7® ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online
View Journal | View Issue

MINIREVIEW

Ultrasound meets the cell membrane: for

{ M) Check for updates ‘
enhanced endocytosis and drug delivery

Cite this: Nanoscale, 2023, 15, 13532

Zihao Wen,{ Chen Liu,} Zihao Teng, Quanyi Jin, Zhihuan Liao, Xuan Zhu* and
Shuaidong Huo (2 *

Endocytosis plays a crucial role in drug delivery for precision therapy. As a non-invasive and spatiotem-
poral-controllable stimulus, ultrasound (US) has been utilized for improving drug delivery efficiency due
to its ability to enhance cell membrane permeability. When US meets the cell membrane, the well-known
cavitation effect generated by US can cause various biophysical effects, facilitating the delivery of various
cargoes, especially nanocarriers. The comprehension of recent progress in the biophysical mechanism
governing the interaction between ultrasound and cell membranes holds significant implications for the
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broader scientific community, particularly in drug delivery and nanomedicine. This review will summarize
the latest research results on the biological effects and mechanisms of US-enhanced cellular endocytosis.
Moreover, the latest achievements in US-related biomedical applications will be discussed. Finally, chal-
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1. Introduction

Endocytosis is a fundamental cellular process that permits the
internalization of extracellular molecules and particles,
playing an integral role in numerous physiological functions,
including nutrient uptake, signal transduction, and immune
defense."” Endocytosis has been widely studied in the field of
pharmaceutics to achieve better therapeutic effects with
enhanced endocytic intracellular drug delivery.® Due to the
selective expression of certain endocytic receptors involved in
specific cells, drugs and target molecules attached to these
receptors can increase drug uptake in targeted tissues or cells
and reduce off-target effects." Meanwhile, endocytosis can
shield drugs from degradation by extracellular enzymes and
enhance their stability during blood circulation, which can
also be utilized to improve drug bioavailability by facilitating
the transport of drugs across biological barriers.”® In the
clinic, aiming at ameliorating the pharmacokinetics of the
drugs, reducing the frequency of dosing and improving patient
compliance, modulation of endocytosis can be achieved by
affecting extracellular signaling and receptor expression.’
Therefore, optimizing the conditions of endocytosis has been
of great interest for its positive impacts on the efficacy of the
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lenges and opportunities of US-enhanced endocytosis for biomedical applications will be provided.

drug.®® However, conventional drug delivery strategies lack
valid modulation of the endocytic pathway and tend to be
accompanied by inefficient cellular internalization.®
Emerging exogenous stimuli such as light, magnetic or elec-
tric fields, and ultrasound (US) are extensively studied to
improve endocytosis efficiency and treatment benefits. Light
offers precise spatial and temporal control. Although it can
penetrate human tissues with minimal damage, capacitating
their in vivo applications, the penetration depth is limited by
light scattering and tissue absorption."’ Magnetic fields are
known for their non-invasive, remotely controlled focus on
specific areas and for enabling high spatial resolution cell
sorting and imaging. The disadvantages of magnetic fields are
their drastic decrease in effectiveness with distance and the
biocompatibility concern regarding magnetic materials.'?
Electric fields interrupt the cell membrane integrity or result
in electroporation by bombarding charged particles that can
promote cellular uptake and transport. Still, the distribution
and penetration of electric fields in complex tissue structures
are often limited.’® Compared to the stimulation tools men-
tioned above, US is an excellent source of exogenous stimu-
lation for cargoes’ intracellular delivery due to its biosafety,
deep tissue penetration, non-invasiveness, and precise spatio-
temporal control.'*'® This technique harnesses high-fre-
quency sound waves to induce expansion-collapse of micro-
bubbles (MBs) in solution, known as cavitation."””'® US-gener-
ated mechanical effects, such as microstreaming and shear
forces, alter the physical properties of cells and extracellular
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matrixes, create transient pores in cell membranes, and
promote drug uptake; such a phenomenon is called
sonoporation.””* On the one hand, sonoporation forms
membrane pores that result in a direct inward drug flow and
affects the ion pumps on the membrane surface to reduce its
outward drug excretion.”” On the other hand, the artificial
addition of microbubbles can lower the threshold of US-
induced cavitation, thus enhancing the efficiency and posi-
tively influencing the endocytic behavior of cells.>® Cell mem-
branes are the cellular structures that are most vulnerable to
and interact with US. The mechanical pressure exerted by the
US significantly affects the morphology and fluidity of the cell
membrane via interruption of lipid and protein movement
and organization. At the same time, the membrane potential
is altered upon exposure of ion channels and cytoskeletons to
mechanical forces. These membrane changes effectively
enhance the internalization of extracellular substances by cells
and play a key role in applications such as drug delivery.>**

In this review, we summarized the biophysical changes of
US-exerted impacts on cell membranes and mechanisms
during sonoporation-mediated cellular endocytosis (Fig. 1).
Moreover, recent progress in studying sonoporation-provoked
bioeffects for delivering active ingredients to overcome severe
diseases is highlighted. Finally, the challenges and opportu-
nities of US-enhanced drug delivery for biomedical appli-
cations and the remaining gaps in related mechanistic
research are discussed.
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2. Mechanisms involved in
US-enhanced endocytosis

The US-induced sonoporation effect contributes to increased
cellular endocytosis of foreign substances. In this section, we
discuss the current mechanisms of US-induced physico-
chemical changes in cell membranes, such as the formation
and repair of cell membrane pores, the variation of ion chan-
nels of the membrane, etc. (Table 1).

