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Abstract

Ultrasound, is thought to a potential non-thermal sterilization technology in food industry. However, the exact mechanisms underlying microbial
inactivation by ultrasound still remain obscure. In this study, the action modes of ultrasound on both Gram-negative and Gram-positive microorgan-
isms were estimated. From colony results, ultrasound acted as an irreversible effect on both Eshcerichia coli and Staphylococcus aureus without
sublethal injury. The result in this study also showed that a proportion of bacteria subpopulation suffered from serious damage of intracellular
components (e.g. DNA and enzymes) but with intact cell envelopes. We speculated that the inactivated effects of ultrasound on microbes might
more than simply completed disruption of cell exteriors. Those microbial cells who had not enter the valid area of ultrasonic cavitation might
be injected with free radicals produced by ultrasound and experienced interior injury with intact exterior structure, and others who were in close
proximity to the ultrasonic wave field would be immediately and completely disrupted into debris by high power mechanic forces. These findings
here try to provide extension for the inactivation mechanisms of ultrasound on microorganisms.
© 2018 “Society information”. Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Ultrasound, pressure wave with a frequency of 20 kHz or
more, is known as potential non-thermal technology to ensure
food safety without loss of food sensory properties [1,2]. As
early as 1929, it has been reported that ultrasound had the ability
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to kill vegetative microbes [3]. Generally, high power ultra-
sound with lower frequency (20 to 100 kHz) is employed for
microbial inactivation in food industry [2]. The mechanism of
microbial inactivation by ultrasound is widely thought to be the
responsibility of cavitation phenomenon [4–8]. Under strong
ultrasonic field, the bubbles will implode coincident with pro-
duction of intensive pressure, high temperature or even active
species (e.g. free radicals). So far, the inactivation mechanisms
on microbes by ultrasound has been studied and investigated in
some studies [9–11]. The mechanical effects (e.g. shear force)
generated by ultrasonic wave were commonly thought to the pri-
mary inactivation mechanism leading to the completed rupture
of microbial cell envelopes and the death of microbes [11–18].
However, apart from strong physical effect, increasing temper-
ature and pressure during the collapse of bubbles was enough
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to trigger sonochemical reaction of surrounding medium and
produce active compounds [19,20]. According to that, few stud-
ies proposed another inactivated mechanism that free radicals
produced by the explosion of bubbles might be transported into
microbial cells through microjet and react with interior compo-
nents with intact cell exterior structure [13,14,18,20]. So far, the
exact mechanisms underlying ultrasound inactivation still have
no consensus and require to fully elucidate.

The aim of this study is to investigate the molecule
mechanisms of ultrasound-induced microbial inactivation.
Gram-negative Esherichia coli and Gram-positive Staphylococ-
cus aureus were used the model bacterium in this case. The
extracelluar H2O2 and intracellular reactive oxygen species
(ROS), the membrane integrity and permeabilization, the
membrane potentials, ATP production, DNA fragment and mor-
phological properties were measured for the estimation of
microbial cells physiological activity during ultrasound treat-
ment in molecular level. We try to provide new insight into the
action mode of ultrasound on microbial cells for future research.

2. Materials and methods

2.1. Bacterial strains preparations

Gram-negative Esherichia coli (ATCC 25922, Hope Bio-
Technology Co., Ltd., Qingdao, Shandong, China) and
Gram-positive Staphylococcus aureus (ATCC 25923, Hope
Bio-Technology Co., Ltd., Qingdao, Shandong, China) were
stored with 50% glycerol at −80 ◦C. The stock culture of
each strain was transferred into 100 mL of nutrient broth (NB,
Base Bio-Tech Co., Hangzhou, China) and incubated at 37 ◦C
in a well-shaken of 150 rpm to reach stationary phase, which
required 18 h for E. coli and 24 h for S. aureus. The enriched
culture was centrifuged at 5000 rpm for 10 min at 4 ◦C to har-
vest bacteria cells. The precipitated cells were then washed for
three times with 0.85% sterile saline solution. The final bacteria
concentration of each strain determined by plating count method
was approximately 9 log CFU/mL.

