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Abstract—This study addresses inactivation of E. coli in either 5- or 10-mL volumes, which were 50- to 100-fold
greater than used in an earlier study (Brayman et al. 2017). Cells were treated with 1-MHz pulsed high-intensity
focused ultrasound (10 cycles, 2-kHz repetition frequency, +65/�12.8 MPa focal pressures). The surviving frac-
tion was assessed by coliform assay, and inactivation demonstrated curvilinear kinetics. The reduction of surviv-
ing fraction to 50% required 2.5 or 6 min in 5- or 10-mL samples, respectively. Exposure of 5 mL for 20 min
reduced the surviving fraction to »1%; a similar exposure of 10-mL samples reduced the surviving fraction to
»10%. Surviving cells from 5-min exposures appeared normal under light microscopy, with minimal debris;
after 20 min, debris dominated. Transmission electron microscopy images of insonated samples showed some
undamaged cells, a few damaged but largely intact cells and comminuted debris. Cellular damage associated
with substantive but incomplete levels of inactivation can be variable, ranging from membrane holes tens of
nanometers in diameter to nearly complete comminution. (E-mail: mailbrayman@apl.washington.edu) © 2018
Published by Elsevier Inc. on behalf of World Federation for Ultrasound in Medicine & Biology.

Key Words: Acoustic bacterial inactivation, Escherichia coli inactivation, Focused ultrasound, Pulsed HIFU,
Light microscopy of bacterial HIFU lysate, Non-linear waveform distortion, Planktonic bacterial inactivation,
Shock fronts, TEM of bacterial HIFU lysate, Ultrasonic bacterial inactivation.
TAGGEDH1INTRODUCTION TAGGEDEND

In a paper published recently, an overview was provided

of primary publications and review articles dealing with

acoustic inactivation of bacteria (Brayman et al. 2017), a

topic of interest in a variety of fields, ranging from food

preservation to medicine. One interest is in the potential

use of high-intensity focused ultrasound (HIFU) to disin-

fect abscesses, which are walled-off, fluid-filled collec-

tions of pus. Our previous study involved in vitro

benchtop experiments with Escherichia coli (E. coli),

which provided a preliminary understanding of treat-

ment parameters required for efficacy and of the kinetics
ddress correspondence to: Andrew A. Brayman, Applied Phys-
oratory, 1013 N.E. 40th Street, Seattle WA 98105-6698 USA.
: mailbrayman@apl.washington.edu
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of the effect. However, very small volumes were used

(100 mL), and the ability to scale up the treatments to

larger volumes was not determined. Moreover, there

were exposimetric uncertainties caused by the use of

very small volumes, resulting in active mixing at the

fluid-air interface, a condition that may not occur in

actual abscesses. The objective of the present study was

to scale up the treatment volume as a preliminary but

necessary step in progressing toward animal studies.

Bacterial inactivation by intense ultrasound results

from inertial cavitation, either via direct mechanical

effects related to the shear forces associated with bubble

collapse (Gao et al. 2014) or via sonochemical effects

(Joyce et al. 2003). Our earlier results obtained with

E. coli are consistent with this general conclusion

(Brayman et al. 2017). However, attempts to correlate
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bacterial inactivation with quantitative measurements of

inertial cavitation activity have shown a relatively weak

relationship (Vollmer et al. 1998); it is thought that con-

founding factors influenced this outcome. Although it

has been argued that sonochemical production is not the

principal mechanism responsible for acoustic microbe

inactivation (Hua and Thompson 2000), it appears that

both mechanical and sonochemical effects are involved

in the lysis of gram-negative E. coli and gram-positive

Streptococcus mutans by 0.5-MHz ultrasound in vitro,

as evidenced respectively by empty bacterial shells seen

on electron microscopy (Chandler et al. 2001), and by

diminution of the cell inactivation effect by inclusion of

a free radical scavenger (Koda et al. 2009).

The long-range goal of the research presented here

is to develop non-invasive acoustic treatments to inacti-

vate bacteria and other pathogens contained within the

abscesses via cavitation. The overarching hypothesis,

viz., that cavitation fields can significantly reduce bacte-

rial cell viability, has been well established, as described

earlier in this report, and is not the focus of this paper.

Instead, this study expands on the previous low-volume

study, to test the specific hypothesis that HIFU-induced

inactivation of bacteria in substantially larger volumes

of 5 or 10 mL can be achieved rapidly and effectively.

The volumes used here are up to two orders of magni-

tude larger than those used in the previous study. Paren-

thetically, abscesses of 10 mL have been characterized

medically as large (Herzon 1985), although they can be

much larger still.

The present study also overcomes some of the tech-

nical limitations from the previous work. In particular, a

new exposure system was designed so that the acoustic

focal volume was entirely within the sample volume.

