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Introduction

1.1 Ultrasound

Medical ultrasound is widely used for imaging purposes [1]. It is an effective,
mobile, inexpensive method, and has the ability to provide high resolution real
time images of tissue [2]. Ultrasound imaging is performed by propagating
waves through tissue and evaluating the echo which is received back. Due
to the different scattering properties of the different tissues, the ultrasound
receiver can evaluate the echo and construct an acoustical image.

The ultrasound wave is transmitted by an ultrasound traducer. It consists
of piezoelectric crystals, which have the property of changing their volume
when a voltage is applied. Applying an alternating current across piezoelec-
tric crystals causes them to volumetrically oscillate at frequencies (~MHz),
causing mechanical stress on the surrounding medium, thereby converting
electric energy into mechanical wave, which is then transmitted into the body.
Analogously, upon receiving the echo the transducer turns the mechanical
sound waves back into electrical energy, which can be measured and dis-
played. The transmit signal consists of a short ultrasound burst. After each
burst, the electronics measures the return signal within a small window of time
corresponding to the time it takes for the energy to pass through the tissue.
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1.2 Bubbles

Blood is a poor ultrasound scatterer and individual blood vessels are almost
invisible to ultrasound. To increase the contrast of the blood pool, microbub-
bles can be injected into the blood stream. The microbubbles scatter ultra-
sound much more efficiently, allowing a very good contrast on the echo im-
age. The contrast ability was discovered accidentally more than 40 years ago
during an intravenous injection of a saline solution [3]. Saline, when injected
intravenously, generates tiny microbubbles within the patient’s blood vessels,
thus creating an echo on the acoustical image. Since then, the second and the
third generation of ultrasound contrast agents were developed. Nowadays,
commercially available microbubbles are small spheres (typically 1-5 pm in
diameter) of gas encapsulated in a biocompatible shell. This size is similar
to that of the red blood cells, which allows them to circulate inside the blood
stream. The resonance frequency is directly related to the size of the bub-
bles (1-10 pm diameter) and coincides with the optimum imaging frequencies
used in medical ultrasound imaging, 1-10 MHz.

Microbubbles are widely used also for therapy. They can enhance high
intensity focused ultrasound (HIFU) therapy [4]. The bubbles increase heat
uptake by the tissue and can reduce the time necessary for an ultrasound ther-
apeutic procedure. They are sufficiently stable for time periods of approx-
imately 15 minutes following injection [5]. Bubble oscillations and disrup-
tions close to cells create reversible pores within the cell membrane that can
enhance drug uptake [6]. Microbubbles may also be used as potential carriers
to selective drug delivery [7] and for non-invasive molecular imaging [8, 9].
They can be covered with targeting ligands, such as antibodies, which bind
specifically to target cells at the blood vessel wall.

1.3 Droplets

A novel approach is the use of liquid-based agents, rather than gas bub-
bles. Ultrasound can be used to phase-transition these liquid droplets into gas
bubbles - a process known as acoustic droplet vaporization (ADV). Droplets
are composed of a volatile perfluorocarbons (PFC), such as perfluoropentane
(PFP, 29°C boiling point). A PFP emulsion does not spontaneously vapor-
ize when injected in vivo at 37°C. However, upon exposure to ultrasound
above certain acoustic pressure amplitude, the PFP within the emulsion is
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PFC—in—water PFC—in—oil-in—water

Oil-in—PFC—-in—water

Figure 1.1: PFC-in-water, PFC-in-oil-in-water and oil-in-PFC-in-water emulsions
under the microscope.

vaporized. This opens up possibilities in a wide variety of diagnostic and
therapeutic applications, such as of embolotherapy [10], aberration correc-
tion [11] and drug delivery [12, 13]. Single and double emulsions of PFC-in-
water and oil-in-PFC-in-water can be prepared, for instance, to encapsulate
oil soluble drugs (Fig. 1.1). PFC liquids are known in medicine, because of
its biocompatibility and inertness [14]. PFC nanodroplet emulsions can be
utilized for the selective extravazation in tumor regions [15]. Due to their
biocompatibility and suggested ability to passively target regions of cancer
growth, PFC droplets represent an attractive tool for cancer diagnosis. PFC
droplets may also extravasate and get retained in the extravascular space due
to the enhanced permeability and retention effect in tumors [16, 17]. Ex-
travasated droplets may be acoustically converted into gas bubbles allowing
for ultrasound tumor imaging. At the same time PFC droplets are rich in flu-
orine, which makes them potential candidates as a contrast agent for the MRI
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imaging. The availability of both intravascular contrast agents (microbub-
bles), and tumor-specific extravascular contrast agents (nanodroplets), would
significantly increase diagnostic and therapeutic capabilities. Moreover, the
droplets may be used to deliver chemotherapeutic agents to tumor regions,
and locally release them upon exposure to triggered ultrasound [18].

1.4 Guide through the thesis

From this introduction it is evident that a full understanding of the physical
mechanisms underlying ADV is essential to provide input for the clinical as-
pects of this novel approach. The questions of ADV are, what actually triggers
the vaporization, why is the required pressure amplitude to initiate the vapor-
ization inversely proportional to its frequency and droplet size, how fast is the
vaporization process, what is the role of dissolved gas in phase conversion
process, how stable are the resulting bubbles, what are the characteristics of
vaporization of submicron droplets, how to produce and what are the benefits
of employing monodisperse droplets.

In this thesis we have studied all the above mentioned aspects of ADV.
Once the vaporization process is initiated, the growing vapor bubble/droplet
system strongly interacts with the applied acoustic wave. Thus, it is impor-
tant to know the physics of bubble and droplet interaction with ultrasound.
In Chapter 2 we give the basics of the dynamics of gas bubbles forced by
ultrasound, linearization of the Rayleigh-Plesset equation, the pressures rera-
diated by the bubble, and Bjerknes forces. We also introduce the interaction
of droplets with ultrasound, such as oscillatory translations, focusing within
the droplet sphere, and radial bubble expansion due to the phase change and
gas diffusion.

In Chapter 3 we conduct an initial ultra-high-speed optical imaging study
to examine the vaporization of submicron droplets and observe the newly cre-
ated microbubbles in the first microseconds after vaporization. As a result
of this study we show that additional factors, such as coalescence and bub-
ble shell properties, are important and should be carefully considered for the
production of microbubbles for use in medical imaging.

In Chapter 4 we explain the physics of the initiation of acoustic droplet
vaporization. We present the mechanism which explains the hitherto counter-
intuitive dependence of the nucleation threshold on the ultrasound frequency.
We show that ADV is initiated by a combination of two phenomena: highly
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nonlinear distortion of the acoustic wave before it hits the droplet, and focus-
ing of the distorted wave by the droplet itself. At high excitation pressures,
nonlinear distortion causes significant superharmonics with wavelengths of
the order of the droplet size.

In Chapter 5 we underline and explain three distinct regimes of ADV: 1.
prior to nucleation, a regime of droplet deformation and oscillatory transla-
tions within the surrounding fluid; 2. a regime characterized by the rapid
growth of a vapor bubble enhanced by ultrasound-driven rectified heat trans-
fer; and 3. a final phase characterized by a relatively slow expansion, after ul-
trasound stops, that is fully dominated by heat transfer. We propose a method
to measure the moment of inception of the nucleation event with respect to the
phase of the ultrasound wave. We implement a simple physical model cap-
tures quantitatively all of the features of the subsequent vapor bubble growth.

In Chapter 6 we model the vapor-gas bubble dynamics, based on a Rayleigh-
Plesset-type equation, including thermal and gas diffusion inside the liquid.
We underline the fundamental role of gas diffusion in order to prevent total re-
condensation of the bubble at collapse during the first peak-positive acoustic
pressure half-cycle.

In Chapter 7 we examine the acoustic characteristics of microbubbles cre-
ated from vaporized submicron perfluorocarbon droplets with a fluorosurfac-
tant coating. We observe the acoustic response of individual microbubbles to
low intensity diagnostic ultrasound on clinically relevant timescales of hun-
dreds of milliseconds after vaporization. We show that the vaporized droplets
oscillate nonlinearly, and exhibit a resonant bubble size shift and increased
damping relative to uncoated gas bubbles due to the presence of coating ma-
terial. The results of Chapter 7 suggest that vaporized submicron PFC droplets
have the acoustic characteristics necessary for their potential use as ultrasound
contrast agents in clinical practice.

In Chapter 8 we fabricate glass chips with a micro-nanochannel step ge-
ometry, which allow us to produce monodisperse submicron droplets as small
as 260 nm in radius. We investigate the nucleation and growth of monodis-
perse droplets at nanoseconds time scale. We show that the vaporization of
monodisperse droplets have a high degree of symmetry and that the activation
threshold error bars are much smaller compared to polydisperse droplets. In
addition, we investigate the activation of monodisperse droplets in ambient
temperature below bolling point.

Finally, the conclusions and outlook are presented in Chapter 9.
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Droplets, bubble & ultrasound
interaction®

The interaction of droplets and bubbles with ultrasound has been studied
extensively in the last 25 years. Microbubbles are broadly used in diagnos-
tic and therapeutic medical applications, for instance, as ultrasound contrast
agents. They have a similar size as red blood cells, and thus are able to
circulate within the blood vessels. Perfluorocarbon liquid droplets can be a
potential new generation of microbubble agents, as they can be triggered with
ultrasound converting them into gas bubbles. Prior to activation, they are at
least 5 times smaller in diameter than the resulting bubbles. Together with the
violent nature of the phase-transition the droplets can be used for local drug
delivery, embolotherapy, HIFU enhancement and for tumor imaging. Here
we explain the basics of the bubble dynamics, described with the Rayleigh-
Plesset equation, its resonance frequency, damping and quality factor. We
show the elegant calculation of the above characteristics in case of small am-
plitude oscillations by linearizing the equations. The effect and importance of
a bubble coating and effective surface tension are discussed. We give the main

fSubmitted as a book chapter: Oleksandr Shpak, Martin Verweij, Nico de Jong, and
Michel Versluis, “Droplets, Bubble & Ultrasound interaction”, “Therapeutic Ultrasound”
book to Springer’s Editions, Editor: Jean-Michel Escoffre.

9
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characteristics of the power spectrum of bubble oscillations. Preceding bub-
ble dynamics the ultrasound propagation is introduced. We explain the speed
of sound, the nonlinearity and attenuation terms. We discuss the bubble ultra-
sound scattering and how it depends on the wave-shape of the incident wave.
Finally we introduce the droplets interaction with ultrasound. We explain the
ultrasound focusing concept within a droplets sphere, droplet shaking due to
media compressibility, and droplet phase-conversion dynamics.

2.1 Nonlinear propagation

The amplitude of the acoustic pressure that is required to nucleate droplets
in ADV turns out to be very high [1]. To obtain a sufficiently high pressure,
a focused ultrasound transducer is applied and the droplet is placed in the
focal area of the emitted beam. Moreover, the frequency of the emitted ul-
trasound wave is several MHz. In a typical ADV experiment, the ultrasound
wave travels a few centimeters [1-7] before impinging on the droplet. The
high pressure, high frequency, applied focusing, and long propagation dis-
tance are all factors that strengthen the nonlinear behavior of the ultrasound
wave [8, 9]. As aresult, the wave that impinges on the droplet will be a highly
deformed version of the one that is emitted by the transducer. This has impor-
tant consequences for the focusing inside the droplet, as will be demonstrated
in Subsection 2.3.2.

2.1.1 Basic equations for the nonlinear ultrasound beam

Similar to most cases involving nonlinear medical ultrasound, the description
of the beam that hits the droplet can be based on the Westervelt equation [10,
11]:

1 2 62 5 a3 62 2

¢y ot? c_36t3 _pocg otz ’

where V2 = 02/0x? + 02/0y® + 02/02? is the Laplace operator and p =
p(x,y,z,t) denotes the acoustic pressure. The medium in which the ultra-
sound wave propagates is characterized by the ambient speed of sound cy,
the ambient density of mass pg, the diffusivity of sound §, and the coeffi-
cient of nonlinearity 3. Unfortunately, closed-form analytical solutions of
this equation do not exist and its numerical solution generally requires con-
siderable computational effort. However, in the present case of a narrow, fo-
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cused beam and a homogeneous medium, some simplifying assumptions can
be made. First, it may be assumed that the predominant direction of propaga-
tion is along the transducer axis, which is taken in the z-direction. In this case
we can replace the ordinary time coordinate t by the retarded time coordinate
T=(t—tg) — (z—z0)/co, which keeps the same value when traveling along
with the wave. Here, t( is the time at which the transducer emits the pressure
wave, and zg is the axial position of the transducer. The equivalent of Eq. 2.1
in the co-moving time frame is:
o 20 30% B 0%p’

2 N , 22
o 0z0T ¢} 073 pocy 0T 2.2)

with p = p(x,y,x,T) denoting the acoustic pressure in the co-moving time
frame. Second, it may be assumed that in the retarded time frame the axial
derivative 0>p/dz* is much smaller than the lateral derivatives 0°p/9x” and
9%P/dy?. This motivates the use of the parabolic approximation V2P ~ Vif),
where Vi = 02/0x? +092/9y? is the Laplace operator in the lateral plane.
This approximation is valid for waves propagating under at most 20 degrees of
the transducer axis [12]. Applying the parabolic approximation to Eq. 2.2 and
rearranging terms results in the Khokhlov-Zabolotskaya-Kuznetsov (KZK)
equation [13, 14]:

5 % B P’

b _cogan, 8
2¢3 0T 2pgcy 0T

0zot 2

V3ip+ (2.3)
Dedicated coordinate transformations may be applied to improve the numer-

ical solution in the far field [15, 16] or to adapt to specific forms of focused
beams [17], but these will not be discussed here.

2.1.2 Numerical solution for the nonlinear ultrasound beam

We will follow a well-known numerical solution strategy [18, 19] that is based
on the time-integrated version of Eq. 2.3:

5 *p  PBp Op

op c¢o
oz 2_(:?)@ pocga'

T
5. ?J V2 p () dr + (2.4)
—0Q

The first term at the right-hand side of this equation accounts for the diffrac-
tion of the beam, the second term for its attenuation, and the third term for its
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nonlinear distortion. Further, the solution strategy is based on the split-step
approach. This means that the field p is stepped forward over a succession
of parallel planes with mutual distance Az, where the field p(x,y,zg,T) in
the transducer plane acts as the starting plane. The stepsize Az is taken suf-
ficiently small, which allows that each of the above phenomena may be ac-
counted for in separate substeps [20]. Therefore, the total step z — z+ Az
involves the numerical solution of the separate equations:

af’ Co ' 2 = /

% _ % 2.

3z 5 J_oovlp(T)dT’ (2.5)
op 5 0%p

b e 2.6
0z 2¢} ot? (2.6)
0P p Op

% _ FpOp 2.7)
0z pocy 0T

over the same interval, where the result of solving one equation is used as
the input for solving the next one. A numerical implementation of the above
process is used to step the acoustic pressure from the transducer to the focus
of the beam, i.e. the location of the droplet. For convenience is now assumed
that the droplet is located at the origin of the coordinate system and to =
z¢/co, which makes that at droplet T = t. For ease of notation the bar and the
coordinates of the droplet will be suppressed, and the pressure at the droplet
position, as obtained from the numerical solution of the KZK-equation, will
simply be indicated by pxzk (t).

2.1.3 Nonlinear pressure field at the focus of the beam

The nonlinear pressure field at the focus of the beam can be expanded in a
Fourier series:

przk(t) = Z an cos(nwt+ dn) =Re

n=0

o0
Z an e”and’n)] . (2.8)

n=0
where a,, and ¢, are the amplitudes and the phases of the n-th harmonic com-
ponent of the ultrasound wave. For convenience, all the subsequent deriva-
tions will be given in the complex representation, so we will omit taking the
real part and simply write:
o0
Przk(t) = Z ay etmnettén), (2.9

n=0



2.2. BUBBLE DYNAMICS 13

Because nonlinear deformation of the waveform builds up over distance and
the droplet is four orders of magnitude smaller in size than the distance to the
transducer, the additional nonlinear distortion inside the droplet is neglected.
This implies that wave propagation inside the droplet is considered linear, so
the superposition theorem holds and the focusing of each harmonic compo-
nent in the droplet may be analyzed on an individual basis, as will be done in
Subsection 2.3.2.

2.2 Bubble dynamics

2.2.1 Dynamics of a gas bubble
Bubble radial oscillations are governed by the Rayleigh-Plesset equation:

RR4 2R = 2F (2.10)
2 P
where R, R, and R are the radius, the velocity and the acceleration of the
bubble wall, respectively, and p is the density of the liquid. AP = Py (R)—
P is the pressure difference between the liquid at the bubble wall Py (R)
and the external pressure infinitely far from the bubble p. Eq. 2.10 was
first described by Lord Rayleigh [21] for the case AP = 0 and was later re-
fined [22-25]. It is derived for a spherically symmetric bubble and follows
from the Bernoulli’s equation and the continuity equation [26]. Eq. 2.10 as-
sumes spherical symmetry of the bubble, and the motion of the liquid around
the bubbles is considered to be spherically symmetric. The liquid is incom-
pressible.
The bubble is assumed to be much smaller than the acoustic wavelength,
such that acoustic pressure is considered to be uniform. Thus, the pressure at
infinity is the sum of the acoustic forcing P(t) and the ambient pressure P:

Poo = P(t) +Pg 2.11)

The interfacial pressure acting on the liquid at the bubble wall consists of
the Laplace pressure 20/Rg, viscous pressure 4uR /R and the gas pressure Pg.
Neglecting the vapor pressure of the liquid, the gas pressure inside the bubble
as a function of the bubble radius R can be described by the ideal gas relation
P4VY = const, where 7y is the polytropic constant and V' o< R3 is the bubble
volume. For this derivation we first neglect the gas diffusion. Thus, the total
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number of gas molecules inside the bubble is constant. In equilibrium the
pressure inside the bubble P is equal to the sum of the ambient pressure Py
and the Laplace pressure:

20
Ry’

where o and R are the surface tension and the equilibrium radius, respec-
tively. In a combination with the ideal gas law, the dependence of the gas pres-

Peq = Po+ (2.12)

3y
sure as a function of the bubble radius can be written as Py = (Po + ]22—(5) (%) .
The right-hand side of Eq. 2.10 can be then written as:

20\ (Ro\> 20 R
AP=(Po+ 22 (20} py— 2% ant 2.1
(0+R0>(R> 0— R ~4H% (t), (2.13)

which gives the final form of bubble dynamic equation:

L3, 20\ /Ro\*Y 20 R
RR+2RY) = (Po+ ) () —Py— > —d4pu——P(t). (2.14
p( +5 ) <0+R0)(R) 0— R ~AH% (t). (2.14)

The microbubbles in the ultrasound contrast agents can be encapsulated
with a phospholipid, protein or polymer coating, preventing bubbles from
dissolution. For more details please see refs. [27-29]. The viscoelastic coat-
ing also contributes to an increased stiffness and to additional viscous damp-
ing [30].

