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Abstract: As irreplaceable energy sources of minimally invasive treatment, light and sound have, separately, 
laid solid foundations in their clinic applications. Limited by relatively shallow penetration depth of light, 
traditional therapeutic modality of photodynamic therapy (PDT) usually involves superficial targets such as shallow 
seated skin conditions, head and neck cancers, eye disorders, early stage cancer of esophagus, etc. For ultrasound-driven 
sonodynamic therapy (SDT), however, accessibility to various organs is permitted by superior transmission and focusing 
ability of ultrasound in biological tissues, enabling multiple therapeutic applications including treating glioma, breast 
cancer, hematologic tumor and opening blood-brain-barrier (BBB), etc. Considering the newly-emerged theranostics and 
precision therapy, these two classic energy sources and corresponding sensitizers are worth re-evaluating. In this review, 
three typical therapies using light and sound as trigger, PDT, SDT, and combined PDT and SDT are introduced. The 
therapeutic dynamics and current designs of pharmacological sensitizers involved in these therapies are presented. By 
introducing both the history of the field and the most up-to-date design strategies, this review provides a systemic 
summary on the development of PDT and SDT, and fosters inspiration for researchers working on ‘multi-model’ therapies 
involving light and sound.  
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1. INTRODUCTION 

 Light and sound have both been utilized as sources of 
energy for minimally-invasive treatment in clinics, namely 
high intensity focused ultrasound (HIFU) ablation of tumors 
(malignant and benign)[1], interstitial laser thermotherapy[2] 
and multiple eye surgeries for correction of refractive error. 
With the rapid development of light source control and 
photosensitizer (PS) advancements[3], clinical applications 
of PDT have expanded to include both malignant diseases[4] 
and non-malignant skin conditions[5, 6]. However, the 
shallow penetration depth of light (the optical penetration 
depth into skin is approximately 1.5, 1.8, 2.2 and 2.4 mm for 
wavelengths of 600, 660, 750 and 850 nm)[7] imposes a 
severe limitation on traditional PDT in terms of delivering 
sufficient energy to deep seated targets. To overcome such 
barrier, researchers on the one hand explored the possibility 
of PS modification to achieve better therapeutic outcome 
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 [8, 9].  On the other hand, while ultrasound has the ability to 
transmit to a much greater depth in biological tissues and can 
be controlled and spatially localized, it has also been found 
to be able to excite the same types of PS and generate similar 
therapeutic effects as PDT[10, 11]. For those sensitizers that 
respond both to ultrasound and laser stimulation, the effect 
of sono-photodynamic therapy (SPDT) was proven even 
better than single-source irradiation[12, 13]. Alongside PDT-
derivated chemical-based SDT, ultrasound itself can also 
induce cell death in localized areas by mechanical stress and 
thermal effects with the help of ultrasound-sensitive 
substances, many of which could be modified with targeting 
molecules. Such therapeutic characteristics of ultrasound can 
enable synergic effects, providing the possibility of 
combined therapy[14, 15].  

Up to date reviews concerning PDT and SDT mostly 
focus on single source irradiation, that is, to use only light or 
ultrasound to trigger therapy. The principles of sensitizer 
development and clinical translation advances of both PDT 
[4-6,16-19] and SDT[20-23] have been elaborately reviewed 
by several researchers. However, despite that PDT and SDT 
are often considered separate branches of therapies, it is 
suggested that combined SPDT may have even more clinical 
translation potential with its lowered incident energy 
levels[24]. Moreover, although researchers on both sides 
have devoted great effort in developing high-efficiency  
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Fig. 1. Photochemistry and photophysics illustrated by Jablonski diagram. From Lismont et al [3]. Copyright 
@2017 Advanced Functional Materials, reproduced with permission. 

 
sensitizers separately, it is clearly demonstrated in this 
review that PDT and SDT share many aspects of 
development and application in common. It is thus beneficial 
to set a common ground where researchers on both sides 
may find inspiration in each other’s achievements. In this 
article, the mechanisms for and development of PDT, 
chemical agent based sonodynamic therapy, and non-
chemical based sonodynamic therapy are reviewed. 
Strategies for the enhancement of PDT and SDT outcomes 
are introduced, focusing mainly on advances in sensitizers. 
By introducing latest developments of pharmacological 
agents used in therapy incorporating light and sound, this 
review aims to hatch new thoughts for sensitizer design and 
combined therapy. 

2. PHOTODYNAMIC THERAPY (PDT) 

2.1. The principle of photodynamic therapy (PDT): 

PDT refers to induced cellular toxicity proceeding from 
the photodynamic effect of light-activated dyes. As a 
minimally invasive treatment, PDT has been widely utilized 
in treatments of malignant diseases[4], eye disorders (age-
related macular degeneration[25], keratoconus [26]) , wound 
healing, and other shallow-seated skin conditions (chronic 
ulcers, non-melanoma skin cancer, acne, cutaneous 
leishmaniasis etc.)[5, 6]. In PDT, a light-activated dye 
(usually referred to as a ‘PS’ is irradiated with a 
monochromatic light source that matches the absorption 
spectrum of the dye. The irradiated ground state PS loses 
energy spontaneously through fluorescent emission or heat. 