Furthermore, in contrast to our earlier study, there was

little to no perturbation of the air�water interface. De

novo cavitation was initiated within the sample volume;

this was observable macroscopically when the HIFU

was initiated. Finally, the appearance of bacteria with-

drawn from 5- or 10-mL sample volumes and subjected

to either 0, 5 or 20 min of HIFU exposure was examined

using both conventional light- and transmission electron

microscopy (TEM). Although not tested statistically, our

a priori expectation was that similar efficacy and similar

kinetics could be achieved in these larger volumes. This

expectation was met broadly. However, the kinetics

changed, with the inactivation process occurring more

slowly as volume increased.
TAGGEDH1METHODSTAGGEDEND

Culture and preparation

The biological materials and methods used here

have been described in detail in our earlier paper
(Brayman et al. 2017), except as noted. E. coli was

selected as the test organism because it is a common

inhabitant of abdominal abscesses, and E. coli-specific

colony-forming plates are commercially available.

Briefly, cell concentrations in liquid culture were esti-

mated turbidometrically; the fraction of cells surviving

the various treatments was determined by plating and

colony counts. When liquid tryptic soy broth cultures

had reached a cell concentration of about 1£ 109 cells/

mL, the cultures were removed from the incubator and

allowed to stand at room temperature. Then 5- or 10-mL

aliquots were removed and transferred to the correspond-

ing exposure vessel, which differed between the two vol-

umes, as will be discussed later in this report.

Sonications of the exposure vessels were conducted

starting from room temperature initial conditions (»21˚

C�23˚C). This was used to avoid overheating of samples

during the treatment and to minimize concentration

changes and potential starvation effects in the E. coli

stock suspension, were they to continue to incubate at

37˚C, as will be discussed later. After HIFU exposure or

no exposure, the surviving fraction (SF) of cells was

determined by plating and colony counts.

Acoustic system

A 44.5-mm diameter, spherically focused single-

element transducer (F-number = 1) operating at 1.057-MHz

resonance frequency was used. The transducer was

mounted to a cylindrical tank filled with degassed water

(Fig. 1). Calibration of the acoustic field was performed

in water with a fiber optic probe hydrophone (FOPH

2000; RP Acoustics, Leutenbach, Germany; 100 mm

active diameter, 100-MHz bandwidth). For this, the

sample holder was removed.

The focus was determined as follows: A cavitation

field in normal un-degassed water was generated, using

a few cycles at high power. Fiducial marks were then

placed at four locations around the tank, in line with the

visible cavitation field to aid with initial alignment of

the hydrophone. The water was then degassed with a

vacuum pump and stir bar for 15 min, and the hydro-

phone was placed near the center of the fiducial marks.

It was then translated, using micrometer translation

stages, until the peak positive pressure was found.

Pressure waveforms measured at the focus were

deconvolved using the procedure provided by the hydro-

phone manufacturer. To suppress the noise level of the

hydrophone, single pulse measurements were averaged

over 100 pulses. The pulses were aligned in time, rela-

tive to the position of the steep shocks developed in the

focal waveforms at high source-output levels, to com-

pensate for the effects of phase jitter and corresponding

broadening of the shocks and diminution of the peak

positive pressure. This process of translating the



Fig. 1. The transducer and water bath assembly
for (a) 5-mL or (b) 10-mL samples. Although not
strictly to scale, the location and size of the cavita-
tion zone is approximately correct. A small air gap
was left between the fixtures and the sample fluid
to avoid displacing the bacterial suspensions when

assembling the filled vessels.

Fig. 2. Acoustic characterization results. (a) Peak positive and
peak negative pressures in acoustic waveforms measured by a
fiber optic probe hydrophone at the focus in water versus peak
driving voltage applied to the transducer. (b) Focal pressure wave-
forms (single pulse and averaged over 100 pulses) with a peak
positive pressure of +65 MPa and a peak negative pressure of
�12.8 MPa measured at the highest output level of 265 V peak,
at which sonication of biological samples was performed. Note
the presence of steep shock fronts up to 65 MPa amplitude formed
in the pulse waveform because of non-linear propagation effects.
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hydrophone and waveform measurements was per-

formed for each voltage level to generate a peak positive

and peak negative pressure calibration (Fig. 2 a).

In further experiments of irradiating the bacteria,

the transducer was driven at the highest peak voltage

level of 265 Vp, at which the free-field peak positive and

negative pressures at the focus were +65 and �12.8

MPa, respectively. Under these conditions, the 10-cycle

excitation of the transducer produced shock fronts in the

acoustic waveform at the focus because of non-linear

propagation effects (Fig. 2 b). The maximum shock

amplitude in the single pulse measurements was equal to
the maximum peak positive pressure, which corresponds

to the level of non-linear waveform distortion, defined as

a developed shock front (Rosnitskiy et al. 2015). As has

been shown in recent studies, the peak pressure levels,

which correspond to the formation of the developed
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shock, are mainly determined by the F-number of the

transducer and are practically independent of its fre-

quency or dimensions (Rosnitskiy et al. 2015, 2017).

Indeed, the same peak pressures were measured for such

waveforms in the field of transducers of the same dimen-

sions but different frequency of 2 MHz (Canney et al.

2008) and of the same frequency and F-number but

larger dimensions (Rosnitskiy et al. 2017).

