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ABSTRACT Sonodynamic therapy (SDT) is an emerging approach that involves a combination of low-intensity ultrasound and specialized

chemical agents known as sonosensitizers. Ultrasound can penetrate deeply into tissues and can be focused into a small region of a

tumor to activate a sonosensitizer which offers the possibility of non-invasively eradicating solid tumors in a site-directed manner.

In this article, we critically reviewed the currently accepted mechanisms of sonodynamic action and summarized the classification

of sonosensitizers. At the same time, the breath of evidence from SDT-based studies suggests that SDT is promising for cancer

treatment.
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Introduction

As we all  know that  cancer  has  become the  first  killer  of

human health, and anticancer therapy has attracted more and

more researchers'  attention all  over the world.  At current

stage, four main methods including surgery, chemotherapy,

radiotherapy, and immunotherapy are clinically applied in

cancer treatments. However, every kind of treatment has its

own limitations which make rigorous challenges for cancer

therapy. Surgery treatment has difficulty on clearing cancer

cells  entirely  and  can  not  cure  the  metastasized  tumor.

Chemotherapy and radiotherapy can effectively kill cancer

cells to some extend, but they will  damage normal tissues

simultaneously. In addition, cancer cells will exert tolerance

during the long-period of chemotherapy and radiotherapy,

which  is  considered  to  be  the  main  obstacle  on  cancer

therapy. Immunotherapy, the burgeoning cancer treatment,

is an effective treatment on cancers but it costs too much and

is possible to cause cytokine storm. Therefore,  finding an

effective, secure, and low-cost treatment becomes extremely

urgent.

Sonodynamic  therapy  (SDT)  has  been  developed  as  a

novel  promising  noninvasive  approach  derived  from

photodynamic therapy (PDT). In 1989, Yumita et al.1 found

several hematoporphyrin (HP) derivatives (HPDs) used in

PDT also  induced  significant  cell  damage  when  they  are

activated with ultrasound. It has since been demonstrated

that several newly-generated HPDs have potential to be used

as sonosensitizers for tumor treatment in combination with

ultrasound2-4,  which  is  referred  to  SDT5.  The  major

difference between SDT and PDT is the energy source used to

activate the sensitizers (ultrasound versus light). Due to the

short penetration depth of light, PDT is not effective for the

treatment of deep-seated tumors6. However, the significant

advantage of SDT over PDT is that ultrasound can be tightly

focused with penetration in soft tissue up to several tens of

centimeters7. Therefore, SDT overcomes the major limitation

of PDT. The sonodynamic efficiency of SDT mainly relies on

the generation of reactive oxygen species (ROS) through the

simultaneous  combination  of  low  intensity  ultrasound,

molecular  oxygen  and a  sonosensitizer8.  SDT has  been  a

promising  novel  treatment  modality  which  yielded

impressive  anticancer  effects  on both in  vitro  and in  vivo

studies9. In this article, we review the current investigations

on SDT with a particular focus on its function mechanisms

and application in cancer treatment.

Possible function mechanisms of
SDT

PDT is described as a dynamic interaction involving light, a
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photosensitive  agent  and  oxygen.  Upon  activation,  the

photosensitizer is promoted from its ground state (S0) to the

first excited singlet state (S1), from which point a chain of

further  electronic  transitions  can  occur.  This  pathway

involves an intersystem crossing from the sensitizers S1 state

to its longer-lived triplet state (T1). In the absence of triplet

state population, the excited photosensitizer returns to its

ground  state  with  the  emission  of  light,  known  as

fluorescence, and/or by means of radiationless transitions

whereby energy is given to or taken up by another particle or

system. Population of the triplet state is necessary to produce

the sufficient quantity of ROS to initiate the cell death. In

most  cases,  the  key  ROS of  PDT is  singlet  oxygen  (1O2),

which is  the lowest  excited electronic state of  oxygen10,11.

This mechanism seems to be applied to SDT, however, the

generation of ROS during ultrasound treatment is not fully

understood until now12,13. The interaction of ultrasound with

aqueous  environment  results  in  a  unique  phenomenon

known as acoustic cavitation14, which can activate sensitizers

to  generate  ROS13.  Based  on  the  acoustic  cavitation,

sonoluminescence, a process whereby light is generated upon

irradiation of a solution with the ultrasound, is believed as

another  key  mechanism to  generate  ROS15.  The  possible

mechanisms  of  SDT  are  shown  in  Figure  1  and  briefly

discussed as follows.

Acoustic cavitation

SDT involves the synergistic interaction of ultrasound and

some chemical compounds termed as sonosensitizers16. The

sonication parameters in SDT (usually 1.0–2.0 MHz at an

intensity of 0.5–3.0 W/cm2) have been selected to produce

cavitation in a cell  culture or tumor17.  Cavitation process

involves the nucleation, growth, and implosive collapse of

gas-filled  bubbles  under  the  appropriate  ultrasound

conditions.  It  may be essentially classified into stable and

inertial  cavitation14.  Bubbles of  stable cavitation oscillate,

creating a streaming of the surrounding liquid which results

in a mixture of the surrounding media while the gas bubbles

in inertial cavitation process grow to a near resonance size

and expand to a maximum before collapse violently18.

