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PUBLIC SUMMARY
= Ultrasound is a biofavorable mechanical wave with broad application potentials.

= Various ultrasound-responsive matters have been explored.

= These advanced matters have bight future in multidisciplinary fields.
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Ultrasound (US) is a biofavorable mechanical wave that has shown practical
significance in biomedical fields. Due to the cavitation effect, sonolumines-
cence, sonoporation, pyrolysis, and other biophysical and chemical effects,
a wide range of matters have been elucidated to be responsive to the stim-
ulus of US. This review addresses and discusses current developments in
US-responsive matters, including US-breakable intermolecular conjuga-
tions, US-catalytic sonosensitizers, fluorocarbon compounds, microbub-
bles, and US-propelled micro- and nanorobots. Meanwhile, the interactions
between US and advanced matters create various biochemical products
and enhanced mechanical effects, leading to the exploration of potential
biomedical applications, from US-facilitated biosensing and diagnostic im-
aging to US-induced therapeutic applications and clinical translations.
Finally, the current challenges are summarized and future perspectives on
US-responsive matters in biomedical applications and clinical translations
are proposed.

INTRODUCTION

Acoustic waves are a form of mechanical vibration that propagates through a
medium via the mechanical compression and rarefaction of matter. The fre-
quencies of acoustic waves are broad, spanning from less than 1 Hz to over
100 GHz." Among these, ultrasound (US) refers to acoustic waves with fre-
quencies that exceed the upper limit of human hearing (20 kHz). Due to its ability
to propagate through various materials with low losses and short time scales, US
has attracted multidisciplinary research interests. In particular, the exploration of
US-responsive matters has enhanced US's potential in practical applications,
including effective energy transfer and the sensitive interaction with microscale
systems. Generally, human tissue is a kind of US-responsive matter, as clinicians
have discovered that periodic US pulses can cause corresponding vibrations of
biological tissues. The reflection of these vibrations can be detected through
piezoelectric elements, paving the way for the establishment of ultrasonography.
With significant advancements in US transducers, different US frequencies and
excitation pressures can now be generated through the conversion from electri-
cal energy to mechanical vibrations. As a result, various ultrasonography modes
have been developed and employed for biological imaging.

Clinically, US has been a well-established diagnostic modality in medical imag-
ing due to its real-time property, high permeability, and lack of radiation.””” Its
advanced development has contributed significantly to clinical applications for
the imaging of more biophysical information. One example is color Doppler
flow imaging (CDFI), which utilizes the Doppler effect between red blood cells
and US to show the blood flow of the human body. Two-dimensional ultrasonog-
raphy provides the anatomical structure of the human body, and the combination
of both techniques provides complete anatomical information, contributing to
the clinical evaluation of blood distribution, flow direction, and velocity.*? In
contrast, share-wave elastography is another emerging US imaging technique
that manipulates the acoustic radiation force produced by an ultrasonic beam
to perturb the tissue.'® Elastic media such as human tissue respond to this
push because of its own restorative force, thus causing mechanical waves
that can be used to quantitatively display the hardness of human soft tissue.”
Share-wave technology has been applied in medical imaging by medical
engineers in recent years, offering a promising tool for tissue characterization.
Typically, liquid containing bubbles has the characteristic of strong scattering
properties of US, leading to the development of contrast-enhanced US (CEUS).
Through the injection of microbubbles into human blood vessels, the US Doppler
signal of blood flow can be significantly enhanced, contributing to the improve-
ment of the clarity and resolution of ultrasonographies.'' '*

Among the many diagnostic techniques available, US has gained significant
attention due to its mechanical waves with potential for therapeutic applications.
In addition to its diagnostic value, the US-induced cavitation effects of contrast-
enhancing agents, such as microbubbles, have been extensively studied for their
ability to enhance endovascular contrast-enhanced imaging, navigate drug deliv-
ery, and trigger drug release. Furthermore, US-induced cavitation combined with
mechanical energy conversion has led to the discovery of high-intensity focused
US (HIFU) ablation, a noninvasive and nonradiative ablation therapy with
promising applications in treating Alzheimer's disease and tumors. In contrast,
sonodynamic therapy (SDT), based on the combination of low-intensity US
and sonosensitizer hematoporphyrin, has shown tremendous potential in man-
aging diseases.'® The use of US-sensitive agents, including organic and inorganic
sonosensitizers, has further facilitated SDT. Nowadays, various clinical trials for
US-based disease management are currently underway.'®'”

This review aims to provide a comprehensive overview of the mechanisms un-
derlying the interactions between US and various matters and to highlight the
practical significance of US-responsive substances in biomedical applications.
This review first discusses the established mechanisms of US-matter interac-
tions, including the cavitation effect, sonoluminescence, sonoporation, and
thermal effects. Then, various US-responsive matters with promising practical
significance are introduced, such as intermolecular conjugations that can be
broken by US, sonosensitizers that generate free radicals upon US excitation,
fluorocarbon compounds that can undergo liquid-to-gas phase transition under
US excitation, microbubbles that expand and explode through US irradiation, and
micro- and nanorobots that can be propelled and navigated by US. Meanwhile,
we cast light on the potential biomedical applications of the US-responsive
substances in both diagnostic and therapeutic settings. Finally, the challenges
being faced are summarized to make a forecast for the future biotechnological
applications and clinical translations of US-responsive matters.

US-INDUCED MECHANISMS

Currently, US with a frequency between 1 and 20 MHz is widely applied in real-
time imaging, and US with a frequency between 0.7 and 3.3 MHz has shown
practical significance in rehabilitation medicine. With the assistance of a trans-
ducer that can transmit US of specific frequency and power, US can penetrate
the skin of patients, targeting deep seated tissue with low attenuation to realize
the desired efficacy, such as assessing tissue condition, relaxing connective
tissues, etc. In recent decades, US has also been discovered to have therapeutic
effects in anticancer treatments, and various US-matter interaction mechanisms
have been explored. Cavitation effects are the most representative and plausible
mechanisms, including stable and inertial cavitation. Cavitation refers to the
nucleation of gas bubbles when the US interacts with liquid and plays a nonne-
gligible role in US-based treatments.

