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Abstract
Ultrasound-responsive polymeric materials have received a tremendous amount of attention from scientists for several 
decades. Compared to other stimuli-responsive materials (such as UV-, thermal-, and pH-responsive materials), these smart 
materials are more applicable since they allow more efficient drug delivery and targeted treatment by fairly non-invasive 
means. This review describes the recent advances of such ultrasound-responsive polymer-based drug delivery systems  
and illustrates various applications. More specifically, the mechanism of ultrasound-induced drug delivery, typical formula-
tions, and biomedical applications (tumor therapy, disruption of blood–brain barrier, fighting infectious diseases, transdermal 
drug delivery, and enhanced thrombolysis) are summarized. Finally, a perspective on the future research directions for the 
development of ultrasound-responsive polymeric materials to facilitate a clinical translation is given.
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Introduction

“Smart” or stimuli-responsive materials can change their 
physicochemical properties in response to external stimuli. 
Various types of chemical, physical, or biochemical stimuli 
(such as pH, temperature, enzymes, ultrasound) have been 
used to affect the physicochemical properties of such smart 
materials [1, 2].

Ultrasound waves are mechanical waves with high fre-
quencies (≥ 20 kHz) that can be focused and spread through 
certain media [3]. Such waves have been used in many  
clinical applications as a non-invasive and cost-effective 
modality, including in vivo imaging [4], physiotherapy [5, 
6], cosmetics [7], and food industry [8]. Moreover, high-
intensity focused ultrasound (HIFU) can be used to gener-
ate local hyperthermia for cell ablation in targeted tissues 
[9–11]. In addition to the above implementations, increas-
ingly important applications of ultrasound waves can  

be found in drug delivery [12, 13]. This is because one of 
the most significant challenges in the development of drug 
delivery systems is how to facilitate site specificity [14, 15]. 
This challenge can be overcome with ultrasound-responsive 
carriers since this approach allows a non-toxic pathway that 
enables spatiotemporally targeted drug release [16, 17]. 
Therefore, the synergetic use of polymer-based materials 
and ultrasound has been widely used in a large number of 
biomedical applications.

Ultrasound-responsive polymeric materials have gained 
special attention since ultrasound is invasive and polymer 
materials are chemically versatile and can be biodegrad-
able. Commonly used ultrasound-responsive polymer-based 
materials include polymer-coated bubbles/emulsions (micro-
bubbles [18], nanobubbles [19, 20], nanodroplets [21, 22], 
and nanoemulsions [23]), polymer vesicles/micelles [24, 
25], and polymer hydrogels [26]. Various drugs (such as 
small drug molecules, proteins [27], and DNA [28]) can be 
delivered with the use of these ultrasound-responsive drug 
delivery vehicles. These vehicles can be used for a variety of 
applications, including tumor therapy [29], disruption of the 
blood–brain barrier [30], fighting infectious diseases, trans-
dermal drug delivery [31], and thrombolysis [32]. Herein, 
an overview on ultrasound-responsive polymer-based drug 
delivery systems is given. Thereafter, mechanisms, various 
representable formulations, and the current status of pre-
clinical and clinical applications are discussed. Finally, this 
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review is concluded with a perspective on the required future 
work to facilitate a clinical translation of these drug delivery 
systems.

Mechanism of ultrasound‑induced drug 
delivery

Despite the vast amount of research on ultrasound-assisted 
drug delivery and therapeutic applications thereof, the 
mechanism of ultrasound-induced drug delivery remains 
elusive. Nevertheless, the mechanism is likely related to 
thermal and non-thermal effects produced by ultrasound 
radiation energy. This section highlights these two effects.

The thermal effect can be defined as the transfer of acous-
tic energy to thermal energy, causing a temperature increase 
within the irradiated tissue. This leads to perturbation of the  
cell membrane and an increased permeability of the blood  
vasculature [33–35]. Such a hyperthermia approach has shown  
significant improvements in tumor therapy, with targeted 
triggered release from thermosensitive liposomes [36–39], 
microbubbles [40], or polymeric micelles [41].

The second potential mechanism for ultrasound-mediated 
drug delivery, the non-thermal effect, is primarily associ-
ated with cavitation [42]. Cavitation can occur in native 
microbubbles or cavitation nuclei such as microbubbles or 
nanobubbles [43]. It can be classified into two distinct forms 
[44, 45]: non-inertial and inertial cavitation. The former, 
non-inertial (or stable) cavitation, comprises a sustainable 
cycle of bubble expansion and contraction. This non-inertial 
cavitation can be enhanced by ultrasound-responsive agents 
(such as microbubbles, nanobubbles, nanodroplets, etc.) for 
therapeutic applications [46–48]. The second form of cavi-
tation, inertial (or transient) cavitation, refers to the violent 
collapse of bubbles along with high-speed microstream and 
the generation of free radicals [49, 50]. Ultrasound-triggered 
drug release from loaded block copolymer micelles or vesi-
cles was most probably achieved via shear stress and shock-
waves from the collapse of bubbles [42].

