
Ultrasound-enhanced gene transfection: vectors, methods, and 
biomedical applications☆

Jie Wu a, Yang Gao a, Hongju Zhou a,d, Zhengbao Yang b, Raul D. Rodriguez c , Xiaohui Xu a,*,  
Lang Ma a,*, Li Qiu a,*

a Department of Medical Ultrasound, Frontiers Science Center for Disease-Related Molecular Network, West China Hospital, Sichuan University, Chengdu 610041, China
b Department of Mechanical and Aerospace Engineering, Hong Kong University of Science and Technology, Clear Water Bay, Hong Kong 999077, China
c Research School of Chemistry & Applied Biomedical Sciences, Tomsk Polytechnic University, 30 Lenin Avenue, Tomsk 634050, Russia
d School of New Energy and Materials, Southwest Petroleum University, Chengdu 610500, China

A R T I C L E  I N F O

Keywords:
Ultrasound
Gene therapy
Microbubbles
Sonoporation
Sonodynamic effect

A B S T R A C T

Gene therapy relying on the efficiency of gene delivery or transfection has become a widely applied approach in 
numerous biomedical fields. Ultrasound, featuring non-invasive and deep tissue penetration nature, offers 
effective enhancement treatment with precise targeting and minimal side effects. Here, we critically analyze the 
vectors, methods, and biomedical applications of ultrasound-enhanced gene transfection. Firstly, the therapeutic 
potential of ultrasound lies in its synergistic thermal, cavitation, and mechanical effects. Secondly, various 
vectors, both viral and non-viral, are available for delivering therapeutic genes. Additionally, techniques like 
sonoporation, sonodynamic effect, and ultrasound-targeted microbubble destruction enable the precise delivery 
of bioactive genes to targeted tissues. We particularly highlight the diverse biomedical applications of 
ultrasound-enhanced gene transfection across different disease areas, including cancer, cardiac insufficiency, 
stroke, neurodegenerative disease, and musculoskeletal disorders, demonstrating promising prospects for clinical 
application. Finally, we systematically address the current challenges and perspectives to inform the design of 
ultrasound-enhanced gene transfection compared to conventional gene therapies. This review aims to guide new 
developments in ultrasound-enhanced gene transfection and contribute to its widespread utilization in 
biomedical applications.

1. Introduction

Ultrasound refers to sound waves with frequencies greater than 20 
kHz (above the human hearing threshold) with unique physical char
acteristics such as reflection, refraction, scattering, attenuation, ab
sorption, and the Doppler effect [1,2]. By leveraging these properties 
and the acoustic characteristics of human tissue, ultrasound serves both 
diagnostic imaging and therapeutic functions [3,4]. Ultrasound can 
effectively penetrate soft tissues, providing high spatial resolution for 
real-time imaging, which is particularly valuable for guiding biopsies 
and therapeutic interventions [5–8]. Additionally, ultrasound’s local
ized energy deposition enables targeted intervention of lesions [9,10].

Gene therapy emerged in the 1960 s and early 1970 s, which consists 
of transferring genetic material to patients to treat diseases [11] by 
overexpressing beneficial genes or suppressing harmful ones using gene 

editing tools [12]. Currently, gene therapy has become a widely applied 
approach in numerous therapeutic fields [13–15]. The latest advance
ments in molecular medicine have driven the creation of more targeted 
and efficient gene transfer vectors [16,17]. Current research on gene 
delivery vectors focuses on two main classifications: viral [18] and non- 
viral vectors [19]. Viral vector strategies are mainly based on lentivi
ruses [20], adenoviruses [21], and adeno-associated viruses [22]. Non- 
viral strategies for gene delivery include techniques such as electropo
ration [23], laser irradiation [24], microinjection [25], ultrasound- 
mediated transfection [26], polymers [27], lipids [28], inorganic par
ticles [29], nanoparticles [30], enhance cell membrane permeability, 
facilitating the efficient delivery of gene material [31,32].

Gene transfection can be broadly categorized into several methods, 
including electroporation [33], acoustothermal transfection [34], laser 
irradiation [35], microinjection [36], magnetofection [37], and 
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ultrasound-mediated transfection [38]. These methods facilitate the 
delivery of genetic material by inducing pores in cell membranes 
[39–41]. Ultrasound-mediated gene transfection offers a unique, 
noninvasive, and spatiotemporally controllable strategy with significant 
potential for biomedical applications [42,43]. Microbubbles, widely 
applied as ultrasound contrast agents, play a pivotal role in this process. 
Under ultrasound excitation, microbubbles not only allow real-time 
monitoring of tissue perfusion but also enable site-specific delivery of 
therapeutic agents and genes [44,45]. Ultrasound-targeted microbubble 
destruction (UTMD) facilitates greater permeability of microvascular 
walls, enhancing gene extravasation and delivery to target tissues [46]. 
Recently, the sonodynamic effect, where low-intensity ultrasound in
teracts with sonosensitizers to produce reactive oxygen species (ROS) 
through intracellular responses, has emerged as a potential strategy for 
gene transfection [47–50].

Moreover, ultrasound can be integrated with many conventional 
modalities to enhance therapeutic outcomes. Gene therapy mediated by 
ultrasound has demonstrated considerable potential in addressing can
cers, cardiovascular disorders, central nervous system diseases, and 
musculoskeletal conditions, with excellent clinical prospects [51–55]. In 
this review, we examine the advancements in gene therapy, the prin
cipal mechanisms of ultrasound-enhanced gene therapy, and their 
associated biological effects. We place special emphasis on the conver
gence of gene therapy and ultrasound, exploring the progress in targeted 
therapies aimed at improving treatment efficiency and specificity while 
also addressing some persistent challenges.

2. Biological effects of ultrasound

Ultrasound exerts biological effects primarily encompass thermal, 
cavitation, and mechanical phenomena. These effects have wide- 
ranging applications across the biomedical field, including ultrasound 
therapy, diagnostic imaging, and other clinical uses.

2.1. Thermal effect

Ultrasound’s thermal effects result from the conversion of acoustic 
energy into heat as it propagates within a medium. This conversion is 
due to the medium’s internal friction and absorption, which result in a 
temperature increase. In this context, metalenses leverage their unique 
thermal effect to focus ultrasound waves with subwavelength resolution, 
enabling a significant temperature rise at low input energies that results 
in precise and efficient tissue ablation [56].

Fig. 1a shows a hydrophone mounted on a three-dimensional motion 
platform used to map the ultrasound field following the metalens. 
Infrared thermography of the biological model’s surface at the focal 
plane was used to visualize the temperature distribution. The distinct 
focusing profile observed in the temperature distribution allows visu
alization of the thermal effects on the biological model (Fig. 1b). The 
temperature profiles recorded at different locations are shown in Fig. 1c. 
When ultrasonic energy is continuously transmitted, a portion is 
absorbed and transformed into heat, which raises temperature of the 
tissue at the focal point. The magnitude and duration of this temperature 
increase are quantified as the tissue’s “thermal dose” (Fig. 1d). Tissue 
remains undamaged below the thermal dose threshold, while exceeding 
this threshold leads to tissue necrosis. In focused ultrasound therapy, 
higher thermal doses accelerate tissue necrosis. Focused ultrasound 
(FUS) can safely and non-invasively deliver energy to tissues several 
centimeters deep. MRI-guided FUS allows precise deposition of thermal 
energy into localized areas of the body with high spatiotemporal reso
lution. In vivo studies using MRI-guided FUS showed controlled local 
heating, as indicated in mice with Nalm-6 cells carrying dual luciferase 
reporter genes. The FUS pulses induced a significant increase in fluo
rescence intensity, indicating robust gene expression activation (Figs. 1
e–f). The local heat generation is determined by the intensity and fre
quency of ultrasound waves, as well as the tissue’s absorption 

coefficient. At a fixed duty cycle, higher intensity results in greater heat 
buildup (Fig. 1g). High levels of ultrasound energy deposition can cause 
a dramatic temperature rise, leading to thermocoagulation and cell 
death. Consequently, most clinical applications of FUS currently under 
investigation rely on thermal mechanisms for deep tissue ablation 
[57,58].

Hyperthermia exhibits a biphasic effect on tumor physiology. At 
lower temperatures, the thermal effect enhances perfusion and increases 
capillary permeability, facilitating the influx of drugs or gene carriers. 
However, higher temperatures can result in vascular damage and 
increased hypoxia [59,60]. Moreover, hyperthermia can selectively 
enhance drug delivery and release rate from thermosensitive liposomes, 
potentially enabling targeted tumor therapy [61].

2.2. Cavitation effect

Ultrasonic cavitation occurs when microscopic bubbles (cavitation 
nuclei) within a liquid oscillate, expand, and absorb acoustic energy in 
response to ultrasonic waves. Once the energy surpasses a specific 
threshold, the cavitation bubbles collapse violently and implode, 
generating intense localized energy. This process involves dynamic 
changes, including the formation, oscillation, growth, and rupture of 
bubbles. Cavitation is a complex mechanism that describes the behavior 
of gas-filled bubbles under ultrasonic irradiation and is considered the 
primary driving force for promoting targeted delivery [65]. In fluids, 
cavitation bubbles driven by pressure exhibit a nonlinear behavior, 
releasing extremely high energy densities as they collapse. When cavi
tation arises adjacent to a rigid surface, bubbles commonly collapse 
unevenly, producing high-speed liquid jets capable of inducing localized 
damage. Since encapsulated microbubbles (MBs) are frequently 
employed to boost echogenicity in ultrasonic diagnostic imaging, this 
cavitation can also result in jet-induced tissue damage [66]. Both low- 
and high-intensity ultrasound can induce the expansion and contraction 
of gas nuclei, giving rise to two primary cavitation regimes, stable and 
inertial cavitation, depending on the type of MBs used (Fig. 2a). Cavi
tation behavior is influenced by multiple factors, such as frequency, 
pressure amplitude, bubble radius, and the surrounding environment 
[67,68].

The possibility of cavitation can be quantified using a passive cavi
tation detector (PCD). For instance, in the absence of laser illumination, 
when using ultrasound alone, or with peak negative ultrasound pressure 
below 0.2 MPa, the probability of cavitation was nearly zero. At higher 
laser energy densities, ranging from 15 to 30 mJ/cm2, significant cavi
tation was observed only when the peak negative ultrasonic pressure 
exceeded 0.2 MPa. The cavitation probability reached saturation once 
the peak ultrasonic negative pressure surpassed 0.3 MPa (Fig. 2b).

Ultrahigh-speed imaging was employed to capture the oscillation of 
target microbubble (TMB) adhering to cells. The TMB attaches to the top 
of the cell and is destroyed following the application of an ultrasound 
pulse delivering a peak negative pressure (PNP) of 190 kPa. Different 
cavitation states are induced under varying PNP levels. As the PNP in
creases, the microbubbles transition from stable to inertial cavitation 
(Fig. 2 c–f). Stable cavitation describes the sustained growth and oscil
lation of cavitation bubbles over several acoustic cycles. In the presence 
of MBs, repeated contraction and expansion at low sound pressure leads 
to stable cavitation, generating fluid flow and microbubble wall defor
mation. This process causes membrane perturbation, which enhances 
endocytosis and promotes the transport of macromolecules, leading to 
the stimulation of ion channels and receptors. There may also be sec
ondary effects on cell permeability and electrical activity, which, in 
some cases, can result in membrane rupture [68–70]. In contrast, iner
tial cavitation arises when ultrasound induces elevated pressure ampli
tudes, leading to MBs’ rapid growth and immediate collapse. This type 
of cavitation causes the bubbles to implode, generating microjets and 
shock waves that perforate the cell membrane, promoting its perme
ability and facilitating the entry of therapeutic agents into the 
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Fig. 1. Thermal effect. a) Schematic diagram of 3D ultrasonic field scanning and temperature monitoring experimental device. b) Infrared thermal imaging, 
experimentally measured at the focal plane of the biological model’s surface, was used to visualize the temperature field with (left) and without (right) metalens. c) 
Temperature curves obtained from 7 thermocouple pins at different locations when using metalens [56]. Copyright 2023, Elsevier. d) Relationship between thermal 
dose and tissue biological effect [62]. Copyright 2013, Future Science Group. e) During 5-minute FUS stimulation of the hind limbs of anesthetized mice, color-coded 
temperature maps were overlaid on MRI scans at various time points. f) Mean temperature within the targeted region during FUS stimulation shown in panel e [63]. 
Copyright 2021, Springer Nature. g) The temperature increase of the thermal effect produced by ultrasound varies with the sound intensity, duty cycle, treatment 
time, and ultrasonic frequency [64]. Copyright 2021, Elsevier B.V.
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Fig. 2. Cavitation effect. a) Interaction between microbubbles and ultrasonic waves. Non-inertial cavitation (left) and inertial cavitation (right) [78]. Copyright 
2023, Ivyspring International Publisher. b) The cavitation possibility of light-mediated ultrasound during PUT was studied by using B-mode ultrasound imaging 
system in conjunction with a passive cavitation detector [79]. Copyright 2017, Springer Nature. c) Ultrahigh speed imaging device. d) After US pulse emission 
subjected to a 190 kPa peak negative pressure (PNP), the targeted microbubble (TMB) is disrupted. e) The expansion rate of TMBs as a function of PNP, the bounded 
wall (W1) and free wall (W2) of microbubbles, as well as the average (Av) expansion rate. f) Stable cavitation was observed at 130 kPa, a transition to inertial 
cavitation occurred at 190 kPa, and inertial cavitation dominated at 250 kPa [70]. Copyright 2020, National Academy of Sciences.
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extravascular space [71–73]. Ultrasound combined with MBs promotes 
the creation of temporary pores in the plasma membrane through 
cavitation. In the presence of MBs, ultrasound-induced cavitation plays a 
dual role in the localized release of drugs from their carriers while 
enhancing plasma membrane permeability. These collective effects 
facilitate targeted cellular uptake or enable the entry of substances that 
would otherwise be impermeable [69,74,75].

