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Abstract: The development of low-frequency ultrasound imaging technology and the improvement of ultrasound
contrast agent production technology mean that they play an increasingly important role in tumor therapy. The inter-
action between ultrasound and microbubbles and their biological effects can transfer and release microbubbles car-
rying genes and drugs to target tissues, mediate the apoptosis of tumor cells, and block the embolization of tumor
microvasculature. With the optimization of ultrasound parameters, the development of targeted microbubbles, and the
emergence of various composite probes with both diagnostic and therapeutic functions, low-frequency ultrasound
combined with microbubble contrast agents will bring new hope for clinical tumor treatment.
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1 Introduction

Recently, with the development of ultrasonog-
raphy, molecular biology, and microbubble contrast
agents, the biological effects of low-frequency ultra-
sound combined with microbubbles have attracted
wide attention for clinical treatment. Therefore, the
application of low-frequency ultrasound combined
with microbubbles in tumor has become a hot topic.

The cavitation effect varies inversely with ul-
trasound frequency (Lavon and Kost, 2004). Ueda
et al. (2009) found that the increase in the relative
cavitation values was dependent on the ultrasound
frequency and the cavitation bubbles are more easily
generated at a low frequency. Low-frequency ultra-
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sound can be related to indirect actions, such as me-
chanical impact, due to the collapse of cavitation
bubbles, resulting in disruption of the structures and
forced convection (Tang et al., 2001). Findings ob-
tained by Tezel et al. (2002) emphasized the im-
portance of low frequencies (20—100 kHz), because
the amplitude of broadband noise induced by the
low-frequency transient cavitation correlated well
with enhanced skin conductivity. Some studies re-
vealed that the thresholds of cavitation effect in-
creased as the ultrasonic frequency increased, and the
duration of the rarefaction phase decreased because
the pressure oscillation period decreased (Pétrier and
Francony, 1997; Grieser et al., 2015; Nguyen et al.,
2017). Consequently, it becomes more difficult for
cavitation bubbles to occur. Hodnett and Zeqiri (2008)
estimated the cavitation threshold by numerical
analysis and reported the cavitation threshold at 25 to
82 kHz. Cavitation thresholds increased as the fre-
quency increased.


Administrator
新建图章

http://crossmark.crossref.org/dialog/?doi=10.1631/jzus.B1800508&domain=pdf

292 Wang and Zheng / J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2019 20(4):291-299

Ultrasound contrast agents were originally de-
signed to increase the effectiveness of ultrasound
imaging for diagnosis. Gramiak and Shah (1968) first
reported the enhancement of cloud-like echoes in the
aorta when the oscillating saline was injected into the
heart through a left ventricular catheter. Since then,
researchers have begun the study of microbubble
ultrasound contrast agents.

Ultrasound microbubble contrast agents were
originally an air- or oxygen-containing non-enveloped
bubble in the early stage. This is large and unstable
and cannot be injected into peripheral veins. Since the
1990s, a new type of contrast agent encapsulating
albumin, lipid, and polymer or surfactant shell has
been developed (Schutt et al., 2003). It has good sta-
bility and small volume, and can last for about 5 min
in the blood. Since then, with breakthroughs in elas-
ticity and stability, a new type of microbubble con-
taining fluorocarbon gas encapsulated in membranes
has appeared (Wu and Nyborg, 2008). This lasts for
more than 15 min in the blood. Most new microbub-
ble contrast agents are 2—8 pm in diameter, similar to
that of red blood cells (Lin et al., 2016; Mulvana et al.,
2017). After rapid injection from peripheral veins,
they can enter the systemic circulation smoothly
through the pulmonary circulation. With the rapid
development of molecular imaging technology, na-
noscale ultrasound contrast agents, such as nano-
liposome contrast agent and nano-fluorocarbon emul-
sion, have emerged in recent years, which can not
only pass through the blood vessel of a tumor, but also
have good echo characteristics (Upadhyay and Dalvi,
2019). The continuous improvement of ultrasound
microbubbles is the basis of low-frequency ultra-
sound combined with microbubbles in tumor therapy.

There are mainly three mechanisms of the effect
of low-frequency ultrasound in a tumor: mechanical,
thermal, and cavitation. The ultrasonic cavitation
effect was first proposed in Rayleigh’s famous re-
search paper on the pressure produced by the collapse
of a spherical cavity in a liquid in 1917 (Feng, 2004).
This effect refers to the oscillation, expansion, con-
traction, and collapse of the tiny vesicular nucleus
(cavitation nucleus) in the liquid when the ultrasonic
wave propagates in the liquid, resulting in a tremen-
dous shear force to break down the cell wall and
plasma membrane around the cavitation nucleus. The

tiny bubbles in the liquid are called cavitation nuclei,
and the lowest sound pressure or intensity threshold
required for the liquid to produce cavitation effects is
called the cavitation threshold. Different liquids have
different cavitation thresholds.

