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Chemotherapeutic agents, either in the form of systemically injected free drug or 
encapsulated in nanoparticles transport vehicles, must overcome three main obstacles 
prior to reaching and interacting with their intended target inside tumor cells. Drugs 
must leave the circulation, overcome the tissue–tumor barrier and penetrate the cell’s 
plasma membrane. Since, many agents enter the cell by endocytosis, they must avoid 
entrapment and degradation by the intracellular endolysosome complex. Ultrasound 
has demonstrated potential to enhance the efficacy of chemotherapy by reducing 
these barriers. The purpose of this review is to highlight the potential of ultrasound 
in combination with sonosensitizers to enhance the efficacy of chemotherapy by 
optimizing the anticancer agent’s intracellular ability to engage and interact with its 
target.
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Published online: 31 March 2017
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Chemotherapeutic agents, either in the form 
of systemically injected free drug or encapsu-
lated in nanoparticles (NPs) transport vehi-
cles, must overcome three main obstacles prior 
to reaching their intended target inside tumor 
cells, as illustrated in Figure 1. Agents must be 
transported through the endothelial cells lin-
ing the tumor capillaries or by passing through 
the junctions between them (Figure 1A). Once 
outside the circulation, the agent must over-
come the extracellular tissue–tumor barrier. 
This barrier limits migration of drug or NPs 
throughout the tumor due to the presence of 
other cell types, such as, stromal-, immune-
infiltrating and normal cells as well as a dense 
extracellular matrix (Figure 1B).

An increasing interest in ultrasound 
(US) to overcome these two limitations 
has resulted in over 8000 publications with 
more than 350 in the brain alone. By far it 
is the use of microbubbles for vasculature 
opening and triggered controlled release 

of t herapeutic agents from nanosystems, 
including the microbubbles themselves, 
that has garnered the most attention. The 
ability of US to enhance the efficacy of che-
motherapy and gene transfection has also 
been extensively investigated. Since several 
excellent reviews [1–6] of the use of US to 
facilitate the above-mentioned topics have 
recently been published, these topics will not 
be repeated in this review. The focus of this 
review therefore, is to highlight the potential 
of US in combination with sonosensitizing 
compounds, defined as sonodynamic therapy 
(SDT), to enhance the efficacy of antican-
cer agents and in particular to overcome a 
significant barrier, intracellular endolyso-
some entrapment and drug degradation as 
i llustrated in Figure 1C.

Sonodynamic therapy
US has been proposed and explored as a means 
of activating sensitizing agents in a manner 
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Figure 1. Barriers limiting efficacy of chemotherapy. (A) Vascular barrier; 
(B) Tissue–tumor barrier; (C) Endolysosomal entrapment. The cell nucleus is 
denoted by n.
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similar to that of light-based photodynamic therapy 
(PDT). Although PDT has shown efficacy in a great 
many experimental and clinical studies, a significant 
drawback of light-based therapies is the limited pen-
etration depth of light in biological tissues at the wave-
lengths required to activate most photosensitizers [7].

The term ‘sonodynamic’ was coined by Yumita et al. 
in 1989 [8] who demonstrated US-induced activation of 
a commonly used photosensitizer (hematoporphyrin) 
in vitro. SDT is generally considered to be nontoxic 
since it employs: sensitizers commonly used as pho-
tosensitizers in PDT and low-intensity (nonthermal) 
US. SDT has therefore been defined as requiring three 
components: US, a sonosensitizer and oxygen [9].

A considerable advantage of SDT over PDT is the 
reduced tissue attenuation of US compared with visible 
and near-IR light, facilitating the use of SDT to tumor 
sites buried deep within tissues or through the intact 
skull. Although acoustic impedance mismatches and 
the increased US attenuation in bone pose significant 
challenges for neurological applications, the recent use 
of highly focused US for the noninvasive treatment of 
movement disorders has demonstrated the potential of 
this technology.

The use of sonosensitizers in SDT distinguishes it 
from US-only therapies for enhancing the toxicity of 
macromolecules, such as, chemotherapeutic agents. In 
this type of therapy, the enhanced effects of the macro-
molecule are primarily due to the ability of US to porate 
cell membranes (sonoporation) and/or US-induced dis-
persion of the agent through poorly vascularized tissues 
in tumors [10].