The extreme temperatures up to 10000 K and pressures of

81 MPa in the surrounding microenvironment resulted from

the  released  energy  by  this  implosion  are  viewed  as  a

sonochemical  reactor13,17.  Under  the  function  of  this

sonochemical reactor, a sonosensitizer attached to the surface

 
Figure 1   Possible mechanisms of SDT. Ultrasound irradiation induces cavitation around the surface of cancer cells. The energy provided by

the collapse of cavitating bubbles initiates the formation of sonoluminescent light in cancer cells. Thus, sonosensitizer is activated from its

ground state into an excited state. As the activated sonosensitizer returns to the ground state, the released energy can be transferred to the

circumambient oxygen to produce a large amount of ROS including oxygen ion, peroxide and singlet oxygen, which subsequently mediate

the mitochondrial-dependent cell apoptosis through the damage of mitochondria membrane and the release of Cyt c.
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of a tumor cell will be activated from its ground state into an

excited state when it is exposed to the ultrasound, and as the

activated  sonosensitizer  returns  to  the  ground  state,  the

released  energy  can  be  transferred  to  the  circumambient

oxygen  to  produce  a  large  amount  of  ROS,  which

subsequently mediates cellular toxicity directly19. Konno et

al.20  found  that  HP-treated  cells  were  sensitive  to  the

ultrasound at low intensities, although it was shown not to

induce inertial cavitation. It is interesting to note that the

ultrasound intensities employed in this study have given rise

to sonoluminescence via  stable  cavitation.  Yasuda et  al.21

have demonstrated that cavitation cloud would be useful for

efficient  generation  of  ROS using  nonlinear  propagation

effect.

Sonoluminescence

Sonoluminescence is the emission of light from cavitating

bubbles  when  ultrasound  irradiation  induces  cavitation

around the surface of tumor cells22.  Umemura et al.23  had

studied  the  emission  of  this  light  in  saline  solutions  and

proposed that light from sonoluminescence could activate

sonosensitizers  such  as  HP  in  a  similar  manner  to  PDT.

Although these  experiments  carried  out  in  vitro  may  not

represent the results found in vivo, it is reasonable to assume

that the emission spectrum of sonoluminescence in water

should be similar to its spectrum within the tissues with a

large  of  water  content.  Sazgarnia  et  al.24  successfully

confirmed sonoluminescence in gel-based phantoms using

protoporphyrin IX (PpIX) coupled to  gold  nanoparticles

after ultrasonic irradiation at a frequency of 1.1MHz. In their

study, gold nanoparticles was applied as nucleation centers

for cavitation and sonoluminescence signals were detected at

350–450 nm, 450–550 nm and 550–650 nm, respectively.

It  has  been  suggested  that  SDT  can  induce  the  ROS

production in the form of sonoluminescent light by inertial

cavitation,  a  process  of  creating  microbubbles  in  liquid

environments  such  as  cellular  cytoplasm1 3 .  When

microbubbles implode, they give off substantial amount of

energy, thus initiate the emission of sonoluminescent light,

and subsequently leads to the production of ROS. The energy

released  from  microbubble  implosion  can  also  severely

damage malignant cells by hydrodynamic shear forces, e.g.,

destroying vital cytoskeletal structures of the cells25. Cheng et

al.26  demonstrated  that  5-aminolevulinic  acid  (5-ALA)-

induced PpIX which are mainly located on the mitochondria,

can induce THP-1 macrophage apoptosis  by generating a

large amount of ROS in mitochondria after the production of

sonoluminescence.

Anticancer effect of SDT

From the above-mentioned advantages, it can be seen that

SDT is an emerging approach that offers the possibility of

non-invasively eradicating solid tumors in a  site-directed

manner.  A high therapeutic  efficacy  of  SDT in cancers  is

resulting  from  the  comprehensive  functions.  Many

investigations have confirmed that the production of a large

amount of intracellular ROS induced by SDT can produce

direct  cytotoxicity  in  cancer  cells.  Recently,  some

investigations  also  showed  that  SDT  possesses  the

modulation effects on cancer microenvironment, e.g.,  the

suppression effect on tumor vasculature and the stimulation

effect on the tumor immunity, which inhibit the growth of

cancers.  Here,  we  reviewed  the  currently  accepted

mechanisms by which ultrasound activates sensitizers to elicit

therapeutic effects on cancers.

Cytotoxicity induced by SDT in cancer cells

Upon absorbing low energy ultrasound, sonosensitizers at

tumor sites can covert oxygen to various highly reactive ROS,

such as singlet oxygen, leading to the irreversible damages of

cancer cells directly. In the study reported by Chen et al.27,

human lung adenocarcinoma cells SPCA-1 and mice bearing

SPCA-1 tumor xenograft were exposed to the ultrasound in

presence or absence of chlorin e6 (Ce6). The results showed

that the accumulation concentration of Ce6 in tumor tissue

was  remarkably  higher  than  that  in  normal  muscle  near

tumor.  In  vivo,  the  ultrasound  (0.4–1.6  W/cm2)  or  Ce6

(10–40 mg/kg) alone exhibited no remarkable anti-tumor

effects, but the combination of ultrasound (1.6 W/cm2) with

Ce6 hampered tumor growth significantly (P<0.05). Flow

cytometry analysis showed that Ce6-mediated sonodynamic

effect was mainly through the process of cell necrosis induced

by ROS.