2.2.2 Linearization

The acoustic pressure typically has the form of a sinusoidal oscillation P(t) =
Pasin(wt), with Pa being the driving pressure amplitude, and w the driv-
ing pressure angular frequency. With relatively small oscillation amplitudes
Eq. 2.10 can be linearized. To rewrite Eq. 2.10 in linear terms we express the
bubble radius R as:

R =TRp(1+x), (2.15)

with Ry the equilibrium radius, as before, and x < 1 is small dimension-
less perturbation to the radius. Substituting Eq. 2.15 into Eq. 2.10 and retain-
ing only first-order terms, x, X, and X, gives:
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P
£+ 2%+ wix = —ssin(wt), (2.16)
PRG
where
1 20 20
wo=4/—= 3V Po+ o | — = 2.17
’ \/PR(Z){Y<O Ro) Ro} @10
the eigenfrequency of bubble oscillations, and:
2u
p=—3 (2.18)
PR3

the damping due to viscosity. The damping has the dimensions of the
reversed time [s~!] and represents how fast the amplitude of oscillations is
decaying in time due to the energy loss.

The solution to the equation Eq. 2.16 is:

x(t) :Xte_ﬁtcos(wlt)—i—Xscos(wt-f— d1), (2.19)

with the ¢ is the phase shift between the two terms:

2 2
$; = arctan <M> (2.20)
2w

The first term of Eq. 2.19 is the transient solution. Its amplitude dampens
out in time as Xie Pt, where X, is the amplitude of transient oscillations at
time to = 0. Not only the viscosity of water can contribute to the damping, but
also the acoustic reradiation and the viscosity of the coating shell and thermal
damping. For more details please see [31]. The frequency of the transient

solution is equal to wy = 4/ w% — 2. The amplitude of the transient solution

Xt depends strongly on the initial conditions.
The second term of Eq. 2.19 is the steady-state solution. The amplitude of
the steady-state response depends on the driving frequency as:

B Pa 1
s = 52
PRy \/(wg—w2)2+4w262

(2.21)

The resonance frequency wyes of the system, by definition, corresponds to
the maximal amplitude of the steady-state solution. Xg is at maximum, when
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the denominator in the Eq 2.21 is at minimum. Thus, the resonance frequency
relates to the eigenfrequency wy as:

Wres = \/ W3 — 22 (2.22)

The smaller the damping (3 the closer the resonance frequency to the
eigenfrequency of the bubble oscillations. Additionally, for large bubbles,
when the Laplace pressure is small compared to the ambient pressure Eq. 2.17

simplifies to:
P
WM =27fm = 4 [3Y s (2.23)
PRy

with fj, the Minnaert eigenfrequency, resonance frequency of the bub-
ble [32]. Relation Eq. 2.23 tells us, that the resonance frequency can be esti-
mated directly from the bubble radius Ry. For a bubble in water at standard
pressure Py = 100 kPa, p = 1000 kg/m3), the equation becomes fpRp ~
3.26 um-MHz. The smaller the bubble radius, the higher the resonance fre-
quency becomes.

It is insightful to make the analogy to the classical mass-spring system.
The dynamics of the classical mass spring system is governed by the equation:

/
. F
X/ 2%+ wWix = n—gsin(wt), (2.24)

where w( = /k/m is the eigenfrequency, 3’ is the damping constant, k
is the spring stiffness, Fg is the driving force, and m is the mass. Eq. 2.24
has the same form as Eq. 2.16. Thus a gas inside the bubble, represented by
the polytropic constant vy, acts as the restoring force, the liquid around the
bubble acts as a mass (47{R8p), and ultrasound is acting as a driving force
(127tyRoPy).

2.2.3 Pressure emitted by the bubble

Far from the bubble wall, at a distance 1, the velocity of the liquid v; can be
calculated from the continuity equation [33]:

4rtr?y, = 4mRR (2.25)
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Ve =R (2.26)

The liquid is incompressible and the bubble wall and the liquid motion
around the bubble are spherically symmetric. R is the velocity of the bubble
wall in the radial direction, as before.

The pressure field, generated by the radial bubble wall oscillations, can be
calculated from the Euler equation [33]:

av op
—+—=0, 2.27
at + or (2.27)

where p is the pressure emitted by the bubble. In Eq. 2.27 we omit the
nonlinear convective term. Substituting the expression of the velocity field
(Eq. 2.26) into Eq. 2.27 gives the pressure gradient:

op  pd

— =———(R?R 2.2
or 2 dt( ) (2.28)
and the pressure emitted by the bubble:
pd 4 Rop) — RR +2RR? (2.29)
LT P T '

2.2.4 Secondary Bjerknes force

Let us now consider two interacting gas bubbles, separated by a distance 1.
The distance between the bubbles 1 and 2 is much larger that their radii R; (t)
and R;(t). Thus, we can consider the motion of the liquid around the bubbles
to be spherically symmetric. Bubble 2 with volume V, = %WRS experiences a
force Fy, as a result of the pressure emitted by bubble 1, P; [26]:

Fio =—=V,Vp, (2.30)

The force is directed along the line, which connects the centers of the
two interacting bubbles. Substitution of Eq. 2.28 (expression for the pressure
gradient generated by the first bubble) into Eq. 2.30 yields the force of the
first bubble on the second one at a distance L:

P d?v,
4mi2 2 a2

op1 p d
=V
or |,  Cldt

T

Fo=—V, — (RIR)) = (2.31)
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where V| = 37tR; the volume of bubble 1.

The net radiation force acting on a neighboring bubble is called the sec-
ondary Bjerknes force Fg after Bjerknes [34]. The time averaged equation
(F12) is obtained by integrating Eq. 2.31 over the period of volume oscilla-
tions by partial integration:

P
47td?

A positive value of (V;V,) corresponds to attraction of the bubbles, and a
negative value to repulsion. This means that the bubbles that oscillate with the
same phase will attract each other. Note also the symmetry of Eq. 2.32. To
calculate the force of the second bubble on the first one (F,;), one just need
to exchange indexes 1 <> 2. (F,;) has the same magnitude but an opposite
direction as (Fy2).

Fg = (Fio) = (ViVs). (2.32)

2.3 Droplet dynamics

2.3.1 Oscillatory translations

The typical pressure amplitudes which are used to activate perfluorocarbon
droplets are two orders of magnitude higher that those used to drive ultrasound
contrast agents. Water itself always experiences periodic compression as a
result of ultrasound forcing [26]. Let us express such oscillations as:

€ = ggsin(wt —kx), (2.33)

where € is the fluid particle displacement. The acoustic impedance, by
definition, is the ratio of the driving pressure to the fluid particle velocity [35]:

Z="Pa/é, (2.34)

where € is the particle displacement velocity amplitude, and P4 is the
acoustic pressure amplitude. The € particle velocity amplitude relates to the
particle displacement amplitude € as €y = we(, which follows from Eq. 2.33
by taking its time derivative. The dP pressure change with respect to the
equilibrium value is related to a dV volume change by the bulk modulus B,
defined by [26]:

dav
dP=—B—-. 2.35
v (2.35)
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Figure 2.1: Schematics of reflection and transmission of a wave of displacement.

Eq. 2.35 can be used to calculate the acoustic pressure P at any given
spatial point xq as P(xg) = —B 2¢ Applying this relation to Eq. 2.33

ox Ix=x¢"
gives Pp = Bkeg, or Pa = B%éo. The acoustic impedance Eq. 2.34 can then
be written as:

L= BE, (2.36)
w

or by using the equation for the wave speed ¢ = w/k = /B/p:

Z = pc, (2.37)

With the relations given above, one can now estimate the oscillatory trans-
lational amplitude. For the case of f = 3.5 MHz, P» = 8 MPa, and c,,
= 1522 m/s the speed of sound in water at 37°C, the amplitude is €y =
Pa/2mpfcy, =210 nm.

The acoustic impedance Z = pc has the analogy with a refractive index
n in optics. The ultrasound wave at the interface of two substances with
different acoustic impedances Z; and Z; will experience a reflection and a re-
fraction, similarly as light would experience at the interface with two different
refractive indexes n; and n,.

Let us now denote 0, Og, and O the incident, the translated and the re-
flected angles, respectively (see Fig. 2.1). One can derive the relation between
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Figure 2.2: Schematics of the focusing of an acoustic wave on the droplet sphere
when the acoustic wavelength is much larger than the droplet radius.

these angles by considering continuity of the normal displacement at the inter-
face. This gives Snell’s reflection law sin@; = sinOg and ¢, sin0; = ¢ sin O,
where ¢; and ¢, are the speed of sound of the first and the second medium
respectively [26].

2.3.2 Focusing inside a spherical droplet

When an interface between two acoustic media has a finite curvature R, as
in the case of a spherical droplet, acoustic focusing is observed. This is a
similar effect as the focusing of light by an optical lens. First, the case of
large droplets is considered, i.e. when the acoustic wavelength A is much
smaller than the droplet radius R. Next, the case where A is of the order of R,
or even larger, is considered.

Case 1: droplets much larger in size than the wavelength

When A < R, the refraction formulas provided by the theory of geometrical
scattering apply. When a parallel beam of light travels in a medium with
refractive index n; and encounters a spherical interface between this medium
and a second medium with refractive index mn,, either the transmitted or the
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reflected wave focuses in a point at a distance:

foR_2

. (2.38)
ny—my
This distance is measured from the intersection point of the interface and
the beam axis, which crosses the center of the curvature (Fig. 2.2). In analogy
with the optical focus, an acoustic focus can be calculated for the case A < R
by simply replacing n;/n, with ¢/c; in the equation above. This gives:

€1
cr—cy

f=R (2.39)
For instance, when a large spherical perfluoropentane droplet with ¢, =406 m/s
is immersed in water with ¢; = 1522 m/s (at 37 °C), the acoustic focus is at
f = 1.36R. This means that the acoustic wave focuses on a distal side, 0.36R
away from the geometrical droplet center.

Case 2: droplets similar or smaller in size than the wavelength

The situation complicates when the radius of the droplet is of the same or-
der of magnitude as the wavelength, or even smaller, i.e. when A ~ R or
A > R. Experimental data obtained with small droplets [4, 36] shows that
the ultrasound beam focuses on the proximal side of the droplet, which is not
in agreement with the prediction above. Obviously, in this case geometrical
considerations can no longer be applied, and a full wave theory must be ap-
plied. Figure 2.3 shows the configuration of the acoustic diffraction problem
that will be solved here. Throughout the derivations, the parameters of the
surrounding medium are labeled with a subscript 1, and the parameters of the
medium inside the droplet are labeled with a subscript 2.

At the location of the droplet, the incident ultrasound wave is considered
to be planar. In view of Eq. 2.9, it is written as:

o0
pilxy.zt) = ) apelnetmiazien), (2.40)

n=0

where k| = w/c; is the wave number outside the droplet. To keep the deriva-
tions simple, the diffraction problem will first be solved for one spectral com-
ponent:

pilx,y,z,t) = aetlwt-kiztd), (2.41)
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Figure 2.3: Configuration of the droplet and the incident, transmitted, and reflected
ultrasound waves.

In view of the spherical symmetry of the configuration, it is convenient
to apply a coordinate transformation from cartesian coordinates (x,y,z) to
spherical coordinates (1,0, @), where 0 is the azimuthal angle measured with
respect to the positive z-axis, and @ is the elevation angle in the xy-plane. Be-
cause the waves will have rotational symmetry with respect to the z-axis, there
will be no dependence on ¢ and this coordinate will be omitted. In spheri-
cal coordinates, the incident pressure wave can be written as a summation of
spherical harmonics:

o0
pi(r.0.1) = ae“ P Ny (ki) P (cos), (2.42)
m=0
Here, Ym = (2m+ 1)(—1)™, jm is the spherical Bessel function of the first
kind and order m, and Py, is the m-th order Legendre polynomial. The spher-
ical Bessel function j, is related to the ordinary Bessel function ], according
to jm (x) = /(70/2%) Jinp1 /2 (%).
When the incident wave encounters the droplet, it gives rise to a transmit-
ted wave inside to droplet:

wt+d)

pu(r,0,1) = aell &m jm (KoT) P (cos0), (2.43)

and a reflected wave outside the droplet:

pe(1,0,t) = aet @t R (1, 1)P, (cos ). (2.44)
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In these equations, ko = w/c; is the wave number inside the droplet, and

hﬁ) is the spherical Hankel function of the second kind and order m. The

spherical Hankel function hgn) is related to the ordinary Hankel function H%zl)

following hgﬁ)( ) =/ (71/2x) Hm)+1 /2( x). At the spherical interface between
the outside and the inside of the droplet, the pressure and the radial particle
velocity should be continuous. The latter requirement can be translated into a
condition on the radial derivative of the pressure. In mathematical form, the

boundary conditions at the interface are:

lim[p;(r,0,t) +pc(r,0,t)] = limp(r,0,1), (2.45)
/R TR
hmii[ (r,0,t) +pc(r,0,t)] = hmii (r,0,t), (2.46)
vIR p; OT Pr MR pp OT Pt '

which should hold for all 8 and t. Substitution of Egs. 2.42-2.44 into these
boundary conditions results in a system of two equations for o, and [3,.
Solution of this system yields:

. ZoimkiR)(KiR) = Zohw! (iR (KIR) )
“m — (2, (2 . 9 (2' 7)
Zz]m(sz)hm (ki1R) = Z1huy (k1R)jh (k2R)
Z kiR)j ' (k»R)—Z k>R k(R
B = v 1m (ki );)1,( 2R) — 2)m( 2R)jin (kiR) (248)
Zojm(k2R)hi (K1R) — Zh? (k1R)jm (k2R)

where Z; = pjc; and Z, = pyc; are the acoustic impedances of the media
outside and inside the droplet, respectively. The prime indicates the deriva-
tive of a function. The constant «,, can be considered as the transmission
coefficient of the droplet interface for spherical harmonics of order m, and
the constant 3,,, can be considered as the corresponding reflection coefficient.
At this stage, the problem of finding the wave inside the droplet due to a single
sinusoidal component of the incident wave, is solved.

To find the wave that is formed inside the droplet by the nonlinear incident
wave, all the transmitted waves caused by the individual components of the
incident wave must be added. The result is:

o0 (o)
Pinside (1:6,) =pi(1.0.1) = > > an e ™ n)o i (k)P (cos0),

n=0m=0

(2.49)
where oy m follows from Eq. 2.47 by replacing k; by nk; and k; by nk,.
This equation can be used to calculate the pressure in any position (1, 0, ¢)
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at any time t. Numerical implementation requires that both summations in-
volve a finite number of terms. This forms no significant limitation, because
in practice only a limited number of N harmonics will give a significant con-
tribution to the ultrasound field inside the droplet, and only a limited number
of M spherical harmonics is required to accurately represent this field. How-
ever, another numerical issue arises when the radius of the droplet is much
smaller than the wavelength. In this case the numerical results for the spheri-
cal Bessel and Hankel functions may contain large errors. This problem may
be eliminated by first approximating these functions by their series expansion
around zero. With the full pressure field determined both in space and time
we can now find the local maximum of pressure - the focus.

The pressure amplification factor in the focusing spot as well as its loca-
tion depend on the input parameter values, i.e. the pressure amplitude, the
frequency, and the transducer geometry and size, which prescribe the focus-
ing strength and the propagation distance to the focal point. For instance,
in case of a R = 10 um perfluoropentane droplet immersed in water and
insonified with an incoming ultrasound wave with a peak negative pressure
P = —4.5 MPa and frequency f = 3.5 MHz (A =430 um in water at 37°C)
coming from a transducer with 3.81 cm focal distance, a focused peak neg-
ative pressure of P; ;. = —26 MPa is achieved within the droplet. Thus, a
near six-fold increase in the peak negative pressure amplitude is observed in
a concentrated region on the proximal side around z = —0.4R.

From Eq. 2.47 it follows that the pressure inside the droplet, due to a single
incident wave component, depends on the dimensionless product wR. When
for two droplets with different radii R; and R; the relation w;R; = wyR;
holds, an incident wave with frequency f| encountering a droplet with radius
R; is focused at the same relative position within the droplet as an incident
wave with frequency f, that hits a droplet with radius R,. This implies that
when larger droplets turn out to vaporize more easily than smaller droplets at
the same frequency, it also follows that for the same radius droplets are easier
to evaporate at high frequencies than at low frequencies, and vise versa.

However, nonlinear propagation makes this picture more complex. First,
the higher the acoustic pressure amplitude, the more nonlinear the wave be-
comes, as the amplitudes of the higher harmonics build up roughly as (Pgyface)™,
where Pgyface 18 the pressure amplitude at the transducer surface and n is the
number of the particular harmonic. Second, the nonlinear propagation de-
pends on the frequency. And, of course, the nonlinear beam is focused dif-
ferently from the linear one, with different pressure amplification factors and
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focusing positions for each harmonic. Finally, the shape of the nonlinearly
distorted wave is strongly dependent on the parameters of the propagating
media. For human tissue the Goldberg ratio is lower than for water [37]. This
indicates that nonlinear distortion is easier to achieve in water, compared to
tissue. Therefore the experiments performed in vivo are expected to have dif-
ferent nucleation patterns, with a higher nucleation threshold compared to the
in vitro experiments.

