#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online
View Journal | View Issue,

REVIEW

Current advances in ultrasound-combined
nanobubbles for cancer-targeted therapy: a review
of the current status and future perspectives

i ") Check for updates ‘

Cite this: RSC Adv., 2021, 11, 12915

Chunhong Su, ©22° XiaoJun Ren, Fang Nie, &2 * Tiangang Li,% Wenhao Lv,® Hui Li®®
and Yao Zhang®

The non-specific distribution, non-selectivity towards cancerous cells, and adverse off-target side effects of
anticancer drugs and other therapeutic molecules lead to their inferior clinical efficacy. Accordingly,
ultrasound-based targeted delivery of therapeutic molecules loaded in smart nanocarriers is currently
gaining wider acceptance for the treatment and management of cancer. Nanobubbles (NBs) are
nanosize carriers, which are currently used as effective drug/gene delivery systems because they can
deliver drugs/genes selectively to target sites. Thus, combining the applications of ultrasound with NBs
has recently demonstrated increased localization of anticancer molecules in tumor tissues with triggered
release behavior. Consequently, an effective therapeutic concentration of drugs/genes is achieved in
target tumor tissues with ultimately increased therapeutic efficacy and minimal side-effects on other
non-cancerous tissues. This review illustrates present developments in the field of ultrasound-

nanobubble combined strategies for targeted cancer treatment. The first part of this review discusses the
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Accepted 16th March 2021 composition an e formulation parameters o s. Next, we illustrate the interactions and biologica
effects of combining NBs and ultrasound. Subsequently, we explain the potential of NBs combined with

DOI: 10.1039/d0ra08727k US for targeted cancer therapeutics. Finally, the present and future directions for the improvement of
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1. Introduction

Cancer is a major health issue worldwide. The global demo-
graphic forecasts have projected increasing cases of cancer in
the coming decades, with more than 400 million new cases
expected annually by 2025." In 2017, the USA saw 1.6 million
new cases and more than 600 000 cancer deaths were reported.>
Furthermore, 26 million new cancer cases with 17 million
deaths globally are forecasted by 2030.* Existing cancer thera-
pies require surgery, chemotherapeutic medicines, and radia-
tion.* However, a huge drawback affecting the success of the
majority of commonly used antitumor agents is their non-
selectivity or non-specificity against cancer cells. This has
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culminated in these medications causing significant adverse
effects on sensitive tissues and organs. The therapeutically
active accumulation of medication in the tumor tissue is ach-
ieved in cancer therapy at the risk of infection throughout the
host body. The non-selective or non-specific treatment of tumor
cells and tissues generates toxicological problems, which
hinder effective chemotherapy.® Besides, because of their
hydrophobicity, most anticancer medications have low aqueous
solubility. This contributes to a lower extraction from biological
membranes, and thus reduces their therapeutic effectiveness.®
Thus, to effectively cure and control cancer, it is extremely
important to administer anti-cancer drugs specifically and
exactly to cancer tissues at enhanced concentrations and to
improve their aqueous solubility.

To boost the regulated local release of drugs, strategies
involving thermal and mechanical methods such as ultrasound
(US)” have been recently adopted. Considering its noninvasive
nature, universal availability, and function of real-time image
monitoring in the medical field, the application of ultrasound is
greatly appealing. The idea of looking in-depth at what happens
at the nanoscale in liquid and colloidal systems has opened up
anew arena in the medically related physical-chemical research
market. Current studies range from studying the nanobubble
(NB) forming processes to investigating their characteristics
and potential applications.® NBs, which are submicron bubbles
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usually having a diameter in the range of 150-500 nm,® are an
enticing scene for the distribution of therapeutics and have
demonstrated improved cancer aggregation and retention
compared to microbubbles (MBs).»*** The synthesis and char-
acterization of NBs using microfluidics® have previously been
recorded using other approaches including sonication and
mechanical agitation.”®™ In recent years, NBs have shown
exceptional stability,"”**"” which has increased their use in
various biomedical applications.’®® NBs offer US contrast
augmentation, and hence possess significant potential for
diagnostic applications.?® Moreover, they are often used either
to mediate or cause therapeutic effects.*® Recently, they have
also been employed for the transmission of medications,
chromosomes, and gas.”*** NBs can be considered an addi-
tional group of US-sensitive nanocarriers that seek to enhance
efficiency in vivo. Attractively, NBs fold the route for extravasa-
tion into adjacent tissues from the blood vessels, thus
increasing the transmission capacity and localization.> They
can be accumulated inside tumor tissues by the increasing
retention and permeability effect,* by targeting, or by attaching
antibodies to their surfaces.”® When combined with US, NBs
may be used to improve the selective distribution of medication
to the target tissues. They may be used for US-induced sono-
poration as therapeutic cavitation nuclei, inducing the devel-
opment of temporary apertures in cell membranes to change
the permeability of cells. Consequently, NBs can be directed
with a drug or medication may be incorporated inside the NB
shell, functioning as a US-mediated cargo to promote product
intracellular uptake.”” These techniques have been used to
establish tailored delivery systems coupled with ultrasonog-
raphy for different tissues. Besides, it is remarkable that the
bubble-targeted approach may allow the imaging of the distri-
bution and delivery of the loaded material via real-time ultra-
sonic imaging.”®

During the last few years, the use of US for cancer diagnostic
and treatment has attracted immense scientific attention.
Combining the applications of US and NBs has recently
emerged as an interesting field of research for targeted cancer
therapy, thus avoiding the off-target effects of anticancer drugs
or other therapeutic agents with ultimately improved thera-
peutic efficacy. This review aims to summarize the current
developments in the field of US-NB combined strategies for
targeted cancer treatment.