High  level  of  intracellular  ROS  triggered  by  SDT  can

damage the mitochondrial membrane through promoting

lipid  peroxidation,  thus  causing  the  depolarization  of

mitochondrial  membrane  potential  and  the  increase  of

mitochondrial  membrane  permeability28.  Sun  et  al.29

developed  an  experimental  system  to  monitor  the

intracellular ROS and mitochondrial  membrane potential

(MMP) loss  in  real-time during  ultrasonic  irradiation in

order  to  achieve  the  optimal  parameters.  THP-1  derived

macrophages were incubated with 5-ALA and then sonicated

at different intensities. When the intensity of ultrasound was

0.48 W/cm2, the ROS elevation and MMP loss were observed

in THP-1 derived macrophages during ultrasonic irradiation.
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More recent reports suggest the intracellular production of

ROS is responsible for mediating cytotoxic effects in SDT30.

The  damages  of  mitochondrial  membrane  can  further

cause  the  release  of  cytochrome  c  (Cyt  c)  from  the

mitochondria to the cytoplasm and the subsequent activation

of  caspase-dependent  apoptosis  pathway.  Su  et  al.31

investigated the occurrence of apoptosis and autophagy in

human  leukemia  K562  cells  after  treatment  with  PpIX-

mediated SDT. The mitochondrial-dependent apoptosis was

clearly  observed through morphological  observation and

biochemical analysis. Besides that, SDT was shown to induce

the  autophagy  in  K562  cells.  The  same  group  also

investigated the apoptosis behavior of U937 cells induced by

HP monomethylether (HMME)-mediated SDT. Compared

with  the  control,  ultrasound-alone,  and  HMME-alone

groups,  the  intracellular  ROS  production  was  greatly

increased  in  the  combined  SDT  group32.  The  role  of

intracellular calcium overload in the apoptosis of C6 glioma

cells  with  treatment  of  HMME-mediated  SDT  was

investigated  by  Hao  et  al.33.  The  results  showed  that  the

intracellular ROS production increased, the mitochondrial

membrane potential decreased, and Cyt c was released from

the  mitochondria  with  treatment  of  SDT  in  the  media

supplemented with Ca2+. Altogether, the intracellular ROS

production  was  directly  related  to  the  increase  of  Ca2+

concentration,  and  as  a  result  the  cell  apoptosis  was

improved.

Modulation effects of SDT on cancer
microenviroment

Cancer  microenvironment,  also  called  tumor  microen-

vironment,  describes  cellular  environment  in  which  the

tumor exists, including surrounding blood vessels, immune

cells, fibroblasts, bone marrow-derived inflammatory cells,

lymphocytes,  signaling  molecules,  and  the  extracellular

matrix. The tumor and the surrounding microenvironment

are  closely  related  and  interact  constantly.  Tumors  can

influence the microenvironment by releasing extracellular

signals,  promoting  tumor  angiogenesis  and  inducing

per iphera l  immune  to lerance ,  whi le  the  tumor

microenvironment provide the support for the growth and

metastasis of cancer cells34. Recently, several investigations

have showed that SDT can efficiently modulate the tumor

microenvironment.

Gao et al.35 investigated the effects of SDT on the tumor

microenvironment, especially the tumor angiogenesis, which

is required for invasive tumor growth and metastasis  and

constitutes  an  important  point  in  the  control  of  cancer

progression. They found that the ROS production induced by

SDT could significantly inhibit the proliferation, migration

and invasion of endothelial  cells,  and the tube formation.

Furthermore, in a tumor xenograft mouse model, SDT was

found  to  remarkably  suppress  the  tumor  growth,

intratumoral  vascularity,  and  expression  of  vascular

endothelial growth factor in tumor cells. An ultrastructural

study showed the obvious damage and disruption of tumor

microvasculature  after  STD.  Some  other  studies  also

confirmed  the  suppression  effect  of  SDT  on  the  tumor

angiogenesis36,37.

Similar  to  PDT,  SDT  can  also  modulate  the  tumor

microenvironment to generate an immune response.  The

destruction of tumors induced by SDT may lead to the in situ

immunity forming in the body when the immune cells are

exposed  to  the  tumor  debris  and  immune  stimulatory

substances  that  are  present  in  the  tumor.  In  the  study

reported by Wang et  al.38,  they investigated the transfor-

mation  of  macrophages  and  dendritic  cells  (DCs)  in  the

tumor microenvironment during 5-ALA-mediated SDT in

mice  transplanted  with  B16F10  melanomas.  The  results

showed  that  the  tumor  growth  was  restrained  and  the

macrophage and DC passivity was remarkably reversed in

B16F10 melanoma-bearing mice by 5-ALA-mediated SDT.

For example, CD68 expression level increased and CD163

expression level decreased, indicating that M2 macrophages

were  converted  to  the  M1 phenotype  in  tumor  microen-

vironment; CD80 and CD86 expression levels both increased,

suggesting that  DCs in tumor microenvironment tend to

mature after SDT treatment. Furthermore, the cytokines such

as INF-γ, TNF-α and IL-10 also significantly increased at the

same time.

