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Symbols and abbreviations

apochromatic

bandwidth

charged coupled device
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longitudinal wave speed
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vessel diameter
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Po

Pa
RF

SODAR
SONAR
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neodymium-doped yttrium aluminium garnet
ambient pressure

peak rarefactional acoustic pressure

radio frequency

equilibrium radius

sonic detection and ranging

sound navigation and ranging

echo time

thermal index

repetition time

ultraviolet

peak-to-peak voltage

velocity

power

power needed to raise the temperature t§y 1
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shell thickness
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dynamic viscosity
bubble compressibility
cluster compressibility
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wave length
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density
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elasticity
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Introduction and outline

1.1 Ultrasound

Sound waves are a form of mechanical vibration. They coomdgo particle
displacements in matter. Unlike electromagnetic waveschvban propagate in
a vacuum, sound waves need matter to support their propagatisolid, a liquid,
or a gas. The ear is an excellent acoustic detector in aitdaensitivity is limited
to an interval between 20 Hz and 20 kHz [44]. Audio-frequesmynd is essential in
communication and entertainment. The acoustics of bugkliparticularly concert
halls, has been the subject of considerable study. Unwanigid-frequency sound
is called noise. The study of noise and noise control is anorapt part of
engineering.

Ultrasound refers to sounds and vibrations at frequendieveathe upper
audible limit of 20 kHz to values that can reach 1 GHz, as showhigure 1.1.
Consequently, ultrasonics involve higher frequenciessandller wavelengths than
audio acoustics. The highest theoretical ultrasonic ®egy that can be generated

Based on: Kotopoulis S, Delalande A, Pichon C, Postema M. @ls @and sound. In:
Korneliussen RJ, Ed.Proceedings of the 3% Scandinavian Symposium on Physical Acoustics,
Geilo, Norway, 30 January — 2 February 201Trondheim: Norwegian Physical Sociepp11
accepted; and Chapter 1 of PostemaRUndamentals of Medical Ultrasonickondon: Spon press
2011

11
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Figure 1.1: Typical applications of electromagnetic (tcgmd
acoustic (bottom) frequencies.

has been elegantly derived by Kuffiy72]. Consider a crystal consisting of
molecules separated by a distardethrough which a monotone longitudinal
(pressure) wave with speeq is travelling. The phase fierenceA¢ between two
molecules is then

A¢ = kd = ZJTE (1.1)

Co

heref is the sound frequency akds the wave number. Note that the speed of sound
is a material property, which depends on the elasticityipatars of the medium and
its density. Since the human body consists mostly of watdrather fluids [51],
transversal (shear) waves are generally ignored in meditrasonics. The speed
of sound of a medium refers to the speed of the pressure wenggih that medium.

The speed of sound in blood is slightly higher than that inawgi9].

If adjacent masses oscillate in opposite phase, the situatithat of a standing
wave. Therefore, the highest theoretical ultrasonic feagy must be the frequency

whereA¢ = m or
Cp
f = E
Conversely, infrasound involves sounds and vibration®watffequencies (below
20Hz) and long wavelengths. Because the physiologicalas@nsof sound has
disappeared at these frequencies, our perceptions ofmfral and ultrasound are

different [92]. Ultrasonic waves in fluids and solids are usedhfor-destructive

(1.2)
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evaluation. The general principle is to excite and detectaaewat ultrasonic
frequencies and to deduce information from the signalsctisde Example
applications include the detection of flaws and inhomogegeein solids, SONAR,
SODAR, medical imaging, and acoustic microscopy. The naditrasound range
is between 0.5 and 100 MHz. Ultrasound as a therapeutic msansreasing in
popularity, owing to its non-invasiveness and low cost.

1.2 Transducers

The device used for transmitting and receiving ultrasouwndailed a transducer.
Traditional diagnostic transducers use lead zirconasmdie (PZT) materials to
send and receive the ultrasound. The acoustic pressuresaggsh by diagnostic
transducers have an upper limit due to de-poling [130]. Fones therapeutic
applications, where higher acoustic amplitudes are dasirditerent piezo-electric
materials have been investigated. In Chapter 2 of this shié& manufacture of
a transducer with therapeutic potential using the pieectet material lithium

niobate is described.

Focussed ultrasound surgery (FUS) is based on the apphaatthigh-intensity
focussed ultrasound (HIFU) to heat tissue to a temperatat dauses protein
denaturation and coagulative necrosis [143]. Typicablesihave been found to
be ellipsoidal in shape with typical lengths of 1 cm after laggtion of 1-MHz
ultrasound [20]. FUS is used for treatment of malignantass in bone and breast.
Smaller lesions are necessary for microsurgery.

1.3 Cyanobacteria

Such disruptive fects of ultrasound also have applications outside medifone
instance in ecology. In sonochemistry, large-scale Wtrascleaning has become
an important field of study. The physicaffects were investigated on a smaller
scale. Since cyanobacteria contain gas vesicles [10],d9thwpothesised that these
can be disrupted with the aid of ultrasound. Chapter 3 coaerapproach to the
eradication of blue-green algae at clinical diagnostiaslbnic settings.

From the physics point of view, cyanobacteria can be consieas
microbubbles with a dfi encapsulating sheli,e., the cytoskeleton. Hence, the
disruption thresholds must be similar as those of ultrad@mamtrast agents.
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1.4 Microfoams

The density and compressibility parameters of blood celtsllly differ from those
of plasma [79]. Therefore, blood cells are poor scatterethe clinical diagnostic
frequency range. Since imaging blood flow and measuringrogfusion is
desirable for diagnostic purposes [18, 30, 146], markemilshbe added to the
blood to diferentiate between blood and other tissue types. Such nsanikest
be acoustically active in the medical ultrasonic frequeraoyge. The resonance
frequencies of encapsulated microbubbles, gas-filled bubbles with resting
diameters between 1 and jifh, lie well within the clinical diagnostic frequency
range. Based on their acoustic properties, microbubblesnail suited as an
ultrasound contrast agent.

In high microbubble concentrations, microbubbles caraetteach other and
form microfoam. Chapter 4 analyses the formation of micaaioin artificial
capillary vessels, using continuous ultrasound at low sttoamplitudes.

1.5 Cavities

Pre-fabricated ultrasound contrast agents consist of sthffusibility gas
microbubbles encapsulated by biodegradable shells [T2@}se have been injected
into the blood stream for diagnostic, but more recentlyo digr therapeutic
purposes. However, bubbles can also be generated in thenhboty without
injecting an agent. Inertial cavitation is the formationnafw cavities, starting at
an inhomogeneity in the liquid, called a cavitation nucledisoustic cavitation and
optical cavitation have been of particular interest forineasive surgery. Studying
acoustic cavitation has been challenging, because itsm@cme is hard to control.
In Chapter 5, optically nucleated acoustic cavitation espnted.

1.6 Sonopores

It has been proven by numerous groups, that the cellulakemtbdrugs and genes
is increased, when the region of interest is under sonicagod even more so
when an ultrasound contrast agent is present [106]. Thisased uptake has been
attributed to the formation of transient porosity in thel tceembrane, constituted
by pores which are big enough for the transport of drugs ietts.cIf therapeutic
agents can be coupled to the shells of ultrasound contrast agicrobubbles or be
incorporated inside microbubbles, and these microbulitde&l be directed to or
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into cells with the use of ultrasound, this could contribaibeeconomic revolution
in drug and gene delivery.

To study these rapid cell-ultrasound and cell-microbubinleractions,
high-speed photography combined with optical microscepgquired. Phenomena
during a single ultrasound cycle need to be recorded at Matndrrates whereas
slower phenomena such as microbubble dissolution or midrole translation still
require kHz frame rates, as opposed to acoustic streamahfjiad flow which can
be recorded at standard frame rates.

The transient permeabilisation and resealing of a cell nman&in an ultrasound
field is called sonoporation [6]. There are five non-exclegiypotheses for the
sonoporation phenomenon. It has been noted, that, if mitdales can create
pores, it is also possible to create severe cell and tissoragk [7]. There is an
inverse correlation between cell permeability and celbiligy [48, 60, 86, 140],

I.e,, not all cell membrane pores are temporary. This indicdtas $onoporation

is just a transitory membrane damage in the surviving cdll].[6 Cell lysis
results from irreversible mechanical cell membrane dani84¢ which allows
intracellular content to leak out [6]. Only recently, ukoaind-induced programmed
cell death (apoptosis) has been observed with cancer icellgro [4, 34], also

in the presence of an ultrasound contrast agent [1]. Aparm fsituations where
lysis is desired [87], ultrasonic settings should be chosech that cell lysis

is minimal. Side-&ects observed are capillary rupture, haemorrhages, and dye
extravasation [7]. These sid€ects, however, have been associated with relatively
high microbubble concentrations, long ultrasonic pulsgles, and high acoustic
intensities [7]. Chapter 6 gives examples of thEeets ofin vitro ultrasound on
bubbles and cells.

1.7 Safety

There are three standards for the safe use of biomedical mderwater sound,
the mechanical index (MI), the NATO Undersea Research E€hNURC) Human

Diver and Marine Mammal Risk Mitigation Rules and Procedyend the thermal
index (TI). Two of these are represented in Figure 1.2. ThesMimeasure for the
safe use of clinical diagnostic ultrasound and is defined by:

Ml = =& (1.3)
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Figure 1.2: Guidelines for the safe use of biomedical sound.

herep, is the maximum value of peak negative pressure anywhereialtrasound
field, measured in water but reduced by an attenuation faetpral to that
which would be produced by a medium having an attenuatiorfficet of
0.3 dBcnt* MHz™2, normalised by 1 MPa, and is the centre frequency of the
ultrasound normalised by 1 MHz [90]. For M0.3, the ultrasonic amplitude is
considered low. In clinical diagnostics there is a posybdf minor damage to
neonatal lung or intestine for G811<0.7 [90] . These are considered moderate
acoustic amplitudes. For MD.7, there is a risk of cavitation if gas cavitation
nuclei are present, and there is a theoretical risk of céertavithout the presence
of ultrasound contrast agents [45]. The risk increases Witlvalues above this
threshold [90]. These are considered high acoustic angggu

According to the NURC Human Diver and Marine Mammal Risk kftiion
Rules and Procedures [91], the maximum acoustic presswhitthh mammals can
be exposed is 708 Pa at frequencies up to 250 kHz. This camdspo a mechanical
index MI<0.01«0.3.

The Tl is a measure of tissue heating during ultrasonic exgodt is defined

by
W

Tl = ,
Wdeg

(1.4)

whereW is the transmitted power anleq is the estimated power needed to raise
the tissue temperature byQd. The Tl does not indicate the actual temperature rise in
tissue as dierent tissues haveftierentWgeq For this reason several thermal indices
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have been introduced. Three common thermal indices arbééheal index for soft
tissue (TIS), the thermal index of bone (TIB) and the therimdé&x of cranial bone
(TIC). The World Federation for Ultrasound in Medicine anidlBgy Temperature
states that a temperature rise<01.5°C can be used without reservations but an
increase of 4C for 5 minutes is potentially hazardous, whereas the FDAs e
regulate the TI [94].

Most obstetric investigation are carried out with MI and ®iver than 1.0;
higher values only occur for short periods during Dopple@ation [26, 120]

When bubbles are present, these safety guidelines may beahisg.
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Lithium niobate transducers for
MRI-guided ultrasonic microsurgery

Abstract

Focused ultrasound surgery (FUS) is usually based on fregges below 5 MHz,
typically around 1 MHz. Whilst this allows good penetratiomo tissue, it limits
the minimum lesion dimensions that can be achieved. In tndysteported here,
devices that allow FUS at much higher frequencies, theeafoprinciple reducing
the minimum lesion dimensions were investigated. The nuzlugy used to
build high-frequency high-intensity transducers usin@6f-cut lithium niobate
is explained. This material was chosen as its low losses igithee potential to
allow very high-frequency operation at harmonics of thedamental operating
frequency. A range of single element transducers with aredrequency between

Based on: Kotopoulis S, Wang H, Cochran S, Postema M. Lithiimbate transducers for
MRI-guided ultrasonic microsurgerfEEE Trans Ultrason Ferroelectr Freq Contr@D11accepted;
and Kotopoulis S, Wang H, Cochran S, Postema M. Lithium rimhdtrasound transducers for
high-resolution focussed ultrasound surgé&mpc IEEE Ultrason Symp010accepted

This work has been supported by UK EPSRC Grant§&~B8702%1 and EPG01213X1, DFG
Emmy Noether Programme Grant 38355133, and HERI Researoip Rriming Fund. The
authors would like to thank Logitech Ltd. (Glasgow, Unitechggdom) for the lappingolishing
and dicing equipment and Alex Volovick of InSightec Ltd. (fda Israel) for assistance with the
MRI measurements.
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6.6 MHz and 20.0 MHz were built and the transducemiceency and acoustic
power output were measured. A focussed 6.6-MHz transduesr built with
multiple elements operating together and tested using taasolind phantom and
MRI scans. It was shown to increase phantom temperature 1y iB2a localised
area of 2.5mnx 3.4 mm in the plane of the MRI scan. Tests on poultry tissue
were also performed and shown to create lesions of simitaedsions. This study
therefore demonstrates that it is feasible to produce fggpency transducers
capable of high-resolution FUS using lithium niobate.

2.1 Introduction

Focused ultrasound surgery (FUS) is based on the applicafidiigh intensity
focussed ultrasound (HIFU) to heat tissue to a temperatiat dauses protein
denaturation and coagulative necrosis [147]. The requéestperature to generate
lesions is between 56 — 80 [46,52]. The frequency of ultrasound used is generally
around 1 MHz, generating characteristic ellipsoidal lasion the order of 1cm
in length. Higher frequencies in the region of 4 MHz are alsediwhere more
precise treatment is needed, for example in the prostateewthenour sizes may
be <1 mm long yet surrounded by sensitive tissue [117]. At suelgudencies,
conventional piezoelectric transducers can be used, basédrd piezo-ceramic
with high drive capability. The use of FUS is increasing a®a-mvasive form of
surgery and the need for even higher precision is incredsimgxample for use in
aesthetic facial rejuvenation [145], ultrasonic thronyised [127] and treatment of
malignant disease in breast [55] whilst helping maintairagmt’s quality of life
when compared to invasive surgery [116].

In this chapter, the type of device that could be used to apipju at much
higher frequencies, ultimately targeting 50—100 MHz wasasidered. As the
attenuation coicient of human tissue has a near linear dependence on freguen
[80] greater intensity fields are necessary at higher frecies in order to be
able to penetrate deep enough into human tissue. Piezovcera expected to
be incapable of sustaining féigiently high-power operation at such frequencies
because of mechanical fragility, losses, and electricabkdown. Instead, the
investigation was based on lithium niobate, LiNp@44]. As a single crystal, this
can be thinned easily without disintegrating, unlike cacsmIn addition LINbQ
can sustain high electric fields, and its low losses allowutbe of harmonics. The
use of single crystals and LiNk@or high frequency ultrasound has been explored
before, but only for high-resolution imaging [12, 124].
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Figure 2.1: Transducer manufacturir@:position of plates in single
wafer used for each transducdd dimensions of plates for each
transducer© computer-aided design representation of transducers,
and@ completed transducers.