2.2. Ultrasound treatment

Thirty milliliter of cell suspension (about 8 log CFU/mL) was
placed in a cylindrical tube with a volume of 85 mL. An ultra-
sonic probe (diameter = 10 mm) was immersed 2.0 cm into the
bacteria solution. In this case, the input power was 198 W, power
intensity was 252 W/cm2, frequency was 20 kHz and treatment
times were 0, 3, 5 and 12 min. The temperature was maintained
at 20 ± 2 ◦C with the use of a thermostatic water bath (DC-1006,
Safe Corporation, Ningbo, China). The details of the ultrasound
equipment (Scientz-II D; Ningbo Scientz, Zhejiang, China) were
described in our previous study [21].

2.3. Microbiological analysis

One milliliter of each sample was serial diluted with 0.85%
sterile saline solution. One hundred microliter of appropriate
dilution was plated on non-selective medium, tryptone soya

agar (TSA, Hope Bio-Technology Co., Ltd., Qingdao, Shan-
dong, China) and selective medium, supplemented TSA with 2%
(w/w) sodium chloride for E. coli and 7% (w/w) sodium chloride
for S. aureus. The plates were then incubated at 37 ◦C for 48 h
under atmospheric conditions. Both viable and sublethally dam-
aged cells appeared on non-selective medium, while microbial
cells with compromised membranes failed to grow on the selec-
tive mediums. Therefore, the differences between non-selective
and selective medium resulted from the occurrence of sublethal
injury on microbes [22,23]. Each experiment was conducted in
triplicate independent cultures.

2.4. Membrane integrity

Propidium iodide (PI, Sigma-Aldrich Co., USA) was used
to indicate compromised cell membrane. One milliliter of bac-
teria sample was stained with 10 �L of PI solution (1.5 mM)
for 30 min at 37 ◦C in the dark. The excess PI was removed
by centrifugation of 8,000 rpm at 4 ◦C for 10 min. The pelleted
cells were then resuspended with 0.85% sterile saline solution
and stored in the dark for no more than 1 h until flow cytometry
analysis.

2.5. Membrane permeabilization and esterase activity

Carboxyfluorescein diacetate (cFDA, Sigma-Aldrich Co.,
USA) diffused freely through viable cell membrane and was
converted by intracellular esterase into membrane-impermeable
green fluorescent dye, carboxyfluorescein (cF). One milliliter of
sample was incubated with cFDA solution (50 �M) for 30 min
at 37 ◦C. After centrifugation 8,000 rpm at 4 ◦C for 10 min, the
pellet cells were resuspended with 0.85% sterile saline solution
to remove excess cFDA. The stained samples were stored in dark
for no more than 1 h and analyzed by flow cytometry (Beckman
Coulter Inc., Miami, FL, USA).

2.6. Membrane potential assessment

Membrane potential was measured with a BacLightTM

Bacterial Membrane Potential Kit (B34950, Molecular
Probes, Invitrogen, Grand Island, NY). DiOC2 (3) (3,3′-
diethyloxacarbocyanine iodide) was a probe, altering from green
to red fluorescence as the membrane potential increasing. CCCP
(carbonyl cyanide 3-chlorophenylhydrazone) could destroy cell
membrane potential through eliminating membrane proton gra-
dient. Specifically, 10 �L DiOC2 (3) (3 mM) was added into
1 mL sample and mixed thoroughly. As for control, 10 �L CCCP
(500 �M) was transferred into sample and mixed before the addi-
tion of DiOC2 (3). The mixture was then incubated for 30 min
at room temperature. The samples were then centrifuged and
washed with 0.85% sterile saline solution to remove excess
DiOC2 (3). The stained samples were stored at dark measured
by flow cytometer (Beckman Coulter Inc., Miami, FL, USA).
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2.7. Intracellular ROS detection

The intracellular reactive oxygen species (ROS) level
was detected by 2,7-dichlorofluorescin diactate (DCFH-DA,
Beyotime, Shanghai, China). DCFH-DA was hydrolyzed by
intracellular esterase and then oxidized by intracellular ROS into
fluorescent compound, 2,7-dichlorofluorescin (DCF). Before
ultrasound treatment, 1 mL of bacteria cells was incubated with
1 �L of DCFH-DA solution (10 mM) for 30 min at 37 ◦C and
washed by 0.85% sterile saline solution to remove excess dyes.
The DCF fluorescence was detected by flow cytometer (Beck-
man Coulter Inc., Miami, FL, USA).