Table 1 Main components of NBs shell
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Fig. 1 Structure and possible composition of nanobubbles.

2. Structure and composition of NBs
and their preparation and fabrication

There are two major types of NB materials with separate phys-
icochemical properties, which are used to construct the two
distinct parts of NBs known as the inner center and the outer
layer. The membrane of the outer layer consists primarily of
surfactants, polymers, and enzymes, while the inner core
includes sulfur hexafluoride and perfluorocarbons (Fig. 1). For
the composition of the NBs, regulatory bodies have agreed on
the selection of biocompatible, and biodegradable
substances.>**°

The shell structure is a crucial element, which requires
various technical considerations during the formulation of
bubbles. The NB shell consists primarily of polymers or lipids
for improving protection against gas leakage, breakdown, and
NB coalescence, and reducing the surface tension contributes to
its stability.** Next, the shell structure may have a substantial
outcome on the life of the bubble because it influences the flow
of gas from the center to the outer layer. The shell thickness and
elasticity also affects the durability of NBs (Table 1).**> As
a feature of the NB structure, the acoustic parameters to cause
drug release can differ. Notably, the viscoelastic properties of
the shell greatly affect the reaction of NBs inside an acoustic
field.** Because of their rapid contraction and extension, expo-
sure to US energy will contribute to the rapid destruction of
bubbles by cavitation.

Nature of material Shell composition Reference
Surfactants TWEEN® 34
SPAN® 14
Proteins Avidin 35
Albumin 36 and 37
Lysozyme 38
Polysaccharides (dextran sulfate, dextran, chitosan, glycol chitosan, hyaluronic acid, DEAE dextran) 39-42
Cellulose 43
Pluronics 44
PEG composites (MPEG-PLLA, mPEG-PCL, PEO, PEG-PBCA, mPEG-PLGA) 45 and 46
Lipids Phospholipids (DSPC, DPPC, DMPC, DPPA, DPPG, DPP), DSPE-PEG2000, DSPE-PEG2000-biotin 47-49
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The shell of NBs helps to reduce the surface tension, which is
the most important mechanism responsible for their stability.
NBs made up of lipids with long acyl chains exhibit a higher
shelf life.** An approach to improve the resilience of mono-
layer-based phospholipid bubbles is to attach polymers to the
formulations. For nanobubbles, the effect of an external poly-
mer coating on bubble formation has been commonly studied.
Rapoport et al.*® established NBs with a polymer shell utilizing
poly(vinyl alcohol) and then increased their stability compared
with industrial bubbles with a phospholipid shell such as PEG,
PCL, PLGA, composites, polysaccharides, and Pluronics. Cross-
linking of the shell, whether chemical or physical, provides
another solution to developing NB structures that are secure
during US. Chemical cross-linking has been reported to endow
polymeric bubbles with stability and elasticity.” For example,
for theranostic purposes, glycol chitosan polymer NBs con-
nected to tri-polyphosphate were established, showing
improved stability with time.>?

The fabrication of NBs has been documented in several
experiments. Nanobubbles consisting of a phospholipid shell
and a gas center are known to have optimum contrast
enhancement potential. However, the preparation of NBs with
a uniform sized has been challenging, where a few studies have
shown that the centrifugal state is the main factor influencing
the nanobubble diameter,> but others have suggested that the
thickness of the phospholipid film is an important factor in
determining the diameter of NBs.** Herein, we summarize some
key factors and studies for the preparation of NBs.

Two main techniques can be considered for the generation
of NBs, namely, modification of formulated microbubbles and
formulation of nanoscale structures ab initio. Previous processes
involve rotating, filtration, condensation, and centrifugation.
Using another process, NBs are prepared mainly via thin-layer
evaporation, emulsification, sonication, mechanical stirring, and
coacervation or coalescence. Polymeric NBs were produced by
ultrasonics while employing a combination of 40 stearates and
polyoxyethylene Span 60, and thus a population of unimodally
distributed nano-sized bubbles was produced.'***

A further approach for creating polymer-based NBs is to layer
monodisperse polymer NBs on the shell of surfactant-stabilized
NBs when mixed to form a dense thick coat.* The creation of
NBs using microfluidic systems has previously been explored
because microfluidics allows the exact estimation of bubble
diameter and rate of production via the intervention of liquid
flow rate, gas pressure, and system geometry.>’>* Rapoport
et al.,*** taking advantage of the idea of phase-shift per-
fluorocarbon (PFC) nanoemulsions for NB processing,
produced an amphiphilic block copolymer-stabilizing phase-
shift perfluorocarbon nanoemulsions. PFC compounds such
as perfluorobutane were injected into solutions of micellar
amphiphilic block copolymer (i.e., PEGPLLA or PEG-PCL) and
refluxed to form shape-stable NBs in the block copolymer.
Another concept based on PFC nanoemulsions has also been
employed for the preparation of NBs. The size of the NBs is
adjusted by optimizing the polymer composition and the
liquid-polymer ratio.®* Indeed, at the interface of NBs, they may
be viewed as a hybrid framework, comprising a monolayer of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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surfactant/cosurfactant,
enhancing their stability.