According to the different frequencies and powers of the US pulses, cavitation
includes stable cavitation and inertial cavitation. Generally, stable cavitation, also
known as the noninertial cavitation, refers to the oscillation of bubbles. Therefore,
stable cavitation usually leads to the microstreaming of the surrounding aqueous
environment. When stable cavitation occurs in tissue, the microstreaming
caused by the stable cavitated bubbles further leads to friction between the
gas bubbles and the tissue, along with the oscillation of the tissues. Thus, the
acoustic energy is converted to heat energy, increasing the temperature of
tissues, which is known as the thermal effect of US. In contrast, inertial cavitation
refers to the rapid expansion of bubbles, which continue to expand until they
reach resonance size, and the subsequent impulsive collapse. During the savage
burst of these cavitation bubbles, a great deal of heat and pressure energy is
generated due to the conversion of mechanical energy.'®
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Figure 1. The US-mediated mechanoresponsive pro-
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Based on the extreme heat caused by inertial cavitation, some other effects,
such as sonoluminescence and pyrolysis, occur. Sonoluminescence refers to
the generation of light during the US-mediated cavitation effect. Umemura and
co-workers described an emission of light with a peak of approximately
450 nm from the interaction between US and saline solutions.'® The light acti-
vated by US can trigger the production of reactive oxygen species (ROS) in the
presence of sonosensitizers, most of which originate from photosensitizers.
The mechanism of US-excited light generation has not been documented
exactly; numerous hypotheses have been proposed, including bremsstrahlung,
recombination radiation, blackbody, and so on. Pyrolysis involves the generation
of ROS when the sonosensitizers get broken up under inertial cavitation-caused
extreme heat. The generated ROS can lead to cancer cell apoptosis through lipid
peroxidation and other biological effects.?” Meanwhile, according to the pressure
derived from the violent collapse of cavitated bubbles, which reaches 81 MPa*°
reversible micropores appear on the cell membranes, the process of which is
referred to as the sonoporation effect. The sonoporation effect of US benefits
the inflow of extracellular drugs, thus enhancing the drug uptake efficiency of tar-
geted cells, minimizing the drug residue in normal tissues, and increasing the
therapeutic effect.”"”?

To summarize, US is a mechanical wave with low attenuation and high spatial
accuracy in human tissue. As the most important and commonly accepted
mechanism of US-based treatments, cavitation effect refers to the generation
and oscillation of cavitated gas bubbles. The resultant high temperature and
pressure caused by the violent collapse of cavitated gas bubbles would subse-
quently trigger more effects, such as thermal effect, sonoluminescence effect,
pyrolysis, and sonoporation effect. Although the exact mechanism requires
more investigations, the therapeutic efficacy of US-based treatments is well
established.

US-RESPONSIVE MATTERS AND POTENTIAL APPLICATIONS

The mechanical and biophysical effects of US waves make them potential
candidates for therapeutic applications. For example, in tumor tissues exposed
to US, cavitation bubbles can be produced in the liquid of the tumor tissues.
As the bubbles expand and burst, the tumor tissues would be affected by the
resultant microjet from inertial cavitation and other attendant effects. Despite
the destructive effects that cause tumor cell damage, the limited amount of
the cavitation bubbles produced by simple US wave severely hampers the anti-
tumor efficacy. Thus, to enlarge the practical and therapeutic effects of US
waves, US-responsive matters play an indispensable role. To ease the cavitation
effect, artificial microbubbles are introduced into the human body. Moreover,

and thermoresponsive materials are applied to
fabricate US-responsive intelligent drug carriers.
| J In recent decades, to enhance the therapeutic
‘ efficacy of SDT and HIFU ablation, great
> >L/ 'y efforts have been focused on the discovery and
‘ synthesis of smart agents that can increase
ROS production and hyperthermia.”®> 0 There-
fore, diverse US-responsive matters, including
US-breakable intermolecular conjugations, ROS-
producing materials, fluorocarbon compounds
with phase-transiting properties, lipid or hydrogel
microbubbles, and micro- and nanorobots, along
with their potential practical applications, will be addressed here through typical
examples.

Active

Intermolecular conjugations

By regulating the frequency and intensity of US waves, US can easily penetrate
tissue and accurately target deep positions due to their temporal and spatial res-
olution. According to the specific mechanochemistry properties of some poly-
mers, they can be transformed on the molecular level under US irradiation,
such as the scissoring of intermolecular covalent and noncovalent bonds. The
mechanical force of US exerts considerable effects on selectively targeting func-
tional molecular motifs to trigger drug release. One area of research worth
mentioning is reported by Huo's group, who explored three novel US-responsive
prodrug systems that consisted of macromolecules or nanoassemblies.”' The
first prodrug platform was a polymer featuring a disulfide center (Figure 1A).
By the covalent attachment of camptothecin (CPT) to the disulfide-centered poly-
mer through a connection between carbonate at the B site of CPT and the disul-
fide moiety of the polymer, the CPT exhibited inactivity before US irradiation. Re-
searchers elucidated that, after 4 h of US irradiation (frequency of 20 kHz), the
CPT could be extruded from the carbonate linker of the anchored polymer.
In vitro studies based on Hel a cells showed that the cell viability would decrease
with the increase in US irradiation, illustrating the US-mediated bond scission of
macromolecules and US-induced activation of drugs. The second prodrug sys-
tem presented by Huo et al. used antibiotics bound to RNA polyaptamers, which
were obtained from the transcription of a template containing the R23 RNA
aptamer (Figure 1B).%" The RNA polyaptamers showed a strong connection
with antibiotics such as neomycin B and paromomycin. As introduced by the re-
searchers, US could destroy the hydrogen bonds, electrostatic interactions, or
other noncovalent and covalent interactions and bring about the collapse of
the RNA backbone, thus activating the antibiotics. In agar plates culturing
Staphylococcus aureus, it was demonstrated that the RNA polyaptamer-bound
antibiotics had no antibacterial effect before US treatment. Notably, neomycin
B carried by RNA polyaptamers exhibited a significant bacteria killing property
only after US irradiation.

As reported by Huo et al,, the third US-mediated mechanoresponsive prodrug
regime was nanoparticle assemblies (Figure 1C).>' These assemblies were
based on a supramolecular motif, which was between the antibiotic vancomycin
and a Cys-Lys-Lys(Ac)-d-Ala-d-Ala (DADA) sequence. Furthermore, the above-
mentioned supramolecular motif can be used to either incorporate polymer
chains with gold nanoparticles or connect multiple gold nanoparticles. By deco-
rating gold nanoparticles with DADA (Au-DADA), the Au-DADA can be further

2 The Innovation 4(3): 100421, May 15, 2023

www.cell.com/the-innovation


http://www.thennovation.org
http://www.thennovation.org

Ai Aii Bi Bii
Piezoelectric Effect s o
J R e 4u‘ v Y $ ‘&
L ¢ 0 ) q
st @ o¢ O] A
l %
» \ X ’,::‘ \) “"/_ :
h*+H,0 ——— -OH + H'
e+ 02 - 402— Bi Mo (0]
Aiii Aiv Biii Biv