Ultrasound as a safe and non-invasive treatment
method has been widely used in tumor therapy. For
example, high-intensity focused ultrasound (HIFU),
which relies on the thermal effect of ultrasound to
cause coagulative necrosis of tumors, has been used
in the ablation of malignant solid tumors. However,
the local high temperature produced by HIFU is not
easy to control or measure, the penetration ability is
limited, and the intensity is high. There are also in-
security risks in local ablation such as radio frequency
ablation, laser ablation, and cryoablation. However,
the absorption coefficient of low-frequency ultrasound
is small, the tissue damage is small, the thermal effect
is weak, and the thermal effect and temperature rise
are negligible. At the same time, tumor cells are more
sensitive to low-frequency ultrasound than normal
cells. Thus, low-frequency ultrasound has received a
lot of attention and is widely used in clinical treatment,
for such as inhibiting bacterial growth, repairing
wounds, and thrombolysis in vitro, and treating vas-
cular diseases (Shi et al., 2018; Wu et al., 2018).

The physical properties of ultrasound mi-
crobubble contrast agent make it an ideal cavitation
nucleus. It can not only significantly increase the
number of cavitation nuclei enhancing the cavitation
effect of low-frequency ultrasound, but also greatly
reduce the cavitation threshold. Zhao et al. (2015)
reported that low-frequency ultrasound combined
with microbubbles could increase the apoptosis index,
mitochondrial depolarization, and cytochrome c re-
lease of K562 chronic myeloid leukemia cells. Cavi-
tation could significantly induce mitochondrial dys-
function and apoptosis, and mitochondrial permea-
bility transition pore opening.

Recently, it has been found that low-frequency
ultrasound combined with microbubbles has potential
for tumor therapy. It can improve cell membrane
permeability, mediate gene transfection, increase
intracellular drug concentration, embolize tumor
trophoblastic vessels, open the tissue barrier, and so
on, playing a targeted therapeutic role. It is safe, tar-
geted, and non-invasive.
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2 Mediating gene-targeted therapy as a vec-
tor for improving the transfection efficiency

Low-frequency ultrasound makes microbubbles
break instantly. Shock waves produced by the cavi-
tation effect will increase the permeability of local
capillaries and adjacent tissue cell membranes. The
extracellular macromolecule can enter cells, and the
gene transfection and expression of DNA can be sig-
nificantly improved. It is the basis of gene-targeted
therapy with microbubbles (Wang et al., 2016).

Low-frequency ultrasound combined with
microbubble-mediated targeted gene therapy can not
only enhance the transfection and expression of naked
plasmid DNA in cancer cells, but also improve the
targeting of gene therapy and reduce systemic side
effects. Different from common liposomes of viral
vectors and non-viral vectors, microbubbles of gene
vectors will not cause immune response and mutation
of viral vectors. It is a new safe and efficient gene
transfection technology (Qian et al., 2018).

Wu et al. (2016) reported that low-frequency
ultrasound combined with microbubbles could sig-
nificantly improve the transfection efficiency of small
interfering RNA (siRNA) in SMMC-7721 hepato-
cellular carcinoma cells. Zhao et al. (2018) reported
that low-frequency ultrasound combined with mi-
crobubbles increased the transfection efficiency of
siRNA (4 times) and porphyrin uptake (8 times) in
MCF-7 (a human breast cancer cell line, estrogen
receptor positive (ER")), and inhibited ER" breast
cancer cells more effectively, showing a good syner-
gistic effect. Delalande et al. (2017) reported that
low-frequency ultrasound combined with microbub-
bles could effectively transfer plasmid DNA (pDNA),
mRNA, or siRNA.

Microbubbles can be bound to genes by directly
mixing microbubbles with naked genes or gene vec-
tors, and by wrapping genes inside microbubbles or
binding them with microbubble shells. After mi-
crobubbles are prepared as gene vectors, they can be
injected into the body through peripheral blood ves-
sels or directly into the target area under the guidance
of ultrasound. The microbubbles are destroyed by
ultrasound irradiation and the genes bound to the
inside or on the surface are released.