Sonosensitizers for SDT
A variety of sensitizers have been used in SDT stud-
ies including porphyrins, such as, hematoporphyrin, 
Photofrin®, protoporphyrin IX (PPIX) and its precur-
sor, 5-aminolevulinic acid (5-ALA). Xanthene dyes 
(e.g., rose bengal and its derivatives) have also been 
investigated in a number of in vitro studies [11,12], 
however, these dyes are ill suited for in vivo applica-
tions due to their rapid localization in the liver and 
subsequent clearance [13]. Although most sensitizers 
demonstrate preferential uptake in tumor tissues, their 
distribution in normal tissues could be problematic 
especially if the sensitizer is found in tissues located 
between the US source and the tumor tissue. The use 
of US-mediated SDT may provide a solution to this 
problem as the US beam can be focused (and hence 
the acoustic energy concentrated) to the tissue depth 
matching the location of the tumor. Following expo-
sure to acoustic fields, sonosensitizers generate reactive 
oxygen species (ROS) which are likely responsible for 
the cytotoxic effects observed in SDT [9]. The types 
of ROS produced are dependent on the nature of the 
photosensitizer, however, singlet oxygen and hydroxyl 
radicals appear to be the most common.

Mechanisms of action
Interactions of US with cells or tumors depend on a 
number of parameters including acoustic power (inten-
sity: W cm-2), pressure amplitude (MPa), frequency 
(MHz), pulse repetition frequency, pulse length and 
mechanical index. Low-intensity US generally used for 
SDT is <5.0 W cm-2, corresponding to a root mean 
square pressure amplitude of about 0.3 MPa. The rela-
tionship between pressure amplitude and intensity is 
given by: I = p2/ρc, where I is the intensity, p is the root 
mean square pressure amplitude, ρ is the density and c 
is the speed of sound. The mechanical index, defined 
as the peak negative pressure amplitude estimated in 
situ divided by the square root of the frequency, is a 
particularly useful metric in US applications as it pro-
vides an estimate of the nonthermal bioeffects, that is, 
those due to cavitation [14]. This index is commonly 
used as a standard for setting limits on the nonthermal 
bioeffects produced by US, for example, the US FDA 
mandates that the mechanical index be kept below 1.9 
for diagnostic US applications [14].

At high-pressure amplitudes, microbubbles can form 
from small gas pockets in the tissue. The formation 
and interaction of these gas bubbles with the US field 
is referred to as acoustic cavitation. Cavitation is typi-
cally classified as either stable or inertial. In stable cavi-
tation, bubbles oscillate about an equilibrium radius 
over many acoustic cycles. The oscillations result in 
the streaming of surrounding fluid thereby inducing 
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mechanical stresses. Although stable cavitation can 
cause various bioeffects, permanent tissue damage is 
typically not observed [15]. Higher pressure amplitudes 
may result in violent bubble collapse accompanied 
by shock waves with high pressures and shear forces 
that can cause significant mechanical damage to tis-
sues: a phenomenon known as inertial cavitation. The 
temperature and pressure within the imploding cavi-
ties can reach 5000 K and 800 atm, respectively [1]. 
These extreme temperatures and pressures may cause 
a number of chemical reactions within and surround-
ing the bubble, including light generation: a phenom-
enon known as sonoluminescence [16]. Cavitation also 
induces chemical reactions resulting in the production 
of free radicals similar to those produced in radiation 
chemistry [17]. These free radicals play a role in the 
biological effects induced by SDT. Taken together, 
these observations provide the rationale for the use of 
focused-ultrasound (FUS)-mediated cavitation effects 
for therapeutic applications.

Although there is general consensus that ROS are 
involved in SDT-mediated cytotoxic effects, it is not 
entirely clear how they are created. One theory posits 
that ROS are produced via the direct action of US at 
high-pressure amplitudes resulting in inertial cavitation 
effects including violent microbubble collapse which 
is accompanied by extremes in both temperature and 
pressure resulting in the release of heat and, in some 
cases, light (sonoluminescence). Therefore, the collaps-
ing bubble may be thought of as a sonochemical reactor 
that results in the production of free radicals [18] either 
directly, via cavitation-induced pyrolysis or indirectly 
by cavitation-induced pyrolysis of water. In this theory, 
the presence of a sonosensitizer is not required for the 
production of ROS, however, if a sonosensitizer is in 
close proximity to a collapsing cavitation bubble, the 
formation of sensitizer-derived free radicals via direct or 
i ndirect effects (described above) has been suggested [19].