Figure 2. Inorganic sonosensitizers (A) The sonodynamic piezoelectricity of T-BTO. (i) Schematic illustration of the piezoelectric mechanism for the T-BTO-based ROS generation.
(i—iv) Transmission electron microscopy (TEM) (i), scanning electron microscopy (SEM) and corresponding elemental mapping (i), and high-resolution TEM (HRTEM) (iv) images of
T-BTO.*® Copyright 2020, WILEY-VCH. (B) The sonodynamic piezoelectricity of BMO. (i) Schematic illustration of the 2D structure of BMO. (ii—iv) TEM (i), EDS elemental mapping (i),
and HRTEM (iv) images of BMO.*” Copyright 2021, Wiley-VCH.

decorated with polymer-terminated vancomycin (Au-DADA + P, ), thus estab-
lishing a nanoparticle assembly. Notably, researchers further fabricated nanopar-
ticle-nanoparticle assemblies by incorporating vancomycin-decorated gold nano-
particles with smaller size (d = 8 nm) and DADA-decorated gold nanoparticles
with larger size (d = 55 nm) (Figure 1D). In vitro experiments illustrated that
both nanoparticle assemblies had excellent antibacterial effects on S. aureus
only under the irradiation of US, indicating the feasibility and efficiency of the
mechanochemical activation of US. Another study introducing US-mediated
intermolecular conjugation destruction was reported by Sun and co-workers,
who conjugated the sonosensitizer meso-tetra(4-carboxyphenyl) porphine
(T790) to functional nanocomposites. The conjugation can be broken under
US irradiation, contributing to the stability of T790 and the maintenance of nano-
composites’ functions.*? This way of mechanochemically activating drugs is of
great novelty and significance, paving the way for the exploration of the new field
referred to as “sonopharmacology.”

Sonosensitizers

SDT has shown certain advantages in anticancer treatment, which is mainly
based on the resultant ROS produced from the interaction between low-intensity
US (LIUS) and sonosensitizers.”®™ Initially, SDT developed from photodynamic
therapy (PDT), which applied light with particular wavelength to excite photosen-
sitizers to produce ROS. In addition, most of the sonosensitizers applied
nowadays are derived from photosensitizers.>* However, compared with PDT,
SDT showed significant advantages in penetration depth and biosafety. Since
numerous sonosensitizers were derived from photosensitizers, the inevitable
phototoxicity caused by light exposure severely hampered their practical applica-
tions.??%% Thus, more and more sonosensitizers with enhanced biocompati-
bility and ROS productivity have been explored and synthesized, including
organic, inorganic, and composite sonosensitizers. The exact mechanisms of
the ROS production remain unclear, while various hypotheses suggest that it
may be related to the cavitation effect.*>*” When the US-induced cavitation ef-
fect occurs, a sonoluminescence effect, which refers to the generation of light
from the interaction between US and fluid, subsequently happens. Umemura
et al. discovered that the resultant light caused by the sonoluminescence effect
could be absorbed by hematoporphyrin, which is a kind of photosensitizer.'® Af-
ter absorbing energy, the sonosensitizer was excited to a higher energy state, and
when the US irradiation stopped, the high-energy-level sonosensitizer released
the energy and recovered to ground state. The converted acoustic energy was
subsequently transferred to the surrounding oxygen and brought about the gen-

eration of ROS, which can bring damage to tumor cells and bacteria through
oxidative reactions. In the following sections, we present the organic, inorganic,
and composite sonosensitizers, from those derived from photosensitizers to
those synthesized and discovered recently.

Organic sonosensitizers. Most of the organic sonosensitizers originated
from photosensitizers, such as porphyrins, xanthenes, and other organic mole-
cules. Generally, porphyrins include hematoporphyrin, protoporphyrin IX (PplX),
sinoporphyrin sodium (DVDMS), chlorin e6 (Ceb), etc.; xanthenes include rose
bengal (RB), erythrosine B, RB derivatives, etc. Phenothiazine compounds include
promethazine hydrochloride, dioxopromethazine hydrochloride, methylene blue,
etc.; fluoroguinolone antibiotics include levofloxacin, sparfloxacin, gatifloxacin,
etc.; natural sonosensitizers include curcumin, hypericin, artesunate, etc.; and
other organic small molecules include 3-aminolevulinic acid (ALA), indocyanine
green (ICG), etc.®* These organic sonosensitizers feature desired properties for
SDT application. For example, the definite molecular structures of the organic so-
nosensitizers enable feasible reproducibility and large-scale production, and their
sensitivity to low-intensity and low-frequency US avoids the hyperthermal and
mechanical adverse effects caused by high-intensity or high-frequency US.
Meanwhile, the organic sonosensitizers show excellent biocompatibility and
biodegradability; combined with the biosafety and penetrability of US, organic so-
nosensitizers have shown promising potential in treating deep-located lesions.
For example, ICG, which is a Food and Drug Administration-approved fluores-
cence indicator, exhibits excellent US sensitivity and has been described as hav-
ing therapeutic effects against rheumatoid arthritis (RA).%%° Curcumin, a kind of
natural sonosensitizer, has been described as having special sonodynamic ther-
apeutic effects in inducing macrophage apoptosis and treating atherosclerosis
when applied as a hydroxyl-conjugated form.*®*' However, since the photosen-
sitizers are sensitive to light, most of the organic sonosensitizers feature photo-
toxicity, which might cause excessive production of ROS, resulting in unavoidable
oxidative damage. Moreover, most of the organic sonosensitizers feature poor
water solubility, leading to aggregation in the blood circulation and low tumor
targeting properties, thus limiting the antitumor efficacy.

Inorganic sonosensitizers. In addition to the traditional organic sonosensi-
tizers, inorganic sonosensitizers, including titanium dioxide (TiO,) nanoparticles,
silicon nanoparticles, and gold (Au) nanoparticles, have also been explored for
SDT.*>"* Compared with organic sonosensitizers, inorganic sonosensitizers
produce relatively less ROS under US excitation, while they feature more maneu-
verable structures and enhanced chemical stability. Recently, the piezoelectric
nanomaterials have been described as ideal sonosensitizers. Take the
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Figure 3. The US-responsive nanocomposites (A) Pd@Pt-T790 nanocomposites. (i) Schematic illustration of the US-activated oxygen and ROS generation of Pd@Pt-T790. (i) SEM
and X-ray spectroscopy mapping images of Pd@Pt-T790.%? Copyright 2020, American Chemical Society. (B) The piezoelectric nanocomposite Au@BTO. (i) Scheme of the fabrication
process and ROS-generating mechanism of Au@BTO. (ii) The elemental mapping of Au@BTO.%* Copyright 2021, Elsevier.