Exposure vessels

Two sizes of cylindrical plastic exposure vessels

were used to accommodate the 5- or 10-mL samples (see

Fig. 1 a and b). Both were »48-mm long. The inside

diameter of the 5-mL vessels was »1.27 cm; that of the

10-mL vessels was »1.91 cm. These diameter choices

were made so that the height of the fluid column within

the vessels would be similar (39 mm or 35 mm for 5-mL

or 10-mL vessels, respectively, as measured from the

lower membrane and neglecting the meniscus). Both

vessels were fitted with a cling-film acoustic window

held in place by an O-ring that nested in an annulus

machined into the outer walls of the vessels (not shown

in Fig. 1). After filling with the desired sample, the ves-

sels were attached to a plastic positioning fixture of

appropriate size. A small air gap was maintained

between the fluid and the positioning fixture to avoid

spillage of the bacterial suspension. The fixture was in

turn attached to a 3-D motion stage. This allowed very

reproducible alignment of replicate samples within the

acoustic field.

Treatment protocol

From our previous work, the peak negative pressure

amplitude threshold for inactivation of E. coli at 2 MHz

was more than 6 MPa (here we define inactivation as a

loss of colony-forming competence, and not necessarily

immediate death or lysis). Furthermore, there was an

unambiguous increase in bacterial inactivation with

increasing pressure amplitude above the threshold (vide

Brayman et al. [2017], Fig. 4). To remove confounding

effects from operating near the threshold, the study was

performed at the highest voltage amplitude correspond-

ing to peak positive and peak negative pressures of +65

and �12.8 MPa, respectively.

A single set of treatment parameters was used for

all samples; only exposure duration differed. These were

pulse length of 10 cycles; pulse repetition frequency

(PRF) of 2 kHz and total treatment times of 0, 1, 2, 3, 5,

10 or 20 min. These variables were selected to be com-

parable with those used in our earlier study. An entire

cycle through this series of treatment times was com-

pleted before replicating the series; there were four repli-

cate series within an experiment. The degassed water

was changed after each time point to reduce indirect
heating of the specimens. Three replicate experiments

were conducted on three different days.

After acoustic treatment, the vessels were removed,

and a sample was taken for dilution and plating. The

sample holder components were decontaminated before

reassembly and re-use. This was accomplished by

immersion with agitation for at least 1 min in 8.25%

NaOCl, followed by flushing with water, immersion

with agitation in 5% acetic acid to remove residual

NaOCl, another water flush, similar treatment in 10%

W:V NaHCO3 to neutralize residual acetic acid, a last

water flush and drying. Bacterial carryover was unde-

tectable after the disinfection protocol.

Viability assessment

Samples withdrawn from the treated cell suspen-

sions were subjected to three serial dilutions with EPA

dilution water (2 mM MgCl2, 0.6 mM KH2PO4, pH 7.1)

as a standard diluent for E. coli (United States Environ-

mental Protection Agency Office of Water 2009), using

aliquots no smaller than 25 mL and a total dilution factor

of 6.774£ 106. This consistently produced the desired

result of »100�150 CFU/assay plate in the unexposed

treatment groups. We placed 1 mL of the final dilution

on the surface of Compact Dry EC100 assay plates

(Hardy Diagnostics, Santa Maria, CA, USA), on which

E. coli specifically produces a blue colony and other,

non-E. coli, coliforms produce red colonies. Colonies

were counted after incubation at 37˚C for »18 h, at

which time the colonies were visible macroscopically. In

most experiments, the plates were scored manually with-

out blinding. However, in supplemental experiments, to

ascertain the effects of temperature and potential cyto-

toxic chemical effects on cell viability (discussed later in

this report), because of the large number of samples, the

plates were scored using image analysis. Digitized

images of the plates were classified and counted, using

the advanced trainable Weka segmentation in the Fiji

distribution of ImageJ (National Institutes of Health,

Bethesda, MD, USA) and the particle analyzer plugin.

Briefly, after Weka segmentation, the resulting binary

images were thresholded and a watershed was applied to

separate touching colonies. The particle analyzer was

applied to the resulting image to obtain the CFU counts.

Sample preparation for light or transmission electron

microscopy

For light microscopy and for initial TEM fixation,

HIFU-exposed or unexposed bacterial samples were

fixed with half-strength Karnovsky’s fixative. A drop of

the fixed suspension was applied onto a polylysine-

coated histologic slide, air-dried and then stained using

the standard Romanovsky-Giemsa procedure. Image

acquisitions were carried out under oil immersion, using
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a Zeiss upright microscope with 100£ objective (total

magnification 1500 £) and with an AxioCam MRc 5

megapixel camera.

For transmission electron microscopy (TEM),

treated or unexposed bacteria were concentrated by cen-

trifugation at 8,000 g£ 20 min, and the supernatant was

discarded. Pelleted fixed cells were treated with 1%

osmium tetroxide solution for 30 min and dehydrated in

a progressive series of ethanolic solutions (30%, 50%,

70% and 100%). After routine procedures, the pellets

were stained with 1% uranyl acetate in 70% ethanol dur-

ing dehydration and then embedded into epon-araldite.