3 Mediating targeted tumor drug therapy,
improving the efficacy of chemotherapy and
the patient’s tolerance to chemotherapy

Chemotherapy is one of the most important
methods in the clinical treatment of tumors. It is im-
portant to enhance the sensitivity of chemotherapy
drugs, improve the curative effect, reduce the dosage,
and reduce the side effects of drugs. Many studies
have attempted to reduce the toxic and side effects on
normal cells while enhancing the antitumor effect of
chemotherapeutic drugs in order to improve efficacy.

It has been found that low-frequency ultrasound
combined with drug-carrying microbubbles can in-
crease the concentration of chemotherapeutic drugs in
tumor cells, increase efficacy, resist drug resistance of
cells, and have a chemotherapeutic sensitization ef-
fect (Moon et al., 2015a; Ren et al., 2016).

Microbubbles containing chemotherapeutic drugs
are injected intravenously into the body and irra-
diated with low-frequency ultrasound to target tis-
sues. The microbubbles rupture, resulting in local
capillary rupture and a widened endothelial gap.
Thus, the drug carried by microbubbles is released to
the target areas through the endothelial cell barrier,
thereby increasing the local drug concentration. At
the same time, low-frequency ultrasound leads to a
temporary gap in the cell membrane, which increases
the permeability. Drug molecules can then enter the
cell. It results in increased drug concentration in tu-
mor cells, enhances the antitumor effect of chemo-
therapeutic drugs on tumor cells, and improves
treatment efficiency (Zhang et al., 2018). On the other
hand, it reduces the dosage of drugs and side effects
(Moon et al.,, 2015b). Low-frequency ultrasound
combined with microbubbles with low-dose drugs
can achieve the antitumor effect of high-dose drugs
alone on tumor cells, increase the targeted utilization
rate and cytotoxicity of drugs, improve the efficacy of
chemotherapy, but also improve the patient’s toler-
ance to chemotherapy. Wang (2015) found that low-
frequency ultrasound combined with microbubbles
increased the permeability of DU-145 cells to dif-
ferent molecular weight substances such as Calein,
FD4, and FD70, and increased chemotherapeutic
efficacy for human prostate cancer DU-145 cells and
PC-3 cells.
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Ren et al. (2013) reported that docetaxel-loaded
microbubbles could significantly enhance the anti-
tumor effect of paclitaxel under low-frequency ul-
trasound irradiation. Xiao et al. (2018) reported that
low-frequency ultrasound combined with microbub-
bles could enhance chemotherapeutic drugs into tu-
mor stroma by reducing interstitial pressure and thus
improve the curative effect of tumor therapy. Mariglia
et al. (2018) reported that low-frequency ultrasound
combined with microbubbles could enhance the cy-
totoxicity of the nucleoside analogue gemcitabine in
pancreatic cancer, improve the effect of chemother-
apy, and prolong the survival time of patients with
pancreatic cancer. Zhao et al. (2018) reported that
low-frequency ultrasound combined with multifunc-
tional FOXA1 porphyrin-loaded microbubbles sig-
nificantly increased the local accumulation of por-
phyrin and siRNA by ultrasound-induced acoustic
perforation, and had a good therapeutic effect on
estrogen-dependent ER " breast cancer. Li et al. (2017)
reported that 5-FU polylactic acid nanobubbles irra-
diated by low-frequency ultrasound could further
improve drug targeting and effectively inhibit the
growth of hepatocellular carcinoma in nude mice.

4 Inducing autophagy and apoptosis of tu-
mor cells, inhibiting proliferation, invasion,
and metastasis, and playing an anti-tumor
role

Cell proliferation disorder and death inhibition
are the main causes of tumorigenesis. Low-frequency
ultrasound combined with microbubble contrast agent
can significantly inhibit the proliferation and cloning
of tumor cells through mechanical and cavitation
effects. Morphological changes include various death
modes, namely tumor cell necrosis, autophagy, and
apoptosis.

Autophagy and apoptosis both cause cell death.
Autophagy is considered to be a different pro-
grammed cell death mode from apoptosis, known as
type II programmed cell death. Excessive autophagy
can kill tumor cells (Shimizu et al., 2014; Lin and
Bachrecke, 2015; Rebecca and Amaravadi, 2016).
Induction of autophagy in tumor cells is a novel po-
tential method for tumor therapy. Autophagy has
three stages: formation of a bilayer membrane struc-

ture, formation of the autophage, and formation of
autophagic lysosome and degradation of content
(Zarzynska, 2014).