The cavitation activity can result in some biological 
effects including sonoporation and enhancement of vas-
cular permeability [51, 52]. The former, sonoporation, is 
a phenomenon of improved intracellular drug uptake due 
to the increased porosity and permeability of the irradiated 
cell membranes [53, 54]. This permeabilizing effect has also 
been termed as sonophoresis or phonophoresis in transder-
mal drug delivery [55, 56]. The latter, enhancement of vas-
cular permeability, is the subject of clinical and preclinical 
studies, which aim at opening the blood–brain barrier (BBB) 
in a non-destructive way [57–59]. The targeted ultrasound-
induced disruption of BBB has shown to be an effective 
approach to deliver drugs to the brain [60].

Commonly used polymeric carriers 
for ultrasound‑mediated drug delivery

Microbubbles

Microbubbles are gas-filled objects that are widely used as 
ultrasound-responsive drug carriers and contrast agents for 
many decades [61]. These microbubbles are micron-sized 
(1–10 μm) and stabilize a gas phase within a shell. The first-
generation microbubbles are unstable air-filled bubbles that 
suffer from a short storage life and therefore disappear rapidly 
from the bloodstream [62, 63]. This problem was improved 
upon with the development of the second-generation micro-
bubbles. These bubbles are filled with long-lived hydrophobic 
gases, such as sulfur hexafluoride or perfluorocarbons. The 
microbubble membrane is usually composed of surfactants, 
proteins, saccharides, or lipids [64]. These microbubbles have 
a good ultrasonic response signal and offer a good amount of 
contrast; however, it is difficult to predict and control the size 
distribution of this species during preparation. Additionally, 
the ultrasonic properties of the second-generation microbub-
bles cannot be controlled, owing to the inherent limitations  
of the membrane-forming materials (i.e., chemical modifi- 
cations are difficult to achieve). Encouragingly, various syn-
thetic and natural polymer-shelled microbubbles have emerged 
with superior advantages compared to the above second  
generation microbubbles. These polymer-shelled microbub-
bles offer the advantage of being more stable and the ability  
to carry larger amounts of payload than their lipid-coated coun-
terparts [65]. These microbubbles also allow adjustment of  
the chemical composition and the polymer molecular weight, 
which leads to accurate control of the elasticity of the shell [66, 
67]. Moreover, the polymer shell may provide microbubbles 
with an increased circulation time and a higher ligand density 
for efficient tissue targeting [68]. Therefore, these kinds of 
microbubbles have gained much attention and are promising 
materials for use in ultrasound contrast agents or as drug car-
riers (Table 1).PLA poly(lactic acid), PAH poly(allylamine 
hydrochloride), PFC perfluorocarbon, PVA polyvinyl alcohol, 
PLGA poly(lactic-co-glycolic acid), PFO-PLLA perfluoroc-
tanol-poly(lactic acid

To date, there are several methods available for preparing 
drug-loaded polymeric microbubbles: (1) co-encapsulation of 
drugs within the microbubble core [69, 70], (2) physical asso-
ciation of drugs with the polymeric shell [71], and (3) covalent 
linkage of drugs with the polymeric shell [72].

Nanobubbles and nanodroplets

Although microbubbles have been widely used (as discussed 
in the previous section), there are several disadvantages that 
need to be considered when they are used as drug delivery 
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vehicles. These disadvantages are associated with their 
relatively large size and short circulation times [78]. More 
specifically, the delivery of drugs in vasculature sites can 
be hindered because microbubbles are constrained to the 
intravascular space and are too large to exit the vasculature. 
For this reason, only endothelium region can be targeted 
[79–81]. Indeed, much smaller nanoscale-sized particles are 
required. Nanobubbles and nanodroplets with sizes smaller 
than 1 μm have been explored as alternative agents for ultra-
sound-responsive drug delivery and showed an improved 
intracellular uptake compared to micro-sized bubbles [33, 
82]. Here, it is perhaps worthy to emphasize that nanobub-
bles consist of a polymer-coated gas core, while nanodrop-
lets consist of a polymer-coated liquid core [83].