When the negative pressure amplitude surpasses the medium’s 
intrinsic threshold, a single pulse containing a strong negative phase can 
produce a cavitation cloud, giving rise to histotripsy. This process relies 
on initiating a cavitation cloud to segment soft tissue, making non- 
invasive, focused ultrasound treatment for tissue ablation possible. 
Unlike thermal ablation, which uses heat for therapeutic ultrasound, 
histotripsy-based tissue biopsy relies on the mechanical action of the 
cluster of cavitation bubbles to destroy tissue. Although the activity of 
sound bubbles is often described as chaotic, brief tissue bursts generate a 
distinct and reproducible form of cavitation that is effective for 
controlled tissue ablation [76,77].

2.3. Mechanical effect

When ultrasound waves propagate through biological tissues, the 
sound pressure induces various biomechanical changes, including ma
terial vibration, volume alterations, cytoplasmic flow, and the oscilla
tion and rotation of cytoplasmic particles. These changes result in two 
types of mechanical effects. The first effect is in the traveling wave field, 
which affects cell membranes permeability, accelerates blood and 
lymphatic circulation, and facilitates other physiological processes. The 
second effect is in the standing wave field, inducing material diffusion 
within the tissue cells through ultrasonic vibrations. This stimulation of 
the diffusion process across the semi-permeable cell membrane pro
motes cell regeneration. These processes enhance metabolism, improve 
tissue nutrition, and support the cells’ ability to regenerate and repair 
[80–82].

3. Gene delivery vectors

For the therapeutic applications in human diseases, traditional small- 
molecule drugs and antibody-based therapies typically target down
stream proteins associated with gene-related conditions. Over the last 
twenty years, gene therapy has developed into a highly precise and 
efficient therapeutic approach [83,84]. Various methods are currently 
available for delivering therapeutic genes, including viral and non-viral 
delivery systems (Fig. 3a). These approaches enable the modification of 
host cell genetic content, facilitating extensive studies of normal cellular 
processes, the molecular mechanisms underlying diseases, and the 
therapeutic potential of gene-based interventions [85]. Different de
livery strategies have their own advantages and limitations in clinical 
applications. Table 1 compares the common gene delivery methods and 
summarizes the key factors that need to be considered in their practical 
applications.

3.1. Viral delivery vectors

Viral vectors facilitate the delivery of targeted nucleic acid into host 
cells in viral-mediated transfection, making it an effective strategy for 
transfecting cells that are challenging to transfect using conventional 
methods [107]. Contemporary viral vector-based gene therapy utilizes 
vectors derived from retroviruses (such as lentiviruses) [90], adenovi
ruses [87], or adensao-associated viruses [108], among others, to induce 
an immunogenetic response in host cells. Lentiviral vectors, derived 
from specific species of lentiviruses within the retrovirus family, have 
become crucial tools in gene therapy. These vectors, particularly regu
latable lentiviral systems, have been extensively employed in basic 
research to investigate gene functions or to transiently reprogram cells 
[90]. Research indicates that retrovirus-mediated appproaches enable 

both CRISPR-Cas9 (clustered regularly interspaced short palindromic 
repeats-associated protein 9) gene knockout and CAR transgene inser
tion in NK cells. This strategy enables the generation of NK cells 
expressing anti-epidermal growth factor receptor (EGFR)-CAR, while 
simultaneously knocking out the TIGIT gene. This strategy holds 
promise for enhancing the effectiveness of NK cell-based immuno
therapy (Fig. 3 b–d). Adenoviral vectors are favored as gene delivery 
vehicles because of their stability, capacity of large gene transfer, high 
titer production, and exceptional transduction efficiency [86,87]. 
Adeno-associated viruses (AAV) have become prominent vectors 
because of their numerous desirable properties, including non- 
pathogenicity, the capacity to infect both proliferating and quiescent 
cells, and continuous maintenance of the viral genome within host cells 
[88,109]. In addition to their role in gene delivery, viral vectors can also 
enable the production of therapeutic proteins within the host cells. Self- 
replicating RNA viruses, for instance, provide significant RNA amplifi
cation in the cytoplasm, thereby enhancing gene silencing efficacy 
[110]. Peptide nanofibrils, which bind to negatively charged virions, 
enhance viral transduction by facilitating active engagement with 
cellular protrusions, thereby promoting virion attachment and 
increasing cellular entry and gene transfer efficiency [111]. However, 
despite these advantages, viral transduction is plagued by several limi
tations, including potential cytotoxicity, varied tropism, difficulties in 
targeting specific tissues, limited gene delivery capacity, and the risk of 
inducing carcinogenesis and insertional mutagenesis. These persistent 
challenges hinder the full potential of viral vectors in therapeutic 
application [13].

3.2. Lipid nanoparticle vectors

The lipid nanoparticle (LNP)-based delivery platform is considered 
among the most sophisticated and effective non-viral carrier for thera
peutic applications across a broad spectrum of diseases. LNPs consist of 
phospholipids, ionizable lipids, cationic lipids, cholesterol, and poly
ethylene glycol (PEG) lipids. Upon reaching the acidic endosome of a 
cell, the ionizable lipids undergo ionization, facilitating endosomal 
escape and subsequent cytoplasm delivery of the genetic cargo, thereby 
enhancing therapeutic effect. Conversely, cationic polymer-based 
mRNA nanoparticles show limited internalization and low transfection 
efficiency in natural killer (NK) cells. In contrast, encapsulating mRNA 
with LNP (mRNA-LNP) and optimizing both lipid composition and 
microfluidic manufacturing conditions markedly enhances NK cells 
transfection rates and elevates protein expression [91]. In vitro engi
neering of CAR T cells is both costly and technically demanding. 
Nevertheless, LNP-mediated CAR mRNA delivery provides a more effi
cient alternative, reducing off-target effects and improving targeting in 
both experimental and clinical contexts. Traditional LNP methods 
generate CAR T cells by transfecting patient-derived T cells in vitro, 
whereas antibody-conjugated (Ab)-LNP enable direct in vivo program
ming of T cells, thereby streamlining CAR T cell generation (Fig. 3e).

The ocular delivery of mRNA-LNPs enables efficient retinal gene 
delivery and editing capabilities, potentially correcting genetic muta
tions contributing to blindness [112]. Additionally, non-liposomal lipid 
nanovesicles conjugated with miRNA represent an effective strategy for 
transporting genetic material into tumor cells cytoplasm, where they can 
elicit tumor-suppressive effects. Beyond oncology, this strategy also 
holds promise for the therapeutic administration of miRNAs and other 
small regulatory RNAs, thereby paving their way for clinical applica
tions [113]. However, a significant challenge with LNPs is their rapid 
clearance from the bloodstream in vivo, which triggers a strong in
flammatory response and results in high toxicity levels, significantly 
limiting their broader application.

3.3. Polymer vectors

Polymers provide a solid foundation for novel mRNA delivery 
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Fig. 3. a) Fabrication and transfection of chimeric antigen receptor (CAR)-T cells. CAR-T cells can be engineered through various transfection methods, including 
viral vectors, electroporation, microfluidics, nanoparticles, and high-aspect-ratio nanostructures [103]. Copyright 2021, Wiley-VCH GmbH. b) Engineered natural 
killer (NK) cells were knocked out by retroviral particle (RP) with anti-EGFR (epidermal growth factor receptor)-CAR transgene and TIGIT gene. c) Exemplary dot 
and bar plot illustrating the enhanced anti-tumor activity of CAR-NK 92 cells against MDA-MB-231 high TNBC cell line with EGFR. d) Expression of TIGIT, CAR, and 
GFP (green fluorescent protein) was evaluated on primary NK cells derived from three different donors, following transduction with RP [104]. Copyright 2023, 
Elsevier. e) CAR T cells were produced by transfecting T cells with ionizable lipid nanoparticles (LNPs) in vivo and in vitro [92]. Copyright 2023, Wiley-VCH GmbH. 
f) Molecular structure of E–A–D, E–D–A, and E− (A/D) polymers [95]. Copyright 2017, American Chemical Society. g) Schematic illustration of triple-shell calcium 
phosphate (CaP) nanoparticles incorporating DNA [105]. Copyright 2020, Elsevier B.V. h) Transfection efficiency in HEK-293 T cells was compared using three 
methods—PEI, liposome-based transfection, and calcium phosphate—by assessing GFP expression [106]. Copyright 2021, Springer Nature.

J. Wu et al.                                                                                                                                                                                                                                      Ultrasonics Sonochemistry 122 (2025) 107607 

6 



systems, particularly for effective T-cell transfection [93]. Among these, 
charge-changing releasable transporters (CARTs) are distinguished by 
their beta-amino carbonate (bAC) backbone and unique side chain 
arrangement, which has shown enhanced mRNA delivery capabilities. 
These bAC-CARTs significantly improved mRNA transfection efficiency 
in Jurkat cells and demonstrated superior protein expression in vivo, 
thanks to their improved bAC polymer structure [114]. Furthermore, 
biodegradable poly (beta-amino ester) (PBAE) polymers are extensively 
utilized as non-viral delivery vehicles for in vitro-transcribed (IVT) 
mRNA that codes for antigen-specific receptors. In situ genetic reprog
ramming of human T lymphocytes is achieved using PBAE nanoparticles 
to encapsulate and transport this IVT mRNA. This technique facilitates 
the transient expression of therapeutic receptors, including chimeric 
antigen receptors (CARs) and T cell receptors (TCRs), that are engi
neered to target disease-specific antigens, therby enabling the rapid 
generation of engineered cell functions without genomic integration 
[115]. Similarly, biodegradable poly(amine-co-ester) (PACE) poly
plexes, as inhalable polymer-based vehicles, have achieved high trans
fection efficiencies in pulmonary epithelial and antigen-presenting cells, 
achieving high expression of therapeutic mRNAs to the lung [91,94]. 
Despite their promising prospects, polymer-based carriers face signifi
cant challenges, including low encapsulation efficiency, cation-induced 
cytotoxicity, and destabilization from negatively charged bio
macromolecules, impeding their clinical application. These limitations 
can be addressed by improving self-assembly properties and stability 
through hydrophobic interactions and PEGylation (Fig. 3f). While 
polymers are a promising avenue for mRNA delivery, their cellular up
take, organotropic specificity, and efficacy in hard-to-transfect cells 
remain opportunities for further research and breakthroughs.