A role for sonoluminescence in SDT has been sug-
gested by a number of investigators [20,21]. Although 
the exact mechanism by which light is produced from 
cavitating bubbles is unknown, it likely results from 
inertial cavitation events associated with bubble implo-
sion as discussed previously. However, it is important 
to note that this light phenomenon has been observed 
both in vitro [22] and in vivo [21] during stable cavitation 
at low acoustic pressures (0.10–0.14 MPa). Since most 
sonosensitizers used in SDT are also photosensitizers, 
it is likely that US-induced sonoluminescence causes 
sono/photosensitizer activation resulting in the pro-
duction of ROS. Since many of the sonosensitizers are 
porphyrin based, it is not surprising that singlet oxygen 
features prominently in the cytotoxic effects of SDT. 
Sonoluminescence emissions occur over wavelength 

ranges of approximately 350–550 nm [21,23] – a region 
where most porphyrins have strong absorption.

It has been suggested that SDT may be associ-
ated with sonomechanical mechanisms leading to 
sensitizer-dependent cell membrane damage [24]. This 
seems plausible since it is known that porphyrins inter-
act with cell membranes [25]. Although the interaction 
of hydrophobic molecules (e.g., porphyrins), with cell 
membranes might induce membrane sensitivity to US, 
other studies suggest that US exposure of sonosensitiz-
ers results in chemical changes of membrane lipids [26]. 
It has been postulated that gas molecules trapped in 
lipid bilayers can serve as centers of bubble forma-
tion [27]. In this scenario, it is likely that membrane-
localizing sensitizers would be in close proximity to 
bubbles. If subjected to cavitation at low-US intensi-
ties, the bubbles could produce sonoluminescence 
which would explain the SDT-based membrane lipid 
peroxidation observed in some studies [9]. From the 
preceding discussions, it appears that both stable and 
inertial cavitations are implicated in SDT.

In vitro & in vivo SDT studies
The majority of SDT studies have employed US fre-
quencies centered around 1 MHz (0.4–3 MHz) and 
US intensities ranging from 0.5 to 4.0 W cm-2. Of 
particular relevance is that the sonodynamic effects 
observed in the vast majority of SDT studies have been 
elicited using US-delivering mechanical indices signif-
icantly below the limit of 1.9 for diagnostic US devices.

SDT has demonstrated efficacy in a wide variety of 
cancer cell lines, including glioblastoma [28], lung [29], 
breast [30] and leukemia [31]. As with PDT, SDT has 
been shown to induce apoptosis [32] and autophagy [33]: 
the exact mode of cell death being dependent on the 
sonosensitizer, US exposure parameters and target type.

In vivo SDT studies have been confined exclusively 
to rodent models employing either mice or rats. SDT 
efficacy has been demonstrated in a variety of tumor 
types and, as observed with PDT, a number of different 
types of responses have been observed including direct 
cytotoxic effects on tumor cells, secondary effects on 
the tumor vasculature and immune responses. The 
first in vivo SDT study was reported by Yumita et al. 
who used a gallium–porphyrin complex (ATX-70) in 
an ectopic murine colon adenocarcinoma model [34]. 
Twenty four hours following intravenous administra-
tion (2.5 mgkg-1) of ATX-70, 2 MHz US at an intensity 
of 3 W cm-2 resulted in 50% tumor reduction 3 days 
following treatment. In a subsequent study using iden-
tical drug doses and US irradiation parameters, this 
group demonstrated significant tumor regression in a 
rat mammary tumor model [35]. Ohmura et al. used 
very high US intensities (10 W cm-2) in combination 
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with 5-ALA in an orthotopic rat glioma model [36]. 
Significant tumor regression was reported and, in spite 
of the high intensities employed, no damage to normal 
brain was observed. These results suggest that SDT has 
potential for the treatment of deep-seated lesions in the 
brain.

As has been observed with PDT, SDT can also act 
at the level of the tumor vasculature resulting in vas-
cular shutdown and subsequent tumor regression. Fol-
lowing administration of 5-ALA, Guo et al. [37] used 
1.1 MHz US at an intensity of 2 W cm-2 in a human 
tongue squamous cell carcinoma xenograft model in 
mice. The treatment had a significant effect on the 
tumor vasculature as well as inhibiting the expression 
of VEGF. Based on these results, it seems highly plau-
sible that SDT is capable of exhibiting an antiangio-
genic effect in this model.

In contrast to conventional cancer treatments (radi-
ation therapy and chemotherapy) which are typically 
immunosuppressive, SDT has been shown to stimu-
late the host immune system [38]. Using 1 MHz US 
(1.1 W cm-2) combined with a porphyrin sensitizer 
(SF1) in S-180 murine tumors, Wang et al. noted sig-
nificant tumor growth inhibition as well as an inflam-
matory response around the irradiated area following 
treatment [39]. This type of response has also been 
observed by other investigators [9], however, it is not 
clear whether this could result in an antitumor immu-
nological effect, such as, limiting tumor recurrence or 
inhibiting metastasis.

