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A B S T R A C T   

Sonodynamic antimicrobial chemotherapy (SACT), which relies on a combination of low-intensity ultrasound 
and chemotherapeutic agents termed sonosensitizers, has been explored as a promising alternative for microbial 
inactivation. Such treatment has superior penetration ability, high target specificity, and can overcome resistance 
conferred by the local microenvironment. Taken of these advantages, SACT has been endowed with an extensive 
application prospect in the past decade and attracted more and more attention. This review focusses on the 
current understanding of the mechanism of SACT, the interaction of sonodynamic action on different microbes, 
the factors affecting the efficacy of SACT, discusses the findings of recent works on SACT, and explores further 
prospects for SACT. Thus, a better understanding of sonodynamic killing facilitates the scientific community and 
industry personnel to establish a novel strategy to combat microbial burden.   

1. Introduction 

Over the past decade, the rapid evolution and spread of multidrug- 
resistant bacteria (MDR) have become a formidable public health 
concern [1]. These so-called “ESKAPE”-pathogens (Enterococcus faecium, 
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, 
Pseudomonas aeruginosa, and Enterobacter spp.) can provoke antibiotics 
ineffective within a short time [2]. Researchers strived to provide 
alternative solutions not only to eliminate infections in medical and 
veterinary settings, but also to reduce the microbial loads in industrial 
and environmental applications, since the use of antibiotics in agricul
ture/environment plays a pivotal role in the spread of resistance, 
through foodborne microorganisms [3,4] and sewage [5]. Physical 
treatments such as irradiation, high pressure, and heat gained most 
popularity due to their less possibility to induce resistance and the 
greater potential for application on large scale [6,7]. Unfortunately, 
limitations, including less penetration, high-cost investment, and high 
equipment requirements hamper the industrial applications and 
commercialization of these treatments. 

Ultrasound has been explored as an antimicrobial tool since 1927, 
when Wood et al. [8] provided the first evidence that ultrasound could 
induce a lethal effect on microorganisms. Since then, ultrasound, both 
alone and in combination with other strategies, was found to have the 

ability to destroy various microorganisms, ranging from bacteria to virus 
[9–13]. Because of these characteristics, ultrasound has been applied for 
diverse antimicrobial strategies, ranging from sterilization in the food 
industry to the treatment of microbial infections [14]. Sonoantimicro
bial chemotherapy (SACT), on the basis of sonodynamic therapy (SDT), 
has been established and developed as a novel promising antimicrobial 
approach. Similar to SDT, SACT ultilizes low intensity focused ultra
sound (LIFU) to excite sonosensitizers to generate cytotoxic reactive 
species that are toxic to microbes [15]. Moreover, LIFU with less price 
can act on deep-seated microbes within the tissue, and can be focused 
into a small region to active sensitizers [16]. Taken of these advantages, 
SACT has also exhibited synergistic effects against diversified microor
ganisms including bacteria, sessile biofilm, and yeasts [9,17,18]. 
Although these synergistic actions following SACT have been investi
gated in numerous biological models in vitro and in vivo, the precise 
mechanisms are still unclear and vary. Chen et al. [16] suggested that 
SACT interferes with the life of these microbes mainly depending on 
biological models and experimental systems, the type of combined 
sonosensitizers and the ultrasound parameters such as frequency and 
intensity. While it is difficult to form a universal mechanism of SACT 
action, some general traits emerged, such as ROS production by sono
luminescence and pyrolysis, and ROS-independent cytotoxicity [19]. 
These sonodynamic events result in damage to microbial membranes, 
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proteins, and DNA/RNA, ultimately causing cell death [20]. With the 
expanding knowledge on the fundamental mechanism of SACT, more 
and more investigators have realized that sonosensitizer is one of the 
crucial factors. According to the previous reports, a variety of the 
sonosensitizers have been employed in SACT, including antibiotics 
[2,17], natural product extracts [10,21], nanoparticles/nanocomposites 
[22–24], and xanthene dye [25,26]. Since Liu et al. [27] first pointed out 
the antimicrobial potential of SACT, such prediction was continuously 
confirmed by experimental studies, eventually made its way into med
ical applications and industrial process sanitizations. To date, the ma
jority of the studies about SACT have focused on its use in medicine 
through the killing of either pathogens or tumor cells. Only fewer reports 
have briefly touched upon the potential of SACT for guaranteeing food 
safety [10,11] and sewage decontamination [28,29]. 

SACT is gaining increasing popularity as a therapeutically useful 
modality, however, its applications for decontamination and disinfec
tion are still in their infancy. The review aims to give an overview of the 
available information on the scientific principles of SACT, along with 
various sonosensitizer-based SACT strategies. Also, the review presents 
the current state of research and the potential for application of this 
promising novel treatment to the environment and food industry. 

2. Mechanisms of sonodynamic production of cytotoxic species 

Most of information about the mechanisms of SACT is gained from 
SDT studies. SDT studies have been extensively investigated in medi
cine, yet their mechanism is still not comprehensively elucidated. As for 
SDT, the ultrasound in SACT is thermal-independent. The activation of 
sensitizer in this treatment involves cavitation [25,27,30]. Cavitation 
produces microbubbles that oscillate and eventually collapse. This dy
namic process is usually divided into two types, namely, stable cavita
tion and inertial cavitation (Fig. 1a) [15]. Stable cavitation occurs in an 
aqueous medium subjected to low-intensity ultrasound, characterizing 
by expansion and contraction of the produced bubbles around the same 
resting radius in the acoustic field [31] (Fig. 1a). These stable cavitation 
bubbles are forced to oscillate, thus creating mechanical shearing and 
microsteaming to interfere with the adjacent particles (cells or sensi
tizers). In contrast, inertial cavitation is a relatively strong bubble dy
namic process that occurs in a liquid media exposed to a higher-intensity 
ultrasound. The inertial cavitation bubbles experience from sharp 
contraction to collapse, thereby concentrating enormous energy, and 
then release the energy in the focal area [32]. The energy generated by 
this phenomenon results in the production of heat (approximately 5000 

K), pressures (250 MPa), and extreme conditions that generate me
chanical (i.e., liquid jets, shear force, shock wave), thermal (i.e., local
ized heat generation), and chemical (i.e., free radicals) effects [15]. Both 
stable cavitation and inertial cavitation can produce mechanical forces, 
in addition to the chemical effects generated by inertial cavitation [15]. 
Regardless of the cavitation type, either sonochemical (sonolumi
nescence, sonochemistry) or sonomechanical (ROS-independent) effects 
can contribute to the cytotoxicity of sensitizer in SDT. 

2.1. ROS-dependent cytotoxicity 

2.1.1. Sonoluminescence 
The most commonly proposed mechanism for the SDT cytotoxic ef

fects is the formation of ROS via the activation of sensitizer by sonolu
minescence [30,33], which are flashes of light that results from the rapid 
collapse of bubbles during cavitation [34,35]. Sonoluminescence is 
generally considered to be caused by inertial cavitation bubbles implo
sion, whereas Costley et al. [36] attributed this phenomenon to stable 
cavitation. Sonoluminescence might activate sonosensitizers in SDT 
through a photochemical pathway similar to that involved in photo
antibacterial chemotherapy (PACT) [37,38]. Upon absorption of sono
luminescent light, the sonosensitizers get excited to a higher energy state 
(excited state, Fig. 1b). On their way back to the ground state, sono
sensitizers could interact with biological substrates to create higher 
energy, high reactivity molecules known as ROS. The ROS generation 
can proceed either in a Type I process, leading to the yield of radicals 
such as hydrogen peroxide, superoxide anion, hydroxyl radical and 
singlet oxygen (1O2), or in a Type II process, with 1O2. Singlet oxygen, as 
the main effector, induces the photooxidation of cellular components 
thereby causing cell death (Fig. 1b) [18]. Evidence supporting the use of 
this mechanism in SACT is provided by Rahman et al., who suggested 
that ROS-mediated death of Escherichia coli was attributed to the sono
luminescent activation of TiO2 [39]. Indirect support for the use of 
sonoluminescence in SACT was revealed from the early studies on cip
rofloxacin and levofloxacin [27,40]. The study proposed that the anti
microbial process was synergized by these compounds and ultrasound 
involved in the production of ROS. In these studies, the peak absorbance 
of both ciprofloxacin (λ max at 276, 316, and 328 nm) and levofloxacin 
(λmax at 288 and 331 nm) [41,42] correlated well with the maximum 
emission of sonoluminescence in water (250–600 nm) [36]. Similarly, 
Nakonechny et al. [25] also attributed the potent bactericidal efficacy of 
Rose Bengal (RB)-mediated sonodynamic treatment to a good overlap 
between the peak absorbance of RB and the emission range of 

Fig. 1. (a) Acoustic cavitation of microbubbles; The activation of sonosensitizers by sonoluminescence (b) or sonochemistry (c); ROS-independent mechanisms of 
SACT action. 
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sonoluminescence. However, Methylene Blue (MB), an established 
PACT photosensitizer, exhibited no ultrasound mediated-antimicrobial 
activity in corresponding SACT experiments. The authors explained 
the broad emission of sonoluminescence has a minimal overlap with the 
absorption spectra of MB (500–700, λmax > 650 nm) [5,25]. Consistent 
with these observations, some reports also suggested that the limited 
emission range of sonoluminescence partly elucidate why MB and other 
molecules can function primarily as either photosensitizer or sono
sensitizer [43], while other molecules can serve with both capacities 
[33]. 