Sonosensitizers

Sonosensitizer  can  maximize  the  effects  of  ultrasonic

irradiation, thus is considered as another important element

in SDT. Based on the known mechanisms of cell apoptosis or

cell  death induced by SDT, sonosensitizers  have achieved

rapid  development  in  the  past  decades.  Moreover,  the

selection of a suitable sonosensitizer in carrying out SDT on

cancers  has  become  an  important  issue  in  current

investigations of SDT. Here, we introduced several kinds of

sonosensitizers  mainly  including  porphyrin-based

sonosensitizers,  xanthene-based  sonosensitizers,  non-
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steroidal anti-inflammatory drug-based sonosensitizers, and

other sonosensitizers. Their chemical structures are shown in

Figure 2. These sonosensitizers have been extensively studied

in some investigations of SDT in cancer treatment.

 
Figure 2   Chemical structures of porphyrin-based sonosensitizers (A), xanthene-based sonosensitizers (B), non-steroidal anti-inflammatory

drug-based sonosensitizers (C), and other sonosensitizers (D).
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Porphyrin-based sonosensitizers

The widely used sonosensitizers at present are mainly the first

generation photosensitizers such as photofrin, porphyrin and

its  derivatives.  Figure  2A  lists  the  several  representative

porphyrin-based  sonosensitizers  that  have  been  studied

extensively  in  the  development  of  SDT.  HMME is  a  HP-

related photosensitizer  and exhibits  several  advantages in

cancer therapy, such as the high selectivity for tumor, the

rapid removal  from normal  tissues  and the relatively  low

toxicity.  Previous  reports  showed that  HMME combined

with  ultrasonic  irradiation  obviously  enhanced  the

intracellular ROS production39  and the expression of Bax,

caspase-3  and  caspase-9  proteins40,  and  also  displayed

significant improvement on the suppression of cell viability

and  the  induction  of  cell  apoptosis41.  Recent  studies  on

human leukemia U937 cells32 and osteosarcoma42 revealed

that HMME combined with ultrasonic irradiation might be a

promising approach for cancer therapy. PpIX is a novel HPD

and displays stronger anticancer activities than HP under the

same ultrasonic condition because that it is much easier to be

taken  up  by  cancer  cells43.  However,  HP  and  HPD  have

phototoxicity  on  the  skin,  thus  markedly  prevent  their

c l in ica l  appl icat ions .  The  second  generat ion  of

sonosensitizers  such as  Ce6 is  promised to overcome this

disadvantage. Ce6 is a monomer compound which consists

of single chemical structure. Previous studies showed that

Ce6  can  be  selectively  accumulated  in  tumor  tissues  and

rapidly cleared from the normal tissues44. Li et al.45 observed

that  Ce6  mediated  SDT  can  activate  the  mitochondrial-

dependent  apoptosis  pathway  in  human  chronic

myelogenous leukemia K562 cells.

Xanthene-based sonosensitizers

The xanthene dyes (Figure 2B) such as erythrosin B (EB) and

rose  bengal  (RB)  have  been  used  as  sonosensitizers  and

exhibit  very  high  sonodynamic  efficiency  under  the

ultrasound.  The  in  vitro  cytotoxicity  of  RB  can  be

significantly enhanced by the ultrasonic irradiation, but its in

vivo  applications  are  limited  by  its  low  accumulation  in

tumor tissues, rapid sequestration in the liver and subsequent

clearance46. In recent years, chemical modification of RB has

attracted  considerable  attention  to  overcome  its

disadvantage. In view that the amphiphilicity is favorable for

accumulation of  drugs  in  tumor,  several  amphiphilic  RB

derivatives have been synthesized. Sugita et al.47 combined

carboxylation (RBD2) and alkylation (RBD3) to synthesize

amphiphilic RB derivatives, which exhibit more efficient in

vivo anticancer effects than RB under the ultrasound due to

their enhanced accumulation in tumors48.

Non-steroidal anti-inflammatory-based
sonosensitizers

Recently, several non-steroidal anti-inflammatory drugs have

been found to have significant anticancer effects under the

ultrasound. Quinolone compounds, a kind of clinically used

anti-infection drugs with broad-spectrum, exhibit obvious

photosensitivity. Because many sonosensitizers are derived

from photosensitizers, quinolone compounds are deduced to

have sonodynamic efficiency. For example, fluoroquinolone

antibiotics were used as sonosensitizers to exert anti-tumor

effects  against  sarcoma  180  cells  in  vitro  (Figure  2C)49.

Besides,  ciprofloxacin  (CPFX),  gatifloxacin  (GFLX),

lomefloxacin  (LFLX),  and  sparfloxacin  (SPFX)  could

promote  the  death  of  cancer  cells  under  the  ultrasound

sonification at 2 W/cm2 for 30 and 60 s. Non-steroidal anti-

inflammatory  drugs  tenoxicam50  and  piroxicam51  also

exhibited remarkably enhanced cytotoxicities in sarcoma 180

cells  after  ultrasonic  irradiation,  which  were  partially

contributed to the production of intracellular ROS.

Other sonosensitizers

With the development of SDT, seeking new sonosensitizers

with  higher  sonodynamic  efficiency  and  less  toxicity  has

become an important issue for the further clinical application

of  SDT.  Many small-molecular  agents  have  been  used  as

sonosensitizers and displayed relatively high sonodynamic

efficiency against  tumors both in vitro  and in vivo.  These

small-molecular agents include curcumin, indocyanine green

(ICG), acridine orange, hypocrellin B, and 5-ALA and so on

(Figure 2D). Besides, the chemical modification of small-

molecular sonosensitizers with hydrophilic polymers and the

preparation of nanosensitizers, referring to the nanoparticles

that possess the photo/sonodynamic activities in themselves,

also have been explored on in cancer treatment.