2.8. Extracellular H2O2 concentration detection

The concentrations of H2O2 generated in the medium was
measured and quantified with a Hydrogen Peroxide Assay
Kit (Beyotime, Shanghai, China) following the manufacturer’s
guidelines. After ultrasound treatment, 50 �L of each sample
solution was placed into the test tube. 100 �L of test solution was
added into each tube and incubated for 30 min under room tem-
perature. Then, the absorbance at a wavelength of 560 nm was
measured immediately with a spectrophotometer. A standard
curve with known H2O2 concentrations was used for calibration
of absorbance values.

2.9. ATP measurement

Intracellular ATP levels were measured by the Bac Tiler-
Glo microbial viability assay (Promega, Wisconsin, USA). After
ultrasound treatment, 100 �L of sample solution was placed
in an opaque-walled multiwell plate (JingAn Biological Tech-
nology Co., Ltd, Shanghai, China). One hundred microliter of
BacTiter-GloTM Regent was added into each well contained
samples. The mixture was shaken briefly and incubated for
5 min. A Centro LB 960 Microplate Luminometer (Berthold
Technologies GmbH & Co. KG, Bad Wildbad, Germany) was
used to measure the luminescence values. The wells contain-
ing medium without bacteria cells were used to obtained the
background luminescence value.

2.10. DNA damage analysis

The genomic DNA of both E. coli and S. aureus were
extracted by a TIANamp Bacteria DNA Kit (TIANGEN
BiotechCo.,Ltd. Beijing, China) following the manufacturer’s

instructions. The genomic DNA extracted from bacteria was
loaded on a 1% agarose gel with 100 V for 40 min. Then, the
DNA bands were visualized with a long wave UV light.

2.11. Scanning electron microscope analysis

The cells were obtained by centrifugation at 4 ◦C, 12, 000 rpm
for 10 min and washed twice by 0.85% sterile saline solu-
tion. The washed samples were fixed with 2.5% glutaraldehyde
(TAAB) for no less than 4 h. Then, the samples were washed
thrice by phosphate buffer (0.1 M; pH 7.0) for 15 min, followed
by 1.5 h of fixation with 1% OsO4. The fixed samples were
washed tree times with phosphate buffer (0.1 M; pH 7.0) for
15 min. As for SEM analysis, the samples were dehydrated by
a graded series of ethanol (30, 50, 70, 80, 90, 95 and 100%) and
transferred into a mixture consisting of ethanol and iso-amyl
acetate (v:v = 1:1) for around 30 min. After that, samples were
transported into pure iso-amyl acetate and incubated overnight.
The samples were coated with the use of gold-palladium and
observed under a Hitachi Model SU8010 SEM (Hitachi, Ltd.,
Tokyo, Japan) with accelerating voltage of 3.0 kV and working
current of 10 �A.

2.12. Laser confocal microscope analysis

The samples were stained with a Live/Dead BacLight bac-
terial viability kit (Molecular Probe Inc., Eugene, OR, USA)
according to the manufacturer’s protocol. Briefly, the equal vol-
ume of Component A and Component B was mixed thoroughly.
3 �L of the dye mixture was mixed with 1 mL of each sam-
ple thoroughly and incubated at room temperature in the dark
for 15 min. The stained sample was placed between a slide
and a coverslip, and observed with a laser scanning confocal
microscopy (LSCM) equipped with a Nikon TE 2000 U micro-
scope (Nikon Corporation, Tokyo, Japan).

2.13. Statistical analysis

All the experiments were conducted triplicate from indepen-
dent trails. The data was performed and analyzed by AVOVA
with SPSS v.20 (SPSS Inc., Chicago, IL, USA) software and
expressed as mean value ± standard deviation (SDs). The data
was considered statistically significant at a probability value less
than 0.05.

Table 1
Surviving of Escherichia coli and Staphylococcus aureus on non-selective and selective medium after different treatments for various times.