Combinations of sonosensitizers & drugs
Although many sonosensitizers have been evaluated 
and proven effective for SDT [5], only a handful has 
been studied (Figure 2) combined with the chemother-
apeutic agents, bleomycin (BLM), doxorubicin (DOX) 
and 5-FU.

SDT–BLM: sonochemical internalization
Endosomal entrapment
Drug or drug-loaded NPs must enter tumor cells 
through the cell’s plasma membrane. This barrier lim-
its the agents that are in clinical use to mostly lipo-
philic or low-MW compounds which passively dif-
fuse into the cell cytoplasm, for example, 5-FU and 
temozolomide (TMZ). Although a number of small 
molecule drugs can readily enter cells, they have rela-
tively low therapeutic specificity primarily due to their 
structural limitations. In contrast, large macromolecu-
lar drugs can easily be coupled to targeting ligands, 
which are able to bind to specific receptors on target 
cells, thus they have the potential advantage of exert-
ing a higher therapeutic specificity compared with 
small molecule drugs. Unfortunately, since many 

highly effective c hemotherapeutic agents, like BLM, 
immune-conjugates or drug-carrying NPs are large 
and/or water soluble, they are actively transported into 
cells by endocytosis and end up trapped in intracellu-
lar organelles, such as, endosomes and lysosomes. The 
limited ability of endocytosed agents to escape from 
the resulting intracellular endosomes leads to their 
degradation by powerful lysosomal enzymes, following 
lysosome–endosome fusion as illustrated in Figure 1C. 
Sonochemical internalization (SCI) is designed to 
favor the delivery of therapeutic agents without inac-
tivating the agent or lethally damaging the cell. The 
cytotoxic effect of SCI is primarily due to the toxicity 
of the ‘escaped’ therapeutic molecule, rather than from 
SDT toxicity directly. SCI therefore allows effective 
treatment to take place at lower US intensities than 
those required for SDT.

The concept of SCI is based on the use of amphi-
philic photosensitizers, which localize in the cell mem-
brane and are carried into the cell during the endocy-
totic event and remain in the endosome and lysosome 
membranes. Upon US exposure, the sonosensitizer 
interacts with ambient oxygen to produce singlet oxy-
gen. Since singlet oxygen has a very short range of 
action (<20 nm), only the area of the endosomal or lys-
osome membrane where the sonosensitizer is localized, 
will be damaged by singlet oxygen mediated reactions 
with amino acids, unsaturated fatty acids and choles-
terol in the membrane bilayer. The released agent can 
therefore exert its full biological activity, in contrast to 
being degraded by lysosomal hydrolases.

Previous studies have established a number of sensi-
tizing agents suitable for SCI including the amphiphi-
lic photosensitizer, aluminum phthalocyanine disul-
fonate (AlPcS

2a
) [40,41]. AlPcS

2a
 is a phthalocyanine 

derivative containing two charged sulfonate groups 
linked to phthalic subunits in adjacent positions and 
an aluminum metal ion incorporated at its center 
(Figure 2). The most important property of AlPcS

2a
 

is its amphiphilicity, that is, it has both hydrophilic 
and lipophilic properties and, as such, it localizes in 
cellular membranes. The lipophilic phthalocyanine 
skeleton of AlPcS

2a
 localizes in the lipophilic interior 

of the cellular membrane while the sulfonate groups 
dissolve in the hydrophilic outer layer of the mem-
brane. AlPcS

2a
 molecules localize in the cell mem-

brane following systemic administration. During 
endocytosis, a partial cell membrane with previously 
localized AlPcS

2a
 molecules pinches inward to form 

an endocytic vesicle and, via the vesicle membrane, 
the attached AlPcS

2a
 molecules are subsequently 

transported into the cell. The overall damage induced 
by SDT is closely related to the precise subcellular 
localization of the sonosensitizer.
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Figure 2. Structure of sonosensitizers evaluated for combined sonodynamic therapy + drug therapy.
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Madsen et al. have determined the effects of US 
on the intracellular distribution of AlPcS

2a
 which are 

shown in Figure 3 [42]. Fluorescence microscopy was 
used to verify the uptake and intracellular localiza-
tion of AlPcS

2a
 in the absence or presence of FUS. The 

F98 rat glioma cells were incubated with AlPcS
2a

 for 
18 h, followed by 4-h incubation in sonosensitizer-
free medium prior to microscopy. The photosensi-
tizer (red) is taken up in the F98 cells and localized 
in granular organelles representing endosomes and 
lysosomes (Figure 3A), as also previously observed for 
other cell types. One hour post US exposure, a dif-
fuse red fluorescence throughout the cell cytosol was 
observed (Figure 3B), indicating endosomal membrane 
escape of the photosensitizer. Other amphiphilic pho-
tosensitizers, such as, disulfonate tetraphenyl porphy-
rin (TPPS

2a
) and its chlorin derivative, disulfonated 

meso-tetraphenyl chlorin (TPCS
2a

) have also proven 
to be efficient photosensitizers for PDT-based photo-
chemical internalization (PCI) but have not yet been 
e valuated as sonosensitizers for SCI [43,44].