2.2 Methodology

2.2.1 Lithium niobate

As it was expected that piezo-ceramics would be unable toym® HIFU at
high frequencies and harmonics due to de-poling or crackii§6° LiNbO;
was explored. As well as its basic advantages, it has a higtneat frequency
of 3.3 MHzmnt?!, thus allowing for thicker elements at higher frequencies f
cost dfective manufacturing compared to piezo-ceramics, anddgttha highest
electromechanical coupling cieient compared to other LiNbuts [142].
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2.2.2 Transducer manufacture

Three transducer designs were prepared as shown in FiguBfbcussed single
elements with 1217 (mmY¥ square LiNbQ plates (xDucer 1); a 2D faceted bowl
with three pentagonal and four hexagonal plates to mimichespally—focussed
device (xDucer?2); and a 1D faceted cylindrical section vfitke, 9x30 (mmY
rectangular plates to mimic a cylindrically focussed devigDucer3). The
equivalent radii of curvature for xDucer 2 and xDucer 3 we@arbn and 30 mm
respectively.

To prepare the plates for each transducer, Y88, 3-inch diameter, 0.5-mm
thick LINbO3; wafers (Boston Piezo-Optics, Inc, Boston, MA) were obtdine
polished on one side and lapped on the other. Figure 2.1 siheyssition of each
element from each wafer for each of the three transduceguiesSeparation of the
plates was performed with a programmable APD1 saw (Logitedh Glasgow,
UK) with a spindle speed of 2900 rpm and a feed rate of 0.160TAm's

For the xDucer 1 devices, the 11 square elements cut frongéesivafer were
lapped individually in steps of 30m starting from 50Qum down to 20Qum using
a PM5 precision lapping and polishing machine (Logitech).t@ihe force applied
during lapping was adjusted depending on the sample sip&atyy in the range
400-9009g. A slurry of 2@:m calcined A}O3; powder in water was used as
abrasive. Once the elements reached withipu2bof the target thickness, @m
calcined AO; powder was used to avoid scratching. The lapping machine was
programmed to ensure maximum flatness.

The true thickness of the samples was measured and verifieguar intervals
using a CG-10 Precision Electronic Measurement SystemiigaygLtd.). Once
each element was flat at the desired thickness, it was renfimraedhe glass lapping
plate and re-measured to verify the thickness. The elemeets continuously
checked using a stereo microscope for flaws which could acbricentrate stress
and lead to cracking.

An electrode was hand painted on to the lapped side using EREDAG 1415
silver paint (Acheson Colloids BV, Scheemda, Netherlan&cess paint around
the edges was removed using a scalpel and acetone. Theaubbgte of each
element was then attached to the adhesive side of Adwill DAL tape (Lintec of
America, Inc., Phoenix, AZ). RG174Kl 50Q coaxial cable was connected to the
plates using Ag-loaded conductive epoxy, curing taking@lat 80C for 10 min.

For xDucer 1 devices, Cu tubing with an internal diameter ®fi2n was cut
into lengths of 50 mm and placed over the LiNp@ates onto the adhesive side of
the UV tape. Epoxy was then introduced around the sides ofitieO; plate to
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join it to the Cu tube. The case for the 2D faceted array, xDRchad a height of
75 mm, outer diameter of 70 mm and a wall thickness of 2 mm. Hse ¢or the
curvilinear array, xDucer 3, had a height of 75 mm, outer ditenof 50 mm and
all thickness of 1.5 mm. For operation within a magnetic nesee imaging (MRI)
system, the cases of xDucer 2, and 3 were polyvinyl chlofd&3), coated with a
thin layer of Ag paint so they could be used as the electricaligd connections to
the front face of each transducer.

To support the fragile LiNbg) Epofix resin (Struers, Ballerup, Denmark) was
mixed with S38 glass microballoons (Lawrence IndustriesnWworth, UK) with
a weight ratio of 35:65 respectively. The microballoon-gpmix was poured
into the transducer casing. The xDucer 1 devices were fitbeal depth of 16 mm
whereas xDucers 2 and 3 were filled to a depth of 22 mm. It wasddbat the
acoustic output of the single element transducers with #ekibg material was
reduced by 5% when compared to the devices made withoutrgackhe backing
was left to cure at room temperature. The earth cable washattisto the shell using
conductive Ag-epoxy. The UV tape was then exposed to UV lagitt peeled .
Any remaining adhesive residue was removed manually.

The exposed LiNb@was cleaned using solvent then the front surfaces and
part of each case were painted with Ag paint. The cases were fited with
5368 silicone (Henkel AG & Co. KGaA, Dusseldorf, Germany)aterproof the
electrical connections and 30-BNC RG-174 plugs were connected to the ends of
the coaxial cables.

2.2.3 Acoustic pressure

Each transducer was driven by a continuous wave at its fuadthfrequency,
generated by an AFG3102 waveform generator (Tektronix,réiyeWA). The
signal was passed through a 20-dB attenuator before beied as the input
to an RF power amplifier. The single element transducers wested using a
3100LA, 55-dB RF amplifier (Electronics & Innovation Ltd.,oBhester, NY).
To test xDucer 2, the pentagonal elements were linked anerdiy a 2100L,
50-dB RF amplifier (Electronics & Innovation Ltd.) and thexhgonal elements
were linked and driven by the 3100LA amplifier. This was doaegive the
ability to improve on the alignment of the multiple sound dielby shifting the
phase of each group of elements. The pressure outputs wexrgured using a
calibrated fibre-optic hydrophone (Precision Acoustiad.l Dorchester, UK) and
verified using a calibrated HGL-0200 piezoelectric hydmpd (Onda, Sunnyvale,
CA). The curvilinear transducer, (xDucer 3), was testedgisi 150A250, 150 RF
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Property Parameter (unit) || Z-cut | Y-36° cut
Density p (kgm3) 4650 | 4650
Thickness mode velocity v(ms1?) 7380 | 7260
Acoustic impedance Z (MRayl) 34.2 33.8

ck, (Nm?)x10° || 203 185

Elastic constants 053 (Nm2) x 10° 245 185

2, (Nm2)x10° || 252 | 245

€33/ €0 29.8 41.9

Dielectric constants
69?3/60 25.7 37.6
€33 (Cm™2) 1.3 4.47

Piezoelectric constants hss (Vm™) x10° || 5.71 13.4

dgs (MVY) x1022 | 515 | 18.2

Electromechanical kt 0.171| 0.495
coupling codicient

Table 2.1: Mechanical and Piezoelectric Properties fohiluih
Niobate

amplifier (Amplifier Research, Souderton, PA). The acoys#ssure was measured
at the acoustic focus, 13mm from the transducer face usiegHGL-0200
hydrophone. For all measurements, the free field was mansedinned using a
M-652 x-y-z micro-translation stage (Newport, Didcot, OxfordshiréS)Wo locate
the acoustic focus.

2.2.4 LiNbO; properties

Data available for the properties of Y-3&iNbO3; were found to be limited
and incomplete in the literature so values for one-dimeradisimulations were
obtained using PRAP version 2.2 software (TASI Technicdiv@ore Inc, Ontario,
Canada) using electrical impedance data from a plate ms@dsiging a 4395A
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impedance analyser (Agilent, Santa Clara, CA). Table 2dwshthe measured
properties for Y-36 cut LiNbOs;, with figures for Z-cut material shown for
comparison. The resonance frequencies of the transdua e also measured
using the same impedance analyser.

2.2.5 Acoustic radiation

The acoustic radiation force output of the transducers weesored using an EMS
Model 67 ultrasound radiation force balance (EMS Physio,Méhntage, UK). The
transducers were placed within 20 mm of the surface of thesdund absorber in
the balance to ensure that the total radiated flux was intident. The output
voltage of the waveform generator was increased and theifeangbrward and
reflected power, in addition to the transducers acousticepomere recorded.

2.2.6 MRI temperature measurements

MRI guidance is used for FUS [57] as it allows precise targetf the HIFU
fields and direct temperature measurement at the focus. Rigided focussed
ultrasound surgery (MRgFUS) tests in the present work, xéD8cand a tissue
mimicking DQA Gel Phantom (ATS Laboratories, Bridgeporfl)(placed in a
cylindrical perspex chamber filled with tap water were tdstea GE Signa HDx
1.5T MRI system (GE Healthcare, Waukesha, WI). A gradiehbg@anar image
(EPI) was recorded with TEL7.0 ms, TR-230.0 ms, and BW62.0 kHz to capture
the temperature increase of the phantom. The curvilinaasttucer was turned on
att = 0s with a peak-to-peak input voltage of 101V, equivalent W 8coustic
power and 32V forward electrical power. The transducer was turnédadter
55s. The size of the acoustic focus was determined by thehaat®d above the
surrounding phantom ambient temperature.

2.2.7 Tissue sonication

To test the &ect of the HIFU field on tissue, two boneless, skinless cimdkeasts
(Tesco, Cheshunt, UK) were cut into 12x2 x 8 (cm)’ strips. The strips were
placed in a 10< 15 x 5 (cm) container filled with tap water at room temperature
and xDucer 3 was clamped vertically with the acoustic foaushe surface of the
tissue. Each sample was sonicated once. For tests beneatrface of the tissue
the transducer was lowered closer to the chicken. In allx@ats it was ensured
that the transducer surface was not in contact with thedis3ine chicken breast
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Figure 2.2:@ MRI side view of sonication setup where brightness
indicates water content. Image is rotated @dticlockwise from
true position. ® Schematic representation of sonication sefip
perspex water bathi) xDucer 3, {id water, (v DQA gel phantom.
The transducer generates negligible artefacts in the MBgenThe
minor artefacts generated by the silver paint and coaxiblecare
not in the acoustic path thus do ndtext the image or temperature
measurement.

was sonicated using the same settings as in the MRgFUS neeasoits. Sonication
time was increased in steps of 10s. Lesion sizes were mebhswgually from
digital photographs using ImageJ (National Institutes e&kh, Bethesda, MD).

2.3 Results and discussion

2.3.1 LIiNbO; properties

The resonant frequency and third harmonic of the xDucer icdsvmade with
different LINbQG thicknesses are compared to one-dimensional modellind{OD
for both Z-cut and Y-36 cut LINbGs in Fig. 2.3. Although the simulated Z-cut
material gave a higher frequency for a given material théslen other key properties
such as ¢k and k- are much lower, hence the preference for Y-86t material.

2.3.2 Acoustic pressure

The single element xDucer 1 device produced a maximum pepledk pressure
of 14 MPa at the natural acoustic focus of 12mm from the fradefof the
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transducer at the fundamental frequency of 6.6 MHz. At tA@ad 3" harmonics,

corresponding to frequencies (wavelengths) of 21 MHz Wmj and 35 MHz

(44um), the xDucer 1l device produced peak-to-peak pressures6dfi®a and

4.3 MPa respectively. The xDucer2 device generated a mtstukound field.

It was possible to improve the output and reduce the envédigogiency of the

modulation by shifting the phase of each set of elements. h&tresonance
frequency of 6.6 MHz the highest peak-to-peak output of R4P3a, equivalent to
MI=4.7, and lowest modulation frequency of 550 kHz was achievitll a phase

difference of 12 The curvilinear transducer generated a maximum pealeéix-p
pressure of 16.7 MPa at the fundamental frequency of 6.6 M#dgiivalent to

MI=3.3.

2.3.3 Acoustic radiation power

The acoustic power generated by the xDucerl devices is showkrg. 2.4.
Efficiency for these devices was found to bet33 throughout the frequency
spectrum. The output power is seen to drop as the elemekintdss decreases.
This is due to the increasing electrical impedance mismsticlvn in Fig. 2.5. For
maximum output power the impedance magnitude and phasédsbhelb@2 and

0° respectively. As the element thickness decreases the smpednagnitude also
decreases. This is seen for both the fundamental resonadc@ darmonic. The
phase of the '8 harmonic increases as the element thickness decreases thee t
inductance generated by the cable at higher frequenciegorSasuch as amount
of Ag-loaded epoxy and cable length were seen ftech the impedance of the
transducers [121]. The impedance of the xDucer 3 devicearfrdquency range
from 1-60 MHz is shown in Figure 2.6. The transducer was a#fumatched at
7.1 MHz but was not operated at this frequency as the LiNb@s resonant at
6.6 MHz. At 6.6 MHz, its impedance and phase ofMénd 2 respectively, was
considered close enough to allo#fieient operation. The xDucer 3 device had
an dficiency of 252% whereas an industrial 3.28-MHz, 58-mm diameter, PZT,
HIFU transducer (Precision Acoustics Ltd.) was measurdtht@ an #iciency of
20+1%.

2.3.4 MRI temperature measurements

Figure 2.2 is an MRI image of xDucer 3 positioned on the DQA gleantom.
Figure 2.7 shows the area heated by xDucer3 in the plane ofMitRE scan,
aligned with its focus. The surface area of heating after 85 Sonication
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was 2.5mnx 3.4mm. Within 31s the temperature in the acoustic focus ef th
transducer had increased°C8above ambient to a temperature ofG8A peak
temperature of 5Z was reached after 55s of sonication,@G2above ambient,
as shown in Fig.2.8. The acoustic intensity at the focus eftthnsducer was
equivalent to 163Vcm 2. After sonication, cavitation related bubbles formed on
the front surface of the transducer, shown in Fig. 2.2.
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Figure 2.6: Electrical impedance of xDucer 3 device in tiegfrency
range from 1-60 MHz plotted on a Smith chart.

2.3.5 MRI artefacts

Minor artefacts were generated at the PXE@ paint boundary seen in Fig. 2.2.
These artefacts were not in the vicinity of focus and thusrdit influence the
MRI results. As better impedance matching values were seéhlaMHz for
xDucer 3, both 7.1 MHz and 6.6 MHz were tested in the MRI. Fegli® shows
artefacts generated in the MRI image once sonication statté.1 MHz. As these
artefacts may lead to temperature misreadings, this a@raagt was not used. No
MRI testing was possible with the single element transdudee to eddy current
generated, halo-like artefacts from the copper cases.

2.3.6 Tissue sonication

Figure 2.10 shows thefect of xDucer 3 on chicken breast. An increased sonication
time was necessary in order to induce a lesion beneath theetsirface, of similar
size to the MRI measured results. This is partially due t¢tedag and gas content

in the tissue. The lesions dimensions after 90 s of sonitcati®.6 MHz matched
those measured with the MRI. In Fig.2@0the chicken has been sliced open
to locate the region of coagulation. The lesion was formedvt beneath the
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Figure 2.7: MRI view of sonication area. The focal region lzad
size of 2.53.4 (mm¥. The orange cross indicates the temperature
measurement marker. The green areas represent pixels af equ
temperature, the blue areas represent the acoustic fiekteas the
red areas represent pixels of temperatui®’ C.

surface of the tissue withouffacting the upper tissue boundary or the surrounding
tissue. Figure 2.11 shows the size of the lesions on the ehibkeast as a function

of time. The maximum lesion area after 120 s sonication wa%+D63 (mm¥,
corresponding to a circular lesion of 4 mm diameter. In farttests, after two
minutes continuous sonication, when the transducer uvfas in contact with the
chicken tissue, the LiNb9was hot enough to cause protein denaturation on the
chicken surface.