Ultrathin sections (70�100 nm) were then obtained on

an LKB-III ultra-microtome (Marieh€all, Sweden). The
sections were further contrasted with Reynolds lead cit-

rate solution. Images were captured using a transmission

electron microscope JEOL 1011 (Tokyo, Japan),

equipped with a Gatan camera.
Fig. 3. Time-temperature relationship for representative 5-mL
samples (open circles) or 10-mL samples (filled circles). The
heating kinetics was similar; however, the 10-mL samples
were heated more rapidly than were the 5-mL samples and
attained a slightly higher maximum temperature. Samples from
both volumes were treated at the time points indicated for the
10-mL samples. Temperature data for the 5-mL samples were

not as comprehensive as for the 10-mL groups.
TAGGEDH1RESULTS TAGGEDEND

Macroscopic observations

During all exposure treatments, there was minimal

agitation at the air-sample interface because of acoustic

streaming; typically, a small hump formed at the inter-

face. Neither visible droplet spray nor mist formed above

the sample. Cavitation fields induced vigorous fluid mix-

ing. Visible turbidity of the suspensions diminished as

treatment time progressed.
Acoustic heating

Post-treatment sample temperature was measured

by inserting a small-gauge thermocouple into the sample

fluid within 30 sec after removal from the water bath and

dismounting the sample vessel from the plastic position-

ing fixture. As shown in Figure 3, the sample tempera-

ture increased in a curvilinear fashion, rising rapidly

during the first 4�5 min and more slowly thereafter. The

heating rate in the 5-mL samples was lower than with

10-mL samples, but the overall kinetics were similar

between the two sample sizes. Possible reasons for this

seemingly counter-intuitive result are discussed later in

this report.

We estimated the temperature measurement error

by measuring how quickly the temperature of hot water

would decrease from an initial value of 50˚C over 30 s,

when poured into room-temperature exposure vessels in

air; the temperature decreased by only 3˚C. The error

estimate can be considered as a worst-case scenario

because our measurements were taken in less than 30 s,

and, during actual treatment, the coupling water warmed

slightly. Thus, the temperature difference between the

vessel wall and vessel contents—and therefore heat dif-

fusion rates—were lower in the actual experiments. The
viability of E. coli at an elevated temperature is dis-

cussed later in this report.

Effect of acoustic treatments on E. coli viability

Inactivation of E. coli was dependent strongly on

total treatment time (Fig. 4), as has been observed by

others under different specific conditions (vide [Brayman

et al. 2017]). In previous experiments involving 100-mL

volumes, the decline in the SF with increasing total

exposure time was well described (r2 = 0.897) as a half-

life phenomenon, with a half-life of 1.2 min, as fit by the

Eadie-Hofstee method (Eadie 1942; Hofstee 1959). In

the present experiments, the kinetics are less clear-cut

(Fig. 4). When 5-mL volumes were insonated at low

exposure times, the decline in the SF appeared on the

first inspection to follow first-order kinetics, with a half-

time of around 2�3 min [i.e., only 2�3 times longer

than required to achieve the same level of inactivation

when using 100-mL samples (Brayman et al. 2017)].

However, the overall fit had an r2 value for a first order

fit of 0.77, being only slightly superior to that for a sim-

ple linear fit (r2 = 0.68). For 10-mL volumes, a simple

linear fit better described the data than did a first-order

kinetic fit (r2 = 0.87 versus 0.02, respectively).

We found 50% inactivation of E. coli in 5- or 10-

mL volumes after »2.5 or 6 min, respectively. In the 5-

mL samples, about 95% inactivation was achieved after



Fig. 4. Recovery of coliform-competent E. coli cells sus-
pended in 3% tryptic soy broth after high-intensity focused
ultrasound treatment. Each of three replicate experiments per
treated volume were made up of four replicate samples per
time point within the experiment. The means of means of the
SFs, § the standard errors of the means are plotted. For both
treated volumes, the decline in the SF was related to exposure
time in curvilinear fashion, but in neither case were the data

well described by first order kinetics.

Figure 5. Appearance of E. coli cells from 5-mL (a�c) or 10-mL (d�
images are not quantitative. (b, e) Material seems to be intact cells a
fraction (SF) was (b) 0.26 § 0.07, and (e) 0.51 § 0.16. (c) Materials
was 0.004 § 0.001. (f) Many apparently intact cells are visible. The a

0.04 (i.e., about 10-fold g
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10 min of exposure, declining to nearly 0% after 20 min.

In the 10-mL volumes, about 80% of the bacteria had

been inactivated after 10 min of exposure; inactivation

declined further to around 95% after 20 min of exposure.

It should be emphasized that the transducer remained

stationary during sample exposure; bacteria from outside

the focal volume entered the focal volume by vigorous

mixing because of cavitation activity.
Light microscopic and TEM appearance of HIFU- or

unexposed E. coli

The appearance of unexposed or HIFU-exposed E.

coli under light microscopy is presented in Figure 5 for

material drawn from 5-mL (Fig. 5 a�c) or 10-mL (Fig. 5

d�f) sample vessels. For bacteria in 5-mL vessels, unex-

posed and exposed to HIFU for 5 min (Fig. 5 a and b),

the stained materials appear to be intact cells, with little

to no evidence of debris. Although this image is not

intended to be quantitative, it is noteworthy that what

appears to be a high level of cellular integrity was asso-

ciated with almost 75% inactivation of bacteria as

assessed by coliform competence. For bacteria exposed

in the 5-mL volume to HIFU for 20 min (Fig. 5 c), the

optical field appears to be populated exclusively by

stained cellular debris. Bacterial inactivation under these

conditions was >99.5%.
f) samples stained using the Romanovsky-Giemsa method. The
nd cellular debris appears to be absent. However, the surviving
seem to be made up of cellular debris; SF at this exposure time
ssociated SF was consistent with this observation, being 0.05 §
reater than in [c]).