3.4. Calcium phosphate vector

Calcium phosphate (CaP) nanoparticles are a promising class of non- 
viral gene vectors, offering advantages such as low toxicity, facile 

synthesis, and high transfection efficiency. The crystalline structure of 
CaP exhibits a strong affinity for nucleic acids and high biocompati
bility, enabling the delivery of therapeutic materials, including nucleic 
acids (Fig. 3g), small-molecule drugs, proteins, and enzymes, to tumor 
cells. Studies indicate that the physicochemistry properties of CaP 
nanoparticles—such as particle size, surface charge, morphology, 
chemical composition, and surface functionalization—play a pivotal 
role in dictating their cellular uptake mechanisms. These parameters 
critically influence cellular internalization, determining their effective
ness in nanomedicine applications [96,116,117]. However, their clinical 
application has been hindered by the uncontrolled and rapid growth of 
CaP crystals. These challenges can be addressed by employing nanoscale 
mixed nanoparticles composed of CaP and PEG-stabilized polyanionic 
block copolymers. Such hybrid systems enhance colloidal and serum 
stability, reduce nonspecific interactions, and exhibit markedly 
improved gene silencing effects relative to conventional CaP/siRNA 
nanoparticles [97,118]. Within these nanocomposites, the interaction of 
PEG-b-poly(benzoxaborole) (PEG-PBO) with both siRNA and CaP en
hances siRNA loading capacity and stabilizes the nanoparticle structure. 
Furthermore, pH-responsive PEG-PBO/siRNA/CaP hybrid nano
composites have proven efficiently in delivering siRNA to various cancer 
cells, showcasing their potential in cancer therapy and other applica
tions [98].

4. Ultrasound-enhanced gene transfection methods

Extensive research has investigated the cellular mechanisms of 
ultrasound-mediated gene delivery, revealing insights into its efficiency 
and underlying processes [99]. Using ultrasound in conjunction with 
ultrasound-sensitive particles enables the precise and site-specific 
transfer of genetic materials to target organs or tissues. This approach 
not only increases cell membrane permeability but also enhances gene 
uptake [65]. For instance, focused ultrasound (FUS) therapy combined 
with cationic ultrasound contrast agents (UCAs) has demonstrated 

Table 1 
Summary of the efficiency and limitations of common gene delivery strategies.

Gene delivery 
vectors

Capacity 
packing

Transfection 
efficiency

Immunogenicity Target ability Duration of 
gene 
expression

Main advantage Main limitations References

Adenovirus 
(AdV)

high high high medium short Highly efficient 
transduction of dividing/ 
non-dividing cells

Strong immune 
response, prone to 
cause inflammation

[86,87]

Adeno- 
associated 
virus (AAV)

low high 
(depending on 
the serotype)

low high 
(multiple 
serotypes)

long High safety and long-term 
expression

Small packaging 
capacity

[88,89]

Lentivirus (LV） medium high medium medium long Infect non-dividing cells and 
stably integrate

insertion mutation risk 
and high production 
cost

[13,90]

Lipid 
nanoparticle 
vectors

high medium to high low to medium low 
(modifiable)

short High safety, easy to produce 
and large capacity

Transfection efficiency 
varies by cell type

[91,92]

Polymer vectors high low to medium low to medium low 
(modifiable)

short Flexible design and easy to 
produce

Low transfection 
efficiency and may be 
cytotoxic

[93–95]

Calcium 
phosphate 
vector

high low to medium 
(higher in vitro, 
limited in vivo)

very low low (passive 
targeting)

short Good biocompatibility, 
degradable, PH-responsive 
release (lysosomal escape), 
and low cost

Poor stability in the 
body, difficult to store, 
prone to aggregation, 
and complex conditions 
for optimization

[96–98]

Ultrasound- 
mediated gene 
delivery

unlimited low to high low high 
(physical 
space 
targeting)

short Non-invasive or minimally 
invasive, excellent spatial 
targeting, capable of deep 
tissue penetration, 
combined with 
microbubbles to enhance 
efficiency

Efficiency is sensitive to 
parameters, may cause 
local tissue damage, 
and usually requires the 
combination of 
microbubbles or 
carriers

[99,100]

Electroporation unlimited high low low short Straightforward method and 
applicable to multiple cell 
types

High cell mortality rate, 
mainly apply in vitro

[101,102]
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tumor-specific transfection of plasmid DNA (pDNA) encoding the 
inducible nitric oxide synthase (iNOS) enzyme. This strategy resulted in 
significant improvements in tumoral perfusion, potentiated the efficacy 
of chemotherapeutic agents, and extended survival in an orthotopic 
xenograft model [119]. Furthermore, the application of an ultrasound- 
sensitive mannose-modified gene delivery system alongside 
doxorubicin-loaded polyethylene-glycol (PEG)-modified liposomes has 
been shown to inhibit early-stage tumor progression effectively. This 
combination further enhanced transfection efficiency in antigen- 
presenting cells, thereby boosting the clinical promise of DNA-based 
vaccination strategies [100]. Additionally, therapeutic ultrasound 
(TUS) treatments with the human tumor-suppressive gene hSef-b 
demonstrated significant inhibition of prostate tumor growth. The 
hSef-b plasmid suppressed cell proliferation, downregulated the in vivo 
levels of proangiogenic factors FGF2 and MMP-9, and consequently 
reduced blood vessel density. These findings highlight the therapeutic 
effectiveness of a non-viral TUS-mediated hSef-b gene delivery platform 
as a potential therapeutic strategy for the management of prostate 
cancer [120].

4.1. Sonoporation

Sonoporation refers to the phenomenon in which ultrasonically 
activated ultrasound contrast agents (UCAs) oscillate near biological 
barriers, inducing transient membrane permeabilization, thereby facil
itating the uptake of molecules [121]. Ultrasound combined with UCAs 
induces sonoporation, generating transient damage to the cell mem
brane. This process creates temporary and reversible pores, permitting 
the translocation of therapeutic molecules, including genes, via multiple 
pathways, including the cell membrane, endocytosis, and cell junctions 
[122] (Fig. 4a). Cells subjected to ultrasound in the combination with 
merocyanine 540 exhibited multiple surface pores. Observations 
showed dimple-like craters on the cell surface, accompanied by struc
ture damaged in which cytoplasmic material appeared to extrude 
beyond the plasma membrane [123]. Subsequent studies validated that 
ultrasound, either applied independently or in combination with 
microbubbles (MBs), enhances the permeability of the plasma mem
brane through sonoporation, enabling extracellular substances to enter 
the cell [124,125]. Sonoporation has shown promise in enabling site- 
specific transfection into targeted areas, such as the brain, liver, and 
kidney, due to cavitation-induced mechanical forces that generate 
temporary pores on cellular membranes. A “direct sonoporation” system 
has been developed to facilitate gene transfer restricted to a defined 
peritoneal region, minimizing unintended systemic exposure. This site- 
specific transfection method targets peritoneal mesothelial cells 
without inducing transgene expression elsewhere, and it exhibits mini
mal toxicity in adjacent tissues via cavitation energy. This approach has 
potential applications in developing intraperitoneal sonoporation de
vices for treating peritoneal diseases like peritoneal fibrosis [126,127] 
(Fig. 4 b–c). Sonoporation also provides a potential reversible mem
brane and cell wall penetration method for plant cells, which has sig
nificant application value in the fields of gene transfection and plant 
biotechnology. Studies have shown that by using ultrasound-mediated 
methods, it is possible to assist polyethyleneimine-coated mesoporous 
silica nanoparticles in efficiently introducing exogenous genes into 
suspension cultured plant cells, constituting an innovative method for 
secure and controlled gene transfer. The greatest advantage of this 
method lies in its strong versatility, which can overcome the dependence 
of traditional agrobacterium method and gene gun method on plant 
species and genotypes, and is especially suitable for crops that are 
difficult to transform. In addition, ultrasonic treatment itself has a 
certain biological stimulating effect on cells, which can promote cell 
division and metabolic activity, and create a more favorable microen
vironment for the expression of exogenous genes [128,129]. Alongside 
its role in cell membrane permeabilization, sonoporation can transiently 
augment vascular permeability, supporting efficient transport of drugs 

into surrounding tissues. The vascular endothelium constitutes a critical 
barrier for systemically administered drugs, as successful therapy de
pends on their extravasation to reach target tissues [130,131]. Physio
logical barriers, such as tight junctions, hinder the efficient delivery of 
drugs to their therapeutic targets. Sonoporation enhances endothelial 
permeability, thereby improving therapeutic delivery efficiency [132]. 
Focused ultrasound (FUS) transiently increases vascular permeability 
via mechanical and thermal mechanisms, enabling the more efficient 
extravasation and diffusion of therapeutic agents into surrounding tis
sues. FUS combined with MBs alleviates vascular barriers, enhances 
interstitial convective transport by increasing hydraulic conductivity, 
and significantly improves endothelial uptake of small therapeutic 
agents [133,134]. Sonoporation is governed by a shear-stress threshold 
induced by microbubble oscilation, typically on the order of kilopascals, 
causing enhanced permeability of the endothelial barrier. This shear- 
stress threshold exhibits an inverse square root relationship with the 
number of oscillation cycles and varies linearly with ultrasound fre
quencies in the 0.5–2 MHz range. Real-time microscopic observations 
have elucidated both the cavitation-driven phsical mechanisms of 
sonoporation and the membrane-mediated biophysical process through 
which microbubble oscillations acutely and durably enhance perme
ability of cells and vasculature [135].

The efficacy of tumor therapy can also be improved via vaporization- 
enhanced sonoporation mediated by gold nanodroplets. Studies have 
shown that sonoporation rates increase during the rarefaction phase, 
upon exposure to a pulsed wave (PW) laser. This approach offers the 
potential to improve the efficacy of drug delivery and tumor treatment 
using reduced laser power, while preserving cell viability and mini
mizing cytotoxic effects [136]. Recent insights into the cellular and 
molecular basis of human diseases indicate that sonoporation represents 
a promising non-viral strategy for gene therapy, offering targeted and 
controllable delivery of gene material [123,137]. Sonoporation in
tegrates the targeted application of ultrasonic waves with the intravas
cular or intratissue delivery of gaseous MBs, transiently increasing vessel 
and tissue permeability for otherwise poorly permeant molecules [138]. 
Ultrasound excitation of MBs targeted to HEK-293 cell membranes has 
been shown to induce membrane permeabilization that is precisely 
controlled in both space and time, with high reproducibility across 
repeated applications. By combining patch clamp electrophysiology 
with fluorescence imaging, researchers characterized pre formation and 
resealing dynamics, achieving fine control of ultrasound-induced 
membrane permeabilization in individual cells. Additionally, ultra
sound application can noninvasively target specific tissue volumes in 
vivo, positioning sonoporation as a powerful and adaptable platform for 
nonviral therapeutic delivery [139]. A novel application of sonoporation 
facilitates intracellular delivery of fluorescent dyes, enabling real-time 
visualization and quantitative assessment of gap junction intercellular 
communication (GJIC) in human embryonic stem cell (hESC) colonies. 
Transient membrane pores can be induced by delivering brief ultra
sound pulses that selectively excite individual microbubbles (MBs) 
anchored to the cell membrane, allowing intracellular dye loading and 
calcium influx into single hESCs [140]. While many studies on sono
poration involve strong ultrasonic fields causing multiple simultaneous 
phenomena, mild (linear) oscillations of microbubbles have been shown 
to induce precise disruption of lipid membranes without causing 
extensive collateral damage. Such controlled methodology permits ap
plications ranging from cellular manipulation and cell wall permeation 
to microfluidic device implementation [141]. To investigate the impacet 
of MB-enhanced sonoporation’s on DNA transfection, Cy5-labeled 
luciferase plasmid (Cy5-pLuc) was employed as a gene delivery re
porter in cells cultured on coverslips. Confocal microscopy demon
strated that TMB-induced intracellular transport of Cy5-pLuc through 
transient membrane pores led to increased Cy5 fluorescence within both 
the cytoplasm and nucleus, indicating enhanced nuclear uptake ang 
cytosolic distribution. The pore size estimated from fluorescence in
tensity measurements, showed that l-TMBs and ultrasound induced 
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Fig. 4. a) Ultrasound triggers gene release from the carrier and enhances gene internalization through sonoporation [64]. Copyright 2021, Elsevier. b) Assessment of 
liver injury after surface-direct sonoporation included measurements of serum alanine aminotransferase (ALT) and histopathological evaluation by H&E staining (c) 
[126]. Copyright 2019, MDPI. d) Confocal laser scanning microscopy illustrate the spatial distribution of Cy5-pLuc following acoustic perforation under three 
conditions: without targeted microbubble (TMB) (top), with small targeted microbubble (s-TMB) (middle), and with large targeted microbubble (l-TMB) (bottom). 
Fluorescence intensity along the dotted lines in each channel of the microscopic images was quantified for spatial analysis [142]. Copyright 2021, Wiley-VCH GmbH.
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larger pores, confirmed by using DAPI, calcium green AM, CellMask, and 
Cy5 fluorescence (Fig. 4d).