2.4 Conclusions

In conclusion, it has been shown that it is feasible to maztufa high-frequency,
high-intensity, focussed ultrasound transducers based 36t cut LINbO;. In a
range of tests, operating frequencies up to more than 50 Mg the 3 harmonic
of 200um thick LINbGs, focal pressures of 4 MPa at 35MHz, andaMLl7 at
6.6 MHz were demonstrated. Two of the devices made, withtéacbowl and
faceted cylindrical sections respectively, were desigodae operated under MRI
guidance. It was shown that this design was successful arelused one of the
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Figure 2.9: MRI view of sonication setup using xDucer 3. Dgri
sonication at certain frequencies artefacts are genevatedVRI.
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Figure 2.10: Photographs showing lesions formed on chicken
tissue using xDucer 3@ lesion formed after 30 s sonication with
the acoustic focus on tissue surfad®, lesion formed after 90s
sonication with the acoustic focus beneath tissue surfBioe lesion
was formed 6 mm beneath the tissue surface.

devices to increase the temperature within a gel phantorasaned with MRI, to
more than 5€C following sonication of 55 s with an equivalent acoustiteirsity
of 163Wcm 2. Equivalent sized lesions in chicken tissue after 90 s sdioic were
also created.

Several aspects can be addressed in order to improve tharparfce of the
transducers. At high acoustic intensities the Ag-painttetele was damaged.
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Figure 2.11: Lesion size on chicken breast surface as aifunot
sonication time using xDucer 3 set a/@acoustic power output.

This is attributed to air pockets trapped between the @detrand the LINb@
The use of thin film Cr-Au, Ti-Pt or Al electrodes would be leetacoustically
and electrically compared to conductive Ag paint [89]. Tlases of the devices
for MRI guidance were made with PVC tubing coated with Ag paumsing an
alternative such as Cu-epoxy composite [40] would aid maetufe and reliability
and assist with shielding. The thin LiNg@iezoelectric elements were supported
by microballoon-filled epoxy backing; this reduced the s@urcer output, thus
necessitating exploration of support materials with a loa@ustic impedance or
other methods to support the plates. Finally, electricgdedance matching was
neglected. However, as frequency increases electricatdanpce decreases and
sustained operation would be enhanced by electrical immpetaatching.



Sonic cracking of blue-green algae

Abstract

Algae are aquatic organisms classified separately fromtglamhey are known

to cause many hazards to humans and the environment. Biee-gigae strands
contain gas vesicles that help them float. At low acousticldénges, microbubbles
pulsate linearly but at higher acoustic amplitudes, thegdted expansion phase
may result in microbubble disruption; this is known as sociacking. It is
hypothesised that if the membranes of these gas vesiclessaupted by means of
ultrasound, the gas may be released analogous to sonigrggacusing the strands
to sink. This is a desirable ecologicatect, because of the resulting suppressed
release of toxins into the water.

Small quantities of blue-green algae of theabaena sphaericapecies were
subjected to ultrasound of frequencies and pressures ailitheal diagnostic range,
and observed the changes in brightness of these solutiargiowe. Blue-green
algae were forced to sink at all ultrasonic frequencies istijdsupporting the

Based on: Kotopoulis S, Schommartz A, Postema M. Sonic argai blue-green algaéAppl
Acoust200970(10):1306-1312; and Kotopoulis S, Schommartz A, Posteim8afety radius for
algae eradication at 200 kHz—2.5 MH2roc IEEE Ultrason Symp0081706—-1709.

This work has been supported by EPSRC GrantBB70231 and the HERI Research Pump
Priming Fund. | would like to thank John Adams, The Universit Hull, for support with the
experimental setup.
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hypothesis that the gas vesicles crack under ultrasoundatmm in the clinical
diagnostic range.

Although the acoustic fields used to eradicate blue-gregaeadre perfectly safe
in terms of mechanical index, the acoustic pressures ssithadNURC Rules and
Procedures by over 35dB. Therefore, caution should be takem using these
techniques in a surrounding where aquatic or semi-aquaiticads are present.

3.1 Introduction

Algae are aquatic, eukaryotic, photosynthetic organisrasging in size from
single-celled forms to large kelps. Algae are classifiegssply from plants since
they lack true roots, stems, leaves and embryos. Blue-gaigae are known
to cause many health hazards to humans including skin raglsgointestinal,
respiratory [135], allergic reactions [125] and liver cand36]. In addition,
blue-green algae may have implications on aquatic and aguoatic animals [11].
Eutrophication is the increase in chemical nutrients withie ecosystem, causing
blooms of algae and plant life and the subsequent decongosftblue-green algae
by bacteria; an oxygen-consuming process [118]. Wherohsliof such bacterial
cells die simultaneously after a bloom, the water becomggenx-depleted, killing
off oxygen-dependent organisms [56].

The main factors that influence algae growth are temperatuldight [2, 23].

At low temperatures and low light conditions, the algae dopimtosynthesise and
therefore do not bloom. Blue-green algae strands contaiog@n-producing cells
(heterocysts) shown in Fig. 3.1, these cells have a dianbeteveen 5 and @m.
These store the necessary nitrogen and distribute it to oétls [73].

It is hypothesised that if the membranes of the gas vesickesliarupted by
means of ultrasound, the gas may be released analogousitocsacking [102],
causing the gas to fiuse and have no means to replenish, thus forcing the strands
to sink. At the lake bed, illumination is lower, thus redugiblue-green algae
growth. This is a desirable ecologicdlect, because of resulting suppressed release
of toxins into the water.

There are chemical methods to control certain species eftaen algae but
these have sidefliects such as promotion and growth of other species of algae
[35] whilst also dfecting aquatic life in fresh water ponds and lakes. Theegfor
ultrasonic algae control has been under investigation§49131, 149-151]. In
[49,81, 131, 149-151], ultrasonic sonication offelient species of algae led to a
decrease in algae concentration in the frequency range 20kkiAMHz, which is in
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Nitrogen-Fixating Cell
“heterocyst”

Figure 3.1: Nitrogen-fixating body id\nabaena sphaericalgae.
Under fluorescent light the body does not illuminate redviog
there is no chlorophyll in the body. Each frame corresporas t
565x5651m?.

contrast with [14], where ultrasound was observed to strengthe cell membranes
of red algae. In these studies the exact acoustic conditians not been specified
other than the frequency and power input. Hence, from thasdms point of view,
they are not repeatable. More importantly, the mechanisrmiog algae eradication
or membrane disruption had not been investigated.

Most commercially available equipment works in the loweradonic range
[99]. There have been speculations about the physical mexhdehind the algae
eradication, specifically about the role of cavitation. Histstudy, the fectiveness
of ultrasonic sonication in the clinical diagnostic rangefmabaena sphaericaas
investigated.

In this chapter, acoustic fields in the lower clinical diagtiorange were used,
taking into account the Ml and NURC guidelines.

3.2 Material and methods

To investigate theféect of diagnostic ultrasound on blue-green algae eraditati
three ultrasound transducers were used. A 200-kHz, sirlghaent transducer
containing a PIC155 piezo crystal (Pl Ceramics, LederhGsmany), a PA188



38

' 50 mm i
Ao ”I” | % Silicone
d | RTV 630 | Q /.
| fomm (\| /7 g
} RTV 830 RTV 630
5 ; — 2 mm
d —2
\F\——) mm T
\ 1 1
L |
] 1 1 1
1 ; 1 1
Qg .- @:g', Lt
_-9« - = |
® ® RTV 630
\____/

® ®

Figure 3.2:@ 2.2-MHz ultrasound transducer with= 1" diameter
andr, =35 mm acoustic lengd 200-kHz ultrasound transducer with
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(Precision Acoustics Ltd., Dorchester, UK) 1-MHz, singlernsent transducer, and
a 2.2-MHz, single element transducer containing a Pz37opegstal (Ferroperm
Piezoceramics /5, Kvistgard, Denmark). The focal distance of the 2.2-MHz
transducer was 73mm. The design of two transducers is showrig. 3.2.
The transducers were subjected to 26@-8inusoidal pulses at a 11.8-kHz pulse
repetition rate transmitted by a V1.0 pulser-receiver ¢woat, Coventry, UK).
Low acoustic amplitudes were used in order to comply withB [90]. The
acoustic amplitudes were measured in a separate water riathle iacoustic foci
of the transducers with a 0.2-mm needle hydrophone (Pogci8coustics Ltd.)
connected to a TDS 420A digitising oscilloscope (Tektrdmig, Beaverton). The
peak-negative acoustic pressures were 40 kPa for the 1-kMiHgducer and 68 kPa
for the 2.2-MHz transducer.e., Ml <0.1.

The blue-green algae used were of &rabaenaspecies. Thénabaenavere
obtained from a natural lake and cultured in 2 L of Jaworskiélium [22] at room
temperature near a South-facing window in an Erlenmeyek ftasl1 days. Prior
to adding the blue-green algae the Jaworski's medium wasm@uSwirtlock 2000
autoclave (Astell Scientific, Kent, UK) at 15-Ib pressure 16 minutes.
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Figure 3.3: Experimental setug@ white paper sheet control
sample; © clamp stand;© transducer;® sonicated sample
pulser-receiver. Areas A1-B2 represent brightness meamamnt
areas, C1 represents the calibration area.

3.2.1 Brightness measurements

To measure the time-dependent change in brightness of e@t@ining blue-green
algae, the culture was split equally into four 250-mL Pexspeakers: one
beaker for each transducer and one control beaker. Theltreexs were inserted
separately in each beaker with the acoustic focus withisdneple. Each transducer
was turned on for 1 hour. The experimental setup is showngn3=3. A digital
photograph of the solution was taken every five minutes uamgOS 350D digital
photo camera (Canon Inc, Tokyo, Japan). The lighting and®x@ settings were
controlled and maintained throughout the sonication. Fdhual settings were
used: 1001SO, shutter speed ¢bQs, f3.50, focal length of 18 mm, no flash,
centre weighted metering mode, custom white balance with @ ghift. The digital
photographs were converted to 8-bit grey scale. On the ghaps of the sonicated
solution and control solution, a square area ofXB80 pixels (Al and B1) in the
middle of the beaker, and an area of ¥60 pixels (A2 and B2), at the base of the
beaker, was selected, whose average grey-scale depthiaaateal using MrLas®
(The Mathwork®", Natick, MA). The change in shade between the firstimagetake
just before sonication and each sequential image aftecatomn was calculated and
graphed for all 18 sonicated and control samples. A whitetshas placed behind
the beakers to maintain a constant background. The greg stdhe sheet was
also measured and used to calibrate the results. In totalpfEasurements were
analysed from 122 photographs.
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10x objective

Figure 3.4: Schematic showing use of microscope. & tbjective

lens was used.@ Blue-green algae under tungsten lighting;
Blue-green algae under fluorescent lighting.

3.2.2 Viability measurements

Every 10 minutes, a 2QL sample was taken from the sonciated solution. Samples
were put on a test slide and observed through a CHA micros¢ohempus
Corporation, Tokyo, Japan) with an MPIlanx}/0.30 NA objective lens (Olympus
Corporation)f. Fig. 3.4. Digital photographs were captured from the micope’s
eye piece using an FE-230 digital camera (Olympus Corpmrati Automatic
settings were used witBuper Macranode and a-1.0 exposure adjustment. From
these digital images deterioration in chlorophyll activand cell damage was
determined. To investigate théfect of ultrasound on the viability of the cells,
fluorescent light was used. When fluorescent light is pregeonto chlorophyll, itis
absorbed and re-emitted as a red glow. The red glow denaeghthchlorophyll is
still active and can photosynthesise, thus the blue-grieme atrands are still alive.
Fluorescent light was used as the method to check the wiabilthe chlorophyll,
since it is a standardised and accepted method in detedtlogphyll activity in
plants [83, 138]. Fluorescent light was projected ontodh&mmples for no more
than 10 seconds in order to capture the digital image. It nsayrae that there are
no disadvantageoustects of the fluorescent light on the blue-green algae [65, 95]
The samples were discarded after being exposed to fluotdsgi®n

Three trials of each frequency were performed. One hundneldtlarty-one
photographs were taken of the microscopic cell structure.
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3.2.3 Post-sonication growth measurements

To measure theffect of ultrasound on blue-green algae growth post-sowicati
twenty-four 1-mL samples were removed from three solutitmest had been
subjected to 1 hour sonication with 200-kHz, 1.0-MHz and-Kz ultrasound

and put into a culture tray with 96 compartments. Twenty-foontrol samples
were taken. The culture tray was left in sunlight for 30 dalise grey scale value
was measured for each compartment.

3.3 Results and discussion

Figure 3.5 shows the microscopicfext of ultrasound on floating bodies in the
blue-green algae solution. From 0 minutes to 60 minutes wication, no change
was seen in the physical structure of the blue-green algaaifthree frequencies.
Fluorescent illumination showed that the ultrasound haghieat on the chlorophyll
activity for the all frequencies tested. The active chléngdp shows that the
blue-green algae strands are still alive and able to photbegise after 60 minutes
sonication. This indicates that the ultrasound transchidees not fiect the
chlorophyll in the cells.

However, Fig.3.6 shows that at all frequencies, for the ifhgabodies, the
sonicated samples showed greater brightness than theokeatnples. For the
sunken bodies, all sonicated samples showed reduced aldréin compared to the
control samples. Thus, the ultrasound has caused the a@igaekt For example,
after 60 minutes, the beakers subjected to 200-kHz soaicatere 92+ 12%
brighter than the control samples, contrasted by the bdad&oms, which were
53 + 27% darker than the control samples.

Clearly, the blue-green algae that were floating in the hedkepped to the
bottom at a faster rate than the control sample. This has btghuted to the
disruption of the floating bodies by the ultrasound. Thisupmorted by Fig. 3.7,
which shows that the sunken bodies still have active chloythput less dense kelps
were found.

Figure 3.8 shows the viability of the culture 30 days afterisation in terms of
sample brightness. At 200 kHz, 1.0 MHz, and 2.2 MHz, the saswere 393 14%,
45+17%, and 46 17% brighter than the control samples, respectively. Aligkes
were significantly brighter than the control samples, eveéhelower boundaries of
the standard deviation. Thus, these results support thethggis that the blue-green
algae that have sunk are less capable of multiplying. Heswecation may prevent
blue-green algae bloom.
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Figure 3.5: Microscopic image sequence showing tffece of
200 kHz—2.2 MHz ultrasound on the floating bodies of bluesgre
algae. Each frame corresponds to 665 um?.

The results can be interpreted as follows. When a gas vasiclebjected to
an ultrasound pulse it expands during the rarefaction pfdsq. If the acoustic
amplitude is sfhiciently high, the encapsulating membrane cannot withhloé&d t
bubble from further expanding, resulting in its rupture. isTphenomenon is
similar to the sonic cracking of micrometer-sized membraneapsulated bubbles
observed in [102]. Sonic cracking exclusively occurs dgitime expansion phase of
a bubble [113].
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Figure 3.7: Microscopic image sequence showing tffece of
200 kHz—2.2 MHz ultrasound on sunken blue-green algae. Each
frame corresponds to 58565um?.
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Figure 3.8: Water clarity 30 days after sonication.