In SCI experiments, Gonzales et al. studied AlPcS
2a

 
in combination with the anticancer drug, BLM [45]. 
BLM has had limited clinical use since it must be given 
in relative high concentrations and has a small thera-
peutic window. Due to its hydrophilic nature and large 
size, once internalized via endocytosis, BLM is trapped 
inside endosomes and rapidly degraded fo llowing 

endolysosome fusion. In contrast, if released into 
the cell cytosol, BLM rapidly diffuses to the nucleus 
where it has a significant toxic effect resulting in sin-
gle- and double strand DNA breaks. Dramatically, 
a single molecule of BLM is capable of yielding 15 
DNA-strand breaks making it one of the most e fficient 
 chemotherapeutic agents known.

Effects of SDT & BLM-SCI on glioma tumor 
spheroids
Since SCI is a combined treatment modality, SDT + 
drug, the sequence of application of sonication can be 
performed either after or before the cells are exposed to 
the drug. Figure 4 depicts the possible mechanism for 
the two different SDT + BLM sequences.

The growth inhibitory potential of US + sonosensi-
tizer (SDT), in the absence or presence of BLM (SCI) 
was assayed by the ability of the treatment to inhibit 
the growth of rat F98 multicell glioma spheroids. 
The experimental set up is shown in cartoon form in 
Figure 5A.

In vitro tumor models employing multicell tumor 
spheroids can be considered a bridge between mono-
layer cultures and animal experiments. Spheroids are 
3D aggregates of cells that mimic microtumors and 
metastases. In comparison to monolayer cultures, a 
significant advantage of this model is that their micro-
environment more closely mimics the in vivo situation 
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Figure 3. Ultrasound-induced endosomal escape of aluminum 
phthalocyanine disulfonate.Fluorescence microscopy verified the uptake 
and intracellular localization of the sonosensitizers (FOV: 40 μm). (A) 
Photosensitizer (red) was taken up in F98 cells and localized in granular 
organelles, that is, endosomes/lysosomes; (B) One hour post ultrasound 
exposure. The diffuse AlPcS2a fluorescence throughout the cytosol indicates 
an induced endosomal escape of the photosensitizer by sonication. 
AlPcS2a: Aluminum phthalocyanine disulfonate. 
Reproduced with permission from [42].

A B
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with gene expression and the biological behavior of the 
cells similar to that encountered in tumors. The vary-
ing oxygen gradients inside these spheroids produce a 
heterogeneous population of cells that differ in their 
response to oxygen-dependent therapies, such as, ion-
izing radiation, SDT, chemotherapy and, in all prob-
ability, SCI.

The results shown in Figure 5B, employing this 
model, demonstrated that SDT potentiated the cyto-
toxic effects of BLM to a significant degree. This was 
the case regardless of the sequence of SDT and BLM 
application, although SDT before drug was more effec-
tive [42,45]. This synergistic effect is postulated to be 
due to endosomal escape, in a similar manner to that 
seen for light-based PCI [46,47]. An additional effect 
might be due to the toxic action of SDT on lysosome 
membranes resulting in cell autophagy as has been 
demonstrated for PDT [48–51]. US also enhanced the 
efficacy of BLM in the absence of sonosensitizers com-
pared with drug alone but to a lesser degree (Figure 5B). 
The increased efficacy of BLM caused by US in the 
absence of sonosensitizer might be due to sonoporation 
of the cell membrane allowing BLM to enter the cell 
cytosol directly or an increased US-induced endocy-
tosis. Previous experiments have shown that US can 
enhance delivery of DNA and drugs in the presence or 
absence of exogenous air bubbles [52–55].

The effects of BLM, US + BLM, SDT and SDT + 
BLM (SCI) were also assessed by live/dead fluorescence 
microscopy (Figure 6). The assays, employing two-pho-
ton fluorescence images, demonstrated enhanced cell 
death in SCI-treated spheroids compared with BLM 
or SDT alone or US + BLM applied as single treat-
ments. SDT at the sonication energy used (0.2 W cm-2) 

showed that the dead cells clustered mostly around the 
surface of the spheroid. In the spheroids receiving US 
+ BLM, dead (red) cells were more equally distributed 
throughout the spheroid. In contrast, SCI-treated 
spheroids were much smaller and consisted mostly of 
dead (red) cells.