4.2. Sonodynamic effect

The sonodynamic effect refers to the use of ultrasonic waves to 
activate specific chemical agents, known as acoustic sensitizers, which 
then trigger a series of biochemical reactions in cells or tissues. This 
phenomenon has significant applications in the medical field, particu
larly in tumor therapy. The sonodynamic effect is primarily based on the 
activation of sonosensitizers by ultrasound energy, which subsequently 
produces singlet oxygen and other reactive oxygen species (ROS), which 
possess potent cytotoxic properties and are capable of inducing tumor 
cell death [143]. Acoustic sensitizers are typically characterized by 
simple chemical structures with good selectivity and preferential accu
mulation in tumor tissues. Their aromatic ring structures facilitate effi
cient photon energy transfer, with common examples including 
hematoporphyrin, pheophorbide A, the Ga–porphyrin complex ATX-70, 
merocyanine, dimethylformamide, erythrosine B, tenoxicam, and pir
oxicam [144]. ROS are highly reactive oxygen-containing molecules 
that can generate free radicals in living organisms. The asymmetric 
rupture of acoustic cavitation bubbles induces mechanical damage, 
enhancing membrane permeability and leading to erosion and wear. 
During cavitation, the gas and vapor within the bubbles are compressed, 
creating a localized hotspot with extremely high temperatures, which 
induces sonochemical effects in the surrounding medium. These effects 
facilitate reactions between water molecules and dissolved oxygen, 
increasing the local concentration of free radicals. These free radicals 
can react with various cellular components, leading to chemical changes 
that may result in cell death [145,146]. The energy delivered by ultra
sound during sonodynamic therapy (SDT) is precisely focused on ma
lignant tumors, activating acoustic sensitizers that preferentially 
accumulate in tumor tissues. This selective accumulation allows tar
geted tumor cell destruction simultaneously sparing adjacent healthy 
tissue from adverse effects. As a novel therapeutic strategy, SDT holds 
significant potential in cancer treatment, utilizing ultrasound in com
bination with acoustic sensitizers to induce tumor cell death. This 
technique has been explored as a potential adjunct to cancer immuno
therapy, where it promotes cell surface calreticulin expression, elicits 
immune responses, induces functional antitumor vaccination, and can 
even induce the abscopal effect, all with fewer toxic side effects 
compared to conventional chemotherapy agents [147–149].

The past few years have seen notable progress in the use of SDT as a 
cancer treatment modality. For example, the application of tin mono
sulfide nanoparticles (SNSNPs) as nano-acoustic sensitizers has been 
demonstrated to penetrate the dense extracellular matrix of the tumor 
microenvironment, thereby enhancing the therapeutic efficacy of 
sonodynamic therapy (SDT) against triple-negative breast cancer 
(TNBC) while minimizing off-target effects [150]. In another study, 
Chlorin e6 and anti-PD-L1 antibody encapsulated within lipid nano
bubbles (Ce6@aPD-L1 NBs), combined with ultrasound therapy, have 
effectively targeted prostate cancer. These Ce6@aPD-L1 NBs not only 
promote ROS generation but also enabled tumor-specific delivery, 
thereby improving the therapeutic efficacy of SDT [151]. Moreover, the 
cationic polythiophene derivative PT2, as a gene carrier for siRNA, has 
been utilized in SDT, with siNUDT1 inhibiting tumor cell proliferation 
and augmenting ROS production. As a result, a novel tumor-specific 
nanomedicine, PT2-siRNA-@PEG-FA, has been developed for synergis
tic SDT and liver cancer gene therapy (Fig. 5 a–c). Ultrasound has also 
been shown to enhance cytoplasmic siRNA delivery when combined 
with ultrasound gene therapy for cancer. Hybrid nano-assembly (HNA), 
formed via electrostatic self-assembly between siRNA and nona-arginine 
conjugated with protoporphyrin IX, generate singlet oxygen upon 
cellular uptake and ultrasound exposure. By facilitating intracellular 
transport of siBcl-2, this approach depletes Bcl-2 mRNA and amplifies 
the combined therapeutic efficacy of SDT (Fig. 5 d–g). For example, The 

sonosensitive bifidobacterium platform HMME@BiL harnesses hypoxic 
tumor tropism for SDT, and SR717, a STING pathway agonist, syner
gistically enhances immune responses, resulting in robust eradication of 
primary and metastatic tumors with excellent biocompatibility [53]. 
The management of pancreatic cancer, a highly aggressive malignancy, 
has been advanced through the synergistic use of SDT alongside other 
therapeutic strategies. For example, oxygen-carrying microbubbles 
(MBs) loaded with gemcitabine, combined with chemotherapy and SDT, 
have been proven effective for targeted pancreatic cancer therapy in 
mouse models [152]. These advancements underscore the feasibility of 
SDT for clinical applications and provide novel strategies for future 
cancer treatments.

4.3. Ultrasound-targeted microbubble destruction (UTMD)

The development of MBs has facilitated enhanced targeting and de
livery of therapeutic agents at both vascular and cellular levels. Exci
tation of MBs by ultrasound increases vascular and cellular 
permeability, allowing drugs and genes to cross the endothelial barrier 
and reach the cytoplasm for transfection [155–157]. The precise spatial 
and temporal control of ultrasound energy, in conjunction with MBs, 
enables targeted delivery of therapeutic agents to specific sites, thereby 
reducing off-target effects and minimizing systemic toxicity. [26,158]. 
The UTMD approach offers a non-invasive strategy for delivering 
bioactive agents directly to targeted tissues with high precision. The 
technique leverages low-frequency ultrasound to trigger in vivo MB 
cavitation, causing repeated expansion and contraction followed by 
bubble disruption. UTMD integrates diagnostic and therapeutic func
tions and is characterized by its precision, high efficiency, safety, and 
good repeatability [159–162]. The mechanical effects generated by 
UTMD, including shear stress, microjets, and shock waves, induce 
cavitation and transient membrane poration, enabling enhanced cellular 
uptake [163,164]. By inducing transient pore formation and triggering 
endocytosis, UTMD facilitates efficient intracellular delivery of bioac
tive agents. The contribution of endocytosis is size-dependent, making 
UTMD a promising carrier for site-specific delivery of drugs and genes 
[165]. Additionally, UTMD enables transient opening of the blood–brain 
barrier (BBB) and blood-tumor barrier, permitting immunotherapeutic 
agents to access and accumulate at tumor sites. This capability reduces 
off-target toxicity in tumor immunotherapy [166,167]. A growing body 
of research has demonstrated the utility of UTMD in improving the ef
ficiency of drug targeting and localized delivery to specific tissues 
[168,169]. For example, by injecting siHMOx1-coated exosomes into 
the cardiac region, UTMD enables targeted delivery of siHMOx1 to block 
doxorubicin (DOX)-induced iron-mediated cell apoptosis and car
diotoxicity (Fig. 6 a–d). Further studies have demonstrated that cardio- 
targeted delivery of the nuclear receptor RORα via UTMD optimizes the 
treatment of sepsis-induced cardiomyopathy with conventional doses of 
melatonin. UTMD-facilitated in vivo delivery of plasmid/cationic 
microbubble (CMB) resulted in detectable GFP in the heart three days 
post-treatment, correlating with marked upregulation of RORα at both 
the transcript and protein levels (Fig. 6 e–g). Studies have shown that 
combining UTMD with targeted, drug-encapsulated nanoparticles 
greatly increases cellular uptake under in vitro conditions and extends 
drug persistence in vivo. In a mouse pancreatic tumor xenograft model, 
the combination of PTX-NP-anti-CA19-9 NPs with UTMD produced the 
greatest tumor growth inhibition, while also optimizing pharmacoki
netic behavior by extending the mean residence time (MRT) and 
decreasing systemic clearance [170]. Cationic microbubbles have been 
utilized as effective carriers to enhance the delivery efficiency and 
specificity of targeted genes to ischemic myocardium, enhancing DNA 
carrying capacity and improving gene transfection for cardiac regener
ation. UTMD-mediated cationic microbubble (CMB) gene delivery 
significantly enhanced transfection efficiency and gene expression 
compared to commercial Definity microbubble technology [171]. In 
another study, focused ultrasound significantly improved the systemic 
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Fig. 5. a) Illustrative schematic detailing the fabrication and therapeutic mechanism of novel tumor-targeting nanomedical cationic polythiophene derivative PT2- 
siNUDT1@PEG-FA NPs. b) ROS production was detected in HepG2 cells after transfection with si-NUDT1. c) ROS generation capacity of PT-2 fluorescent images of 
HepG2 cells of O22– and DHE stained with PBS, PBS + US, PT 2-siNUDT1@PEGFA NP, and PT 2-siNUDT 1@PEG-FA NP + US [153]. Copyright 2024, American 
Chemical Society. d) Schematic of hybrid nano assembly (HNA) design. After internalization of HNA, sequential ultrasound irradiation generates singlet oxygen, 
drives cytoplasmic siBcl-2 delivery to suppress Bcl-2 mRNA, and amplifies SDT efficacy. e) Confocal images showing cellular uptake and lysosomal escape of Cy3- 
HNA (300 nm) in HeLa cells after 4 h. Nuclei and lysosomes were respectively labeled with Hoechst and Lysotracker. f) Colocalization ratio of Cy3 and Lysotracker 
signals. g) MFI of PpIX in HeLa cells treated with Cy3-HNA (300 nm) from 0 to 6 h [154]. Copyright 2023, Elsevier B.V.
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Fig. 6. a) Schematic illustrating utmd-assisted exosome-mediated sihmox1delivery, inhibiting doxorubicin (DOX)-induced iron-dependent apoptosis in car
diomyocytes. b) Fluorescence images showing exosome localization in hearts of control versus UTMD-treated mice. c) The knockdown efficiency of siHmox1 in vivo 
in different treated mice as measured by qPCR. d) Representative images of exosomes localization in TNNT-2 positive cardiomyocytes [176]. Copyright 2024, 
Springer Nature. e) Illustration of UTMD-mediated RORα transport to the myocardium. f) UTMD-mediated GFP plasmid transfection visualized by fluorescence 
microscopy; nuclei stained with DAPI (blue) and GFP signal in green. g) Relative RORα mRNA expression in the cardiac and extra-cardiac tissues [177]. Copyright 
2023, Springer Nature.

J. Wu et al.                                                                                                                                                                                                                                      Ultrasonics Sonochemistry 122 (2025) 107607 

12 



administration and biological distribution of oncolytic viruses (OVs) co- 
injected with microbubbles via inertial cavitation. By combining effi
cient gene transfer with imaging capability, this approach produced a 
fiftyfold rise in tumor transgene expression, maintained tissue integrity, 
and facilitated real-time tracking of viral vectors [172].

UTMD treatment has also demonstrated potential in reducing 
immunotherapy-related adverse events. The technique has demon
strated the capacity to modulate the tumor microenvironment (TME) 
and improve cancer immunotherapy outcomes [163,173]. The integra
tion of ultrasound with tumor-targeted MBs induces the formation of 
transient membrane pores, facilitating controlled gene transfer and 
defined local transfection. This approach efficiently transfects tumor 
and stromal populations, promoting cytokine-mediated immune acti
vation, enhancing T-cell recruitment, and reducing tumor mass [70]. In 
another example, hepatic delivery of plasmid DNA via ultrasound- 
assisted MBs has shown significant therapeutic efficacy in murine 
models of ornithine transcarbamylase (OTC) deficiency. Ultrasound- 
enhanced plasmid transfer into fetal mouse liver corrected defects in 
ammonia metabolism, highlighting its potential as a temporary thera
peutic strategy for OTC-deficient infants prior to liver transplantation 
[174]. Additionally, PD-L1 Ab/miR-34a-MBs have demonstrated the 
ability to deliver miR-34a to cervical cancer, inducing apoptosis through 
suppression of the anti-apoptotic protein Bcl-2 and activation of the pro- 
apoptotic protein Bax. This combination therapy has been shown to 
enhance T lymphocyte proliferation and promote CD8 + T cell infil
tration into the tumor microenvironment, therby potentiating the 
overall antitumor immune response. The combination of anti-PD-L1 
antibody-conjuncted MBs and ultrasound-mediated delivery of miR- 
34a represents a promising approach for promoting tumor apoptosis 
and enhancing immune regulation [175].