The resonance frequentyof a an encapsulated microbubble is given by [110]:

1 ar 20 2y 20 + 6y
fOZZ\/(Rozp)(p”%*_)_( Rop ) &4

where py is the ambient pressurdy, is the bubble radiusl” is the polytropic
exponent of the gag is the liquid densityg is the surface tension, andis the
elasticity of the encapsulation [110]. Usipg=1.013x10° Pa,Ry=3um,'=1.4,p is

998 kg n3, 0=0.072 N nT%, and assuming that the membrane elasticity is similar to
that of a lipid encapsulatio=0.044 N n1* [42], it can be estimatef§ ~1 MHz for
Anabaenaells used in these experiments. Since the greatest chawtgrity was
seen at this particular frequency, it can safely be statatiulrasound sonication
close to gas vesicle resonance frequency leads to a rffectiee eradication.

The quick decrease in live blue-green algae is similar td thaprevious
studies [49, 81, 131, 149-151]. It can be assumed that thelabon between
(high) frequency and algae eradication in these studiedased to the ultrasound
proximity to gas vesicle resonance as well.

According to the NURC Rules and Procedures [91], the maxinagoustic
pressure to which mammals can be exposed is 708 Pa at fregsi@pco 250 kHz.
The transducers used had acoustic pressures of 40kPa arfeka6&tkdriving
frequencies 1.0 MHz and 2.2 MHz, respectively. These pressurpass the NURC
Rules and Procedures by over 35 dB.
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3.4 Conclusions

At any ultrasonic frequency studied, blue-green algae i@meed to sink. This
supports the hypothesis that the gas vesicles releasegagiunder ultrasound
sonication in the clinical diagnostic range. As supportegtevious studies, under
identical pulse length and pulse repetition, eradicattomost &ective close to gas
vesicle resonance, at a driving frequency of roughly 1 MHz.

Although the acoustic fields used to eradicate blue-gregaeahre safe in
terms of mechanical index, the acoustic pressures surpasSWRC Rules and
Procedures by over 35dB. Therefore, caution should be takesn using these
techniques in a surrounding where aquatic or semi-aquaiticads are present.



Microfoam formation in a capillary

Abstract

The ultrasound-induced formation of bubble clusters mayobenterest as a
therapeutic means, if the clusters behave as one enéitypne mega-bubble, as
its ultrasonic manipulation towards a boundary is strdayiasard and quick. If the
clusters can be forced to accumulate to a microfoam, ergssels might be blocked
on purpose using an ultrasound contrast agent and a sourwksou

In this chapter, how ultrasound contrast agent clusterfoaneed in a capillary
and what happens to the clusters if sonication is continugdg continuous driving
frequencies in the range 1-10 MHz is analysed. Furtherniogl-speed camera
footage of microbubble clustering phenomena is shown.

The following stages of microfoam formation were observathw a dense
population of microbubbles before ultrasound arrival. ehftthe sonication
started, contrast microbubbles collided, forming smaistgrs, owing to secondary

Based on: Kotopoulis S, Postema M. Microfoam formation irapiltary. Ultrasonics2010
50(2):260-268; and Kotopoulis S, Postema M. Forming magpmicrofoam Proc Int Cong Acoust
2010#25.

The authors are grateful to Lantheus Medical Imaging, NBitllerica, MA, USA, for supplying
the ultrasound contrast agent DEFINIPYThis work has been supported by DFG Emmy-Noether
Programme grant 38355133, EPSRC grantHBB70231 and the HERI Research Pump Priming
Fund.
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radiation forces. These clusters coalesced within theespd@ quarter of the
ultrasonic wavelength, owing to primary radiation forc€ke resulting microfoams
translated in the direction of the ultrasound field, hittihg capillary wall, also
owing to primary radiation forces.

It was demonstrated that as soon as the bubble clustersraredand as long
as they are in the sound field, they behave as one entity. Ahgeoustic settings,
it takes seconds to force the bubble clusters to positiopsoapnately a quarter
wavelength apart. It also just takes seconds to drive thetarisitowards the capillary
wall.

Subjecting an ultrasound contrast agent of given condgonrgo a continuous
low-amplitude signal will make it cluster to a microfoam afdwn position and
known size, allowing for sonic manipulation.

4.1 Introduction

Ultrasound contrast agents are used in diagnostic imagifidpey consist of
microscopically small bubbles containing slowlyffdsing gas encapsulated by
biodegradable shells. When inserted in the blood streaesetibubbles oscillate
upon ultrasonic sonication, thereby creating detectalbtasound themselves. A
brief overview of the most common ultrasound contrast agbas been presented
in [119]. It follows that albumin and lipids are currentlyetimost common bubble
encapsulation materials. Because of the proven feagiliditattach therapeutic
compounds to albumin and lipids, therapeutic applicatibonamtrast agents have
become of interest [69, 77,104, 136]. It is desirable thathierapeutic load of any
such contrast agent is released close to the vessel wallefbine, pushing bubbles
towards boundaries by means of primary radiation forcesbieas studied [24].
Both primary and secondary radiation forces resulting fosaillating bubbles, may
cause the repulsion or mutual attraction, and eventuabkamil and coalescence, of
contrast agent bubbles. This phenomenon has been lessdstudi

From the therapeutic point of view, the formation of bubllesters may be of
interest. If the clusters behave as one entigy, one mega-bubble, its ultrasonic
manipulation towards a boundary is fairly straightforwardl quick. If the clusters
can be forced to accumulate to a microfoam, entire vesseajbtrbe blocked on
purpose using an ultrasound contrast agent and a soundsourc

In this chapter, how ultrasound contrast agent clusterdameed and what
happens to the clusters if sonication is continued is aedlys Furthermore,
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Figure 4.1: Collision times of individual encapsulated rolmbbles
as a function of driving frequency at given distana®s using
Pa=20 kPa,Ry=1.25um, k=5x10"% m? N~1 andp=998 kg n13.

high-speed camera footage of microbubble clustering pinena is shown and the
therapeutic consequences of these findings is discussed.

4.2 Theory

A brief overview of theory on radiation forces and ultrasdwontrast agent has
been given in [109]. Bubble translation in the directionloé sound field is caused
by a primary radiation force resulting from a pressure gratlacross the bubble
surface. The translation is maximal during the contracpbase. The velocity
v of a bubble in a steady fluid subjected to an ultrasound fiefdbzacalculated
using [25]:

dmy

Frt Fyg——2— =0, (4.1)

whereF, is the primary radiation forcek4 is the drag forcem = %npRg is the
added mass of the translating bubble, equivalent to halirtags of the displaced
surrounding fluid, in whichR, is the equilibrium bubble radius apds the density
of the surrounding fluid. Averaging over one acoustic cythe, primary radiation
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force is given by [21, 25,134]:

R o)

"7 pcf [(%)2_1] +[5%]2

wherec is the speed of soung, is the peak rarefactional acoustic presstiiis,the

(4.2)

dimensionless total damping d@eient [84], f is the driving frequency, and, is
the bubble resonance frequency [84]. The drag force is diydB4, 134]:

Fy = J%”cd ReR, V(t), (4.3)

wheren is the shear (dynamic) viscosity of the fluid, R&X |v(t)| is the Reynolds
number, and 04
Cq= R—e(l + 0.15 R&%8" (4.4)

is the drag coféicient of a contaminated system [31], such as a contrast.agent

Combining Eqgns. 4.1 —4.3 and integrating ovegides the following expression
for the average velocity of a bubble:

4p2 5(%)

V=
pCfI]CdRe[(%)Z_l]Z-F[d(TO

—h

- [1 - e(_sglfgget)] . (4.5)

Secondary radiation forces, resulting from oscillatingliles under sonication,
may cause the mutual attraction and subsequent coalesocaihasontrast
microbubbles. Two bubbles that oscillate in phase appreach other, whereas two
bubbles that oscillate out of phase recede from each otbet7]. At low acoustic
amplitudes, the phase angléfdrencep between excursion of the oscillating bubble
and the incident sound field is given by [21,76,111]:

f

_ 5(%)

¢ =+ arcta 2 |- (4.6)
1-(3)

The presence of an encapsulating shell increases the dacgaficient by a term

ds [58]

_ S
0s = > o (4.7)
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and increases the squared resonance frequighiay a termf2 [58]

 — - (4.8)

2n F\’gp’
whereS; is the shell friction [58] ang is the shell stiness parameter [58,111]

Ee
1-v°

X = (4.9)

whereE is Young's moduluse is the shell thickness, ands Poisson’s ratio.

The mean approach velociyof two identical bubbles is given by [25]:

2
_dd_ @i LR (4.10)
dt C2m Ph

where d is the distance between the centres of the two bubbleskaisdthe
compressibility of the bubble. Integrating from the inlitdistance between the
bubblesd, to 0 yeilds the collision time (Egn. 4.11) shown in Fig. 4.1.

0 27n 9 a3
= d’dd = ————— 2, 4.11
¢ fd; 2nfp)?pr® RS r fpa)2p® R ( )

In a standing wave field, bubbles with resonance frequerugiser than the
transmitted sound field aggregate at the pressure antinatheseas bubbles with
resonance frequencies lower than the transmitted sourdl digregate at the
pressure nodes [76]. Hence, the ultimate distaticdetween clusters must be a
quarter of the wavelengthe.,

c

bl
do=7 =77 (4.12)

—h

Both processes of bubble clusters aggregating and the nesteshclusters in the
direction of the sound field can be described by a simplifiediga of Eqn. 4.5.

fo
~dh PR 5(%)
dt 6pCf7] fe 2 2 fo 2
[(T) "1] +[6(%)]
where h is the distance travelled by the cluster afdis the cluster resonance

frequency, for whichf, < fo must hold, since the bubble cluster radRis> R,.
For the bubble cluster compressibility, x < k. < ks must hold, in which; is the

: (4.13)

compressibility of a free (unencapsulated) gas bubble.
Bubble coalescence is the fusion of two or more bubbles. Aecadt bubbles
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collide or expand, the pressure in the film between them @s&® resulting in a
deformation (flattening) of the bubble surfaces. The camtig bubble expansion
causes drainage of the interposed film. This thinning caesnuntil a critical
thickness around 04m is reached, at which the Van der Waals attractive forces
result in film rupture and bubble coalescence [32]. Filmmige is generally much
faster for free (unencapsulated) bubbles than for encaglibubbles, as a result
of the flow pattern in the draining film [108].

The coalescence mechanism of lipid-encapsulated michésilvas investigated,
based on high-speed optical observations of sonicatedsolind contrast agent
microbubbles [108]. It was found that, when sonicated ah laigoustic amplitudes,
lipid-encapsulated microbubbles expose free surfacasgltiie expansion phase,
speeding up the coalescence process dramatically. Hemcéhd formation of
bubble clouds or microfoams, the use of low acoustic amgidisus desirable.

4.3 Materials and methods

A schematic overview of the experimental setup for simwtars optical
observation during sonication is shown in Fig. 4.2.

A polycarbonate container was built with internal dimensiof 24x 18 x
15(cmf. To give access to a microscope objective lens and redude opt
aberrations, a 11-mm diameter hole was drilled in the basesred with a 2-mm
thick test slide (Jencons (Scientific) Ltd., Leighton Buziz@edforshire, UK). The
container was filled with 2.6 L tap water. The container waskéal in place on
an x — y translation stage of a DM IRM inverted microscope (Leica idgystems
GmbH, Wetzlar, Germany) with two objective lenses: a 506G7Blan 16x/0.22
NA objective lens (Leica Microsystems GmbH), and a 506238l&hk 50</0.50 NA
(Leica Microsystems GmbH) objective lens. A Mille LUtE&ibre Optic llluminator
Model M1000 (StockerYale, Inc., Salem, NH) was connecteahtoptic fibre with
a 7-mm diameter leading into the water of the container. & placed in line with
the objective lens, as shown in Fig. 4.3.

The charge coupled device (CCD) of a FASTCAM MC-1 high-speahera
(Photron (Europe) Limited, West Wycombe, Bucks, Unitedd€iom) was mounted
to the C-Mount of the microscope and connected to its praegssiit, which was
capable of recording images up to 10,000 frames per secoie. cdmera was
controlled by a laptop computer.
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Figure 4.2: Schematic overview of the experimental setup.
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Figure 4.3: Close-up of the sonication tank with coincidsmind,
light beam, and objective focus (top) and definitions of thenath
and elevation of the transducer relative to the North of thetainer
(bottom).
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4.3.1 Ultrasound

A laptop computer triggered a DATAMAN-530 arbitrary wavefo generator
(Dataman Programmers Ltd., Maiden Newton, Dorset, UK) clwhvas connected
to a 2100L, 50-dB RF power amplifier (Electronics & Innovatiatd., Rochester,
NY). The power amplifier was connected to a single elemensttacer containing
a Pz37 Piezoelectric ceramic (Ferroperm Piezoceranf Kvistgard, Denmark)
with a centre frequency of 2.2 MHz. The design of the transdus shown in
Fig. 3.2. Transmitted signals were continuous waves webudencies in the range
1-10 MHz. The peak-negative acoustic pressures were detatmsing a PVDF
needle hydrophone system with a 0.2-mm active element i@RvacAcoustics
Ltd., Dorchester, Dorset, UK) connected to a TDS 420A digity oscilloscope
(Tektronix, Inc., Beaverton, OR).

The ultrasound transducer was positioned in the contasiagwa clamp stand,
at a focal distance of 38 mm from the region of interest to bdist. The azimuth
of the length axis of the transducer to the relative Nortthefdontainer was 3and
the elevation of the length axis of the transducer relatv&¢ base of the container
was 17, as shown in Fig. 4.3.

4.3.2 Ultrasound contrast agent

Definity® (Lantheus Medical Imaging, North Billerica, MA) consists@;Fg gas
microbubbles with mean diameter between 1.1 andufh3 encapsulated by a
lipid/surfactant shell. Its resonance frequency has been melasuiee 2.7 MHz
[61]. The 1.5-ml vials used in these experiments were state@C. Each vial
was shaken for 15s using a Vialrffixdevice (Lantheus Medical Imaging, North
Billerica, MA). Before introducing the ultrasound contrasgent, it was further
diluted using a 0.9% saline solution.

The diluted ultrasound contrast agent was inserted usingriage into a
micro-bore tube with a 0.51-mm inner diameter. The tube deel CUPROPHAIY
RC55 cellulose capillary (Membrana GmbH, Wuppertal, Geryhavith a 200¢m
inner diameter and &m wall thickness. The middle of the capillary coincided with
the optical focus of the objective lens and with the acoustias of the ultrasound
transducer, as shown in Fig. 4.3. The typical field of viewngghe 1& objective
lens was 506 500 (um)?, wheras the diameter of the acoustic focus was greater
than 5mm. Hence, the whole field of view could be considereatoustic focus.
The capillary was positioned 2 mm above base of the contairer flow speed of
the ultrasound contrast agent through the capillary wasuadgncontrolled.
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In total, 48 experiments were performed. Bubble and clusiees were
measured and tracked using Image-Pro Plus (Media Cybesnétic., Bethesda,
MD). Further analysis was done usingivas® (The Mathwork$', Natick, MA).

4.4 Results and discussion

At the high concentration used, clustering started inatanusly after the
ultrasound source activated. Fig. 4.4 illustrates the gpédecluster formation of
DEFINITY® ultrasound contrast agent that had been further dilutec2@®\}v.