Fig. 6. Transmission electron microscopy (TEM) appearance of unexposed E. coli cells at (a) the low magnification (8000 £, scale
bar is 5 mm), (b) the middle magnification (20,000 £, scale bar is 2 mm) and (c) the high magnification (40,000 £, scale bar is 1
mm). (a) Representative distribution of different shapes of the bacteria, varying from spherical to elongate rod-shaped, depending on
the cell cycle and their orientation in TEM section. Two newly divided cells (arrows) and regions of high- and low-electron density
are visible with the middle magnification (b) Pili on the surfaces of the bacteria (arrow) are resolved with high magnification (c).

Although the images are not quantitative, the surviving fraction as measured by colony formation was 1.00 by definition.
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For bacteria in the 10-mL vessels, unexposed

(Fig. 5 d) and exposed to HIFU for 5 min (Fig. 5 e), like

the 5-mL samples, the cells appear to be intact and there

is no evidence of comminuted debris. However, the

staining pattern for the 5-min exposure is heterogeneous.

We found that 50% of the cells associated with this

exposure treatment were inactivated. Figure 5 (f) shows

bacteria exposed to HIFU in the 10-mL volume for

20 min. Evident in this image are many apparently intact

cells, with a background of comminuted debris. The cell
Fig. 7. Transmission electron microscopy appearance of E. coli
tion. At the low magnification (a) (20,000 £, scale bar is 2 mm
plasm to various extents; many cell wall fragments are eviden
mm), three apparently intact cells share the optical field with th
magnification view (c) (40,000 £, scale bar is 1 mm) of a sma
dense cell essentially indistinguishable from those in unexpose
plane of section appears intact but the cell is almost free of c
hole exists. No pili remain on the bacterial surfaces. The survi

was 0.26 §
inactivation associated with this treatment was about

95%, as measured by the plating efficiency.

These results show that inactivated bacteria may still

appear normal under optical microscopy. TEM was used

for higher resolution examination of structural damage to

the treated bacteria. Figures 6�10 present the appearance

of bacteria drawn from 5-mL or 10-mL samples that were

either unexposed or exposed to HIFU for either 5 or 20 min.

Figure 6 shows the TEM of unexposed E. coli at

various magnifications. Different shapes of the bacteria,
cells from the 5-mL, 5-min exposure treatment combina-
), nearly all cells are seen as damaged and missing cyto-
t. In another field of view (b) (25,000 £, scale bar is 2
ree damaged cells and many cellular fragments. The high
ller portion of the optical field in (b) shows an electron-
d cell images (Fig. 6), a cell in which the cell wall in this
ytoplasm, and a cell in which an approximately 120-nm
ving fraction associated with this treatment combination
0.07.



Fig. 8. Transmission electron microscopy appearance of E. coli cells from a 5-mL, 20-min exposure treatment combina-
tion. At the low magnification (a) (20,000£, scale bar is 2 mm), all cells are damaged, with no signs of cytoplasm visible
inside the cells. The cell walls are destroyed, and vesicular bodies are present in the cells. The image is dominated by cel-
lular debris. At the middle magnification (b) (50,000 £, scale bar is 1 mm), empty cell walls and fragments populate the
optical field. No pili are seen on the surface of the bacteria. At the highest magnification (c) (120,000 £, scale bar is 500
nm), the arrow points to a 35-nm gap in the wall of a cell nearly devoid of cytoplasm. The surviving fraction associated

with this treatment combination was 0.004 § 0.001.
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varying from spherical to elongated rod-shaped, depend-

ing on the cell cycle and their orientation in section, are

presented in an overview image (Fig. 6 a); many of the

cells appear to be in the division stage. Thick cell walls

of high or low contrast, regions of high and low electron

density and two newly divided cells (arrows) are visible

in the middle-magnification view (Fig. 6 b). The bacte-

rial cytoplasm is electron dense, but populated with

regions of lower electron density largely associated with

the cell membrane. The cells in the high-magnification

view (Fig. 6 c) appear to be intact with no obvious dam-

age to the inner or outer cell membranes as well; the

appearance of the low-contrast thick wall of bacteria that
Fig. 9. Transmission electron microscopy appearance of an E. c
nation. At the low magnification (a) (20,000 £, scale bar is 2
intact cells are about the same, with visually intact cells dom
retaining electron-dense cytoplasm, less dense regions (pili) are
almost entirely lacking cytoplasm. At the higher magnification
a vacuolated appearance (b); the arrow in (c) points to a region

viving fraction associated with this treatm
possibly corresponds to pili on the bacteria surfaces is

indicated by an arrow.