They are designed based on the principle of adsorption of
charged polymers through monolayers with phospholipids. Scal-
able processing and preparation technologies for NBs are currently
under study. Centrifugal forces may cause large-scale droplets and
bubbles to form in the spinning liquid. Zhang et al reveal that
centrifugation was easier for the particle size and homogeneity of
NBs than controlling the thickness of the phospholipid. Further-
more, 70g may be a reasonably appropriate centrifugal velocity for
the preparation of pure NBs, which has a standardized size
distribution, remarkable passive targeting capacity for tumor
tissues, and potential for treatment.**

covered by a polymer shell for

3. Biological effects and interactions
on combining NBs with ultrasound

With the development of ultrasonic medicine, biotechnology,
and nanobubble contrast agents, ultrasound irradiation
combined with NBs has attracted wide interest in clinical cancer
treatment, where the biological effects and interactions on
combining NBs with ultrasound in tumors have become prob-
lems to be investigated.

3.1 Biological alterations in tumor tissue play a vital role in
the efficiency of NBs

The microvascular endothelial gap is dense and the structure of
endothelial cells is complete in normal tissue, whereas in solid
tumor tissues, the neovascular endothelial pores are between
380 nm and 780 nm, and the structural integrity of endothelial
cells is poor. Therefore molecules or particles of certain sizes
tend to gather in tumor tissues more than in normal tissue,* as
shown in Fig. 2A. This phenomenon is called the enhanced
permeability and retention (EPR) effect, which is considered to
be the mechanism of completing passive targeted therapy of
tumor tissues.* In preclinical trials, drugs or gene delivery-targeted
systems based on EPR have shown significant progress in anticancer
efficacy compared with traditional chemotherapy.® A variety of
nanomaterials based on the EPR effect have been applied in the past
few years, where the sizes of the nanobubbles at the nanoscale can
be transformed on account of the sizes of the pores in tumor vessels.
Given that different gap sizes exist in endothelial cells for different
categories of tumors, a suitable size nanomaterial must be estab-
lished based on the category of the tumor. Also, the obstruction
generated by biological barriers when nanoparticles reach the blood
circulation system requires high attention.® Thus, considering these
challenges, to better take advantage of the EPR effect in nano-
material delivery, various means of treatment have been designed.
EPR-based nanoparticle-targeting strategies are primarily
committed to adjusting the size of drugs or vectors and/or utilizing
ligands that link molecules involving the EPR effect.*”

3.2 Biological effects by ultrasonic exposure combined with
NBs

Ultrasonic delivery technology is based on the biophysical
process of cell poration by ultrasound combined with NBs and
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Fig.2 Schematicillustration showing the effect and interactions of biological factors on ultrasound combined with nanobubbles and description
of several mechanisms via NBs for the delivery of drugs/genes to tumor tissues. (A) Mechanism of EPR effect in tumor and normal tissues, where
microbubbles cannot pass through the endothelial pore but nanobubbles can in tumor tissues. (B) Biological effect on combining ultrasound
with NBs and improved permeability of the cancer cell membrane, concurrently making NBs implode.

this process is known as sonoporation. Compared with other
nanoparticles, NBs have the special property of “collapsing”
under insonation by ultrasound energy, resulting in the
implosion of NBs and changes in the permeability of the cell
membrane.®® When the ultrasonic energy is sufficiently
increased, the effect of “ultrasonic cavitation” occurs, that is,
the bubbles (cavitation nuclei) in the liquid vibrate and grow,
constantly accumulating energy from the acoustic field and
collapsing until the energy reaches a certain threshold. Ultra-
sonic irradiation causes ultrasonic cavitation, leading to gaps in
the cell membrane with a diameter of about 300 nm, and stable
cavitation is characterized by repetitive, non-collapsing oscilla-
tions of nanobubbles, resulting in local flow and shear stress on
nearby cells, thus increasing the permeability of blood vessels.*
Furthermore, ultrasonic irradiation is capable of producing
thermal and mechanical therapeutic effects. Heating is

12918 | RSC Adv, 2021, 11, 12915-12928

generated by the mechanical friction of the tissues moving with the
passing of the ultrasonic wave. As early as 1987, Dyson noted that
tissue must reach a certain temperature from 40 °C to 45 °C for
more than 5 min to have a therapeutic effect in nature. The study
conducted with nonperfused tissues illustrated that ultrasound
irradiation increased the tissue temperature at a rate of
0.86 °C min " (1 MHz, 1 W cm ?).” Nevertheless, numerous
questions remain unanswered about the thermal effects of ultra-
sound and its role in drug delivery. The biological effect of ultra-
sound irradiation can increase the permeability of the cell
membrane, induce gene transfer, improve the intracellular drug
concentration, embolize tumors, nourish vessels, and overcome
tissue barriers, developing a crucial targeting role.” Moreover, there
are numerous other biological interactions that need to be consid-
ered for modulating NBs and US for therapeutic delivery to tumors.
We will briefly discuss them in the following sections (Fig. 2B).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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4. Formulation of targeted ultrasound
combined NBs for targeted cancer
therapy