2.1. US-induced membrane perforation

Cell membranes are vulnerable to injuries under extreme
physical and chemical environments induced by cavitation,
including physical disruption of the morphology, chemical
erosion of components, high-temperature melting of mem-
branes, and oxidative stress.>> The heat generated by US is
claimed to increase drug endocytosis by modulating mem-
brane permeability, especially in multidrug-resistant cancer
cells.***” Among them, the most significant damage is from
forming membrane pores. Thus, investigating the exact sizes
of membrane pores is a starting point for understanding the
mechanism. Previous research using scanning electron
microscopy (SEM) has allowed the observation of irregular
membrane pores ranging from a hundred nanometres to a few
micrometers in diameter.”®*° Khayamian et al. applied SEM
and confocal imaging to observe membrane pore formation in
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Fig. 1 Schematic illustration of biological effects and mechanism behind US meets the cell membrane, including US-induced membrane perfor-
ation, endocytosis pathway regulation, ion channel variation, and cytoskeleton depolymerization, for enhanced endocytosis and drug delivery.
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Table 1 Ultrasound with different parameters induced cell membrane variation of multiple cell types
Ultrasound parameters (frequency,
Cell type intensity, exposure duration) Characteristics Ref.
Rat mammary carcinoma cells; human Frequency (20 Hz-16 MHz) Ultrasound-induced membrane pores range froma 28,
embryonic kidney cells; bovine endothelial hundred nanometres to a few micrometers in 29
monolayer cells diameter
HUVEC cells; MCF-7 cells Frequency (20 kHz), intensity (0.9 Different cell mechanical flexibility shows diverse 30
and 1.8 W cm™?) sonoporation
MCF-7 cells Frequency (1 MHz); intensity (0.9 Membrane pore size was related US exposure times 31,
and 1.8 W cm™2); exposure dur- and sound pressures 32
ation (5-60 s)
Rat cardio myoblast (H9c2) cells; HeLa cells ~ Frequency (1 MHz; 1.5 MHz) Ca®" is a factor in membrane repair 33,
34
Xenopus oocytes Frequency (1.06 and 0.96 MHz) The rate of repair correlates with Ca>* 35,
concentration 36
Breast cancer cells (SK-BR-3) Frequency (40 kHz); exposure MB-produced significantly greater cell membrane 47
duration (10-30 s) porosity
Mammary breast cancer cells (MDA-MB-231)  Frequency (1 MHz); exposure Microbubbles’ oscillations under ultrasound 51

duration (2-20 s)
HelLa cells; K562 cells
duration (20 s-60 s)
Endothelial cells
2.1 Wcem™?)
Neuron cells

Mouse primary cortical neurons;
mammalian cells
Nerve cells

Human melanoma cells (BLM cells)
duration (30 s)

ZR-75-30 human breast carcinoma cells
B16 melanoma cells

Frequency (1 MHz)

duration (20 min)
MCEF-7 cells, CT4 cells

two cell lines (HUVEC and MCF-7) at different US intensities
(0.9 and 1.8 W ecm™) (Fig. 2A).>° Factors affecting the mem-
brane pore size are complex and varied, of which US para-
meters are considered crucial, and longer US exposure times
and higher sound pressures will worsen membrane destruc-
tion.>" For instance, Qiu et al. showed that the pores on the
membrane became severely irrecoverable with increasing dur-
ation and intensity of the US, ranging from 150 nm to 1 pm.*?
They also proposed a significant positive correlation between
membrane pore sizes and inertial cavitation doses (ICDs).
US-mediated pore formation promotes the free flow of
various ions through cell membranes, particularly extracellular
Ca®". Several researchers have investigated the roles of ions in
membrane resealing after US treatment, and the concentration
of Ca** is found to be a vital membrane repair factor.**** Zhou
et al. found that the rate of membrane recovery decreased with
Ca”" concentration and completely ceased in the absence of
Ca®*. The minimum concentration threshold for successful
membrane repair was reported to be 0.54 mM.>*> Conversely, in
the presence of extracellular Ca®", the cell membrane reseals
more rapidly.*® For other organelles, Ca>* affects calcium-depen-
dent proteins and the cytoskeletons and stimulates the self-
fusion of plasma membranes or lysosomes, all essential for cell
membrane repair.’” Moreover, Ca>* will also affect cholesterol-
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Frequency (1 MHz); exposure
Frequency (1 MHz), intensity (3 or
Frequency (300 or 670 kHz)
Frequency (1, 2, or 7 MHz)
Frequency (0.5 or 2 MHz)

Frequency (1 MHz); exposure

Frequency (1.5 MHz); exposure

Frequency (100 kHz-1 MHz)

activation could modulate ionic transports

Permanent depolarization triggers programmed cell 52,
death 54
Ultrasound-induced Ca®" transiently passed 58
through TRPV4 channels

The US affects calcium-selective mechanosensitive 59
ion channels (TRPC1, TRPP2, and TRPM4)

US-sensitive channel hsTRPA1 60

Ultrasound-influenced Piezo-1 channels for calcium 62,
influx 63
Membrane deformation of microbubbles may 75
trigger endocytosis by mechanical stimulation of

the cytoskeleton

Disruption of actin cytoskeleton organization 76
A Rab5-Rac1 pathway involved ultrasound-mediated 77
endocytosis and cell motility