With distances between microbubbles of only few micronsteollision times
from Eqn.4.11 should be within a second, as shown in Fig.4Also from
Egn.4.11 and Fig. 4.1 it is explained why cluster formatiamstrbe faster at higher
frequencies, if the other acoustic parameters and the ntnatien are not changed,
or, after a fixed duration, larger clusters must have fornsaaguhigher frequencies,
since bubbles can approach from largigrat higher f. These deductions are
confirmed by the following experimental observations. Ig.Bi4, after 233 ms two
clusters have been formed of approximatelyi®diameter each. These started to
approach in the subsequent frames. Overall, newly-forresdders collided to form
larger clusters. This is illustrated in Figs. 4.5 & 4.6.

Each branch represents a cluster. The branches comingnéngepresent the
collision and coalescence of clusters into larger clustéhe velocities of clusters
are on the order of tens of micrometers per second. Althougreasing the
acoustic pressure would increase the cluster velocite®ditically, as evident from
Eqn.4.13, they would also lead to microbubble disruptidrl]1 At the frame rates
used phenomena associated with microbubble disruptioe marobserved.

The larger a cluster grows, the lower its resonance frequlkacomes. Hence,
the velocity of a cluster in the direction of the sound fieldfided by Eqn. 4.13,
should decrease in time. If two identical clusters with reswe frequencyfy
merge, the resulting resonance frequendy is (2‘%) fo = 0.79f5[110]. Assuming
that the compressibility and damping ¢daent do not substantially change, a
similar decrease in cluster velocity is expected. Howetler, decrease in slope
magnitude of the main branch in Fig. 4.5 is negligible. Thigimbe explained if
the resulting cluster is much f&r than the original clusters, increasing the damping
codficient.

Also, 7 MHz must be further fb the cluster resonance frequency than 2 MHz.
Hence, the magnitudes of the slopes in Fig. 4.6 are lower thase in Fig.4.5.
Secondary radiation forces of clusters onto each other dexmuain the cluster
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367 ms

Figure 4.4: Microfoam formation during continuous sonizatat
2MHz and 20-kPa peak-negative acoustic pressure. Eachefram
corresponds to a 12120 um)? area. Timet = 0 was defined by
the start of the sonication.

colliding times observed. Even if the compressibility o tblusters would be
equal to that of a single ultrasound contrast agent microlellunder the acoustic
conditions used the collision times from Eqn.4.11 would bst jmilliseconds.
Hence, the bubble clusters cannot be regarded as identcadpoles in this setting.
A close-up of two colliding clusters with 2@m diameters forming a 25m cluster
is shown in Fig. 4.7. The total time spanning this procesigbty less than 1.8 s.
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Figure 4.5: Cluster positions as a function of time, duriogtauous
sonication at 2 MHz and 20-kPa peak-negative acoustic yress
Position in the capillary is defined from East ((h) to West
(500um). Bold lines indicate merged clusters. The beginning)(lef
of a line indicated the formation of a cluster of diameté&.8um.
The end (right) of a line indicates the disintegration ortcaction of

a cluster to a diameter6.8um.

The clusters were initially formed in the middle of the c&p¥. These clusters
were located at distancdg < %1/1, as demonstrated in Fig. 4.8. However, following
further cluster coalescence during 17.55 s of sonicatlmnfibal distance between
the larger clusters corresponded%tb = 54um. These had been pushed towards
the lower capillary wall, owing to primary radiation forces

The clusters velocities towards the capillary wall werewsstn S5ums? at
7MHz and 22 kPa peak-negative pressure anguis?! at 2MHz and 20 kPa
peak-negative pressure sonication. These are of the sal@eas the left hand side
term in Eqn. 4.13. The magnitudes of the slopes in Fig. 4.6dicchange close to
the capillary wall. Hence, in this experimental setup, affigat of the capillary wall
on cluster translation was neglected.

At these bulk concentrations, clusters were formed withéwosds with
diameters 252 um. Taking into account the diameters and assuming a spherica
shape, it can be estimated that the clusters contain 2,0@€oimibbles each.
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Figure 4.6: Cluster positions as a function of time, duringttuous
sonication at 7 MHz and 22 kPa peak-negative acoustic messu
Position in the capillary is defined from East ((h) to West
(500um). Bold lines indicate merged clusters. The beginning)(lef
of a line indicated the formation of a cluster of diamet&.8um.
The end (right) of a line indicates the disintegration ortcaction of

a cluster to a diameter6.8um.

The clusters interact, owing to primary and secondary Bjeskforces, creating
morphing microfoams. Figure 4.9 shows four interactingtds in steady liquid.
Primary Bjerknes forces push the clusters in the directioth® sound field at an
average speed of 4 mm's The shear of the capillary wall caused a rotation of the
interacting clusters.

Figure 4.10 shows at least eight interacting clusters. Wgairotation motion
can be observed. Also, individual ultrasound contrast ag@&orobubbles can
be seen to hop from cluster to cluster. This microscopicesbahaviour can be
attributed to very subtle changes in the acoustic field, ingusver-changing local
nodes and antinodes.

With cluster diameters less than @, buoyancy fects may be neglected at
these timescales as well.

In summary, the following stages of microfoam formationjustrated
in Fig.4.11 were observed. The initial situation was a densmdom
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32.0833s 32.2500s 32.4167s 32.5833s 32.7500s

32.9167s 33.0833s 33.2500s 33.3000s 33.3833s

33.4000s 33.4167s 33.4333s 33.4500s 33.4667s

33.4833s 33.5000s 33.5167s 33.5333s 33.5500s
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33.7333s 33.7500s 33.7667s 33.7833s 33.8000s

Figure 4.7: Two clusters, with 22m diameters and an initial
distance of 55im, colliding and merging during continuous
sonication at a 2-MHz driving frequency and a 20-kPa peaatiee
pressure. The frame size corresponds ta@1(um)?. Times are
relative to the start of the sonication= 0).
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Figure 4.8: Clusters forming during sonication at 7MHz and
22 kPa peak-negative pressure. The frame size correspeonds t
560x264 (um)?. Timet =0 was defined by the start of the sonication.

bubble distribution before ultrasound arrival. After smation started, contrast
microbubbles collided, owing to secondary radiation ferc&ubsequently, these
clusters merged within the space of a quarter of the wavéieogving to primary
radiation forces. The resulting microfoams translatedha tlirection of the
ultrasound field, owing to primary radiation forces.

Small deviations in microbubble sizes or shell propertesdl to deviations
in individual bubbles’ resonance frequencies, as exptess&qn. 4.8. These in
turn cause oscillation phasefldirences, as expressed in Eqn. 4.6, big enough to be
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Figure 4.9: Morphing microfoam during sonication at 7 MHzZlan
86 kPa peak-negative pressure, and a schematic représemithe
event. The frame size corresponds to 27498 (um)?. Timet = 0
was defined by the start of the sonication.
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1884 ms

Figure 4.10: Morphing microfoam during sonication at 7 MHwa
86 kPa peak-negative pressure, and a schematic représemithe
event. The frame size corresponds to 27498 um)?. Timet = 0
was defined by the start of the sonication.
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Figure 4.11. Schematic representation of the four stages of
microfoam formation in a capillary: (left-right) random linle
distribution before ultrasound arrival, bubbles collglirduring
sonication, cluster mergence within the space of a quaftéheo
wavelength, microfoam translation.

observed [109]. Therefore, predicting and manipulatirdjviidual microbubbles

is technically challenging. It has been demonstrated thaga®mn as the bubble
clusters were formed and as long as they were in the sound tielg behaved as
one entity. At the acoustic settings used, it took seconétsrée the bubble clusters
to positions approximatel%ﬁ apart. It also just took seconds to drive the clusters
towards a boundary.

It may assume that vessel blocking can only be successfuimicaofoam is
created with a diameter equal to or greater than the vesselalerd,. From this
study it follows that in order to create such a fo%ﬂ, > dy,or f < 4—3V.

For therapeutic purposes, it would be of great interestdage microjetting on
entire clusters towards a vessel wall, presumably causingoration or sonolysis.
Although ultrasound-induced microjetting has been olesrwith ultrasound
contrast agents, its occurrenceimvivo situations is hard to control [112, 114].
Predictable sonic manipulation would be better feasibteefmicrobubbles would
be forced to cluster to known size and position first.

4.5 Conclusions

The following stages of microfoam formation within a deysglopulated
concentration of microbubbles was observed. After thecatitin started, contrast
microbubbles collided, forming small clusters, owing to@edary radiation forces.
These clusters coalesced within the space of a quarter ofttlasonic wavelength,
owing to primary radiation forces. The resulting microfeamnanslated in the
direction of the ultrasound field, hitting the capillary Wallso owing to primary
radiation forces.

It has been demonstrated that as soon as the bubble clugsrfarmed and
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as long as they were in the sound field, they behaved as orng &itihe acoustic
settings used, it took seconds to force the bubble clusigrggitions approximately
a quarter wavelength apart. It also just took seconds t@dhe clusters towards
the capillary wall.

Subjecting ultrasound contrast agent microbubbles to tragyus low-amplitude
signal makes them cluster to known positions and known rfoara sizes, allowing
for straightforward sonic manipulation.



Laser-nucleated ultrasonic acoustic
cavitation

Abstract

Acoustic cavitation can occur during therapeutic appiwet of high-amplitude
focussed ultrasound. Studying acoustic cavitation has beallenging, because the
location of nucleation is unpredictable. It is hypothediffeat acoustic cavitation
can be forced to occur at a specific location, using a lasen¢teate a microcavity
in a pre-established ultrasound field. In this chapter ansiéie instrument that
is dedicated to this outcome, combining a focussed ultrasdransducer with a
pulsed laser is described. High-speed photographic oaisens of laser-induced
cavitation and laser-nucleated acoustic cavitation fraselt pulses of energy above
and below the optical breakdown threshold respectivelyfraane rates of 0.5

Based on: Gerold B, Kotopoulis S, McDougall C,°Gloin D, Postema M, Prentice P.
Laser-nucleated acoustic cavitation in focussed ultnaddRev Sci Instrun2011accepted.
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notably to Adrian Walker, for ongoing access to high-speedging devices; to Javier Grinfeld,
Yoav Medan, Oleg Prus, and Alex Volovick, all from InSighted., Tirat Carmel, Israel, for ongoing
technical support; and Joyce Joy for ultrasound calibnatieasurements.
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million frames per second are presented. Acoustic recgsdilemonstrated inertial
cavitation can be controllably introduced to the ultragbiwcus. This technique
will contribute to the understanding of cavitation evatutin focussed ultrasound,
including its potential use in therapeutic applications.

5.1 Introduction

Cavitation is the formation of cavities, or bubbles, in idgt Apart from
mechanical or hydraulic cavitation, which occur in a rapifilbwing fluid [8],
cavities can be generated using high-amplitude acoustiesyar optically, induced
via absorption of a laser pulse focussed into a liquid. Atoasd optical cavitation
both occur above some characteristic threshold intensitysorespective forms of
radiation. For acoustic cavitation, the threshold is a fiomcof the peak-negative
pressure and frequency of the ultrasound; sometimes eefdr as the Blake
threshold [148].

Acoustic cavitation is perhaps best known for its role imadbnic cleaning, but
it is also encountered during the application of focussé@sbund surgery (FUS).
FUS procedures involve high-intensity focussed ultraslo(tilFU) in the MHz
range onto target tissue such as a tumour, for ablation s@us absorption of the
mechanical energy. This has the distinct advantage of engoahy requirement for
invasive surgical intervention. Cavitation is currentbrefully avoided in clinical
FUS procedures, as it may scatter incident ultrasoundtradjavhich may result
in malformed and unpredictable lesions. However, it is urideestigation for
potential enhancement of therapeuti@ets during FUS, including as a mechanism
for rapid heat deposition, and for actively promoting druglicery via tissue
disruption [20, 53]. Distinguishing between the types obwstic cavitation [76],
is useful for considering the relatedfects that may be harnessed for therapeutic
applications. Stable (non-inertial) cavitation refergxtended periodic oscillations
around some equilibrium radius, which generate acoustissoms at the driving
frequency and its harmonics. Transient (or inertial) @hon describes unstable
growth followed by rapid collapse, driven by the inertia béthost medium. This
form of cavitation is associated with high localised enatgpsities and broadband
acoustic emissions [110], and may be monitored by way of ae-dostrol
mechanism for possible enhanced FUiRes.

Current understanding of cavitation in focussed ultragoisnhampered by
inherent dificulties in studying the phenomenon, including ultrafashaiyics
at typical HIFU frequencies and the small cavitation nyclehich are a few
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micrometers in diameter. Moreover, the exact site of nuiderais difficult to
predict, often occurring at an impurity or gaseous inclaswithin the field.
Addressing some of these issues provided the motivationhi®mwork reported
here. In contrast, laser-induced cavitation, where a dhe#r pulse is focussed
into a liquid to form a plasma which rapidly expands to formaaity [39, 50], is
a well-established and understood approach used to staodlesiavity dynamics
in a range of fluidic environments [96]. The distinct advgetaf this technique
is the predetermined location of the cavity, defined by thimtpehich the laser
pulse is focussed. This allows the incorporation of highesbcameras imaging
at frame rates capable of resolving these cavitation dycemin this manner,
cavitation-related activity such as the phenomenon objehétion from collapsing
cavities in the vicinity of a boundary [98], causing mategeosion and surface
cleaning, can be reliably and reproducibly investigatedie Tincertainty of the
positional and temporal occurrence of acoustic cavitapoevents meaningful
implementation of high-speed cameras for studying theldpueent of cavitation
activity in ultrasound fields. A number of such studies haserbattempted [15, 16],
although the large field-of-view and long exposure timesitivestigators were
required to employ limited the impact of the observationstloem understanding
of the acoustic cavity cloud evolution, particularly ovéretfirst few hundred
cycles of ultrasound exposure. Laser-induced cavitationliss allow much
higher temporally and spatially resolved dynamics, butehiawited relevance to
acoustic cavitation, as the pulse energy required to indytieal breakdown in
the host medium results in cavity dimensions typically abavfew 100um,
much larger than those typically encountered in MHz ultuasbfields. In this
chapter, the development of an instrument that combinegecional approaches
to studying acoustic and optical cavitation, and which perthe use of high-speed
cameras at MHz frame rates, to observe the evolution of &callg driven
cavitation clouds is reported. Laser-induced cavitatioam ultrasound field has
been previously investigated using high-speed photogrdph]. To enhance
cavitation collapse phenomena, bubble luminescence wakest as a function
of seeding phase in a 44.6-kHz field. The current work is gdigénct in terms
of employing low-energy nanosecond pulses in a well-charsed, moderate-
to high-MI focussed field. Section5.2 describes in detad #xperimental
arrangement, and the custom-designed chamber that allpticsloaccess to the
focal region of an ultrasound bowl transducer, whilst aléonang the ultrasound
itself to propagate unimpeded. Section5.4 presents sangsi@lts for each
of the cavitation regimes possible with the instrument,ludimg conventional
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Figure 5.1: Schematic overview of apparatus, including BhNgger
lines and ultrasound electronics.

laser-induced cavitation, laser-induced cavitation inre-gstablished ultrasound
field, and the new phenomenon of laser-nucleated acoustedation.