Apoptosis is known as type I programmed cell
death. It is controlled by genes. In recent years, in-
ducing apoptosis of tumor cells has become a novel
method of tumor therapy (Lin and Baehrecke, 2015).
Low-frequency ultrasound combined with micro-
bubbles can induce tumor cell apoptosis, and inhibit
tumor cell proliferation, invasion and metastasis
(Shen et al., 2014; Rebecca and Amaravadi, 2016;
Ren et al., 2016). It may be related to the cavitation
effect (Shen et al., 2014). The modes of apoptosis
include the endogenous and exogenous. Exogenous
apoptosis directly activates the downstream Caspase
effector molecule by binding apoptosis-stimulating
factors to cell surface-related receptors. Endogenous
apoptosis is a mitochondrial-activated apoptosis
process regulated by the Bcl-2 protein family. It is
reported that low-frequency ultrasound combined
with microbubbles can promote apoptosis of prostate
cancer cells, liver cancer cells, ovarian cancer cells,
glioma cells, and human leukemia cells (Lagneaux
et al., 2002; Bai et al., 2016; Gangeh et al., 2016), and
reduce damage to normal tissues.

Hou et al. (2017) reported that low-frequency
ultrasound combined with microbubbles can affect
the hypoxic response of a tumor, inhibit tumor growth,
and promote cell apoptosis. Shen YY et al. (2017)
reported that low-frequency ultrasound combined
with microbubbles enhanced delivery of paclitaxel
liposomes treating nude mice bearing intracranial
glioblastoma xenografts. Immunohistochemistry proved
that low-frequency ultrasound combined with mi-
crobubbles could induce apoptosis and inhibit prolif-
eration. Zhang et al. (2017) reported that low-frequency
ultrasound combined with microbubbles could sig-
nificantly inhibit the expression of surface antigen
markers CD11c and CD8&3 of the prostate cancer cell,
and inhibit the proliferation of tumor cells. Sadeghi-
Naini et al. (2016) reported that low-frequency ul-
trasound combined with microbubbles could induce
the death of human fibrosarcoma xenografts cells in
mice with severe combined immunodeficiency. Ji
et al. (2016) reported that when low-frequency ultra-
sound combined with exogenous microRNAs-133A-
carried microbubbles was used to treat MCF-7 and
MDA-MB-231 cells, the expression of microRNAs
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was significantly raised. When the expression of ep-
idermal growth factor receptor and the phosphoryla-
tion of Akt were significantly inhibited, the prolifer-
ation of breast cancer cells was inhibited and the
survival rate increased. Wu et al. (2016) reported that
low-frequency ultrasound combined with microbub-
bles increased the apoptosis of SMMC-7721 human
hepatocellular carcinoma cells, and decreased the
ability of migration and invasion significantly. Yang
et al. (2016) reported that the group of low-frequency
ultrasound combined with microbubbles was more
effective than other groups in inhibiting tumor growth,
promoting cell apoptosis, inhibiting cell proliferation
and angiogenesis.

5 Mediating tumor microvascular emboliza-
tion and anti-angiogenesis

The occurrence, development, invasion, and
metastasis of solid tumors depend on tumor angio-
genesis. Tumor angiogenesis is defined as when the
tumor is larger than 1 mm® or has more than 1x10’
cells, the microvascular network through endothelial
cells begins to form new blood vessels to provide
adequate oxygen and other nutrients for tumor cell
proliferation. Tumor neovascularization lacks an
elastic fiber layer with weak wall, incomplete base-
ment membrane, and high permeability. Therefore,
anti-angiogenesis and blocking tumor blood supply
are new ways for tumor therapy.

However, at present, anti-angiogenesis is almost
chemical or biological with drugs attacking tumor
neovascularization, with many side effects and un-
satisfactory therapeutic effects. Intravenous mi-
crobubbles can be used to enhance the cavitation
effect of low-frequency ultrasound, which can, in a
targeted manner, destroy the neovascularization of a
tumor. Microbubbles can reduce the threshold of the
ultrasonic cavitation effect, enhance the cavitation
effect, damage the vascular wall, activate endogenous
or exogenous coagulation, induce large areas of ca-
pillary embolism, and block the nutritional supply of
tumor cells, leading to tumor cell death (Yang et al.,
2015b). Shock waves produced by the cavitation
effect not only increase the permeability of the cell
membrane, but also rupture the microvessel and
widen the gap between endothelial cells. At the same

time, they also mediate the destruction of vascular
endothelial layers, expose the vascular subendothelial
layer, cause thrombosis in blood vessels, and block
the blood supply of malignant tumor tissue (Shen ZY
etal., 2017).