Knowledge of the physics of acoustic focusing in small droplets is impor-
tant for the optimization of acoustic droplet vaporization for therapeutic ap-
plications. This is particularly the case for attaining activation at low acoustic
pressures, thereby minimizing the negative bio-effects associated with the use
of high-intensity ultrasound. Moreover, it helps in the design of droplets: by
mixing liquids with different physical properties, the acoustic impedance may
be tuned trough a change of the density of mass and/or the speed of sound.
Using dedicated waveforms, the amplitudes and phases of the nonlinear wave
at the focus of the beam can be optimized to obtain maximal constructive
interference within the droplets and obtain maximal focusing strength at any
particular acoustic input pressure. Moreover the knowledge of the consecutive
droplet vaporization dynamics is important, because it affects the surrounding
tissue and may cause damage.

Not only the acoustic impedance mismatch between the droplet and the
surrounding media determines the interior pressure, but also the exterior of
the droplet. Here we have only considered single droplets. But clouds of
droplets may cause complicated pressure scattering patterns and may lead to
different focusing spots as compared to the single droplet case. One can also
think of periodic arrangements of monodisperse droplets, to observe similar
diffraction relations as we have in light passing through crystals (see Chap-
ter 8).

2.3.3 Radial vapor bubble expansion

There are three main physical mechanisms that govern the vapor bubble growth
process: phase-change, heat transfer and inertia. And there are two phenom-
ena which can limit the vapor bubble growth. First, the vapor bubble pushes
the surrounding liquid as it grows. The force by which is pushed out the lig-
uid apart is determined by the pressure which acts on the bubble wall. The
surrounding liquid has inertia, and the vapor bubble growth rate will be lim-
ited by this inertia. Second, the phase-change from liquid to vapor is an en-
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dothermic process which requires heat to be absorbed. The required heat for
vaporization is transfered from the liquid around the bubble by cooling the
surrounding. The rate of this process is limited by the heat transfer.

Let us now first have a closer look on the inertial growth limitation. Here
we assume that the heat transfer is high enough to supply the required en-
ergy for the endothermic phase-transition. In this case the Rayleigh-Plesset
equation can be written as:

3
2

., Py—P
R2:¥, (2.50)

RR-+
where Py is the vapor pressure and P, is the pressure far away from the
bubble wall. We disregard the surface tension, the sound reradiation and the
viscosity. The boiling temperature of the liquid is Ty, and the ambient tem-
perature is T,. The liquid is superheated (To, > Ty,) so that Py > P,. The
vapor pressure Py is a function of the temperature and assumed to be con-
stant during the vapor bubble growth. Initially the velocity of the bubble wall
R is small, and the first term on the left hand side of Eq. 2.50 is dominant.
After approximately a few nanoseconds at Py = 1.4P,, the bubble wall ve-
locity reaches its terminal value and the second term on the right hand side
of Eq. 2.50 becomes dominant. Terminal velocity is reached at the condition
R — 0. Substituting this into Eq. 2.50 and integrating with the initial condi-
tion R(t = 0) = 0 gives the radius-time dependency of the inertially limited
vapor bubble growth:

B 1/2
) - (20l o5

Eq. 2.51 is linear with time and is faster for higher vapor pressures Py,
thus at higher ambient temperatures Too.

Let us now have a look at the second case, where we focus on the heat
transfer and the inertial limitations are neglected. Contrary to the solution
of the inertial problem, the heat transfer is complicated by the temperature
distribution outside the vapor bubble (Fig. 2.4). The temperature distribution
changes with time due to thermal diffusion. In addition, it is also affected by
the expansion of the bubble, described by the continuity equation. The effec-
tive thermal boundary layer around the vapor bubble is determined by [33]:

Seff = VD, (2.52)
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0

bubble water

Figure 2.4: Schematics of the temperature distribution during the vaporization of
superheated perflourocarbon droplet immersed in water. Ty, is boiling temperature of
perfluorocarbon, Ty is ambient temperature, and deft is effective thermal boundary
layer around the vapor bubble of the radius R.
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where D is the thermal diffusivity of the liquid. This estimation follows
from the thermal diffusion equation and shows that the thermal boundary layer
diffuses with time as v/t. On the vapor side of the thermal boundary layer
the temperature is Ty, and on the liquid side of the thermal boundary layer
the temperature is To,. The effective temperature gradient over the thermal
boundary layer is AT /def, where AT =T, — Ty, is the temperature difference.
The heat flow W inside the vapor bubble from the surrounding liquid caused
by the temperature mismatch can be estimated as follows:

AT
W, = 4nR%k——, 2.53
: /Dt (2:53)
where k is the heat transfer coefficient and 47tR? is the interfacial area.
The latent heat energy per unit time W, required to supply the vapor bub-

ble growth is:

dR
W, =4nR’Lpy—, (2.54)
dt
with L the latent heat, and 47tR%p,dR /dt is the derivative of the mass with
py the density of the vapor. Equalizing Egs. 5.5 and 5.6 and integrating with
the initial condition R(t =0) = 0 gives the radial dynamics of the heat transfer

limited vapor bubble growth:

kAT
R(t) =2 t 2.

(1) =2~ Vﬁf , (2.55)
it is dependent on time t following a square root behavior and eventually
will become slower than the inertia limited vapor bubble growth expressed by
the linear dependence by Eq. 2.51. Thus, initially the vapor bubble growth is
limited by the inertia, then the vapor bubble growth becomes limited by the
heat transfer. One can estimate the radius and the time when the transition
of the two regimes occurs by calculating the intersection of the two curves
expressed by the Egs. 2.51 and 2.55. For the typical parameters of the acoustic
perfluorocarbon droplet vaporization the vapor bubble growth is heat transfer

limited for a typical timescale longer than 1 microsecond.

When the bubble growth is accompanied by bubble oscillations due to
the ultrasound forcing, one can observe a phenomenon called rectified heat
transfer. Rectified heat transfer is the net effect of the decrease of the heat
transfer during the ultrasound half cycle when the vapor bubble surface con-
tracts, and which is lower than the increase of the heat transfer during the
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second half cycle when the surface expands. Here two effects come into play.
First, the increment of the bubble wall area during the expansion cycle, and
second, the increment of the temperature gradient. The increment of the tem-
perature gradient can be understood in the following way. Let us consider
that the radius of the vapor bubble changes from Ry to R. The change of the
thin thermal boundary layer from 0 to § is then calculated from continuity:
4mR%8 = 4mR38,. This gives [33]:

RS
d= 60@. (2.56)
And from the reciprocal relation for the temperature gradient:
AT ATR?
— = 2.57
) do Rg ( )

it can be seen that the temperature gradient increases with the radius
squared Rz, i.e. with the bubble wall area 47tR2. Thus, the bubble wall area
and the temperature gradient will both decrease with R?> when the radius de-
creases. However the net effect is typically positive, meaning that bubble wall
oscillations due to the interaction with ultrasound will pump additional heat
into the bubble, thereby promoting the phase-conversion process. The larger
the bubble oscillation amplitude, the stronger the pumping of additional heat.

2.3.4 Activation below boiling point

After the initiation of droplet vaporization by the focused ultrasound pulse,
gas diffuses into the nucleus/vapor bubble during the vapor bubble growth,
as perfluorocarbon droplets dissolve air by an order of magnitude more than
water. As was shown before, vapor bubble growth strongly depends on the
temperature. From both Eq. 2.51 and Eq. 2.55 it follows that the vapor bubble
growth is slower when the ambient temperature is lower, whereas the de-
pendence of air diffusion on the temperature is much less pronounced. This
means that at low ambient temperatures (T, < Tp) the air diffusion dynamics
becomes comparable to the evaporation processes.

Here, for simplicity, we only show the bubble growth dynamics due to
gas diffusion, disregarding the evaporation processes and oscillations of the
bubble due to ultrasound forcing. The partial pressure of gas Py which is in
equilibrium with the saturated gas concentration cs dissolved in the liquid is
given by Henry’s law:
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P, = He, (2.58)

We assume that the liquid is at a uniform supersaturated concentration c;.
The mass flow of gas into the bubble per unit time is:

d 0
ST S (2.59)
dt or|._g
where « is the coefficient of diffusivity of the gas in the liquid. If pg is the
density of the gas in the bubble, the mass flow can be written as follows:

dm » dR

R2p—

dt Pat

One can use the reasonable physical approximation to calculate the gra-

dient of the concentration for a bubble interface which changes in time by
diffusion [38]:

(2.60)

%
or

1 1
. = (ci—cs) (§+ \/m) (2.61)

Substitution of Eq. 2.60 and Eq. 2.62 into Eq. 2.59 gives the radial time
dynamics equation for the gas diffusion:

dR  «k(ci—cs) (1 1 )
— = -+ . 2.62
dt P Rkt (262)

The gas bubble shrinks when c¢; < ¢ and grows when c¢; > cg. Similar to
the rectified heat transfer problem, gas diffusion into the bubble can be pro-
moted due to interaction with ultrasound. This phenomenon is called rectified

diffusion and similar relations can be derived as was shown in the previous
subsection.
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Nanodroplets® *

Submicron droplets of liquid perfluorocarbon converted into microbubbles
with applied ultrasound have been studied, for a number of years, as poten-
tial next generation extravascular ultrasound contrast agents. In this work,
we conduct an initial ultra-high-speed optical imaging study to examine the
vaporization of submicron droplets and observe the newly created microbub-
bles in the first microseconds after vaporization. It was estimated that single
pulses of ultrasound at 10 MHz with pressures within the diagnostic range are
able to vaporize on the order of at least 10% of the exposed droplets. However,
only part of the newly created microbubbles survives immediately following
vaporization the bubbles may recondense back into the liquid droplet state
within microseconds of nucleation. The probability of bubble survival within
the first microseconds of vaporization was shown to depend on ultrasound
excitation pressure as well as on bubble coalescence during vaporization, a
behavior influenced by the presence of coating material on the newly created
bubbles. The results of this study show for the first time that although initial
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vaporization of droplets is necessary to create echogenic bubbles, additional
factors, such as coalescence and bubble shell properties, are important and
should be carefully considered for the production of microbubbles for use in
medical imaging.

3.1 Introduction

Liquid perfluorocarbon (PFC) droplets have been investigated for a number
of years as a new generation of ultrasound (US) contrast agents [1]. Droplets
filled with a relatively low-boiling point perfluorocarbon, such as perfluo-
ropentane (PFP), stay in their liquid form at 37°C until exposed to ultrasound
at sufficiently high rarefactional pressures [2], at which point the droplets va-
porize into bubbles of gas. This unique property of selective acoustic activa-
tion makes the droplets a potentially useful tool for both diagnostic imaging
and therapy [3]. Therapeutically, droplets have been studied as means for
potentiating embolotherapy [2—4], aberration correction [5], HIFU sensitiza-
tion [6-9] and drug delivery [10-13]. For diagnostic purposes, submicron
perfluorocarbon droplets can be vaporized to produce micron-sized gas bub-
bles [14, 15]. The bubbles, imaged within milliseconds of vaporization, were
shown to be stable at the least on single-seconds timescales and to respond
non-linearly to ultrasound, rendering them suitable for use as ultrasound con-
trast agents for both B-mode and contrast-specific imaging techniques such
as pulse-inversion [14].

Droplets of diameters within the range of hundreds of nanometers have the
ability to extravasate in regions of tumour growth, while staying intravascular
in healthy tissues [12], due to the so-called enhanced permeability and reten-
tion effect [16]. This ability of the PFC droplets to passively target cancers
may be used in order to selectively increase tumour contrast on an ultrasound
image. Following this approach, direct detection of tumours with contrast en-
hanced US may be possible, unlike the current microbubble-based approaches
used in clinical practice, which rely on irregular blood perfusion patterns of
the hypervascularized tumours [17, 18].

Although recent studies have shown the potential for vaporized submi-
cron PFC droplets as a contrast agent for diagnostic imaging [12, 14, 15],
most work on nanodroplets has focused on the examination of the final bub-
ble product at timescales ranging from milliseconds to seconds and minutes
following ultrasound excitation. A number of high speed imaging studies [19—
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21] have been performed to examine the vaporization of micron sized droplets
on the microsecond timescales. However, observations of vaporization and
subsequent behavior of submicron (rather than the bigger micron-sized) PFC
droplets on the microsecond and nanosecond timescales have not been per-
formed the size dynamics, as well as presence of bubble fragmentation and
coalescence have not been examined in the submicron droplets case.

The efficiency of conversion and stability of vaporized droplets is of ut-
most importance for successful application of the proposed technique for ul-
trasound imaging in a clinical setting the amount of droplets necessary to pro-
duce sufficient amount of detectable bubbles should be minimized. The effi-
ciency of such conversion is dependent on the initial droplet nucleation rate as
well as the stability of the newly created bubbles against recondensation back
into the liquid form following vaporization. While it was shown the bubbles
are stable on the single milliseconds to single seconds timescale [14, 15], little
is known about their initial nucleation rate and their stability against recon-
densation, in the first few microseconds after phase conversion. Knowledge
of bubble behavior in the first microseconds after vaporization is necessary
to optimize bubble production techniques for their successful application on
diagnostic imaging timescales (milliseconds to seconds).

In this work, we conduct an initial ultra-high speed imaging study of sub-
micron droplet vaporization, to examine the newly created microbubbles in
the first 10 ps after vaporization. We consider droplets of liquid PFP of a
few-hundred nanometers in diameter, stabilized by a charged fluorosurfactant
and vaporized with single US pulses at pressures within the diagnostic range.
We calculate a lower limit order of magnitude estimate of the ratio of droplets
that undergo vaporization and examine the initial vaporization-induced size
change of the bubbles as well as bubble coalescence, fragmentation and the
recondensation of the bubbles back into the liquid state. We measure the de-
pendence of probability of bubble recondensation on ultrasound excitation
intensity and bubble coalescence. Finally, we discuss the possible mecha-
nisms that influence bubble stability and bubble recondensation in the first
microseconds following vaporization.



38 CHAPTER 3. NANODROPLETS
3.2 Theory

3.2.1 Initial droplet nucleation and PFC vapor pressure

There are a number of general conditions that need to be satisfied in order
for droplet vaporization to be energetically favourable. The process of bubble
formation from homogeneous nucleation in an acoustic field is described by
Church [22]. A nucleation bubble seed above a specific critical radius for
vaporization, T, is required for droplet vaporization. The value of 1, is
given by:

20‘D
Ph—Pv+Pa

where op= 9.5 mN/m is the surface tension of PFP (as provided by Flu-
oromed, Round Rock, TX, USA), ph is the hydrostatic pressure within the
droplet, py is the vapor pressure of the superheated PFC and p, is the in-
stantaneous applied acoustic pressure. A seed of size above 1, may be in-
cepted due to internal energy fluctuations within the liquid, in a stochastic
manner. From the equation, it is apparent that vaporization is possible only

when pa<pyv—Ph.

3.1

Tey = —

Py = 10AfB/(T+C) (32)

where T is the temperature in Kelvin, and A, B and C are model param-
eters. The appropriate parameters for PFP were obtained from the National
Institute of Standards and Technology (USA), fitted from the data obtained
by Barber and Cady [23]. The approximated p, of perfluoropentane for the
temperature range of 25°C to 45°C is shown in Fig. 3.1. As expected, at its
natural boiling temperature of 29°C, p, = 100 kPa, while at 37°C, p, = 135
kPa.

3.2.2 Rate of bubble condensation

Using the Homogeneous Nucleation Theory, it is also possible to estimate the
probability of bubble condensation into the liquid droplet form following the
initial vaporization. Similar to the process of vaporization, bubble condensa-
tion requires a nucleation seed of above a specific critical size for condensa-
tion rcc that will grow to convert the vapor bubble into a liquid droplet. The
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Figure 3.1: Vapor pressure in perfluoropentane as a function of temperature, as ap-
proximated by Antoine equation (Eq. 3.1). Highlighted are the vapor pressures at
29°C, the natural boiling point of perfluoropentane, and 37°C, the temperature at
which the experiments were performed.

number of condensation events for a single bubble in a defined time period
can be expressed as [24]:

2..2

B 4rtpyr2, Poupble ( l167top“m )-V At
~ (2mmkT)V? KT BT32I2 (Ppuppte/Py) ) 00 0
(3.3)
where C is the number of nucleation seeds above the critical cluster size
. 20pm . . ..
c¢ = SRT(Popeic/py) PET observation, Pyypple 1S the pressure inside the
bubble, k is the Boltzmann constant, m and p are the molecular mass and
the density of PFC respectively, Vpupbie is the volume of the bubble, At is
the total time of the observation. By setting C = 1 and solving numerically
for Pyyupble, it is possible to determine the condensation pressure threshold
Pcong- It should be noted that there is no significant difference in P.onq for
C =1 and for C = 10. Fig. 3.2 shows the value of P.,nq for a PFP bubble
at 37°C as a function of bubble radius R for an observation time period of
10 us and 1 s. For comparison, Py, ppie Of an uncoated bubble due to the
atmospheric pressure and the Laplace pressure contributions is shown on the
same graph. It is apparent that there is a threshold bubble radius Rgiqpie of
approximately 800 nm above which the bubbles are stable against reconden-
sation as Ppypple<Pcond. At the same time, uncoated bubbles below the size
of Rstaple are prone to recondensation, as the internal pressure is sufficient to

T
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Figure 3.2: Necessary pressure to induce a condensation event P.onq Within a bub-
ble within a time period of 10 us (solid line) and 1 s (dashdotted line) as a function
of bubble radius. Overlaid is the total internal pressure Py pble Within an uncoated

bubble surrounded by water due to atmospheric and Laplace pressure contributions
(dashed line).

convert the bubble into the liquid droplet state. Increasing the waiting time
does not significantly affect the threshold pressure for recondensation the

change in P.onq for 10 ps and 1 s time periods is only on the order of 50 kPa,
which does not significantly affect the value of Rgiqpie.