5.2 Methodology

In this section the experimental setup developed to obsaistenct regimes of
hybrid acoustic and optical cavitation is described. Feg6rl is a schematic
representation of the apparatus. The ultrasound was dedeby a focussed
bowl transducer and accompanying electronics. The oiciem was a standard
laser-induced cavitation arrangement. The key featurdefiristrument was the
sonoptic chamber, shown in Figure 5.2, which permits iadn of the ultrasound
focus with a laser pulse, focussed through a long workintadie objective lens,
without disrupting the field, other than intentionally withvitation activity. The
entire device was constructed on an RS2000 active selllileyeand vibration
damping optical table (Newport, Didcot, Oxfordshire, UK).

5.2.1 Acoustics
Focussed ultrasound

The ultrasound source was a single-element, 100-mm diani&td, spherically
focussed ultrasound transducer with a geometric focus ofif8@QGE Healthcare,
Waukesha, WI). The transducer had #@icegency of 30% at its impedance-matched
resonance frequency of 1.47MHz. The device was driven by &G3L02
(Tektronix, Everett, WA) arbitrary function generator. &signal was passed via a
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Figure 5.2: Representation of the custom-made sonoptimicba
constructed according to the dimensions of the focussedsokind
field. The Shimadzu HPV-1 high-speed camera is depictedet Ins
top right is the Schlieren imaging arrangement for alignhuérihe
ultrasonic and optical foci. Inset bottom right is a closediithe
cavitation chamber which contains the ultrasound (blue) laser
(green) foci.

20-dB attenuator to a 3100LA, 55-dB RF amplifier (Electrericinnovation Ltd.,

Rochester, NY). The ultrasound field generated was chaisetiecf. Figure 5.3,

in a custom-made 3-dimensional scanning tank, using ai20@PVDF needle
hydrophone (Onda, Sunnyvale, CA). These free-field profilese subsequently
used to validate the field when the transducer was locatelkinvihe sonoptic
chamber.

The custom-made sonoptic chamber shown in Figure 5.2 wagnéesand
constructed specifically for this transducer so that theas¢tund beam produced
could propagate through the focus without scatter or rédlect The transducer
housing was constructed out of 6-mm thick polycarbonatetshend had internal
dimensions of 18& 188x 89 (mm}. Above the transducer housing, two polyvinyl
chloride (PVC) funnels connected via their tapered ends20 20 x 14-(mm}’
glass cavitation chamber, constructed from standard piB5thick microscope
coverslips (Scientific Laboratory Supplies Ltd., HessealstERiding of Yorkshire,
UK) and glued using Rapid ARALDITE epoxy (Bostik S.A., Paris la Défense,
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Figure 5.3: @ Scanned axial and transverse pressure fields of the
focussed bowl transducer used as the ultrasound souraggtioot

the experiments, recorded in an ultrasound scanning targ.
Simulation of field based on the dimensions of the transducer

France). The position of the cavitation chamber over thesttacer as such that the
centre aligned with the acoustic focus. The second invduedel was positioned
above the cavitation chamber to allow unhindered acoustpggation into the
far field. The sonoptic chamber as mounted on an M-8%2z micro-translation
stage (Newport) for alignment of the ultrasonic focus todpgcal focus. To verify
the sonoptic chamber did not impede or scatter the acousiimbat any point,
pressure maps were taken in a plane across the focal regibmhe cavitation
chamber shown in Figure 5.4, using a fibre-optic hydroph&neqjsion Acoustics
Ltd., Dorset, Dorchester, UK) [88], with a tapered tip of sigimity 175 mV MPa?l,

at 1.5 MHz.

Acoustic detection

A custom-made 20@em PZT hydrophone connected via an amplifier 42
at 1 MHz) to an MSO7104A oscilloscope (Agilent Technologlgk Limited,
Wokingham, Berkshire, UK) was situated within the cavaatchamber, outside
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Figure 5.4: Cubic interpolation of the 2-dimensional s¢anigh
sample pressure data measured in the acoustic focus within
the sonoptic chamber (black dots), demonstrating ultradou
propagation.

the acoustic focus as depicted in Figure®.F-igure 5.8 shows spectra generated
at ® Ml =0.6 and@ MI =5.5, from the hydrophone in this position, without
laser-pulse generation. At low MI, the spectral contentasoentrated around
the fundamental at 1.47 MHz. At high MI the additional harnesnindicating
the presence of stable cavitation, as may be anticipatelisnatoustic regime.
For the acoustic detection results presented, a notch Wiléer used to suppress
the fundamental signal from the primary field. In all expeziits degassed tap
water was used. This is defined as water with a oxygen confeatdang L
[122]. Degassing was achieved using liquid heating [37].e Glas content was
measured before and after the experiments using a DO 11dlvkgnxygen meter
(Oakton, Vernon Hill, IL), and determined to be less than 4migfor all reported
experiments.

5.2.2 Optics

Laser source

The laser source was a Nano S 130-10 Q-sitched Nd:YAG pubsssf |(Litron
Lasers, Rugby, Warickshire, UK) emitting up to 70mJ at 532with a pulse
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Figure 5.5:@ Schlieren image of cavitation chamber, used to align
the laser focus (green spot) to that of the ultrasound @igbhtue
region). The omnidirectional needle hydrophone used tordec
acoustical emissions during cavitation activity is alseible. ©
Fourier spectra of sound field wheigMI = 0.6 andid MI =5.5.

duration of 6-8 ns and repetition rate of up to 10Hz. To adelyacontrol the
pulse energy, 650-1050 nn, 10 mm, GL10-B, anti-reflection coated, polarising
cubes (Thorlabs, LTD., Ely, Cambridgeshire, UK) and 532 pmi2.7-mm§-wave
plates (Thorlabs) were used. The first cube and wave-platgpavided coarse
attenuation and the second was used for fine tuning. The bessrexpanded to
slightly overfill the back aperture of the objective lenssang ditraction limited
focal volume. This was achieved with a two times expansi@st®pe constructed
from fis50,, and f3pq,m anti-reflection coated lenses. The pulse was redirected fro
a 532-nm, & 25.4-mm dichroic mirror (Thorlabs) into the back apertufetiee
objective. This permitted high-speed observation throtlghsame objective, as
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depicted in Figure 5.2. To control beam collimation prioetgering the objective
lens, the pulse was passed throughfdehs relay system comprised of twWgsq,,
conjugate lenses. Two objective lenses were used for thenadigons presented,;
a 5x/0.14 NA, M Plan APOQ, infinity corrected lens (Mitutoyo, AuggriL), and a
50x/0.42 NA, M Plan, NIR, infinity corrected lens (Mitutoyo). The&ser energy
was measured at the back aperture of the objective using @CSp@wer meter
(Thorlabs). Laser beam steering was achieved ugi2$.4-mm andz 76.2-mm
protected silver mirrors (Thorlabs). The high-speed canveas protected from
scattered laser radiation using a dichroic band-pass Bé€r IB 50, >98% at
532 nm (Comar Instruments, Cambridge, UK).

Schlieren imaging

Alignment between the acoustic and optical foci is crittcadbtaining reproducible
results. Therefore, a monochromatic Schlieren imagingpsefs built around the
optical windows of the cavitation chamber [93], orthogamethe laser propagation
axis. Schlieren imaging allows for the visualisation of sign or pressure,
variations within transparent media [3]. A 30-Im, LambantiLuxeon V Star,
470-nm light-emitting diode (LED) (Lumileds Lighting, LLGSan Jose, CA) was
used as a continuous light source in combination with #\g0.8-mm, f;5q,, lenses
(Comar Instruments) to generate a collimated beam acr@ssytical window.
Large lenses were used to fully cover the cavitation chamBetazor blade was
mounted on a vertical translation slide to provide the zeder stop, whilst the
image was projected onto a white screen. A Schlieren shadmgshowing
the laser spot and the acoustic focus during the alignmeepure is shown in
Figure 5.88. The shadow of the needle hydrophone used to record acalusata
during cavitation experiments is also apparent in this ienag

5.3 High-speed photography

High-speed cameras may be incorporated into the experimanbne of two
possible configurations. As depicted in Figures 5.1 and Briaging can be
achieved through the same objective that focuses the lateethie ultrasound field.
There is also the option of imaging through a second objedéwns, orthogonal
to the laser propagation direction, once the Schlierercsgtave been removed,
following the alignment procedure. The fibre optic bundléivéeing the flash
illumination to the cavitation chamber must also be rotatedugh 90, from the
position represented in Figure 5.1 and 5.2. This configomatifers the additional
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advantage of image focussing independently from that d&iser pulse. The choice
of high-speed camera is largely determined by the framereapaired to observe a
particular cavitation-related phenomenon. In this chaggsults obtained with two
high-speed cameras: a Shimadzu HPV-1 (Shimadzu, KyotanJapnd a Cordin
Model 550-62 device (Cordin, Salt Lake City, UT) are presdnt The former
consists of a single CCD sensor capable of recording 100efsarh31%260 pixels

at frame rates up to 1 million frames per second (Mfps), atimmim exposure
times of 125ns. The latter is a gas-driven, rotating mirramera capable of
recording 62 frames of 1061000 pixels at frame rates up to 4 Mfps, when using
compressed helium gas to rotate the turbine. The Model 25&-&apable of
minimum exposure times of 250 ns. For high-speed cameraadapasition rates
that did not necessitate flash illumination, an LB60 cordumifibre-optic light
source (Welch Allyn, Skaneateles Falls, NY) coupled to&-mm fibre-optic cable;
capable of providing 7.9610° lux at the exit surface of the fibre-optic cable was
used. For higher acquisition rates, a Model 659 (Cordin)ofeflash system was
used, coupled to the fibre-optic bundle via a condenser [Eamér Instruments).
The flash-head provided 3.23C° lux at 3 m, with adjustable duration of up to 1 ms.
The exit end of the fibre-optic cable was positioned 2 mm fromdurface of the
cavitation chamber. To ensure synchronisation of the laskse, flash illumination
and high-speed camera operation, each component wa®eleatly triggered with
appropriately delayed TTL pulses. In the results preserited O pus is defined
as the frame at which the laser pulse is incident to the damitachamber. The
pre-trigger option on the high-speed cameras was useddgetrithe waveform
generator providing the sinusoid for the ultrasound, whicturn sent two trigger
pulses to the laser &—-120us, to account for the Q-switch delay, and to the flash
capacitor bank at=—70us, to allow the intensity to rise for maximum illumination.
High-speed camera operation was set internalty-tal O us to capture a number of
frames before cavitation activity was initiated.

5.4 Results and discussion

At the mechanical indices used here, no cavitation was wedewithin the
field-of-view of the high-speed cameras, prior to laser @uiadiation.

Figure 5.6 provides representative images extracted figm$peed sequences
recorded at 0.5Mfps of laser-induced cavitation. Figuré@b.demonstrates
conventional, plasma-mediated cavitation, whereby aptimeakdown resulted
from absorption of a 1.2-mJ laser pulse, above the threghd&e energy required
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Figure 5.6: Cavitation recorded with the HPV-1 high-speathera

at 0.5 Mfps, with simultaneous imaging and focussing therlasilse
through the 58 objective lens.@ Laser-induced cavitation from a
1.2-mJ laser pulse® Laser-induced cavitation in a pre-established
focussed ultrasound field of 1.47 MHz and -MI.1. Each frame
corresponds to a 248248 (um)? area.

to generate a cavity. This threshold energy was determimdxt t1.1 mJ for this
system. Rapid expansion resulted in the 2283-{m)? field-of-view becoming
overfilled, within the first few microseconds after absarpti through to 36s,
when the cavity entered the first collapse phase. This wésafed by a number
of rebound inflations, at 48, 66, and 8, driven by the inertia of the liquid
and compressibility of the gas. During these oscillationisrabubble debris
formed, and moved with the liquid surrounding the oscifigtprimary cavity. The
cavity translated upward from & onwards. This may be associated with the
asymmetry of the inflation at %48s. Otherwise, the geometric centre of the activity
remained static throughout the event, since buoyati®ces are negligible over
these timescales.

Figure 5.@ shows an event where the same laser-pulse energy was ihciden
to the focal region of a pre-established ultrasound field dEM1. Similar
to Figure 5.@), the initial 36us of the sequence were dominated by the rapid
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Figure 5.7: @ Laser-nucleated acoustic cavitation recorded with
the Shimadzu HPV-1 camera at 0.5Mfps, with simultaneous
imaging and focussing the laser pulse through thg 5bjective
lens. A 0.95mJ laser pulse was focussed into the focal
volume of the ultrasound field, of identical parameters tat thf
Figure 5.@. Each frame corresponds to a 24848 (um)? area.

® Laser-nucleated cavitation in a field of higher 8.4, recorded
with the Cordin 550-62 high-speed camera, at 0.5Mfps. Fisr th
sequence, imaging was performed through tkeobjective, in the
orthogonal configuration described in Section 5.3, to agh#&larger
field-of-view of 672672 um)?>. The laser pulse was focussed
through the 58 objective.
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expansion and subsequent collapse of the laser-inducégl. cdsingle secondary
inflation was observed at 4&, of a maximum diameter notably smaller than at
the equivalent time in Figure 5@. Further re-inflations were suppressed by the
presence of the ultrasound field, as was the level of microleutbebris. At 6Qus,

a small cloud of debris started to translate upward, in thection of ultrasound
propagation, owing to primary radiation forces [66, 75]aataverage velocity of
1.0ms?!. The formation of the cavitation clouds themselves is akstemnined by
secondary radiation (Bjerknes) forces [66, 75, 85]. Forramete review on cloud
dynamics, Section 12 of Lauterborn & Kurz [74] is referred to

Figure 5.7@ represents a process termed laser-nucleated acoustiaticayito
distinguish it from laser-induced cavitation in an ultrasd field, such as that of
Figure 5.8. Here, a 0.95mJ laser pulse, which is below the optical atwoit
threshold for this system under ambient pressure congitioancleated cavitation
activity in the pre-established ultrasound field. Rathantthe rapid expansion of
the laser-induced cavity, to a maximum diameter of a few heghanicrometers,
a microcavity with a maximum diameter of i4n was formed at=0us. It
translated owing to primary radiation forces, at an avenagjecity of 1.5ms?,
whilst undergoing volumetric oscillations.

Figure 5.1 represents selected images from a sequence of laser-tadtlea
acoustic cavitation in an ultrasound field of significantigreased acoustic pressure
(MI=3.4) with a 0.95-mJ laser pulse. Here, a single cavity ofu@bdiameter
formed att=0ps, and initiated that later revealed itself to be a cavitatioud: a
larger number of distinct cavities, interacting, coalagcand reforming, but also
exhibiting collective behaviour as a single entity due tonary and secondary
radiation forces [66, 75, 85]. The cloud retained sphsrimt 18us, but elongated
in the direction of the ultrasound propagation axis fromu86 before adopting
a mushroom-shaped morphology ati8} reminiscent of the cap-like structures
reported previously [15]. These morphology changes weterapanied by rapid
translation of the cloud, owing to primary radiation forcegth an average velocity
of 7.0ms?.