In some cases, excited singlet state PS may transit to excited 
triplet state after passing through intersystem crossing (ISC) 
[3]. Upon relaxation from this state, the excited triplet state 
PS can trigger two types of photochemical reactions, as 
illustrated in Figure 1. In Type 1, it reacts directly with 
organic molecules in its proximity or molecular oxygen, thus 
forming radical anion/cations by electron/proton transfer and 
the initial generation of superoxide anion. In Type 2, energy 
is transferred to ground-state triplet molecular oxygen 
directly from the excited triplet-state PS, resulting in the 
production of excited-state singlet oxygen. The two types of 
reactions can take place simultaneously, with their ratio 
dependent on the type of PS as well as the amount of 
surrounding organics and oxygen[18].  

PDT affects cells by altering or deactivating signal 
transduction pathways, by oxidizing biological molecules, 
and by arousing cellular stress responses (hypoxia and 
angiogenesis). Those effects may induce cell apoptosis, 
necrosis and cellular DNA damage (DNA-based oxidative 
damage, strand breaks and cross-links), the mechanisms and 
prerequisites of which have been widely reported[19, 27-29]. 
In addition to the cytotoxic effects of PDT-produced reactive 
oxygen species (ROS) on cells, PDT exhibits two other 
mechanisms that contribute to tumor reduction/destruction: (i) 
PDT-induced thrombosis blocks oxygen and nutrient supply 
and induces hemorrhage in tumor vasculature and (ii) it 
causes leukocytes, lymphocytes and macrophages to 
penetrate into the treated area, thereby stimulating immune 
response against the tumor[4, 27].  
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2.2. Photosensitizers (PSs): 

 Commonly used PSs can be roughly categorized into 
porphyrins, phthalocyanines (Pcs) and BODIPY dyes[30]. 
Biosynthetic porphyrins were first to be developed, resulting 
in the commercial product Photofrin, a hematoporphoyrin 
derivative approved for cancer treatment in Canada and 
United States in the 1990s, thus marking the birth of first 
generation PS. Pcs, the second generation of PS, absorb light 
at a longer wavelength (with the longest absorption band 
in >650 nm and enhanced molecular extinction coefficient of 
around 105 L mol−1 cm−1) than most porphyrins (with the 
longest absorption band in around 630 nm and molecular 
extinction coefficient of around 5×103 L mol−1 cm−1) , 
resulting in deeper optical penetration into tissues and 
increased singlet oxygen production while relieving the skin 
photosensitivity problems[18, 30, 31]. BODIPY dyes, the 
third generation of PS, exhibit increased solubility by 
combining PS with nanoparticles, which enables PS to cross 
biological barriers[3]. More recently, researchers have been 
focusing on making multi-responsive and multi-functional 
PS, which might be considered as the fourth generation of 
PSs. For example, based on the slightly acidic micro-
environment of tumor, Ju et al. developed a pH sensitive 
theranostic PDT agent that can selectively generate singlet 
oxygen and emit near infrared (NIR) fluorescence under 
slightly acidic conditions[32]. Battogtokh et al. combined 
folate with PS PheA and acid-responsive linker cisaconityl, 
aiming at acid responsive PS release and higher tumor 
targeting efficacy[33]. Mironova et al. synthesized 
genetically encoded PS, which consisted of high-efficient 
recombinant 4D5scFv mini-antibody and phototoxic protein 
miniSOG (mini Singlet Oxygen Generator) so as to enable 
selective cytotoxicity to HER2/neu-overexpressing cells[8]. 
To address the limitation of shallow penetration depth of 
light, a new type of PS, namely upconversion nanoparticles 
(UCNPs), was extensively explored, increasing the depth of 
optical diagnosis and therapy with advantageous non-
radiative excitation energy transfer capability[9].  

2.3. Hypoxia in photodynamic therapy (PDT) and 
Oxygenation Solutions: 

2.3.1. Perfluorocarbon (PFC) as the oxygen container: 

The local oxygen level is an important determinant of 
PDT efficacy for treatments based on ROS generation. Due 
to reduced oxygen supply in tumors, which can be further 
aggravated by PDT, however, the therapeutic effect of PSs is 
often compromised[34-36]. To overcome this limitation, 
attempts have been made to maintain/increase the local 
oxygen levels by adjusting fluence rate or fractionating light 
irradiation[37, 38], by inducing hyperthermia[39-41], by 
hyperbaric oxygenation[42, 43], and by the application of 
oxygen-generating particles (e.g. PFCs)[44, 45]. 

 The high oxygen solubility of PFCs made them 
promising candidates as artificial blood substitutes, which 
can be traced back to 1966 when Clark and Gollan reported 
successful respiration support provided by PFCs in mice[46]. 
Since then, extensive trials and products of various formulae 
have demonstrated PFCs’ potential as an oxygen-delivering 
agent, which has been elaborately reviewed by Castro et 
al.[47]. Injecting PFC emulsions to the treatment area may 

increase local oxygen availability and increase the efficacy 
of PDT treatment, especially in hypoxic environment. As 
early as 1988, Fingar et al. tried to co-inject carbogen-
equilibrated Fluosol-DA (a clinically used blood replacement 
perfluorochemical emulsion, which was later withdrawn by 
the FDA in 1994 due to storage and pre-usage 
difficulties[48]) and a PS called Photofrin II for PDT[49]. 
Recently, other methods of co-administration of PFCs and 
PSs have been proposed and many of them have shown 
elevated PDT efficacy[44, 45, 50, 51]. Figure 2 shows a 
typical basic structure of an oxygen container for enhanced 
PDT. 

 

Fig. 2. Typical design of oxygen self-enriched agent for PDT. 
From Cheng et al [45]. Copyright @2015 Nature 
Communications, reproduced with permission. 