A kinetic model of the cancer cytoskeleton at low 79
frequencies

rich cell membrane compartments and trigger their spon-
taneous vesicles, leading to the formation of endocytic vesicles,
which will in turn enhance the efficiency of cellular uptake.*®
The extent of membrane damage by US is then considered
relevant to the success of membrane repair. The self-repair of
membranes is a crucial aspect of US-enhanced endocytosis,
and it maintains the homeostatic balance of the cell while
avoiding the entry of harmful substances and unwanted ions
into the cell. Membrane repair mainly consists of endocytosis-
induced membrane repair’® and exocytosis-linked vesicular
patching,*® Endocytosis is responsible for removing damaged
cell membranes, while exocytosis rebuilds new cell mem-
branes, restoring the intact morphology and mechanical pro-
perties of the plasma membrane.*' Endocytosis is considered
to repair membrane pores in minor damage, but extensive
membrane damage requires exocytosis and lysosomal plaques
for reconstruction.*” Some researchers found that only holes
smaller than 0.2 pm can be successfully resealed.”? Still, a
study by Hu et al revealed that membrane perforations
<30 pum’ repaired themselves within 1 minute after US treat-
ment, whereas membrane perforations >100 pm” remained
damaged for half an hour. In addition, the time of resealing
the membranes determined the viability of the cells after US.
Another publication indicated that only cells with pores that

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Representative studies of the US-mediated cell membrane variation: phenomena and mechanism. A. SEM images and confocal microscopy
imaging after US stimulation of cells, showing damage (yellow arrow in left) and repair (right) of cell membranes. Reproduced from ref. 30 with per-
mission from Elsevier 2018 and ref. 44 with permission from Elsevier 2013. B. US-induced pore and cavitation at different microbubble-membrane
distances (D/d). The effective range of cavitation on the membrane porosity D/d = 0.75. Reproduced from ref. 49 with permission from Elsevier
2012. C. Molecular pathway illustration of US-activated mechanosensitive ion channels (TRPP1/2, TRPC1 and Piezol). Reproduced from ref. 59 with
permission from Springer Nature 2022. D. Mechanism of actions of hsTRPA1 exposed to US in which the N-terminal tip, actin cytoskeleton and
cholesterol increase intracellular calcium and c-Fos expression. Reproduced from ref. 60 with permission from Springer Nature 2022. E. Time-series
induction of actin cytoskeletal network disruption by sonoporation observed by fluorescent labelling, the white circle at O s indicates the location
where cavitation occurs and the yellow cross marker means filamentary actin loss compared to the previous time point. Reproduced from ref. 76
with permission from Royal Soc 2014. F. Live imaging of US-induced formation of actin-based circular dorsal ruffles (CDRs), and automated detec-
tion of changes in the cell membrane morphology with cytoskeletal rearrangement recorded by QuimP. Reproduced from ref. 77 with permission

from The Company of Biologists 2017.

resealed within one minute remained viable after US treatment
(Fig. 2A).** Nevertheless, it is noteworthy that non-resealing
pores do not necessarily affect cell viability,* and scientists
need more in-depth research to explain this conflict.

Although studies have shown that prolonged high-intensity
US can lead to irrecoverable damage, employing MBs is a
promising strategy that lowers the US threshold of triggering
cavitation and increases temporary porosity.*® Hence, the MBs
are another critical factor in sonoporation. On the one hand,
some researchers used fluorocarbons (C3Fg or SFy) to fill MB-
produced cell membrane porosity that would be significantly
greater than air-filled cell membrane porosity, suggesting that
droplets prone to a phase change could be more advan-

This journal is © The Royal Society of Chemistry 2023

tageous.”” On the other hand, the researchers found that large
bubbles increased the pore radius from 24.6 nm to 34.5 nm
compared to smaller ones under the same US pulse.*® Besides,
there is a need to consider both the diameter of the MBs (d)
and the distance between the MBs and the cell membranes
(D), designating the ratio between the two (d/D) as the refer-
ence indicator for the severity of the membrane damage
instead of either value alone (Fig. 2B).*

2.2. US-induced variation of membrane potentials and ion
channels

Membrane potentials are crucial in many fundamental physio-
logical processes, such as cell cycle regulation, cell volume

Nanoscale, 2023,15, 13532-13545 | 13535
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maintenance, proliferation, muscle contraction, and wound
healing.”® Notably, US treatment can also significantly influ-
ence membrane potentials.

Varying durations of membrane hyperpolarization induced
by US have been observed in different cells. In the
MDA-MB-231 cell line, Tran et al. demonstrated that hyperpol-
arization of cell membranes persists until US exposure ceases
due to the stimulation of surrounding MBs and the activation
of calcium-gated BKCa stretch channels.”’ However, perma-
nent depolarization was observed in HelLa cells,>® possibly
related to differences in membrane ion channels between cell
lines. In a separate study, Vasan et al. developed a biomechani-
cal model in HEK cells that accurately predicts the membrane
voltage during US exposure, which aligns with previously
reported data.>® Moreover, researchers have observed that per-
manent cell membrane depolarization can trigger pro-
grammed cell death.>***