Figure 7 shows TEM images of cells treated in

5-mL volumes for 5 min. A mixture of obviously broken

or empty cells missing cytoplasm, cell wall fragments,

disorganized cytoplasmic debris and some visually intact

cells is visible (Fig. 7 a). Three apparently intact cells

share the optical field in Figure 7 (b) with three damaged

cells and many cellular fragments. At a higher magnifi-

cation (Fig. 7 c) of the optical field of view in Figure 7

(b), characteristic cell conditions are clearly visualized:

An electron-dense cell essentially indistinguishable from

the unexposed cells (Fig. 6); a cell in which the cell wall
oli cells from a 10-mL, 5-min exposure treatment combi-
mm), the numbers of obviously damaged and apparently
inating. Similar to unexposed controls (Fig. 6), in cells
associated with the cell wall. Other cells are partially or
(b, c) (40,000 £, scale bar is 1 mm), damaged cells have
of a cell in which the cell wall has invaginated. The sur-
ent combination was 0.51 § 0.16.



Fig. 10. Transmission electron microscopy appearance of a E. coli cells from a 10-mL, 20-min exposure treatment com-
bination. The low magnification image (a) (15,000 £, scale bar is 2 mm) shows all cells as evidently damaged. Circled
areas (b) and (c) are enlarged in the corresponding panels (40,000 £, scale bar is 1 mm). The field of view in (b) is popu-
lated by cell fragments; cell remnants are essentially devoid of cytoplasm. A mostly intact cell shown in (c) is surrounded
by cellular debris. A small gap of approximately 33-nm diameter completely penetrates the cell wall (arrow), and a sig-
nificant amount of cytoplasm appears to have been lost. The surviving fraction associated with this treatment combina-

tion was 0.05 § 0.04.

Fig. 11. The surviving fraction of E. coli cells incubated in 10-mL polycarbonate vessels for 20 min at either room tem-
perature or 45˚C. The temperature history is also illustrated. Heated samples were preheated to 45˚C in less than a minute
before transfer to the thermally preconditioned polycarbonate vessels. There were no significant differences between any
observation and the corresponding initial state. Each point represents the mean of means of six replicate experiments.
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appears intact, but the cell is almost free of cytoplasm;

and a cell with an approximately 120-nm hole formed in

the cell wall. No low-contrast bacteria walls are visible

(i.e., the pili on the bacteria surface appear to have been

lost). The coliform assay showed »75% of the cells

were inactivated by the 5-mL volume, 5-min exposure

treatment combination.

Significantly stronger damage to the cells treated for

20 min in a 5-mL volume is demonstrated by TEM in

Figure 8. The cells in the overview image (Fig. 8 a) appear

damaged, with no signs of cytoplasm visible inside the

cells; destroyed cell walls; and vesicular bodies seen in the

cell remnants. Empty cell walls and fragments populate

the optical field at a higher magnification (Fig. 8, b). At

the highest magnification, (Fig. 8 c), a hole in the bacterial

cell wall (arrow) is obvious. It cannot be determined

whether this hole was larger at some location out of this

plane of section, but as measured in this image, the hole

diameter was 35 nm. The cell is essentially devoid of cyto-

plasm. As measured by coliform assay, more than 99% of

the bacterial cells were inactivated by the 5-mL volume,

20-min exposure treatment combination.

Figure 9 shows TEM images of the cells treated in 10-

mL volumes for 5 min. As shown in the overview image

(Fig. 9 a), contrary to the same exposure of the 5-mL sam-

ple, the number of visually intact cells here dominates the

number of obviously damaged cells, with a partial or

almost entire loss of cytoplasm. Higher-magnification

views show damaged cells with a vacuolated appearance

(Fig. 9 b) and a cell with an invaginated region of its wall

(Fig. 9 c, arrow). Low-contrast thick walls are seen for

some bacteria, indicating possible survival of pili on the

surface of the bacteria. As measured by coliform assay,

about 50% of the bacterial cells were inactivated by the

10-mL volume, 5-min exposure treatment combination.

TEM results for longer, the 20-min treatment of the

10-mL sample volume are shown in Figure 10. The cells

appear as evidently damaged in the overview image

(Fig. 10 a). At higher magnifications, cell fragments and

cell remnants essentially devoid of cytoplasm are clearly

evident (Fig. 10 b and c). Of interest is the gap in the

wall of one cell (arrow) in Figure 10 (c); the diameter of

this gap was measured to be 33 nm at this plane of sec-

tion. This cell appears to have been ready to divide, as

two new cell walls have been formed, and also to have

experienced a significant loss of cytoplasmic contents.

As measured by coliform assay, about 95% of the bacte-

rial cells were inactivated by the 10-mL volume, 20-min

exposure treatment combination.
TAGGEDH1DISCUSSION TAGGEDEND

The present bench-scale study of bacterial cell inac-

tivation of E. coli suspensions of »1£ 109 cells/mL by
low duty-factor pulsed HIFU (Fig. 4) proceeded with

approximately first-order rate kinetics when 5-mL vol-

umes were insonated, as has been reported by others

(Drakapoulou et al. 2009, Ugarte-Romero et al. 2007).