Recently, specific nanocarriers have gained enormous popu-
larity as an important means of drug and gene distribution
owing to their properties. Further, they are capable of attaining
the maximum concentration of cytotoxic agents in a site-
specific manner. Improving the biodistribution and pharma-
cokinetics of pharmaceutical drugs through targeted delivery
via nanocarriers has resulted in improved therapeutic efficacy
and less adverse effects on other healthy and non-targeted
tissues.””* Currently, various targeting strategies are being
exploited for the targeted delivery of antitumor medication
through nanocarriers. For example, the use of different
antibody-conjugated NBs that bind ligands in cancer cells and
tissues has been a highly effective anticancer drug-targeted
delivery approach. NBs may be combined with Affibody® as
a directed probe in the manufacture of nano-sized ultrasonic
contrast agents.”*”® In another case, a method of thin-film
hydration used to control the thickness of phospholipid films
was employed to prepare normal phospholipid-shelled and gas-
coded NBs on the nanoscale. Subsequently, the NBs were
combined with biotinylated anti-ErbB2 molecules, a developed
strong affinity shape, ultra-small protein, exhibiting tumor
sensitivity for over-expressed human epidermal growth factor
receptor type 2 (HER2) cells. In both the in vivo and in vitro tests,
the strong specificity of the NB Affibody ligands for HER2-
overexpressing cells was observed, and the successful US
improvement in HER2-positive cancer imaging was achieved.”
Ultrasonic NBs equipped with unique anti-PSMA (prostate
antigen) nanobodies were fabricated to promote the imaging of
prostate cancer through a biotin-streptavidin system.”®

4.1 Ultrasound combined with NBs for the delivery of
anticancer drugs

The synthesis of drug-associated NBs combined with US was
initially suggested for cancer chemotherapy. Suzuki et al.”” re-
ported the use of NBs in conjunction with US to permeabilize 4
forms of tumor cells and to enhance the activity of antitumor
drugs. Through the use of NBs and US, the cell susceptibility to
cisplatin and 5-FU was successfully improved. Oxygen-trapping
NBs may be directed by US to increase the localized effective-
ness and targeting for reversal of hypoxia in non-muscle-
invasive bladder cancer (NMIBC) tumors. The ability to accu-
rately direct NBs loaded with a payload utilizing non-invasive
and stable ultrasonic imaging navigation provides tremen-
dous potential in engineering controlled cargo distribution and
reprogramming hypoxia for a broad variety of therapeutic
applications.” Selective apoptosis and growth inhibition in
HepG2 cells were effectively achieved via the controlled and
drug-laden degradation of NBs through the application of the
US. Apatinib-loaded and liver cancer homing peptide (GPC3)-
targeted NBs in conjunction with US can be considered a new
chemotherapeutic strategy for treating liver cancer.”

© 2021 The Author(s). Published by the Royal Society of Chemistry
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NBs carrying doxorubicin (DOX) demonstrated outstanding
chemotherapeutic agent encapsulation functionality and
potential to kill cancer cells upon application of US. US irradiation
combined with DOX-loaded NBs completed the delivery of DOX
into tumor cells in vitro. Additionally, NBs carrying DOX efficiently
distributed DOX to tumor cells in mammals. Chitosan NBs are
ideal materials for the ultrasound-sensitive delivery of DOX, and
hence are successful materials for non-invasive and selective drug
delivery.*® Perfluorocarbon NBs are innovative nanocarriers that
can vaporize in situ by US for transformation into micron-scale gas
bubbles. The micron-size gas bubbles will interact intensely with
ultrasonic irradiation after PFC nanodroplet vaporization, and the
bubbles can be applied to imaging and therapy in tumor tissues.
Gao et al.®* developed an NB polymeric device to increase the
sensitivity of doxorubicin-related tumor cells when combined with
the application of US. The NBs transformed into nano/
microbubbles after heating to physiological levels and then the
DOX-charged NBs dropped, freeing the encapsulated medication
and improving the in vivo cancer treatment effectiveness.*

Rapoport et al.* utilized polymeric micelles for the encap-
sulation of doxorubicin-containing liquid perfluoropentane
(PFP). Increasing the temperature to 37 °C for this device
permitted the PFP nanodrops to vaporize and turn into bigger
size bubbles. This indicated that the tumor-irradiated US could
make nanobubbles become bigger bubbles, which are several
times larger than the droplet size by the coalescence of the
vaporized nanodrops and thermodynamic effects after phase
transition. They revealed the capability of polymer-stabilized
PFP NBs to transfer doxorubicin to xenotransplanted tumors
and illuminated that this approach can restrain tumor prolif-
eration.” In another study, the amphiphilic chain was stabi-
lized by PFP NB copolymers for the transport of paclitaxel.
Interesting outcomes were observed both in vitro and in vivo in
tumor cells. Systemic delivery PFP nanoemulsions carrying
paclitaxel combined with 1 MHz US led to the positive breast,
ovarian and pancreatic regression of a tumor.® The studies by
Rapoport et al. suggested that the droplet-to-bubble movement
and the oscillation of bubbles lead to the release of the loaded
therapeutic agents and improve their intracellular absorption.
The proposed approach for transferring US-mediated drugs by
polymer-linked perfluorocarbon NBs is based on the transition
from droplet to bubble, as seen in Fig. 3.%* This is supposed to

Droplet

Bubble

Drug-loaded
PLLA coating

Fig. 3 Diagram of drug being transferred from a nanodroplet to a cell
under the action of ultrasound.
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support the delivery of the capsulated medication, where under
US activity, the medication will be that will ‘ripped off’ from the
surface of the droplet.