Curcumin, an active ingredient of turmeric, shows natural

anti-tumor effects with strong potency. Growing evidences

reveal  that the visible light can activate curcumin to have

significantly  enhanced  toxicity  in  cancer  cells,  which

demonstrates  that  curcumin is  an herbal  photosensitizer.

Further investigations suggest that curcumin can be used as a

novel  sonosensitizer  for  clinical  treatment on atheroscle-

rosis52. Some experimental results have demonstrated that

curcumin exhibited significant sonodynamic effects on THP-

1-derived macrophages and curcumin-based SDT could be a
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promising treatment method for atherosclerosis. Although

the current researches do not use curcumin-mediated SDT to

treat  cancers  directly,  the  obtained  data  suggest  that

curcumin is very likely to be used as a novel and efficient

sonosensitizer in cancer therapy53.  ICG is a near infrared-

absorbing  dye  and  has  been  clinically  applied  in  disease

diagnosis. Many studies have used ICG as a photosensitizer

in photothermal treatment and PDT54 for cancer. A recent

study  showed  that  the  combined  treatment  of  ICG  and

ultrasonic  irradiation  decreased  cell  viability  by  65%  in

mouse sarcoma cells. More interesting, ICG combined with

light and ultrasound at the same time resulted in 90% of the

cell to death and significantly inhibited the in vivo growth of

sarcoma cells. From the obtained results, it could be deduced

that ICG-mediated PDT and SDT combined treatment has

great  potential  for  cancer  therapy55.  In  a  recent  study,  a

water-soluble fluorochrome acridine orange was used as a

sonosensitizer to treat S180 cells in vitro56. After ultrasonic

irradiation at potency of 2 W/cm2 for 60 s, acridine orange

exhibited significant inhibitory activity on the proliferation

of S180 cells. It was interesting that sonodynamic efficiency

of acridine orange was obviously suppressed by L-histidine

and D-mannitol, the ROS scavengers. It suggested that the

generation of  ROS induced by  acridine  orange-mediated

SDT might play an important role in its anticancer effects.

Hypocrellin B, as a phytochrome, is first discovered and

in-depth  studied  by  Chinese  scientists.  Hypocrellin  B  is

extracted from a parasitic fungus called hypocrelline and has

been  used  as  a  photosensitizer  for  PDT.  Besides,  its

sonodynamic efficiency has been also evaluated in vitro. As

reported  by  Wang  et  al.57,  hypocrellin  B  combined  with

ul trasound  s igni f icant ly  promoted  the  death  of

nasopharyngeal carcinoma cells and HepG2 cells. It is worth

to note that the increased ROS production was observed in

HepG2 cells with treatment of hypocrellin B-mediated SDT.

Moreover,  hypocrellin  B possesses  many advantages  over

other sonosensitizers such as wide source, easy purification,

low  toxicity,  and  fast  clearance.  5-ALA  is  a  novel

photo/sonosensitizer  developed  in  recent  years.  As  a

precursor  of  PpIX,  5-ALA  cannot  produce  photo/

sonodynamic  activities  directly,  but  its  anabolic  product

PpIX exhibits relatively high photo/sonodynamic efficiency58.

Under normal circumstances, the amount of intracellular 5-

ALA  is  very  small.  However,  5-ALA  can  be  selectively

uptaken by active cells and further transferred to PpIX when

it is delivered into the body. A recent study showed that 5-

ALA-mediated SDT displayed significant apoptotic effects in

human tongue squamous carcinoma (SAS) cells and its effect

mechanisms involved the generation of intracellular ROS, the

enhancement  of  lipid  peroxidation  and  the  loss  of

mitochondrial membrane potential59.

Chemical  modif icat ion  of  sonosensit izers  with

polyethylene glycol (PEG) can improve their solubility and

enhance  their  sonodynamic  efficiency.  Komori  et  al.60

synthesized PEGylated LFLX derivatives by conjugating LFLX

with methoxyl PEG and investigated their effects on sarcoma

180 cells under the ultrasound. The results demonstrated that

the sonodynamic effects of PEGylated LFLXs were obviously

stronger than those of LFLX. This suggests that the chemical

structural  optimization  is  favorable  for  improving  the

sonodynamic efficiency of sonosensitizers.

Recently, some nanoparticles have been found to possess

the photo/sonodynamic activities in themselves, thus they are

called as nanosensitizers. For example, TiO2  nanoparticles

can strongly absorb the ultraviolet light or untrasound and

subsequently trigger the generation of ROS. Therefore, TiO2

nanoparticles can be used as a novel sono/photosensitizer for

SDT61/PDT62. Recent studies showed that SiO2 nanoparticles

possess  the  same  properties  as  TiO2  nanoparticles.

Osminkina  et  al.63  investigated  the  cytotoxicity  and

sonosensitivity  of  silicon nanoparticles  (SiNPs)  prepared

from  porous  silicon  nanowires  (SiNWs).  The  combined

treatment of SiNPs and ultrasound substantially inhibited the

growth of cancer cells. These results open a new perspective

for  the  usage  of  biocompatible  porous  SiNPs  in  cancer

treatments.