 

 In 2013, Wang et al. hypothesized that the singlet oxygen 
generation capacity of an Indocyanine green (PS)-loaded 
perfluoro-15-crown-5-ether (PFC) nanoemulsion could be 
significantly higher than that of free Indocyanine green 
under laser irradiation, due to the increased solubility of 
oxygen in PFC[50]. Sheng et al. introduced a therapeutic and 
imaging agent based on Indocyanine green and 
perfluorooctyl bromide (PFOB), an oxygen-enriching 
PFC[52]. It was proposed that PFOB not only played a 
crucial role in elevating PDT efficacy by increasing singlet 
oxygen generation, but also helped to further enable 
photothermal therapy (PTT) by reducing the expression of 
heat shock protein (HSP). In 2015, Cheng et al. incorporated 
perfluorohexane (PFH) and PS IR780 into a lipid-shell to 
form an oxygen self-enriched nanodroplet for PDT, namely 
LIP (IR780 +PFH)[45]. The treatment efficacy of LIP 
(IR780 +PFH) was shown to be superior than the PFH-free 
agent in both cell-assays and in vivo studies. With intra-
tumoral injection, tumor volumes were significantly reduced 
for mice treated with LIP (IR780 +PFH) plus laser 
irradiation whereas tumor volumes were not significantly 
reduced during two-weeks’ period post-treatment in other 
groups (saline control group, LIP (IR780 +PFH) alone, and 
LIP (IR780) with/without laser irradiation included). With 
intravenous injection, a fourfold inhibition effect could be 
established by LIP (IR780 +PFH) plus laser irradiation in 
comparison with the PFH-free agent plus laser irradiation by 
day 10 post-treatment. 
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 More recently, Wang et al. synthesized a versatile 
theranostic Oxy-PDT agent for fluorescence/photoacoustic 
(PA)/X-ray computed tomography imaging and laser-
induced PTT combined with oxygen-enriched PDT[53]. By 
measuring the size of tumor, it was shown that combined 
PTT & PDT achieved complete tumor inhibition 40 days 
post-injection. In addition to the therapeutic efficacy of the 
synthesized agent, its PA diagnostic imaging ability was also 
of great importance. By acquiring time-dependent PA 
images, the location of the tumor and the accumulation rate 
of this agent can be visualized in real-time, which suggests 
the possibility of PA image-guided therapy. 

 In 2016, Song et al. demonstrated that 1MHz ultrasound 
can trigger burst oxygen release from human serum albumin 
(HSA) encapsulated, oxygen-enriched PFC nano-emulsion 
both in vitro and in vivo[54]. By triggering oxygenation 
within the tumor using a PFC nano-emulsion agent and 
ultrasound exposure for 30 minutes before the application of 
traditional PDT/radiotherapy (RT), significant reduction was 
found in average tumor weight not only in comparison with 
untreated mice, but also with mice treated solely with 
PDT/RT. 

3. CHEMICAL AGENT BASED SONODYNAMIC 
THERAPY (SDT) 

3.1. The principle of chemical agent based sonodynamic 
therapy (SDT): 

 SDT, in a narrow sense, involves ultrasound activated 
cytotoxic ROS generation. Similar to PDT, the basic 
elements required for SDT includes a chemical 
(sonosensitizer or ultrasound-active chemotherapy drug), 
oxygen and ultrasound[55]. The activation process is 
generally considered to be induced by cavitation, which 
could further induce sonoluminescence, cell apoptosis, and 
pyrolysis, while the dominant effect still needs to be 
analyzed based on the formulation and exposure 
conditions[56-58]. Two major sonochemical products arise 
from ultrasonically-induced cavitation: free radicals and 
singlet oxygen. Free radicals can induce chain reaction of 
lipid peroxidation as well as cell damage while singlet 
oxygen, once entering excited singlet state, is capable of 
oxidizing cellular contents. 

 Because it is also dependent on the local availability of 
oxygen, SDT also faces the similar obstacle as PDT, that is 
oxygen deficiency in treated area. To overcome this, a 
similar self-oxygenation approach was proposed. In 2017, 
Chen et al. developed a mesoporous organosilica PFC-chain-
chelated nano-vehicle for ultrasound-responsive oxygen 
delivery and SDT[59]. In this design, the organosilica shell 
was modified with PFC chains for oxygen capture, and the 
sonosensitizer was loaded through electrostatic interaction. 
Upon ultrasound irradiation, this agent exhibited continuous 
oxygen release, which could largely relieve the hypoxia 
milieu. For nude mice bearing PANC-1 pancreatic tumor, 
decrease in tumor volume and prolonged survival time were 
observed after three repeated SDT treatments. Interestingly, 
Chen et al. found that the oxygen-enriched agent alone 
caused more cell death than the non-oxygenated agent 
combined with ultrasound irradiation in vitro, which re-
emphasized the importance of sufficient oxygen in SDT[59]. 
The authors ascribed this effect to simultaneous oxygen 

release by the oxygen-enriched agent, which could further 
enable continuous ROS production 12 hours post-treatment 
due to sustained hyperbaric oxygen beneficial. 

 SDT has become a new solution in cancer therapy not 
only due to the direct effect of tumor inhibition, but also due 
to the synergic effects with chemotherapy and other forms of 
regular treatment[58, 60]. 