noncentrosymmetric tetragonal barium titanate (T-BTO), for instance; it features
near-cubic morphology and interplanar spacing, referring to the (100) and (00T)
planes (Figure 2A).“° The periodic vibration of US pulses (1.0 MHz, 1.0 W cm™2,
50%) can cause the excitation of the pressure-induced polarization of T-BTO,
bringing about the establishment of a strong built-in electric field. The electric
field subsequently leads to the separation of electrons and holes, which then atta-
ch to the opposite surface of T-BTO, and the piezocatalytic reaction occurs, lead-
ing to the generation of ROS. Bismuth molybdate (Bi,MoQgs, BMO) nanoribbon is
another excellent piezoelectric nanomaterial with specific two-dimensional (2D)
ferroelectric structures (Figure 2B). The latest report about BMO nanoribbons
was proposed by Dong and co-workers, who synthesized BMO nanoribbons
via hydrolysis in glycol, and the interplanar spacing referring to the (002) and
(062) planes was confirmed through high-resolution transmission electron mi-
croscopy (HRTEM).*” Energy-dispersive spectroscopy (EDS) mapping verified
the elements of the synthesized nanomaterials. Interestingly, Dong et al.
improved BMO nanoribbons by conjugating them with glutathione (GSH).*’
The GSH-activated BMO (GBMO) nanoribbons were described as featuring better
piezoelectricity compared with simple BMO nanoribbons. To measure the gener-
ation of ROS caused by the sonodynamic piezocatalytic reaction between BMO/
GBMO and US (40 kHz, 3 W cm™2, 50%), such as -0°~, ;02 and -OH, 1,3-diphe-
nylisobenzofuran (DPBF) and 3,3,5,5-tetramethylbenzidine (TMB) were applied.
By measuring the absorbance of DPBF and TMB, it was demonstrated that
the GBMO nanoribbons showed increased ROS generation efficiency compared
with BMO nanoribbons.

Composite sonosensitizers. Because most organic sonosensitizers are hy-
drophobic, they are easily cleansed from the blood circulation after intravenous
administration, resulting in the decreased accumulation of sonosensitizers at
target sites. Thus, efforts have been focused on the modification of sonosensi-
tizers, such as coating sonosensitizers with hydrophilic materials and loading so-
nosensitizers into nanocarriers to enhance the targeted delivery efficiency.
Among the recently explored nanoplatforms, hollow mesoporous organosilicon
nanoparticles (HMONs) have been widely employed. Because of their abundant
surface area and outstanding biocompatibility, HMONSs can be applied to various
biomedical applications. For example, Chen et al. loaded the sonosensitizer
IR780 into fluorocarbon-chain-decorated HMONSs, which can load drugs effi-
ciently and realize stable oxygen delivery."® Despite the advantages of inorganic
sonosensitizers over organic sonosensitizers, the relatively low production of
ROS remains a challenge. Take TiO,, for instance. The fast recombination of elec-
trons and holes on the surface of a nanostructure leads to a low quantum yield of
ROS. Thus, explorations have been made in improving the quantum yield of TiO,,
including noble metal decoration,*® 2D nanosheet recombination,®° oxygen-defi-
cient layer attachment,”’ etc.

During the ROS generation process in the interaction between US and sono-
sensitizers, a large amount of oxygen is consumed, bringing about a limited
SDT efficacy. Recent studies have conjugated sonosensitizers to oxygen-gener-
ating materials to replenish oxygen during SDT. Numerous nanomaterials such

as platinum (Pt) and manganese dioxide (MnO,) have been reported to generate
oxygen through enzyme catalysis.*>*°25% Based on the intrinsic property of Pt,
Sun et al. bridged lead and Pt nanocomposites (Pd@Pt) with T790, which is a
traditional organic sonosensitizer (Figure 3A).? Through covalent conjugation
assisted by polyethylene glycol, T790 can be modified with Pd@Pt to form a
biocompatible nanocomposite (Pd@Pt-T790). Interestingly, researchers found
that the covalent conjugation between Pd@Pt and T790 can be destroyed under
US irradiation, thus maintaining the inactive state of Pd@Pt before the nanocom-
posites reach the targeted site, avoiding unwanted effects. Further studies
confirmed that the US-activated oxygen-producing property of Pd@Pt signifi-
cantly facilitated ROS generation by T790, contributing to the therapeutic efficacy
of Pd@Pt-T790. The US-activated catalase activity not only realized the in situ
generation of oxygen in a brand-new manner, but also paved way for the devel-
opment of US-triggered nanomotors.

Since sonosensitizers have been explored on the basis of photosensitizers,
more and more US-sensitive agents have been analyzed to assist SDT, such
as hematoporphyrin and its derivatives,'® metallic oxide, piezoelectric materials,
etc. Although SDT has shown certain antitumor and antibacterial effects based
on the generation of ROS, it is still far away from clinical practice. To improve the
therapeutic efficacy of SDT, researchers aim at the development of highly effi-
cient sonosensitizers. According to research reported by Wu and co-workers,
they fabricated a novel nanocomposite by conjugating gold nanoparticles onto
T-BTO (Au@BTO) (Figure 3B).>* The elemental mapping of the nanocomposites
illustrated the distribution of gold nanoparticles on the surface of BTO. Based on
the outstanding electromechanical conversion of BTO and the Schottky junction
between Au and BTO, a significantly enhanced ROS-generation capacity was
elucidated. By measuring the fluorescence spectra of 2-hydroxyterephthalic
acid (HTA), which is a reaction product of - OH and terephthalic acid, researchers
demonstrated the enhanced -OH generation capacity of US-excited Au@BTO.
Moreover, DPBF, which can be degraded by singlet oxygen ('0,), was applied
to measure the US-induced generation of '0,. The US-activated strong built-in
electric field of Au@BTO and the cavitation effect contributed to the significantly
improved ROS generation, shedding light on the clinical translation of SDT.

Fluorocarbon compounds

Nowadays, progress in microbubble-based US imaging diagnoses and thera-
peutic modalities has achieved many successes, but the limited longevity and
relatively large volume of the microbubbles prevent them from entering narrower
spaces, such as tumor interstitial spaces and some microcapillaries. Re-
searchers have found that the enhanced permeability and retention effects of
nanomaterials allow them to locate to targeted sites, contributing to their appli-
cations in magnetic resonance imaging (MRI) or computed tomography. Howev-
er, few nanomaterials can be employed in ultrasonography. Learning from the
stable oil emulsions that maintain their character by surfactant coatings, scien-
tists found that nanodroplets with a low boiling point, such as perfluorocarbons
(PFCs), may be a feasible regime for ultrasonography. When the liquid PFC is
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Figure 4. The exploration of fluorocarbon com-
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pounds for US-responsive multifunctional systems
(A) The theragnostic nanoprobe PFP/PFB/DOX-
PPEHD. (i and ii) TEM images (i) and power Doppler
images (i) of the pH- and LFUS-mediated morpho-
logic process of PFP/PFB/DOX-PPEHDs in vitro.”®
Copyright 2022, American Chemical Society. (B) US-
responsive microfluidic microcapsules PO/GI-MCs. (i
and ii) Schematic illustration (i) and microscopic im-
ages (i) of the liquid-to-gas phase transition progress
of PO/GI-MCs.** Copyright 2022, Elsevier. (C) Sche-
matic illustration of PFTBA@HSA nanoparticles.®®
Copyright 2018, Ivyspring International Publisher.
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of tumors can be achieved. For example, this
problem has been addressed by Zhang et al,
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nanoprobes with a pH-responsive polymer shell
(PFP/PFB/doxorubicin [DOX]-PPEHDs) to treat