3.2.3 Surface tension at the vaporized droplet interface

Prior to vaporization, droplet emulsions are stabilized by a coating material,
such as fluorosurfactant, as used in our study. It was previously shown quali-
tatively that, following vaporization and bubble formation, the newly created
bubbles retain their initial coating material [20, 25]. In order to estimate the
ability of this surfactant material to stabilize the bubble and prevent bubble
recondensation back into the liquid form, we examine the coating material in-
duced change of the effective surface tension in between the newly vaporized
droplet and the surrounding liquid.

It was previously suggested [26] that for fluorinated surfactants the effec-
tive surface tension is dependent on the concentration of surfactant molecules

on the bubble surface. For charged surfactants the surface tension may be
expressed as follows [27]:
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o= 09— Q?/16m%eR? (3.4)

where 0y = 72 mN/m is the surface tension of water, Q is the total charge
on the surface of the bubble, € is the dielectric constant of the surrounding
medium and R is the bubble radius. Each molecule of the charged surfactant
carries a charge ¢, and the total charge of the surfactant coating Q can be
expressed as:

Q=qS =qr-4nR? (3.5)

where S is the total number of molecules of surfactant on the surface of
the bubble, and T is the concentration of surfactant molecules on the bubble
surface as a function of the bubble radius R. From Egs. (4) and (5) it follows,
then, that:

G:GO—q - = 09— 0s(R) (3.6)

where oy is the surfactant-induced surface tension component. Thus, an
increase in concentration of surfactant molecules at the interface between the
bubble gas and the surrounding liquid would lead to lower surface tension,
which, in turn, would lead to lower internal pressure within the bubble and
increased bubble stability against bubble dissolution and recondensation into
liquid.

3.3 Experimental methods

3.3.1 Droplet preparation

PFC droplet emulsions were prepared using tip-sonication approach [28].
Droplet suspensions were prepared by combining water, 5% v/v perfluoropen-
tane (PFP, Fluoromed, Round Rock, TX, USA) and 0.8% v/v negatively charged
fluorinated surfactant Zonyl FSP (Sigma Aldrich, Oakville, ON, Canada).
The samples comprised volumes of 10 mL of the solution, which were first
coarse emulsified with a vortex mixer (VM-300, Gemmy Industrial, Cherry
Hill, NJ, USA) for 30 s. Following the coarse emulsification, the samples
were further emulsified with a tip-sonicator for 60 s and 80% duty cycle (Soni-
fier 250, Branson, Branson, MO, USA) at nominal power output of 100 W.
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Sizing of the droplets was performed using a Zetasizer nano-sizing system
(Malvern, Worcestershire, UK).

3.3.2 Estimation of PFC droplet concentration

The concentration of PFC droplets under investigation can be estimated using
the droplet size distribution and the total volume of PFC used for the emul-
sion. The total volume of the droplets in the sample can be expressed as:

o0
4
Vpre =N J §7er31<(Rd) dRy, (3.7)
0

where Vpgc is the total volume of PFC used in the emulsion, N is the total
number of droplets in the solution and k(Ry) is the fraction of the droplets in
the solution of radius R4. Rearranging the terms in Eq. 3.7 gives:

_ 3Vprc
47t [{°Ra’k(Rq) dRy’

so that the total amount of droplets can be calculated from the overall PFC
volume and droplet size distribution.

(3.8)

3.3.3 Droplet vaporization experiments

The schematic of the optical experimental setup used for droplet vaporiza-
tion experiments is shown in Fig. 3.3. PFC droplets were vaporized by an
in-house custom-made PZT5H transducer (10 MHz, 1.4 cm diameter, f/#
1.0), driven by a Tabor Electronics arbitrary waveform generator (8026, Ta-
bor, Tel Hanan, Israel) amplified by an E&I 350L power amplifier (E&I,
Rochester, NY, USA). The transducer was focused onto an Opticell contain-
ing the droplet sample, diluted 1:2000 in distilled water. The Opticell was
placed under a 100x magnification water-immersion objective (N.A. = 1.00)
of an Olympus BX-FM microscope, coupled to the Brandaris 128 ultra-high
speed imaging system [29], providing a diffraction limited spatial resolution
of approximately 250 nm (with a pixel density of 100 nm/pixel). The field
of view in the resulting optical images was 50 um x 35 um. The focus of
the microscope objective was co-aligned with the transducer focus. The setup
was placed in a tank of deionized water, kept at a temperature of 37 +2°C.
Droplet samples were vaporized with single ultrasound pulses of 10 MHz,
from 5 to 10 cycles in duration and at peak negative pressures (Prneg) ranging
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Figure 3.3: Schematic diagram of the experimental setup. Droplet excitation was
performed with a single element transducer, while optical detection was done with a
100x objective of an upright microscope coupled to the Brandaris 128 camera.

from 2.3 to 3.5 MPa (corresponding to Mechanical Index values ranging from
0.73 to 1.11). The camera recorded sets of 128 images at either 10 or 15 mil-
lion frames per second (Mfps), triggered to begin recording at the arrival of
the ultrasound pulse, providing temporal resolution from 66 to 100 ns.

3.3.4 Optical image analysis

Optical images were analyzed with MATLAB (MathWorks, Natick, MA,
USA). Inception or disappearance of the bubble was accompanied by a sharp
change in optical image contrast (droplets were either invisible or transparent,
while bubbles appeared black). Bubble contours in the optical image frames
were traced using a minimum cost algorithm [30]. The bubble radius was
calculated as the mean distance from the bubble center of mass to the edge
of the bubble in the radial coordinate system. The analysis provided mea-
surements of the bubble radius for spherical bubbles and an average radius
estimate for bubbles with a non-spherical shape. The final bubble size was
measured either at 10 ps after the arrival of the ultrasound pulse, or at the last
frame before optical contrast loss in the case of unstable bubbles (the time of
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t = 0 corresponded to the arrival of the ultrasound pulse). The times for bub-
ble inception and disappearance were also recorded separately. We defined
bubbles as stable if they did not disappear within the first 10 ps following
vaporization.

Upon vaporization, a fraction of the bubbles did not appear to be com-
pletely in the focus of the microscope, such that, while still visible, their size
could not be resolved with confidence. Bubble size measurements were per-
formed for bubbles that remained in the focus of the microscope objective
throughout the image sequence. Only the times of bubble presence, rather
than their particular sizes, were recorded for bubbles that were not in focus
(approximately 25% of the total number of bubbles). In total, 117 bubbles (in
48 separate recordings) spanning the range of vaporization conditions were
examined. In case of bubble coalescence, the final coalesced bubble was con-
sidered for the total bubble count and size measurement, rather than the indi-
vidual bubble precursors coalescing together.

3.4 Results

3.4.1 Droplet sizing and droplet concentration

A typical droplet size distribution is shown in Fig. 3.4. The droplets were
polydisperse in size, ranging from 100 nm to 1 um in diameter with mean
diameter of approximately 400 nm. However, due to the small size of the
droplets, it was not possible to measure the size of the individual droplets
before vaporization. Furthermore, the light scattering nano-sizing system
is unable to measure droplet concentration. As a result, an order of mag-
nitude droplet concentration was estimated using Eq. 3.8 and the measured
droplet size distributions (such as that shown in Fig. 3.4). Droplet concentra-
tion was estimated to be at 1012 droplets/mL for undiluted sample or 5 - 103
droplets/mL for the 1:2000 diluted solution. In our experiments, the axial op-
tical field of view was on the order of 10 wm (to account for both in focus
and out of focus droplets the depth of field of the objective used was on the
order of 1 um), with the field of view at 50 pm x 35 pm, the optically imaged
volume was at most 2 - 103 mL. Hence, it is estimated that on average there
were at most 10 droplets within the field of view in each image. It should
be noted that this is likely to be an overestimation, since the real axial field
of view of the objective is smaller, and not all of PFC was incorporated into
the droplet solution. However, this approach provides an upper limit order of
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Figure 3.4: Typical droplet size distribution, as measured with Dynamic Light Scat-
tering (DLS). The droplet mean diameter was measured to be at approximately 400
nm.

magnitude estimate on the amount of droplets in the optical field of view.

3.4.2 Vaporization experiments

Submicron droplets of liquid PFC were successfully vaporized with single
pulses of ultrasound, 5 to 10 cycles in duration, at Ppeq ranging from 2.3 to
3.5 MPa (corresponding to an MI range of 0.73 to 1.11). Exposure of the
diluted droplet samples (1:2000 dilution) resulted in only individual droplet
vaporizations (1-3 vaporization events) in the optical field of view per excita-
tion pulse. An example of a series of high-speed images of droplet vaporiza-
tion with a 10-cycle pulse (ultrasound burst duration of 1 us) at Ppeq of 2.9
MPa is shown in Fig. 3.5a, taken at 10 Mfps. The corresponding radius-time
(R-t) curve obtained from the bubble trace is shown in Fig. 3.5b. The figures
show that, following vaporization, the newly created bubble undergoes rapid
expansion, followed by rapid shrinkage. After this transient oscillation, the
bubble shrinks to a radius of less than 1 um, and disappears below the optical
resolution limit at approximately 4.5 ps.

From the investigated bubbles, it was observed that following initial droplet
nucleation, the newly created bubble behavior may follow a number of pat-
terns. A diagram of the observed patterns is shown in Fig. 3.6. Following
droplet vaporization, after the US vaporization pulse has passed (stage a), the
newly created bubbles undergo a growth phase followed by rapid shrinkage
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Figure 3.5: Example of a vaporization of a single PFC droplet by a 10-cycle ultra-
sound pulse at 10 MHz (total pulse length of 1 us) and Pyeg of 2.9 MPa. Images
were taken at 10 million frames per second. Time t =0 corresponds to the moment of
arrival of the excitation ultrasound pulse (a) recorded image sequence. The images
depict the initial growth and subsequent collapse and disappearance of the vaporized
droplet. Scale bar - 5 um (b) plot of the bubble radius as a function of time.
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Figure 3.6: Bubble evolution stages after initial vaporization. (a) initial nucleation
of the droplet, (b) rapid growth of the newly created bubble to a maximum size, (c)
rapid collapse of the bubble after growth, (d) stable oscillation of the bubble for a few
cycles with gradual decay, (e) sudden shrinking of the bubble to approximately 1 wum
in diameter; (f) survival of the small bubble, (g) loss of optical contrast and bubble
disappearance. Coalescence of part of the bubbles in close proximity to each other
was observed in stages b and c. The shown time-scale of the events is approximate,
varying from bubble to bubble.

or collapse (stages b and c). At this point, the bubbles can either undergo
stable oscillations for a number of cycles eventually coming to rest (stage
d), or undergo sudden shrinkage to approximately 1 um in diameter (stage
e). The shrunken bubbles could then either remain in their shrunken form
(stage f) or disappear from the image completely (stage g). We term stage c
as the collapse stage due to the rapid shrinkage of the bubble, and in order
to differentiate it from the subsequent shrinking observed in the case of stage
e. However, it should be noted that even at the highest frame rates of the
camera, it was not possible to tell if the bubble collapse at stage ¢ exhibited
the characteristics of a collapsing gas cavity, such as in the case of transient
cavitation.

During the initial growth and collapse stage (Fig. 3.6, stages b and c) the
bubbles may undergo fragmentation (Fig. 3.7a) and coalescence (Fig. 3.7b).
Coalescence was observed in 49% of the analyzed bubbles, while fragmen-
tation was observed in 17% of the cases. As might be expected, coalescence
of bubbles occurred only when two or more bubbles came into a direct con-
tact either during initial bubble growth or the subsequent collapse (stages b or
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Figure 3.7: Different bubble behaviors during and after vaporization. (a) Droplet
vaporization with subsequent fragmentation during the bubble collapse stage (stage
¢). (b) Example of multiple droplet coalescence. The images depict 4 droplets vapor-
izing in near proximity to each other. Upon physical contact, the vaporized droplets
coalesce, followed by the collapse of the single combined bubble. (c) Rapid disap-
pearance of a bubble following the collapse stage (stage c). Scale bar - 5 wm.

c). Bubble fragmentation was observed to occur only during the initial col-
lapse phase (stage c). Neither one of these phenomena were observed at any
stages subsequent to the collapse. In addition, some cavities were observed to
rapidly disappear following the initial collapse, as shown in Fig. 3.7c. How-
ever, these cavities did not appear to resemble well-formed bubbles, and due
to the rapidity of the events and the irregularities of the bubble shape, these
bubbles were not considered in our analysis (the 117 analyzed bubbles did not
include the rapidly disappearing ones).

3.4.3 Post vaporization bubble size

The bubble size distribution after the initial post-vaporization oscillation (stages
d or e) is shown in Fig. 3.8. For the unstable bubbles, the mean diameter the
standard deviation of the bubbles prior to their disappearance was measured
to be 1.1 £0.3um. The mean diameter of the bubbles that remained visible
after the initial post-nucleation oscillation was measured to be 1.8 & 1.5pum at
the end of the imaging sequence, at approximately 10 ps. The two mean sizes
are significantly different (p<0.01). However, from the observed size distri-
bution in Fig. 3.8, it is apparent that except for a small number of remaining
bubbles at radii above 1 um, bubble sizes for both populations are similar.
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Figure 3.8: Final bubble size distribution for both surviving and disappearing bub-
bles, after the initial post-vaporization oscillation. None of the bubbles above radius
of 1 wum were observed to disappear.

3.4.4 Bubble survival

Of the 117 analyzed bubbles, 53 remained visible in bubble form (stage d
or f in Fig. 3.5), while 64 disappeared (stage g), as observed at the end of
the imaging sequence, at approximately 10 us after the beginning of the US
excitation pulse. There was a strong dependence of probability of bubble sur-
vival on coalescence following vaporization and the excitation pressure used
to vaporize the droplets. Fig. 3.9 shows a comparison of the ratios of bub-
ble survival for coalesced and non-coalesced bubbles at Pyeq of 2.3, 2.6 and
3.2 MPa. The figure shows an increase in the probability of bubble survival
when the bubbles undergo coalescence and an inverse dependence of bubble
survival on excitation pressure. There was no observed dependence of bubble
coalescence rate on ultrasound excitation pressure. Bubble survival rates as
a function of size, separately for coalesced and non-coalesced bubbles, are
shown in Fig. 3.10. From the figure, it is apparent that for similarly sized
bubbles (in separate 250 nm radius intervals) the rate of survival is also sig-
nificantly higher for the coalesced bubbles than the non-coalesced ones.

There was no apparent dependence of bubble fragmentation on the rate of
bubble survival. Out of the 18 observed fragmented bubbles, 9 eventually dis-
appeared and 9 survived (ratio of 1.0). For the 86 non-fragmented bubbles, 44
disappeared, while 42 survived (ratio of 0.95). For the remaining 13 bubbles,
it was unclear whether fragmentation occurred during the collapse or not.
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Figure 3.9: Percentage of survived bubbles as a function of ultrasound excitation
pressure for coalesced and non-coalesced bubbles. Bubble coalescence and lower
excitation pressures lead to higher chance of bubble survival post-vaporization. M -
total number of bubbles analyzed for each population.
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Figure 3.10: Percent of bubbles survived as a function of size, for either coalesced
or non-coalesced cases. While 100% survival was observed for both coalesced and
non-coalesced bubbles with radius above 1 wm, the smaller bubbles that underwent
coalescence during vaporization exhibited significantly higher probability of survival
than the non-coalesced ones across the entire size range. Stars represent sizes for
which the bubble survival rates are significantly different (p<0.05) as verified by x>
test.
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3.5 Discussion

Unlike previously reported high-speed optical work [19-21], where gradual
vaporization of PFP droplets with sizes ranging from 5 to 30 um in diame-
ter was examined on microsecond timescales, in this study we focus on the
behavior and stability of the submicron droplets after vaporization, when the
ultrasound pulse has passed, as well as on the efficiency of droplet conver-
sion into microbubbles. Vaporization of submicron droplets examined here
revealed a number of effects not observed for their micron sized counterparts,
as will be discussed in this section.

3.5.1 Efficiency of droplet vaporization with applied ultra-
sound

Droplet vaporization efficiency is of paramount importance for the potential
application of these droplets in medical applications. The possibility of low
vaporization efficiency, where thousands of droplets are necessary to produce
a few bubbles, may render the application of droplets inefficient, as this would
introduce the problem of delivery of such high droplet concentrations to ex-
travasate in tumour regions. It has been previously shown in mice [28] that
submicron PFP droplets are retained by tumours and may vaporize to produce
detectable bubbles. However, to the best of our knowledge, the direct study of
extravasation efficiency of droplets has not yet been performed. Nevertheless,
ideally, single droplets should be detectable following US excitation.

In our work, in order to observe individual (13) droplet vaporizations in
each image with only occasional coalescence, prepared droplet samples had
to be diluted 1:2000 in distilled water. Although it was not possible to di-
rectly observe the droplets prior to vaporization due to their small size, we
have estimated that for such a dilution, as an order of magnitude upper limit,
on average there were at most 10 droplets per image. Hence, a large part (on
the order of at least 10%) of droplets were vaporized with each ultrasound
pulse. Although there are some uncertainties in the estimate of the amount of
droplets, such that the exact droplet conversion efficiency is hard to predict,
the estimates provide an adequate order of magnitude approximation. The
efficiency of initial droplet nucleation due to diagnostic US pulses appears
to be quite high, as approximately ten droplets (as opposed to hundreds or
thousands) may be sufficient for the initial production of a detectable amount
of bubbles, which is of comparable efficiency to the single microbubbles de-
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tectable in an imaging procedure [31]. The final bubble production efficiency,
however, is also dependent on bubble survival following vaporization, as will
be discussed further in this section.