In another experiment, Du et al.® established NBs using
PLGA-mPEG, that is, poly(p,i-lactide-co-glycolide)-methoxy-
poly(ethylene glycol). The micelles were turned into NBs after
being filled with perfluoropentane, sealed by a PEG layer, and
processed at 37 °C in NBs. In a mouse tumor model, DOX-
loaded NBs demonstrated improved anticancer activity and
decreased toxicity. Deng et al® prepared NBs for the trans-
mission of drugs to cancer cells by condensing DOX hydro-
chloride. NBs charged with doxorubicin in HeLa cells were
internalized in a time-dependent and concentration-dependent
manner and demonstrated greater inhibition of cell growth
compared to free DOX. PLGA NBs were also applied by Zhang
et al.® as a targeted chemotherapeutic agent delivery device, as
an effective ultrasound contrast agent, and as a synergist for
choriocarcinoma therapy by HIFU. Methotrexate-packed NBs
(MTX) were successfully equipped and loaded by per-
fluorocarbon, instead of utilizing the dual emulsion evapora-
tion technique. Monoclonal anti-HLAG antibodies (mAbHLA-G)
produced by active tumor cells were conjugated to the NB
surface. The mAbHLA-G/MTX/PLGA-loaded NBs demonstrated
the controlled death of cancer cells, and correspondingly
enhanced ultrasound imaging of the tumor.*® Multifunctional
NBs dependent on perfluoropentane stabilized by amphiphilic
anti-copolymer (polyethylene glycol anti-polycaprolactone) were
created to transmit curcumin upon US irradiation.®*® The primed
curcumin was firmly held in vivo by NBs and under controlled
release, the medication directly attacked the tumor. A new drug
targeting method was developed by Lin et al.,*” which focuses on
the complex formation of ultrasonic-sensitive nanobubbles and
cell-permeable peptides (CPPs). The CPP-DOX compound
(CPP-DOX) was enveloped in a NB-adjusted asparagine-
glycine-arginine (NGR) peptide, which integrates the special
targeting activity of NGR, capacity of CPP to penetrate cells, and
NB properties to unlock ultrasonic drugs. Local ultrasonic
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O
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EDC-NHS Blood Vessel
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activation may trigger CPP-DOX to be released from NBs and
allow its penetration. This approach shows significant inhibi-
tory effects on tumors, and US stimulation improves the
inhibitory efficacy. Xie et al.*® also utilized this technique, where
NB structures with the cell penetration property of CPP were
successfully applied for targeting camptothecin (CPT). NBs
carrying CPPs in the form of a CPP-CPT complex ensured the
transmission of CPT into the tumor tissues and improved its
delivery capacity. The CPP-CPT NBs showed good cell uptake
and significant antitumor activity. Consequently, CPP-CPT NBs
with US following systemic administration in mice gave
a significant cancer eradication impact in the HeLa cell line and
body protection compared to the usual CPT administered
group.*®

NBs can be used in complexes with liposomes guided by US
for drug delivery (Fig. 4).*® NBs can also be utilized in US-
targeted liposome complexes for drug distribution. Complexes
of nanobubble-paclitaxel liposomes (NB-PTXLp) have been
effectively developed and promoted the distribution of medi-
cation in tumor cells activated by US irradiation. Liposome
linking to the surface of NBs does not affect the imaging
capability of the theranostic device NB-PTXLp. Moreover,
ultrasound irradiation leads to the cavitation of NBs, resulting
in tumor cell sonoporation, which increases the permeability of
the cells. This allowed cellular absorption of PTX-loaded lipo-
somes to be promoted and led to the maximum antitumor
potency of NB-PTXLps relative to the generic Abraxane and
Paclitax formulations.*®

Similarly, another study reported that the injection of lipo-
somal compounds and NBs with low-frequency US may be an
effective tumor treatment. They revealed that these conditions
activate the anti-tumor immune response needed to reverse
tumor development. This study concluded that liposomal
nanobubbles combined with ultrasound irradiation can regu-
late and control the anti-tumor cellular immunologic function,
and thus may be an important means for tumor therapy.*

US imaging
transducer

Drug delivery
transducer

Tumonrtissue

Fig. 4 Complexes of nanobubble-paclitaxel liposomes (NB-PTXLp) were effectively developed and promoted the medication distribution in

tumor cells activated by US irradiation.
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Gao et al established lipid NBs as an effective delivery
mechanism for imaging-guided, cancer-targeted chemotherapy
caused by ultrasound. They developed a drug delivery device
enabled by US for selective therapeutic anti-tumor applications.
The FA-ALNBs collected had strong drug EE with great physio-
logical stability and standardized spheroidal structure. The FA-
ALNBs demonstrated ultrasound-controllable capacity for drug
release and illustrated substantial in vitro and in vivo anticancer
efficacy under US irradiation. Also, the FA-ALNBs did not exhibit
any significant toxic effect.

PFB-NBs were co-loaded onto liposomes of less than 300 nm
in diameter with a model compound. The subsequent nested-
NBs demonstrated strong ultrasonic echo at conspicuous
ultrasonic imaging frequencies between 3 MHz and 8 MHz.
Nested-NBs were developed as a compound of both packaged
NBs and droplets PFB. The temperature of the sample was also
observed to increase more than the expected threshold, and
thus the PFB droplets underwent a phase transition from liquid
to gas (Fig. 5).°* This led to a three-fold increase in their diam-
eter and promoted the breakdown of the liposome and release
of the drugs.”