Treatments Medium non-selective
medium

selective
medium

non-selective
medium

selective
medium

non-selective
medium

selective
medium

Time (min) 3 5 12

ultrasound
E. coli 7.73 ± 0.03a * 7.69 ± 0.01a 7.56 ± 0.02b 7.49 ± 0.01b 6.62 ± 0.04c 6.58 ± 0.06 c

S. aureus 7.93 ± 0.01a 7.87 ± 0.02ab 7.78 ± 0.01b 7.77 ± 0.03b 7.50 ± 0.05c 7.45 ± 0.01c

Initial concentration is about 8.34 ± 0.02 log CFU/mL for E. coli and 8.24 ± 0.08 for S. aureus.
* Values are the mean ± SDs for three independent experiments; values with different lowercase letters in the same row showed a significant difference at P < .05.
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Fig. 1. Confocal laser scanning microscopy (CLSM) images of Escherichia coli (A–D) and Staphylococcus aureus (E–H) after 0 (Control), 3 (U-3), 5 (U-5), and 12
(U-12) min ultrasound treatment.

3. Results and discussion

3.1. Viability, sublethal injury and death evaluation

As Table 1 shown, the inactivation rate of E. coli and S.
aureus was 98.1% and 81.3% with 12-min ultrasound exposure,
respectively. The higher resistance of S. aureus against ultra-
sound might be explained by the thicker, more rigid and robust
properties of Gram-positive microbial cell envelopes [24–26].
Monsen et al. [26] found that 60 min-ultrasound treatment with
a frequency of 40 kHz and input power of 350 W resulted in
more than 90% inactivation of E. coli, but only 40% reduction
of S. aureus. Besides cell wall thickness, cell shape also plays
significant role in ultrasonic resistance. Alliger [25] found that
cocci cells showed more resistant towards ultrasound than cells
with rod appearance. In our case, compared with rob-shaped
E. coli cells, spherical property of S. aureus cells might assist
them against ultrasonic stressor.

Additionally, the differences of colony forming units between
non-selective medium and selective medium didn’t appear
significant for both E. coli and S. aureus during 12 min ultra-
sound treatment (Table 1). The live/dead fluorescent assay for
ultrasound-treated E. coli and S. aureus cells exhibited only
green and red fluorescence for live and dead subpopulations,
but no yellow fluorescence(Fig. 1). Yellow fluorescence rep-
resented the subpopulation sublethally damaged. These results
revealed that ultrasound sterilization seemed to result in no
sublthally injured Gram-negative and Gram-positive microbes
in this case, which was described as an “all-or-nothing” phe-
nomenon [27,28]. Similarly, our previous study also found
that no sublethal injury of both E. coli and S. aureus induced
by ultrasound [21]. What’s more, Wordon et al. [14] applied

low-frequency ultrasound (20 kHz) to inactivate Saccharomyces
cerevisiae and found only viable and dead but no sublethally
injured cells during 20 min treatment time.

3.2. Physiological activity estimation

The cell membrane plays essential role in maintaining normal
physiological functions of microorganisms, including trans-
portation of important materials and generation of ATP [29].
Once the membrane is damaged irreversibly, microbial cells
will be dead immediately. The cell membrane integrity was esti-
mated by a fluorescence, PI. The microbial cell stained with
PI meant the loss of membrane integrity. As Fig. 2 shown,
it was only 1.18% addition for Gram-negative E. coli stained
PI after 12 min ultrasound exposure. As for Gram-positve S.
aureus, the subpopulation lacking of cell membrane integrity
(PI-positive) increased by 20.49% during 12 min ultrasound
treatments. Cell membrane potential is indispensable for nor-
mal energy transduction and nutrient uptake in microbial cells
and regarded as an important indicator for physiological activ-
ity [30–33]. Membrane potentials in E. coli and S. aureus were
measured by the BacLightTM Bacterial Membrane Potential Kit.
The fluorescent probe, DiOC2(3) exhibited green fluorescence
in cells, but tended to emit red fluorescence as it accumu-
lated in the cells due to higher membrane potential. The cells
treated by a proton ionophore, CCCP, possessed totally depo-
larized membrane potentials, as a positive control in this case.
As Table 2 shown, ultrasound treatment induced a peak on the
membrane potential trend for both E. coli and S. aureus. The
maximum value of membrane potential appeared at 5 min for
Gram-negative E. coli and 3 min for Gram-positve S. aureus.
The phenomenon of the cell membrane potential changes might
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Fig. 2. Fluorescence dot plots of Escherichia coli (A–D) and Staphylococcus aureus (E-H) stained with PI after 0 (Control), 3 (U-3), 5 (U-5), and 12 (U-12) min
ultrasound treatment.