3.5.2 Bubble behavior following vaporization

After initial nucleation, the bubbles were observed to grow to a maximum
size (up to 10 pm in diameter) and then collapse, decreasing their radius by
approximately 5-fold relative to the maximum size attained. This growth and
collapse occurs after the ultrasound excitation pulse has passed, and thus is
dependent only on the inertia of the surrounding liquid and internal pressure
within the bubble, attained during vaporization. A number of cavities (such
as the one shown in Fig. 3.7c) were observed to rapidly disappear, without
forming a bubble-resembling sphere. While such a transient behavior may
be the reason for the previously observed wideband acoustic emissions [32],
in this initial study we focus on the stability and recondensation of the well
formed bubbles (after stage c in Fig. 3.6). As a result, we did not consider
these transient cavitation events in the analysis for this work.

Following the oscillations, bubbles stabilize in size. With our high speed
imaging setup, it was possible to observe the droplets only within the 10 ps
timeframe. Although we defined stable bubbles as the ones that did not dis-
appear within this timeframe, 10 ps should not be confused with stability rel-
evant to medical imaging application (of seconds to minutes). In this case the
measurement of stability was used to differentiate between recondensing and
non-recondensing bubbles. Previous studies (e.g. [14]) have demonstrated
bubble stability on millisecond timescales. While, for completeness, it still
remains to be shown directly that the bubbles examined here are also stable
over hundreds of microseconds, the results of this study may suggest that the
stable bubbles observed here in fact survive for time periods much longer
than single microseconds without dissolution or recondensation. Bubble dis-
solution due to gas diffusion on sub-millisecond timescales is not expected to
occur, as the bubbles were shown to be stable on milliseconds and seconds
time intervals [14, 15]. Furthermore, even in the case of uncoated PFP bub-
bles, dissolution would occur at least on a millisecond timescale [33]. Bubble
stability against recondensation is not significantly affected by the observa-
tion time, at least within the microseconds to seconds time ranges, as shown
in Fig. 3.2. This suggests that if a bubble remains stable against recondensa-
tion within the first 10 us, recondensation will be also unlikely within the first
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I s. In addition, the final diameter of the bubbles at approximately 10 ps after
vaporization was 1.8 £+ 1.5um and is similar to the value observed by Reznik
etal. [14] of 1.4+ 1.1um, for t = 1 ms after vaporization for similarly sized
initial droplets. Vaporized droplets observed by Reznik et al. [14] were shown
to be stable for at least 1 s following vaporization, enabling detection by con-
trast specific ultrasound techniques. This similarity of bubble sizes, droplet
preparation protocol and droplet excitation conditions in the current and the
previous study, may also suggest that the droplets that survive in the initial
microseconds after vaporization are stable enough to persist for at least 1 s
after vaporization and have the potential to serve as useful ultrasound contrast
agents.

3.5.3 Bubble survival post vaporization

It was observed that following their initial oscillations there is a significant
probability of the bubbles losing all optical contrast, effectively vanishing
from the image. Loss of contrast due to motion out of focal plane of the
microscope objective is unlikely, as no defocusing blur of the bubbles was
observed prior to their disappearance. Bubble dissolution as a result of gas
diffusion from the bubble is also unlikely on the microsecond timescale. Even
in the case of uncoated bubbles, diffusion of PFC for a 1 pum bubble would
be, at the least, on the order of 1 ms [34], while the given bubble disappeared
over a course of a few frames (hundreds of nanoseconds).

Bubble disappearance over such a short time period is most plausibly at-
tributed to recondensation of the bubble to its initial liquid state. Recondensa-
tion of previously vaporized droplets has been proposed previously [8] in an
effort to explain some of the observed acoustic phenomena of the vaporized
droplets. As shown in Fig. 3.2, the pressure necessary to recondense a PFP
microbubble into the liquid droplet form, of approximately 280 kPa, is sub-
stantially higher than the actual vapor pressure of PFP at 37°C (135 kPa, as
shown in Fig. 3.1). At the same time, small bubbles experience an increase in
Laplace pressure. As an example, the additional Laplace pressure for an un-
coated bubble of 500 nm in radius in water is approximately 300 kPa. Thus,
the total pressure inside the bubble, assuming hydrostatic pressure of 100 kPa,
is approximately 400 kPa (as shown in Fig. 3.2), which is sufficiently high to
recondense the bubble back into the liquid droplet form. Condensation of
small bubbles due to an increase in Laplace pressure has also been suggested
previously as the ultimate fate of a dissolving bubble [34].
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Bigger bubbles experience lower Laplace pressure that reduces the possi-
bility of a condensation event, or eliminates recondensation possibility com-
pletely for big enough bubbles. It was experimentally observed (Fig. 3.8)
that bubbles above the radius of approximately R =1 pum did not recondense.
This size is in concordance with the threshold bubble size obtained theoreti-
cally using the Homogeneous Nucleation Theory of Rggpie = 800 nm for un-
coated bubbles. As uncoated bubbles experience the highest Laplace pressure
effects, this suggests that PFP bubbles bigger than 1 pwm in radius, whether en-
capsulated by a shell material or not, are stable against recondensation for at
least 1 s. Due to the large bubble sizes, previous high-speed optical imaging
studies of vaporization of micron-sized droplets [19-21] have not observed
recondensation behavior.

At the same time, it was shown that not all the bubbles with R j Rstable
recondense, suggesting that bubble size is not the only factor affecting the
probability of bubble survival. It was recently shown, both indirectly [35]
and directly [25], that droplets retain their initial shell material following va-
porization, to produce coated bubbles. Presence of a shell reduces the effec-
tive surface tension on the bubble, in turn, reducing the experienced Laplace
pressure. As shown by Eq. 3.6, the presence of surfactant molecules on the
interface between the bubble and the surrounding liquid can either reduce or
completely eliminate the experienced surface tension. It should be noted that
variability in the concentration of surfactant shell material on individual va-
porized droplets is expected, as such a phenomenon was observed even for
the commercially available microbubbles [36]. This variability in the amount
of the shell material on the individual bubbles can explain the difference in
their fate for bubbles of similar size bubbles with higher concentration of
surfactant coating are more likely to avoid condensation than those with less
surfactant.

As shown in Fig. 3.9, there is a reduced chance of bubble disappearance
after vaporization, if bubbles coalesce either during vaporization or in the os-
cillation stage, which follows immediately after. Bubble coalescence during
vaporization has also been observed previously for micron-sized droplets [21].
Coalescence would increase the total volume and size of the bubble, reducing
the effect of Laplace pressure. However, for similar bubble sizes, it was shown
that the bubbles that underwent coalescence had a higher chance of survival
(Fig. 3.10), indicative of other factors, in addition to size increase, such as
increase in surfactant coating concentration. Under ideal conditions, as a re-
sult of bubble coalescence, the total amount of surfactant material of the two
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bubbles would combine, as well as the bubbles’ volumes. Consequently, coa-
lescence of two bubbles may work to increase the surfactant concentration on
the final combined bubble. To illustrate this, consider a simplified situation
of two identical bubbles, of radius Ry and surfactant concentration I;. The
total amount of surfactant on each bubble is then View the MathML source
So = 47IR02F0. The new combined bubble would have a radius of View the
MathML source R; = v/2Ry. The new surfactant concentration on the bubble
is then:

2
rl _ 2502 _ 87TR() r() o= \3/§r0.
ATRIT 4n(V2Ry)

From Eqgs. (6) and (9), it follows then that the surfactant ability to com-
pensate surface tension is 0g; = 2050, hence the stabilizing ability of the sur-
factant, against potential recondensation of the bubble, is increased 2-fold. It
should be noted, however, that for a well-encapsulated bubble, coalescence
with a poorly stabilized bubble may reduce the final encapsulation efficiency
for example, following the same considerations as for Eq. 3.9, coalescence of
a bubble with surfactant concentration Iy and a bubble of the same size with
surfactant concentration of less than 0.261 would lead to a final surfactant
concentration of '} <Iy. Furthermore, this analysis does not account for the
possible loss of surfactant molecules to the bulk of the liquid surrounding the
bubble [37] - as a result of coalescence, a portion of the surfactant molecules
may dissolve in the surrounding water in an effort to preserve the surface
energy [38]. Further studies are necessary to quantify the concentration of
surfactant at the droplet surface before and after vaporization and the change
in concentration as a result of bubble coalescence.

It should be further noted that the effects of bubble coalescence on bubble
stability also depend on the nature of the encapsulating material. A vari-
ety of shell materials in addition to negatively charged fluorosurfactants are
currently used for droplet preparation, ranging from nonionic fluorosurfac-
tants [28] to phospholipids [7, 26, 39], albumin [25, 40] and polymers [41].
As a result, bubble stability properties and the effects of bubble coalescence
on bubble stability may be different for these different droplet formulations,
and should be investigated separately.

The presented observations show that maximizing the probability of droplet
coalescence either during or immediately following vaporization is advanta-
geous to create stable microbubbles suitable for ultrasound imaging. Since the
chance of coalescence is dependent on bubble proximity to each other, it is

3.9
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advantageous to increase the initial droplet concentration prior to ultrasound-
induced vaporization to reduce the inter-droplet separation. It was previously
observed [14] that there is a decrease in excitation pressure threshold for
the inception of stable bubbles with increasing initial droplet concentration.
While the proposed explanation for this phenomenon was that an increase in
PFC volume results in higher probability of PFC nucleation, it is apparent that
stabilization by coalescence is another mechanism for increased efficiency of
production of stable bubbles.

Increase in the excitation pressure above the vaporization threshold neg-
atively affects the chances of bubble survival in the first microseconds af-
ter vaporization (Fig. 3.9). Previous studies [2, 14] have shown an increase
in echogenicity from droplet populations with increasing excitation pressure,
above the vaporization threshold, which may seem to contradict the current
findings. However, the total amount of stable bubbles created is dependent on
two factors rate of initial nucleation and vaporization, and subsequent bub-
ble survival. An increase in Pneq leads to a higher rate of nucleation [22]
as less energy input is necessary for cavity formation. Hence, an increase in
excitation pressure has a positive effect on initial droplet nucleation rate and
a negative effect on bubble stability. From the previously published results
(e.g. [2, 14]), it appears that the net effect still results in a higher number of
stable bubbles produced.

The results of this study show that stable bubble production efficiency is
dependent on the initial nucleation of the droplet and the subsequent bubble
survival in the first microseconds following vaporization, which, in turn, is
affected by bubble coalescence and bubble shell properties. Although the ef-
ficiency of droplet nucleation is relatively high (on the order of at least 10%),
with unfavourable conditions, up to 90% of the newly formed bubbles may
recondense back into the liquid, resulting in the efficiency of stable bubble
generation dropping to around, or even below, 1%.

3.5.4 Limitation in resolution of initial droplet nucleation

At 37°C, the PFP vapor pressure is approximately 135 kPa. The critical radius
of the nucleation cavity within the superheated PFP at ultrasound Preq of 2.3
MPa is calculated (Eq. 3.1) to be at ¢, = 8 nm. The initial nucleation cavity
is much smaller than the droplet size, which is on the order of 100 nm, and
may form within the droplet. Such nucleation behavior was observed earlier
in the case of the bigger, micron-sized droplets [19, 21]. The initial nucleation
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cavity may vaporize the droplet completely before the event is observed with
our optical system, due to its impressive but still limited temporal and spatial
resolution.

It is apparent (e.g. from Fig. 3.5b) that there is a delay between the ar-
rival and passing of the ultrasound pulse and inception of a detectable bubble.
Although in this work we focus on examination of the bubble product after
vaporization, and the study of initial nucleation of the droplet under ultra-
sound is beyond the scope of this paper, we may speculate on the possible
reasons for such an observed delay. Due to the imaging frame rate of 10
Mfps, which is low relative to the 10 MHz ultrasound excitation frequency,
each image in the sequence captures a single cycle of ultrasound. Therefore,
there is a possibility that transient behavior, occurring only during the rarefac-
tional part of the ultrasound, wave may be missed on our images. A bubble,
nucleated while the ultrasound pulse is on, is easily disrupted when exposed
to the high compressional pressures due to transient cavitation or reconden-
sation: a gas bubble close to the resonant size associated with the excitation
frequency (approximately 1 pm in diameter) at an MI of around 1.0, as was
used in our experiments, may undergo transient cavitation and collapse; the
high compressional pressures may cause the bubble to quickly condense back
into the liquid droplet form. Recently, it has been shown [39] that exposure
of microbubbles to high static compressional pressures may be utilized as a
method of production of submicron PFC droplets. In such a scenario, a bubble
may be both nucleated and recondensed (or cavitated) within a single cycle of
ultrasound, with the process evading observation by our imaging setup. Fu-
ture studies, utilizing lower excitation frequencies and higher frame rates will
investigate the process of initial nucleation and droplet behavior during US
excitation in more detail.

It should be noted that the excitation frequencies used here are at the
higher part of the clinical diagnostic imaging frequency range. In a clinical
setting, due to frequency dependent attenuation, it may be difficult to achieve
pressures as high as 2 to 3 MPa, necessary for vaporization, deep within the
body at a frequency of 10 MHz. However, the use of such frequencies should
still be adequate to relatively superficial targets, such as the breast.
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3.6 Summary

Submicron PFC droplet vaporization was observed for the first time on the
nanosecond scale. It was estimated that the efficiency of conversion of droplets
into bubbles when exposed to an acoustic pulse with Preq within the diag-
nostic range is of the order of magnitude of at least 10%. The behavior of
vaporized submicron droplets immediately following vaporization is differ-
ent to their micron-sized counterparts. Following vaporization and transient
oscillations, bubbles may remain in the micron-sized form, shrink to approx-
imately 1 um in diameter or condense back into their liquid form. Further-
more, droplets may undergo coalescence or fragmentation during the initial
oscillations following droplet vaporization. Depending on the vaporization
conditions, it is estimated that, up to 90% of the initial vaporized droplets
may recondense back into the liquid form within several microseconds fol-
lowing vaporization.

Presence of coating material on the bubble surface affects bubble stability
and probability of bubble survival for adequately long time periods to create
acoustically active particles for diagnostic ultrasound contrast imaging. Bub-
ble coalescence, effectively increasing the shell material concentration on the
bubble surface, increases the chances of bubble survival. An increase in initial
droplet concentration, leading to reduced inter-droplet separation distances,
hence, is beneficial for the production of stable microbubbles.

The results presented in this study suggest a number of conditions affect-
ing the probability of generation of stable microbubbles from PFC droplets,
which have not been reported to date. The study shows that although initial
nucleation of droplets is necessary for the production of echogenic bubbles,
additional factors, such as bubble coalescence and bubble shell properties, sig-
nificantly affect the probability of inception of bubbles that are stable. Hence,
the efficiency of initial droplet vaporization, and the efficiency of stable bub-
ble production may be very different, depending on the excitation conditions.
These conditions should be considered for production of the convertible PFC
droplets that can serve as ultrasound contrast agents.
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Focusing and nucleation?

Acoustically sensitive emulsion droplets composed of a liquid perfluorocar-
bon have the potential to be a highly efficient system for local drug delivery,
embolotherapy or for tumor imaging. The physical mechanisms underlying
the acoustic activation of these phase-change emulsions into a bubbly disper-
sion, termed acoustic droplet vaporisation, have not been well understood.
The droplets have a very high activation threshold, its frequency dependence
does not comply with homogeneous nucleation theory and localized nucle-
ation spots have been observed. Here we show that acoustic droplet vapor-
ization is initiated by a combination of two phenomena: highly nonlinear
distortion of the acoustic wave before it hits the droplet, and focusing of the
distorted wave by the droplet itself. At high excitation pressures, nonlinear
distortion causes significant superharmonics with wavelengths of the order
of the droplet size. These superharmonics strongly contribute to the focusing
effect, therefore the proposed mechanism also explains the observed pressure
thresholding effect. Our new interpretation is validated with experimental
data captured with an ultra high-speed camera on the positions of the nucle-

tPublished as: Oleksandr Shpak, Martin Verweij, Rik Vos, Nico de Jong, Detlef Lohse,
and Michel Versluis, ”Acoustic droplet vaporization is initiated by superharmonic focusing”,
Proceedings of the National Academy of Sciences of the United States of America 111 (5).
1697-1702 (2014).
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ation spots, where we find excellent agreement with the theoretical prediction.
Moreover, the presented mechanism explains the hitherto counterintuitive de-
pendence of the nucleation threshold on the ultrasound frequency. The new
physical insight allows for the optimization of acoustic droplet vaporization
for therapeutic applications, in particular with respect to the acoustic pres-
sures required for activation, thereby minimizing the negative bioeffects asso-
ciated with the use of high-intensity ultrasound.

4.1 Introduction

Over the last 15 years, nanomedicine has emerged as a promising field to
address current problems of chemotherapy [1-4]. Several drug-carrying con-
structs have been suggested to decrease the severe side effects of systemic
injection on healthy tissue. The common strategy for such a local drug deliv-
ery application is the encapsulation of the drugs in polymeric micelles, hollow
particles, liposomes or emulsion droplets. The encapsulation allows for tar-
geted and triggered release of the content and the administration of bioactive
compounds which have low aqueous solubility [5].

One approach is the use of injectable phase-change emulsion microdroplets
composed of a low boiling point perfluorocarbon (PFC), such as perfluoropen-
tane (PFP, 29°C boiling point). PFC emulsions have been studied in a wide
variety of diagnostic and therapeutic applications such as drug delivery, tu-
mor imaging, and embolotherapy [6]. Ultrasound can be used to induce a
phase-transition of such droplets to gas bubbles, a process known as acoustic
droplet vaporization (ADV) [7]. Since ultrasound can be applied locally and
non-invasively, ADV has been investigated as a means of localized drug deliv-
ery, especially for therapeutic agents with a narrow therapeutic index, such as
chemotherapeutic drugs [5, 8—10]. The droplets are stabilized by a surfactant
shell to prevent their coalescence. The PFP emulsion does not spontaneously
vaporize when injected in vivo at 37°C [11, 12] until the droplets are exposed
to ultrasound at sufficiently high pressure amplitude [7]. Recent studies have
also demonstrated that PFC nanodroplets (size ~ 200 nm) may extravasate
through leaky tumor vasculature, thus passively accumulating in the intersti-
tial space, with the potential to enhance the therapeutic outcome [13, 14].