Nanobubbles are mainly prepared by sonication in the 
presence of a fluorinated gas, such as perfluorocarbons or 
sulfur hexafluoride [84]. The submicron size of the nano-
bubbles makes them suitable for drug delivery, ultrasound 
imaging, and other treatments such as cancer therapy [20, 
85]. Whereas nanodroplets are usually composed of per-
fluorocarbon (PFC) and coated materials. They are stable in 
the blood stream, showing much greater potential as drug 
carriers [86–88]. When exposed to ultrasound at targeted 
site, the PFC nanodroplets undergo an instant phase transi-
tion into gas bubbles. This process is known as acoustic 
droplet vaporization [89]. Additionally, they are relatively 
stable in the blood stream, enabling their use as an ultra-
sound-responsive drug carrier. Nanobubbles or nanodroplets 
can be suitable for drug delivery; however, the preparation of 
stable nanobubbles or nanodroplets is currently challenging 
[90–93]. Fortunately, advances in nanoemulsion prepara-
tion methods were made to overcome such limitations, as 
discussed in the next section.

Nanoemulsions

Nanoemulsions are mixtures of two immiscible liquids that 
is stabilized by amphiphilic copolymers or surfactants [94]. 
Recently, a large amount of interest has been devoted to the 
use of nanoemulsions as phase-changing contrast agents and 
in drug delivery, owing to their longer recirculation time, 

stability, and convenient preparation. For instance, Pozzo 
and coworkers exploited a polypyrrole coated PFC nanoe-
mulsions via the ouzo approach [95]. Here, core–shell PFC 
nanoemulsions with a relatively small size of 184 nm were 
obtained. These nanoemulsions provided a much lower 
sonophotoacoustic activation threshold, a characteristic that 
is useful for the development of clinically safe applications.

Airan and coworkers reported another PFC nanoemulsion 
that can be used as an ultrasound-activated wireless drug 
infusion catheter [96]. Different kinds of hydrophobic drugs 
can be encapsulated into these nanoemulsions, and the drug 
loading efficiency was increased with the hydrophobicity of 
encapsulated drugs. More importantly, all components of 
this nanoemulsion are currently widely used in clinical tri-
als; therefore, these polymeric PFC nanoemulsions might be 
a promising clinically translatable platform for ultrasound-
responsive drug delivery.

Polymeric vesicles/micelles

Polymer vesicles and micelles are generally self-assembled 
from amphiphilic block copolymers [97–99]. Polymer  
vesicles are hollow nanometer-sized spheres with a bilayer  
or interdigitated membrane and hydrophilic coronas 
[100–102], whereas polymer micelles consist of a solid 
core instead of a lumen. The stable and robust properties of 
these nanoparticles make them suitable for controlled drug 
delivery [103, 104].

A good example of an ultrasound-responsive polymer  
vesicle was reported by Du and coworkers: Polymer  
vesicles were self-assembled from a poly(ethylene oxide)-
block-poly[2-(diethylamino)ethyl methacrylate-stat-2-tet-
rahydrofuranyloxy)ethyl methacrylate] [PEO-b-P(DEA-stat-
TMA)] block copolymers. These vesicles were responsive to 
both physical (ultrasound) and chemical (pH) stimuli [105]. 
Ultrasound irradiation of the polymer vesicles induced a  
significant reduction in vesicle size, as a result of the fast 
disruption and re-self-assembly of vesicle membrane. 1H 
NMR analysis indicated that a physical rather than chemical  
process occurred during this rearrangement process. Moreo- 
ver, these dually responsive vesicles can encapsulate anti- 

Table 1   Various polymer-
shelled microbubbles as drug 
carriers

PLA poly(lactic acid), PAH poly(allylamine hydrochloride), PFC perfluorocarbon, PVA polyvinyl alcohol, 
PLGA poly(lactic-co-glycolic acid), PFO-PLLA perfluoroctanol-poly(lactic acid) 

Shell composition Gas core Size range (μm) Fabrication Method Ref.

PLA Air 1–2 Double emulsion technique [73]
PAH and albumin PFC 5–20 Layer-by-layer coating [74]
PLA N2/oil 2–3 Premix membrane emulsification [75]
PVA Air 3–4 Cross-linking reaction at the air/water 

interface
[76]

PLGA PFC 0.8–0.9 Double emulsion technique [69]
PFO-PLLA Air 2–5 Emulsion–evaporation technique [77]
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cancer drugs during self-assembly and showed controlled 
drug release behavior when subjected to ultrasound radiation 
or when the solution pH was reduced. This study shows the 
development of an ultrasound-responsive polymer vesicle  
for controlled drug release; however, unfortunately, the 
underlying mechanism of the controlled ultrasound respon-
siveness remains unclear. In the subsequent studies from the 
same group, Yang et al. unveiled a new insight into the origin 
and the key regulating factors of the ultrasound responsive-
ness of the polymer nanoparticles [106, 107]. They demon-
strated that the intrinsic ultrasound responsiveness thermo-
dynamically originates from metastable states: Sonication 
can accelerate the response rate by promoting hydrophobic 
chain movement to a more stable state. In particular, meta-
stable polymer vesicles with good ultrasound responsiveness 
can be achieved when the self-assembly temperature (Ts) is 
around (or slightly below) the glass transition temperature 
(Tg) of the hydrophobic segment of the used block copoly-
mers. Additionally, the response rate of such metastable 
vesicles can be enhanced by raising the sonication tempera-
ture (Tu). Interestingly, solid polymer micelles, and vesicles 
at stable state, are not ultrasound sensitive (Fig. 1). This 
finding is important since it lays a foundation for the judi-
cious design of the next-generation ultrasound-responsive 
drug delivery vehicles.