Table 2
Physiological states of Escherichia coli and Staphylococcus aureus induced by ultrasound treatments for various times.

Physiological states Treatment time (min)

0 3 5 12

Membrane potentials −Fluorescence ratio
(Red/Green)

E. coli 1.98 ± 0.08a *,# 4.84 ± 0.05b 6.36 ± 0.14c 4.47 ± 0.17b

S. aureus 5.11 ± 0.18a 9.72 ± 0.14c 9.41 ± 0.01c 6.66 ± 0.39b

H2O2 concentration (�M) 0.16 ± 0.04a 0.95 ± 0.07b 2.63 ± 0.04c 7.25 ± 0.04d

Intracellular ROS (% of control) E. coli 100.0 ± 1.2a 334.2 ± 20.3b 503.4 ± 36.3c 969.8 ± 50.1d

S. aureus 100.0 ± 2.7a 419.1 ± 25.8b 603.8 ± 14.3c 892.1 ± 12.5d

Intracellular ATP level E. coli 2548648 ± 262767d 335661 ± 14199c 109053 ±18527b 14951 ± 1210a

S. aureus 1649596 ± 29686b 1649649 ± 235089b 1131943 ± 36868a 1196110 ± 32651a

* Values are the mean ± SDs for three independent experiments; values with different lowercase letters in the same row showed a significant difference at P < .05.
# The membrane potentials of cells treated by a proton ionophore, CCCP, acted as a positive control, which were 1.11 ± 0.01 and 1.42 ± 0.02 for E. coli and S.

aureus, respectively.

be related to the change of ion channels on the cell membranes.
At the initial phase, the mechanical stressor from ultrasound
might trigger the response of partial microorganisms through
the change of ion channel activity [34,35]. When the bubbles
collapsed, extremely high temperature was produced, resulting
in pyrolysis of solvent into active species [20]. In this case,
water, the main sonication medium, generated H• and OH• rad-
icals inside the bubble, which might subsequently recombine
into stable molecules, such as hydrogen peroxide (H2O2) in the
interfacial layer between the gaseous bubble content and the
solvent [20]. As Table 2 exhibited, the level of H2O2 concen-
tration in 0.85% saline solution increased from 0.16 to 7.25 �M
after 12 min ultrasound exposure. Similarly, Stanley et al. [20]
found that H2O2 concentration in saline solution ascended as
the accumulation of ultrasound (20 kHz) treatment time. The
ROS produced in the medium could be injected through micro-
bial cell membranes by ultrasonic wave without damage of

cell envelopes. As the intracellular ROS accumulation to a
certain level (Table 2), calcium ion channel was trigged and
lost its normal function to open and let the influx of calcium
ions, therefore the cell membrane potentials began to decrease
[36,37].

As Table 2 shown, ultrasound exposure also resulted in a
reduction of ATP level for both E. coli and S. aureus. The start
of significant ATP reduction for Gram-negative E. coli appeared
earlier than Gram-positive S. aureus. 3-min ultrasound exposure
was enough to cause ATP in E. coli to decrease, while it required
5-min ultrasound treatment for S. aureus (Fig. 3). Intracellular
esterase activity and cell permeabilization was estimated by a
fluorescent probe, carboxyfluorescein (cF). As Fig. 3 shown,
cF-stained E. coli populations enjoyed share of 10.08, 24.77,
31.22 and 15.90% after 0, 3, 5 and 12 min ultrasound exposure.
The low proportions of cF-stained for E. coli before treatments
resulted from the presence of stable outer membranes in Gram-
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Fig. 3. Fluorescence dot plots of Escherichia coli (A–D) and Staphylococcus aureus (E–H) stained with cFDA after 0 (Control), 3 (U-3), 5 (U-5), and 12 (U-12) min
ultrasound treatment.