C6 glioma (Figure 4A).°" The nanoscale of the
PFP/PFB/DOX-PPEHDs allowed efficient intratu-
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2 the US-induced phase transition. For the tumors
0, located in deep sites, researchers applied low-fre-

2 quency US (LFUS) to trigger the liquid-to-gas
0 transition of PFC, bringing about the in situ for-
mation of bubbles. The continuous irradiation
of LFUS would break the bubbles, thus releasing
the loaded DOX at the tumor site. Interestingly, it
was demonstrated via power Doppler imaging
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that the PFP/PFB/DOX-PPEHDs can significantly
enhance echogenicity either in agarose phan-
toms or in in vivo tumors, indicating the therag-
nostic property of these PFC nanoprobes. By
encapsulating liquid perfluorohexane (PFH),
another kind of PFC, in lipids and cholesterol,
nanobubbles can be obtained.”® As proposed
by Shao and co-workers, nanobubbles fabricated

‘60s

300 pm

supported by a shell, the Laplace pressure provided by the pressures from
external environments maintains the PFC in the liquid state. Once the stable
PFC is affected by an external stimulus, such as US, the PFC experiences a
liquid-to-gas phase transition, during which it can expand five times in volume.*®
Researchers pointed out that this liquid-to-gas phase transition is based on an
internal and external cavitation-induced temperature increase.**°°

Compared with the microbubbles employed clinically, PFC micro- and nano-
droplets can maintain a stable form before reaching the tumor site in the blood
circulation. Moreover, like other nanomaterials, nanoscale PFC droplets can
reach the tumor interstitial spaces through the enhanced permeability and reten-
tion (EPR) effect, which is not hard to realize with bubbles in microscale. Thus, as
long as the PFC nanodroplets are targeted to tumors, under the exposure of
external US, liquid PFCs undergo the liquid-to-gas phase transition, bringing
about in situ bubble formation. The bubbles inside the tumor spaces can realize
the ultrasonic imaging and represent the tumor shape and size accurately, assist-

assembly
)

with a prepared solution containing drugs can be
further conjugated onto the surface of micro-
needles (MNs) by electrostatic interaction to
manufacture nanobubble-loaded MNs.*® In
recent decades, MNs have shown outstanding
performance in targeted delivery to multiple parts
of the human body, and MNs have been devel-
oped to feature distinctive geometries to achieve
higher adhesive ability.”*** Compared with
traditional transdermal drug delivery using drug-
loaded MNs, these US-facilitated nanobubble-loaded MNs can achieve a rapid
drug penetration and an enhanced agent diffusion, ascribed to microstreaming
followed by the cavitation effects of nanobubbles.

Since PFCs were introduced into biomedical applications, they have been em-
ployed as a blood substitute, attributed to their biocompatibility and extremely
high oxygen solubility, which can reach 20 times that of water. Thus, PFCs are
an ideal alternative for delivering oxygen. During SDT for tumors, the interaction
between US and sonosensitizers results in a large consumption of oxygen, of
which the tumor site is already starved. Tremendous achievements have been
made in combining PFCs and SDT to enhance the ROS production of SDT as
well as to alleviate the hypoxic microenvironment in tumor sites. Recently, we em-
ployed microfluidic electrospray technology to manufacture a microcapsule, the
core of which is oxygen-enriched PFCs and the shell of which is a multidrug co-
loaded hydrogel (PO/GI-MC) (Figure 4B).°* Microfluidic technology has emerged
as a cutting-edge microscale material fabrication method. Since PFC liquid
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Figure 5. US-responsive lipid and polymer microbubbles (A) Magnetic DOX-ML-MBs. (i—iii) Schematic illustrations of the DOX-ML-MB (i), DOX-loaded magnetic liposomes (ii), and the
covalent linkages between liposomes and microbubbles (iii). (iv) Confocal overlay image of DOX-ML-MBs.2° Copyright 2020, American Chemical Society. (B) US-responsive mi-
crofluidic Gem-H,S-UDMs. (i) The microfluidic fabrication process of the microbubbles. (ii) Optical images of the Gem-H,S-UDMs. (iii) Fluorescent dye-loaded microbubbles. (iv) The

Gem-H,S-UDM response to the hyperthermia caused by US.®' Copyright 2021, Wiley-VCH.

features a low boiling point, microfluidic technology allows a moderate fabrication
process, thus realizing the maintenance of the physiochemical properties of
PFC.%5"7* Ascribed to the US-induced phase-transition ability of PFCs, the PO/
GI-MCs experienced the transition from microcapsules to microbubbles when
exposed to US waves (1.0 MHz, 1.2 W cm™2). Since the volume of PFCs can
become five times larger, the resultant gas core splits the alginate shell, releasing
the gas, which contains a large amount of oxygen. By encapsulating the water-sol-
uble chemotherapeutics and sonosensitizers that are sensitive to the same pa-
rameters of US in the alginate shell, we realized simultaneous SDT and chemo-
therapy. Notably, the delivered oxygen enhanced the antitumor efficacy of the
chemo-SDT and further alleviated the tumor hypoxia. This multidrug and oxygen
co-loaded microcapsule platform exhibited promising potential in US-assisted
synergistic antitumor treatment. Moreover, because of the hydrophobicity of
PFCs, most of the relevant studies have used lipids to encapsulate PFCs, which
seriously limited the loaded drugs. In our study, benefitting from the great maneu-
verability of microfluidic technology, hydrogel could be applied to fabricate PFC
microdroplets, greatly expanding the range of drugs that could be loaded.