Recently published results by Osaki et al. evaluated 
the therapeutic potential of AlPcS

2a
 SDT with BLM 

on the colon-26 cell line both in vitro and in vivo [56]. 
These authors concluded that the combination of 
AlPcS

2a
-SDT and BLM was more effective compared 

with BLM or SDT acting alone both in vitro and in a 
superficial tumor model. In their in vivo animal model, 
AlPcS

2a
 (20 mg/kg) SDT combined with BLM, inhib-

ited tumor growth and was more effective than SDT 
or BLM alone or US + BLM. Histological sections 
showed ruptured blood vessels surrounded by pyknotic 
nuclei in tumors treated with SDT and BLM, likely 
caused by vascular shutdown. Their in vitro results 
using the colon-26 model are in good agreement with 
our findings employing F98 glioma cells although the 
experimental procedures in these two studies differed 
in several respects. The US parameters were different, 
and these authors explored only the US after BLM 
exposure treatment sequence.

Osaki et al. has also evaluated the second-genera-
tion photosensitizer, 5-ALA in SDT studies to enhance 
the efficacy of BLM on the EMT-60 cell line both in 
vitro and in vivo [57]. In this study, US frequencies of 
1 and 3 MHz were used. The in vitro results showed 
that at 1 MHz, SDT + BLM was significantly more 
cytotoxic than either SDT or BLM + US. Paradoxically 
the observed cytotoxicity of SDT or SDT + BLM was 
inversely proportional to the US intensity.

EMT-60 tumor growth in vivo was significantly 
inhibited in both the US + BLM and the SDT + BLM 
groups, although the SDT + BLM treatment was more 
effective. As reported in their previous study at 3 MHz, 
histological sections showed ruptured blood vessels 
surrounded by pyknotic nuclei in tumors treated with 
SDT and BLM.

5-ALA is a prodrug that must be metabolized within 
the cancer cell as part of the heme biosynthesis path-
way to PPIX, an active photosensitizer. It is therefore, 
not an exogenous preformed amphiphilic photosen-
sitizer like AlPcS

2a
 or disulfonated meso-tetraphenyl 

chlorin. Although seldom used for PCI studies due 
to its relative inefficiency, 5-ALA-induced PPIX has 
been shown to be incorporated in endosome and lyso-
some membranes and effective PCI of MOC31–gelo-
nin in the human colon adenocarcinoma cell line has 
been demonstrated, but only under serum-free condi-
tions [58]. Taken together, 5-ALA does not appear to be 
an optimal sonosensitizer for SCI.
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Figure 4. Basic concept of sonochemical internalization of bleomycin. (A) ‘Sonication after’: cell membranes 
are loaded with an amphiphilic photosensitizer: (1) drug binds to the plasma membrane and it enters the cell 
together with the photosensitizer by endocytosis. The photosensitizer and the drug colocalize in the endosome, 
with the photosensitizer localized in the membrane and the drug in the lumen, (2) Exposure to FUS leads to, (3) 
sono-induced rupture of the endosome leading to the sequestered drug being released into the cell cytosol, 
entering the nucleus and thus inhibiting cell division; (B) ‘Sonication before’: cell membranes are loaded with an 
amphiphilic photosensitizer: (1) FUS sonication, (2) FUS-induced disruption of endosome membrane containing 
photosensitizer, (3) Drug endocytosis and localization in intact endosomes, (4) Fusion of intact drug-containing 
and FUS-disrupted endosomes resulting in the sequestered drug being released into the cell cytosol, entering the 
nucleus and thus inhibiting cell division. 
FUS: Focused ultrasound; n: Nucleus.
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SDT + doxorubicin
Liang et al. reported the synergistic effects of hema-
toporphyrin monomethyl ether (HMME) SDT com-
bined with the anticancer agent, DOX [59]. Results 
from their experiments employing (3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide) tet-
razolium (MTT) cell viability assay, flow cytometer, 
Hoechst staining and cell arrest analysis demonstrated 
that the combination of HMME-SDT and DOX 
could significantly inhibit the proliferation of human 
cholangiocarcinoma QBC939 cells in vitro. The cell 
proliferation inhibition of the combination HMME-
SDT-DOX was much greater than that obtained fol-
lowing the application of HMME-SDT or DOX 
applied separately.