Shen et al. (2013, 2018) reported that in low-
frequency ultrasound combined with a microbubble
group, rabbit VX2 cancer cells were found with in-
terstitial hemorrhage and thrombosis, vascular endo-
thelial cell wall rupture, endothelial cell gap expan-
sion, interstitial erythrocyte leakage, microvascular
thrombosis, carotid artery elastic membrane separa-
tion, local blood vessel wall defects, and hole for-
mation, and the surface of the ruptured area
was rough and irregular. Low-frequency ultrasound
combined with microbubbles has anti-angiogenic
effects.

6 Enhancing anti-tumor immunity

Low-frequency ultrasound combined with mi-
crobubbles markedly inhibited expression of the
general marker CD11c and the mature marker CD83,
down-regulated VEGF expression, induced the high
expression of the anti-tumor immune response bi-
omarkers CD4 and CD8a in mice spleen, activated
immunity, and promoted the synergistic effect of anti-
tumor immunity. Low-frequency ultrasound com-
bined with microbubbles could not only directly
suppress prostate cancer cell evolution, but also
promote activation of anti-tumor immunocytes in the
VEGF-inhibited microenvironment (Zhang et al.,
2017).

7 Synergistically enhancing other tumor
therapies

Low-frequency ultrasound combined with mi-
crobubbles enhanced microvessel destruction of ra-
diofrequency ablation in prostate cancer xenografts in
nude mice. It produced larger volumes of ablation
compared with treatment with radiofrequency abla-
tion alone, and increased the apoptosis index and
reduced the proliferation index in residual carcinoma
cells induced by radiofrequency ablation (Yang et al.,
2015a).
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8 Prospects

Low-frequency ultrasound combined with mi-
crobubbles for tumor therapy is still in the experi-
mental stage. There are several problems to be solved
urgently.

8.1 Parameter optimization

The cavitation effect of low-frequency ultra-
sound is affected by many factors, such as ultrasonic

frequency, intensity, irradiation time, and method, etc.

(Nguyen et al., 2017). The ultrasonic parameters re-
ported in the literatures are not completely consistent.
Therefore, it is very important to optimize the ultra-
sonic irradiation parameters (including the optimal
irradiation time, frequency, intensity, irradiation
mode, ultrasonic instrument type, etc.) and the types,
dosages, concentrations and injection modes of mi-
crobubbles by orthogonal experimental design. It is
necessary to study the application value of different
diseases and optimize the parameters for various
applications.

In addition, different effects of low-frequency
ultrasound are related to irradiation modes. The larger
dosage and longer duration of ultrasound easily cause
cavitation (Shriki, 2014). The cavitation threshold
increases with the decrease of dose. The cavitation
threshold of pulse waves is higher than that of con-
tinuous waves. The shorter the duration of the pulse,
the higher the cavitation threshold. Intermittent
emission of pulsed wave energy may reduce the im-
pact of continuous radiation energy deposition on the
surroundings and reduce the complications caused by
the thermal effect.

8.2 Targeting and stability of microbubbles

Enhancing the binding force between micro-
bubbles and ligands and the binding strength between
ligands and receptors are the basis of targeted mi-
crobubbles. Improving the efficiency of microbubbles
carrying drugs and genes, enhancing the stability of
microbubbles in circulation, increasing targeting,
prolonging the time of microbubbles staying in the
region of interest, and effectively controlling the re-
lease time are urgent problems to be solved. For
example, in the microcapsule shell, tissue specific
antibodies or ligands are added to modify the com-
position and characteristics of the shells.

8.3 Safety

Low-frequency ultrasound combined with mi-
crobubbles can damage adjacent cells and tissues as
well as tumor cells. It can cause hemolysis, micro-
vascular leakage, capillary rupture, and troponin-T
elevation. Therefore, it is necessary to further im-
prove the safety of low-frequency ultrasound com-
bined with microbubbles.

8.4 Probe development

The development of a composite probe which
can be used for both ultrasound imaging and ultra-
sound therapy will provide great convenience for
low-frequency ultrasound combined with microbub-
bles to mediate tumor targeted therapy.

9 Conclusions

In summary, low-frequency ultrasound com-
bined with microbubbles is a promising method for
tumor therapy. It has the advantages of safety, high
efficiency, good targeting, and controllability, and is
one of the hot topics in the field of ultrasound study.
With the optimization of ultrasound parameters,
the development of targeted microbubbles and the
emergence of various composite probes with both
diagnostic and therapeutic functions, low-frequency
ultrasound combined with microbubbles will be
widely used in basic and clinical research, bringing
new hope for clinical tumor therapy with important
application value.
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