furthermore, the demonstrated sonoactivation of proteins
accentuates the need to extend this capability to other
molecules, including small molecule bioactives and thera-
peutic nucleic acids. Broadening this spectrum of activatable
molecules will undoubtedly increase the versatility of US-
responsive therapeutic modalities. Also, a lacuna in under-
standing persists regarding the exact mechanisms driving the
sonoactivation of these carriers. When utilizing LIFU, the
established role of cavitation in mediating cellular effects
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requires reconsideration. Concurrently, identifying the in-
trinsic physical properties of these soft colloids remains a
subject of intensive research.

Gas-filled microbubbles have been employed to augment
the mechanical effects induced by US.[12,108] However, micro-
bubbles exhibit a limited lifetime in vivo and a restricted
capacity to cross biological barriers.[109] In contrast, a
growing trend involves the utilization of microbubble-free
macromolecular systems. These systems are mechanores-
ponsive by-design and obviate the necessity for co-adminis-
tering microbubbles.

On the other hand, ARGs present a very promising
modality to be used especially in US imaging. However, to
achieve the impact that GFP and similar fluorescent
reporter genes have in the field of biological imaging, GVs
require extensive modifications to broaden their applicabil-
ity across a diverse range of cell types. Moreover, their
acoustic properties must be optimized to enhance their
detection in living organisms with high sensitivity and
selectivity.[99]

In the context of thermoresponsive promoters, it is
imperative to consider unwanted stimulation of endogenous
thermoresponsive proteins, such as ion channels. Prior to
triggering the promoter of interest, it is crucial to identify
the genes that express these temperature-sensitive proteins,
which may necessitate knockout procedures.

A final set of challenges pertains to the US devices and
procedures currently employed in sonogenetics. These
challenges encompass the pressing need for standardization
and achieving high-resolution US focusing coupled with
precise parameter control. These factors are important for
realizing uniform mechanical and thermal effects within
biological tissues, a prerequisite for successful and safe
sonogenetic applications. To exert precise control over
cellular activity, it is essential to focus US waves with high
spatial resolution, which requires advancements in trans-
ducer technology and imaging techniques to concentrate
acoustic energy precisely on the target cells or tissues.

Achieving precise focusing is essential in neuromodula-
tion, especially when targeting the complex structures of the
brain or accessing its deeper regions. Two main strategies
exist: first, one can express the sono-sensitive component
specifically in deep brain areas. Alternatively, one can direct
the ultrasonic waves to target deep brain regions while
allowing the protein to be expressed more broadly. This
approach emphasizes the critical balance between precision
and breadth required for successful neuromodulation.

Furthermore, sonogenetics demands meticulous control
over various US parameters, including frequency, intensity,
duration and waveform. Achieving the desired mechanical
and/or thermal effects while avoiding unintended tissue
damage or adverse effects necessitates fine-tuning of these
parameters. Developing user-friendly interfaces and algo-
rithms for parameter adjustment and monitoring is impor-
tant for researchers and clinicians. Consequently, precise
parameter control ensures the safety of sonogenetic inter-
ventions. Researchers need to carefully evaluate the poten-
tial biological consequences of US exposure, including tissue
heating, cavitation and acoustic streaming. Understanding

the thermal and mechanical effects on different tissues and
cell types is essential for minimizing risks and optimizing the
therapeutic or experimental outcome.

In conclusion, sonogenetics exhibits significant potential
and exciting opportunities for non-invasive modulation of
cellular activity. While it does confront several challenges
and constraints, such as specificity, sensitivity, safety,
mechanistic comprehension and delivery methods, these
obstacles are seen as avenues for growth rather than
unsurmountable barriers. The prospect of elucidating funda-
mental biological processes and creating novel therapies,
previously unachievable with current technologies, serves as
a powerful incentive for these ongoing efforts to fully
harness the capabilities of sonogenetics.
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