2.1.2. Sonochemistry 
A second mechanism for ROS-mediated SDT has been postulated and 

known as “pyrolysis”. Under inertial cavitation, the elevated local 
temperature and pressure promote the pyrolysis of the sensitizer mole
cules and/or of water molecules occurring in the heated gas–liquid 
interface or inside collapsing bubbles [44] (Fig. 1c). The radicals formed 
in this sonodynamic process then react with oxygen to produce peroxyl 
and alkoxyl radicals, which can act indiscriminately against macro
molecules to induce cytotoxic damage [36]. 

Many studies have demonstrated that the pyrolysis in SDT induced 
cytotoxicity independent of a sonosensitizer, however, there remains 
doubt regarding the contribution of hydroxyl radicals (⋅OH) generated 
by pyrolytic water to cell destruction [45]. Based on the studies [44,46], 
it was suggested that the free radicals formed during this event have 
extremely high reactivity, short half-life (~1 μs for 1O2, ~1 ns for ⋅OH), 
and limited diffusion distances (~20 nm for 1O2, ~5 nm for ⋅OH), which 
might limit their involvement in causing cytotoxicity. In contrast, rad
icals created in the pyrolysis of sonosensitizer, such as peroxyl radicals 
(H2O2), seem to be more aggressive towards microbial cells. These 
radicals, which are less reactive, longer-living and hence significant 
diffusion distances, are capable of attacking critical sites in microbial 
cells [43]. Thus, the selection of a suitable sonosensitizer is essential to 
maximize the pyrolytic effect of SDT on microbial cells. In this case, 
thermolabile molecules (e.g., azo-compounds) have been explored as 
sonosensitizers since they are capable of decomposing to carbon- 
centered alkoxyl radicals and ultimately forming H2O2 in the presence 
of oxygen [47]. Both radical species were successfully identified after 
ultrasound irradiation through the experimental methods, including 
spin trapping and electron paramagnetic resonance spectroscopy, sug
gesting the decomposition of sonosensitizer. Meanwhile, the concen
tration of radicals formed in this process did not decrease after 
quenching with sodium azide, potassium iodide and sodium formate. 
This indicated that a pyrolysis-mediated effect of sonosensitizer was 
incorporated in SDT instead of an 1O2 or ⋅OH-mediated response. Be
sides, some classes of compounds, such as surfactants (e.g., porphyrins) 
and small molecules with significant vapor pressure (e.g., DMF, DMSO), 
are also found to be suitable [20]. 

2.2. ROS-independent cytotoxicity 

Many researchers agreed that the dominant mechanism of SDT ac
tion is cytotoxic effects through the formation of ROS, however, it has 
been proposed that SDT also depends on sonomechanical mechanisms, 
as showcased (Fig. 1d). Ultrasound alone is considered to produce 
inherent mechanical effects, including microstreaming, microjetting and 
high shear force, all of which can ultimately lead to cell membrane 
disruption [5]. An early study conducted by Worthington et al. [48] 
supported that SDT cytotoxicity resulted from these sonomechanical 
events as opposed to ROS generation. In their study, the authors assessed 
⋅OH and H⋅ production through Fricke dosimetry after ultrasound irra
diation (1.955 MHz, 1.2 W/cm2) with or without hematoporphyrin 
(Hp). However, the yield of singlet oxygen was too small to explain the 
notable cell death, and they concluded that the cytotoxicity was closely 
linked to the sonomechanical forces that disrupt cellular membranes. At 
all events, these data might loosely provide contradictory evidence 

toward the ROS-based theory underlying SDT. 
Even though comparative studies have demonstrated the mechanical 

effects of cavitation alone, it still unknown as to how or if ROS- 
independent cytotoxicity results from the synergy of sonosensitizer 
and ultrasound. Some studies proposed that shearing stress of cavitation 
bubbles causes transient alterations in the bacterial cell membrane, by 
which the sonosensitizer is enhanced to permeate and disrupt microbial 
cells, causing cell death [49–51]. Runyan et al. [50] found that ultra
sound enhanced the permeability of the cell membrane of Pseudomonas 
aeruginosa towards macromolecular compounds. They believed that this 
phenomenon might be caused by the sonoporation created holes in the 
bacterial membrane. However, some studies thought that the addition of 
a membrane destabilizing compounds could amplify sonomechanical 
stresses inducing a synergistic cytolytic effect [36,52–54]. Rapoport 
et al. [53] supported this claim and employed a spin-labeled gentamicin 
bioreduction kinetics model to explain the synergism against 
P. aeruginosa and E. coli. They found that the penetration of spin-labeled 
gentamicin was not affected by ultrasound with an intensity of <2.4 W/ 
cm2. This indicated that the synergism of antibiotics-mediated sonody
namic treatment did not result from the increased penetration of anti
biotics through bacterial membrane. The authors speculated that the 
interaction of the antibiotics with the cell membrane might result in cells 
being more vulnerable to ultrasound. Similarly, Wang et al. [55] 
observed that curcumin-sensitized methicillin-resistant Staphylococcus 
aureus (MRSA) were more susceptible to the following ultrasound 
compared to the no curcumin-sensitized cells. The potential enhance
ment of sonomechanical stress might be attributed to the membrane- 
destabilization of curcumin. Therefore, it is fascinating to characterize 
the interaction of sonosensitizer with the cell membrane and to elucidate 
how, or if this reaction augmented sonomechanical effects. Rotenberg 
et al. [56] adopted a model to reveal the interaction between porphyrins 
and cell membranes. The hydrophobic porphyrin was able to embed into 
lipid bilayers of the membrane and destabilize the membrane, which 
created a potential improvement of mechanical stresses. However, it 
should be noted that this finding was just obtained from a PDT 
perspective not from SDT. Overall, different sonosensitizers behave 
differently in acoustic fields and therefore pass the bacterial membrane 
through different pathways. 

3. Mechanisms of sonodynamic killing of microorganism 

Sonosensitizers used in SACT treatment are known as chemicals 
originally generated for PACT. In SACT treatment, these sonosensitizers 
are activated by ultrasound irradiation and thus induce cytotoxicity 
effects. Therefore, it is generally accepted that the interaction of mi
crobes with sonosensitizers in SACT is via a photodynamic pathway in 
PACT. Sensitizers can interact with target cells through two main routes 
[57]: formation of a complex with the surface substance of cell wall and 
/or reaction with cellular components essential for survival. In the first 
case, the oxidative damage to the cell wall can result in its decomposi
tion and leakage of cytoplasmic materials, thereby causing cell death. 
Once the sonosensitizer permeates into the cell, it attaches itself to 
certain cellular components and induces damage after ultrasound irra
diation. Such stress may disrupt critical metabolic pathways and thus 
result in cytotoxicity. These two processes occur in some SACT cases 
simultaneously. The input of each process into the SACT may vary 
depending on the cell type, sonosensitizer, and the surrounding 
environment. 