Fig. 4. Agarose gel electrophoresis of genomic DNA of Escherichia coli (A)
and Staphylococcus aureus (B) after 0 (control), 3 (U-3), 5 (U-5), and 12 (U-12)
min ultrasound treatment.

negative bacteria, which were composed of lipopolysaccharide
(LPS) [11,38]. The proportion of S. aureus cF-stained popula-
tion decreased from 99.88 to 69.51% during 12 min ultrasound
treatment. Another essential macromolecule, DNA, is detected
by gel electrophoresis technique. As exhibited in Fig. 4, com-
pared with untreated cells, the fluorescent density of DNA bands
decreased significantly for both E. coli and S. aureus as treat-
ment time increased. Particularly, the ultrasound treated E. coli

cells showed nearly no obvious DNA bands after 3 min treat-
ment.

The morphological change after ultrasound treatment was
observed with scanning electron microscope (SEM). Untreated
E. coli and S. aureus cells showed intact cell walls and
membranes (Fig. 5A and C). With 12-min ultrasound treat-
ment, a part of both E. coli and S. aureus microbial cells
have been disrupted completely and irreversibly into debris
(Fig. 5B and D). These debris wrapped up the remaining intact
cells.

3.3. More than simple cell envelop disruption

Interestingly, subpopulation with loss of cell membrane
integrity (PI-stained) among both E. coli and S. aureus showed
much lower than the inactivation rate from colony results,
at the same time, the subpopulation without membrane per-
meabilization (cF-stained) enjoyed much higher share than
survival level. It seemed that not all the dead microorgan-
isms induced by ultrasound lost their cell membrane integrity.
What’s more, the significantly decreasing of ATP level and the
damage of DNA occurred in E. coli and S. aureus. These phe-
nomena revealed that part of microorganisms suffered from
intracellular damage by ultrasound but with intact cell exte-
rior structure. Similarly, Wordon et al. [14] employed flow
cytometry to demonstrate that ultrasound could induce intracel-
lular injuries in Saccharomyces cerevisiae prior to the complete
disruption of cell membranes. Alliger et al. [25] also found
that subcellular particles of sonicated S. cerevisiae had been
damaged before breakage of cell walls. Additionally, Ashokku-
mar et al. [13] discovered that the sonicated Cryptosporidium
oocysts with thin cell envelopes had no nuclei, and Yusof
et al. [39] thought the generated free radicals might be injected
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Fig. 5. Scanning electron microscope (SEM) images of Escherichia coli (A–B) and Staphylococcus aureus (C–D) after 0 (A and C) and 12 min (B and D) ultrasound
treatment.

Fig. 6. The inactivation mechanisms of ultrasound on Escherichia coli (A) and Staphylococcus aureus (B).

through cavitation microjets into cells, causing the disintegra-
tion of nuclei without affecting cell membranes and walls.
During ultrasound treatment, a portion of microorganisms, fail-
ing to enter into the area of acoustic cavitation, might have
damage of intracellular components by ROS produced by ultra-
sound. As for the microbial cells, who situated closely to the
valid distance of acoustic cavitation, the physical force would
take the main responsible for the completed disruption of cell
envelopes and the immediate death of microorganisms would
occur (Fig. 6).

4. Conclusions

In this study, we tried to demonstrate the action modes of
ultrasound treatment on both Gram-negative and Gram-positive
microorganisms. The results here indicated that ultrasound treat-
ment might result in that some microorganisms in liquid medium
had intracellular DNA broken and enzymes inactivation, but
cause no any disruption of cell walls. These microbial cells
might fail to undergo the effect of strong mechanical forces,
which, however, the injected free radicals into cells would dam-
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age interior components severely. The findings in this study help
to enhance the understanding of the ultrasound physical and
chemical effect on microbial cells and provide avenues for the
future research to clarify the ultrasonic inactivation mechanisms.

Conflict of interests

The authors declare that no conflict of interests.

Acknowledgements

This study was supported by the National Major R & D
Program of China (grant 2016YFD0400301) and the National
Natural Science Foundation of China (grants 31401608).

References

[1] T.J. Mason, L. Paniwnyk, J.P. Lorimer, The uses of ultrasound in food
technology, Ultrason. Sonochem. 3 (1996) S253–S260.