In addition to the above-mentioned PFC, perfluorotributylamine (PFTBA), which
is another fluorocarbon compound, features more advantages in biomedical
application. Studies reported that PFTBA can exert an inhibition effect on platelets,
bringing about an enhanced red blood cell (RBC) infiltration at targeted loca-
tions.®® As has been documented, the integrity of tumor vessels is mainly main-
tained by the active ingredients secreted from platelets.”® Thus, PFTBA could
conceivably exert antitumor efficacy by not only destroying tumor vessels but
also delivering oxygen and drugs. Considering the hydrophobic property of the
fluorocarbon compound, albumin can be used to encapsulate PFTBA to establish
a drug carrier. Another work based on the excellent oxygen delivery properties of
PFCs was proposed by Zhou and co-workers, who fabricated two-stage oxygen-
delivery nanoparticles using albumin to encapsulate PFTBA (PFTBA@HSA) (Fig-
ure 4C).%° They further demonstrated the excellent oxygen delivery and antiplate-
let aggregation properties of PFTBA@HSA. Learning from the excellent features
of PFTBA, Huang et al. established an oxygen-carrying nanocarrier (PPID-NPs) to
facilitate chemo-SDT.® The presented PPID-NP had a polymer shell consisting of
poly(lactic-co-glycolic) acid (PLGA), which featured the desired biodegradability
and biocompatibility, and a core of PFTBA, which was enriched in oxygen and
loaded with sonosensitizer IR780 and DOX. It was demonstrated that under the
excitation of US, PPID-NPs showed significantly enhanced drug and oxygen
release efficiency. The ROS produced, especially singlet oxygen, from PPID-NPs
irradiated by US were significantly higher than those of nanoparticles not contain-
ing PFTBA. Furthermore, in vitro experiments conducted on 4T1 cells showed that
the cells treated with PPID-NPs and US had more intracellular ROS production.

Microbubbles
As widely used US contrast-enhancing agents, microbubbles feature US
responsiveness in reflecting harmonic signals upon excitation by US. The tradi-

tional agents for CEUS are lipid-shell microbubbles with diameters of approxi-
mately 5 um. Further studies found that, when the US frequency is consistent
with the resonance frequency of the microbubbles, the microbubbles will be
broken, which is referred to as US-triggered microbubble destruction.”’”” These
two US responses of microbubbles cast light on the innovations of theragnostic
microbubbles, which realize not only in vivo real-time tracking, but also control-
lable release of the microbubble-loaded drugs. According to the core-shell struc-
ture of microbubbles, researchers focused efforts on feasible and efficient ways
to load drugs, such as conjugating drugs onto the shell, encapsulating drugs in
the shell, or utilizing therapeutic gas to fill the core. Lipid-shell microbubbles
showed excellent in vivo CEUS imaging capability.

The stability and longevity of microbubbles in vivo are important for effective
imaging. To improve the stability of microbubbles and enhance the US signals,
Cen and co-workers designed modified PFC-filled microbubbles with amphiphilic
fluorinated co-polypeptides.” In particular, compared with the commercially
applied CEUS agent SonoVue, the fluorinated co-polypeptide-decorated micro-
bubbles showed superior in vivo imaging properties. Microbubbles are also prom-
ising candidates for drug delivery. Nesbitt et al. proposed lipid microbubbles to
deliver the chemotherapeutic gemcitabine and sonosensitizer RB to treat pancre-
atic cancer through chemo-SDT.”® The researchers functionalized gemcitabine
with biotin and functionalized oxygen-loaded microbubbles (0,MBs) with avidin,
followed by attaching the gemcitabine derivatives to the surface of the 0,MBs
(O,MBs-Gem). Similarly, RB was conjugated to the 0,MBs (0,MBs-RB) to apply
together with 0,MBs-Gem to realize chemo-SDT.

To enhance the targeting ability of the drug-loaded microbubbles, efforts have
been made in conjugating target molecules onto microbubbles. In addition, by
attaching functional materials that are sensitive to external force fields, such
as a magnetic field, enhanced drug accumulation can also be obtained. Recently,
Dwivedi's group presented a novel type of microbubble composite, the aggrega-
tion of which can be regulated by a magnetic field followed by the activated drug
release by external US (Figure 5A).5° By encapsulating magnetic nanoparticles of
Fes04 and the chemotherapeutic DOX into liposomes, the obtained magnetic
DOX-loaded liposomes can be coupled with microbubbles filled with PFC gas
(DOX-ML-MBs). The DOX-ML-MBs display excellent DOX loading efficiency
and highly efficient DOX release upon exposure to US. Furthermore, an experi-
ment set up in microfluidic channels illustrated the magnetic activity of the mi-
crobubbles. The subsequent animal experiments further elucidated the feasibility
of using DOX-ML-MBs along with a magnetic field and US to fight pancreatic
cancer.

Although lipid and protein-shell microbubbles have been widely applied in clin-
ical CEUS, the lipophilicity of the shell and limited longevity in the blood circulation
severely hamper their drug-loading and delivery capability. To address these
problems, polymers have been applied to fabricate microbubbles, such as
PLGA, poly(vinyl alcohol), alginate, etc. Compared with the lipid-shell microbub-
bles, the polymer shell endows the microbubbles with enhanced drug-loading
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capacity. In addition, the diverse hydrophilicity or lipophilicity and side chains of
the polymer materials improve the selectivity of drugs that can be loaded. For
example, hydrophilic drugs can be loaded into a hydrogel shell by being dissolved
into the pre-gel solution, and specific peptides can be bound to the side chains of
the hydrogel. Zhong et al. applied PLGA to carry a 5-amino-acid peptide through
covalent binding.%? Based on the bond between the peptide and fibrin, these
PLGA microbubbles realized the targeted microthrombus detection and
thrombus dissolution.

In addition to US-responsive microbubbles activated through the cavitation ef-
fect, which release drugs mainly based on the expansion and burst of the
gas cores, we designed a kind of polymer-constructed microbubble through a
microfluidic electrospray method that is mainly responsive to the thermal
effects of US (UDMs) (Figure 5B) 2" The shell of the microbubble was fabricated
from a composite hydrogel, which contained the thermosensitive polymer
N-isopropylacrylamide (NIPAM) and biocompatible hydrogel alginate. The core
of the microbubble was hydrogen sulfide (H,S), which is a kind of antitumor
gas signaling molecule. By encapsulating the water-soluble chemotherapeutic
gemcitabine in the hydrogel shell, the polymer microbubble (Gem-H,S-UDMs)
can be implanted into the tumor site to deliver drugs. When US waves (3.0
MHz, 2.0 W cm™?) are applied, the hydrogel shell of the Gem-H,S-UDMs in the
deep tumor site can be triggered to shrink and squeeze out the encapsulated
gemcitabine along with water, bringing about the US-triggered in situ drug
release. Meanwhile, the gas core expands with the increasing temperature,
together with the pNIPAM shell thinning from hyperthermic shrinkage, and the
H,S leaks from the core, bringing about the combinational therapy of chemother-
apeutics and antitumor gas signaling molecules. Because of the noninvasive-
ness and permeativity of US, we realized the antitumor treatment in a mouse
model of in situ deep-sited cancer in a minimally invasive way. Our study provided
new ideas for the preparation of US-responsive microbubbles and a way for US-
controlled drug release and delivery of gaseous signaling molecules. Moreover, in
addition to H,S, numerous gaseous signaling molecules have been carried by mi-
crobubbles and exerted biological effects to achieve therapeutic purposes, such
as nitric oxide (NO),2°#° carbon monoxide, % etc. For example, Liao's group
proposed NO-loaded C4d-targeted microbubbles to successfully treat rats with
acute antibody-mediated cardiac allograft rejection due to the immunosuppres-
sive and antithrombotic effects of high NO levels.®°