Even though the ADV approach for localized drug delivery shows great
promise [13, 15], the physical mechanisms underlying the nature of the ADV
process have not been well explained. The pressure amplitudes required to
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induce the phase transition of the acoustically sensitive droplets appear to be
substantial, with mechanical indices [16] reported to be as high as four [7],
well above the FDA-approved limit for diagnostic ultrasound. A pronounced
thresholding behaviour has been observed for the activation, meaning that
there is negligible probability for detection up to some peak negative pres-
sure amplitude, after which the probability increases linearly with the ap-
plied acoustic pressure [7, 17]. Several groups have reported a dependence
of the pressure threshold on the driving frequency [7, 17-19]. The required
threshold has been found to decrease with increasing frequency, whereas the
cavitation threshold in liquids is expected to increase with increasing fre-
quency [16]. There is also an unexplained decrease of the threshold pressure
with increasing size of the droplets [20, 21]. Finally, ultra high-speed imaging
has allowed for the construction of spatial and temporal nucleation maps [22].
This showed that the nucleation spots inside the droplets were highly local-
ized for some bubbles, whereas other bubbles had nucleation spots at random
positions throughout the droplet. The authors suggested that the location of
such spots may be a function of the droplet size [22]. The authors also pointed
out that temporally the initiation of the nucleation is shifted towards the end
of the rarefactional half cycle of the ultrasound pulse.

Here we elucidate the physical mechanism which is responsible for all of
the above phenomena. We show that acoustic droplet vaporization is initi-
ated by the focusing of a nonlinear acoustic wave on a specific spot inside the
droplet. The focusing results from the spherical shape of the droplet and the
acoustic impedance mismatch between the PFC droplet and its exterior. The
phenomenon is facilitated by the nonlinear propagation of ultrasound, which
builds up superharmonics that are necessary to induce the focusing effect by
having a wavelength of the order of the droplet size. Below we will present
the theory for this problem. We will explain the approach for analyzing the
distortion of the focused ultrasound wave and generation of superharmonics
due to nonlinear propagation, and subsequently derive the expression for the
diffracted ultrasound inside the droplet. We will then combine theory and nu-
merical computations to quantify the effect of superharmonic focusing within
the droplet, which allows for the exploration of the full parameter space of
acoustic pressure, frequency, transducer geometry and droplet size. Finally,
our theoretical treatment is supported with precise ultra high-speed imaging
experiments near the vaporization threshold of single microdroplets, which
show the phenomena to be droplet size dependent.



68 CHAPTER 4. FOCUSING AND NUCLEATION

x|
plane droplet
wave
. R
Uo r
—_— V1 > )
@ _—
Wo C z
- P1
Co
_ Po

Figure 4.1: Schematic of the diffraction of an acoustic plane wave within a spherical
droplet. Incoming plane wave \y propagating from left to right, scattered wave wy
outside the droplet and refracted wave v inside the droplet.

4.2 Theory

4.2.1 Nonlinear propagation

The acoustic pressure amplitudes required to nucleate the droplet have been
observed to be very high. In a typical ADV experiment, prior to impinging on
the droplet, the ultrasound wave from a focused transducer travels a distance
on the order of a few centimeters [7, 17-19, 22-24]. Under these conditions
the wave that arrives at the focus of the transducer can be highly distorted due
to nonlinear propagation [25, 26]. The use of a focused transducer permits
that the nonlinearly distorted wave can be calculated using the Khokhlov-
Zabolotskaya-Kuznetsov (KZK) equation [27, 28]:

’p _con S p B P’
0z0t 2 2¢3 0T 2pgcy ot

4.1

with p the pressure, 3 the coefficient of nonlinearity of the medium, and § its
sound diffusivity. The variable T denotes that the retarded time T =t — (z—
zp)/co, with z being the distance between the transducer and the droplet. The
derivation of the KZK equation involves a parabolic approximation which is
valid for forward propagating waves in a cone with an half-opening angle of
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up to 16 degrees around the transducer axis [29-31]. This requirement is often
met for the waves emitted from a regular piston transducer.

All the subsequent derivations are given in the complex representation.
The pressure field at the acoustic focus of the transducer obtained from the
solution of the KZK-equation can be expanded in a Fourier series:

(e}
przx(t) =) ane!n@thén), (4.2)
n=0

where a, and ¢, are the amplitudes and the phases of the n-th harmonic
component of the ultrasound wave. Because nonlinear waveform deforma-
tion builds up over distance and the droplet is four orders smaller in size than
the distance to the transducer, we disregard the additional nonlinear distor-
tion inside the droplet. This implies that wave propagation inside the droplet
is considered linear, so the superposition theorem holds and each harmonic
component may be analyzed individually, as we will do in the following.

4.2.2 Diffraction within a spherical droplet

Let us consider an incident plane acoustic pressure wave composed of a single
Fourier componentp = aetl@t=kztb) with pressure amplitude a propagating
in the z-direction in a medium with speed of sound ¢, density of mass pg and
wavenumber (or spatial frequency) kg = w/cq. It interacts with a spherical
droplet with radius R, speed of sound c, density of mass p; and wavenumber
ki = w/c;. The angular frequency of the ultrasound wave is w = 27tf, with
f the frequency of the ultrasound wave.

Let us now find the pressure wave inside the droplet. The time dependence
of the refracted pressure waves (the one inside the droplet) and the scattered
pressure wave (the one outside the droplet) is determined by the e!***® mul-

10°
tiplier. As a consequence, the acoustic wave equation V2p — c_ga_tg —
reduces to the Helmholtz equation [32]
Vv + ks =0, 4.3)

where ks = w/c; is again the wavenumber and vy is the spatial pressure wave
(without the e!“**® time dependency. s = 0, 1 represents the notation of the
different media; O for the exterior and 1 for the interior. The wave outside
the droplet can then be expressed as vo = 1y + wyp, where 1 represents the
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incident plane wave (a known function), and wy the scattered wave, and the
wave inside the droplet is indicated by vy, see also Fig. 4.1.
At the droplet interface the pressure field must satisfy two boundary con-
ditions:
V1 =Up + Wy, 4.4)
1 ovi  10u 1 0owp
pron  poon  po on’

4.5)

where 0/0n indicates the normal derivative to the droplet interface. The first
boundary condition follows from the condition of continuous pressure at the
droplet surface, as no force can be exerted on an infinitesimally small bound-
ary. And the second has the physical meaning of continuity of a fluid particle
displacement normal to the surface. The incident plane wave can be expanded
in spherical coordinates as follows [32]:

[e.9]
ug = 0=} ()™ 2m A Djm(kor)Pm(cosB),  (4.6)
m=0
where jm (kor) = ﬁ]m% (kor), with ]m+% (kor) a Bessel function of the

first kind of order (m -+ %) , and Py, (cos0) the Legendre polynomial of order
m. The symbols r and 8 denote spherical coordinates with the © = 0 direction
being aligned along the propagation direction of the incident ultrasound wave
up. Based on symmetry considerations both refracted v; and scattered wy
waves are axisymmetric functions and must both satisfy the Helmholtz wave
equation Eq. (4.3). Let us find such solutions of the unknown functions v,
and wy in the form of Eq. (4.6):

V| = Z mjm(ki7T)Pm(cos0), @.7)
m=0

wo=Y_ Bmhin (Kor)Pm(cos8), (4.8)
m=0

where o, Bm are unknown coefficients, j;,, (k1) as before, and h%) (kor) =

2 (kor) with H? (kor) the Hankel function of the second kind

ZkoT " Tmtg m+3
of order (m+ %). Hankel functions of the second kind are chosen as linearly
independent basis for the expansion of the scattered wave wy, because they
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automatically satisfy the Sommerfeld radiation conditions at infinity. One
can find the &, and (3., coefficients by substituting Eqs. (4.7) and (4.8) at
the droplet interface (r = R) into the two boundary conditions, Egs. (4.4)
and (4.5), and using the known function uy from Eq. (4.6). Equalizing the
prefactors of Py, (cos0) (they must be equal, because all Py, (cos0) are lin-
early independent functions of cos0) gives:

jm (koRI2) (koR) — h2) (kgR)j 1 (KoR)
m;m(klk)h” J(koR)— 1 "Oh( @ (koR)ji (kiR)’

where vy, = (—1)™(2m+1), and jm and h’ En) denote the derivatives of the

respective functions. The coefficients &, are now known and expressed in
terms of the dimensionless parameters kogR and k{R. Thus, by reintroducing
the exponential time factor that was dropped earlier, the pressure wave inside
the droplet at any given spatial point (r,0) and any instant of time t can be
written as:

Qm =Y 4.9)

o
Pinside (T 6.1) = a3 o (kg )P (cos 0), (4.10)
m=0
where ¢ is related to the phase of the incident field and a is the amplitude of
the incident pressure wave.

Equation (4.10) was obtained for an incident sinusoidal wave. It can now
be extended to the case of a nonlinear pressure waveform. For the incident
wave, we superimpose the Fourier components as in Eq. (4.2). With a,, and
¢n known, the corresponding Fourier component inside the droplet is found
when substituted into Eq. (4.10). Superposition of these internal Fourier com-
ponents is then used to calculate how the nonlinear pressure wave is diffracted
within the small spherical droplet:

p1n51de 1,0,t) Z Z ane nwttén) (xmn)m(klﬂpm(cose), (4.11)

n=0m=0

where omn 1s computed by means of Eq. (4.9) with kg and k; being replaced
by nkg and nky, respectively.

4.3 Results and discussions

The distorted wave is calculated from the real part of Eq. (4.2) and plotted in
Fig. 4.2 in spatial coordinates in the propagation direction z, along the axis of
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Figure 4.2: Snapshot of the superharmonic focusing effect within a spherical droplet.
The black line represents the acoustic pressure waveform on the axis of symmetry
(0=0) as a function of the z-coordinate in the absence of a droplet. The red solid
line is the focused pressure in the presence of the droplet. The snapshot is taken
right at the moment of minimum focused pressure. The horizontal axis displays one
full wavelength in the medium outside the droplet. The gray shaded region depicts
the position of the droplet, R = 10 um. The focusing spot lies around z = —0.4R
and the pressure is amplified 5.8 times compared to the incident acoustic pressure
Pl =—45MPa.

m

symmetry, where the wave propagates from left to right. The black line rep-
resents one wavelength of the wave, Ag =438 pm, in the absence of a droplet.
The red line represents the same wave in the presence of a R = 10 um droplet,
calculated using the real part of Eq. (4.11). The position of the droplet is
indicated by the gray shaded region. In contrast to the non-diffracted (dis-
torted) wave, the diffracted wave changes its shape depending on how far it
has propagated relative to the droplet position. The red curve shows the pres-
sure right at that particular time instant when the maximal negative pressure is
reached over the full period 27t/ w. It can be observed that a focused pressure

of Pd_Top = —26 MPa is achieved within the droplet for an incoming wave with

a peak negative pressure P - = —4.5 MPa. A near six-fold increase in peak
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negative pressure amplitude is observed in a concentrated region on the prox-
imal side around z = —0.4R. We will call this position the focusing spot. For
any given set of input parameter values the solution of Eq. (4.11) has an abso-
lute minimum in (1, 0, t) space. Nucleation within the droplet is assumed to
be most probable at such a minimum, where (and when) the focused pressure
amplitude is maximal.

The pressure amplification factor in the focusing spot as well as its loca-
tion depend on the input parameter values, i.e. frequency, pressure amplitude,
transducer geometry and size, which prescribes the propagation distance to
the focal point. Due to the nonlinear propagation of the ultrasound wave its
shape, expressed in the coefficients a,, and ¢, depends on the pressure am-
plitude. The higher the pressure, the more nonlinear the wave becomes, as the
amplitudes of the superharmonics build up roughly as (Pgy,)™, where Pgy; is
the pressure amplitude at the transducer surface and n is the number of that
particular harmonic. Figure 4.3a shows the dependence of the pressure am-
plification factor on the incident peak negative pressure P, = at the focusing
spot for droplet sizes R = 4, 7, and 10 um. For instance, in the case of a
R =10 um droplet, the pressure signal is not amplified until a pressure near
Pl = —2.5 MPa.

The focusing effect strongly depends on the frequency of the driving pres-
sure field. Here two effects come into play. Firstly, the nonlinear propagation
depends on frequency and, secondly, there is a strong coupling between the
frequency and the droplet size due to diffraction. Both frequency and size
appear in a combined way in the dimensionless parameters k;R and kgR, see
Egs. (4.9) and (4.11). In Fig. 4.3b we plot the pressure amplification factor
at the focusing spot as a function of frequency for the droplet sizes R = 4,
7, and 10 pum driven at a peak negative pressure P, - = —4.5 MPa. It shows
that the pressure is amplified with increasing frequency and this tendency is
in agreement with the work of Kripfgans et al. [7].

Figure 4.4a shows the superharmonic focusing effect as a function of the
droplet size. It shows resemblance to Fig. 4.3b through the coupling through
kR. By comparing with Fig. 4.3b one can now discriminate between the effect
of diffraction and nonlinear propagation. Both Figs. 4.3b and 4.4a display the
same superharmonic focusing effect, however only the first is governed by
the nonlinear distortion as a function of frequency. The amount of focus-
ing depends both on the degree of constructive interference of the various
harmonics within the droplet and whether or not these harmonics are near
the internal acoustic resonance of the droplet, which occurs once kR is close
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to 1. Because of this intricate interplay, the focusing effect will show rapid
changes and significant peaks as a function of frequency and size, as shown
in Figs. 4.3b and 4.4a.

The position of the absolute minimum pressure in Eq. (4.11) was calcu-
lated numerically by an iterative method of successive displacement along
the variables (1,0,t). The absolute minimum was found to be always on the
axis of symmetry (6 = 0). Figure 4.4b shows how the measured position of
the focusing spot depends on the droplet size for a fundamental frequency
of 3.5 MHz (red curve). For example, for droplets with radii between 1 and
5 wm, nucleation is expected to occur homogeneously distributed through the
droplet [24], while for bubble radii between 8 and 12 um the focusing spot
is located near z = —0.4R and positioned at the proximal side, i.e. on the
side where the nonlinear ultrasound wave hits the droplet. Note that Fig. 4.4b
shows the result of the constructive interference of all superharmonics. Taking
only the fundamental frequency, or any single harmonic, as in Eq. (4.10) will
lead to a completely different diffraction pattern, and as a result into different
focusing position and strength or to no focusing effect at all.

A total of 142 nucleation events were imaged experimentally using ultra
high-speed imaging at up to 20 million frames per second [33, 34]. A typical
example of such a droplet vaporization event is shown in Fig. 4.5a. Nucle-
ation is initiated between frames 3 and 4 at the position of minimum pressure,
where the focused pressure increases the chance of nucleation. Once the nu-
cleus is formed, rapid bubble growth follows with a typical expansion velocity
on the order of R = 10 m/s depending on the ambient temperature [22]. The
position of each focusing spot was measured from the geometrical center of
the growing nucleus with a v/2 correction to account for the 45° inclination of
the optical imaging plane with the direction of US propagation (see Methods).
Spatial nucleation maps were then constructed as displayed in Fig. 4.5b.

The position of the focusing spot as a function of the droplet size is sum-
marized in Fig. 4.4b. They are in good agreement with the theoretical pre-
diction, being more scattered for smaller droplets and highly localized for
the larger ones. This is to be expected as the pressure amplification factor
(from Fig. 4.4a) is only slightly above unity for the smaller droplets, lead-
ing to a stochastic random nucleation behaviour, while for the larger droplets
a much higher amplification factor is achieved leading to sharp focusing of
the acoustic wave and instant nucleation in a well-defined spot. Figure 4.4b
was calculated for those positions with absolute minimum of pressure in the
(1,0,t) parameter space. However, one can calculate that for the larger bubbles
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Figure 4.3: Dependence of the pressure amplification factor at the focusing spot
for three microdroplet radii (a) as a function of the incident acoustic peak negative
pressure P - at a driving frequency of 3.5 MHz and (b) as a function of the driving

frequency f for a peak negative pressure of -4.5 MPa.
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in the parameter set considered here, Eq. (4.11) has a second local minimum
on the axis of symmetry around z = +0.4R, i.e. on the distal side, occurring
at a different time than the first one. Due to the stochastic nature of ADV,
and provided that enough acoustic power is applied, i.e. above the vaporiza-
tion threshold, acoustic vaporization can also be initiated at this second local
minimum [22].

The nucleation maps of Fig. 4.5b show that for a driving frequency of
3.5 MHz (red), the smaller droplets are indeed nucleated in random posi-
tion, with a tendency to focus for the sizes 6 um to 10 wm, whereas for the
larger droplet sizes (10-14 um) the nucleation spots are highly localized. The
data shows that for a fundamental driving frequency of 5.0 MHz nucleation
occurs in a focal spot already for smaller droplet sizes (6-10 um). The his-
togram shows the positions z/R for 3.5 MHz for the 10-14 um droplet sizes
and 5.0 MHz for the 6-10 um droplet sizes. For the 3.5 MHz frequency exper-
iment the mean position is -0.37 (standard deviation of 0.10; N=28 events),
while the corresponding theoretical prediction is -0.45. For the 5.0 MHz ex-
periment the mean position is -0.54 (standard deviation of 0.10; N=58 events)
with a corresponding theoretical prediction of -0.59. Thus, the focusing spot
moves more proximal to the transducer for a higher frequency and its position
is in quantitative agreement with the theory.