Nanocarriers for tumor-targeted
delivery of sonosensitizers

Although the above sonosensitizers shown in Figure 2  are

preferentially distributed to solid tumors to some extent, it

should be mentioned that the superfluous sonosensitizers can

be  uptaken  by  the  normal  tissues.  It  has  been  assuredly

known as a major challenge in the clinical application of SDT

because  these  sonosensitizers  simultaneously  possess

photodynamic  sensitivities,  which  can  cause  serious

hypersensitivity when the patients are exposed to the light64.

The rapid development of nanocarrier technology in recent

decades  makes  it  possible  to  solve  this  problem.  Many

nanocarriers have been designed for tumor-targeted delivery

of sonosensitizers via the enhanced permeation and retention

(EPR) effect or other active targeting effects, e.g., the specific

affinity  of  ligands  or  antibodies  on  the  surface  of

nanosystems for the receptors over-expressed by tumor cells.

Moreover, nanocarriers can be used as platform for different

therapeutic agents, thus effectively combine different cancer

treatment methods.
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Sazgarnia et al.65 prepared PpIX-conjugated gold nanopar-
ticles  and  evaluated  their  sonodynamic  efficiency  on  an
animal model with colon cancer. The results showed that this
nanoparticle system successfully delivered PpIX targeting to
the tumor, significantly decreased its toxicity on the normal
tissues and remarkably enhanced synergistic effects on the
tumor  by  combing  PpIX-mediated  SDT  with  gold
nanoparticle-mediated thermotherapy. Hu et al.66 prepared
stearic acid-grafted chitosan oligosaccharide micelles with
loading  of  Ce6.  These  micelles  improved  the  cellular
internalization  of  Ce6,  significantly  enhanced  its
sonodynamic  efficiency,  and decreased  its  toxic  and side
effects  compared  to  Ce6  liquores.  In  Nomikou's  study67,
microbubble-sonosensitizer  conjugates  were  prepared by
covalently attaching rose bengal to lipid-shelled microbu-
bbles. These microbubble-sonosensitizer conjugates triggered
the increased intracellular ROS level in the presence of an
acoustic filed, thus enhanced SDT-mediated cytotoxic effects
on target cancer cells. Further investigations confirmed their
in  vivo  antitumor  effects  using  human  xenograft  tumor
animal models.

In  our  investigation  previously  reported68,  HP  was
conjugated to  PEG to synthesize  HPP,  which could form
nanoparticles  in  aqueous  media  by  self-assembly.  HPP
nanoparticles  displayed  strong  capability  for  loading
chemotherapeutic drug doxorubicin (DOX), thus efficiently
combined PDT and chemotherapy to reverse drug resistance
of human breast cancer MCF-7/ADR cells. In MCF-7/ADR
tumor-bearing  mice,  this  nanoparticle  system  exhibited
excellent tumor-targeting property and successfully realized
the tumor ablation. Besides, we also prepared HP and DOX
co-loaded Pluronic F68 (HPDF) nanomicelles and evaluated
their  capability  for combining SDT and chemotherapy to
treat hepatocellular carcinoma (HCC) in our recent study
(Figure 3). The results have shown that HPDF nanomicelles
combined with ultrasonic irradiation (1.0 MHz, 1.5 W/cm2,
30  s)  exhibited  significant  synergistic  effects  on  the
cytotoxicity, apoptosis, and cell-cycle arrest of HCC HepG2
cells.  Furthermore,  HPDF  nanomicelles  also  exhibited
excellent HCC-targeting delivery capability in HepG2 tumor-
bearing  nude  mice  and  remarkably  inhibited  the  tumor
growth, angiogenesis,  and collagen deposition after being
combined with ultrasonic irradiation (1.0 MHz, 3 W/cm2).

Combination of SDT with other
cancer treatment methods

SDT shows  great  potential  as  a  novel  strategy  for  cancer

treatment, but its single application cannot achieve tumor

ablation completely. Therefore, SDT is very likely to be an

adjunctive method for clinical cancer treatment. Currently,

many investigations have shown that SDT combined with

other  treatment  methods  such  as  chemotherapy,  PDT,

hyperthermotherapy, etc, can achieve significant synergistic

effects against the growth of tumors both in vitro and in vivo.

Here,  we reviewed the recent  advances  of  SDT combined

with other methods for cancer treatment.

SDT combined with chemotherapy

Chemotherapy is a very important method in clinical cancer

treatment, whereas cancer drug resistance either natural or

acquired  greatly  limits  its  wide  applications  in  clinic.  To

enhance the sensitivity of cancers to chemotherapeutic drugs

is  always  a  focused  issue  in  the  research  field  of  cancer

treatment. First, the ultrasound can selectively improve the

uptake  of  chemotherapeutic  drugs  in  cancer  cells,  thus

reduce  their  toxic  and  side  effects  on  normal  cells  and

tissues9. Second, SDT can activate the mitochondria-caspase

signaling pathway69 and down-regulate the expression levels

of  ATP-binding  cassette  (ABC) transporters70,  which  are

favorable  for  enhancing  the  sensitivity  of  cancer  cells  to

c h e m o t h e r a p e u t i c  d r u g s .  I n  a d d i t i o n ,  s o m e

nanosonosensitizers such as TiO2 nanoparticles can be used

for loading and targeted delivery of chemotherapeutic drugs

in order to improve the therapeutic efficacy of chemotherapy

on cancers71.  Taken together,  the  combined treatment  of

SDT  with  chemotherapy  will  likely  achieve  synergistic

therapeutic effects on cancers. Here, we summarized some

strategies  recently  used  for  combining  SDT  and

chemotherapy to treat cancers.