Herceptin-conjugated, PTX-loaded, PEGylated PLGA-based
magnetic NBs were prepared by Song et al. using updated car-
bodiimide technology and an evaporation procedure of double
emulsification. The PTX-USPIO-HER-loaded NBs exhibited
a prominent size distribution, superparamagnetism, capacity
selection, and USPIO/PTX setting. The quick, guided release of
PTX in vitro with US irradiation from the NBs signaled the great
potential of this material as a managed release mechanism for
anticancer drugs. In particular, PTX-USPIO-HER-NBs could
selectively bind with the HER2 antigen existing in SK-BR-3 cells
and exhibited greater cytotoxic effects on SK-BR-3 cells than
MDA-MB-231 cells, which provides a basis for targeted therapy
and imaging. The use of these smart magnetic NBs in breast
cancer has the potential for imaging-guided therapy and
multimodal imaging.®® The successful DDS can be attributed to
the capacity of the FH peptide to attack cancer-associated
fibroblasts, and thus the ultrasonic NBs change with FH
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peptide. Thus, we introduced a novel updated FH peptide and
DOX-loaded ultrasonic-sensitive NBs with the potential to
attack CAFs by conjugating with tenascin C. These CAF-targeted
NBs were called FH-NBs-DOX and not only acted as an ultra-
sonic contrast agent but also supplied more DOX to CAFs and
played a stronger role in ultrasonic irradiation.*

In conclusion, NBs with US may provide some features that
are helpful in the distribution of anticancer medication,
enhancing the penetration of a chemotherapeutic product into
the cancer cell line. This method will provide a positive tech-
nique for the site-specific supply of anti-cancer medication,
decreasing the sensitivity to non-target tissues to the product,
removing systemic side effects, and enhancing its treatment.

4.2 Ultrasound combined with NBs for nucleic acid delivery

4.2.1 Ultrasound combined with NBs for DNA delivery.
Regardless of the sonoporation phenomenon, US interaction
with nucleic acid-charged bubbles is suggested to improve the
transmission efficiency. This strategy may also contribute to the
site-specific release of genetic materials, which reduce non-
resonated tissue transfection. Several techniques have been
employed for the transfer of genes through NBs, ranging from
the concurrent administration of genes to their connotation
inside nanobubble systems. There is a variety of methods
including utilization of cationic lipids to compose the shell of
nanobubbles for electrostatic attachment of DNA, direct phys-
ical assembly of DNA in the shells during preparation, appli-
cation of cationic polymer layers on the shell for electrostatic
interaction of DNA, covalent binding of DNA-loaded NBs vectors
and the utilization of compatible DNA strands to establish
NBs.** The analysis found that in vitro, lipid-based NBs caused
several transfections of the gene than albumin-based NBs.
Additionally, major gene transfer with lipid-based NBs was also
observed in the liver of mice. Submicron-sized bubbles in
conjunction with traditional hand-held ultrasonic testing
instruments have proven to be an efficient gene transfer
reagent.”® Submicron-scale bubbles were developed and sug-
gested as a prospective gene transmission method. Suzuki
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Fig. 5 NBs contain a mixed population of both gaseous and liquid core particles, which upon continuous wave high-intensity focused ultra-
sound (CW HIFU) undergo rapid phase conversion, triggering liposomal drug release.
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et al.®*® accomplished the synthesis of novel bubbles (varying
from 140 to 190 nm in size) combined with US to improve the
efficiency of cancer-specific gene delivery. These researchers
effectively revealed, following injection into mice, the gene
delivery was restricted into the region accessible by US in
a controlled manner, revealing that the device could be applied
to increase the transfection of DNA. The report by Takahashi
et al.”” displayed that the use of nanosized PEG-modified lipo-
somes filled with gas is an efficient method for the dissemina-
tion of pDNA. Using cationic lipids, pDNA-loaded liposome NBs
have been equipped to improve liposomal membrane trans-
fection efficiency, stability, and image impact in the USA. Horie
et al.®® verified the efficacy of NBs together with US for the
transfer of TNF-a genes into tumor cells. TNF-o encoding
plasmid DNA, loaded with the lipid-containing NBs, can be
spatially and momentarily transfected to tumor cells under
ultrasound irradiation. This increases the local production of
TNF-a, which induces anticancer properties, increases p53-
related apoptosis, decreases the tumor vessel volume, reduces
the tumor size, and also minimizes the toxic effects. Watanabe
et al.”® measured the potency of gene expression by mixing NBs
with US. Their reported stated that the US-NBs system was used
to transfect or cotransfect two forms of genes (luciferase and
hNIS) into the muscles of the skeletal system. The gene
expression kinetics was effectively discovered in vivo with the
use of PET (positron emission tomography) and biolumines-
cence imaging.”®

Bisazza et al.** shaped an odd type of perfluoropentane-core
NBs, consisting of a diethylaminoethyl-dextran shell encapsu-
lated with complex DNA, where the diethylaminoethyl-dextran
NBs were capable of defending their cargo from transfecting
plasmid DNA and protease action. Another polymer NB type
composed of a perfluoropentane core for DNA and chitosan
shell was further developed by the same group.”* The compo-
sition was strengthened by introducing tetradecylphosphoric
acid to achieve smaller structures. This can find an amphiphilic
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molecule in the perfluoropentane-water interface, hence
increasing the surface tension.

Considering that chitosan is a biocompatible and low-toxic
polycationic polymer, it was selected as the ideal NB shell.
These NBs can complex and shield DNA. The DNA-laden NBs
demonstrated promise for transfecting COS7 cells without
affecting the cell conditions. US triggered their in vitro potential
to transfect DNA. In the study by Tayier et al.,'* surface modi-
fication with polyethylenimine (PEI) polymer dramatically
enhanced the amount of NBs to load DNA, resulting in
substantially enhanced transfection performance of genes
when paired with ultrasound (Fig. 6).