5. Biomedical applications of ultrasound-enhanced gene 
transfection

5.1. Tumors

Cancer continues to represent one of the foremost public challenges 
worldwide in the 21st century, presenting major social, public health, 
and economic burdens. As of 2022, global statistics indicated nearly 20 
million individuals are newly diagnosed with cancer each year, resulting 
in approximately 10 million deaths [178]. Characterized by its high 
heterogeneity and complexity, cancer continues to be the primary cause 
of death across the globe. The management of cancer involves intricate 
and multi-dimensional therapeutic strategies, particularly due to the 
tumor microenvironment (TME), which consists of a heterogeneous 
network of stromal cells. Paracrine signaling between cancer cells and 
stromal components often lead to a TME that favors tumor growth, 
requiring the development of more sophisticated treatment strategies 
setting a continues race that contribute to negative patient outcomes as 
reflected by the increased mortality rate [179,180]. In contrast to the 
regular vascular systems found in normal tissues, blood vessels within 
tumors are frequently abnormal, exhibiting features such as dilated 
capillaries, leaky walls, and slow blood flow. Tumor growth is further 
compounded by the need for continuous angiogenesis to support new 
blood vessel formation, making the TME hypoxic in nature [181]. 
Hypoxia is a central process in tumor biology, with the hypoxia- 
inducible factor (HIF) transcription factors enabling tumor cells to 
adapt to low-oxygen conditions. Moreover, hypoxia enhances PD-L1 
expression, contributing to an immunosuppressive environment [182]. 
Tumor heterogeneity, driven by genetic mutations, environmental fac
tors, and irreversible cellular changes, often complicates the treatment 
process and contributes to therapeutic resistance [183]. Surgery, 
chemotherapy, and radiotherapy remained as the main traditional 
cancer therapies and first line of defense against cancer; however, these 
approaches often lead to significant side effects and fail to completely 
eradicate the tumor, especially due to the presence of the TME, which 

can hinder treatment efficacy. More recent advances, such as stem cell- 
based interventions, precised-targeted therapies, thermal or chemical 
ablation, nanomedicine platforms, antioxidants compounds, and sono
dynamic therapy, have shown potential in overcoming some of these 
limitations [184–186].

Ultrasound-based therapies offer new opportunities to manipulate 
the TME and enhance cancer treatment. The thermal and mechanical 
effects of ultrasound, including hyperthermia, ablation, histotripsy, and 
microbubble cavitation, can modulate the TME, stimulate antitumor 
immune response, and suppress tumor progression. By transiently dis
rupting vascular barriers, ultrasound-induced microbubble cavitation 
facilitates the infiltration of immune effector cells, cytokines, tumor- 
associated antigens, monoclonal antibodies, and therapeutic nucleic 
acids into to tumor tissues. Additionally, intense cavitation can induce 
direct tumor cell disruption, leading to the release of intracellular an
tigens and promoting the activation of antigen-presenting cells, which in 
turn triggers adaptive immune responses [187–193]. Focused ultra
sound can also modulate critical features of tumor biology, including 
alleviating hypoxia, increasing vascular permeability, and reducing 
interstitial fluid pressure (IFP), thereby improving therapeutic agents 
distribution within tumors and improving treatment outcomes [ [194]. 
Therapies combining ablation with immune stimulation, such as high- 
intensity focused ultrasound (HIFU), hold significant promise in boost
ing immune responses to cancer. HIFU induces tumor tissue necrosis, 
releasing tumor-associated antigens and DAMPs which trigger antigen 
presentation and subsequent activation of adaptive immunity. The use 
of HIFU in combination with immune modulation may lead to systemic, 
long-lasting anti-tumor immunity [195–198]. Evidence indicates that 
low-intensity focused ultrasound (LIFU) mitigates inflammatory pro
cesses while stimulating cellular repair mechanisms in multiple patho
logical contexts. LIFU promotes anti-inflammatory activity through 
transcriptional activation of immune-suppressive genes, including those 
involved in regulatory T cells (Tregs), mesenchymal stem cells (MSCs), 
and myeloid-derived suppressor cells (MDSCs) [199]. Furthermore, ul
trasound offers a means to control gene expression dynamics in bacteria, 
which is advantageous for developing ultrasound-responsive bacteria 
(URBs) for cancer therapy. For instance, brief exposure to focused 
ultrasound-mediated hyperthermia stimulates IFN-γ gene transcription, 
which in turn potentiates the therapeutic effects of URBs across pre
clinical models(Fig. 7 a–e). Ultrasound has also been shown to upregu
late microRNA-124 expression, which inhibits STAT3 activation, 
leading to reduced migration and metastasis in colon cancer models 
[200]. A promising approach involves the use of microbubbles (MBs) 
dual-loaded with antigen mRNA and immunomodulatory TriMix mRNA 
for ultrasound-triggered dendritic cell (DC) transfection. This technique 
triggers targeted T-cell activation against tumor antigens and signifi
cantly limiting tumor expansion while promoting long-term antigen- 
specific immune memory. In vivo studies have shown that approxi
mately 30 % of vaccinated animals experienced complete tumor elimi
nation and sustainable immune protection, suggesting the potential of 
ultrasound-enhanced DC vaccines as an effective cancer immuno
therapy [201]. Additionally, IL-12 gene therapy, when combined with 
bubble liposomes and ultrasound, has shown efficacy in eliciting robust 
antitumor immune responses. The use of ultrasound to deliver IL-12 
plasmids significantly enhanced CD8(+) T-cell migration and inhibited 
tumor growth in mouse models [202]. A novel nanocomplex combining 
siRNA-containing nanoparticles (siRNA-NPs) and chemotherapeutic- 
loaded MBs, responsive to focused ultrasound (FU), has demonstrated 
enhanced therapeutic efficacy. Upon ultrasound exposure, the nano
complexes collapse around the tumor site, allowing siRNA and chemo
therapeutics to penetrate the dense extracellular matrix (ECM) and 
enhance both gene and chemotherapy outcomes (Fig. 7 f–i). Ultrasound- 
assisted MB delivery of miRNA-122 and anti-miR-21 alongside doxo
rubicin, has shown promising results in inhibiting hepatocellular car
cinoma (HCC) tumor growth, while reducing the necessary dose of 
chemotherapy drugs [203]. The blood–brain barrier (BBB) continues to 
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Fig. 7. a) Schematic representation of mCherry/cytokine interferon-γ (IFN-γ) co-expression mechanism based on the pBV 220 plasmid in bacteria containing a focus 
ultrasound-induced temperature initiation therapy loop. b) Temperature-dependent Fluorescence of mCherry protein in URB. c) Time-dependent mCherry fluo
rescence in URB maintained at 45 ◦C. d) H&E, TUNEL and Ki 67 staining of tumor sections under different treatment conditions. e) Tumor growth curves of mice 
receiving different treatments [208]. Copyright 2022, Springer Nature. f) Illustration of the SiRNA-NP and drug-carrying microbubbles nanocomplex triggering 
enhanced efficacy of chemical gene therapy under focused ultrasound (FU). g) Relative vascular endothelial growth factor (VEGF) mRNA expression in B16F10 cell in 
different treatment groups. h) Organ-specific accumulation of siRNA-NPs assessed ex vivo. i) Tumor burden assessed by weight of excised tumor tissues among groups 
[209]. Copyright 2020, Elsevier B.V.
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pose a major obstacle in the effective delivery of therapeutic agents for 
brain tumors such as glioma. However, transcranial MBs-enhanced FUS 
(MB-FUS) has demonstrated its ability to safely and controllably open 
the BBB, enhancing the delivery and bioavailability of therapeutic 
agents within brain tumors. In patients with invasive glioma, MR-guided 
FUS (MRgFUS) was shown to enhance drug delivery across the BBB, 
allowing effective treatment and tumor growth inhibition [204]. 
Furthermore, MB-FUS has been used in combination with cationic lipid- 
polymer hybrid nanoparticles (LPHs) to facilitate the efficient delivery 
and cellular uptake of siRNA within brain tumor tissue, significantly 
increasing tumor cell death and offering unique therapeutic advantages 
for brain tumor treatment [205,206]. In glioblastoma multiforme (GBM) 
therapy, MB-FUS-mediated delivery of gene-supported lipid-polymer 
hybrid nanoparticles (LPHNs) has demonstrated the ability to potentiate 
the antitumor efficacy of temozolomide (TMZ), reduce tumor growth, 
and prolong survival in experimental models. By promoting localized 
nanoparticle delivery, this method augments therapeutic efficacy and 
simultaneously minimizes systemic toxicity, enhancing overall biosafety 
[207].

5.2. Cardiac insufficiency

Cardiac insufficiency is caused by various factors that lead to a 
decline in myocardial systolic function, which reduces forward blood 
output, resulting in circulatory stagnation in both systemic and pulmo
nary vascular beds and subsequently manifesting as related symptoms 
[210]. As cardiac insufficiency progresses, it can lead to heart failure 
(HF), a primary cause of mortality in developed countries, with the 
global prevalence of patients continuing to rise. Coronary heart disease 
is often a primary contributor to cardiac insufficiency, especially when it 
causes myocardial infarction. The localized necrosis of the myocardium 
due to infarction may lead to the loss of the cardiac pumping function, 
which subsequently results in cardiac insufficiency, remaining a leading 
cause of death globally [211]. Acute coronary syndromes (ACS) are most 
commonly attributed to thrombosis in coronary artery disease, typically 
associated with the development of lipid-laden atherosclerotic plaques 
in the coronary arteries, putting patients at risk for unstable angina, 
acute myocardial infarction (MI), and cardiogenic death [212]. Ultra
sound serves a key function in cardiovascular medicine, acting not only 
as a diagnostic tool for cardiovascular diseases but also for prognostic 
assessment. Intravascular angiographic MBs are visualized via acoustic 
cavitation, which generates detectable changes in reflected ultrasound. 
Under high-intensity conditions, acoustic oscillations produce sufficient 
shear forces to enhance endothelium-mediated perfusion in thrombotic 
and atherosclerotic vessels. Ultrasound-targeted MB cavitation can 
effectively resolve microvascular obstruction, activate endothelial nitric 
oxide synthase (eNOS), and increase endothelial nitric oxide (NO) 
bioavailability. The oscillations and ruptures of MBs in response to ul
trasonic waves can also induce microstreaming and jetting effects, 
which help to disrupt thrombi [54,213,214]. A novel sonothrombolysis 
method, which treats emboli without the use of thrombolytic drugs, 
offers an effective treatment for thrombotic and embolic by efficient 
entrapment and disruption of blood clots [215]. Clinical evaluation of 
catheter-mediated ultrasound therapy has demonstrated its effective
ness and safety. The cumulative duration of pulsed wave (PW) ultra
sound treatment directly influences the efficiency of thrombolysis. 
Under optimal PW parameters and intensity, thrombolytic efficiency can 
reach 91 %, with complete thrombolysis and intact arterial walls after 2 
min of treatment [216]. During intravenous MB infusion (ultrasonic 
thrombolysis), cavitation of MBs caused by high mechanical index (MI) 
pulses delivered via diagnostic transducers creates shear forces that 
dissolve coronary artery and microvascular thrombi, thus re- 
establishing both epicardial and microvascular perfusion in patients 
with acute ST-segment elevation myocardial infarction (STEMI) 
[217–219]. Ultrasound thrombolysis in STEMI patients has demon
strated that the addition of ultrasound thrombolysis to percutaneous 

coronary intervention (PCI) can increase recanalization rates, lead to 
smaller infarcted areas and improve post-STEMI systolic performance 
[220]. Moreover, ultrasonic thrombolysis can reduce microvascular 
obstruction and improve myocardial dynamics in STEMI patients [221].