3.2. Sonosensitizers: 

3.2.1. Porphyrins and their derivatives: 

 As the first FDA approved therapeutic agent for PDT, 
porphyrins were also among the first sonosensitizers 
investigated for SDT applications. In 1989, Umemura et al. 
proposed that hematoporphyrin (Hp) can increase the 
sensitivity of tumor cells to ultrasound irradiation, the 
mechanism being ultrasound-triggered singlet oxygen 
generation[10, 61]. The inhibition effect was further 
confirmed in vivo in sarcoma 180 bearing mice exposed to 
1.92 MHz ultrasound at the intensity of 1.70 W/cm[11]. 
Tumor growth suppression of 73.6% was found for mice 
treated with both ultrasound and Hp, while Hp and 
ultrasound alone showed minimal inhibition effect (2.4% and 
14.9% respectively). Since then, numerous experiments have 
been run employing different cell lines, ultrasound 
parameters, and sonosensitizers based on porphyrin 
derivatives. Alongside the cytotoxic effects and tumor size 
reduction effects, other aspects of SDT were also explored to 
further understand this process. In 1994, Cain et al. reported 
that no correlation can be found between the efficacy of a 
certain porphyrin under light and ultrasound irradiation[62]. 
Wei Tang et al. assessed the changes of mitochondrial 
properties as well as apoptosis-related protein translocation, 
revealing the activation of mitochondrial pathway[63]. 

 Hematoporphyrin monomethylethe (HMME), as a 
porphyrin derivative, has also been considered as a 
sonosensitizer for its tumor accumulation properties. In 2008, 
Jian-hua Li et al. successfully demonstrated the synergic 
effect of ultrasound and HMME, finding that HMME-
mediated SDT can not only inhibit tumor growth, but also 
affect the cell cycle[64]. Five years later, Xiaomin Su et al. 
reported that the mitochondria-caspase-signaling pathway 
was activated during HMME-mediated SDT, which further 
induced cell apoptosis of U937 cells[65]. When combining 
cell necrosis induced by ultrasound cavitation with HMME 
mediated cell apoptosis, the achieved synergic therapeutic 
effects yielded a much higher tumor inhibition rate[66]. Yan 
et al. designed a HMME/ Poly (DLlactic-co-glycolic acid) 
(PLGA) microcapsule with PFC gas core. The 
structure/composition of such design was believed to play a 
crucial role in restraining cell proliferation rate through 
either superior HMME dispersion or cavitation effect 
brought by the gas core[67]. 

 Another PS, protoporphyrin IX disodium salt (PpIX) was 
proven reactive to ultrasound, inducing apoptosis on HL-60 
cells[65, 68]. In 2017, Ping Huang et al. built a 
multifunctional theranostic agent that encapsulated Mn-
chelated-PpIX, which is capable of both SDT and magnetic 
resonance imaging (MRI) enhancement. Both in vitro cell 
assessment and in vivo tumor treatment exhibited strong 
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therapeutic effect with SDT induced by the synthesized 
agent, suggesting the possibility of clinical application[69]. 

 Other porphyrin derivatives that have been proven 
effective in SDT include, but are not limited to pheophorbide 
A[70], photofrin[71], photofrin II[72, 73], ATX-70[74-76], 
ATX-S10[77, 78], Ce6[79] and DCPH-P-Na(I)[80, 81]. 

3.2.2. Xanthene: 

 Sonosensitizers that fit in this category mainly includes 
erythrosine B, rose bengal and their derivatives. Erythrosine 
B and rose bengal were proven effective in inducing sarcoma 
180 cell damage in a 1.93 MHz standing-wave ultrasound 
field, the mechanism of which could be the combined 
outcomes of sonochemical reactions and reduced cavitation 
threshold by erythrosine B/ rose-bengal[82, 83]. In a C6 
glioma-bearing rat model, a massive reduction of tumor area 
was achieved by rose bengal injection and focused 
ultrasound irradiation[84]. To further improve the tumor-
specific accumulation abilities, attempts were made to 
modify rose bengal in order to achieve higher therapeutic 
efficacy, many of which showed promising cytotoxic/tumor 
inhibition outcome[85, 86]. 

3.2.3 Other sonosensitizers 

 Other sonosensitizers mainly include other chemicals, 
inorganic nanoparticles, and complex nano-delivery 
platforms. Successful cytotoxicity and/or tumor inhibition 
has been established with ZnPcS2P2[87], porous silicon 
nanoparticles[88], fullerene[89] and emodin[90, 91]. A 
compound derived from a traditional Chinese herb, emodin 
was found effective in reinforcing ultrasound-induced 
apoptosis and was thus considered to be sonosensitizer[91]. 
The underlining mechanism of emodin-induced SDT was 
reported to be microtubule oxidation and subsequent 
cleavage[90]. 

 In comparison with organic sonosensitizers, inorganic 
sonosensitizers are more chemically/physiologically stable, 
providing the possibility of modification, encapsulation and 
mass production[92]. TiO2, a recognized PS, was reported to 
be a sonosensitive agent that can generate ROS by itself 
upon ultrasound irradiation[92]. With a 10 μl TiO2 (0.500%) 
intratumor injection followed by ultrasound exposure of 2 
minutes (1 MHz, 1.0 W/cm2), tumor growth was 
significantly inhibited compared with either untreated mice 
or mice treated with only ultrasound or TiO2[93]. Yamaguchi 
et al. compared the efficacy and cell-killing mechanism 
between PDT and SDT induced by PEG-modified TiO2[94]. 
By treating U251 cells separately with SDT and PDT, it was 
found that SDT cytotoxicity was nearly proportional with 
ultrasound application time while PDT cytotoxicity only 
appeared above certain duration of UV irradiation. With the 
help of singlet oxygen scavenger glutathione and cell 
membrane fluorescent imaging, the authors concluded that, 
unlike PDT-induced cell death, SDT exhibits cytotoxic 
characteristics with the help of physical force exerted on the 
cell membrane by ultrasound rather than oxidative radicals 
produced by PEG-modified TiO2. 