Compared with our earlier, small-scale studies, in which

a 50% inactivation benchmark was achieved in about

1.2 min when 0.1-mL volumes were insonated (at

2 MHz, using a different exposure configuration), here

the 50% inactivation threshold was reached in only

2.5 min in the 5-mL sample volumes exposed to 1-MHz

fields, as described here. Despite the differences in the

exposure conditions between the two sets of experi-

ments, it is encouraging from a systems development

perspective that treatment of a volume 50-fold greater

attained the same 50% level of inactivation after only

about a twice longer treatment. We found that 20 min of

treatment of the 5-mL samples inactivated more than

99% of the cells.

When 10-mL volumes were insonated, the kinetics

of bacterial inactivation were nearly linear during the

first 10 min of exposure, as has also been reported by

others (Scherba et al. 1991). However, the initially rapid

inactivation rates slowed between 10 and 20 min. Fifty

percent bacterial inactivation required about 6 min in the

10-mL samples compared with the twice shorter time of

about 3 min in the twice smaller volume of 5 mL. Again,

neglecting the differences in exposure systems used

between this study and our earlier one, it is notable that a

100-fold increase in treated volume required only a 5-

fold increase in treatment time. However, even with

20 min of exposure, around 5% of the treated cells

retained colony-forming competence. Note that the time

of 20 min needed for 95% bacterial inactivation in

the10-mL sample was also nearly twice longer than that

of about 10 min needed for the twice smaller 5-mL sam-

ple. As bacterial inactivation presumably occurred in the

focal volume of the beam and the exposure vessel con-

tents were mixed because of acoustic streaming, a cer-

tain volumetric inactivation per time could be

introduced for this particular system, which is

1.6 mL/min for 50% and 0.5 mL/min for 95% inactiva-

tion. Although not tested here, it is possible that the half-

life and total counts would both decrease if the trans-

ducer focus was moved within the sample during insona-

tion, rather than allowing the mixing to control the

kinetics of when bacteria were in the acoustic beam.

On light microscopy (Fig. 5), cells treated in either

5-mL or 10-mL volumes for 5 min retained a normal

appearance, even though the SF had been reduced to

0.26 § 0.07 (SEM) or 0.51 § 0.06, respectively. After

20 min of exposure, cells in the 5-mL samples had been

comminuted (SF = 0.004 § 0.001). In the 10-mL sam-

ples, light microscopy of the samples treated for 20 min

showed a mix of apparently intact cells and cellular
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debris. These results suggest that light microscopic

appearance is not a useful predictor of whether insonified

E. coli cells are or are not coliform competent (i.e., that

damage much more subtle than visible on light micros-

copy could produce large changes in the SF).

TEM images showed qualitatively similar results

but provided deeper insight into the mechanisms of dam-

aging the bacteria by ultrasound. With the 5-mL, 5-min

treatment (Fig. 6), a mix of clearly damaged and some

apparently undamaged cells were present; after longer,

the 20-min treatment, (Fig. 7), essentially all the cells

were destroyed and mostly devoid of cytoplasm. In one

case, a largely intact cell wall was observed to have been

penetrated by a 35-nm diameter hole (Fig. 7 c). In the

10-mL, 5-min treatment (Fig. 8), about half of the

observable cells appeared to be intact and filled with nor-

mal-looking electron-dense cytoplasm, with the other

half having lost significant (and presumably lethal)

amounts of cytoplasm. After longer, 20-min treatments,

the bacterial cells appear to have been almost entirely

comminuted (Fig. 9), although the SF was about 5%.

One apparently intact cell (Fig. 9 c), when viewed at

very high magnification, had experienced subtle damage;

viz, a hole of 33-nm diameter in the plane of the section

that penetrated the inner and outer membranes.

The observed bioeffects were almost certainly

mediated by inertial cavitation, as evidenced by both the

apparently biologically insignificant temperature rise

observed in the insonated samples (discussed later in

this report), and by the extensive mechanical disruption

of the bacterial cells. The major mechanisms for cavita-

tion-induced effects include shear (either during expan-

sion or collapse of the bubble), jetting (a mechanical jet

impacting the bacteria) or shock waves (from the origi-

nal incident pressure waveform or inertial collapse of

bubbles). Some of these mechanisms have been

observed in ex vivo vessels (Chen et al. 2011, 2012).

Although many of the inactivated cells were seen to be

reduced to small fragments, the presence of very small

holes in some of the bacterial membranes indicates that

cell damage can be highly localized and of a very small

scale. These holes are often thought to be associated

with cavitation jets. That interpretation may be correct

here as well, although it must be remembered that these

cells experienced ultrasound exposure for many min, so

the actual mechanism is unclear.

We hypothesize that several beneficial factors con-

tributed to the substantial increase in the treatment effi-

cacy of the current pulsed HIFU system. First, frequency

reduction from 2 to 1 MHz resulted in enhanced cavita-

tion and enlarged dimensions of the focal region. Sec-

ond, the formation of shocks at the focus are conducive

to the generation of a cavitation cloud because of back-

scattering of high-amplitude shocks from single
cavitation bubbles. Such scattering leads to the genera-

tion of large negative pressures as the positive-pressure

phase of the wave inverts on scattering and superimposes

on the incident negative-pressure phase to initiate further

cavitation bubbles, and thereby form a large cloud (Max-

well et al. 2011). Acoustic streaming and resultant fluid

mixing is enhanced substantially in the presence of

shocks, because of the enhanced absorption of ultra-

sound energy and transfer of the momentum to the fluid.