4.2.2 Ultrasound combined with NBs for RNA delivery. Yin
T. et al' prepared NBs carrying siRNA for cancer using
a hetero-assembly approach to target the SIRT2 gene for anti-
apoptosis with ultrasound irradiation. The formulation
improved the silencing impact of siRNA-NBs on the genome,
resulting in a significant improvement in apoptosis of cancer
cells. Consequently, a substantially enhanced therapeutic
outcome was observed in a glioma variant of the nude rodent. A
further study by Yin T. et al.'®* established US-sensitive NBs,
which concurrently carried the anti-cancer siRNA and paclitaxel
(PTX), aiming at the BCL-2 gene for the therapy of hepatic
tumors, based on their promising findings. The delivery of
siRNA and PTX was effectively achieved through the injection of
the NBs into the blood circulation of nude mice with human
HepG2 xenografts applying active low-frequency (below 1 MHz)
ultrasound exposure directed to the position of the tumor cells.
Tumor development was suppressed utilizing low-dose PTX in
animal experiments, owing to the combined antitumor activity
of both agents. To treat prostate cancer, Wang et al.** designed
NBs bearing the androgen receptor through the electrostatic
approach. Combined with ultrasonic irradiation, siRNA-loaded
NBs greatly restrained cell growth and brought about the
repression of protein and AR mRNA production. Based on
ultrasonic NBs and CPPs, novel siRNA-loaded NBs were created

ultrasound

3 Cavitation
r4

Fig. 6 Ultrasound-assisted gene delivery into tumor tissue. Gene transfection efficiency was improved significantly by cationic biosynthetic

nanobubbles (CBNBs) combined with ultrasound.
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and targeted to treat EphA2-positive cancer. Local activation of
US irradiation resulted in the release of CPP-siRNA from the
NBs and allowed their penetration into the tumor cells. This
played a therapeutic role in cancer after the systemic adminis-
tration of CPP-siRNA NBs in mice, decreasing c-Myc silencing
and impeding cancer proliferation.’***” Wu et al.'*® tested
novel NB targeting (TNB) combined with small interfering RNA
(siRNA)-cyanine 5 (Cy5) and confirmed its in vivo theranostic
ability. NET-1 siRNA-conjugated TNB control in mice was re-
ported to result in a substantial decrease in tumor growth and
the maximum survival rate. Li et al.'® studied a non-viral shRNA
gene delivery method, which was developed using a mixture of
PEI, US, and NBs to target survivors of liver cancer. PEI-shRNA-
NBs can act as a useful method for shRNA transmission. The
US-sensitive siRNA NBs can be a perfect transmission plasmid
for the treatment of tumors to mediate extremely efficient RNA
interference.

5. Potential safety concerns

Safety is among the key concepts for designing drug/gene
delivery systems. The safety concerns of NBs with ultrasound
to achieve enhanced permeability and retention, such as the
negative effect of ultrasonic irradiation and NB toxicity, are
require to be further thoroughly explored as a concern for their
potential clinical applications.

The advantage of NBs over MBs lies in the properties of
targeted drug and gene delivery, while NBs need high ultrasonic
energy to effectively induce cavitation to allow drug/gene release
in target tissues or cells.”**® This is conducive to the sonopo-
ration of biological membranes for drug delivery. The bubble
implosions can be used to induce cell permeability to thera-
peutic agents by penetrating the cell membrane, but they can
also damage biological tissues. Tissue damage induced by
ultrasound-mediated transfection is a concern for the safe
therapeutic application of this transfection system. Also, high-
intensity ultrasound can also cause the rapid collapse of
bubbles and rapid release of drugs/genes loaded into the foam,
which may not be able to meet the need for the continuous
release of some drugs.

Ultrasound irradiation can induce ultrasonic heating and
damage biological tissues, and if the pores on the cell
membrane produced by ultrasonic cavitation are too large, this
will affect the resealing of the pores, and therefore, the ultra-
sonic parameters are still an obvious problem. Conversely,
different intensities of ultrasound therapy can be used for
different purposes. Thus, further research is needed to inves-
tigate the intensity of ultrasound for different therapeutic
purposes.*™*

Besides these safety concerns, the toxicity of NBs needs to be
considered and will be the subject of future research. Zhang
et al.' found that nanobubbles are secure using the CCK-8
assay and histopathology analysis after the injection of nano-
bubbles. The phospholipids that made up nanobubbles are
known to be low-toxicity materials and C3 F8 is also nontoxic;
therefore, nanobubbles are safe to use in vitro and in vivo. Some
other recent studies have also shown that NBs have no systemic

© 2021 The Author(s). Published by the Royal Society of Chemistry
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toxicity in vivo, which is ideal for their future clinical application
in anticancer therapy.*****

Although the comprehensive safety assessment remains
inadequate, this will be the subject of future research.'*
Furthermore, if the use of the nanobubbles is beneficial for
treatment, then the effort to translate them into clinical appli-
cations will be worth it.

6. Perspectives

Although NBs combined with US for tumor therapy is still in its
infancy, they have tremendous appeal. Their unique structure,
multifunctional characteristics, high degree of curative effect
and the widespread variety of diseases give NBs broad devel-
opment prospect. It should be noted that some challenges and
vital issues will need to be discussed and dealt with when they
are involved in biomedical applications and future clinical
transformations. The most significant issues, from our point-of-
view, are summarized below.