In another group, Zhou and coworkers designed an ultra-
sound-responsive ultrathin multiblock copolyamide vesicle 
[108]. Different from the fast disruption and rearrangement 
of the polymer vesicles discussed in the previous section, 
these copolyamide vesicle membranes are disturbed by soni-
cation, leading to the release of encapsulated hydrophobic 
drugs. The authors attributed this ultrasonic responsive 
behavior to the disruption of intermolecular hydrogen bonds 
within the vesicles.

In addition to polymer vesicles, ultrasound-responsive 
polymer micelles have also received a considerable amount 
of attention. Zhao and coworkers prepared a poly(ethylene 
oxide)-block-poly(2-tetrahydropyranyl methacrylate) 
(PEO-b-PTHPMA) block copolymer that could sponta- 
neously form micelles with a PTHPMA core and PEO 
corona in water [109]. HIFU irradiation induced the con-
version of the hydrophobic THPMA units into hydro-
philic methacrylic acid groups (Fig. 2a). This led to the 
disruption of the polymer micelles and to the release of 
their molecular cargo (Nile red). Building upon this find-
ing, Xuan et al. reported ultrasound-responsive micelles 
by introducing a HIFU-labile THPMA units into the 
core-forming block [110]. Hydrolysis of the PTHPMA 
made this block copolymer more hydrophilic, which in 
turn increased the LCST of the thermo-responsive pol-
ymer from 25 to 42  °C. Consequently, these polymer 
micelles disassembled when exposed by HIFU irradiation  
(Fig. 2b).

Xia and coworkers further developed central disulfide 
and mechano-labile ester bond-based ultrasound-responsive 
mechanophores [111, 112]. Disulfide bonds were included 
in the polymer as reduction-responsive groups, and the ester 
bonds could be hydrolyzed with HIFU irradiation. There-
fore, these copolymer micelles were responsive to both redox  
agent and physical stimulus (HIFU irradiation). However, 
it should be noted that the release of the pyrene payloads 
was more efficient under HIFU irradiation, compared to the  
redox-induced release. These studies established the ultra-
sound-responsive copolymer micelles based on mechano-
labile ester bonds; however, the effect of ultrasound on 
disulfide bonds, and whether this cleavage is suitable for 
in vivo applications, has not yet been studied in depth.

Fig. 1   Illustration of ultra-
sound responsiveness of block 
copolymer nanoparticles (dif-
ferent colors represent different 
nanoparticles). The initially 
presented thermodynamic state 
of the nanoparticle dictates 
the ultrasound responsiveness. 
Regulating factors are the Ts 
and solvent. The ultrasound 
responsive rate is dictated by 
the Tu; a higher temperature 
leads to a faster response rate. 
Reproduced with permission 
from [106]
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Polymeric hydrogels

Polymeric hydrogels are micron-sized cross-linked networks 
capable of absorbing large amounts of water [113]. The pre-
viously described ultrasound-responsive polymeric carriers 
are generally used to load small molecule drugs, whereas 
three-dimensional polymeric hydrogels are promising as 
delivery systems of biomacromolecular drugs (such as pro-
teins [114], antibodies [43], or oligonucleotides [115, 116]).

For example, Mooney and coworkers reported a self-healing  
cross-linked hydrogel capable of ultrasound-triggered drug 
release [26]. These hydrogels were prepared from alginate 
cross-linked with Ca2+. It was shown that ultrasound does 
not permanently damage the hydrogel structure but enables 
the release of drugs. Furthermore, another chitosan trip-
olyphosphate cross-linked ionic hydrogel was evaluated and 
showed similar characteristics in the same study. In another 
group, Yamaguchi et al. developed a synthetic hydrogel as 
an ultrasound-responsive protein carrier [27]. This supramo-
lecular polymeric hydrogel is cross-linked with a host–guest 
interaction of β-cyclodextrin and adamantine. This mate-
rial is more susceptible to low-energy ultrasound than 
chemically cross-linked hydrogels. Here, ultrasound causes 
mechanical stress-induced cleavage of these host–guest 
bonds and triggers the degradation of the hydrogel. These 
findings may provide important new insights for the develop-
ment of ultrasound-responsive hydrogels.