Furthermore, the prognosis of coronary heart disease, particularly 
post-infarction left ventricular remodeling remains a critical issue in 
cardiovascular care. LIPUS has been shown to promote early post- 
infarction activation of VEGF, eNOS, pERK, and pAkt signaling path
ways in the affected myocardial tissue, promoting angiogenesis and 
improving left ventricular function in infarcted mice (Fig. 8 a–b). Studies 
have also indicated that low-energy extracorporeal shockwave (SW) 
therapy significantly enhances VEGF expression, improving myocardial 
angiogenesis and alleviating ischemia in chronic myocardial ischemia 
models and clinical cases of severe angina [222,223]. SW treatment has 
been shown to ameliorate symptoms, enhance exercise tolerance, and 
restore myocardial perfusion in severe coronary artery disease patients, 
while maintaining a favorable safety profile. Right ventricular failure 
(RVF) is a clinical condition primarily resulting from elevated right 
ventricular (RV) afterload, exhibited through a decreased right ven
tricular ejection fraction (RVEF) and RV dilation. During prolonged in 
vivo hypoxia, RV function in eNOS-deficient (eNOS-/-) mice de
teriorates significantly. Downregulation of endothelial nitric oxide 
synthase (eNOS) is observed in individuals suffering from RVF. Low- 
intensity pulsed ultrasound (LIPUS) effectively improves eNOS expres
sion and its downstream pathway via eNOS-mediated pathways, making 
it a promising therapeutic target for RVF. LIPUS therapy has demon
strated significant improvements within pulmonary arterial banding 
(PAB) − induced RV dysfunction in mice, notably improving cardiac 
hypertrophy and interstitial fibrosis (Fig. 8 c–f). The incidence of heart 
failure characterized by preserved left ventricular ejection fraction 
(HFpEF) has risen dramatically and represents a major public health 
concern globally [224–226]. Diastolic dysfunction represents a central 
pathophysiological mechanism underlying in HFpEF, with its severity 
correlating with symptomatic heart failure and an increased risk of 
mortality [227,228]. LIPUS has been shown to promote angiogenic and 
reduce inflammation through its mechanically induced pathways, 
positioning it as a promising non-invasive intervention for cardiovas
cular diseases. LIPUS therapy has been shown to improve diastolic 
dysfunction in mice by enhancing the eNOS-NO-cGMP-PKG signaling 
cascade and Ca2+ homeostasis in cardiomyocyte. LIPUS treatment in 12- 
week-old obese diabetic mice (db/db) preserved systolic function, 
significantly improved cardiac diastolic function, improved tissue-level 
relaxation characteristics and motor capabilities, and attenuated car
diomyocyte enlargement and interstitial fibrotic remodeling (Fig. 8g).

5.3. Stroke

Stroke, a neurological disorder with a poor clinical prognosis, char
acterized by a pronounced inflammation and immune activation 
following the event. This inflammatory cascade often leads to severe 
sequelae and high mortality rates [232,233]. For ischemic stroke, the 
current gold standard treatment is the prompt intravenous administra
tion of tissue plasminogen activator (tPA), which dissolves the thrombus 
and restore cerebral perfusion. Ultrasound serves an important function 
in facilitating thrombolysis, strengthening the influence of tPA by 
breaking down fibrin, increasing enzyme transport, dilating arteries, 
and improving the absorption and penetration of tPA into the thrombus. 
Sonothrombolysis, a novel and safe therapeutic approach, has shown 
potential for acute stroke, with microspheres providing evidence for 
enhanced ultrasound-mediated thrombolysis [234]. The latest genera
tion of microspheres (mS) contains specific phospholipids that can be 
detected and activated by ultrasound. Upon intravenous injection, these 
microspheres approach and penetrate the thrombus. The liquid jets 
produced by ultrasound-induced cavitation erode the thrombus surface, 
increasing its exposed area. In the presence of tPA, this mechanical 
erosion accelerates clot dissolution. Microsphere-enhanced ultrasound 
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thrombolysis is capable of breaking down the thrombus into small 
micron-sized particles without causing embolism or re-blockage of 
blood vessels [235,236]. Ultrasound at lower frequencies exhibits 
enhanced transcranial penetration, and animal studies have demon
strated its ability to accelerate tPA-mediated thrombolysis in the brain’s 

vascular areas. However, the biological effects of low-frequency ultra
sound may increase the risk of cerebral hemorrhage in patients receiving 
intravenous tPA [237]. Sonothrombolysis using recombinant tissue 
plasminogen activators (rtPA) and microbubbles (MBs) has undergone 
extensive evaluation regarding its ability to augment thrombolytic 

Fig. 8. a) The upper shows the m− mode echocardiogram 8 weeks after acute myocardial infarction. The lower presents the Masson staining of cardiac sections, 
which displays the areas of infarction in different groups. b) Diagram showing the density of capillaries in different groups [229]. Copyright 2016, Wolters Kluwer 
Health. c) Illustration of LIPUS treatment improved RV dysfunction in preclinical models associated with endothelial nitric oxide synthase (eNOS) activation. d) 
Representative image of cardiac tissue following HE staining. e) Representative Western blot illustrating the levels of eNOS, phosphorylated eNOS at Ser1177, sGCα, 
PKG Iα, Akt, and p-Akt in whole RV from mice. f) Quantitatively analyzed the area of myocardial fibrosis [230]. Copyright 2023, Elsevier. g) Schematic of LIPUS- 
mediated improvement of cardiac diastolic dysfunction in mice through the eNOS-NO-cGMP-PKG pathway and the cardiomyocyte Ca2+ regulation [231]. Copyright 
2020, Oxford University Press.
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therapy. Nanoparticles with various shapes exhibit differing reactivities 
to cavitation, leading to varied thrombolytic potentials. For example, 
cavitation-assisted sonothrombolysis using asymmetric gold nanostars 
(NSt) has shown promise in treating acute ischemic stroke by enhancing 
acoustic stimulation and microbubble-mediated cavitation. The co- 
administration of NSt and MBs significantly reduced infarct size in a 
thrombus model and was beneficial for the recovery of cerebral blood 
flow [238]. Furthermore, when exposed to ultrasound, the combination 
of platelets and microglia can be directed toward an anti-inflammatory 
state, thereby facilitating localized neural repair after stroke. The arti
ficially designed microglia with human platelet membranes demon
strates high affinity for injured cerebral vasculature and enables 
controllable anti-inflammatory polarization through ultrasound- 
triggered IL-4-encapsulated liposomes. This approach contributes to 
sustained rehabilitation by limiting neuronal apoptosis, enhancing the 
generation of new neurons, and improving functional restoration [239]. 
A study evaluating the therapeutic efficacy of PM-MG-CPIL4 
(comprising platelet membrane decorated M0 microglia with IL-4 
shielding in liposome carrying the sonosensitizer protoporphyrin IX) 
in ischemic stroke/reperfusion (I/R) models demonstrated promising 
results. In murine models of middle cerebral artery occlusion (MCAO), 
systemic administration of PM-MG-CPIL4 exhibited enhanced accumu
lation within the damaged brain. In the PM-MG-CPIL4 + US treatment 
group, survival rates were significantly improved, infarct size reduced, 
and neurons positive for microtubule-associated protein 2 (MAP2) in the 
ischemic brain showed the greatest increase. Exposure to ultrasound 
enabled PM-MG-CPIL4 to deliver significant protective effect on brain 
cells post-stroke, facilitating recovery (Fig. 9 a–c).

5.4. Neurodegenerative diseases

As with cardiovascular diseases and cancer, the prevalence of 
neurological disorders is rising in aging population. For patients with 
neurological conditions, ultrasound ablation of tumors offers advan
tages over traditional methods such as surgical resection and radiation 
therapy, as it is non-invasive and causes minimal damage to surrounding 
healthy brain tissue. For patients with essential tremor or Parkinson’s 
disease, beyond deep brain stimulation (DBS) and conventional thala
motomy, the development of magnetic resonance imaging-guided FUS 
(MRgFUS) has become a promising frontier for treating deep brain le
sions [241]. The blood–brain barrier (BBB) poses a significant challenge 
in neurological disorder therapy by restricting the transport of drugs to 
brain tissue [242]. However, reversible opening of the BBB via MRI- 
guided low-intensity focused ultrasound (LIFU) has been reported in 
multiple neurological conditions, such as Alzheimer’s disease (AD) 
[243], Parkinson’s disease [244], brain tumors [204,245], and amyo
trophic lateral sclerosis [169], among others [246]. Serving as a key 
focus for therapeutic development, the hippocampus is critically 
implicated in AD, epilepsy, and depression. LIFU has been reported to 
mediate safe, noninvasive, and transient BBB opening repetitively 
within the human hippocampus and entorhinal cortex (EC) [247–249]. 
Reducing amyloid beta (Aβ) accumulation in the brain is a key thera
peutic strategy in Alzheimer’s disease. FUS allows transient modulation 
of BBB permeability, enhancing the removal of amyloid from specific 
brain regions. The reduction of Aβ levels in treated areas is significantly 
greater relative to corresponding areas in the opposite hemisphere, 
which remain untreated [250]. MR-guided FUS (MRgFUS), in combi
nation with intravenous microbubbles, serves to induce targeted, tran
sient BBB opening in individuals with neurodegenerative disorders and 
brain tumors, such as Parkinson’s disease. Following MRgFUS treatment 
in Parkinson’s disease-related dementia (PDD) patients, mild cognitive 
improvements were observed, showing no significant differences on 
amyloid or fluorodeoxyglucose (FDG) PET scans. Thus, BBB disruption 
induced by MRgFUS in PDD has been shown to be safe, transient, and 
reproducible [244].

Huntington’s disease (HD) is a neurodegenerative disorder inherited 

in an autosomal dominant manner that has also been targeted for novel 
therapeutic strategies. A gene-liposomal system was developed in which 
DPPC liposomes (LPs) carried glial cell line-derived neurotrophic factor 
(GDNF) plasmid DNA (GDNFβ). This GDNFβ-liposome (GDNFβ-LPs) 
complex was tested in transgenic mouse models of HD, both before and 
after symptom onset. Pulsed focused ultrasound (FUS) exposure was 
utilized to transiently disrupt the BBB, enabling targeted, noninvasive, 
and non-viral gene delivery into the central nervous system (CNS) for 
therapeutic applications. FUS-facilitated GDNFβ-LPs therapy led to 
substantial improvements in motor function in HD mice. Overexpression 
of GDNF led to a substantial reduction in polyglutamine-amplified ag
gregates, mitigated oxidative damage and cell death, promoted neurite 
extension, and supported neuronal viability (Fig. 9 d–f). This approach 
demonstrates that GDNFβ-LPs + FUS can achieve therapeutic gene de
livery by supporting localized exosmosis and targeted distribution, of
fering a potential non-invasive treatment for central nervous system 
diseases [240].

5.5. Musculoskeletal disorders

Arthritis refers to a category of inflammatory disorders that pri
marily impact the joints and periarticular tissues, resulting from diverse 
etiological factors including but not limited to inflammatory processes, 
infections, degeneration changes, traumatic injuries, or other patho
logical conditions. Autoimmune diseases, for example, rheumatoid 
arthritis, can be improved by stimulating cholinergic anti-inflammatory 
pathways [251,252]. Daily targeted ultrasound stimulation of the spleen 
at specific intensities has been shown to significantly reduce disease 
severity in mice with inflammatory arthritis. Ultrasound stimulation of 
the spleen offers protective and therapeutic effects, suggesting its po
tential for treating inflammatory diseases. The therapeutic benefits of 
ultrasound are believed to depend on lymphocytes, with spleen T and B 
cells contributing to anti-inflammatory responses, either through vagus 
nerve electrical stimulation or direct ultrasound stimulation of the 
spleen. The spleen stimulation of ultrasound can induce notable changes 
in lymphocyte transcription profiles, leading to differential gene 
expression [253] (Fig. 10 a–c). Osteoarthritis, despite its inability to 
achieve a cure, often requires non-surgical treatments such as analgesics 
and anti-inflammatory drugs to relieve symptoms, though it does not 
cure the disease [254]. According to a study, an injectable and biode
gradable piezoelectric hydrogel, composed of short electrospun poly-L- 
lactic acid nanofibers integrated within a collagen matrix, produces 
localized electrical signals upon articular injection and ultrasound 
activation. Cartilage formation had been promoted by stimulation which 
induced stem cell secretion of TGF-β1and enhanced cell migration. This 
approach provides a novel direction for the treatment of osteoarthritis 
[255].