 As TiO2 can appear not only in the form of solid particles 
but also as a mesoporous shell or a core of a complex 
composition, many researches have focused on integrating 
TiO2 into a multi-functional agent. Shen et al. coated Fe3O4 

magnetic nanoparticles with TiO2 for chemotherapeutic drug 
doxorubicin (DOX) loading through electrostatic 
interaction[95]. The synergic effect of chemotherapy and 
SDT was substantial in tumor inhibition experiments, 
especially with the help of ex vivo magnet-assisted 
accumulation[95]. To realize image-guided, targeted 
sonodynamic-chemo synergic therapy, NaYF4 was added to 
the core composition of the aforementioned agent to enable 
up-conversion luminescence (UCL) imaging. The 
synthesized agent showed nucleus affinity in KB and MCF-7 
cells, which might serve to promote DOX’s intercalation and 
enhance cytotoxicity. The average tumor volume of mice 
treated with the agent after 24 hours of magnetic targeting 
decreased steadily after 4 treatment cycles, while other 
groups showed no inhibition effect[96]. 

4. NON-CHEMICAL BASED SONODYNAMIC 
THERAPY(SDT) 

 Despite the fact that the term ‘SDT’ was first proposed to 
describe the ultrasound activation of photochemical 
sensitizers[10, 11, 61], it can also be considered to include 
other forms of non-thermal ultrasound therapy as well[56]. 
As one of the most important biological effects of non-
thermal ultrasound therapy, sonoporation and assisted 
gene/drug delivery are introduced in the following section. 

4.1. Sonoporation: 

 The term sonoporation is used to describe the process 
whereby temporary pores are acoustically induced, through 
which the internalization of cell impermeable molecules into 
living cells could be realized[97]. The permeability can be 
enhanced with the presence of ultrasound contrast agents 
(UCAs), which typically consist of stabilized 
microbubbles[98]. The existing bubbles serve as cavitation 
nuclei, which will act under the incident acoustic pressure 
wave and transiently porate the cell membrane to make 
entrance for the released drug/gene molecules[99]. While 
ultrasound induced pore formation can be observed at 
different acoustic intensities, the mechanisms and 
prerequisites vary accordingly. 

 Depending on the driving acoustic pressure amplitude, 
microbubbles may oscillate linearly about an equilibrium 
radius, oscillate nonlinearly about an equilibrium radius 
(stable cavitation), or grow unstably and collapse violently 
(inertial cavitation).  In some cases the pulsations may be 
non-symmetric depending on environmental factors such as 
asymmetries in the sound field or the proximity of other 
bubbles and/or boundaries[100]. 

Fig.3. Cell membrane and cytoskeleton response under 
ultrasound irradiation. From Fan et al [104]. Copyright 
@2017 Theranostics, reproduced with permission. 
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 For stably cavitating microbubbles, sonoporation is 
thought to be induced by the shear stresses (imposed by 
bubble oscillation) as well as cavitation microstreaming 
(induced by said stresses in surrounding liquid)[97]. The 
extent to which these stresses impact a cell depends on the 
amplitude of incident ultrasound wave[101, 102] and the 
distance between cavitating bubble and cell[103]. Figure 3 
shows real-time cellular response of HeLa cells induced by 
microbubble-mediated sonoporation. After ultrasound 
irradiation, the HeLa cell on the right exhibited α-tubulin 
cytoskeleton disassembly and increased membrane 
permeabilization, which is indicated by diminishing green 
fluorescence and diffusing red fluorescence 
respectively[104]. de Jong and his colleagues studied the 
deformation of a cell membrane during sonoporation using 
high speed microscopy and reported that only in close 
vicinity to cells can bubbles perturb the cell membrane in a 
manner sufficient to yield increased permeability of 
propidium iodide (PI). Successful sonoporation was 
characterized by a pore that formed in the intact lipid 
structure of cell membrane and resealed when either the 
bubble was repelled or the ultrasound turned off[103]. This 
perforating and resealing process was visualized under 
confocal microscope by Yu et al., and the influence of 
temporal-peak pore size and extra-cellular calcium on pore 
resealing and its duration was explicitly explored[105]. 

 For bubbles undergoing inertial cavitation, sonoporation 
is thought to be induced by bubble collapse and collapse 
microjets and shockwaves[97, 106-108]. Bubbles located 
close to a boundary (or each other) manifest asymmetric 
characteristics. For the violent collapses associated with 
inertial cavitation, an inward flow asymmetry forms, 
resulting a high-velocity liquid jet that traverses the bubble 
and impacts the boundary. In the case of inertial collapses 
that are sufficiently remote from boundaries, the rapid 
acceleration associated with the final instances of collapse 
serve to launch an outgoing spherical shock wave. Both 
effects are directly responsible for the penetration of a cell 
membrane and even cell detachment from its substrate[108-
110]. The process of laser-trapped microbubble cavitation at 
different distances from cell monolayer was visualized by 
Prentice et al in 2005, and results show pronounced 
disruption on cell membranes produced by microjetting[110]. 
In 2017, Fan et al reported that the degree of membrane 
disruption is cell-cycle-dependent due to different 
mechanical properties in different cycle phases[104]. 