A comparative summary of various ultrasound-responsive 
polymeric drug carriers is presented in Table 2. Each car-
rier has its unique advantages (e.g., polymeric microbub-
bles are widely used as ultrasound imaging agents and can 

significantly improve ultrasound signals. Polymeric vesicles 
have improved stability and allow chemical functionaliza-
tion). However, some of these carriers suffer from certain 
limitations in terms of their size, stability, or drug loading 
capacity [121]. More in-depth studies are required to realize 
a future clinical transition.

Various biomedical application 
of ultrasound‑responsive polymeric carriers

Tumor therapy

Ultrasound waves have a deep tissue penetration ability; 
this makes them suitable for the treatment of tumor tis- 
sue in combination with ultrasound-responsive formu-
lations [122–126]. Furthermore, ultrasound can accu-
rately control the drug release rate of such materials 
[127, 128]. Recently, Du and coworkers [24] designed 
a novel ultrasound-responsive vesicle  that is based 
on the copolymer poly(ethylene oxide)-block-poly(2-
(diethylamino)ethyl methacrylate)-stat-poly(methoxyethyl  
methacrylate) [PEO-b-P(DEA-stat-MEMA)] (Fig.  3). 
These polymeric vesicles exhibit relatively high drug 
loading efficiency (21.3%) and good pH/ultrasound-con-
trolled drug release behavior. In vivo studies showed that  
the combined treatment of drug-loaded vesicles (DOX-
vesicles) with sonication could effectively suppress  
tumor growth (95% reduction in tumor mass). Here, sonica-
tion improved the accuracy of the treatment and minimized 
systematic adverse side effects in mice models (Fig. 4a).  

Fig. 2   a Ultrasound-induced 
hydrolysis of ester groups to 
form PEOx-PMAy. Reproduced 
with permission from [109]. 
b Schematic illustration of the 
amplification mechanism for 
ultrasound-disrupted block 
copolymer micelles based on 
an ultrasound-induced increase 
in the lower critical solution 
temperature (LCST) of the 
hydrophobic block. Reproduced 
with permission from [110]
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More specifically, a near-infrared fluorescent probe (indo-
cyanine green (ICG)) was used to label the vesicles.

In vivo fluorescence imaging results demonstrated that 
local ultrasound irradiation promoted the anticancer drug 
release from the vesicles and allowed the ICG to penetrate 
the tumor tissue (Fig. 4a, bottom right). Similar ultrasound-
enhanced targeting accumulation has also been demonstrated 
by other groups [130].

In other studies, Shuai and coworkers developed vari-
ous gas-filled polymeric carriers for cancer treatment [29, 
131, 132]. For example, a theranostic nanodroplet with 
encapsulated perfluoro-n-pentane (PFP), pentafluorobutane  
(PFB), and DOX (PFP/PFB/DOX-PPEHD) were used for 
imaging and as an anticancer drug vehicle [129]. Such pH- 
responsive nanodroplets have a size of 178 nm during circu- 
lation and expanded to 437 nm when exposed to the acidic 
tumor microenvironment. This size increase would lower 

Table 2   Comparison of ultrasound-responsive polymeric drug carriers

Carriers Size range Particle distribu-
tion

Drug loading efficiency Ultrasound imag-
ing

Disadvantages Ref.

Hydrophilic Hydrophobic

Microbubbles/
nanobubbles

1–10 μm/0.1–1 μm Polydisperse Low Moderate Possible Polydispersity, 
lack of long-
term stability

[20, 85, 117]

Nanodroplets 200–1000 nm Monodisperse Moderate High Possible upon 
activation

Different activa-
tion efficiency

[88, 118]

Nanoemulsions 100–500 nm Monodisperse Moderate High Possible upon 
activation

Phase shift is 
required

[33, 95]

Vesicles 100–600 nm Monodisperse High High Not applicable Some are not 
biodegradable

[108, 119]

Micelles 10–100 nm Monodisperse Low High Not applicable Responsive to 
high intensity 
ultrasound

[109, 110, 120]

Hydrogels Not applicable Not applicable High High Not applicable Only act as a 
depot

[27, 116]

Fig. 3   Illustration of ultrasound-
responsive DOX vesicles for 
controlled drug delivery in 
tumor cells. Both external 
tumor site sonication and pH 
reduction in the late endosome 
can promote rapid drug release. 
Reproduced with permission 
from [24]
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the vaporization threshold of the encapsulated PFC. Local  
heating of these expanded nano-objects led to the conversion  
from nanodroplets-to-echogenic bubbles at the tumor site. 
Subsequent low frequency ultrasound irradiation (LFUS, 
1 MHz) induced deep tissue chemotherapy by releasing the 
molecular cargo. Mice treated with PFP/PFB/DOX-PPEHD/
LFUS( +) showed strong DOX fluorescence throughout the 
tumor area (Fig. 4b). The pH-induced morphological tran-
sition was also applied in other works where ultrasound-
sensitive vesicles were used for deep tissue-penetrating drug 
delivery and effective cancer therapy [133].