Patients with bone defects caused by trauma, tumors, or specific 
pathological conditions like chronic inflammation and necrosis present 
significant physical and mental burdens [256,257]. The goal of current 
bone tissue engineering methods is to reduce procedural trauma, sta
bilize affected bone, and create a favorable osteogenic microenviron
ment [258]. Autogenous bone grafting (ABG) is still regarded as the gold 
standard in bone regeneration. However, addressing critical-size bone 
defects with complex geometries is still a key difficulty in orthopedic 
practice [259]. To address this issue, implants with robust osteogenic 
properties and complex defect adhesion capabilities are essential, such 
as programmed RNA nanomachines [260], dopamine-deposited fuzzy 
microspheres [261], and hydrogels [262]. As a form of biophysical 
stimulation, endogenous bioelectrical cues in the bone microenviron
ment contribute significantly to the regeneration of bone defects [263]. 
Pulsed electric fields, when applied at appropriate intensity and fre
quency, can promote osteogenic gene activation and support tissue cell 
growth and differentiation in defects, and facilitate bone regeneration. 
Electric bone growth stimulation (EBGS) can serve as a targeted strategy 
to accelerate bone regeneration and support successful fusion [264]. The 
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Fig. 9. a) Schematic illustration of ultrasound-mediated platelet-microglial fusion for targeted polarization therapy in ischemic reperfusion injury after stroke. b) 
H&E-based pathological assessment of brain tissue from middle cerebral artery occlusion (MCAO) mice. c) Immunohistochemical analysis was used to evaluate 
neuronal degeneration and apoptosis in ischemic brains after differen treatments. Fluorescence images of neurons (MAP2) and apoptotic cells (TUNEL) with DAPI in 
the stroke site [239]. Copyright 2020, Wiley-VCH GmbH. d) Conceptual schematic of focused ultrasound (FUS) − assisted delivery of glial cell line-derived neu
rotrophic factor plasmid liposomes (GDNFβ-LPs) in HD mouse models. e) Representative MR images of 6-week-old R6/2 HD mice pre- and post-FUS BBB disruption. f) 
Evaluation of protein aggregates, Caspase-3 activity, TUNEL staining, P-CREB and MDA in the tissues of mice in different treatment groups [240]. Copyright 2019, 
Elsevier Inc.
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Fig. 10. a) Modulation of the cholinergic anti-inflammatory pathway through vagal electrical or splenic ultrasonic stimulation promotes an anti-inflammatory state. 
b) The duration of ultrasound has a dose-dependent effect on arthritis. c) Spleen T and B cells showed genetic induction after US treatment [253]. Copyright 2019, 
Springer Nature. d) Schematic diagram of osteogenic differentiation promoted by electrical stimulation under ultrasonic stimulation. e) Cross-sectional bone 
regeneration in various groups was observed via micro-CT at 6 and 12 weeks after surgery [270]. Copyright 2024, Springer Nature. f) Diagram depicting patho
physiological and molecular mechanisms of LIPUS in the treatment of muscle injury. LIPUS reduces inflammation, enhances angiogenesis, inhibits fibrosis, and 
improves muscle production in the body. g) Bilateral representative perfusion images of gastrocnemius muscle. LIPUS causes more physiological blood perfusion on 
day 14 [280]. Copyright 2023, Ivyspring International Publisher.
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advancement of bioactive materials for orthopedic implants aimed at 
improving bone repair has been a major research priority. The ideal 
implant material should exhibit bioactivity similar to natural bone 
[265]. Owing to their outstanding biocompatibility, resistance to 
corrosion, and favorable mechanical characteristics, titanium and its 
alloys are extensively employed in both dental and orthopedic implants 
[266]. Bone formation and the healing of fractures are profoundly 
influenced by electrical signals [267]. Barium titanate (BT), a highly 
biocompatible electroactive material, generates electrical signals when 
subjected to mechanical forces, without causing inflammatory responses 
or foreign body responses at the site of implantation [268,269]. A 
composite designated BT/TC4 is formed through the deposition of BT 
piezoelectric ceramic onto the surface of TC4 titanium alloy, was studied 
under LIPUS stimulation. Electrochemical measurements showed that 
BT/TC4 when stimulated by LIPUS, produced a microcurrent of around 
10 μA/cm2. In vitro studies revealed that LIPUS enhanced osteogenesis 
in MC3T3-E1 cells, supporting cell adhesion, expension, and phenotypic 
maturation, and increasing intracellular calcium concentrations through 
the activation of L-type calcium channels. Consequently, this piezo
electric BT/TC4 material, in combination with LIPUS, promotes osteo
genesis and has potential as a treatment for early bone-implant contact 
formation [55]. However, the brittleness and low flexibility of piezo
electric ceramics limit their application in irregular fracture sites. To 
overcome this, a nanocomposite hydrogel has been synthesized through 
dynamic covalent bonds formed between amine-modified piezoelectric 
nanoparticles and biopolymer hydrogel matrices. This injectable 
hydrogel is shape-adaptive, highly adherent to bone, and actuated by 
ultrasound, providing a promising solution for treating irregular bone 
defects. Ultrasound-triggered nanocomposite hydrogels produce 
controlled electrical outputs (− 41.16 to 61.82 mV), markedly promot
ing bone-forming activities under both laboratory and living system 
conditions. The accelerated healing of critical-size skull defects in rats 
has been demonstrated. Additionally, ultrasound-responsive hydrogels 
increase intracellular calcium entry and upregulate PI3K/AKT as well as 
MEK/ERK signaling pathways, promoting osteogenic differentiation of 
bone mesenchymal stem cells (Fig. 10 d-e) [270]. The combination of 
localized ultrasound and microbubble-facilitated gene transfer to 
endogenous stem cells exhibits potential for enhancing fracture repair 
and bone regeneration. Ultrasound-mediated bone morphogenetic 
protein-6 (BMP-6) gene transfer achieved complete radiographic and 
functional recovery of fractures in every treated animal by six weeks 
after treatment, in contrast to nonunion in controls. Collectively, the 
data demonstrate that delivering genes to mesenchymal progenitor cells 
via ultrasound can successfully address nonunion in large animal models 
[271].

Traumatic injuries to skeletal muscle can compromise functional 
mobility, limit routine activities, and negatively affect quality of life. 
Muscle injuries present ongoing challenges in clinical reconstruction 
and regeneration [272,273]. Functional recovery depends critically on 
the formation and proper maturation of regenerated muscle fibers, and 
relies heavily on the activation and proliferation of satellite cells or 
myogenic progenitor cells (MPCs) [274]. Following acute muscle injury, 
pro-inflammatory M1 macrophages are first recruited to the lesion, 
where they clear necrotic tissue through phagocytosis and initiate 
myogenesis via the production of nitric oxide (NO) and pro- 
inflammatory cytokines [275]. The transition to M2 macrophages pro
motes muscle regeneration and differentiation after M1macrophages 
have completed their initial inflammatory role [276–278]. The equi
librium between M1 and M2 macrophage polarization is crucial for 
muscle healing [279]. LIPUS, at an intensity of 60 mW/cm2, has been 
shown to enhance skeletal muscle regeneration significantly by facili
tating the shift of macrophages from M1 to M2. Furthermore, LIPUS can 
reduce inflammation, enhance angiogenesis, inhibit fibrosis, and 
improve muscle formation in vivo through multiple pathophysiological 
and molecular mechanisms (Fig. 10 g–f). Therefore, harnessing LIPUS to 
modulate macrophage polarization offers a promising therapeutic 

strategy for managing diverse muscle injuries and inflammatory con
ditions [280]. LIPUS treatment has shown to suppress pro-inflammatory 
cytokine production, restrict inflammatory cell infiltration, and regulate 
inflammatory cell phenotypes [281]. These effects may be associated 
with enhanced blood flow, activation of mitochondrial biogenesis, and 
antioxidant stress responses. Therefore, LIPUS can promote functional 
skeletal muscle repair by modulating the inflammatory microenviron
ment [282,283]. Studies have shown that LIPUS activates the FAK- 
ERK1/2 signaling pathway, stimulating bone marrow mesenchymal 
stem cell (BMSC) to migrate, expand, and differentiate, thereby accel
erating tissue repair. Additionally, LIPUS treatment markedly increasess 
the expression of cyclin D1, E1, A2, and B1 via activation of the ERK1/2 
and PI3K-Akt signaling pathways [284–287].

6. Conclusion and perspectives

Continued advances in gene transfer technology have significantly 
influenced the development of modern molecular medical treatments. 
The versatility and effectiveness of multi-mode gene therapy have made 
it widely adopted and further developed in clinical practice. Gene 
therapy works by altering genes within cells and has become an option 
for diseases prophylaxis and therapy. The Food and Drug Administration 
(FDA) and the European Medicines Agency (EMA) evaluates the reli
ability and efficacy of gene therapy and are the regulatory bodies 
responsible for the review and authorization of gene therapy [288]. The 
efficacy and safety of gene vectors play a critical role in gene therapy, 
with long-term safety being one of the core concerns. Regulatory bodies 
now require long-term follow-up for participants in many gene therapy 
trials [289]. As clinical success stories continue to accumulate, 
ultrasound-mediated gene therapy approaches are expected to become 
increasingly significant. As an emerging therapeutic strategy, 
ultrasound-mediated gene therapy, during development of clinical 
transformation and application development, not only needs to over
come technical challenges but also urgently needs to systematically 
address the corresponding ethical and regulatory issues. This treatment 
approach has both potential therapeutic advantages and risks, especially 
showing broad clinical application prospects in the fields of malignant 
tumors and rare diseases [290]. In practical applications, ultrasound- 
mediated gene therapy is often combined with specific drugs (such as 
liposomes or nanoparticle carriers) to form a composite treatment sys
tem. In such combinations, ultrasound, as a non-biological component, 
is usually classified as a “medical device”, while gene therapy prepara
tions are managed as biological products or drugs, resulting in the need 
for such combination products to follow differentiated regulatory 
pathways [291,292]. From the perspective of regulatory science, the 
combination of ultrasound with drug compounds or live cell therapy 
products significantly increases the complexity of the approval process. 
Such combination products are usually regarded as new therapeutic 
entities and need to undergo strict and comprehensive risk–benefit 
assessment. Their mechanism of action, safety and efficacy must be 
clearly defined to meet the review requirements of drug regulatory au
thorities for innovative combination therapies [293,294]. It is worth 
noting that the regulatory attribution of such ultrasound and drug 
combined products is primarily determined by their Primary Mode of 
Action (PMOA). For example, in accordance with the relevant regula
tions of the European Union, Drug-Device Combination products (drug- 
device Combination, DDC) are regulated respectively by (EU) 2017/745 
(Medical Device Regulation) or 2001/83/EC (Medicines for Human Use 
Directive) based on their PMOA. Similarly, in compliance with the 
relevant regulations of the European Union, Drug-Device Combination 
products (drug-device Combination, DDC) are regulated respectively by 
(EU) 2017/745 (Medical Device Regulation) or 2001/83/EC (Medicines 
for Human Use Directive) based on their PMOA. As stated in Section 503 
(g) of the Federal Food, Drug, and Cosmetic Act, the FDA is required to 
allocate the primary regulatory authority to the appropriate center 
predicated on the PMOA of the combined product, in order to ensure 
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clear regulatory responsibilities and coordinated evaluation processes 
[292,294,295].

Ultrasound, to deliver genes non-invasively, offers safer and more 
targeted delivery than alternative methods involving magnetic, light, or 
electric fields. By using ultrasound contrast agents (UCAs), such as 
microbubbles (MBs), enables both imaging and ultrasound-mediated 
disease treatment. For example, drug-carrying MBs circulate in the 
bloodstream, specifically targeting certain regional sites and releasing 
drugs at those sites. This approach enhances our comprehension of 
elucidating the mechanisms of disease and unlocks new avenues for 
diagnosis and treatment [296]. UCAs can be developed into various 
forms, including nanobubbles, echo liposomes, and nanodroplets, which 
have biocompatibility and stability, capable of targeting blood vessels 
and tissues [297–299]. Moreover, therapeutic gases like nitric oxide 
(NO), carbon monoxide (CO), and hydrogen sulfide (H2S) are being 
investigated. These therapeutic gases not only function as UCAs but also 
enhance the effects of therapeutic, representing an exciting direction for 
future contrast agents [300]. Recent advances in materials chemistry 
have made it possible to deliver drugs or genes in a highly controlled 
manner—spatially, temporally, and in specific doses. Novel multifunc
tional nanotherapeutic agents, combined with responsive ultrasound 
imaging, can target tumor accumulation and guide ablation functions 
[301]. By conjugating antibodies or ligands, MBs can target disease- 
related markers present on endothelial cells or other target cells, such 
as the vascular endothelial growth factor receptor 2 (VEGFR2), for 
improved targeting efficiency [302,303]. Additionally, injectable MBs 
loaded with enzymes and nanoparticles can regulate cell homeostasis 
through enzymatic reactions, controlling the targeted release of sub
stances in both space and time to achieve therapeutic effects [304]. 
Ultrasound- and MB-mediated drug delivery has demonstrated its ability 
to facilitate efficient delivery of drugs and genes delivery to specific 
tissues while limiting systemic doses and adverse effect [305]. The 
safety and efficacy of focused ultrasound (FUS)-mediated drug and gene 
delivery are strongly affected by acoustic parameters, including ultra
sound treatment duration, pulse repetition rate, pulse length, and MB 
concentration. Among these, acoustic pressure and MB concentration 
are critical determinants in blood–brain barrier (BBB) opening [306]. 
High-intensity FUS pressure has the potential to induce damage to the 
vascular wall, hemorrhaging, ischemic events, apoptosis, and inflam
matory reactions, overly high MB concentrations may result in excessive 
BBB opening and associated damage [307,308].