While the presented model explains the tendency of the nucleation thresh-
old with the driving pressure, frequency of the ultrasound wave, and size of
the droplets, a detailed calculation of the probability of nucleation must also
incorporate parameters such as the purity of the PFP liquid, the dissolved gas
concentration, liquid temperature, vapor pressure associated with it, number
of US cycles, droplet concentration, droplet size distribution, etc. By using
Eq. (4.11) one could match the peak negative pressure at the focusing spot
(e.g. -26 MPa at R =10 um in Figure 4.3a) with the incident peak negative
pressure threshold measured in experiments as a function of these parameters.
The numerical results presented here are calculated and compared to exper-
iments performed in water. The shape of the nonlinearly distorted wave is
strongly dependent on the parameters of the propagating media. For human
tissue the Goldberg ratio is lower than for water [35]. This indicates that non-
linear distortion is easier to achieve in water, compared to tissue. Therefore
the experiments performed in vivo are expected to have different nucleation
patterns, notably with a higher nucleation threshold compared to the in vitro
experiments.

The present theory shows that the larger the droplet size, the stronger the
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Figure 4.4: (a). The dependence of the pressure amplification factor at the focusing
spot as a function of the droplet radius R for three incident acoustic peak negative
pressures P .. (b). The position of the nucleation site as a function of the droplet
size. The position is taken along the axis of US propagation on the axis of symmetry
of the system. The solid lines represent the calculated positions of maximal peak
negative pressure for a frequency of 3.5 MHz (red) and 5.0 MHz (blue), respectively.
The dots represent measured nucleation spots for a range of bubble sizes for the two
frequencies.
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Figure 4.5: (a). A set of consecutive images showing acoustic droplet vaporization of
a 7.4 wm radius PFP droplet taken at a frame rate of 12.6 Mfps. The droplet is trig-
gered by an 8-cycle 5 MHz frequency US pulse. The nucleation is initiated between
frames 3 and 4. Frames 4 and 5 show the subsequent vapor bubble growth [24]. (b).
Nucleation maps for the two frequencies and for a range of droplet sizes. The his-
togram shows the focused positions /R for a frequency of 3.5 MHz for the 10-14 um
droplet sizes and for a frequency of 5.0 MHz for the 6-10 wm droplet sizes.
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focusing. The smaller nanodroplets will require a higher frequency for activa-
tion. For the higher frequencies the harmonic content will be higher through
nonlinear propagation and a higher number of superharmonics will be formed.
Attenuation, however, will be stronger for higher frequencies. Thus, it is rea-
sonable to assume that the combined effect will still be there, but probably
less pronounced. A precise answer, however, cannot be provided given the
computational effort of calculating nonlinear propagation effects for these
high frequencies and given the lack of experimental tools for validation of
pressures and amplitudes for these high frequencies and for optical imaging
which would then be required at nanometer precision.

The new physical insight allows for the optimization of acoustic droplet
vaporisation for therapeutic applications, in particular with respect to the
acoustic pressures required for activation, thereby minimizing the negative
bioeffects associated with the use of high-intensity ultrasound. This includes
the design of droplets by mixing different liquids of different physical prop-
erties which allows to vary the acoustic impedance by a change of the den-
sity and speed of sound. Using dual or multiple frequency transducers, the
amplitudes and phases of the transmit waves can be optimized to have max-
imal constructive interference within the droplets to maximize the focusing
strength at any given acoustic input pressure.

4.4 Materials

4.4.1 Numerics

Several numerical codes [31, 36] based on the KZK equation, Eq. (4.1), are
available to calculate the nonlinear pressure in the absence of a droplet. We
use a numerical axisymmetric implementation written in C programming lan-
guage developed in-house [37]. It has been validated with calibrated hy-
drophone measurements and was found to be able to represent the experi-
mental pressure waveform with a precision of 10% [37]. The result of the
simulation is the pressure field at the acoustic focus as a function of the posi-
tion, time and frequency for any given transducer geometry, i.e diameter and
focal distance. The following parameter values were used in the simulations:
exterior medium water with speed of sound cg = 1520 m/s (at 37°C), den-
sity pp = 1000 kg/m?, a nonlinear coefficient 3 = 3.5 and a sound diffusivity
& = 4.3x10° s7!, interior medium PFP with speed of sound c¢; = 406 m/s
(at 37°C) and density p; = 1660 kg/m3. In the numerical simulations the
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Figure 4.6: Wave distortion through nonlinear propagation. The black solid line
is the pressure waveform at the focus of the transducer simulated with our KZK
code [37] using Eq. (4.1). The red solid line represents ten superharmonic terms
used to represent the nonlinear ultrasound pressure wave given by Eq. (4.2). The
black dashed line is the first harmonic term at the fundamental frequency of the wave.

transducer dimensions were set to that used in experiment; the diameter was
19.05 mm (3/4 inch) and the focal distance was 38.1 mm (1.5 inch). The nu-
merical code was initially run to calculate the pressure field at the focus of the
transducer for a center frequency f = 3.5 MHz and f = 5.0 MHz for pressures
ranging from 1 to 5 MPa peak negative pressure. The code was also run at
frequencies ranging from 1 to 7 MHz with the incoming peak negative pres-
sure at the focus kept constant at a value P, =-4.5 MPa. Figure 4.6 shows
how the series expansion approach represents the original signal depending on
how many expansion terms are taken into account. We used the first ten har-
monics to represent the nonlinear ultrasound pressure wave, Eq. (4.2). Equa-
tion (4.11) allows to calculate the pressure inside the droplet at any given
spatial point (r,0) at any instant of time t. To calculate the pressure inside
the droplet, Eq. (4.11), for the parameters considered here (1 < R < 15 um,
1 < f <7 MHz) the first 45 terms of the series in Eq. (4.10) were used.
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4.4.2 Experiments

A PFP droplet emulsion was prepared using the methods adopted from Refs.[22,
23, 38]. A highly diluted suspension of droplets was injected into an OptiCell
(Thermo Fisher Scientific, Waltham, MA, USA) in order to observe single mi-
crodroplets. The OptiCell was submerged in a 1-liter temperature-controlled
water tank kept at a temperature of 37°C. Microdroplets were phase-transitioned
with a focused 19-mm (3/4-inch) diameter single-element transducers (Olym-
pus Panametrics, Antwerpen, Belgium, 3.5 MHz and 5.0 MHz center frequen-
cies, focal length 38 mm (1-inch)). The acoustic driving pulse was delivered
from an arbitrary waveform generator (Tabor 8026; Tabor Electronics, Tel
Hanan, Israel) amplified by a RF-amplifier (ENI 350L, Electronic Naviga-
tion Industries, Inc., Rochester, NY, USA). Droplet samples were vaporized
with a single ultrasound pulse, consisting of a burst between 6 and 10 cy-
cles and a driving pressure with a peak negative pressure P; =-4.5 MPa at
45° angle to the horizontal OptiCell plane [22, 24]. The pressure value was
calibrated in the same setup at the position of the droplets using a 0.2 mm
PVDF probe hydrophone (DC27/000658, Precision Acoustics Ltd., Dorch-
ester, UK). The region of interest in the Opticell was imaged with an Olympus
microscope (Olympus; Zoeterwoude, The Netherlands) equipped with a 40x
water-immersed microscope objective (LUMPlanFI/IR, NA = 0.8) providing
a resolution of 0.269 pum per pixel. The sample was illuminated from below
with a 65 mJ Xenon flash pulse (30 pus duration) through an optical light guide
(SCHOTT AG, Mainz, Germany). The timing and positions of the focusing
spots within the insonified droplets were captured with the ultra high-speed
framing camera Brandaris 128 [33, 34]. The camera was set to record 128
frames in a single run at a frame rate of up to 20 million frames per second
(fps), thus providing an interframe time as low as 50 ns. This allowed sam-
pling of each cycle of the US wave with a ratio of 5-6. The uncertainty of the
determination of the nucleation site from the optical images is one pixel size,
which corresponds to a physical size of approximately 250 nm. Our method
assumes that nucleation occurs in the plane at a 45° angle with the imaging
plane and parallel with the US propagation direction. However, nucleation
may occur off this plane within the depth of field of the microscope, which
may well be a source of error. A more precise determination of the position
of the nucleation site will require orthogonal or 3D ultra-high speed imaging,
which is not available at present.
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Vaporization dynamics’

Acoustically sensitive emulsions are a promising tool for medical applica-
tions such as localized drug delivery. The physical mechanisms underly-
ing the ultrasound-triggered nucleation and subsequent vaporization of these
phase-change emulsions are largely unexplored. Here, the acoustic vaporiza-
tion of individual micron-sized perfluoropentane (PFP) droplets is studied at
a nanoseconds timescale. Highly diluted emulsions of PFP-in-water and oil-
in-PFP-in-water droplets, ranging from 3.5-11 um in radius, were prepared
and the nucleation and growth of the vapor bubbles was imaged at frame rates
of up to 20 Mfps. The droplet vaporization dynamics was observed to have
three distinct regimes: 1. prior to nucleation, a regime of droplet deformation
and oscillatory translations within the surrounding fluid along the propaga-
tion direction of the applied ultrasound; 2. a regime characterized by the
rapid growth of a vapor bubble enhanced by ultrasound-driven rectified heat
transfer; and 3. a final phase characterized by a relatively slow expansion,
after ultrasound stops, that is fully dominated by heat transfer. A method to
measure the moment of inception of the nucleation event with respect to the
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porization of phase-change microdroplets”, Journal of the Acoustical Society of America 134
(2). 1610-1621 (2013).
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phase of the ultrasound wave is proposed. A simple physical model captures
quantitatively all of the features of the subsequent vapor bubble growth.

5.1 Introduction

Ultrasound can be used to phase-transition liquid droplets, either submicron-
or micron-sized, into gas bubbles a process known as acoustic droplet vapor-
ization (ADV) [1]. These acoustically-sensitive phase-change emulsions are
composed of a volatile perfluorocarbon (PFC), such as perfluoropentane (PFP,
29°C boiling point), and are stabilized by a surfactant shell. Due to the boiling
point elevation of the PFC when formulated as droplets [2], a PFP emulsion
does not spontaneously vaporize when injected in vivo at 37°C [3, 4]. How-
ever, upon exposure to ultrasound above a certain acoustic pressure amplitude,
the PFC within the emulsion is vaporized [5].

As highlighted by a recent review [6], PFC emulsions have been used in
a wide variety of diagnostic and therapeutic applications. Since ultrasound
can be applied non-invasively and focally, ADV has been investigated as a
means of localizing drug delivery, especially for therapeutic agents with a
narrow therapeutic index, such as chemotherapy drugs [7-9]. Drug release
from these acoustically sensitive PFC emulsions is ideally linked to ADV,
thus reducing the systemic side effects associated with conventional drug ad-
ministration routes. Since PFCs are very hydrophobic and lipophobic [10],
therapeutic agents are usually not dissolved directly in the PFC phase but
rather in a secondary phase that is contained within the PFC emulsion [11].
Recent studies have also demonstrated that nanoscale PFC droplets may ex-
travasate through leaky tumor vasculature, thus passively accumulating in the
interstitial space and enhancing the therapeutic outcome [12, 13].

The complex dynamics of ADV has been previously studied using high
speed microscopy for micron-sized [14—16] and submicron-sized [17] single-
phase, PFC emulsions. Wong et al. [15] already denoted that ADV bubble
dynamics can be described by multiple stages following empirical laws. The
following three stages were proposed: 1. a microsecond-long nucleation stage
with a linear growth rate; 2. a stage, lasting several microseconds, where a
linear growth rate is observed, but smaller than the previous stage, and 3. a
stage up to 200 ps in duration with a nonlinear growth rate where the vapor
bubble reaches 90-95% of its final size, before asymptotically reaching its
final size. Owing partly to the extremely fast time scales of the phase con-
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version process, Wong et al. [15] could not resolve the complex interaction
of ultrasound and bubble growth during the first two stages, which could help
elucidate the physical picture. Some work on the modeling of acoustic droplet
vaporization was performed by Qamar et al. [18]. They assumed that the per-
fluorocarbon mass evaporation rate was constant with the maximum possible
value predicted by the kinetic theory limit to the mass flux that can be attained
in the phase change process. Additionally, Qamar et al.used the ideal gas law
for the vapor bubble. The numerical code was validated with the experimental
results of Wong et al. on a time scale from 0 to 600 ps, and it predicted that
the expansion of the bubble radius is almost linear for the first 100 ps.

In this paper, we use ultra-high speed optical imaging to study, for the first
time, droplet vaporization dynamics at nanoseconds timescales, as well as the
vaporization of a PFC double emulsion. A full frame imaging was performed
here, as opposed to Kripfgans er al. [14], where the authors used a streak
camera with a resolution of 17.4 nanoseconds. Moreover not only are the
data sets taken at up to 20 Mfps, they also consist of 128 frames, as opposed
to most other ultra high-speed imaging systems that can only do 8, or at most
16 frames. We also develop a simple theoretical model to capture all of the
growth dynamics prior to and following the nucleation event at the time scales
under study here. We show that on these time scales the evaporation process
is limited, not by the kinetic theory of the mass flux, but by the heat transfer
from the containing liquid into the vapor bubble required to supply the latent
heat for a phase conversion. We validate the model by recordings at different
ambient temperatures, where we find a drastic change in growth rates due to
the different temperature gradients. We observe a square root dependence of
the growth rate, not linear, which is characteristic for a heat transfer limited
vapor bubble expansion. We also take into account the interaction of the vapor
bubble with the applied ultrasound and explain that the phase conversion rate
is much more rapid due to rectified heat transfer. This result is consistent with
the phenomena previously reported by Haworth ez al. [19], who observed that
with a two cycle pulse on a microseconds time scale only a small portion
of droplet phase conversion occurred, whereas with a thirteen-cycle pulse a
much larger part of the droplet was phase-converted. And finally, we recover
the driving pressure information from the optical recordings and determine
the exact phase of ultrasound when nucleation is initiated.
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5.2 Materials and methods

5.2.1 Droplets

Single perfluoropentane (PFP) emulsions (i.e. PFP-in-water) were prepared
with bovine serum albumin using a previously published method [20] . Dou-
ble PFP emulsions (i.e. oil-in-PFP-in-water) were prepared by modifying an
earlier protocol [21]. The primary emulsion (oil-in-PFP) was prepared by
dissolving Krytox 157 FSH (DuPont, Wilmington, DE, USA) in PFP (Strem
Chemicals, Inc., Newburyport, MA, USA) at a concentration of 5.0% (w/w).
The PFP phase was then combined in a 2:1 volumetric ratio with soybean
oil containing 10 mg/mL Sudan Black (Sigma Aldrich, St. Louis, MO, USA).
The phases were emulsified, while in an ice bath, using the microtip accessory
of a sonicator (model 450, 20 kHz, Branson, Danbury, CT, USA) operating at
125 W/cm? for 30 seconds in continuous mode. The resulting primary emul-
sion was added drop-wise at a 1:2 volumetric ratio to a 10 mg/mL solution of
Poloxamer 188 (Sigma-Aldrich, St. Louis, MO, USA), dissolved in normal
saline, which was in an ice bath and being stirred at 1100 rpm for 10 minutes.

5.2.2 Setup

To study the optical response of acoustic droplet vaporization, a 10 mL sus-
pension of droplets was injected into an OptiCell (Thermo Fisher Scientific,
Waltham, MA, USA). The sample suspension was highly diluted (1:4000)
in order to observe individual droplets. The OptiCell was submerged in a
1 L temperature-controlled water tank. A schematic of the experimental
setup used for the droplet vaporization experiments is shown in Figure 5.1.
PFP droplets were vaporized with a focused 1.5-inch diameter single-element
transducer (A381S; Olympus Panametrics, Antwerpen, Belgium, 3.5 MHz
center frequency, NA 1.0). The acoustic driving pulse was generated by an
arbitrary waveform generator (AWG) (Tabor 8026; Tabor Electronics, Tel
Hanan, Israel) amplified by an RF-amplifier (ENI 350L, Electronic Navi-
gation Industries, Inc., Rochester, NY, USA). Droplet samples were vapor-
ized with a single ultrasound pulse, consisting of a burst of 4 to 10 cycles
in length and at a peak negative pressure (PNP) of 4.5 MPa. The Opticell
was placed under a microscope equipped with a 40x water-immersion ob-
jective (LUMFPL; Olympus, Zoeterwoude, The Netherlands), coupled to the
Brandaris 128 ultra-high speed imaging facility [22, 23] providing a spatial
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Figure 5.1: (color online) Schematics of the experimental setup. An OptiCell
polystyrene container with the microdroplet suspension was kept in the water tank
at 35°C - 50°C ambient temperature. A focused transducer was sending the US-
pulses from a side inclined at 45 degrees to the plane of the Opticell. The samples
were imaged from the top with an upright microscope coupled to the Brandaris 128
high-speed camera and irradiated from below with a xenon flash light.

resolution of 0.269 um per pixel. The camera recorded sets of 128 images at
a frame rate of up to 20 million frames per second (fps) with an exposure time
down to 50 nanoseconds. The camera recording started a few microseconds
before ultrasound arrival.

The transducer was focused on the Opticell containing the droplet sam-
ple in the following way: the OptiCell was removed, the tip of a hydrophone
(DC27/000658, Precision Acoustics LTD, Dorchester, United Kingdom) was
positioned in the optical focus of the microscope objective with a XYZ - mi-
cropositioning stage, while the acoustic focus of the ultrasound transducer
was aligned with a planar stage. To keep the optical and acoustic focus per-
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fectly aligned, the OptiCell chamber was connected to a 3D translation stage
to allow for the positioning of the sample independently from the transducer
and the microscope. A 65 mJ xenon flash pulse (30 us duration) was used for
bright field illumination. The acoustic field is free from reflections from the
optical components at the time of activation, as it is directed from a transducer
placed at the bottom under a 45° angle to the optical axis, see Fig. 5.1. Minor
reflections from the microscope objective of a magnitude of approximately
5% of the incoming pressure field can be observed at 15 ps after activation,
but these are outside the measurement window of the experiment.