Disruption of blood–brain barrier

The BBB is a specialized blood vessel wall structure that is 
formed from densely packed brain endothelial cells [134, 
135]. It is a significant barrier in the body that only allows 
the uptake of small lipophilic drugs and, therefore, pre-
vents most therapeutic drugs (and toxic compounds) from 

entering the central nervous system [60, 136, 137]. Non-
invasive focused ultrasound has been exploited to open the 
BBB in a targeted manner. It has been well documented 
that ultrasound treatment in combination with microbubbles 
holds a significant promise for shuttling large therapeutic 
molecules (such as antibodies, growth factors, and nano-
medicines) across the BBB [138–141]. For example, Davies 
and coworkers reported a polymer-stabilized microbubble 
for brain-targeted drug delivery [142]. The model fluores-
cent dye NR668 was used in this study to explore the release 
and delivery behavior of this microbubble. In vivo studies 
demonstrated, with the assistance of focused ultrasound, that 
these self-assembled microbubbles were able to cross the 
BBB via transcytosis.

In addition to microbubbles, nanodroplets with a rela-
tively smaller size, ranging between 200 and 500 nm, have 
also been used with focused ultrasound-induced BBB 
opening [143]. Phase shift nanodroplets with PEGylated 
PLGA-based shell and liquid perfluoropentane cores were 

Fig. 4   a Antitumor effects 
in vivo. Top: tumor growth 
curves, body weight changes 
during treatment; bottom: 
representative photographs of 
tumors after treatment, and 
in vivo fluorescence imaging of 
nude mice bearing HeLa tumors 
after treated with free ICG, 
ICG vesicles, and ICG vesicles 
with sonication. Reproduced 
with permission from [24]. b 
Deep tissue penetration. Left: 
schematic illustration for the 
LFUS-promoted DOX release 
in deep tissue penetration; 
right: confocal laser scanning 
microscopy (CLSM) observa-
tion of frozen tumor sections 
of mice C6 glima obtained 2 h 
after LFUS irradiation in mice 
receiving DOX-containing 
nanodroplets. The red and green 
fluorescence were attributed to 
DOX and fluorescein isothiocy-
anate (FITC) labeling of tumor 
blood vessels. Reproduced with 
permission from [129]
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designed to disrupt the BBB in rat models [144]. Signifi- 
cant extravasation of Evan’s blue and satisfied biosecurity 
can be achieved at the acoustic pressure of 1.0 MPa. Moreo-
ver, these nanodroplets showed enhanced focused perfor-
mance and high precision on BBB opening compared to 
lipid microbubbles.

Fighting infectious diseases

Ultrasound has great potential for the treatment of infec-
tious diseases, especially when limited resources are avail-
able [145]. Abdominal [146], gastrointestinal [147], lung 
[148], and intrauterine ultrasound imaging [149] are widely 
used for the screening of clinical infectious diseases. Addi-
tionally, with the development of nanotechnology-based 
drug delivery systems, ultrasound-induced drug delivery 
has shown much potential against bacteria, biofilms, patho-
genic viruses, and other microbial diseases [150, 151]. For 
instance, Ma et al. prepared PLGA-based antifungal nano-
particles which were loaded with amphotericin B via the 
double emulsion method. LFUS irradiation (42 kHz) com-
bined with these loaded nanoparticles significantly enhanced 
the antifungal efficiency on C. albicans. In another group, 
Stoodley and coworkers, developed a drug delivery poly-
mer matrix that was prepared from a poly(2-hydroxyethyl 
methacrylate) (PHEMA) hydrogel. This gel was coated  
with ordered methylene chains that formed an ultrasound-
responsive outer layer [152]. This hydrogel could retain the 
drug ciprofloxacin and a significant drug release occurred upon  
low-intensity ultrasound irradiation. It was shown that this 
material could be used to significantly reduce Pseudomonas 
aeruginosa biofilm accumulation.

Other kinds of infectious diseases that are hard to treat are  
parasitic infections in the central nervous system. Polymeric 
nanoparticles have shown to be effective for the treatment 
of such diseases [153, 154]. As discussed in “Disruption of  
blood–brain barrier” section, ultrasound-responsive poly-
meric carriers are able to deliver drugs across the BBB  
[30]. This treatment method could also be used as a potential 
new treatment strategy for brain infectious diseases, leading 
to enhanced drug accumulation and bioavailability in the 
central nervous system.