6.1 Ensuring sufficient amount of drug/gene is delivered
and released in tumor tissues

The prerequisite for treating diseases is the delivery and release
of a sufficient amount of drugs/genes in diseased tissues. Most
ultrasonic-response materials require an ultrasonic response
core (gaseous, PFC, or gas-generation). These sonogenic
response cores take up a large amount of space in sonogenic-
response materials (microbubbles, nanobubbles, and drop-
lets), thereby reducing the drug/gene content and the number
of tissues to which the drugs/genes are delivered to treat the
disease, ultimately leading to limited therapeutic effects.**
Although the opening of the biological membrane using
nanobubbles at different concentrations has been demon-
strated, the amount of agent transported through the biological
membrane at different bubble concentrations has not been
quantified. Secondly, besides bubble concentration, there are
several additional parameters (e.g., treatment duration, times,
and frequency) that should be investigated to further optimize
the opening of biological membranes with nanobubbles.

6.2 Targeting of nanobubbles

Nanobubbles have attracted extensive research attention due to
their importance in ultrasonic molecular imaging and potential
therapy function, such as passive targeting mechanisms known
as the enhanced permeability and retention effects (EPR).""” The
small size of nanobubbles overcomes the limitations of micro-
bubbles and can penetrate the vascular wall into tumor tissues,
which can be used in tumor-targeted imaging and therapy
because the vascular endothelial gap of the tumor is about 380-
780 nm, much wider than that of normal tissue (less than 7
nm)‘llﬂ

In addition to the role of EPR, the targeting of active tumor
cells is also a prospect of enhanced chemotherapy drug therapy
using ultrasound nanobubbles. Targeted nanobubbles have
attracted extensive interest in the field of targeted tumor
therapy and controlled drug delivery because they can carry and
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deliver drugs under ultrasound monitoring. The surface of
nanobubbles can be modified to achieve targeting bubbles,**®
where the most common strategy is to attach disease-specific
ligands, such as antibodies, aptamers, and peptides.**

6.3 Increasing the stability of NBs

The stability of NBs is still a controversial topic. Nanoscale
bubbles are considered to be unstable because of the extremely
high inner pressure at the solid-water interface. According to
the Epstein-Plesset theory," the lifetime of bubbles smaller
than 1000 nm should be less than 0.02 s in water. However,
significant research has confirmed that NBs can exist for hours
or even days."*

Bubbles undergo expansion and suffer unstable and
uncontrolled growth at a specific pressure or temperature
threshold (p. and T., respectively). Borkent et al. reported that
cavitation does not happen when the pressure is as low as
—6 MPa."” However, Zhang et al. observed that when the
temperature increases up to a value close to the boiling point of
water, the NBs also remain stable.'*

Thus, due to the importance of the stability of NBs, further
experimental data is needed to gain a comprehensive under-
standing of the stability of NBs.

6.4 Improvement of ultrasonic probes

At present, the instruments and probes for ultrasound imaging
and ultrasound therapy are independent, and thus researchers
have tried to integrate the probes for ultrasound imaging and
ultrasound therapy, but the results have not been very satis-
factory. Thus, the development of ultrasonic composite probes
that can be used for both ultrasonic imaging and ultrasonic
irradiation will provide a great convenience for ultrasound
combined with NBs to mediate tumor-targeted therapy.

6.5 Optimization of ultrasonic parameters

Acoustic cavitation is the formation and collapse of vapor
bubbles in a liquid due to an acoustic pressure field. Cavitation
is generally classified as two types, stable cavitation and inertial
cavitation. Inertial cavitation can generate broadband noise
emissions when bubbles undergo large radial oscillations and
collapse violently, which can damage tissue.” The use of
ultrasound to fragment drug-loaded echogenic liposomes
(ELIP) near the target tissue has the potential to produce a large
temporal peak in drug or therapeutic effect rather than relying
on more gradual passive release, and thus optimization of the
ultrasonic parameters is important.

Vascular leakage and apoptosis occur in vascular cells
exposed to 1 MHz to 1.5 MHz pulsed ultrasound at peak-to-peak
pressure amplitudes between 2 MPa and 36 MPa,"** but Kathryn
et al. tested the hypothesis that low-intensity continuous wave
(CW) ultrasound (0.49 MPa peak-to-peak pressure amplitude)
enhances the delivery of liposome nanobubbles in an ex vivo
mouse aorta. Their research showed that 1 MHz CW ultrasound
increased the transport of liposome nanobubbles across the
endothelium by nucleating stable cavitation.”® Thus, more
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studies are needed to explore the range of ultrasonic parameters
for safety and effectiveness.

7. Conclusions

NBs combined with US is the focus of much work due to their
possible application as innovative therapeutic devices in
specific clinical environments. They offer a range of advantages
appropriate for sophisticated and targeted distribution strate-
gies for anticancer agents. This in turn enhances the thera-
peutic efficacy of anticancer drugs while minimizing their off-
target side effects. Besides, US is a very well-established, non-
invasive, and cheap diagnostic imaging procedure, and thus
the application of US-mediated drug/gene delivery possesses
tremendous potential as a method for future tumor treatment.
US combined with NBs may improve the effectiveness of ther-
apeutic agents and promote their distribution on-demand in
the appropriate tissues. Therefore, it is the most promising
targeted therapy method at present and is expected to be widely
used in cancer therapy. Although there are many problems in
the current research of nano-drug delivery systems, with the
continuous exploration by domestic and foreign researchers,
nano-drug delivery systems will have a broader application
prospect.
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