The on-and-off status of membrane ion channels deter-
mines the differences aforementioned in membrane poten-
tials. The ion channels that are most vulnerable to US interven-
tion are known as mechanosensitive channels (MSCs), a large
family with many members: Piezo channels, transient receptor
potential (TRP) ion channels, large mechanosensitive channels
(MscL), and small mechanosensitive channels (MscS), etc.”*®’
For TRP channels, several studies have recently attempted to
explain their mechanism of actions under US stimulation,
such as that by Liao et al. showed that Ca®" transiently passed
through receptor potential vanilloid 4 (TRPV4) channels in
response to US stimulation and activated the PKC-5 pathway,
leading to the dissociation of connexins (ZO-1 and occlusion)
and ultimately improving BBB permeability.® And Shapiro’s
group investigated the effects of US on neurons by exciting
primary murine cortical neurons, revealing that specific
calcium-selective mechanosensitive ion channels (TRPC1,
TRPP2, and TRPM4) mediated the exciting process rather than
cavitation, which updated the understanding of the effects of
US on ion channels (Fig. 2C).>° Similar studies found that
human transient receptor potential A1 (hsTRPA1), a manipul-
able US-sensitive channel in mammalian cells, required its
N-terminal tip region to interact with cholesterol for US-
induced ion gating (Fig. 2D).°° Another family that has been
extensively studied in neuronal and brain diseases is the Piezol
family. In the mouse primary cortex, Qiu et al. investigated the
role of Piezol with the intervention of US. They showed that
heterologous and endogenous Piezol was activated, initiating
calcium influx and the expression of essential proteins such as
phosphorylated-CaMKII, phosphorylated-CREB and c-Fos.®
Utilizing Piezo1-targeting MBs could enable Ca®* ions in-flow
and sensitize N2A cells and primary cultured neurons to
respond in low US intensity, providing a safer strategy for US
neuromodulation.®® In a recent study, Zhu and colleagues have
demonstrated at the level of in vivo regulation and animal be-
havior that Piezo1 is a crucial mediator in modifying neuronal
behavior with US.*

Also, US was found to modulate potassium and sodium
mechanosensitive ion channels (channels of the two-pore-
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domain potassium family (K2P) including TREK-1, TREK-2,
TRAAK; Nay 1.5), with an average current ratio of up to 23%.%*
These mechanosensitive ion channels are also suggested to
have a different mechanism under US exposure, with a low
probability of opening without membrane tension. However,
when the membrane stretches with mechanical force interven-
tion, the shape changes of the structural proteins within the
channel are energetically favorable, tending to a channel
opening state.®

2.3. US-mediated endocytosis pathway regulation

Cell membrane proteins play a crucial role in cellular endocy-
tosis. Several endocytosis pathways are involved for materials/
cargoes to enter cells,’® and US has been reported to mainly
affect caveolae-dependent endocytosis and clathrin-coated pit-
mediated endocytosis (CME; clathrin and dynamin-depen-
dent). Current research has identified different pathways
related to proteins/acceptors that US could affect, leading to
endocytic behavior changes of cells.

In the formation and stabilization of caveolae, caveolin-1
is a key structural component. Deng et al. found that the
expression of caveolin-1 was upregulated through US com-
bined with a dose of microbubble treatment in a rat model,
which could facilitate endocytosis.®” Similar findings were
also demonstrated in human umbilical vein endothelial
cells. Pulsed diagnostic US was able to selectively activate
endothelial caveolar-mediated internalization of recombinant
glutathione-S-transferase (GST)-Tat11-EGFP fusion protein.
This effect was achieved by the phosphorylation of caveolin-1
without disrupting the integrity of the plasma membrane.
Using different molecule weights of dextran, researchers also
indicated that the upregulation of caveolin-1 significantly
enhances the endocytosis of larger cargoes (500 kDa), while
showing no significant effect on smaller molecule cargoes
(3 kDa, 70 kDa).®® In addition, colocalization of 500 kDa
dextran with clathrin was discovered through fluorescence
imaging, which supported the role of clathrin-coated pit-
mediated endocytosis after US exposure to the cardio myo-
blast cells.®® In another study, Tardoski et al. first found that
the mechanical stress induced by low-intensity US resulted
in a statistically significant increase of clathrin and
enhanced bisphosphonate uptake into MCF-7 cells after US
treatment.”” Research also revealed that US treatment signifi-
cantly improved CME, and a 37.28 + 4.0% decrease in cell
membrane transferrin receptors (TfRs) was observed.”®
Meanwhile, a 53.0 + 16.1 fold increase of the lysosomal
associated membrane protein 1 (LAMP-1) was also measured
in the intact cytoplasmic membrane, indicating that US
caused an increase in lysosomal fusion with the plasma
membrane, which may be related to the membrane repair
mechanism involving lysosomes and exocytosis mentioned
above.

Furthermore, US can down-regulate the expression of recep-
tors on the cell membrane, such as reducing the amount of
CD19 on lymphocytes or decreasing the expression of
P-glycoprotein.”"”> The former is mainly due to mechanical

This journal is © The Royal Society of Chemistry 2023
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damage caused by the cavitation effect of US, while the
latter is mainly attributed to the impact of US on the integ-
rity of intracellular genes, thus affecting the expression of
relevant proteins, increasing endocytosis or reducing drug re-
sistance. In short, US irradiation could dynamically induce
cell membrane surface protein changes, which is closely
related to US parameters and the membrane recovery
process. However, the exact molecular biological mechanisms
are not yet evident, and further in-depth research is still
needed in the future.

2.4. US-induced cytoskeleton depolymerization

Cytoskeleton fibers play a vital role in many essential intra-
cellular biological activities, such as endocytosis or exocytosis.
As a key component in maintaining cellular morphology/struc-
ture, cytoskeleton fibers are composed of microtubules, micro-
filaments, and intermediate filaments (IFs).”> During the
endocytosis process, microfilaments pull the vesicles contain-
ing the engulfed particles into the cell for transporting sub-
stances.”? Under US irradiation, shear and radiation forces are
applied to the cell membrane and inevitably impact cytoskele-
tons, leading to “cell fractures” and cytoskeleton
depolymerization."”