In addition, they found that HMME-SDT as well as 
HMME-SDT + DOX produced ROS but in amounts 
not significantly different from each other. This would 
indicate that it is the SDT component that produces 
ROS. The authors concluded that the synergistic 
effects on cell proliferation resulted from DNA dam-
age as demonstrated by single-cell gel electrophoresis 
and DNA fragmentation. Interestingly, the inhibitory 
effect was independent of ROS production.

The efficacy of combined therapy consisting of 
DOX with PPIX-SDT was examined by Wang et al. in 
vitro on the DOX-resistant leukemic K562/DOX cell 
line [60]. A synergistic efficacy of PPIX-SDT + DOX 

was found in DOX cytotoxicity, cell apoptosis, DNA 
damage and ROS generation in K562/DOX cells. The 
results indicated that the molecular mechanism may 
be attributed to the reduced expression of P-glycopro-
tein which would influence the membrane drug efflux 
pumps leading to increased uptake and retention of 
DOX in multidrug resistant cancer cells like K562/
DOX.

Titanium dioxide (TiO
2
) has been evaluated as a 

sonosensitizer for TiO
2
-SDT combined with DOX by 

Shen et al. [61]. These authors developed TiO
2
-encap-

sulated Fe
3
O

4
 core shell NPs (Fe

3
O

4
@TiO

2
 NPs). 

DOX was loaded onto the TiO
2
 shell and exhibited 

pH-dependent release of DOX in vitro. Cell viability of 
the human breast carcinoma cell line (MCF-7) was sig-
nificantly inhibited in vitro by the combined chemo-
SDT compared with DOX or Fe

3
O

4
@TiO

2
 NPs in the 

absence of US sonication.
Incubation of MCF-7 cells together with Fe

3
O

4
@

TiO
2
 NPs was also shown to produce ROS following 

low-intensity US sonication. The ability of Fe
3
O

4
@

TiO
2
-SDT-DOX NPs to inhibit tumor growth was 

also examined in vivo using S180 (mouse ascites tumor 
cell line) cells implanted subcutaneously into mice. 
The mice were intravenously injected with the NPs and 
a small magnet was attached over the tumor to target 
the Fe

3
O

4
 core of the NP. The tumors were insonated 

at 3-day intervals in all four-times. B iodistribution 
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Figure 5. Inhibition of spheroid growth by bleomycin sonochemical 
internalization. (A) Experimental protocol: spheroid formation, 24 h post-
formation, sonosensitizers AlPcS2a added, incubated together for 18 h, 
wash incubated for 24 h in fresh medium to allow the sonosensitizers 
to redistribute from the cell membrane to the endosome–lysosome 
membranes, BLM added before or after sonication, spheroid growth 
monitored for 14 days. (B) Spheroid growth following treatment: FUS 
before BLM sequence, 0.4 W/cm2, 3 min. exposure, BLM concentration 
of 0.5 μg/ml, AlPcS2a for 18 h. Continuous wave ultrasound at 1 MHz was 
used, in all exposures. Each data point represents spheroid volume as 
a percentage of untreated control spheroid volume 3 weeks following 
exposure. 
AlPcS2a: Aluminum phthalocyanine disulfonate; BLM: Bleomycin; 
FUS: Focused ultrasound.
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experiments, demonstrated a high in vivo tumor 
accumulation of Fe

3
O

4
@TiO

2
 NPs in the presence of 

the magnetic field. With the sonication parameters 
employed, a significant reduction in tumor volume fol-
lowing 14 days of growth was achieved both in the US 
only control group (US + NaCl) and the group that 
received combined treatment. (NP-SDT + DOX). The 
reduction in tumor volume compared with nontreated 
controls was 50 and 40%, respectively. Although the 
difference between the two groups was moderate, the 
concept of magnetically targeted nanocomposites for 
combined SDT and chemotherapy clearly motivates 
further investigation.

McEwan et al. recently described the use of oxygen-
loaded microbubbles for pancreatic cancer treatment 

using combined SDT and antimetabolite therapy [62]. 
The microbubbles were prepared with either the sen-
sitizer rose bengal or the anticancer agent, 5-FU, 
attached to their surface, respectively. The rationale for 
the incorporation of oxygen in the core of the micro-
bubble was to enhance the amount of ROS generated 
by SDT since oxygen is the substrate for ROS pro-
duction and treatment-limiting hypoxic regions are 
often found in tumors. The authors concluded that 
the microbubbles retained their oxygen until US dis-
ruption and that the combination of SDT and 5-FU 
conjugates provided enhanced cytotoxicity in three 
different pancreatic cancer cell lines cultured under 
anaerobic conditions. Additionally, in vivo treatment 
of ectopic BxPC-3 tumors, with the combined oxygen 
microbubble SDT and 5-FU therapy led to a statisti-
cally significant reduction in tumor volume. This is an 
interesting concept that will no doubt undergo further 
development.