Different types of microorganisms have varying susceptibility to 
sonosensitizers. Research in PACT has established that, in general, 
Gram-positive bacteria can be efficiently killed by neutral, cationic, or 
anionic sensitizer while Gram-negative species often require the use of a 
cationic sensitizer or the supplementation of PACT with permeabilizing 
agents for significant inactivation [6]. This difference was attributed to 
the differences in their physiology, as demonstrated in (Fig. 2). 
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3.1. Bacteria 

As shown in Fig. 2, Gram-positive bacteria have a thick (20–80 nm) 
but more porous layer composed of peptidoglycan and lipoteichoic acid 
around the cytoplasmic membrane. This allows sonosensitizers to 
interact with cell-wall components and to penetrate the cell wall rela
tively easy, irrespective of their charge [57]. When sonosensitizer is 
irradiated by ultrasound, the generated ROS will induce oxidative 
damage to the cell wall. This in turn leads to perforation of the cell 
membrane or the total collapse of the cell and subsequent leakage of 
intracellular materials. Indeed, Ayan et al. [58] observed that the cell 
wall in SACT-treated samples were partially destroyed or totally 
collapsed (Fig. 3A). Follow-up studies with flow cytometry and fluo
rescence microscopy also confirmed that the significant morphological 
changes on the cellular membrane of S. aureus after SACT. Moreover, no 
remarkable damage to bacterial DNA was reported following the SACT. 

In contrast, Gram-negative bacteria have a complex multi-layered 
structure of the cell wall. It consists of an inner cytoplasmic mem
brane and an outer membrane comprised of a second lipid bilayer with 
polysaccharides-lipopolysaccharides (LPS) (Fig. 2A). These two mem
branes are separated by a periplasm with a thin layer of peptidoglycan. 
While the thickness of the cell wall is small (2–5 nm) in Gram-negative 
bacteria, it provides a potent permeability barrier to protect the Gram- 
negative cell from the harsh surrounding environment [59]. Thus, 
sonosensitizer is limited to binding the cell wall due to this smaller 
volume and dense structure. Nevertheless, the negatively charged 

phosphate groups on the outer membrane of Gram-negative bacteria 
facilitate the binding of cationic sensitizer [6,57], and this creates the 
basis of sonodynamic bactericidal activity of cationic sensitizer on 
Gram-negative bacteria. Comparative studies have demonstrated the 
capability of sonodynamic killing against Gram-negative bacteria 
[9–12]. In all cases, these SACT treatments resulted in a multilog 
reduction in the number of microbial cells. When the sonodynamic 
bactericidal efficiency was compared for Gram-negative and Gram- 
positive bacteria in similar conditions, the difference in the inactiva
tion efficiency was significant for the different types of bacteria and 
sonosensitizer. It is generally considered that Gram-positive bacteria are 
more vulnerable to SACT treatment than Gram-negative ones 
[10,12,55]. For example, Xu et al. [12] compared the effect of the 
sonodynamic action of chlorin e6 on S. aureus and E. coli. The result 
showed a 7-log reduction of S. aureus induced by sonodynamic treat
ment with chlorin e6 at 20 µM. However, E. coli was more resistant to the 
SACT, with only 2-log bacterial reduction at 80 µM (Fig. 3B). It has also 
been confirmed in a study [25], reporting that RB-mediated sonody
namic technique was effective for the eradication of S. aureus and E. coli 
with 3–4 log reductions, however, S. aureus was found to be more sen
sitive to the same parametric condition than E. coli. Besides, when 
Pseudomonas aeruginosa was treated with RB-mediated SDT, only a 
minor reduction in bacterial count was attained (0.5 log), which is 
considerably lower than that of S. aureus. However, when both bacteria 
were exposed to the RB-C(KLAKLAK)2 conjugate, the reduction in the 
P. aeruginosa population decreased more dramatically compared to that 

Fig. 2. Structures of cell walls of Gram-positive, Gram-negative bacteria and fungi.  

Fig. 3. (A) Morphologies of control group (a) and 
S. aureus treated with ultrasound and antibiotics (b). 
Adapted from [58]; (B) Chlorin e6 with ultrasound 
treatment inhibited bacterial growth of S. aureus (a) 
and E. coli (b) in a dose-dependent manner. Adapted 
from [12]; (C) The morphological changes of 
C. albicans observed under SEM after distinct treat
ment methods. US, ultrasound alone. Adapted from 
[13]; (D) Light and fluorescence microscope images of 
the control group (a) and biofilms treated with a PDT 
+ SDT PDZ 200 (b). The TB solution stained the nuclei 
of dead cells (blue arrow) and the Con-A bound to the 
polysaccharide cell wall with green fluorescence 
(green arrow). Adapted from [60]. (For interpretation 
of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)   
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of S. aureus, with an additional 2 log reduction [26]. The authors 
explained that the interaction between the positively charged peptide 
and the negatively charged bacterial wall enhanced the uptake of RB by 
the bacteria. 

3.2. Fungus and yeast 

Fungal cells and yeasts share a relatively thick cell wall (60–80 nm) 
that comprised of two layers including an inner layer consisting mostly 
of glucans and outer layer arrayed by mannoproteins (Fig. 2). As for the 
bacteria, this structure also provides a permeability barrier. However, 
the electrical charge on the cell wall of yeasts is almost zero [6]. This 

Table 1 
Reports about bacteria inactivation by various SACT.  

Sonosensitizer in SACT Dose Ultrasound Microorganism Biological 
model 

Microbial 
reduction (log) 

Reference 

Antibiotic       
Ciprofloxacin/levofloxacin 0.01 mg/ 

mL 
1 W/cm2, 40 kHz, E. coli In vitro <2 [27] 

Gentamicin 1–2 μg/mL 100 mW/cm2, 46.5 kHz, 1 : 3 E. coli In vitro 1.01–1.42 [63] 
Ciprofloxacin (topical) 3% 3 min every other day/every day P. aeruginosa biofilm In vivo 

(rabbit) 
No shown [90] 

HBD-3 100 mg/kg 200 mW/cm2, 1 : 1 duty cycle, 20 
min, 3 times a day 

S. epidermidis biofilm 
S. aureus biofilm 

In vivo 
(mouse) 

1 
1.25 

[63] 

Colistin /Vancomycin 8 μg/mL 40 kHz, 600 mW/cm2, 1 : 9 duty 
cycle, 30 min 

A. baumannii biofilm In vitro 3.77 [80] 

Gentamicin No shown 28–48 kHz, 0.5 W/cm2, 48 h E. coli In vivo 
(rabbit) 

2 [81] 

Natural product       
HMME 50 μg/mL 1 MHz, 6 W/ cm2, 30 min. S. aureus In vitro 95% [82] 
HMME 40 μg/mL 1 MHz, 3 W/cm2, 10 min P. gingivalis In vitro 4.7 [9] 
Curcumin 40 μM 1 MHz, 1.56 mW/cm2, 5 min MRSA In vitro 5 [55] 
Curcumin 40 μM 

2 μM 
1 MHz, 1.56 mW/cm2, 5 min 
3 min 

E. coli 
B. cereus 

In vitro 2 
5–6 

[10] 

Curcumin 100 mM, 
50 μM 

50 W/cm2 , 5 min. S. aureus 
E. coli  

0.8 
3.02 

[11] 

Curcumin 40 μM (2 
mL) 

100 Hz, 3 W/cm2, 20% of duty 
cycle, 32 min 

S. aureus biofilms In vitro 1.7 [89] 

Chlorin e6 20 µM, 80 
µM 

1.0 MHz, 1.56 W/cm2, 15 min S. aureus 
E. coli 

In vitro 7 
2 

[12] 

Chlorin e6 derivative 
Photodithazine ® (PDZ) 

50 μM 
200 mg/L 

1 MHz, 5 min, 50% of duty cycle, 
2.5 W/cm2 

C. albicans 
C. albicans biofilms 

in vitro 6.38 
0 

[60] 

Hypocrellin B 40 µM 1.38 W/cm2, 5 min MRSA In vitro 5 [10] 
Nanoparticle or Nanocomposite      
TiO2 (2 mm ø pellets) 1 mg/mL 36 kHz, 300 W, 15–60 min Legionella spp. In vitro <2 [29] 
TiO2 (21 nm ø nanoparticles) 5 mg/mL 24 kHz, 300 W, 15–60 min Pseudomonas spp. 