Figure 5.8 shows the hydrophone signal recorded during the laseeatexd
acoustic cavitation of Figure 5, with the laser pulse incident to the ultrasound
focus att=120us. The sudden increase in signal corresponds to high-speed
observations of the onset of cavitation activity, which alec as the cluster
translates away from the hydrophone tip position, undeptheary radiation force.
Figure 5.8 shows the spectrum of the notch-filtered hydrophone sightideo
first 120us, i.e., the signal of the pre-established ultrasound field. Tlesgmce of
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Figure 5.8: @ The acoustic signal recorded from the hydrophone
positioned within the cavitation chamber, as depicted guFe 5.5,
notch-filtered at 1.47 MHz, recorded during the high-speadges

of laser-nucleated cavitation depicted in Figuret®. 7 The spectra

of the first 12Qus of the signal andb the remaining 28@s, during
laser-nucleated acoustic cavitation.

a second harmonic peak and the absence of broadband ersissiggest stable
cavitation outside the field-of-view before the laser puhsel been generated.
Figure 5.8 represents the spectrum of the hydrophone signal from 12D+l
which exhibits harmonic. In addition, a strong increase @oustic emissions
from 100 kHz to 1 MHz is evident. This suggests that the |lasmleated acoustic
cavitation of Figure 5® is inertial.

5.5 Conclusions

It has been demonstrated that acoustic cavitation can beddo occur at a specific
location in a liquid, by using a low energy, nanosecond lgsése to nucleate
activity in a pre-established ultrasound field. The low puénergy avoids the
large, plasma-mediated cavities, generally associatéu oytical cavitation. It

also permits the incorporation of high-speed cameras t@énthe dynamics at
microsecond temporal and micrometer spatial resolutiombis technique will

contribute to the understanding of cavitation evolutionfacussed ultrasound,
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including for potential therapeutic applications in fosed ultrasound surgery.
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Sonoporation at a low M

Abstract

In this study the physical mechanisms of sonoporation arestigated in order to
understand and improve ultrasound-assisted drug and gginergt. Sonoporation
is the transient permeabilisation and resealing of a cethbrane with the help of
ultrasound an@r an ultrasound contrast agent, allowing for the trans-brame
delivery and cellular uptake of macromolecules betweend®&nd 3 MDa.

The behaviour of ultrasound contrast agent microbubbles cancer cells at
low acoustic amplitudes was studied. After administeringuirasound contrast
agent, HelLa cells were subjected to 6.6-MHz ultrasound withechanical index
of 0.2 and observed with a high-speed camera.

Microbubbles were seen to enter cells and rapidly dissolvEhe quick
dissolution after entering suggests that the microbubloles (part of) their shell
whilst entering.

It was demonstrated that lipid-shelled microbubbles cafoleed to enter cells

Based on: Delalande A, Kotopoulis S, Rovers T, Pichon C,dPeatM. Sonoporation at a low
mechanical indexBub Sci Eng TecBR0113(1):accepted.
This work has been supported by DFG Emmy Noether Programraat@8355133, EPSRC
Grant EPF0370231, and the HERI Research Pump Priming Fund. The authors atefgirto
Conseil Regional for A. Delalande’s fellowship.
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at a low mechanical index. Hence, if a therapeutic agentdeaddo the shell of
the bubble or inside the bubble, ultrasound-guided dsfizeuld be facilitated at
diagnostic settings. In addition, these results may hadications for the safety
regulations on the use of ultrasound contrast agents fgndstic imaging.

6.1 Introduction

Sonoporation is the transient permeabilisation and reggalf a cell membrane
with the help of ultrasound ayior an ultrasound contrast agent, allowing for the
trans-membrane delivery and cellular uptake of macronuiéscbetween 10 kDa
and 3 MDa [104]. Many studies have demonstrated increasgpaird gene uptake
of sites under sonication [6, 17,43, 64,70, 77,128, 132]esEhstudies presumed,
that a physical membrane disruption mechanise, sonoporation, caused the
increased uptake, as opposed to naturally occurring agpitake processes, such as
endocytosis, that are controlled by the system biologyq$3,64,70,77,128,132].
Although mechanical disruption with the aid of ultrasourakeen attributed
to violent side &ects of inertial cavitation and microbubble fragmentatiorost
notably, the increased uptake has also been observed atctovstec amplitudes,
l.e., In acoustic regimes where inertial cavitation and miatdile fragmentation
are not to be expected [28]. An ultrasound contrast agentommibble might act
as a vehicle to carry a drug or gene load to a perfused regiomexest. If the
same ultrasound field that has been implicated in the soatporprocess can
cause release of the therapeutic load, this load could Ibeed=d into cells. Apart
from plainly mixing ultrasound contrast agents with theraiic agents, several
schemes have been proposed to incorporate therapeutis toachicrobubbles.
These include loads to the microbubble shell [62], therbpegases inside the
microbubble [100], gas-filled lipospheres containing &r{ig23], and drug-filled
antibubbles [103]. To understand and ameliorate ultrag@ssisted drug and gene
delivery, the physics of controlled release and of sondpmrehave been under
investigation. That objective also forms the focus for tthapter. Moreover, the
behaviour of ultrasound contrast agent microbubbles rezacer cells deliberately
at low acoustic amplitudes in order to probe whether soraipmr in this regime
was possible was studied; and if so, to ascertain what theosgopic mechanism
might entail; and finally, to assess and scrutinise the pa&pects of ultrasound
exposure in this regime.
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6.1.1 Mechanical index

On commercial scanners, the MI has been limited to 1.9 foricaédmaging
[139]. At low MI, microbubbles pulsate linearly, whereashagh MI, their greater
expansion phase is followed by a violent collapse. During ¢bllapse phase,
when the kinetic energy of the bubble surpasses its surfaer)g a bubble may
fragment into a number of smaller bubbles. Fragmentatianldeen exclusively
observed with contrast agents with thin, elastic shells.agfrentation is the
dominant disruption mechanism for these bubble [111]. dth the fragmentation
of therapeutic load-bearing microbubbles must release libeeds, the actual drug
or gene delivery is in this case a passive process, depeodatiffusion rate and
proximity to the target cells. Fragmenting microbubblesymat create pores in
cells, since fragmentation costs energy. However, if aohigbble collapses near a
free or a solid boundary, the retardation of the liquid nbartioundary may cause
an asymmetry. This asymmetry causefedences in acceleration on the bubble
surface. During further collapse, a funnel-shaped jet majrpde through the
microbubble, shooting liquid to the boundary [98]. The psree created by a
jet has been empirically related to the microbubble exmemf3]. If jets could
be directed to cell layers, in case of a microbubble carrgitigerapeutic load, the
load could be delivered into cells. The jet formation feeated by the cavitation
topology, synergistically interacting with local fluid dgmics arising through the
bubble’s expansion and contraction due to the ultrasourdi fidowever, as the
fluid forming the microjet is just the bulk fluid which carries therapeutic agent,
then there is no guarantee that, even with the formation @m@gore due to jet
impact with the cell membrane, therapeutic agent will etitercell. It needs to
be dislodged and mobilised from the bubble first. Furtheanj@tting has not been
observed at low or moderate MI [112], so that fragmentasdikely to occur before
any delivery takes place. By pushing the loaded microbiioleards the vessel all
using primary radiation forces [24], release can take ptéuser to target vessels. In
a recent study, Caskest al. pushed bubbles into tissue-mimicking gels a&Ui5
[13]. It was previously studied how microclusters consigtof lipid-encapsulated
microbubbles can be formed using primary and secondaratradiforces, and
how these clusters can be pushed towards vessel walls {6#slfound that, even
at MI<0.15, microbubble clusters can be formed and pushed tovealasindary
within seconds.
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Figure 6.1: Possible mechanisms of sonoporat@npush,® pull,
© jetting, @ shear® translation. Based on Figure 9.2 in Postezha
al. [107].

6.1.2 Sonoporation

There are five non-exclusive hypotheses for explaining tl@ogoration
phenomenon. These have been summarised in Figure 6.1: pulhjetting,
shear, and translation [107]. It has been hypothesise@panding microbubbles
might push the cell membrane inward, and that collapsingolasomight pull
cell membranes outward [141]. These mechanisms requireoibbles to be
present in the close vicinity of cells. A separate releasehaeism should then
ensure localised delivery. Although jetting only occursanhigh-MI regime,
it is very dfective in puncturing cell membranes. Jetting has been wvbder
through cells using ultrasound contrast agent microbhidewever, the acoustic
impedance of the solid cell substratum formed the boundamyhich the jetting
took place, not the cell itself [114]. Also, there has notrbemy proof yet of
cell survival after jetting. In a separate study, the rolgetfing as a dominant
mechanism in sonoporation was excluded [105]. If a micrblilis fixed to a
membrane, the fluid streaming around the oscillating bubtrieates enough shear
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Figure 6.2: Experimental setuptop) and a close-up of the
sonoporation configuratiorgtton).

to rupture the membrane [82]. Here again, separate releasieamisms should then
ensure localised delivery. Finally, it has been specul#tad lipid-encapsulated
microbubbles, in compressed phase, translate througimestibranes or channels
in the cell membrane such as the receptor. In case of therapeading, the load
would be delivered directly into the target cell. The maivatage of the latter
mechanism is that microbubble translation by means ofadtrec radiation forces
requires very low acoustic pressures. Hence, potentiabdarg biodfects due to
inertial cavitation can be ruled out.
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6.2 Materials and methods

6.2.1 Sonoporation configuration

In previous studies, increased gene uptake was demonkaatdl<0.3 [27, 59].
Similar sonoporation configuration was used for these éxyents. An overview
of the experimental setup is shown in Figure 6.2. A signalsiimg of 50
cycles with a centre frequency of 6.6 MHz and a pulse repetifrequency of
10kHz,i.e., a duty cycle of 7.5%, was generated by an AFG 3102, dualngian
arbitrary function generator (Tektronix, Inc., BeavertddR), amplified by a
150A250 radio-frequency (RF) amplifier (Amplifier ResearSlouderton, PA) set
to maximum gain, and fed to a custom-built 6.6-MHz ultrasbtransducer with a
hexagonal Y-36lithium niobate element with a maximum diameter of 25 mm [67]
The peak-negative acoustic pressure was measured to beP@.5rMa separate
tank and in the sonication chamber itself. This correspdodan MI of 0.2.
The transducer was placed in a custom-built, 26060 x 150 (mm§ Perspex
sonication chamber, in which an OptiCeltell culture chamber (Nunc GmbH &
Co. KG, Langenselbold, Germany) was placed. One side ofthewdture chamber
contained a monolayer of@x 10° HeLa cells that had been cultured in MEM with
Earl's salts medium (PAA Laboratories GmbH, Pasching, Aassupplemented
with 10% vv heat-inactivated foetal calf serum, GlutaMAXLife Technologies
Gibco, Paisley, Renfreshire, UK), 1%wof non-essential amino-acids (PAA),
penicillin (100 units mt') and streptomycin (10@gmi~t) (PAA), at 37C in a
humidified atmosphere containing 5% &€O The cells were used when there
was 60-80% confluency. Ultrasound contrast agent was @geictto the cell
culturing chamber before each experiment. Several lipillsd ultrasound contrast
agents were tested in this study. In this chapter, resuls 833% dilution of
MicroMarkef® (VisualSonics B.V., Amsterdam, Netherlands), a lipidi&teagent
with a mean diameter of 2/&n are presented. A customised BXFM-F microscope
unit with an LCAch N 2/0.40 NA PhC (Olympus Deutschland GmbH, Hamburg,
Germany) and a LUMPIlanFL 6§0.90 NA water-immersion objective (Olympus)
was placed on top of the sonication chamber with the objetgirs immersed in the
water. The colour charge coupled device (CCD) of a PHOTROMN®&mM MC-2.1
high-speed camera (VKT Video Kommunikation GmbH, PfulengGermany) was
connected to the microscope. The sensor was rotated to nua&ettsat in all
recorded movies, the ultrasound is directed from the lettéaright of the frame.
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Figure 6.3: Experimental setuptof) and a close-up of the
fluorescence configuratiobdgttorn).

6.2.2 Fluorescence configuration

An overview of the setup used for the fluorescence experisnentshown in
Figure 6.3. It is almost identical to the setup describedhim previous section.
However, here, the signal consisted of 40 cycles with a edreguency of 6.6 MHz
and a pulse repetition frequency of 10 kie,, a duty cycle of 6.1%, was amplified
using a 2100L, 50-dB RF amplifier (Electronics & Innovatiaia L, Rochester, NY)
and fed to a custom-built 6.6-MHz ultrasound transduce}. [Bitthis configuration
the ultrasound propagated from the bottom-right, to thelédipof the frame.

Prior to injection in the OptiCeENl, the MicroMarke® contrast agent was
labelled using a DiD (DilGg(5)) lipophilic fluorescent probe (VybratitMolecular
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probes, Invitrogen, San Diego, CA). A ratio ofudlof DiD to 40 ul MicroMarker®
was homogenised by pipetting and incubating for 5 minutes@mn temperature.
Figure 6.4 shows how the DiD fluorescent probe bonded to tlspitolipid [78].
Emitted 1=649-703 nm fluorescence was localised on the microbubblevehen
exciting ati=633 nm.

A custom-made aluminium sonication chamber with internateshsions of
130x 170x 35 (mm} was locked into to th&—y-stage of a 200M inverted confocal
microscope (Carl Zeiss AG, Oberkochen, Germany) coupldd avl. SM Axiovert
510 laser scanning device (Carl Zeiss), using an EC Plariiingal0x</1.30 NA Oil
DIC M27 objective (Carl Zeiss AG), with automatedtack functionality.

The peak-negative acoustic pressure was measured at thetiobp field of
view and corresponded to M0.2.

To evaluate the possible electrostatic attraction betwaerobubbles and cells,
30ul MicroMarker® was diluted into 70@l of distilled water and tested for
electrophoretic mobility{-potential) using a Zetasizer 3000 (Malvern Instruments,
Malvern, Worcestershire, United Kingdom).

To measure the thickness of the cultured celfsHéLa cells were seeded into a
OptiCel®. The cell plasma membrane was labelled with DiD lipophiliofiescent
probe (Vybrant' Molecular probes) according to the manufacturer’s prdtotoe
membrane fluorescence was measured using a 200M confocalscope. Cell
thickness was calculated from theffdrence between the upper and lower slices
where fluorescence was seen. In all fluorescence recordiegsljce thickness was
set to<1 um.

Twenty-three movies under 6.6-MHz sonication at framesrdtetween 500
and 2000 frames per second, representing 15 minutes ofimealexposure were
recorded. Of these, 11 movies were recorded using fluorescdn addition 10
control movies were recorded, with a total duration of 22 utes.

6.3 Results and discussion

Throughout this section, the opticabxis is defined from distal-to-focus (negative)
to proximal-to-focus (positive), with = 0 as the focal plane.

Figure 6.5 showg-stacks of fluorescence emitted by the DiD dye attached to
the membranes of four typical HeLa cells, representing gllegeometry. In total,
the thicknesses of 42 cells were measured. The cultures welte found to be
13+ 2 um thick. Clearly, these cells had thicknesses much grelader wltrasound
contrast agent microbubble oscillations amplitudes atO/2.



89

H,C CH, H,C CH,4
(CH= CH

(CH _

CH3 clo, CH3

SIPRE

N
} —— Hydrophilic head

> —<— Phospholipid
> —<— Hydrophobic tail

P J

Figure 6.4: Schematic representation of DID (D#()) lipophilic
fluorescent probe bonding to phospholipids [78].

19um: 45pmYy - o —
e )
46u W

50\““

Figure 6.5:z-stacks of fluorescence emitted by the DiD dye attached
to the membranes of four typical HelLa cells, representiregycll
geometry.