Numerous studies have reported cytoskeleton alteration
after US treatment. De Cock et al. observed cell membrane
deformation/breakage through real-time confocal microscopy
under US irradiation, which may be caused by reorganization/
disruption of the cytoskeleton.”> More precisely, Chen et al.
demonstrated the rapid breakdown of the F-actin network near
the perforation site by ultrasonically triggered rupture of a
single targeted MBs in the cell membrane (Fig. 2E).”°
Furthermore, with the structural tensor analysis method com-
bined with exponential decay regression, the characteristic
time for actin network breakdown was estimated to be around
a few seconds, and the velocity changes were directly related to
the cell entry rate of the sonic repair tracer. In another study,
the mechanosensitive focal adhesion (FA) protein vinculin can
sense US via cell-matrix adhesion, which could rearrange the
actin and regulate the Rab5-Racl pathway to control US-
mediated endocytosis and cell motility (Fig. 2F).”” In addition,
Jia et al. developed a spatiotemporal dynamic model of the
actin cytoskeletons based on the HUVEC cell line, and they
proposed that the kinetic process of acoustic pressure-induced
actin cytoskeleton fracture includes three stages: expansion,
contraction resealing, and recovery.”® Meanwhile, in cells with
reversible sonoporation, the dynamics of the disrupted actin
cytoskeletons would be partially synchronized with the
dynamics of the perforated plasma membrane, depending on
the size of the perforation. Similar studies developed a kinetic
model of the cancer cytoskeleton at low frequencies: cellular
dynamics, statistical mechanics of network elasticity, and “life-
and-death” dynamics were applied to describe the damage and
repair processes of the cytoskeletons, and the simplified
model was applied to theoretically predict the ablation effect
of low-frequency US on cancer cells.”®

This journal is © The Royal Society of Chemistry 2023
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3. US-enhanced cellular endocytosis
strategies for biomedical applications

US-induced sonoporation causes a complex series of physio-
logical changes in the cell membranes contributing to
enhanced endocytosis. These reversible changes can facilitate
the efficient delivery of various chemicals, biological mole-
cules, or nanocarriers. In this section, we sort and highlight
the widespread use of US in promoting the intracellular deliv-
ery of multiple types of cargoes (Table 2).

3.1. Chemical drugs and nucleic acid sequence

US-mediated drug delivery and gene transfection have been
well-established and widely used to treat various diseases. The
assistance of US can enhance the endocytosis of small mole-
cule drugs to nerve cells. Endocytosis of small molecule drugs
to nerve cells can be enhanced by US assistance. In the
Parkinson’s disease (PD) model, the intervention of US
increased the drug concentration of gastrodin and provided
optimal neuroprotection.®® Similarly, in the Alzheimer’s
disease (AD) model, US significantly enhanced the therapeutic
effect of the small molecule methylene blue, reducing
amyloid-p (AB) plaque deposition and neuronal damage within
the hippocampus.®® The combination of anti-cancer drugs
such as temozolomide® and pirarubicin® with US has also
been shown to enhance their cellular endocytosis and improve
the effectiveness of chemotherapy.

In other small molecule drug therapy models, US can
increase the drug concentration of poly hexamethylene bigua-
nide by up to 2.63 times and thus treat parasitic keratitis,** as
well as using US to promote the uptake of trehalose by red
blood cells, increasing the recovery of viable cells after lyophili-
zation and rehydration, thus enabling long-term storage of
blood.®* Besides, Aryal et al. found that the molecular weight
of chemical drugs may not be a crucial factor for endocytosis.
They observed a significant increase in the uptake of both
small (~1 kDa) and large (~155 kDa) dextran from the cere-
brospinal fluid to the perivascular space after US treatment of
rat brains (Fig. 3A).*® Similarly, another study revealed that
small (~0.6 kDa) and large molecules (~150 kDa) share similar
levels of delivery efficiency under refined parameters.®”

As hydrophilic substances with high molecular weight,
nucleic acid sequences have difficulty crossing the cell mem-
branes. Compared to other transfection methods, US exhibits
excellent transfection ability, which can significantly increase
the intracellular delivery of nucleic acids. For example, a high
level of transgene expression in combined plasmid hepatocytes
was reported. An optimized pulse sequence US condition was
applied with immunomodulation to treat hemophilia A with
mild transient liver injury.®® Similar strategies have been well
discussed in several recent reviews.*™"

3.2. Carrier-based drug delivery

With the development of nanotechnology and its beneficial
role in drug delivery, various nanocarriers have been widely
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Table 2 Ultrasound with different parameters enhanced cellular endocytosis for biomedical applications
Ultrasound parameters
(frequency, intensity, exposure
Delivery type Drug or drug carrier time) Application Ref.
Molecular Gastrodin Frequency (1 MHz); exposure FUS enhanced GAS delivery for optimal 80
time (60 s) neuroprotective effects
Methylene blue (MB) Frequency (1.1 MHz); exposure FUS/MB combination treatment reduced the 81

Temozolomide (TMZ)

Pirarubicin

Poly hexamethylene
biguanide

Trehalose
Dextran

Adeno-associated viruses
(AAVS)

Inorganic-based
nanoparticles
(Dox@L@FeHD)
Liposomes

Carrier-based
drug delivery

Micelles

Micro/nanorobots
US-responsive bacteria (URB)
Microbubble-

assisted drug
delivery

avp3-targeted MBs with a
C4F;, gas core
MBs-assisted edaravone

MBs-nanoliposomal particle
Gemcitabine (GEM) and
perfluoropentane (PFP)
loaded liposomes
Dex/PFP@LIPs-BMS-a
Proteins-loaded PFC
nanoemulsions