 Owing to the membrane-opening effect of sonoporation 
and the feasibility of gene/drug loading on microbubbles, 
contrast agents exhibit great potential to become a next-
generation delivery vehicle[14]. The fact that microbubbles 
can survive blood circulation addresses the quick clearance 
problem of non-viral DNA vectors[111, 112]. Under ideal 
circumstances, a gene/drug that has been successfully 
attached or incorporated on the shell will be protected by the 
bubble shell structure during circulation, and once the bubble 
enters a malignant site, the loaded gene/drug could be locally 
released by ultrasound and enter the tumor cells via 
sonoporation. By using such methods of controlled release, 
both DNA payload and on-site delivery efficacy can be 
increased, resulting in significantly increased transfection 
efficacy[14, 113, 114]. 

 DNA incorporation into bubbles could be realized 
through two approaches: physical linkage or electrostatic 
adsorption[115]. Physical linkage was first attempted by 
Teupe et al. and was confirmed to be effective by a vascular 
transfection study[116], a cell transfection study[113] and an 
in vivo study[117]. Electrostatic adsorption could be realized 
by cationic-anion reactions, which was proven viable by a 
cell transfection study[118], an in vivo tumor transfection 
assay[118], and by an in vivo muscle transfection study[119]. 

 Due to the ultrasound-triggered local release properties of 
drug-loaded microbubbles, attempts have been made to load 
toxic chemotherapy drugs onto microbubbles, by which 
systematic toxicity and other side effects could be reduced. 
DOX, a potent chemotherapy drug, was widely used as a 
target bubble-loading drug due to its severe side effects[120]. 
By simply mixing DOX with a rehydrated lipid solution 
(together with EDTA and glucose) during bubble formation, 
an 87.3% loading rate could be achieved[121]. Further 
studies showed a 12-fold increase in DOX concentration in 
tumor areas than in the contralateral side, indicating increase 
local drug delivery efficacy[120]. In 2013, Wu et al. 
chemically conjugated DOX with Pluronic F68 and 
synthesized targeted DOX-loaded microbubbles with bFGF. 
Through tumor volume measurement, targeted DOX-loaded 
microbubbles significantly inhibited tumor growth with 
minor side effects in comparison with either free DOX or 
free DOX-Pluronic[15]. Despite the widely accepted concept 
that the drug molecules enter cell membrane through pores 
created by sonoporation, De Cock et al. proposed that rather 
than passive diffusion and endocytosis, the direct deposition 
of nanoparticles from a local bubble to the cell membrane 
under the influence of ultrasound (termed as ‘sonoprinting’) 
is more likely to be the mechanism of large molecule 
uptake[122]. 

4.2. Ultrasound sensitive substances: Ultrasound 
Contrast Agents (UCAs): 

 The use of microbubbles as UCA in vascular imaging is 
well established[123] and has helped to address the 
impending need to resolve the relatively low resolution of 
traditional ultrasound imaging[124]. UCAs play an 
important role in contrast-enhanced ultrasonography (CEUS) 
by acting as preferential scatterers of sound and thus 
enhancing the returning ultrasound signal from highly-
perfused regions of tissue[125]. Alongside imaging 
enhancement applications such as tumor identification[126-
128], myocardial perfusion[129], and vessel patency 
assessment[130, 131]. UCAs have also proven to be 
effective in therapeutic applications such as drug 
delivery[132, 133], hyperthermia treatment[134-136] and 
BBB opening[137, 138]. 

 The first generation of UCA consisted of an air-filled 
microbubble encapsulated by an albumin shell[139]. Second 
generation UCAs contain high-molecular-weight gases such 
as PFCs (C3F8, C4F10, etc.) and sulfur hexafluoride (SF6), 
which have lower solubility in blood and thus increase the 
lifetime of the microbubbles in circulation. The shell could 
be albumin, phospholipid, polymeric or a combination of 
these materials[140, 141]. The size of clinically approved 
UCAs is on the order of several microns and is small in 
comparison with the wavelength of diagnostic ultrasound 
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(order 1 mm), meaning that bubbles are symmetrically 
driven and undergo volumetric oscillations in the absence of 
nearby boundaries or bubbles. The low density and high 
compressibility of the gas core in UCAs can enable efficient 
ultrasound scattering, thus significantly increase the 
backscattered signal emanating from bubble-perfused 
areas[142]. 

 By further modifying UCAs with targeting ligands 
(antibodies, carbohydrates, peptides, etc.), the imaging and 
therapeutic application of UCAs could extend to the 
molecular level. Active targeting can be achieved by 
incorporating antibodies, carbohydrates or peptides onto the 
surface of UCAs[143]. The binding process begins when the 
ligand on the bubble surface contacts specific receptors on 
the vascular wall or cell surface, and will hold as long as the 
strength of binding outweighs the shearing effects of 
surrounding fluid flow (blood flow in most cases)[144]. Note 
that, as has been discussed in section 4.1, UCAs have the 
potential of becoming a next-generation gene/drug delivery 
vehicle, it is highly likely that targeting capabilities of UCAs 
could lead to the development of more effective and 
controllable on-site delivery platforms. 

 The acoustic response of UCAs differs for different 
formulations[145]. The relationship between UCA 
formulation and two vital acoustic characteristics, -- 
frequency-dependent acoustic scattering and proclivity for 
inducing cavitation -- has been widely explored due to their 
importance in diagnostic and therapeutic applications. 
Changes in linear bubble dynamics (resonance frequency and 
acoustic damping) can be attributed to the varying viscosities 
and interfacial tensions of different encapsulating shells[146-
148]. The nonlinear response of UCAs has also been 
reported to be dependent on physical properties of UCA’s. 
Guo et al. measured the inertial cavitation threshold 
pressures and frequency-dependent acoustic attenuation of 
SonoVue (Bracco Diagnostics Inc., Geneva, Switzerland) 
and KangRun (KangRun Pharmaceutical Co., Hunan, China) 
in vitro, and proposed that the smaller dilatational viscosity 
and shell interfacial tension might account for the lower IC 
threshold of SonoVue[149]. 