[2] P. Piyasena, E. Mohareb, R.C. McKellar, Inactivation of microbes using
ultrasound: a review, Int. J. Food Microb. 87 (2003) 207–216.

[3] E.N. Harvey, A.L. Loomis, The destruction of luminous bacteria by high
frequency sound waves, J. Bacteriol. 17 (1929) 373–376.

[4] M.J.W. Povey, T.J. Mason, in: M.J.W. Povey, T.J. Mason (Eds.), Ultrasound
in Food Processing. Ultrasound in Food Processing, 1998, p. 282.

[5] J. Wu, W.L. Nyborg, Ultrasound: cavitation bubbles and their interaction
with cells, Adv. Drug Deliv. Rev. 60 (2008) 1103–1116.

[6] S. Drakopoulou, S. Terzakis, M.S. Fountoulakis, et al., Ultrasound-induced
inactivation of gram-negative and gram-positive bacteria in secondary
treated municipal wastewater, Ultrason. Sonochem. 16 (2009) 629–634.

[7] M. Ashokkumar, The characterization of acoustic cavitation bubbles – an
overview, Ultrason. Sonochem. 18 (2011) 864–872.

[8] N.K. Rastogi, Opportunities and challenges in application of ultrasound in
food processing, Crit. Rev. Food Sci. Nutr. 51 (2011) 705–722.

[9] R.M. Appleyard, Understanding physical inactivation processes: combined
preservation opportunities using heat, ultrasound and pressure, Int. J. Food
Microbiol. 28 (1995) 197–219.

[10] S.Z. Salleh-Mack, J.S. Roberts, Ultrasound pasteurization: the effects of
temperature, soluble solids, organic acids and pH on the inactivation of
Escherichia coli ATCC 25922, Ultrason. Sonochem. 14 (2007) 323–329.

[11] J. Li, J. Ahn, D. Liu, et al., Evaluation of ultrasound-induced damage
to Escherichia coli and Staphylococcus aureus by flow cytometry and
transmission electron microscopy, Appl. Environ. Microbiol. 82 (2016)
1828–1837.

[12] D.E. Hughes, W.L. Nyborg, Cell disruption by ultrasound, Science (1962)
138.

[13] M. Ashokkumar, T. Vu, F. Grieser, et al., Ultrasonic treatment of Cryp-
tosporidium oocysts, Water Sci. Technol. 47 (2003) 173–177.

[14] B.A. Wordon, B. Mortimer, L.D. McMaster, Comparative real-time anal-
ysis of Saccharomyces cerevisiae cell viability, injury and death induced
by ultrasound (20 kHz) and heat for the application of hurdle technology,
Food Res. Int. 47 (2012) 134–139.

[15] J.F. Brilhante De Sao Jose, N.J. de Andrade, A.M. Ramos, et al., Decon-
tamination by ultrasound application in fresh fruits and vegetables, Food
Control 45 (2014) 36–50.

[16] S. Gao, G.D. Lewis, M. Ashokkumar, et al., Inactivation of microorgan-
isms by low-frequency high-power ultrasound: 2. A simple model for the
inactivation mechanism, Ultrason. Sonochem. 21 (2014) 454–460.

[17] S. Kentish, H. Feng, in: M.P. Doyle, T.R. Klaenhammer (Eds.), Applica-
tions of Power Ultrasound in Food Processing. Annual Review of Food
Science and Technology, 2014, pp. 263–284.

[18] W. Tao, Y. Xiao, H. Antuo, et al., Ultrasonic disruption of yeast cells:
underlying mechanism and effects of processing parameters, Innov. Food
Sci. Emerg. Technol. 28 (2015) 59–65.

[19] G.J. Price, Applications of high-intensity ultrasound in polymer chemistry,
Chem. Ind. Lond. (1993) 75–78.

[20] K.D. Stanley, D.A. Golden, R.C. Williams, et al., Inactivation of
Escherichia coli O157:H7 by high-intensity ultrasonication in the presence
of salts, Foodbourne Pathog. Dis. 1 (2004) 267–280.

[21] J. Li, T. Ding, X. Liao, et al., Synergetic effects of ultrasound and slightly
acidic electrolyzed water against Staphylococcus aureus evaluated by
flow cytometry and electron microscopy, Ultrason. Sonochem. 38 (2017)
711–719.