Total coliformis 
faecal streptococci 
C. perfringens 

In vitro 2 [28] 

TiO2 (non-woven fabric) No shown 36 kHz, 0.28 W, 0–70 min E. coli In vitro 1 [39] 
TiO2 -DVDMS 50 μg/mL 3 W, 60 s S. aureus In vitro 92.41% [74] 
Silver NP (citrate) 

Silver NP (miramistin) 
Gold NP 

10-6 g/mL 
10-6 g/mL 
10-5/ 10-6 

g/mL 

0.88 MHz, 1 W/cm2, 10 min Enterococus spp. In vitro 81% 
87% 
90% 

[86] 

SiNPs 1 mg/mL 1 MHz, 1 W/cm2 E. coli In vitro 35 /72% [70] 
AmB-NPs 0.5–1 μg/ 

mL. 
42 kHz, 0.30 W/cm2, 15 min. C. albicans In vitro 90%~100% [13] 

MLP18 20 μM 1.0 MHz, 0.97 W/cm2, 5 min E. coli 
MRSA 

In vivo (mice) ~60% 
~80% 

[1] 

CNPs-ICG 1000 μg/ 
mL 

1 MHz, 1.56 W/cm2, 1 min Biofilm (P. gingivalis, Prevotella 
intermedia) 

In vitro 57.9% [61] 

Gentamicin 
(Nano-sized liposomes) 

0.8 mg/mL 2.25 MHz, 4.4 W/cm2 Ralstonia insidiosa biofilm In vitro 73% [87] 

Pd@Pt-T790 25 ppm 
50 ppm 

1.0 MHz, 0.97 W/cm2, 50% cycle, 8 
min 

MRSA In vitro 
In vivo (mice) 

1 ~ 5 
>6 

[73] 

Fe@UCNP-HMME 4.75 µg 1 W/cm2, 10 min 
2 W/cm2, 10 min 

E. coli 
MRSA 

In vitro 60% 
70% 

[22] 

UCNP@SiO2 -RB 125 μg/mL 2 W/cm2, 10 min E. coli 
MRSA 

In vitro 70% 
70% 

[23] 

UCNP@mSiO2 (RB)-AgNPs 45 µg/mL 2 W/cm2, 10 min MRSA In vitro 5 [88] 
NM@Cur 50 mM 1.56 W/cm2, 1 min S. mutans In vitro 99.9% (~6 log) [75] 
Xanthene dye       
RB 15 μM 28 kHz, 0.84 W/cm2, 1 h S. aureus (109 CFU/mL) 

E. coli (109 CFU/mL) 
in vitro 2.1 

3.1 
[25] 

RB-C(KLAKLAK)2 4.5 mg/kg 1 MHz, 3.0 W/cm2, 50% duty cycle, 
10 min 

S. aureus 
P. aeruginosa 

In vitro 5 
7 

[26] 

RB 5 μM 
200 mg/L 

1 MHz, 5 min, 50% duty cycle, 2.5 
W/cm2 

C. albicans 
C. albicans biofilms 

In vitro 6.38 
0 

[60] 

a, b The reductions in the viable counts of each bacteria and its biofilm in column, respectively. 
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suggests that there is no electrostatic attraction and subsequent 
attachment of sonosensitizers to the cell wall. This may explain the 
significant lower reduction of Saccharomyces cerevisiae by PADT than 
bacteria species [57]. Nevertheless, under SDT condition, the observed 
reduction of yeast cells was quite substantial. For instance, when 
Candida albicans (107 CFU/mL) were treated with chlorin e6 derivative 
photodithazine (PDZ) (50 or 100 mg/L) or RB (5 or 10 μm), the live cells 
were totally eradicated from the suspension after 5 min of ultrasound 
irradiation [60]. The synergistic bactericidal mechanism of ultrasound 
could be attributed to the cavitation effect, which increased the 
instantaneous permeability of the cell wall, enhancing the cytotoxicity 
of sonosensitizers. This result is consistent with a study that reported 
that the C. albicans suffered significant morphological damages after the 
simultaneous application of ultrasound and amphotericin B-loaded 
nanoparticles (AmB-NPs). These damages included thallus damage, 
distorted cell structures and visible cell debris, as can be seen in Fig. 3C 
[13]. Moreover, the addition of ultrasound significantly enhanced the 
release of AmB from nanoparticles. In addition to the effect of cavitation, 
the enhanced antifungal activity might be due to the increased intra
cellular activity of ROS. 

3.3. Biofilm and spore 

Some bacteria have the ability to form a biofilm that is a highly 
structured community of microorganisms attached to the contact sur
face. This structure contributed to the maintenance of stable cell- 
surface, cell–cell and cell-environment interactions [61]. Furthermore, 
cells in such biofilm exhibit more resistance to detergents and antibiotics 
due to the protection of the dense extracellular matrix. For this reason, 
the survival of bacteria in biofilms presents a challenge associated with 
sanitation processes employed in hospitals or the food industry. How
ever, numerous studies have shown that SACT could be efficient in 
removing biofilms [1,60–62] (Table 1). For example, according to the 
assessment of biofilm morphology and architecture using fluorescence 
microscopy (Fig. 3D) [60], the density of the biofilms treated with SDT 
+ aPDT PDZ 200 apparently reduced. Furthermore, the visualized re
sults were consistent with total biomass assays. It was suggested that 
ultrasound facilitated the generation of transient pores in the biofilm 
matrix increasing the diffusion of sensitizers into the biofilms, which 
improved the efficacy of SACT. Whereas Li et al. [63] also observed that 
SACT was not effective in the inactivation of bacteria within biofilms. 
This divergent result obtained can be linked to the different SDT pa
rameters and bacterial strains used. 

The formation of spores is another way in nature to protect micro
organisms themselves from environmental stress. Due to their multi
layered dense structure, spores are remarkably resistant to chemical and 
physical treatments commonly used for pathogens [64]. To destroy 
spores, harsh treatments such as thermal (>121℃), UV radiation, strong 
hypochlorite solutions, and chlorine dioxide are most commonly used 
[65]. Unfortunately, these sporicidal conditions are not always 
compatible with some processing requirements, such as food. PACT as a 
mild method was recently proposed to achieve effective destruction of 
bacterial spores [66]. The susceptibility of spores to PDT provides a 
possibility for the application of SACT to eliminate spores, as SACT not 
only shares a similar antimicrobial mechanism but can alternatively 
overcome the limited penetration of light. However, to our knowledge, 
there are currently no reports that have shown the efficiency of SACT 
against spores. 

3.4. Virus 

Unlike in bacteria and fungi, viruses have no protective coat to 
isolate essential proteins and nucleic acids from adverse conditions. 
Most viruses consist of nucleic acid polymers (DNA or RNA) and a 
protein coat (capsid) [57]. They can only naturally grow and reproduce 
within a host cell. This specific characteristic renders viruses, to some 

extent, more susceptible to environmental stress than other microor
ganisms. The photodynamic killing of viruses in blood products has been 
well established [67,68]. For example, treatment with MB eradicated 
hepatitis B, hepatitis C, and human immunodeficiency viruses from 
plasma products by light [68]. Fortunately, it has been shown that the 
photosensitizers, such as MB, can also be activated by ultrasound, and 
therefore the strategy may be useful for the treatment of viral infections. 
Recently, Zborowska [69]proposed that there is a high probability that 
SDT could be efficient in the prevention of Coronavirus (COVID-19) 
pandemic, therapeutic and post-infection complications, even though 
this therapy has not been clinically tested and approved for this virus. 

4. Factors influencing sonodynamic inactivation 

Three essential components, including ultrasound, sonosensitizer, 
and oxygen, together influence the outcome of the sonodynamic killing 
process (Fig. 4). Each of these components can be regulated at different 
degrees, with ultrasound generally being the easiest to controlled and 
oxygen being the hardest to determine. Meanwhile, sonosensitizer plays 
a pivotal role in maximizing the success of sonodynamic strategy, as it 
can enhance the efficacy, selectivity, and safety of the treatment. 