Genetically encoded gas

vesicles (GVs)-expressing
bacteria

time (120 s)

number of Af plaques

Frequency (200 kHz); exposure FUS-mediated disruption of BBB for an increase 82
time (210 s) of TMZ
Frequency (5 MHz) Ultrasound-triggered microbubble cavitation 83
enhanced pirarubicin concentration for
intravesical chemotherapy
Frequency (400 kHz or 600 Ultrasound enhanced corneal permeability to 84
kHz); intensity (0.5 or 0.8 W polyhexamethylene biguanide
cm™?); exposure times
(1-5 min)
Frequency (2.5 MHz) Ultrasound-mediated trehalose loading for 85
superior recovery of viable erythrocytes
FUS, frequency (650 kHz) Ultrasound enhanced small and large molecular 86,
agents into the perivascular space 87
Frequency (0.58 MHz); FUS-assisted AAVs delivery for degenerative 91,
exposure times (180 s) diseases 92
FUS FUS-induced constant temperature triggering the 94
in situ stepwise Dox release
FUS Ultrasound transiently opens the blood-brain 95,
barrier and delivers liposomes 96
Frequency (1 MHz); intensity Ultrasound-induced production of Fe** from Fc, 98
(1.5 W em™?) ‘OH, and 'O, for sonodynamic and chemody-
namic therapy
Frequency (2.66 MHz, 330-550  Ultrasound-propelled micro/nanorobots for 99,
kHz) biomedical applications 100
Frequency (960 Hz) Ultrasound-controlled expression of exogenous 101
genes by URB
Frequency (2 MHz) Internalized microbubbles facilitate ultrasound- 103
induced drug delivery through pores and tunnels
Frequency (1 Hz) FUS/MB-enhanced delivery technology for 104
amyotrophic lateral sclerosis (ALS)
Frequency (5-12 MHz) Microbubble-nanoliposomal particle effectively 105
facilitates the delivery of Cas9/sgRNA protein by
US activation for restoring hair growth
Frequency (3 MHz); intensity Ultrasonic-cavitation-based liposomes have 108
(2Wcem™) superior tumor accumulation and deep
penetration, generating effective antitumor
activity
Frequency (1 MHz), intensity LIFU responsive nano-delivery system specific 109
(0.8, 1.6, 2.4 W cm™2) delivers dexamethasone (Dex) to podocyte targets
and reduces systemic side effects
Frequency (1 MHz), intensity Ultrasound-sensitive fluoro-protein 110
(0.1-2.0 W ecm™?) nanoemulsions for on-demand cytosolic delivery
of proteins
Frequency (300, 334, 670 kHz, = GV-expressing bacteria combined with genetic 111,
3 MHz) engineering technology and US to control the 112

occurrence of cavitation and achieve accurate
drug delivery

used in disease diagnosis and treatments. US-induced sonopora-
tion has further propelled the development of various nano-
carriers for drug delivery. These sono-sensitive systems could
enhance the delivery of active therapeutic ingredients into
specific cells, such as adeno-associated viruses (AAVs), inorganic-
based nanoparticles, liposomes, micelles and micro/nanorobots.
With targeted stimulation by focused ultrasound (FUS),
recombinant AAVs are widely deployed as gene transfection
vectors for neurological disorders. Kofoed et al. systematically
compared the gene delivery effects of different AAVs combined

13538 | Nanoscale, 2023, 15, 13532-13545

with FUS. They discovered that the properties of the AAV sero-
type, the parameters of FUS and the intrinsic properties of the
target brain tissue all affect the gene delivery efficiency. This
study provides a reliable choice for designing safe and effective
gene delivery strategies.””> Furthermore, Touahri et al have
extended this approach to Miller glial cells to stimulate their
repair potential in degenerative diseases.”

In addition, the extensive application of US-responsive
materials spurred the development of inorganic-based nano-
materials, which were designed in various shapes and sizes for

This journal is © The Royal Society of Chemistry 2023
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the uptake of both small (~1 kDa) and large (~155 kDa) molecules. Reproduced from ref. 86 with permission from Elsevier 2022. B. Schematic
diagram of the synthesis of Dox@L@FeHD nanoparticles based on mesoporous silica and its progressive release under/after FUS stimulation.
Reproduced from ref. 94 with permission from Elsevier 2021. C. LIFU-mediated disruption of the BBB for selectively delivering a liposomal
LP-O®BTG-C18 derivative to the target region. Reproduced from ref. 95 with permission from Elsevier 2019. D. Schematic illustration of the
mechano-responsive leapfrog micelles (PpIX@MFc) for releasing active ingredients on demand during US irradiation for site-specific cancer treat-
ment. Reproduced from ref. 98 with permission from WILEY-VCH 2022. E. Liquid metal gallium nanomachines (LGNMs) propelled by US and actively
pierce into Hela cells. Reproduced from ref. 100 with permission from American Chemical Society 2018. F. Design of the US-responsive bacterium
(URB) loaded with the cytokine interferon-gamma (IFN-y) for enhanced antitumor effects. Reproduced from ref. 101 with permission from Springer

Nature 2022.

drug delivery. A recent publication revealed that hollow dendri-
tic mesoporous organosilica nanoparticles (HDMONSs) were
utilized to load doxorubicin (Dox) and r-menthol (LM) to
obtain a US-responsive nanoplatform Dox@L@FeHD. With an
in vivo FUS stimulation, Dox@L@FeHD exhibited a sustained
temperature of 45 °C in the target tumor region, consequently
initiating a gradual release of Dox and promoting the uptake
of drugs by tumor cells (Fig. 3B).>*