[22] B.M. Mackey, in: B.M. Lund, T.C. Baird-parker, G.W. Gould (Eds.), Injured
bacteria. The microbiological safety and quality of food, Aspen Publishers,
Inc., Gaithersburg, 2000, pp. 315–341.

[23] X. Xuan, T. Ding, J. Li, et al., Estimation of growth parameters of Listeria
monocytogenes after sublethal heat and slightly acidic electrolyzed water
(SAEW) treatment, Food Control 71 (2017) 17–25.

[24] F. Ahmed, C. Russell, Synergism between ultrasonic waves and hydrogen
peroxide in the killing of microorganisms, J. Appl. Bacteriol. 39 (1975)
31–40.

[25] (a) H. Alliger, Ultrasonic disruption, Am. Lab. 10 (1975) 75–85;
(b) M. Lovgren, et al., In vitro effect of ultrasound on bacteria and sug-
gested protocol for sonication and diagnosis of prosthetic infections, J.
Clin. Microbiol. 47 (2009) 2496–2501.

[26] G. Huang, S. Chen, C. Dai, et al., Effects of ultrasound on microbial growth
and enzyme activity, Ultrason. Sonochem. 37 (2017) 144–149.

[27] P.R. Clarke, C.R. Hill, Physical and chemical aspects of ultrasonic disrup-
tion of cells, J. Acoust. Soc. Am. 47 (1970) 649.

[28] N.J. Rusell, M. Colley, R.K. Simpson, et al., Mechanism of action of pulsed
high electric field (PHEF) on the membranes of food-poisoning bacteria is
an ‘all-or-nothing’ effect, Int. J. Food Microbiol. 55 (2000) 133–136.

[29] P.J.J. Lyon, Fullerene water suspension (nC(60)) exerts antibacterial effects
via ros-independent protein oxidation, Environ. Sci. Technol. 42 (2008)
8127–8132.

[30] F.M. Harold, The vital force: a study of bioenergetics, WH Freeman, New
York, 1986.

[31] D. Novo, N.G. Perlmutter, R.H. Hunt, et al., Accurate flow cytometric mem-
brane potential measurement in bacteria using diethyloxacarbocyanine and
a ratiometric technique, Cytometry 35 (1999) 55–63.

[32] N.Z. Jiao, Y.J. Yang, T.W. Luo, Membrane potential based characteriza-
tion by flow cytometry of physiological states in an aerobic anoxygenic
phototrophic bacterium, Aquat. Microbiol. Ecol. 37 (2004) 149–158.

[33] C.S. Lunde, S.R. Hartou6ni, J.W. Janc, et al., Telavancin disrupts the func-
tional integrity of the bacterial membrane through targeted interaction with
the cell wall precursor lipid II, Antimicrob. Agents Chemother. 53 (2009)
3375–3383.

[34] H.R. Malcolm, D.E. Elmore, J.A. Maurer, Exploring the response of bac-
terial cyclic nucleotide gated (bCNG) ion channels to mechanical stress,
Biophys. J. 1001 (2011), 104–104.

[35] T. Sawada, Ion channels activated by mechanical forces in bacterial and
eukaryotic cells, in: K. Akasaka, H. Matsuki (Eds.), Subcellular Biochem-
istry, 2015, pp. 613–626.

[36] L. Chikahisa, Y. Oyama, Tri-n-butyltin increases intracellular Ca2+ in
mouse thymocytes: a flow-cytometric study using fluorescent dyes for
membrane potential and intracellular Ca2+, Basic Clin. Pharmacol. Toxicol.
71 (1992) 190–195.

[37] C. Pieri, R. Recchion, F. Moroni, et al., A sodium channel opener inhibits
stimulation of human peripheral blood mononuclear cells, Mol. Immunol.
29 (1992) 517–524.

[38] H. Nikaido, Molecular basis of bacterial outer membrane permeability
revisited, Microbiol. Mol. Biol. Rev. 67 (2003) 593.

[39] N.S.M. Yusof, B. Babgi, Y. Alghamdi, et al., Physical and chemical effects
of acoustic cavitation in selected ultrasonic cleaning applications, Ultrason.
Sonochem. 29 (2016) 568–576.