4.1. Ultrasound parameter 

Ultrasound with intensity below 3 W/cm2 is defined as low-energy 
ultrasound and that with frequency below 1 MHz as low-frequency ul
trasound. According to the summary in Table 1, most of the studies 
adopted the low-energy (0.3–3 W/cm2) and low-frequency (≤1 MHz) 
ultrasound to investigate the effectiveness of SDT against microbes. The 
correlation between SDT effectiveness and the ultrasonic intensity, and 
frequency has been studied both in vitro and in vivo. Shevchenko et al. 
[70] found that ultrasonic intensity directly determined the bactericidal 
effect of Dextran-coated Silicon Nanoparticles (DSiNPs). In this study, 
SDT treatment with 1 W/cm2 of ultrasound resulted in a drop in the 
viability of E. coli up to 35–72%. Whereas a significant viability decrease 
of E. coli was obtained after the combined treatment of higher ultra
sound intensity (3 W/cm2) and nanoparticles. Rediske et al. [71] also 
observed that 300-mW/cm2 ultrasound significantly enhanced the 
effectiveness of gentamicin against E. coli biofilms in a rabbit model, 

Fig. 4. The three essential components required for SACT to take place- ul
trasound, sonosensitizer and oxygen. 

L. Fan et al.                                                                                                                                                                                                                                      



Ultrasonics Sonochemistry 75 (2021) 105591

7

with a 2.39-log further reduction of biofilms versus treatment with 
antibiotic alone. However, no significant reduction in the number of 
E. coli biofilms was obtained due to treatment with 100-mW/cm2 ul
trasound and antibiotic. It was believed that the cavitation effect had 
caused more damage to the cell membrane with an increase in ultra
sound energy and mechanical pressure, and the ROS generation in
creases accordingly [16,19]. Although the high ultrasonic energy can 
produce excessive ROS that irreversibly damages the cytomembrane, it 
may induce side effects to the normal tissue in the in vivo experiments 
[43,49,71]. It was confirmed by the study of Rediske et al. [71], 
reporting that no damage was induced to rabbit skin at 100 mW/cm2, 
compared to ultrasound at 300 mW/cm2 that caused apparent skin 
damage that was attributed to cavitation effect. In contrast, the low- 
intensity ultrasound temporarily enhanced the permeability of cyto
membrane, producing a proper amount of ROS that caused the targeted 
cell death and avoided the surrounding normal cells being attacked 
[72]. 

Despite the fact that SACT has a potent advantage in bacterial 
decontamination, the ambiguous mechanisms of action have limited the 
maximizing of disinfection efficacy. Furthermore, this is challenged by 
the lack of standardization of ultrasound dosimetry and the uniform 
definition of SACT. Typically, most SACT studies present ultrasound 
intensity in the form of power density (W/cm2). Acoustic field param
eter is dependent largely on ultrasound devices. However, the lack of 
universal reporting of ultrasound parameters generated uncertainty 
during the comparison of SACT studies or fail to draw conclusions from 
the resultant effects [20,34]. To overcome these challenges, Choi et al. 
[20] proposed a thorough description of the acoustic intensity in the 
form of pressures, assessing a series of cavitation effects, and charac
terizing the beam. 

4.2. Sonosensitizer 

Sonosensitizers enhanced the rate of the sonodynamic inactivation, 
propping it up to minutes but not hours. Its distribution and uptake in 
cells are imperative for congruently generating excessive ROS under 
ultrasound irradiation and hence establishing excellent SACT efficacy 
[19]. One of the essential factors affecting the dispersibility of sono
sensitizer in cells is its surface properties, such as hydrophobicity and 
hydrophily. Most of the recently reported sonosensitizers, such as cur
cumin, RB, hypocrellin B, and some porphyrin-based compounds, are 
hydrophobic, which caused severe aggregation in the aqueous solution 
[21,73]. This aggregation phenomenon can significantly decrease the 
ROS production by the activated sensitizers inside. Introducing some 
polar groups onto the molecular surfaces can evidently increase the 
hydrophilicity of the sensitizers, preventing precipitation in the solu
tion. Wang et al. [74] alleviated the aggregation of TiO2 nanoparticles 
by properly combing it with DVDMS. The adjunction of DVDMS signif
icantly improved the dispersibility of nanocomposites. Under ultrasound 
irradiation, the developed nanocomposites produced more singlet oxy
gen and hydroxyl radical, compared with the other groups. Although 
axially modification is an efficient way to promote solubility, not all the 
sonosensitizer can be modified in this way. Encapsulating the sono
sensitizers into the nanoparticles is another way to increase the 
dispersion of the hydrophobic molecules. However, these nano
composites have inherent shortcomings, for example, the inside sono
sensitizers can aggregate in the nanoparticle. To end these problems, a 
promising way is the chemical conjugation of the sonosensitizers onto 
the surface of nanoparticles or inside the mesoporous nanoparticles. A 
similar approach was adopted by Pourhajibagher et al. [75]. The re
searchers used PEG-PE backbone to bridge with curcumin forming an 
NM@Cur, which significantly enhanced the aqueous solubility, stability 
and dissolution of the poorly water-soluble curcumin. Meanwhile, the 
ROS yield following NM@Cur mediated SACT was 3.5 fold higher than 
curcumin mediated SACT in bacterial cells, resulting in a significant 
reduction of S. mutans. 

When SACT is applied for microbial disease in in vivo, the sono
sensitizer targeting ability is a critical factor for the bactericidal ability. 
The low specificity of sonosensitizer in the infection area not only 
decrease the therapeutic effectiveness but also induce unwanted accu
mulation in normal tissue [76]. Given these gains and losses, Pang et al. 
[1] developed a bacteria-responsive nanoliposomes, MLP18, as smart 
sonotheranostics for combating MDR bacterial infections. In this study, 
the prepared MLP18 specifically targeted the bacteria-infected site of 
mice via the bacteria-specific maltodextrin transport pathway. 
Furthermore, the bacteria-responsive characteristics of MLP18 activated 
the effective release and internalization of high concentration sensitizers 
into the bacterial cells, thereby effectively eliminating MDR bacteria 
through acoustic kinetics. Overall, the ideal SACT requires the ROS 
generation and the specific distribution of sonosensitizers. 

4.3. Oxygen supplement 

Oxygen is essential to the generation of ROS by an activated sono
sensitizer during SACT. In clinical medicine, it is common to observe the 
hypoxia cells, which are the tumors or deep-seated cells that have been 
deprived of oxygen [76]. The hypoxic environment of bacteria-infected 
tissue restrict the bactericidal efficacy of SACT to a high degree. More 
seriously, the consumption of oxygen in the SDT procedure may 
aggravate the hypoxic status, further resulting in the poor outcomes of 
SACT [73]. To overcome these problems, some researchers opted for the 
addition of a new kind of oxygen microbubble to SACT [77]. The anti
microbial results of the in vitro study demonstrated that microbubble- 
mediated ultrasound significantly improved the bactericidal activity of 
antibiotics. The sufficient oxygen supplement obviously improved the 
generation efficiency of local ROS, increasing the bactericidal ability of 
SACT. Meanwhile, the microbubble could also enhance acoustic cavi
tation, assist cell membrane rupture and improve sensitizer absorption. 
Benefiting from the experience in the molecular design for sonosensi
tizers, Sun et al. [73] recently overcome this hypoxic microenvironment 
in another way by adopting the redox reaction between endogenous 
H2O2 and catalase. An ultrasound-switchable nanozyme system was 
proposed for alleviating the hypoxia-associated barrier and augmenting 
SACT efficacy. The results demonstrated this developed nanoenzyme 
system eradicated the deep-seated bacterial infection controllably and 
precisely, providing a promising sonodynamic strategy. Instead of 
developing diverse strategies to overcome hypoxia, some researchers 
took advantage of the hypoxia environment as favorable conditions, and 
develop hypoxia-oriented SDT therapy [76,78]. In these therapies, the 
hypoxic precursor drugs can be activated to generate high cytotoxicity 
and improve the hypoxia level of tissues. In turn, the oxygen-dependent 
SDT could induce a sufficient hypoxia environment to activate silencing 
drugs. Thus, the combination of SDT and hypoxia-activated drugs was 
able to remedy their respective deficiencies, thereby achieving a highly 
effective synergistic disinfection approach. 

Hypoxia is also likely to occur in food products due to modified or 
controlled atmosphere packaging which compromises the levels of ox
ygen required for SACT. Furthermore, the natural antioxidants present 
in foods, such as β -carotene and ascorbic acid, which can quench the O2 
in the cell’s vicinity and its cytoplasm. This poses a potential challenge 
for the SACT efficacy. Nevertheless, no studies have reported on the 
effect of antioxidants in food products following SACT process. 