However, the polymer microbubbles are defective in in vivo imaging due to the
relatively limited elasticity compared with lipid microbubbles. Based on the
advantages and disadvantages of lipid and polymer microbubbles, Chen and
co-workers proposed a novel hybrid microbubble, the shell of which was con-
structed with lipid and PLGA (Figure 6A).°° By applying the double-emulsion
method and a gas-generating agent, researchers manufactured microbubbles
with porous structures, which provided a larger surface and allowed the loading
of a large number of drugs. The representative scanning electron microscopy
(SEM) image shows the porous structures on the shell. When the lipid/PLGA mi-
crobubbles are excited with US (frequency of 5 MHz), strong second signals can
be detected at 10 MHz, indicating the stronger CEUS imaging capacity of lipid/
PLGA microbubbles. Interestingly, compared with the pure PLGA microbubbles,
lipid/PLGA microbubbles had a decreased cavitation threshold. It was demon-
strated that the lipid/PLGA microbubbles can be effectively destroyed under spe-
cific US waves (frequency of 1 MHz). Thus, by loading DOX into the shell of micro-
bubbles, which was constructed with lipid and PLGA (DOX-lipid/PLGA MBs), a
controllable drug release based on the US-mediated microbubble destruction
can be achieved (Figure 6B). Thus, the fabricated porous DOX-lipid/PLGA MBs
featured not only excellent in vivo CEUS imaging capacity but also US-triggered
drug release properties. These hybrid microbubbles addressed the limitations of
the low drug loading efficiency of lipid-shell microbubbles and the undesired
in vivo imaging properties of polymer-shell microbubbles, paving the way for
the clinical translation of US-responsive multifunctional microbubbles.

Micro- and nanorobots

Nowadays, untethered micro- and nanorobots have attracted tremendous
attention in in vivo applications such as targeted drug delivery, precision mi-
cro/nanosurgery, biopsy and diagnosis of hard-to-reach internal locations, etc.
Considerable efforts have been focused on catalytic robots that realize self-pro-
pulsion through the chemical substance of surrounding environments, and
nowadays external stimulus-propelled robots are required in some chemical

fuel-free circumstances.® % Numerous studies have explored micro- and nano-
robots that can be propelled or guided by a magnetic field, electric field, light, US,
etc.”®** In addition to these broad applied external stimuli, US shows promising
potential in navigating microrobots by its biosafety, penetrability, and maneuver-
ability. Because of its controllable navigation and micrometer size, it is feasible to
deliver cargo to localized lesion sites. One work worth mentioning is a type of iron
oxide nanoparticle containing RBCs as reported by Wu and co-workers (Fig-
ure 7A).%° The fabricated RBC motor could be navigated by external US and a
magnetic field, which was ascribed to the uneven distribution of the iron oxide
nanoparticles within RBCs that feature asymmetric morphology. In another
research reported by de Avila et al, a dual-cell membrane-coated gold nanowire
(RBC-PL robot) was designed for US-guided pathogen targeting and neutraliza-
tion (Figure 7B).°° The RBC membrane and platelet membrane endowed the
nanorobots with various biological advantages, such as bacteria adhesion and
toxin neutralization.

Based on the cavitation effect, which demonstrates US-activated bubble gen-
eration and the resonant oscillation of these bubbles, researchers have explored
the interaction between the bubble size and the activating resonance fre-
guencies. Thus, it is anticipated that microbubbles could be utilized as the power
engine for US-activated microrobots. As reported by Liu and Cho, a US-activated
bubble-propelled 3D microdrone was designed by assembling gas-trapped one-
end-open microtubes with different lengths and directions (Figure 8A).°" Since
the bubbles with different sizes respond only to a specific acoustic resonance fre-
quency, the 3D microdrone can be remotely navigated in various directions by US
with different frequencies.

Recently, Aghakhani and co-workers addressed the limitation that most of the
microrobots were able to propel only in homogeneous Newtonian fluids, and they
designed acoustic microrobots that could be propelled in complex biological
fluids (Figure 8B).%% Similarly, this microrobot featured a hollow body, which con-
tained an oscillatory microbubble. Under the excitation of US with a specific fre-
quency, the microbubble-trapped microrobot generated a strong microstream,
which served as propulsion for the movement of the microrobot. Interestingly,
the double reentrant edge designed inside the hollow body of the microrobot
contributed to a strong liquid repellency at the interface of liquid and gas, thus
enabling the stability of the microbubbles in different fluids. Furthermore,
researchers explored the differentiation between Janus magnetic microrobots
activated by a rotational uniform magnetic field and an acoustic microrobot acti-
vated by US. In contrast to the homogeneous Newtonian fluids, non-Newtonian
fluids, such as mucus, feature a viscoelastic nature that would provide a resistive
force when microrobots are propelled by a magnetic field, leading to the pushing
back of the Janus magnetic microrobots. However, the mutual effects between
the disrupted microstream and the thrust force inside the non-Newtonian fluid
could effectively actuate the microrobots, contributing to the propulsion of the
acoustic microrobot in the mucus medium. These advancements presented
by Aghakhani et al. did pave the way for the biomedical application and clinical
translation of US-activated microrobots.

CONCLUSION AND OUTLOOK

Recent advances in the discovery of US mechanisms and distinctive engineer-
ing of US-responsive matters have shown the promising practical significance of
US. In this review, we have demonstrated typical and recent developments of US-
responsive matters and their biomedical values. From the diagnostic aspect, US-
responsive microbubbles and nanodroplets can reach deep-seated locations and
feed back information on lesions. By modifying these platforms with functional
groups, the microbubbles and nanodroplets can realize multimode imaging
and synergistic treatment. The studies on nanoscale materials led to the bio-
sensing application of US, from detecting endogenous molecules to sensing mi-
croenvironments. For therapeutic applications, US can exert therapeutic effects
from two aspects: one is through the US-mediated physiochemical effects,
another is through US-triggered payload release and activation. SDT is based
on US-induced ROS generation, which occurs via acoustic energy conversion
and other ways. HIFU ablation and sonothermal therapy are ascribed to the ther-
mal effects resulting from cavitation effects, interactions between US and tis-
sues, and so on. US-mediated thrombolysis is based on microbubble-facilitated
cavitation effects. In contrast, the deep penetrability and efficient energy transfer
of US realize navigated drug delivery and the release of targeted drugs, including
chemotherapeutics, gases, genes, proteins, engineered bacteria, etc. These
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Figure 6. US-responsive hybrid microbubbles (A) Fabrication and characterization of lipid/PLGA MBs. (i) Schematic diagram of the fabrication process of lipid/PLGA MBs. (ii) SEM
image showing the porous structures on the shell. (iii) Ultrasonographs of PLGA MBs, lipid MBs, and lipid/PLGA MBs. (iv) Young's modulus results for lipid/PLGA MBs with diverse lipid
ratios showing the softened shell of lipid/PLGA MBs. (B) Schematic diagram of the fabrication process and drug-release property of DOX-lipid/PLGA MBs 2 Copyright 2019, American

Chemical Society.

thrilling achievements have greatly expanded the use of US in multidisciplinary
fields, while many aspects remain to be further optimized and refined to make
US more practical.