As a classic US-responsive material, liposomes could load a
variety of chemical/biological drugs to improve the blood circu-
lation time and biocompatibility. Papachristodoulou et al. con-

This journal is © The Royal Society of Chemistry 2023

firmed that a liposomal O°(4-bromothenyl)guanine (O°BTG)
derivative could be efficiently delivered under low-intensity
pulsed FUS, and then target the methyltransferase (MGMT)
and sensitize murine cells to temozolomide for prolonged sur-
vival of glioblastoma patients (Fig. 3C).”> Another liposome
coated with cleavable polyethylene glycol (PEG) and loaded
with Dox, showed excellent tumor accumulation, extravasation,
and therapeutic efficiency in exposure to US.°® In one cryotro-
pic hydrogel system, US has also been shown to disrupt
electrostatic interactions in the gel system, promoting host
dendritic cells (DCs) binding to the immunogen.®”
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Furthermore, micellar systems, as another group of com-
monly used drug delivery vehicles, demonstrated their crucial
role in US-responsive drug delivery. For example, a mechano-
responsive polymeric micellar system could achieve the release
of active ingredients on demand and enhanced delivery to
cancer cells during US irradiation. The physically encapsulated
sonosensitizer (PpIX) and covalently linked ferrocene could
produce hydroxyl radicals ("OH) and singlet oxygen (‘0,) to
cause the accumulation of lipid peroxidation (LPO) for site-
specific cancer treatment (Fig. 3D).%®

Apart from the abovementioned studies, other novel US-
assist vehicles have been reported. US-driven micro and nano-
scale robots perform better cellular internalization than
common passive nanosystems. A research group presented US-
propelled gold nanowire (Au NW) nanomotors with red blood
cell membrane-cloaked perfluorocarbon nanoemulsions
(RBO-PFC), which could penetrate the cell membranes and
deliver oxygen to cells.”® Meanwhile, Wang et al. reported a
liquid metal gallium nanomachine (LGNM), which could be
propelled by US and actively pierce HeLa cells. Such an acousti-
cally propelled rodlike machine showed great potential for
theranostics (Fig. 3E)."% US-responsive bacteria (URB) have
also been reported as a novel gene carrier that can load the
cytokine interferon-gamma (IFN-y), while can be acoustically
remote controlled by designing temperature-driven genetic
switches that enhance the anti-tumor effects of the URB
in vitro and in vivo (Fig. 3F).'*!

3.3. Microbubble-assisted drug delivery

Microbubbles (MBs), as compressible entities, can undergo
contraction, expansion, and rupture when subjected to ultra-
sonic compression, resulting in superior cavitation efficiency
and acoustic radiation. Therefore, utilizing MB-assisted nano-
systems to perturb cell membranes is a promising approach to
overcoming biological barriers and enhancing drug delivery.
To this end, gas-containing MBs, phase-change droplets trans-
formed into MBs, and genetically encoded gas vesicles are
usually used.

Gas-containing microbubbles refer to small, spherical struc-
tures that consist of a gas core encapsulated by a thin shell.
Klazina Kooiman group developed an ultra-high-speed
imaging system for the detailed information of US-responsive
MBs. The 20 Mfps interleaving timing could provide the
knowledge of MBs interacting with cells under US.'** Recently,
this group also applied the avf3-targeted MBs with a C,F,, gas
core to reveal that the MBs influenced the 3D morphology of
the endothelial cell membrane and the effects of MB internal-
ization on the oscillation threshold for cavitation and drug
delivery outcomes. The oscillation of the MBs can create both
pores and tunnels, with the former facilitating intracellular
drug delivery, and the latter enhancing both intracellular and
transcellular permeation (Fig. 4A).'® Related studies discov-
ered that FUS combined with MB could enhance the brain
delivery of edaravone and further improve the neuromuscular
functions along with rescued muscle atrophy (Fig. 4B).'**
Meanwhile, Ryu et al. designed an MB-nanoliposomal particle
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as a carrier for delivering the Cas9/sgRNA nucleoprotein
complex. When activated by the US, it efficiently facilitates
local delivery of the complex to dermal cells in hair follicles of
animals with androgenetic alopecia. Cas9/sgRNA delivered by
MB-nanoliposomal efficiently recognizes and specifically edits
target genes both in vitro and in vivo, thereby restoring hair
growth (Fig. 4C).'** Additionally, US-mediated MB destruction
(UMMD) was applied for ischemia-reperfusion injury, wound
healing and vascular bioeffects.'*®'%”

Furthermore, the acoustic droplet vaporization (ADV) effect
could enhance the mechanical force during the collapse of
cavitation MBs. Typical acoustic droplets including 2,2"-azobis[2-
(2-imidazolin-2-yl)propane]dihydrochloride (AIPH), a gas gener-
ating polymer (poly(BL-pro)), perfluoropentane and so on. In
other words, the phase-change droplets produced ultrasonic
cavitation effect can break down biological barriers and achieve
effective drug delivery. For example, Wang et al. explored gemci-
tabine (GEM) and perfluoropentane (PFP) loaded liposomes
which could transform nanodroplets into MBs via phase tran-
sition under US irradiation. Then the surface corona could be
decorticated and expose the targeting peptide to achieve
enhanced tumor accumulation and penetration, resulting in
effective anti-tumor activities in patient-derived tumor xeno-
grafts in a variety of tumor models (Fig. 4D)."® In another
example, multifunctional nanoparticles called Dex/PFP@LIPs-
BMS-a were fabricated, which demonstrated the FUS-induced
gas-phase transformation of PFP."® Noteworthily, Sloand et al.
reported a novel method for loading proteins into the fluorine
interior of PFC nanoemulsions to achieve spatiotemporal
control in US-mediated cell transduction. This approach utilized
a series of fluorinated hydrophilic chemical tags (FTags) with
fluorinated masking capabilities, allowing them to bind instan-
taneously to proteins and disperse efficiently in the fluorine
medium. This approach maintained the folded and biologically
active state of the proteins (Fig. 4E)."*°