5. SACT for disinfection and decontamination 

The antimicrobial ability of SACT has been well established in 
numerous in vitro studies and a lesser extent in in vivo models in the past 
decade. This modality was endowed with medical and industrial 
importance with applications ranging from the sterilization of medical 
instruments and food processing equipment to the treatment of micro
bial infections. So far, only four classes of sonosensitizers-mediated 
SACT have been conducted as a major experimental demonstration, 
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including antibiotics, natural product extracts, nanoparticle/ nano
particle complexes and xanthene dye (Table 1). 

5.1. Antibiotic-mediated SACT 

The investigation that ultrasound irradiation possessed the ability to 
activate sonosensitizers was first conducted by Liu et al. [27], who 
evaluated the sonodynamic antibacterial effect of two fluoroquinolones 
(ciprofloxacin and levofloxacin) on E. coli. Irradiation with ultrasound 
alone for 45 min, only a minor effect on the viability of the E.coli was 
observed. However, when ultrasound was used simultaneously with two 
fluoroquinolones, a strong synergistic antimicrobial effect was achieved, 
with an improvement of <30% on treatment with antibiotics alone 
(Table 1). These results confirmed the predictions of antimicrobial po
tential of ultrasound made in 2009 [79]. Moreover, the authors linked 
the synergistic effect of ultrasound and fluoroquinolones to the 
involvement of ROS. Similar results were obtained in another in vitro 
study, which evaluated the ability of a conventional antibiotic, genta
micin, to function as a SACT agent [77]. Its ability was confirmed when 
the combination of gentamicin and microbubble mediated-ultrasound 
led to an enhanced bactericidal effect on planktonic E. coli, but sepa
rate applications did not reduce the viability of bacteria. They believed 
that the temporal change in cell membrane permeability was the leading 
cause of the increased lethal effect of the antibiotic. This change was also 
visualized in a bacterial cell with an electron microscope. Although ul
trasound could apparently enhance the bactericidal effect of gentamicin, 
the external microbubbles amplified the synergistic effect between ul
trasound and gentamicin at 1 and 2 μg/mL. The partial destruction of the 
bacterial cell wall caused by microbubble mediated-ultrasound was 
probably an explanation of the amplified effect of the combined treat
ment. Further, another study [63] demonstrated that a combination 
low-frequency of ultrasound with antibiotics can augment the bacteri
cidal activity evidently against the formation of biofilms (Table 1). In 
this study, Human B-defensin 3 (HBD-3), a cationic antimicrobial pep
tide, was employed to combat MRSA biofilms infections in vivo. 
Compared with HBD-3 and HBD-3-mediated ultrasound alone, US- 
targeted microbubble destruction (UTMD) could increase HBD-3 activ
ity, and significantly enhanced the ability of HBD-3 to decrease the 
biofilm density and the viable count of two tested Staphylococcus bio
films on the titanium surface in mice. The authors believed that UTMD 
promoted the drug delivery in bacterial cells via the “sonoporation” 
phenomenon. However, the application of ultrasound at 40 kHz and 
600 mW/cm2 failed to improve the bactericidal activity of colistin or 
vancomycin significantly, even though these combinations did function 
against biofilms [80]. In contrast, ultrasound apparently enhanced the 
antibacterial efficacy of combinations of these agents. The antimicrobial 
ability increased with the concentrations of combined colistin. 
Although, the authors did not rationalize these data on the basis of the 
sonodynamic action, their findings have shown that ultrasound in 
combination with colistin and vancomycin could be promising in 
removing pan-resistant Acinetobacter baumannii infections. This same 
phenomenon was also reported elsewhere [81], where pulsed ultra
sound significantly prevented the formation of E. coli biofilms in bone 
cement in vivo (rabbit model) in the presence of gentamycin. 

To date, antibiotics-mediated SACT studies were being investigated 
using both in vitro and animal modal experiments against planktonic 
bacteria and bacterial biofilms. In the majority of studies, ultrasound 
with intensity lower than 1 W/cm2, and frequency ranging from 40 to 
50 kHz was employed to show the synergistic bactericidal effect with 
antibiotics. While the data in these studies are promising, differences in 
the critical parameters, such as ultrasound setup, are evident. 

5.2. Natural product-mediated SACT 

Sonosensitizers derived from natural products have demonstrated a 
potent sonodynamic activity for the microbial eradication by recent 

studies. Hematoporphyrin monomethyl ether (HMME), as porphyrin 
derivatives, have been effective in triggering bacterial cell death upon 
activation by ultrasound irradiation. A SACT study carried out by 
Zhuang et al. [82] using HMME and ultrasound at 1 MHz and 6 W/cm2 

against S. aureus. HMME-mediated SACT killed>95% of the bacteria, 
whereas ultrasound alone only removed 38% of the bacteria. This 
sonodynamic treatment was dose-dependent, as the killing of more 
bacteria could only be possible using ultrasound at higher intensities and 
higher HMME concentrations. Nevertheless, using lower condition pa
rameters than those in [82], HMME-mediated SACT in [9] caused more 
reductions of 4.7 log in the viable counts of Porphyromonas gingivalis. The 
difference in the efficacy of HMME-mediated SACT against bacteria was 
associated with the different types of microbes. Additionally, they also 
found more ROS are generated in SDT groups compared with the control 
group. 

Curcumin, a naturally occurring active agent, has been evaluated for 
sonodynamic activity. In the case of curcumin-mediated SACT, curcu
min exhibited a different sonodynamic effect against various bacteria 
including MRSA, Bacillus cereus, and E. coli [10,55]. A 5-log reduction of 
MRSA was achieved after treatment with curcumin (40 μM) and 5 min of 
ultrasound irradiation at 1 MHz and 1.6 W/cm2. When treated with 2.0 
μM curcumin and ultrasound, B. cereus was reduced by 5–6 log. How
ever, E. coli was more resistant to the combinations of curcumin and 
ultrasound, and only 2-log reduction was obtained after treatment even 
with a higher concentration of curcumin [10]. Furthermore, pulsed-field 
electrophoresis showed that these treated bacteria exhibited no 
apparent alteration in chromosomal DNA. In contrast, Bhavya and 
Hebbar [11] observed different combinational effects of ultrasound and 
curcumin on E. coli and S. aureus in orange juice. The E. coli showed more 
sensitivity to curcumin-mediated SACT than S. aureus. Ultrasound 
combined with curcumin caused 3.02-log and 0.8-log reduction of E.coli 
and S. aureus, respectively. The divergent behavior was associated with 
the medium type. However, Alves et al. [89] recently found only 1.7 log 
of S. aureus biofilms were removed after exposure to the sonodynamic 
action of curcumin. These results indicated that the efficacy of SACT 
depended on many factors, such as ultrasound parameters, strain types, 
and experimental medium. 

Moreover, a combination of ultrasound and chlorin e6 (Ce6) and its 
derivative PDZ significantly decreased the viability of S. aureus and 
C. albicans by 7-log and 6.38-log reductions, respectively [12,60]. While 
only 2-log reductions of E. coli were achieved after the sonodynamic 
action of Ce6 [12]. In the same study, combined ultrasound and PDZ had 
little impact on C. albicans. The simultaneous application of PDZ- 
mediated SACT and light irradiation significantly reduced the viability 
and entire community of biofilms [60]. 

Hypocrellin B (HB), a monomeric perylenequinone pigment, has 
been widely applied as a photosensitizer for the treatment of tumor and 
microbial diseases. Some studies also proposed that HB can be activated 
by ultrasound [83,84]. In order to confirm whether HB-mediated ul
trasound has the cytotoxic effect on MRSA, Wang et al. [85] designed an 
in vitro experiment. They found that 5 min of treatment with HB (40 μM) 
and ultrasound at 1.38 W/cm2 resulted in a 5-log reduction in the viable 
counts of MRAS. The results also demonstrated that HB could be a 
promising antibacterial sonosensitizer for damaging the integrity of the 
bacterial membrane under ultrasound irradiation. 