Moreover, the presence of steep shocks by itself may

contribute to the mechanical damage of cells via the

mechanism of shear stresses. The acoustic wavelength

of 1.5 mm at 1 MHz in water is much larger than a char-

acteristic size of a bacteria (1�2 mm). However, the

width of a 60-MPa shock front balanced by non-linear

and thermoviscous effects, and estimated using weak-

shock theory, is about 0.15 mm (Perez et al. 2013),

which is much less than the bacterial dimensions. Propa-

gation of shocks through the volume of bacteria thus can

result in inhomogeneous stress and strain distributions

over their surface. One future comparison will be to

determine whether the efficacy is maintained with high-

amplitude, nonshocked waveforms.

Another potential factor we considered was whether

leachates from the polycarbonate exposure vessels might

be cytotoxic to the bacteria. Indeed, dental brackets

made of polycarbonate may or may not be cytotoxic,

apparently depending strongly on the brand of the prod-

uct (Kloukos et al. 2013; Pithon et al. 2009; Retamoso et

al. 2012; Vitral et al. 2010). We performed a study to

assess any apparent cytotoxicity related to our 10-mL

industrial-grade polycarbonate exposure vessels. Bacte-

rial suspensions were incubated in them at either room

temperature or at 45˚C in a temperature-controlled water

bath for up to 20 min. These temperatures correspond, to

within 3˚C, to the initial and maximum temperatures

reached during sonication. Colony-forming unit (CFU)

counting was performed at 0, 10 or 20 min and compared

with controls, which were samples withdrawn from the

stock cell cultures at the time of sample loading into the

vessels. No changes from the initial state CFU control

counts were observed from within a single temperature,

nor between the two temperature exposures (Fig. 11).

The study showed that our sample holders are not cyto-

toxic, and also bacterial viability was not compromised

by incubation at 45˚C for 20 min.

Thermal effects may play a larger role in cell inacti-

vation under physiologic conditions (i.e., higher initial

temperatures would result in higher final temperatures

after insonation). There may be a synergistic effect of

heating stresses and cavitation occurring in tandem, as

these two insults delivered together may induce addi-

tional inactivation. Moreover, high temperature eleva-

tion may cause thermal denaturation effects, although it
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has been reported that a thermally induced 100% kill rate

of E. coli requires 45 min at 60˚C (Jenkens et al. 1988).

Even in the present study, relatively mild thermal stress

may have increased bacterial susceptibility to cavitation

damage. The effect of temperature will be tested in more

detail in future studies.

Our observations indicate that cells in the stock sus-

pension continued to multiply on the benchtop, but the

increase was small during the several hours of an experi-

ment, as assessed by optical density measurements before

and at the conclusion of some experiments. We con-

ducted our experiments starting from a room temperature

initial state because we were concerned that were we to

have maintained the cells at 37˚C throughout, they would

begin to starve and change their biological state before

the experiment had concluded. For example, starvation is

known to confer reduced sensitivity to heat or chemical

challenges in E. coli (Jenkens et al. 1988). This hypothe-

sis was not tested in this study, as the main goal was to

compare these scaled-up volumes to the earlier study.

Finally, the 5-mL or 10-mL samples experienced

somewhat different heating rates, with the 10-mL sam-

ples heating to a few degrees higher than the smaller vol-

ume samples (Fig. 3). We presume that these small

differences reflect a surface-to-volume ratio more con-

ducive to heat exchange between the sample and the

water bath in the 5-mL vessels (surface:volume »3.4

cm¡1, versus »2.4 cm¡1 in 10-mL vessels). Moreover,

the larger vessels had significantly thicker walls than did

the 5-mL vessels, which would also have impeded heat

transfer.
TAGGEDH1CONCLUSIONS TAGGEDEND

HIFU-induced inactivation of bacterial suspensions

of controlled species and defined number concentration

was scaled up successfully from the 100-mL volumes

used in our previous study, to volumes 50 or 100 times

larger; viz., 5 mL or 10 mL. Although the exposure sys-

tem differed in several ways between the previous study

and this one, the results are encouraging from the per-

spective of development of a treatment technology. The

time course of the bacterial inactivation slowed as the

sample volume increased, but in a highly non-linear

way. With 0.1-mL samples, 50% inactivation required

about 1.2 min (Brayman et al. 2017); with 5- or 10-mL

samples, this state was achieved in 2.5 or 6 min, respec-

tively. The treatments applied in the present experiment

were therefore much more efficient at inactivating bacte-

ria than were the previously used, low-volume experi-

ments (Brayman et al. 2017). As a first-order

approximation (i.e., simplifying to linear rates of cell

killing to inactivate 50% of the cells), inactivation rates
were 42, 1000 or 833 million cells/min for the 0.1-, 5- or

10mL treatments, respectively.
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