Transdermal drug delivery

The applicability of ultrasound to deliver therapeutic car-
gos through the skin is referred to as sonophoresis [155, 
156]. There are two types of sonophoresis that can de 
distinguished based on the applied frequencies: Low- 
frequency sonophoresis utilizes frequencies within the range 
of 20–100 kHz, and high-frequency sonophoresis utilizes 
frequencies within the range of 0.7–16 MHz [157]. Sono-
phoresis is more efficient when performed at low ultrasound 

frequencies. In the early 1990s, Tachibana et al. reported the 
application of low-frequency (48 kHz) ultrasound-enhanced 
transdermal transport of lidocaine and insulin across hair-
less rat skin in vivo [158, 159]. The blood glucose levels 
decreased more rapidly for the groups treated with low-fre-
quency (34 ± 11.9%) compared to the high-frequency groups 
(22.4 ± 3.9%), after 120 min of ultrasound exposure. Langer 
and coworkers found that low-frequency sonophoresis is 
more effective because it enhances skin permeability [160]. 
Medicines, including low molecular weight therapeutic drug 
(corticosterone) and high molecular weight proteins (insulin,  
interferon γ and erythropoietin), could be successfully deliv- 
ered across the skin with low-frequency ultrasound of 
20 kHz.

In addition to sonophoresis, ultrasound-responsive carri-
ers with controlled drug release have their own advantages in 
transdermal delivery. Huang et al. fabricated an ultrasound-
responsive transdermal drug delivery system by embedding 
diclofenac sodium-loaded polyester microcapsules into a 
hydrogel patch [161]. Here, ultrasound can be used to trigger 
the release of drug and aid efficient skin penetration. Further 
ex vivo and in vivo transdermal drug release studies demon-
strated that improved and controlled transdermal delivery of 
diclofenac sodium was achieved. In another group, Vittorio 
and coworkers designed an ultrasound-responsive PLGA 
microplate that was loaded with curcumin and allowed the 
on-demand drug release [162]. Both high-frequency and 
low-frequency ultrasound could be used to release the encap-
sulated drugs; however, longer radiation times were required 
for the latter to achieve the same amount of released drug. 
This approach might be applied in the fabrication of trans-
dermal drug delivery system, but more in vivo studies need 
to be performed to further develop this emerging technology.

Additionally, recent improvements in physical permeation 
enhancement technologies (i.e., electroporation, iontophore-
sis, and microneedle array patches) have led to an increased 
amount of interest in transdermal drug delivery [163–168]. It 
can be expected that the combination of ultrasound-respon-
sive polymeric formulations with these advanced technolo-
gies might further enhance transdermal drug delivery [156, 
169]. The synergistic combination of microneedles with 
ultrasound-responsive drug carriers has been reported in 
2020: Lim and coworkers utilized an ultrasonically and ion-
tophoretically enhanced transdermal delivery platform that 
allowed rapid and localized drug delivery [170]. This plat-
form consisted of hyaluronic acid microneedles that showed 
an increased dissolution rate under ultrasonic stimulation 
(1.7 MHz), or under continuous exposure of an electric field. 
Their data show that this exposure allowed the positively 
charged Rhodamine B to efficiently penetrate a tissue mim-
icking gelatin gel. Therefore, such a synergistic combination 
strategy is expected to yield a promising platform technol-
ogy for transdermal drug delivery systems.
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Enhanced thrombolysis

Advances in ultrasound-guided drug delivery for the 
treatment of thrombotic diseases have shown potential 
[171–175]. A novel urokinase-loaded nanogel was designed 
for ultrasound-triggered thrombolysis [176]. In this study, 
the clinical available urokinase-type plasminogen activator 
(uPA) [177, 178] was encapsulated into the hollow nanogels 
formed by poly(ethylene glycol) crosslinked glycol chitosan 
(Fig. 5a). The authors demonstrated that these uPA-loaded 
nanogels have a prolonged lifetime compared to free uPA. 
Fast uPA release from the nanogel could safely be achieved 
with an ultrasound diagnostic frequency of 2 MHz. Addi-
tionally, the thrombolysis rate of blood clots can be effi-
ciently accelerated.

In another study, poly(isobutyl cyanoacrylate) (PIBCA) 
microbubbles with different polysaccharide coatings were 
fabricated via a one-pot polymerization protocol (Fig. 5b) 
[179]. Among these various microbubbles, fucoidan-func-
tionalized microbubbles (fucoidan-MBs) exhibited high 
affinity to P-selectin, an adhesion molecule that is espe-
cially expressed at thrombus sites. This feature enabled 
the fucoidan-MBs to reach the thrombus efficiently and to 
achieve real-time diagnosis of the thrombus site. The local-
ized fucoidan-MBs degraded by exposure to a destructive 
pulse, indicating that these fucoidan-MBs are a promising 
theranostic platform for thrombolysis treatment when incor-
porated with antithrombotic or fibrinolytic drugs. Further 
exploration of such thrombolytic therapy is required to proof 
the efficiency of this promising concept.