At present, only the in vitro experiments have been conducted in 
natural product-mediated SACT studies against bacteria and biofilm. 
Most of these studies applied ultrasound with a frequency lower than 1 
MHz and intensity ranging from 1.56 mW/cm2 to 6 W/cm2. Only one 
study employed higher intensity (50 W/cm2), in which enhanced 
bactericidal activity with curcumin was observed (Table 1). These re
sults are encouraging and could pave the way for exploring more novel 
natural products as sonosensitizers and thus offer more excellent SACT 
strategies. 
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5.3. Nanoparticle-mediated SACT 

Recently, more and more novel nanoparticles are being applied to 
SACT treatment. Functionally, nanoparticles in SACT can be divided 
into two classes: sonosensitizer nanoparticles and nanoparticle carriers 
(Fig. 5). Sonosensitizer nanoparticles refer to the sonosensitizer them
selves being nanoparticles, which directly involve nanotechnology with 
sonosensitizing agents. While the latter refer to the use of nanoparticles 
as carriers to deliver sonosensitizers. 

Among numerous nanosensitizers, titanium dioxide nanoparticles 
(Nano-TiO2) are most popular due to their attractive characteristics, 
such as low toxicity, excellent biocompatibility and outstanding stability 
in the physiological condition (Table 1). After exposure to ultrasound 
irradiation, nano-TiO2 inside could generate active hydroxyl ion which 
in turn resulted in cytotoxicity in vitro and in vivo. An important appli
cation of the nano-TiO2 is for the SACT-mediated disinfection of 
wastewater. Drakopoulou et al. [28] observed a combination of nano- 
TiO2 and ultrasound irradiation (24 kHz, 300 W) for 60 min resulted in 2 
log-reduction in the viability of Gram-negative bacteria (Pseudomonas 
spp. and coliforms) in wastewater. Meanwhile, the sonodynamic inac
tivation achieved 103 CFU/100 mL total coliforms, thus meeting USEPA 
quality standards for wastewater reuse. In another study, the application 
of ultrasound and TiO2 (1 g/mL) reduced the load of Legionella spp. by 3 
log in wastewater. The initial bacterial load of the water did not impact 
the decontamination capability of the treatment [29]. When wastewater 
exposed to 36 kHz ultrasound in the presence of non-woven TiO2 for 1 h, 
one-log reduction in the number of E. coli in wastewater was observed 
(Table 1). The above studies showed that the sonodynamic action was 
not affected by the quality of wastewater, providing an evidence for the 
advantage of SACT over PACT with the same sensitizer. Although nano- 
TiO2 provides a novel promising platform for SACT, the dispersibility of 
this particle in the aqueous phase has limited the extensive application. 
To alleviate such issues, appropriate surface decoration on TiO2 nano
particles is necessary. For example, Wang et al. [74] synthesized a new 
nanoparticulate sonosensitizer by bridging nano-TiO2 with a trace 
amount of DVDMS sensitizer (DFT) for an efficient SACT against 
S. aureus in vitro. The combined treatment of nano-TiO2 and DFT visibly 
improved the yield of hydroxyl radicals and single oxygen compared 
with the simple surface modification of TiO2 and free DFT. The DFT 
involvement evidently improved the sonocatalytic process of nano-TiO2, 
achieving 92.4% of eradicating efficiency in S. aureus. Similarly, Gopin 
et al. [86] designed a method of sonodynamic bactericidal therapy using 

different nanosensitizers, including silver nanoparticles stabilized by 
miramistin or citrate ions and gold nanoparticles. In this study, the au
thors found the combination of ultrasound and gold nanoparticles 
(10− 5) led to superadditive antibacterial activity against Enterococus 
spp. (Table 1). Furthermore, the antibacterial activity of gold and silver 
nanoparticles depended on their concentration and the stabilizing na
ture. These metal nanoparticles-mediated SACT caused an apparent 
morphological destruction and a significant bacterial killing, neverthe
less, a typical disadvantage of using these particles was their high 
cytotoxicity to normal cells. Silicon nanoparticles (SiNPs) have shown 
low genotoxicity and teratogenicity in vivo. SiNPs were found to be 
sonosensitizers for bacterial decontamination. Shevchenko et al. [70] 
utilized a strategy to destroy E. coli using a combined action of 
biocompatible SiNPs (1 mg/mL) and ultrasound (1 MHz, 1 W/cm2) 
(Table 1). The results showed that ultrasound induced the reduction of 
E. coli up to 35 and 72% in the presence of silicon nanoparticles without 
(SiNPs) and with polysaccharide (dextran) coating (DSiNPs), respec
tively. The difference in the reduction of bacterial viability of SiNPs and 
DSiNPs was attributed to the fact that the polysaccharide coat provided 
a stronger adhesion of nanoparticles to the bacterial surface. 

Comparative researchers developed novel SACT strategies by 
assembling the sonosensitizer with various nano materials that served as 
a carrier for sonosensitizer passing through cytomembrane. These 
sonosensitizers were carried by encapsulating into the core of nano
particles and covalently conjugating with the nanoparticle substrates 
(Fig. 5). Investigations into the encapsulation of sonosensitizer by 
nanoparticles for use in SACT began only a few years with efforts to 
increase carrier capacity and augmenting antimicrobial efficacy. Yang 
et al. [13] engineered poly lactic-co-glycolic acid (PLGA) nanoparticles 
to carry the sonosensitizer of amphotericin B (AmB). Using the devel
oped amphotericin B-loaded nanoparticles (AmB-NPs), the antifungal 
efficiency of ultrasound irradiation at 42 kHz and 0.30 W/cm2 was 
significantly enhanced (Table 1). Additionally, the antifungal efficiency 
increased with increasing the loaded AmB concentration. The authors 
explained that ultrasound improved the AmB release from nano
particles, shorten its release time, and achieved synergistic antifungal 
activity within a short period. Pang et al. [1] used bacteria-responsive 
nanoliposomes as a SACT strategy for eradicating MDR bacteria. In 
this case, they developed the bacteria-responsive nanoliposomes by 
enclosing purpurin 18 (P18) into nanoliposomes (MLP18), which 
comprise of maltohexaose-modified cholesterol and 1, 2-dio
ctadecanoylsn-glycero-3-phospho-(1′-racglycerol) (DSPG)-contained 

Fig. 5. Schematic illustration of sonosensitizer with nanoparticles.  
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lipid compositions (Fig. 6A). The prepared MLP-18 selectively recog
nized the bacteria-infection site and accumulate there. A high concen
tration of P18 was effectively released from MLP-18 upon ultrasound 
irradiation, resulting in potent sonodynamic elimination of MRD bac
teria. A study conducted by Ma et al. [87] suggested that ultrasound- 
driven penetration of gentamicin-loaded liposomes into biofilms is an 
effective way to kill bacteria. Chitosan could interact with negatively 
charged sonosensitizers, self-assembled forming complex nanoparticles. 
These established samples were used to enhance sonodynamic bacteri
cidal activity. Recently, Pourhajibagher et al. [61] used chitosan 
nanoparticles-indocyanine green (CNPs-ICG) to inhibit the biofilms of 
polymicrobial periopathogenes (Table 1). They obtained a 6.6-log 
reduction in the CFU/mL of periopathogens after treatment with ultra
sound and CNPs-ICG, while the individual treatment has little impact on 
the periopathogens biofilms 

Besides, numerous studies applied sonosensitizer-conjugated nano
particles to amplify sonodynamic therapeutic activity. These nano
particles are generally constructed by chemical binding the 
sonosensitizers to the surface of nanoparticles (Fig. 5). Sun et al. [73] 
designed an ultrasound-switchable nanoenzyme system which is pre
pared by conjugating enzyme-catalytic Pd@Pt nanoplates with a sono
sensitizer meso-tetra (4-carboxyphenyl) porphine (T790) to eradicate 
MRSA-induced myositis (Table 1). In this case, the prepared Pd@Pt- 
T790 effectively accumulated in the deep-seated infection sites where 
ultrasound irradiation activated the catalase-like activity of the nano
enzyme, thereby alleviating the hypoxia-associated barrier and ampli
fying the SDA efficacy (Fig. 6B). More importantly, such “blocking and 
activating” enzyme activity was able to decrease the side effects of 
nanoenzymes on normal tissues. Also, the developed Pd@Pt-T790 
completely killed MRSA in vitro and in vivo upon ultrasound irradia
tion, which provides a potent strategy to combat deep-seated bacterial 
infection. Xu et al. [23] developed a novel nanoparticle by encapsulating 
HMME in its yolk-structured up-conversion core and covalently linked 
RB on its silica (SiO2) shell. This new nanoparticle is a multifunctional 
nanoparticle which combines photodynamic and sonodynamic features 
for combating bacteria. Using this developed nanoparticle, synergistic 
PDT and SDT caused a higher inhibition rate (100%) of antibiotic- 
resistant bacteria compared to PDT (74.2%) or SDT (70%) (Table 1). 
These results stressed the advantage of multifunctional nanoparticles in 
the disinfection of bacterial diseases. Similarly, Wang et al. [22] also 
constructed multifunctional nanoparticles with a core–shell structure of 