 Despite their widely recognized imaging enhancement 
abilities, UCAs consisting of stabilized bubbles on the order 
of micrometers suffer from relatively short circulation time 
and insufficient accumulation in tumor areas in comparison 
with those of nanoscale particles[150]. Researchers have 
proposed the substitution of the gas core with a superheated 
liquid PFC (dodecafluoropentane, PFH, perfluoroheptane, 
etc.) to form much smaller nanodroplets[151]. Due to much 
smaller size, liquid nanodroplets can potentially penetrate the 
endothelial gap in tumor vasculature, passively accumulate 
in tumor regions and thus prolong circulation time[115, 140]. 
To exhibit ultrasound enhancement ability, nanodroplets are 
required to undergo phase-transition from liquid into gaseous 
state.  As is illustrated in Figure 4, such a phase transition 
can be initiated by heating and/or imposing a transient 
negative pressure state (associated with the rarefaction 
portion of ultrasonic forcing) which suppresses the boiling 
temperature and enhances the likelihood of a phase change. 
For a particular core composition, the boiling temperature of 
an encapsulated nanodroplet is elevated due to the Laplace 
pressure induced by the interfacial tension of the 

encapsulating shell[150]. The stability of nanodroplets has 
been shown to decrease with the lowering boiling point of 
encapsulated core. When placed under ultrasound irradiation, 
nanodroplets containing a lower boiling point core require 
less imposed acoustic rarefaction to trigger 
vaporization[152]. 

Fig. 4. Illustration of nanodroplet response to temperature 
and pressure variation. Imposed pressure variation could be 
caused by either ambient pressure or acoustic pressure. [150] 

 

 The droplet behavior after ultrasound activation is also 
dependent on core composition. Sheeran et al. reported a 
unique overexpansion characteristic of droplets with a 
volatile PFC core[153]. The droplet-to-bubble expansion 
process of contrast agents possessing cores of (a) 
decafluorobutane (DFB, boiling point −2°C) and (b) 
octafluoropropane (OFP, boiling point −36.7°C), exposed to 
a 2 cycle pulse of 8MHz ultrasound, are shown in Figure 5. 
As DFB and OFB are relatively volatile compounds, these 
droplets underwent a rapid expansion to a maximum radius 
followed by a damped oscillation, culminating in a new 
equilibrium size[153]. The ultrasound input required for 
vaporization has also been reported to increase with 
decreasing droplet size (greater Laplace pressure to work 
against) and increasing ultrasound frequency (less time for 
the phase transition to occur while under tension)[151, 154]. 
This acoustically induced phase transition process is often 
termed as acoustic droplet vaporization (ADV), and a variety 
of effects such as vascular occlusion[155], transcranial 
ultrasound phase aberration[156], ablation margin 
estimation[157] as well as inertial cavitation[158] can be 
realized when employing appropriate ultrasound parameters. 

Fig. 5. Droplet vaporization and expansion process after 
activation by 2 cycles of 8MHz ultrasound. The scale bar 
represents 5 𝜇𝜇m. From Sheeran et al [153]. Copyright © 
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Institute of Physics and Engineering in Medicine.  
Reproduced by permission of IOP Publishing.  All rights 
reserved. 

 

5. SONO-PHOTODYNAMIC THERAPY (SPDT) 

 As some sensitizers appears to be sensitive to both 
ultrasound and light, the idea of combining SDT with PDT 
comes very naturally; after the administration of appropriate 
sensitizers, PDT and SDT can be performed successively 
(the treatment order may or may not matter). In 2000, Jin et 
al. performed SPDT on skin squamous cell carcinoma 
bearing C3H/HeN mice using either pheophorbide A-
derivative PH-1126 or ATX-70[12]. The survival period of 
mice treated with combined therapies was significantly 
prolonged for both sensitizers, and even reached 88% 
survival 120 days post-treatment with PH-1126 treated group. 
The synergetic inhibition effect of PDT and SDT suggest 
that sensitizers can be applied at half the regular 
dose/concentration with SPDT, which would lessen the 
photosensitivity brought about by PSs[12]. 

 Similar promotion in therapeutic efficacy was found with 
Chlorin e6 in glioma C6, where the area of necrosis in tumor 
tissues caused by SPDT was found 25-30% larger than that 
of individual PDT/SDT treatment[13]. Sinoporphyrin 
sodium assisted SPDT was successfully performed on 4T1-
implanted mice, showing cavitational effects during the 
process[24]. Miyoshi et al. exhibited tumor inhibition ability 
with 5- aminolevulinic acid (5-ALA) and TiO2 nanoparticles 
in C3H/HeN mouse bearing skin squamous cell 
carcinoma[159]. In an animal study where sonnelux served 
as the sono-photosensitizer, El-Kaream et al. reported that 
pulsed ultrasound wave showed higher therapeutic efficacy 
than continuous ultrasound wave in the presences of 
synthesized sensitizer. By adding infrared laser to the 
treatment, tumor volume can be further reduced[160].  