Wang et al.72 evaluated the efficacy of administration of

DOX  in  combination  with  PpIX-assisted  low-intensity

ultrasound in K562/DOX cells. Under the optimal condition,

the combination treatment significantly aggravated the death

of  multidrug-resistant  leukemia  k562/DOX  cells  by

comparison with either monotherapy. Synergistic effects on

DNA damage, generation of intracellular ROS and inhibition

of  P-glycoprotein  (a  classic  ATP-binding  cassette  efflux

transporter) were evidently detected. Gao et al.73 found that

DOX  combined  with  Ce6-mediated  SDT  exhibited

significant  synergistic  effects  against  the  proliferation  of

human breast cancer MDA-MB-231 cells. Furthermore, these

effects were schedule-dependent and became stronger when

DOX  was  added  after  Ce6-mediated  SDT.  Osaki  et  al.74

examined the therapeutic enhancement of bleomycin when

combined  with  5-ALA-based  SDT  on  mouse  mammary

tumor cells.  The results suggested that the mechanisms of

tumor shrinkage induced by combination treatment of 5-

ALA-based SDT and bleomycin involved not only the direct
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killing of cancer cells but also the vascular shutdown.

McEwan et al.75 prepared an oxygen-loaded microbubble

(O2MB) platform for  carrying  the  sensitizer  Rose  Bengal

(O2MB-RB) or  the antimetabolite  5-fluorouracil  (O2MB-

5FU) to targetedly treat pancreatic cancer by combining SDT

and  antimetabolite  therapy.  The  results  showed  that  the

combined  treatment  of  SDT  and  antimetabolite  therapy

significantly inhibited the proliferations of three different

pancreatic cancer cell lines (BxPc-3, MIA PaCa-2 and PANC-

1)  and  reduced  the  tumor  growth  in  SCID mice  bearing

human xenograft BxPC-3 tumor compared to either therapy

alone. Moreover, O2MBs could effectively deliver O2 to the

tumor  microenvironment,  thus  enhance  the  efficacy  of

therapies that depend on O2. Altogether, the use of MBs to

 
Figure 3     HPDF nanomicelles exerted efficient anti-hepatoma effects both in vitro  and in vivo.  (A) The preparation route of HPDF

nanomicelles. (B) The transmission electron microscopic image of HPDF nanomicelles. HPDF nonamicelles induced the cell apoptosis (C)

and the cell cycle arrest (D) in hepatoma HepG2 cells. (E) The tissue distributions of HPDF nanomicelles in HepG2 tumor-bearing mice. (F)

The comparison for tissue distributions of HPDF nanomicelles.
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facilitate  delivery  of  O2  as  well  as  the  sensitizer/

antimetabolite, combined with the possibility to activate the

sensitizer  using externally  applied ultrasound,  provides  a

more targeted approach with improved efficacy and reduced

side  effects  when  compared  with  conventional  systemic

administration of antimetabolite drugs alone.

SDT combined with PDT (SPDT)

SPDT  is  an  emerging  approach  in  anticancer  field  using

combination  of  SDT  and  PDT.  The  basis  of  this  novel

therapy is to administer a very small amount of sensitizer,

which can be activated by both the ultrasound and the light

simultaneously, thus produce mechanical, sonochemical and

photochemical activities76 on tumors.

As  a  non-invasive  therapy  method,  PDT  has  been

gradually applied for treatment of various cancers since the

1990s77. However, the low penetration capability of laser light

limits  the  wide  applications  of  PDT78.  Inspired  by  PDT,

Yumita et al.1 developed a novel method named SDT using

ultrasound to irritate sensitizers. Compared with PDT, the

ultrasound that can easily penetrate deep tissue layers is used

in SDT, thereby can make up the major limitation of PDT9,79.

Liu et al.80 evaluated the combined effects of SDT and PDT

by using sinoporphyrin sodium (DVDMS), a newly identified

sensitizer that shows great potential in both SDT and PDT,

on breast cancer. In their study, DVDMS-mediated SPDT

elicited much serious cytotoxicity compared with either SDT

or PDT alone, and greatly suppressed the tumor growth in

4T1 xenograft mouse model. Moreover, DVDMS-mediated

SPDT  produced  no  obvious  effects  on  body  weight  and

major organs in tumor-bearing mice. The results suggested

that by combination of SDT and PDT, the sensitizer DVDMS

could produce enhanced therapeutic effects on tumors and

reduced toxicity on normal tissues. Miyoshi et al.81 used TiO2

nanoparticles and 5-ALA respectively as sonosensitizer and

photosensitizer for combination of SDT and PDT to treat

cancer. Several combination forms were applied in an animal

tumor  model  and  oral-administrations  of  0.2%-TiO2

nanoparticles and 1 mM 5-ALA, respectively, followed by the

ultrasonic and laser irradiations and achieved the strongest

anti-tumor effects. The results suggest that SDT followed by

PDT is  more  favorable  for  exerting  synergistic  effects  on

cancers.