Fe3O4 and upconversion nanoparticles (UCNPs), and HMME on its sur
face (Fig. 6C). When applied to Gram-negative and Gram-positive bac
teria, this prepared multifunctional nanoparticles based on SDT and PDT 
completely killed these pathogens. These inactivation mechanisms 
involved singlet oxygen generation. Subsequently, another multifunc
tional nanoparticles, UCNP@mSiO2(RB)-AgNPs, were developed by 
Zhao et al. [88]. The nanoscale entity integrated PDT, SDT, and silver 
nanoparticles (AgNPs), offering potent ability of inducing a rapid 
bactericidal effect by a dualmodality therapy (PDT and SDT) (Fig. 6D). 
On the other hand, these nanoparticles were generally engineered 
initially via a covalent combination of the sonosensitizers and polymer 
backbones, and the obtained conjugates self-assembled into nano
particles (Fig. 5). For example, nanomicelle curcumin (NM@Cur) is 
prepared by chemically combining curcumin with polyethylene glycol- L 
-α phosphatidyl ethanolamine (PEG-PE) backbone. The NM@Cur was 
used by Pourhajibagher et al. [75] as sonosensitizer for the eradication 
of S. mutans under SACT. The findings showed that when treated by 
NM@Cur-mediated SACT, the number of S. mutans was decreased by 
99.9%, while Cur-mediated SACT reduced only 90.8% of the viable 
counts. 

Recent researches support that nanoparticle-based SACT is well on 
its way to improving the accumulation and selectivity of the sono
sensitizers. In this way, the antimicrobial efficacy in vivo and in vitro is 
increased and at the same time reduce the unwanted side effects. 
However, other issues that still need to be considered under this com
bination include the efficient release of sonosensitizers and the degra
dation rate of nanoparticle carriers. 

5.4. Xanthene dye 

Nakonechny et al. [25] studied the sonodynamic action of RB on E. 
coli and S. aureus. After simultaneous treatment with RB (15 μM) and 
ultrasound, E. coli was inhibited by 4–4.7 log compared to the untreated 
samples (P < 0.05). The inactivation rate of E. coli was associated with 
its initial concentration in vitro, and the highest eradication rate was 
achieved for samples at initial bacterial concentration of 106 CFU/mL 
treated by 15 μM RB. S. aureus was more sensitive to the sonodynamic 
treatment than E. coli. The concentration of S. aureus decreased by 3.5–6 
log compared to the untreated samples (P < 0.05), and the bacteria was 
mostly eradicated by the sonodynamic treatment of RB (5 μM). 
Consistently, the results obtained by Alves et al. [60] also demonstrated 

Fig. 6. (A) Scheme illustration of MLP18 nano
liposomes for diagnosis and eradiation of MDR bac
terial infection. Adapted from [1]; (B) Schematic 
illustration of the main synthesis procedure of the 
Pd@Pt-T790 nanoplatform and its US-switchable 
nanozyme catalytic oxygen-generation-enhanced 
SDT of bacterial infection. Adapted from [73]; (C) 
Schematic illustration of the sonodynamic action of 
Fe3O4@NaGdF 4 : Yb : Er-HMME. Adapted from [22]; 
(D) Schematic illustration of multifunctional thera
peutic strategy of UCNP@mSiO2 (RB)-AgNPs. Adapt
ed from [88].   
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that RB-mediated SACT could significantly reduce the viability of 
C. albicans in planktonic cultures, however, this combination had little 
impacts on biofilms. Costley et al. [26] conjugated RB with antimicro
bial peptide to further enhance the efficacy of RB-mediated SACT. 
Treatment with the conjugate and subsequently ultrasound irradiation 
resulted in 5-log and 7-log reductions in the number of S. aureus and 
P. aeruginosa planktonic cultures, respectively. Moreover, the diffusion 
of this conjugate into P. aeruginosa biofilm was significantly improved 
after pre-treatment (P < 0.01). In vivo results showed that ultrasound 
irradiation of conjugate-treated P. aeruginosa-infected wounds in mice 
induced a substantial bacterial eradication. These findings highlighted a 
targeted broad-spectrum of novel SACT treatments and stressed its po
tential for clearing deep-seated bacterial infections. 

6. Conclusion and future perspectives 

SACT is a relatively new antimicrobial modality, but that seems to 
have great potential as a therapeutically useful strategy. This potential 
has already been conclusively demonstrated by numerous studies, while 
the experimental conditions examined differ between SACT studies 
makes it uncertain for comparison and rationalization of the data. 
Meanwhile, lack of standardization in ultrasound dosimetry and a uni
fying definition of SDT limits the establishment of universal mechanisms 
of SACT. Ambiguous mechanisms of action at play hinders the maxi
mization of antimicrobial efficacy of SACT. These mechanisms include 
ROS-independent cytotoxicity such as cell membrane shearing, and 
ROS-dependent cytotoxicity from sonoluminesence or pyrolysis. More
over, the prevailing proposed mechanism of action currently rely on the 
ultrasound-triggered, sonosensitizer-enabled ROS generation. The pre
dominant mechanisms involved in SACT likely depend on the ultra
sound parameters, the biological system, and the physiochemical 
properties of sonosensitizers. Moreover, a large number of experiments 
should be carried out under the same conditions, to identify the optimal 
parameters, such as frequency and energy, establishing the optimum 
SACT strategy. So far, the majority of SACT studies conducted is about 
the killing of bacteria and bacterial biofilm in in vitro and in vivo, while 
only two studies have been reported about the inactivation of fungi and 
yeasts by SACT treatment. Also, there are no SACT treatments on viruses 
performed yet. The sonodynamic process shares a similar feature with 
the photodynamic, and it is reasonable to expect that more SACT studies 
be conducted on these microorganisms in the future. Additionally, the 
current sonosensitizers limit the efficacy of SACT due to low specificity, 
rapid aggregation, and potential toxicity. Although considerable efforts 
are being made to develop new nano-sonosensitizers with excellent 
target specificity and biocompatibility, several challenges need to be 
addressed, including side effects on normal tissues, complicated prepa
ration approaches, and sub-optimal accumulation in the target site. The 
focus, therefore, is on developing sonosensitizers with improved speci
ficity, biocompatibility, biosafety, and therapeutic efficacy. Meanwhile, 
a natural environment with the vast chemical and biological diversity 
can provide an excellent source of novel sonosensitizers. Future studies 
on enlarging the scope of sonosensitizer sources are warranted. Com
bination treatment offers a new weapon in the fight against MDR mi
crobial infection. Given some classes of sonosensitizers with dual ability 
to be activated by ultrasound and light, it seems possible to form the 
basis of a novel antimicrobial modality known as sonophotodynamic 
antimicrobial chemotherapy (SPACT). SPACT can overcome deficiencies 
of PACT and present advantages over SACT, and sonophotodynamic 
therapy (SPDT) have been shown to be efficacious as an anticancer 
strategy in in vivo studies, while it is rarely investigated for antimicrobial 
ability. Simultaneously using two or more nano-sensitizers, co-deliv
ering multiple sonosensitizers by a single nanoparticle carrier have also 
been proved to improve the disinfection capability, it is therefore of 
particular interest to undertake stimuli-responsive sensitizer delivery 
systems. 

The published findings of SACT may be speculative and remain to be 

tested experimentally before transfer to clinical antimicrobial therapy, 
while they do underline the vast scope and potentials offered by SACT. 
In particular, it is believed that SACT is emerging as a promising alter
native for removing the microbial contamination in water and other 
liquids and surfaces such as food and beverages, medical instrumenta
tion, and food processing equipment. 
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