Conclusion and perspective

Recent advances in ultrasound-responsive polymer-based 
drug delivery systems are summarized in this review. The 
mechanism of ultrasound-assisted drug delivery is high-
lighted, and biomedical applications in cancer therapy, dis-
ruption of BBB, fighting infectious diseases, transdermal 
drug delivery, and thrombolysis are discussed. Commend-
able achievements have been made, but there are impor-
tant problems that need to be resolved to make ultrasound-
responsive polymeric carriers suitable for potential clinical 
application:

(1)	 Ultrasound-responsive formulations might be a prom-
ising clinical tool for the treatment of lung diseases 
such as coronavirus disease 2019 (COVID-19). It is 
encouraging that the use of lung ultrasound has been 
demonstrated to be an accurate imaging modality 
to detect pulmonary and pleural conditions [180]. 
Moreover, ultrasound imaging is a cost-effective, 
non-invasive diagnose tool. This method is especially 

suitable for pregnant women since it protects the fetus 
from radiation exposure [181]. Additionally, antiviral 
drugs or antigens can be encapsulated within polymer- 
based materials and be delivered to the lung site. 
Indeed, this concept could become a new potential 
platform for the clinical treatment and vaccine devel-
opment of COVID-19.

(2)	 More biodegradable ultrasound-responsive polymeric 
materials should be developed. Compared to the lipid-
based materials discussed elsewhere [182], polymer-
based ultrasound-responsive materials may be more 
versatile drug delivery platforms. This is because 
these polymeric materials have a greater stability and, 
additionally, chemical modification can more easily be 
realized. However, ultrasound-responsive polymeric 
materials are still relatively underdeveloped in terms 
of drug delivery. Particularly, there are only a few stud-
ies regarding ultrasound-responsive polymer vesicles/
micelles; future efforts should be made for designing 
and developing such delivery vehicles. Encouragingly, 
in terms of biomedical applications, recent new insights 
show that block copolymer nanoparticles in metasta-
ble states can possess excellent ultrasound responsive-
ness [106]. This principle can be used in the design 
of ultrasound-responsive copolymer assemblies and 
might provide more options for the clinical translation 
of these polymeric nanomaterials.

(3)	 Future studies should be focused on enhancing the ther-
apeutic effect and the development of a theranostic plat-
form. For instance, incorporation of sonosensitizers to 
these ultrasound-responsive polymeric systems can fur-
ther improve the therapeutic effect; this is also known 
as sonodynamic therapy [183–185]. In this treatment, 
sonosensitizers can be activated by low-intensity ultra-
sound irradiation and generate reactive oxygen species 
(ROS) to induce oxidative damage to targeted tumor 
cells [186–188]. Additionally, ultrasound is strongly 
attenuated by bone tissue. This further limits the ability 
of ultrasound imaging to provide physiologically spe-
cific functional information. For this reason, it is better 
to combine ultrasound-assisted drug delivery systems 
with other imaging modes, such as magnetic resonance 
imaging [189, 190] or photoacoustic imaging [191].

(4)	 Ultrasound-responsive materials have shown positive 
prospects in drug delivery; however, their safety should 
also be considered. For example, ultrasound waves can 
induce DNA damage that can lead to various cancer 
cell lines [192]. Therefore, more extensive preclinical 
studies are required to justify the use of ultrasound for 
treatment. Required preclinical analyses include geno-
toxicity, mutagenicity, carcinogenicity, and degrada-
tion assessments. Additionally, the parameters used 
for ultrasound exposure should be carefully optimized 
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to maximize the drug release rate from ultrasound-
responsive polymeric carriers, while avoiding damage 
to healthy tissue.

To conclude, despite the recent developments in the 
design, synthesis, and application of ultrasound-responsive 
polymeric carriers, the bench-to-bedside translation is still 
under development. Future research should be focused on the  

design of more advanced ultrasound-responsive polymer-
based drug delivery systems, as well as the exploration of the  
interaction between these materials and living bodies.
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Fig. 5   Ultrasound-responsive polymeric carriers for the treatment 
of thrombotic diseases. a Synthesis of ultrasound-responsive uPA-
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with permission from [176]. b Overall schematic diagram of the one-

step protocol for microbubble preparation and their subsequent use 
as molecular ultrasound contrast agent. Reproduced with permission 
from [179]
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