Fig. 6. Comparison of cell adhesion conditions at different 
times post-treatment with different treatment methods. The 
scale bar represents 100 𝜇𝜇m, and the black arrows highlight 
typical cell morphology which is shown in the upper left 
corner of each figure. The ability for cells to adhere is 
modified in different ways by different treatment protocols. 
From Wang et al [162]. Copyright © Astro Ltd.  Reproduced 
by permission of IOP Publishing.  All rights reserved. 

 

 Alongside direct tumor inhibition, SPDT was also 
reported to elicit anti-metastatic and pro-apoptotic effects on 
breast cancer using Ce6 as a sensitizer[161]. A drop in cell 
mobility was also observed in SPDT-treated MDA-MB-231 
cells[162]. Figure 6 shows representative images of MDA-

MB-231 cell morphology at various time points (1, 2 and 3 
hours) after different treatment protocols (SDT, PDT, SPDT 
and PSDT). After being re-seeded into culture dish after 
treatment, pictures of cells were taken to show the degree of 
cell adhesion. It can be seen from the figure that cells in the 
control group began to adhere to the culture dish 3 hours 
post-seeding, while cells in the SDT (0.36 W cm−2 
ultrasound, 1-minute duration) and PDT (1.2 J cm−2 laser, 2-
minute duration) groups showed moderate adhesion, and 
cells in the SPDT (0.36 W cm−2 ultrasound, 1-minute 
duration followed by 1.2 J cm−2 laser, 2-minute duration) and 
PSDT (1.2 J cm−2 laser, 2-minute duration followed by 0.36 
W cm−2 ultrasound, 1-minute duration) groups showed few 
adhesions. When the order of PDT and SDT application was 
altered, cell viability results and tumor inhibition effects 
showed no significant difference[161]. However, as 
ultrasound irradiation could enhance cell membrane 
permeability, the pre-PDT SDT might be able to trigger 
sensitizer entry into tumor cells, thus increasing SPDT 
efficacy[163]. 

 Recently, a rose bengal derivative was proposed, with the 
aim of improving biocompatibility and amphiphilicity[164]. 
A nano-theranostic platform consisting of PLGA, 
indocyanine green and Hp was designed for simultaneous 
NIR fluorescence imaging and SPDT[165]. 

 In comparison with laser irradiation, the benefit of 
ultrasound lies in its deep penetration depth and superior 
focusing ability. The incorporation of ultrasound into 
traditional PDT was found to enhance the depth of tumor 
necrosis by 2-3 times in vivo, which helps overcome the 
limitations imposed by the rapid absorption and scattering of 
light in tissue[12]. Considering that SPDT shows a stronger 
therapeutic effect, a decrease in the dosage of sensitizer and 
laser/ultrasound input could be achieved using SPDT, which 
in turn could help in shielding peripheral normal tissues from 
undesired damage[24]. With the additional help of tumor-
specific sensitizer or delivery platforms, more precise control 
over treatment area and therapeutic outcome could be 
realized using SPDT[161, 165]. 

CONCLUSION AND FUTURE PERSPECTIVES 

 Light and sound are two forms of energy that have 
played a critical role in modern medicine by enabling 
minimally-invasive therapies, such as PDT and SDT. 
However, there are persistent obstacles to the widespread 
applications of PDT and SDT in the clinic. Treatment depth 
using light is limited due to high levels of scattering and 
absorption. High intensity ultrasound can also result in 
deleterious tissue heating and suffers from beam distortion 
due to sound speed and density aberrations in biological 
tissues, particularly bone. While researchers on both sides 
are working to address these technology barriers, it has 
become very clear that the introduction of nano/micro sized 
sensitizers could be the solution, for they enhance sensitivity 
to optical/acoustical perturbations and provide spatial 
specificity. Therefore, by the introducing sensitizers, the 
required incident energy can be lowered and the treatment 
process can be better controlled in both space and time, thus 
enhancing therapeutic efficacy and safety. With new 
advances in nanotechnology, sensitizers can be easily 
modified, providing the opportunity of therapy fusion. A 
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fertile ground for future research could be the combination of 
light and sound sensitive substances yielding “multi-mode” 
sensitizers for which the thresholds for both light and sound-
induced therapeutic effects are lowered, providing efficient 
yet safe outcomes for a broader spectrum of therapies. 
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LIST OF ABBREVIATIONS 

5-ALA   5- Aminolevulinic Acid 
ADV Acoustic Droplet Vaporization 
BBB  Blood-Brain-Barrier 
CEUS Contrast-Enhanced Ultrasonography 
DOX Doxorubicin 
HIFU High Intensity Focused Ultrasound 
HMME  Hematoporphyrin Monomethylethe 
Hp Hematoporphyrin 
HSA Human Serum Albumin 
HSP Heat Shock Protein 
ISC  Intersystem Crossing 
MRI  Magnetic Resonance Imaging 
NIR Near Infrared 
PA Photoacoustic 
Pc  Phthalocyanines 
PDT  Photodynamic Therapy  
PFC  Perfluorocarbon 
PFH  Perfluorohexane 
PFOB  Perfluorooctyl Bromide 
PLGA  Poly (DLlactic-co-glycolic acid) 
PpIX  Protoporphyrin IX 
PS  Photosensitizer 
PTT  Photothermal Therapy 
ROS  Reactive Oxygen Species 
RT  Radiotherapy 
SDT  Sonodynamic Therapy 
SF6  Sulfur Hexafluoride 
SOG  Singlet Oxygen Generator 
SPDT Sono-photodynamic Therapy 
UCA  Ultrasound Contrast Agents 
UCL Upconversion luminescence 
UCNP  Upconversion nanoparticle 
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