Conclusion
The primary purpose of this review was to high-
light the potential of SDT to enhance the efficacy of 
anticancer agents and in particular to overcome the 
significant limitation of intracellular endolysosome 
entrapment and drug degradation. For all three of 
the chemotherapeutic drugs tested, 5-FU, DOX and 
BLM, a significant synergistic increase in drug effi-
cacy was demonstrated. This was also the case for 
all of the sonosensitizers involved. The potential of 
SDT to be focused at considerable depths in the body, 
allows for the targeted activation of chemotherapy 
localized to the tumor environment, greatly spearing 
normal tissue. The clearly demonstrated enhanced 
antitumor/tumor cell effects of combined SDT + 
drug treatment, compared with those obtained by 
SDT or drug acting alone, would enable effective 
therapy to be achieved at reduced drug dosages and 
US intensities.

Future perspective
Although chemotherapy has made great strides in 
cancer treatment, serious side effects due to toxic-
ity toward normal tissue, leads to drug dosages that 
are often inadequate for complete tumor regression. 
The ability of SCI to enhance drug efficacy in a site- 
and time-specific fashion could significantly reduce 
this problem. Since SCI and PCI appear to have a 
similar underlying mechanism, many of the dem-
onstrated advantages of PCI for cancer therapy can 
potentially be extended to SCI. PCI has been dem-
onstrated to enhance the effects of a large number of 
macromolecules that are subject to endosome–lyso-
some entrapment. Among these are immunotoxins, 



www.future-science.com 339

Figure 6. Live/dead assay of control and sonochemical internalization 
treated spheroids. Two-photon fluorescence microscopy images of F98 
spheroids stained with Hoechst 33342 (blue: live) and ethidium homodimer 
(red: dead). Spheroids were stained 14 days after treatment: BLM; US + 
BLM; SDT; SCI (SDT + BLM). 
BLM: Bleomycin; SCI: Sonochemical internalization; SDT: Sonodynamic 
therapy US: Ultrasound.
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chemotherapeutic agents and gene-encoding plas-
mids with both viral and nonviral carriers, on a large 
variety of cancer cells including treatment of therapy-
resistant cancers [63–70]. The two main advantages of 
US over light activation greatly increased and focused 
depth of therapy and noninvasive treatment of other 
than superficial tumors, allowing for repetitive and 
fractionated therapy protocols. These characteristics 
point to an important role for SCI as a new treatment 
modality for cancer.
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Executive summary

Ultrasound
•	 Ultrasound (US) induced bioeffects are classified as either thermal or mechanical.
•	 US has significant tissue penetration, attenuated by approximately 50% in 7 cm.
•	 US either alone or in combination with gas bubbles can temporarily open the blood–brain barrier or modify the tissue–tumor barrier.
•	 Extreme temperatures and pressures caused by US generate light: sonoluminescence.
•	 US can induce triggered controlled release of therapeutic agents from nanosystems.
US + sonosensitizing agents: sonodynamic therapy
•	 FUS can activate sensitizing agents similar to light-based photodynamic therapy.
•	 Sonodynamic therapy (SDT) requires three components: FUS, sonosensitizer and oxygen.
•	 Reactive oxygen species and singlet oxygen are involved in SDT-mediated cytotoxic effects.
•	 The exact nature of reactive oxygen species production by SDT is still being explored.
•	 SDT has demonstrated efficacy in a wide variety of cancer cell lines, including glioblastoma.
SDT + drug: sonochemical internalization
•	 Many highly efficient cytotherapeutic agents are taken up by endocytosis and are trapped in intracellular endosomes rendering 

them inactive.
•	 Sonochemical internalization (SCI) is composed of suboptimal SDT + therapeutic agent; drug or nanoparticle.
•	 The cytotoxic effect of SCI is primarily due to the toxicity of the ‘escaped’ therapeutic molecule, rather than from SDT toxicity directly.
•	 For equivalent efficacy, SCI requires significantly lower US intensities compared with SDT.
•	 SCI is based on the use of amphiphilic sonosensitizers, which localize in endolysosome membranes.
•	 Endosome or lysosome membranes containing sonosensitizer will be damaged by singlet oxygen mediated US-driven reactions 

releasing the entrapped molecule.
•	 Released agents can reach and interact with their target, in contrast to being degraded by lysosomal hydrolases.
•	 Advantages of SCI over light activation are noninvasive treatment protocols, and greatly increased depth of therapy contrasted to 

light-based approaches.
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