SDT combined with hyperthermotherapy

In  view  that  cancer  cells  can  be  inactivated  by  heating

tumorous regions, hyperthermotherapy is currently believed

as one of the promising approaches in cancer therapy. Both

hyperthermotherapy and SDT have been studied alone and

in  combination  with  other  modalities  to  treat  cancers82.

Clearly, combination therapies have more success stories to

tell than any of the modalities alone. Hyperthermia induced

by  ultrasound  was  investigated  and  found  to  be  more

advantageous  because  of  its  manageability  in  terms  of

focusing, control and sufficient tissue attenuation coefficient

for deep tumor targets83. Moreover, hyperthermia combined

with non-thermal ultrasound also showed synergistic effects

on cell  killing84.  Kondo and Kano84  treated mouse L-cells

with a low-intensity ultrasound (1 MHz, 3.7 W/cm2) and/or

44 °C hyperthermia. More significant synergistic effects on

cell  killing  were  observed  in  combination  treatment  of

ultrasound and hyperthermia.  Ju et  al.85  reported that  5-

ALA-mediated  SDT  combined  with  hyperthermia  could

significantly  inhibit  the growth of  human glioma both in

vitro  and in  vivo,  compared to  SDT alone.  Hyperthermia

conspicuously  enhanced  the  induction  effects  of  5-ALA-

mediated  SDT  on  cell  apoptosis  and  ROS  intracellular

production. The anti-tumor effects of combination treatment

were  closely  related  to  5-ALA concentration,  ultrasound

exposure time and temperature. The results suggest that SDT

in combination with hyperthermotherapy can be used as a

potent strategy for cancer treatment.

Shock waves (SWs) mediated SDT

Despite the effectiveness that SDT has demonstrated in many

experimental tumor models, there is a limited understanding

of  the mechanism of  interaction between ultrasound and

sonosensitizer  in  tumor  tissues,  even  though  inertial

cavitation seems to play a crucial role. The most important

parameters for inducing inertial cavitation are the ultrasound

insonation  technique  used  and  peak  ultrasound  wave

pressure.  Therapeutic  ultrasound  usually  produces  non-

thermal effects that are difficult to isolate from the thermal

ones. In view of that, some research groups tried to use SWs

to activate sonosensitizers, in order to minimize the thermal

effect  produced  by  ultrasound  and  enhance  inertial

cavitation86,87.

SWs are sharp discontinuities involving a sudden change

in pressure and density which can induce in vivo bioeffects. A

typical pressure waveform at the focus in water consists of a

compressive wave with a peak positive pressure in the range

of 30–150 MPa and a phase duration of 0.5–3 μs, followed by

a tensile wave with a peak negative pressure that drops to 20
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MPa and a  duration of  2–20 μs,  which  is  responsible  for

cavitation  occurring.  The  low  peak  negative  acoustic

pressures of common therapeutic ultrasound are usually 0.2

MPa and produce stable cavitation88,89. SWs have been used

in extracorporeal  SW lithotripsy  for  many years  where  it

non-invasively treats patients with stone diseases. The in vivo

treatment  of  tumors  by SWs alone has  been shown to be

ineffective  in  inhibiting  tumor  growth88,  whereas  some

evidence has been obtained to suggest that combining SWs

and sonosensitizer results in sonodynamic efficiency on the

inhibition of tumor growth90-92.  For example, Foglietta et

al.93 investigated the anticancer effects of SDT based on SWs

in a Mat B-III syngeneic rat breast cancer model. The SDT-

treated group saw a significant decrease in tumor size after

treatment  with  PpIX  precursor  5-ALA  and  SWs.  This

occurred  together  with  significant  increase  in  apparent

diffusion coefficients between pre- and post-treatment tumor

magnetic resonance images and strong increase in necrotic

and apoptotic histological features at 72 h after treatment.

The  results  show  that  the  anticancer  effect  of  SDT  was

remarkably  boosted  by  SWs,  thus  suggesting  that  SWs-

mediated SDT can be developed as an innovative and valid

approach for cancer treatment.

Conclusions

A significant  body  of  data  has  demonstrated  therapeutic

effectiveness  of  SDT  in  cancer  treatment.  In  view  of  the

significant  depth  that  ultrasound  penetrates  tissue,  SDT

provides an advantage over PDT, in which less penetrating

light is employed. More work needs to be done before SDT is

accepted  as  an  adjuvant  or  replacement  method  for

traditional  cancer  treatment.  A  greater  understanding  of

mechanisms underlying the generation of ROS induced by

SDT  will  surely  enable  the  design  of  more  effective

sonosensitizers and help to reasonably control ultrasound

dosimetry  and therapeutic  response.  Some investigations

have found that SDT can exert indirect inhibitory effects on

cancer growth by modulating the tumor microenvironment,

but  its  modulation  mechanisms  remain  unknown.  The

strategy  of  combining  SDT  with  chemotherapy,  thermal

therapy and PDT is gaining more legitimacy as many studies

have validated their synergistic effects. Besides, nanocarriers

display enormous advantages for tumor-targeted delivery of

sonosensitizers  and  combination  of  SDT  with  other

treatment  methods.  More  data  necessary  to  ascertain  the

actual anticancer activities of SDT will  be acquired in the

near  future,  thereby  determining  whether  SDT  warrants

further study as a novel strategy for cancer therapy.
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