90

-0.40um 0.00um 0.40um

- C) e
o |lo (o

1.19um 1.59um 1.99um

Figure 6.6: z-stack of two ultrasound contrast agent microbubbles.
Proximal-to-focus Airy disks can be seen around the bubbles
whereas distal-to-focus the bubble boundaries are blurred
Microbubble “A” has a diameter of 2m, whereas microbubble “B”
has a diameter of @m. Each frame corresponds to axt 11 (um)?
area.

The optical system was analysed and the results were cothfmabeibbles and
cells that were slightly out of focus, to rule out that the mment of the bubble
takes place in a plane ftierent from that of the cell. Figure 6.6 showg-atack
of two ultrasound contrast agent microbubbles, similarigufe 10 of Postemat
al [101]. Proximal-to-focus Airy disks can be seen around thbhtes, whereas
distal-to-focus the bubble boundaries are blurred. Naodé tte boundary contrast
is maximal just proximal-to-focus [101].

At a centre frequency of 6.6 MHz, 17 events of microbubbleeremg HelLa
cells were recorded. After entering, the microbubbles wdrgerved to quickly
dissolve. As an example, Figure 6.7 shows an event resarap8d Hz and 40 Hz,
respectively, here two bubbles were pushed to a cell durlhg df sonication.
A microbubble “A’ of 4-um diameter entered the cell and dissolved, whereas a
microbubble “B” of 2um diameter stuck to the cell membrane.
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Figure 6.7: A sonoporation event including microbubblesdistion
during 11s of sonication I€ft) and selected frames of the
microbubble entering a celtight). Microbubble “A” entered the cell
and dissolved, whereas microbubble “B” stuck to the cell ineme.
Each frame corresponds to a 223 (um)? area.
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Figure 6.8: Microbubble of Bm diameter apparently penetrating
through the cell membrane in optical focusft); zstack through
the entire cell, to record whether the apparent microbulelniiey
is actually into the cellright). Areas “A” and “C” are regions
of interest inside and outside the cell, respectively. Efame
corresponds to a 76 76 (um)? area.
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Figure 6.9: Microbubble of 4em diameter apparently penetrating
through the cell membrane in optical focusfl); z-stack through
the entire cell, to record whether the apparent microbuleiliey
is actually into the cell right). Areas “A” and “C” are regions
of interest of high fluorescence and low fluorescence, réispéc
inside the cell. The white dotted lines in the upper left feanf the
right panel indicates the cell membrane. Each frame cooretgpto
a52x 52 (um)? area.
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Figure 6.10: Average fluorescent intensities in the regafristerest
(ROI) of Figures 6.8l¢ft) and 6.9 (ight). Bold lines represent ROI
“A” inside the cells, whereas hairlines represent ROI “C& ttontrol
regions. The dotted line represents the cell boundary asitNote
that the cell boundary contrast is maximal just proximafetous.

Figures 6.8 and 6.9 show two similar events, where fluorescenated
microbubbles were used. The left panels show a microbulpipiarantly penetrating
through the cell membrane in optical focus. Approximate@ymé& after the
ultrasound is switched on a microbubble is seen to penetramieigh the cell
membrane in Figure 6.8. In Figure 6.9 the microbubble is se@enetrate through
the cell membrane approximately 24 ms after the ultrasolasdldeen switched
on. The right panels showzastack through the entire cell, to record whether the
apparent microbubble entry is actually into the cell.
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Figure 6.11: Columng and® represent frames in optical focus
from the events in Figures 6.8 and 6.9, respectively, befonécation
and approximately 8 minutes after sonication. The whitéediblines

in the right frames indicate the cell membrane boundary. [€Efte
frames correspond to 7676 (um)? areas, whereas the right frames
correspond to 4% 45 (um)? areas.

For both events, Figure 6.10 shows average fluorescentsitigmnin two
regions of interest, one inside the cell, and one contralbreg In both events,
most fluorescence from apparent microbubble entry can benads within 5um
proximal to optical focus, thus well within the cells therves.

Figure 6.11 shows frames in optical focus from the eventsigurés 6.8
and 6.9, before sonication and approximately 8 minutes afirication. Clearly,
fluorescence has transferred into the cells and remainetkitize cells long after
sonication.

At these low acoustic amplitudes, inertial cavitationgfreentation, and jetting
should not occur. Hence, as a mechanism in sonoporationvatMf) these
phenomena might justifiably be neglected.

Our observations do not explain why some microbubbles entefl and others
don’t. The quick dissolution after entering suggests thatnhicrobubble loses (part
of) its shell whilst entering.

The-potential measurements showed that the microbubblesshadi a charge
of —43.9+2.4 mV. As cells have a natural negative charge [33, 129]uttiasound
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contrast agent should be repelled by the cells. In all rengsdt was seen that once
the ultrasound was turned on, the microbubbles were attidct the closest cell,
independent of the direction of the sound field. This supgptiré recent finding
that cell membranes can be acoustically active [68], andetbee interact with
microbubbles.

Other cell types than HelLa cells must be used in follow-udisi to investigate
differences in bubblecell interaction.

6.4 Conclusions

It has been demonstrated that lipid-shelled microbubldaese forced to enter cells
at a low MI. Hence, if a therapeutic load is added to the byhliteasound-guided
delivery could be facilitated at diagnostic settings.

In addition, these results may have implications for thetyategulations on the
use of ultrasound contrast agents for diagnostic imaging.



Summary and discussion

The use of ultrasound for non-invasive diagnostics in batustry and medical
imaging has proven itself to be invaluable due to its low@per examination and
ease of use [19,54,133,137].

In medical-diagnostics, guidelines state and@li3 can be considered safe for
pregnant women and neonatals, but yet diagnostic imagiradimes allow the use
of Ml up to 1.9, putting the acoustic intensity used at theneixeers discretion. The
current regulations are based on the likelihood of inedalditation. It is known
that inertial cavitation can cause damage not only to ceitsalso to metals, such
as boat propellers and car injectors [5, 38, 41, 97]. Due ¢briieal challenges,
studying the formation and interaction of ultrasound gatest cavities is minimal.
Therefore, current understanding of the consequencesva@tian near or inside
cells is limited.

Previous studies on non-invasive, ultrasound-induce@peeitics used acoustic
amplitudes corresponding to mechanical indices betwezard 7.0 [9, 29, 115].

In Chapter 2 the manufacture oftieient, high-frequency, HIFU transducers,
capable of high-resolution tissue ablation was analysedl.wals shown that
these transducers could be manufactured at low material(eds25) compared

Based on: Delalande A, Kotopoulis S, Pichon C, Postema Mcé&atell sonoporation at low
acoustic amplitudesroc 18" Int Congr Sound Vibratio2011#4320.
This work has been supported by EPSRC Grani&&870231 and Statoil grant SH2011.
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to commercial HIFU PZT transducers, yet these low-budgatsmucers were
capable of generating acoustic amplitudes equivalent tdllas8.0. Furthermore,
single-element high-frequency high-intensity transdsicst even less<(E 7 in
material costs) to manufacture. These transducers werablegawf acoustic
amplitudes equivalent to an MR.7 at a centre transmit frequency of 6.6 MHz, and
worked up to the 8 harmonic of 35 MHz, generating a sound field equivalent to an
MI=0.4. These transducers surpassed the safety thresholcgfprodtic use even
at the ¥ harmonic.

In addition to being economic and timé&ective, these transducers were also
more environmentally friendly when compared to traditiqmiazo-ceramics, as the
piezo-electric crystal used was lead-free and did not requoling.

A limitation in the use of LINbQ as a piezo-electric element is its fragility.
The LINbO; elements were seen to be very sensitive to stress concengrand
tended to crack when small physical loads were applied inpesison to PZT
piezo-ceramics.g, when lapping or dicing to the desired thickness or shapes T
fragility was also noticed when applying a high voltage otrerse elements. For
this reason, higher tolerances need to be used when mamifigdransducers with
LiNbO; active elements. In addition LiNkQs a very poor receiver compared to
traditional PZTs due to its lowdss value, thus it can't be used for imaging and
diagnostics.

High-frequency transducers capable of FUS would allow foaker lesion
formation which might surpass the precision of invasivegsty, whilst avoiding
the risks associated with invasive surgery [47]ffokdable transducers capable
of high-resolution FUS will open a whole new field in ultrasokinduced
therapeutics.

Chapters 2 and 6 show that coagulative necrosis can occuess than
90 seconds at an MP.0 and cellular damage can occur in the presence of
microbubbles at an M{0.2.

Medical ultrasound has also been of use in biological con€@bapter 3 treats
the sonication of cyanobacteria using pulsed ultrasouadat MI. The blue-green
algae was seen to sink under laboratory conditions. Thtgsolund promotes a
natural death of this species without the release of toxins.

Some cyanobacteria have been said to be harmful to humansqratic
animals. Therefore, it would be beneficial to control théadming. Ultrasound
might be used to clean contaminated water.

Since these investigations were only performed in a laboyagetup and only
on a single species, itis unlikely that a simil#ieet would be seen on a larger scale,
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or outdoors in natural surroundings.

Similar low-MlI ultrasound fields were used to study ultrasd@ontrast agents
in artificial capillaries. Chapter 4 showed that continu@usMHz and 7.0-MHz
ultrasound at an Mt0.015 formed clusters of more than 2000 microbubbles at
precise locations. This cluster-formation phenomenorhiriig used to purposely
block vesselsge.g, to temporarily stop blood supply to a tumour, or to gather
drug-loaded microbubbles to a specific location for ulttembenhanced drug
delivery.

The formation of such clusters only occurred at high michide
concentrationg,e., at concentrations only theoretically feasible in the harhody
with undiluted bolus injections. The influence of the flower& cluster formation
has to be investigated.

To understand thefkects of high-intensity ultrasound in tissue, knowledge in
acoustic cavitation needs to be improved. Acoustic cawgitatypically occurs
within a few acoustic cycles at unpredictable locations.sfaly cavitation with
high-speed photography, the site of nucleation needs tordgsely known. In
Chapter 5 a scientific instrument that is dedicated to this@mue, combining a
focussed ultrasound transducer with a pulsed laser isibesdcit was demonstrated
that inertial cavitation can be controllably introduced tte ultrasound focus.
Acoustic cavitation was seen to occur at acoustic amplguelguivalent to an
MI=0.7. At higher MI, dynamic cavitation clouds were formed. r@mdings
will contribute to the understanding of cavitation evodutin focussed ultrasound,
including for potential therapeutic applications.

All previous sonoporation publications involved high-Mtrasound to deliver
compounds into cells. In Chapter 6 low-MI methods for drud gene delivery was
explored. Lipid-shelled microbubbles were forced intdscesing pulsed ultrasound
at MI=0.2 at transmit frequencies of 1.0 MHz and 6.6 MHz. This pime@aon
typically takes 2s from the moment a bubble contacts the melinbrane, to
complete dissolution of the gas inside the cell. Most bubt#d penetration
occurred within 8s from the start of sonication. These tesulere easily
reproducible, independent of the setup geometry. Thestharfrst recorded and
validated observations of entire microbubbles tranggitio cells. Since bubbles
can be forced into cells, release mechanisms to detach thargsmicrobubbles
may be of lesser importance.

Targeted drug delivery down to the cellular level, with tlee wf encapsulated

bubbles will allow the use of high-toxicity drugs to be injed into the body, but
only delivered to a specific area. Thus, leaving healthy@smdfected.
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Our sonoporation observations could be attributed to timg loulse lengths
used. The bubble-cell attraction then may be attributedettoisdary Bjerknes
forces, similar to those described in Chapter 4. In diagoastaging, much
shorter pulse lengths are used. Although cells themsebheeaaustically active,
this acoustic activity is probably negligible to that of mububbles in high
concentrations. Therefore, it is expected that bubbletotdractions are more
likely to occur in very low bubble concentrations. This tyggéubble-cell attraction
is less likely to occur using common clinical diagnostic ipguent.

In this thesis, it has been shown that it is possible to manturfe low-cost
therapeutic transducers, ultrasound can be used to kijflescells or increase drug
uptake, and acoustic cavitation can be induced at preasditms.

Future work

To ensure reliable performance of LiNp@ransducers, several flaws must be
addressed. As the Ag-paint electrodes were damaged duatt@ing cavitation at
the electrode—crystal interfacefl@rent electrode materials need to be investigated,
e.g, Cr-Au or Ti-Pt. In addition to more reliable electrode Apgtion techniques
need to be explored. Sputter coating thin film electrodesilsheliminate gas
pockets at the electrode—crystal interface, leading téebe&oupling, thus less
crystal heating. Other improvements include transducsigds where the natural
foci of each active element could be aligned more accurataiter support
materials, and protective outer layers

In the field of cyanobacteria eradication, other speciestrheasexamined in
laboratory conditions and in their natural environmentwer frequencies need to
be investigated for outdoor eradication.

Our preliminary laser-nucleated acoustic cavitation ltssshow the formation
of cavitation clouds at high MI. Very little is known on thermymics of cavitation
clouds. Because clouds are easily induced, their role in FlUS be studied.

The viability of cells penetrated by microbubbles still de¢o be assessed, and
subsequently suitability of this sonoporation techniqueldécalised drug delivery
needs to be evaluated. This, of course, requires therapetatibe incorporated
in the microbubbles. Although encapsulation processeseyorid the scope of
this thesis, they are essential to the future success @fsolind-guided drug and
gene delivery. If drug and genes can be successfully coupladoustically active
vehicles, sonoporation might revolutionise non-invasherapy as we know it.
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Summary

This thesis treats biomedical ultrasonics, cavitation and sonoporation.

Focussed ultrasound surgery can heat tissue to a temperature that causes protein
denaturation and coagulative necrosis. For high-resolution focused ultrasound
microsurgery, high working frequencies are necessary. We manufactured a high-
frequency, high-intensity focussed ultrasound transducer, using lithium niobate as the
active element. The transducer was capable of creating 2.5%3.4 (mm)’ lesions without

affecting surrounding tissue.

Such disruptive effects of ultrasound also have applications outside medicine. Since
cyanobacteria contain gas vesicles, we hypothesised that these can be disrupted with
the aid of ultrasound. During 1-hour sonication in the clinical diagnostic range, we

forced blue-green algae to sink, thus promoting natural decay.

In medical diagnostics, ultrasound contrast agents are added to the blood stream to
differentiate between blood and other tissue types. We injected such lipid-shelled
microbubbles into a synthetic capillary and sonicated using continuous ultrasound.
The microbubbles formed clusters at a quarter wavelength apart owing to radiation

forces. We observed cluster coalescence and translation towards the capillary wall.

To study acoustic cavitation, we designed and built a scientific instrument combining
a pulsed laser and a high-intensity focussed ultrasound transducer, capable of
nucleating at precise locations. The cavitation dynamics were recorded using high-

speed cameras. At high acoustic intensities, interacting cavitation clouds were formed.

Microbubbles under sonication have been observed to create transient pores in
adjacent cell membranes. This so called sonoporation has been associated with highly
non-linear bubble phenomena. We observed lipid-shelled microbubbles near cancer
cells under quasi-continuous low-amplitude sonication. Typically within a second of
sonication, microbubbles were seen to enter the cells and dissolve. This new
explanation of sonoporation was verified using high-speed photography and confocal

fluorescence microscopy.

If drug and genes can be successfully coupled to acoustically active vehicles,

sonoporation might revolutionise non-invasive therapy as we know it.
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