Despite the promising potential, ultrasound-mediated gene therapy 
still faces significant challenges, including gene transfer efficiency, 
specificity, safety, and duration of gene expression. Possible immune 
reactions induced by nanoparticles must also be carefully considered 
[309]. The clinical trial design of ultrasound-mediated gene therapy has 
numerous limitations: Firstly, the definition of “dose” is complex, as it 
needs to take into account the quantity of the gene vector, the physical 
parameters of ultrasound (sound pressure, frequency, etc.) and the 
characteristics of microbubbles, and the optimal combination window is 
difficult to determine; Secondly, individual differences in patients (such 
as skull thickness, pathological state of the target tissue) will signifi
cantly influence the distribution of ultrasound energy and the efficiency 
of gene delivery, which poses high requirements for the inclusion 
criteria of the subjects and the consistency of the results; Furthermore, 
setting up an appropriate control group (such as sham ultrasound irra
diation) has ethical and practical difficulties, and long-term safety and 
the persistence of gene expression follow-up are of crucial importance 
[310–313]. Meanwhile, this technology, as a Combination Product, 
faces severe regulatory hurdles. It integrates biological products (genetic 
vectors), devices (ultrasound equipment), and drugs (microbubbles) all 
in one, and needs to meet the strict regulations of all three at the same 
time. This makes the chemical, production and control (CMC) process 
extremely complex. Regulatory agencies are concerned about its unique 
risks, such as mechanical damage to the target tissue caused by ultra
sound, off-target gene expression, and immune activation effects. 

Therefore, they usually require detailed non-clinical safety data based 
on large animal models [314–318]. Currently, there are no specific re
view guidelines for this technology, and sponsors need to have extensive 
preliminary communication with regulatory agencies to jointly explore 
feasible development and approval paths. Overcoming these challenges 
urgently requires close interdisciplinary cooperation and innovation. 
However, with increasing clinical successes and regulatory approvals, 
ultrasound-mediated gene therapy is gaining momentum. Researchers 
remain cautiously optimistic that effective, long-lasting, and safe ther
apies will bring significant benefits to patients.
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M. Benčina, Ultrasound-mediated spatial and temporal control of engineered cells 
in vivo, Nat. Commun. 15 (2024) 7369.

[43] P. Liu, J. Foiret, Y. Situ, N. Zhang, A.J. Kare, B. Wu, M.N. Raie, K.W. Ferrara, L. 
S. Qi, Sonogenetic control of multiplexed genome regulation and base editing, 
Nat. Commun. 14 (2023) 6575.

[44] Y. Shi, W. Weng, M. Chen, H. Huang, X. Chen, Y. Peng, Y. Hu, Improving DNA 
vaccination performance through a new microbubble design and an optimized 
sonoporation protocol, Ultrason. Sonochem. 101 (2023) 106685.

[45] J. Chen, B. Wang, Y. Wang, H. Radermacher, J. Qi, J. Momoh, T. Lammers, Y. Shi, 
A. Rix, F. Kiessling, mRNA sonotransfection of tumors with polymeric 
microbubbles: co-formulation versus co-administration, Adv. Sci. 11 (2024) 
2306139.

[46] Y. Li, P. Wu, M. Zhu, M. Liang, L. Zhang, Y. Zong, M. Wan, High-performance 
delivery of a CRISPR Interference system via lipid-polymer hybrid nanoparticles 
combined with ultrasound-mediated microbubble destruction for tumor-specific 
gene repression, Adv. Healthc. Mater. 12 (2023) 2203082.

[47] S. Son, J.H. Kim, X. Wang, C. Zhang, S.A. Yoon, J. Shin, A. Sharma, M.H. Lee, 
L. Cheng, J. Wu, J.S. Kim, Multifunctional sonosensitizers in sonodynamic cancer 
therapy, Chem. Soc. Rev. 49 (2020) 3244–3261.

[48] T. Wu, Y. Liu, Y. Cao, Z. Liu, Engineering macrophage exosome disguised 
biodegradable nanoplatform for enhanced sonodynamic therapy of glioblastoma, 
Adv. Mater. 34 (2022) 2110364.

[49] Q. Xu, G. Zhan, Z. Zhang, T. Yong, X. Yang, L. Gan, Manganese porphyrin-based 
metal-organic framework for synergistic sonodynamic therapy and ferroptosis in 
hypoxic tumors, Theranostics 11 (2021) 1937–1952.

[50] P.Y. Xu, R. Kumar Kankala, S.B. Wang, A.Z. Chen, Sonodynamic therapy-based 
nanoplatforms for combating bacterial infections, Ultrason. Sonochem. 100 
(2023) 106617.

[51] P. Liu, Z. Wang, X. Ou, P. Wu, Y. Zhang, S. Wu, X. Xiao, Y. Li, F. Ye, H. Tang, The 
FUS/circEZH2/KLF5/ feedback loop contributes to CXCR4-induced liver 
metastasis of breast cancer by enhancing epithelial-mesenchymal transition, Mol. 
Cancer 21 (2022) 198.

[52] J. Wang, Z. Li, M. Pan, M. Fiaz, Y. Hao, Y. Yan, L. Sun, F. Yan, Ultrasound- 
mediated blood-brain barrier opening: an effective drug delivery system for 
theranostics of brain diseases, Adv. Drug Deliv. Rev. 190 (2022) 114539.

[53] D. Lu, L. Wang, L. Wang, L. An, M. Huo, H. Xu, J. Shi, Probiotic engineering and 
targeted sonoimmuno-therapy augmented by STING agonist, Adv. Sci. (Weinh) 9 
(2022) e2201711.

[54] S. El Kadi, T.R. Porter, N.J.W. Verouden, A.C. van Rossum, O. Kamp, Contrast 
ultrasound, sonothrombolysis and sonoperfusion in cardiovascular disease: 
shifting to theragnostic clinical trials, JACC: Cardiovasc. Imaging 15 (2022) 
345–360.

[55] K. Cai, Y. Jiao, Q. Quan, Y. Hao, J. Liu, L. Wu, Improved activity of MC3T3-E1 
cells by the exciting piezoelectric BaTiO(3)/TC4 using low-intensity pulsed 
ultrasound, Bioact. Mater. 6 (2021) 4073–4082.

[56] Y. Zheng, C. Li, C. Zhang, J. He, X. Jiang, D. Ta, Distinct thermal effect on 
biological tissues using subwavelength ultrasound metalens at megahertz, 
iScience 26 (2023) 107929.

[57] Y. Liu, W. Yu, Y. Liu, Effect of ultrasound on dissolution of Al in Sn, Ultrason. 
Sonochem. 50 (2019) 67–73.

[58] R. Deckers, C.T.W. Moonen, Ultrasound triggered, image guided, local drug 
delivery, J. Control. Release 148 (2010) 25–33.

[59] Z. Vujaskovic, J.M. Poulson, A.A. Gaskin, D.E. Thrall, R.L. Page, H.C. Charles, J. 
R. MacFall, D.M. Brizel, R.E. Meyer, D.M. Prescott, T.V. Samulski, M.W. Dewhirst, 
Temperature-dependent changes in physiologic parameters of spontaneous 
canine soft tissue sarcomas after combined radiotherapy and hyperthermia 
treatment, Int. J. Radiat. Oncol. Biol. Phys. 46 (2000) 179–185.

[60] T. Karino, S. Koga, M. Maeta, Experimental studies of the effects of local 
hyperthermia on blood flow, oxygen pressure and pH in tumors, Jpn. J. Surg. 18 
(1988) 276–283.

[61] M.H. Gaber, N.Z. Wu, K. Hong, S.K. Huang, M.W. Dewhirst, D. Papahadjopoulos, 
Thermosensitive liposomes: extravasation and release of contents in tumor 
microvascular networks, Int. J. Radiat. Oncol. Biol. Phys. 36 (1996) 1177–1187.

[62] J.L. Foley, M. Eames, J. Snell, A. Hananel, N. Kassell, J.F. Aubry, Image-guided 
focused ultrasound: state of the technology and the challenges that lie ahead, 
Imaging Med. 5 (2013) 357–370.

[63] Y. Wu, Y. Liu, Z. Huang, X. Wang, Z. Jin, J. Li, P. Limsakul, L. Zhu, M. Allen, 
Y. Pan, R. Bussell, A. Jacobson, T. Liu, S. Chien, Y. Wang, Control of the activity of 
CAR-T cells within tumours via focused ultrasound, Nat. Biomed. Eng. 5 (2021) 
1336–1347.

[64] N. Zhang, J. Wang, J. Foiret, Z. Dai, K.W. Ferrara, Synergies between therapeutic 
ultrasound, gene therapy and immunotherapy in cancer treatment, Adv. Drug 
Deliv. Rev. 178 (2021) 113906.

[65] A.P.G. Walsh, H.N. Gordon, K. Peter, X. Wang, Ultrasonic particles: an approach 
for targeted gene delivery, Adv. Drug Deliv. Rev. 179 (2021) 113998.

[66] P. Prentice, A. Cuschieri, K. Dholakia, M. Prausnitz, P. Campbell, Membrane 
disruption by optically controlled microbubble cavitation, Nat. Phys. 1 (2005) 
107.

J. Wu et al.                                                                                                                                                                                                                                      Ultrasonics Sonochemistry 122 (2025) 107607 

22 

http://refhub.elsevier.com/S1350-4177(25)00386-4/h0055
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0055
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0060
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0060
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0060
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0065
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0065
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0070
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0070
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0075
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0075
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0075
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0075
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0080
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0080
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0080
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0085
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0085
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0090
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0090
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0095
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0095
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0100
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0105
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0105
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0110
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0110
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0115
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0115
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0115
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0120
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0120
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0120
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0125
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0125
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0130
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0130
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0130
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0130
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0135
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0135
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0135
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0135
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0140
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0140
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0140
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0140
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0140
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0140
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0140
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0140
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0145
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0145
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0145
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0150
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0150
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0150
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0155
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0155
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0160
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0160
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0160
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0165
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0165
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0165
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0165
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0170
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0170
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0170
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0175
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0175
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0175
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0180
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0180
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0180
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0185
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0185
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0185
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0185
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0190
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0190
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0190
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0195
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0195
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0195
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0200
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0200
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0200
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0205
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0205
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0205
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0210
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0210
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0210
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0215
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0215
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0215
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0220
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0220
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0220
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0225
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0225
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0225
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0225
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0230
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0230
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0230
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0230
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0235
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0235
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0235
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0240
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0240
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0240
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0245
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0245
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0245
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0250
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0250
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0250
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0255
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0255
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0255
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0255
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0260
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0260
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0260
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0265
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0265
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0265
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0270
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0270
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0270
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0270
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0275
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0275
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0275
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0280
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0280
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0280
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0285
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0285
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0290
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0290
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0295
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0295
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0295
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0295
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0295
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0300
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0300
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0300
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0305
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0305
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0305
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0310
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0310
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0310
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0315
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0315
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0315
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0315
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0320
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0320
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0320
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0325
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0325
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0330
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0330
http://refhub.elsevier.com/S1350-4177(25)00386-4/h0330


[67] V.F. Humphrey, Ultrasound and matter–physical interactions, Prog. Biophys. Mol. 
Biol. 93 (2007) 195–211.

[68] C. Fant, M. Lafond, B. Rogez, I.S. Castellanos, J. Ngo, J.L. Mestas, F. Padilla, 
C. Lafon, In vitro potentiation of doxorubicin by unseeded controlled non-inertial 
ultrasound cavitation, Sci. Rep. 9 (2019) 15581.
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