In addition, due to the challenge that exogenous/synthetic
MBs/phase-change droplets have limited efficiency for target-
ing extravascular biomolecules, Shapiro’s groups showed that
genetically encoded gas vesicles (GVs, gas-filled protein nano-
structures) could intelligently regulate cellular endocytosis and
biomedical application. They first introduced this GV acoustic
reporter gene into mammalian cells to generate US contrast
signals. Therefore, US visualization and high-resolution
imaging of cells at less than 0.5% bulk density were
achieved.''! After that, they developed GV-expressing bacteria
that could reach the deep regions of the tumor and act as key
intracellular nuclei for cavitation, resulting in mechano-thera-
peutic effects that inhibit tumor growth under FUS treatment
(Fig. 4F).""> The timing and location of cavitation can be con-
trolled specifically with the aid of US by constructing cells that
can express GVs through genetic engineering technology. The
combination of genetic engineering technology and US can
more effectively control the occurrence of cavitation and
achieve accurate drug delivery. Most recently, through the
expression of GVs within mammalian cells, they have achieved
precise physical manipulation of specific cells by US. The GVs

This journal is © The Royal Society of Chemistry 2023
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could reverse the acoustic contrast of the cell and amplify the
acoustic radiation force (ARF) on the cell, allowing them to
move in response to variations in pressure, and provide a new
strategy for selective acoustic manipulation."*?

4. Conclusion and outlook

This review summarizes recent mechanistic research and
groundbreaking applications of US-induced biophysical and
biochemical effects on cell membranes. Studies on enhanced
endocytosis via US-triggered permeabilization were classified
and discussed, mainly involving the uptake of small-molecule
or biomolecule drugs, nanocarriers, and microbubble-assisted
nanosystems. Undoubtedly, the US provides a powerful strategy
for enhancing cell endocytosis for drug delivery.

Although the recent progress of US-based strategies has pro-
vided great promise in enhancing drug delivery, we must
acknowledge several challenges in accelerating the translation
of US to clinical applications. One of the most critical issues is
the biosafety. Even though the US treatment has superior bio-
compatibility, cell membrane pores induced by US treatment
are too large to be restored when they are more significant
than 100 pm? which will affect the regular physiological
activity of cells or even viability.** For this reason, appropriate
acoustic parameters urgently need to be investigated and
determined for generating reversible membrane pores. In
addition to biosafety, improving the effectiveness of US-
induced cavitation is also a challenge. The most common strat-
egy is to introduce gas-loaded nanoparticles or phase-change
droplets to provide more microbubbles and strengthen the
cavitation effect. With the clinical application of various gas-
loaded nanoparticles and droplets, such as Opsion, Definity,
Sonazoid, and Lumason, there will be more development of
gas- or droplet-based systems for US-enhanced drug
delivery.""*™® In addition, using targeting microbubbles or
controlling the distance between the microbubble and the cell
membrane can achieve better results.

So far, multiple strategies have been studied to improve the
safety and effectiveness of US.''®''” However, there are few
reports on the precise regulation of US in vivo to reach the
target position rather than studies at the cellular level. To
achieve this goal, the first problem is to quantify the US-
induced in vivo bioeffect precisely, such as the sonoporation
degree. Even the intensity of fluorescent molecules interna-
lized by cells can be quantified using imaging tools,*® but
assessing the variation of biological signals in vivo is challen-
ging. Furthermore, controlling the number of microbubbles
around the cells is highly desirable to obtain a definite
bioeffect. Recently, genes that encode gas vesicles could be
transfected into the cells of interest to achieve a certain
number of microbubbles, which has excellent potential in US-
assisted precision medicine."**'"? Besides, the US penetration
ability is mainly related to its frequency, tissue attenuation
coefficient, and patient heterogeneity. And the tissue pene-
tration depth usually limits the enhancement of ultrasound-
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induced endocytosis. Choosing ultrasound with lower fre-
quency, high penetration, and focused ultrasound that can
concentrate energy to one point will help improve ultrasound
penetration depth and achieve sonoporation with lower acous-
tic intensity and higher spatial selectivity in vivo, which is a
reliable strategy for future clinical applications.

In addition to US-assisted enhancement of endocytosis, US-
induced mechanical forces can also be an excellent method to
modulate the cell membrane’s physicochemical transform-
ation, thus selectively interfering with the chemical bonds of
some proteins or ion channels, thus quantitatively achieving
the expected biological effects.'®''® However, even though the
concept is relatively mature, practical research is still limited
by current ultrasonic instruments that cannot be precisely
modulated, and its application in vitro or vivo still faces
complex problems, which is another important research direc-
tion that requires effort to make breakthroughs.

Although the clinical transformation of US-enhanced endo-
cytosis faces many challenges, we believe that, with the con-
tinuous optimization of US-related strategies, these problems
will be overcome. Shortly, we anticipate that more attempts to
develop US-based methods will be encouraging for enhancing
drug delivery, which will provide valuable references for
improving the drug efficacy for precision medicine.
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URB Ultrasound-responsive bacterium
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