For decades, US and diverse US contrast agents have been applied clinically
with remarkable diagnostic effects. The earliest US contrast agents were micro-
bubbles containing carbon dioxide, oxygen, or air. These microbubbles were
mainly produced by hand shaking of normal saline, which could be used only
for simple heart system imaging. Then, to extend the microbubbles’ stability
and longevity for prolonged observing time and internal retention time, re-
searchers used more stable and safer materials to wrap the gas around, such
as denatured albumin, liposomes, polymers, and various surfactants. To date,
many US contrast-enhancing agents have been commercially produced and
widely employed in clinical applications, contributing considerably to the identifi-
cation and differentiation of diseases; examples are SonoVue and Sonazoid.
Although these contrast agents are easy to store and transport and are widely
used in clinical practice, they still have some disadvantages in short imaging
and observing time, hindering the long-time scanning of larger organs and
repeated observation of target lesions. On the other hand, the materials used
in fabricating microbubbles might have some allergenicity. Sonazoid, for

example, although it can be used for specific Kupffer cell imaging, it cannot be
used in patients with egg allergy due to its shell component containing sodium
hydrolecithin serine. At the same time, nanobubbles and nanospheres are the
development trend of multifunctional contrast agents due to the limited depth
of microscale bubbles in exploring tissues. Therefore, the cooperation of multiple
disciplines is highly required to develop and synthesize more biocompatible and
multifunctional materials for microbubble preparation.

The various parameters of frequency and power of US waves can greatly
affect its application. Cavitation bubbles will vibrate under the action of an ultra-
sonic field. When the frequency of ultrasonic waves is less than the vibration fre-
quency of cavitation bubbles, the cavitation bubbles will collapse. The resonance
frequency of the microbubble is related to many factors, such as the diameter of
the microbubble, the density of the liquid around the microbubble, and the room
temperature and pressure outside the microbubble. Therefore, the development
of flexible and controllable instruments to fabricate microbubbles with regulable
diameters and compositions is an important link to promote the development of
multifunctional microbubbles.

On the other hand, the development of an accurate and portable machine
capable of generating ultrasonic waves of various frequencies and powers is of
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Figure 7. US-propelled micro- and nanorobots (A) Magnetic nanoparticle-loaded RBC motors. (i) Scheme of the fabrication process and (i) TEM image of the RBC motors. (iii)
Scheme of the magneto-switchable guidance of the RBC motors. (iv) Real-time images of the movement of a magnetic nanoparticle-loaded RBC motor and (v) in presence of a natural
RBC.%® Copyright 2014, American Chemical Society. (B) US-guided pathogen-targeting RBC-PL robot. (i) Schemes of the US-powered nanorobots for bacterium adhesion and toxin
neutralizations. (i) SEM image of an RBC-PL robot. (iii) The tracking trajectories of the RBC-PL robot in water and in blood.”® Copyright 2018, the authors.

great value for the promotion and application of US-responsive materials. Gener- s limited. Compared with professional acoustic instruments, US therapy instru-
ally, some hospitals have rehabilitation departments equipped with US therapyin-  ments are unable to produce US waves with fine-tuned parameters. However,
struments, which can output US waves with specific powers and frequenciesand  the operation of professional acoustic instruments is complex and bulky, which
are equipped with probes of different sizes for different body parts. Although these  is not conducive to the clinical application of ultrasonic-responsive materials.
US therapy instruments can be used at the bedside and are very portable, making ~ Typically, different sonosensitizers respond only to US with different specific fre-
them very convenient for clinical use, their ability to adjust ultrasonic parameters  quencies and powers. Under the excitation of US with a specific frequency and
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Figure 8. US-responsive microbubble-activated microrobots (A) US-activated bubble-propelled 3D microdrone. (i) Schematic illustration of the mechanism of US-activated oscil-
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Schemes of the microrobots in Newtonian and non-Newtonian fluid. (i) A microrobot encasing a microbubble in PBS. (iii) A microrobot filled with low-surface-tension liquid. (ivand v)

Comparison of the under-mucus motion between magnetic microrobots (iv) and acoustic microrobots (v).°® Copyright 2022, the authors.

power, sonosensitizers show better ROS generation properties, contributing to
the therapeutic efficacy. For example, studies found that ICG is more sensitive
to US at T MHz, 1.61 W cm~2%° IR780 is more sensitive to US at 650 kHz,
2.4Wcem~2,°° Ti0, is more sensitive to US at 0.8 MHz, 1.5 W cm™2,%" etc. There-
fore, future efforts could be focused on the development of smart US transducers
and new sonosensitizers for highly efficient ROS production. Moreover, the explo-
ration of the optimal US parameters to excite the US-responsive materials is also
significant. Since US-triggered therapeutic modalities are still under experimental
research and clinical trials, a definite guideline for the employment of US param-
eters is still lacking. However, some authoritative reviews have summarized the
acoustic properties and optimal US parameters of various materials in detail,
which is worthy of reference and learning.'2%'92103

All the research and exploration of the above-mentioned US-responsive mat-
ters are ultimately for the purpose of contributing to human health. The practical
application of US-responsive matters is inseparable from clinical experiments

and the cooperation and promotion of clinicians. Numerous US-based clinical
studies are also underway, some of which have yielded promising results.
Meanwhile, in addition to HIFU and SDT, scientists and physicians have discov-
ered the therapeutic and adjunctive role of US in more and more treatments.
Although the mechanisms between US and the US-responsive matters are still
far from complete, the practical feasibility is positive, and more detailed informa-
tion about the US mechanisms is being discovered. The safety concerns of US
and US-responsive matters are also great challenges that require attention
before wide clinical application. With the addressing of current problems and
innovation of more US-responsive matters, the application of US can be further
expanded to much wider fields.
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