5.2.3 Data analysis

The acquired optical images were analyzed using custom image processing
software [24]. Contours of the droplets and bubbles were detected using an
algorithm based on a minimum cost function. The bubble radius was calcu-
lated as the mean distance from the bubble center of mass to the edge of the
bubble in a radial coordinate system averaged over the full 27t angle. A total
of 37 droplet vaporizations were recorded: 15 vaporizations of oil-in-PFP-in-
water droplets, and 22 vaporizations for PFP-in-water droplets. Only those
droplets that remained in the focus of the microscope objective throughout
the image sequence were included in our analysis. Six available data sets out
of the 22 PFP-in-water droplets nucleation events had well-resolved vaporiza-
tion dynamics and high enough optical contrast to allow for the determination
of the exact moment of nucleation inception.

The raw data of the droplet positions (x-coordinates) as a function of time
(see Fig. 5.3A) are obtained directly from the Brandaris 128 image frames.
They contain both a systematic and a random error. The systematic error
arises from the finite alignment precision of the realignment software of the
individual 128 CCD sensors in the Brandaris 128 camera [22]. To account
for the systematic error, we subtract for each frame number the first recording
taken at zero pressure, resulting in Fig. 5.3B. The random error, or random
walk, is due to Brownian motion. The higher the ambient temperature, the
more intense the random component becomes. Since Brownian motion has
a random net direction, it leads to droplets wandering off in different direc-
tions, see again Fig. 5.3B. Here we propose to use x-coordinate differences
Xi = X{ —X{_ to eliminate the random walk component. The success of this
method is demonstrated in Fig. 5.3C. It shows the dependence of the oscilla-
tory translation amplitude on the applied pressure, see for more details sec-



5.2. MATERIALS AND METHODS 93

A (regime I)

1861ps 18144 _ 1967ps : 2073 ps el _2233ps
B (reginte IT)

2.286 ps L uraiel 239%ps 00 e i e his - Tl 258 sl e, X _ 2658ps
C (regime IIT)

_ 15 1 1} m _15 1 1 n
£ £
= =
2 3
ERU 210
5 5
0 1 2 3 4 5 0 1 2 3 4 5
Time [us] Time [us]

Figure 5.2: (color online) A-C. A set of consecutive images showing acoustic droplet
vaporization taken at 18.5 Mfps at an ambient temperature of 41°C. The recordings
can be categorized in three distinct regimes: 1 - oscillatory translations of a droplet
prior to nucleation, Il - vapor bubble expansion during which ultrasound is ON, and
11l - continued growth of the vapor bubble with ultrasound turned OFF. D-E. Two
typical examples of the radius-time curves of the outer radius of the droplet/bubble
complex obtained from the vaporization dynamics at 41°C and 50°C ambient tem-
perature, respectively. The regimes I, Il and IlI are as per the above. The radius-time
curve of D corresponds to the recordings shown in A, B and C. The ultrasound pulse
(US) is ON for the duration highlighted between the dashed lines. The dot-dashed
line indicates the inception of nucleation.
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tion 5.3.1. The data presented here was taken at a frame rate of 13.8 Mfps and
at an ambient temperature of 44°C.

5.3 Results

A typical recording of a droplet vaporization event is shown in Figure 5.2A-
C. Three distinct regimes of droplet vaporization were observed in our exper-
iments - denoted I, II, and III. Figures 5.2D and 5.2E show two examples of
the measured radial dynamics of the droplet/vapor bubble system, together
with the applied ultrasound pulse.

Regime I (Figure 5.2A) begins with the start of ultrasound and ends with
the inception of nucleation. It is characterized by shape deformations and
oscillatory translations of the droplet with a frequency of 3.5 MHz along the
propagation direction of the applied ultrasound. Regime II (Fig. 5.2B) is char-
acterized by the growth of a vapor bubble during which ultrasound is ON. The
growth of the vapor bubble in this regime is composed of two components
at different time scales. The first component is a monotonic expansion with
a typical velocity around 5-10 m/s at a typical size near 10 um. The second
component is a sinusoidal perturbation due to successive vaporization and
condensation cycles driven by the applied ultrasound. The amplitude of these
oscillations AR (determined from the average between different datasets) is
around 1.2 pm and the velocities are on the order of 25 m/s. Finally, regime
III (Fig. 5.2C) is a continued growth of the vapor bubble, with ultrasound
turned OFF, and is characterized to have only a monotonic expansion compo-
nent.

5.3.1 Oscillatory translations

Prior to nucleation (regime I), droplets experience an oscillatory translation
with a typical amplitude € on the order of one hundred nanometers, with
the same frequency and duration as the ultrasound transmit frequency (see
Fig. 5.4A). Shape deformations are also clearly visible. From these images we
extract the center of mass, or position, of the droplet x;, where 1 is an image
number. During the oscillatory translations the droplets experience a random
walk component. This component can be eliminated by looking at the discrete
velocities (see Fig. 5.4B) where we plot X; = x{ —x;_; as a function of time
for various pressure amplitudes. See the full description of the analysis in the
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Figure 5.3: (color online) Data analysis for the oscillatory translations. A. Raw data
obtained directly from the Brandaris 128 recordings. B. Systematic error removed by
subtracting the reference recording at Po = 0 MPa. C. Random error removed by

taking x-coordinate differences.
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Appendix. Then the actual amplitude of translational oscillations € will be
related to the introduced amplitude in discrete terms by Xmax = €(271/T)AT,
where T is the period of oscillations and AT = t; —t;_; is the interframe
time interval. Prior to the measurement of X« @ cubic spline interpolation
was performed to account for a possible underestimation due to the limited
sampling rate. In the case of the recording frame rate used here of 13.8 Mfps,
KXmax = 1.6€. It should be noted that the translation amplitudes € are one order
of magnitude lower than the ones previously observed by Kripfgans ez al. [14]
using streak mode imaging. This can be explained by the fact that in streak
mode imaging, it is not possible to uniquely identify the direction of droplet
oscillations and shape deformations may have contributed to their measured
amplitude.

As seen in Figure 5.4C, higher pressures lead to higher translation am-
plitudes. The equation of motion of a droplet contained in another liquid,
in this case water, in an acoustic field can be described by a force balance
equation [25]:

4 - 4 0P
O (1 [l U [ L (5.1)
3 oot low )3 0x

where the first term on the right hand side represents the added mass force
and where F;,q is the radiation force experienced by the droplet by the scat-
tered wave due to the mismatch of acoustic impedances between the droplet
and the surrounding liquid. The densities p,, = 1000 kg/m? and Pptp = 1660
kg/m> are those of water and PFP, respectively. R is the droplet radius and
x is the spatial coordinate. For the applied pressure of P4 = 4.5 MPa the
amplitude of oscillatory translations € measured from the recorded images
i1s 156 £ 30 nm. Let us highlight that the water itself, at such high acous-
tic pressures, will experience periodic compressions and rarefactions with an
amplitude of € = Pa /27pfc,, = 130 nm, where f = 3.5 MHz is the frequency
and c,, = 1532 m/s is the speed of sound in water. Fig. 5.4C depicts the liquid
compressibility effect as a function of pressure and good agreement is found
with the observed oscillatory motion of the droplets. Thus the compressibility
of the water contributes to almost all of the oscillatory translations. No depen-
dence on the ambient temperature was observed for the oscillatory translations
in the range of 35°C to 50°C (data not shown). Following the explanation pro-
posed here, the amplitude of oscillatory translations of other perfluorocarbon
droplets is expected to be similar to the ones composed of perfluoropentane.
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Figure 5.4: (color online) A. A set of consecutive images showing pronounced oscil-
lations of a droplet of a radius of 11 \wm prior to nucleation (regime I) at an ambient
temperature of 44°C, taken at a frame rate of 18.5 Mfps. B. Oscillatory translations
Xi =Xi —Xi_1 of a microdroplet at an applied pressure amplitude of 2.5 MPa (dots)
and 4.5 MPa (squares) with the droplet not being vaporized. Ambient temperature of
44°C. Data taken at a frame rate of 13.8 Mfps. It illustrates that the translations fol-
low the driving ultrasound wave, which in this case constituted of a Gaussian-tapered
10 cycle pulse at a frequency of 3.5 MHz. C. Oscillatory translation amplitude € as
a function of the driving pressure. The line represents the theoretical oscillation
amplitude of the surrounding water due to liquid compressibility. Error bars were
estimated as the double standard deviation calculated over three data sets for each
pressure amplitude.
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Ultrasound
-

Figure 5.5: (color online) Nucleation maps constructed from 22 vaporization events
for the PFC-in-water droplets (A) and 16 vaporization events for oil-in-PF C-in-water
droplets (B). The direction of the sound wave is from right to left at 45° to the plane
of the image and directed towards the reader.

The aspect ratio of the maximum shape deformation of the droplet at P5
= 4.5 MPa was 16% which is in agreement with the experimental results ob-
tained by Kripfgans ef al. [14] where the authors explained the droplet shape
deformation by a droplet levitation theory developed by Lee et al.[26]. Shape
deformations were found to be more pronounced for larger droplets; this how-
ever will be the subject of a future study.

5.3.2 Nucleation

Nucleation is a highly stochastic process. It was observed that the droplets
could nucleate on a second pressure cycle as easily as during a third or fourth,
resulting in the fact that either regime I or II could consist of only one single
ultrasound cycle (compare for example Figs. 5.2D and 5.2E). Within the time
frame of one day of experiments, during which the alignment of the transducer
was not changed, eight successful vaporizations were traced, one of which
nucleated during the 15t cycle, three during the 24, one during the 3¢ and
three during the 4" cycle. The reason that droplet vaporization was observed
less frequently in the first rarefactional half-cycle may be a result of transient
behavior of the transducer, leading to lower pressures in the first few cycles.
Figure 5.5 shows nucleation maps for the two compositions of droplets.
For the PFC-in-water droplets nucleation occurred exclusively in the bulk of
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Figure 5.6: (color online) A. The radius-time curve of a droplet vaporization event at
an ambient temperature of 50°C. B. The corresponding restored discrete pressure in-
formation obtained from the Rayleigh-Plesset equation. The pressure pulse consisted
of 6 cycles of ultrasound with a pressure of 4.5 MPa, which is well recovered from
the experimental radius-time curve.

the droplet scattered around the center and not necessarily near the interface
of the two liquids. For the oil-in-PFC-in-water droplets the nucleation sites
were localized close to one single point facing the incident ultrasound wave.
In our experiments, the nucleation sites in the single phase droplets were not
centered along the translational motion of the droplet, as was reported by
Kripfgans et al. [14]. The mean size of the 22 PFP-in-water droplets from
which the nucleation map was constructed was 5.6 pwm with a standard devi-
ation of 2.1 wm, while the mean size of the 16 oil-PFP-in-water was 13.5 um
with a standard deviation of 2.4 um. Thus, the size difference may also be
responsible for the different nucleation maps observed for the two different
formulations.

While the series of obtained droplet vaporization recordings clearly show
the number of cycles sent (first based on the number of oscillatory transla-
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tion cycles made and later based on the number of vaporization/condensation
cycles of the vapor bubble), we lack information on the exact phase of ultra-
sound in each single frame due to the phase difference of ultrasound and the
resulting oscillations and translations. The timing cannot simply be recov-
ered from the trigger times of the system and knowing the speed of sound.
For example, in order to account for the propagation delay time and to give
an accuracy of a 25 ns phase shift out of a 28 ps travel time, one needs to
know the speed of sound with better than 0.001 precision. With an error in
the temperature reading of 1 K, and with the potential presence of temperature
gradients there is no chance of achieving such accuracy. Moreover, the needle
hydrophone has a size that is two orders of magnitude larger than the typi-
cal size of the droplet, which makes the positioning of the ultrasound wave
with respect to the exact position of the droplet impossible. Therefore, our
goal here would be to restore the pressure information in-situ from the optical
images of the vapor bubble oscillations dynamics.

Let us first assume a spherical symmetry for the entire vaporization pro-
cess. The bubble dynamics is described by the Rayleigh-Plesset equation [27]:

AP Rt 2R2, (5.2)
Pw 2

where AP is the pressure difference between the inside and the outside
of the vapor bubble while R, R, and R are the radius, radial velocity and ra-
dial acceleration of the vapor bubble, respectively. The vapor overpressure
and the pressure contributions from viscous damping and surface tension are
neglected here since these terms are much smaller than the driving pressure
of 4.5 MPa. The radius obtained experimentally R; is a time series data con-
sisting of 128 points; its number is limited by the number of optical channels
in the Brandaris 128 camera. Time series data R; and R; can be obtained by
taking the time derivatives of R;. Analogously, one can construct a discrete
set of overpressure data AP; using Eq. 5.2. AP; consists of 126 points with a
sampling rate of approximately 3-5 per cycle.

Figure 5.6 shows the result of the pressure restoration method with a
5.3 wm radius droplet at an ambient temperature of 44°C. The droplet was
excited with a 6-cycle acoustic wave at a peak negative pressure amplitude of
4.5 MPa. Fig. 5.6A shows the radius of the droplet as a function of time and
Fig. 5.6B its restored pressure. It can be seen that the number of cycles and
the pressure amplitude are nicely recovered.

The pressure restoration method recovers only the cycles of ultrasound
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Figure 5.7: (color online) The phase of the nucleation moments based on 6 experi-

ments using the pressure restoration information. The onset of nucleation occurs at
the peak negative cycle of ultrasound.

after the onset of nucleation (in regime II). The phase of ultrasound during
droplet shaking (regime I) and the phase of ultrasound during inception of
the nucleation itself can be obtained by cross-correlating the input pressure
pulse with the restored pulse. Interpolation of the discrete pressure pulse
AP; allowed us to determine the exact phase of ultrasound of each single
optical image, viz. the images of nucleation. Figure 5.7 is the corresponding
temporal nucleation map based on 6 processed vaporizations by the above
method. Nucleation occurs during the peak negative cycle, shifted slightly
towards the end of it.

5.3.3 Vapor bubble growth

There are three physical mechanisms that govern the vapor bubble growth
process: phase transition, heat transfer and inertia. Let us first consider va-
por bubble growth in regime III when ultrasound is turned OFF. The ambient
temperature within the water tank was controlled and varied in the range of
35°C to 50°C. The temperature of the PFP vapor bubble can be determined
from the pressure vs. temperature P-T relation along the phase boundary in
the phase diagram and which is given by the Clausius—Clapeyron relation.
At atmospheric conditions, when the vapor pressure is 100 kPa, the vapor
temperature will be at the boiling point, which is 29°C. However, the vapor
pressure may be higher and it will enable the vapor bubble to expand by push-
ing away the surrounding liquid (governed by the inertia equation). In turn, a
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temperature mismatch will cause heat to be transferred from the surrounding
liquid to the vapor bubble (governed by the heat transfer equation) and as such
supply the latent heat required for evaporative cooling (governed by the phase
transition equation). Moreover, the heat transfer is complicated by the tem-
perature distribution outside the vapor bubble, which is changing with time
due to heat diffusion, and which is also affected by the geometrical expansion
of the bubble, described by the continuity equation. All these processes are
interconnected and are even more complicated in regime II when the system
is also driven by the acoustic pressure wave.

Let us first assume that the temperature distribution inside the bubble is
homogeneous and that we assume spherical symmetry of the system. By ap-
plying the method of pressure restoration, Eq. 5.2, we find that the overpres-
sure between the inside and outside of the vapor bubble in regime III is small
(of order 5 kPa), meaning that the inertial processes are happening fast enough
to allow the vapor bubble growth and are not limiting this process. This al-
lows us to make the hypothesis that the vapor temperature inside is constant
(at a temperature of 29°C) and that the vapor bubble growth is limited by heat
transfer. The thermal diffusion length inside the PFP liquid

D
daiff = \/ — (5.3)
w

where D = 3.21x107% m%/s is the thermal diffusivity of PFP [28], and
w = 27tf for the frequency f = 3.5 MHz. Here, d4if is 38 nm, which is two to
three orders of magnitude smaller than the typical vapor bubble radius, with
values of 5 to 30 um in the regimes II and III. This justifies the use of a thin
thermal boundary layer assumption. A more precise calculation of the heat
diffusion problem outside a moving sphere can be found in Plesset et al. [29].
We put the effective thermal boundary layer equal to

deff = V D, (5.4)

then the heat transfer W, inside the vapor bubble from the surrounding
liquid is
AT
Wi = 4nR%k——, (5.5)
: /Dt
where k is the heat transfer coefficient, 47tR? is the interfacial area, AT is
the temperature difference between the containing liquid and the interior of
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the bubble, and AT/ VDt is the temperature gradient over the thermal bound-
ary layer.

The latent heat energy per unit time W, required to supply the vapor bub-
ble growth is:

dR
W, =4nR%*Lpy—, 5.6
2 Tt Pv at (5.6)
with L the latent heat and py the density of the PFP vapor. Equalizing
Egs. 5.5 and 5.6 and integrating with the initial condition R(t = ty) = Ry

gives the radial dynamics of the vapor bubble growth:

kAT [t—1
R(t)=2 Ro. 5.7
(t) Lov VD +Ro (5.7)

A more elaborate calculation, which takes into account the influence of
increasing interfacial area on the temperature gradient, gives the relation

kAT [t
R(t) =2 — .
(t) =2« oo VD (5.8)

for ty = 0 and Ry = 0, and where o« = /3 /7 =~ 0.98 calculated by Plesset
and Zwick [30], or x = y/7t/2 = 0.89 by Forster and Zuber [31]. Figure 5.8
shows that Eq. 5.7 can be fitted to the experimental data after adjusting t.
Overall, the square-root-behavior of the radius-time curves in regimes Il and
III is a proof of the validity of the thermal boundary layer assumption. Regime
II, however, has an even better agreement after applying the rectified heat
transfer correction, see the following section 5.3.4.

5.3.4 Ultrasound-driven vapor bubble growth

The problem complicates when ultrasound is ON. From Fig. 5.2E for example
it can be observed that following nucleation, the vapor bubble experiences a
series of vaporization and recondensation cycles at the frequency of applied
ultrasound. The rapid growth of the bubble in regime II as compared to regime
III suggests another interesting phenomenon called rectified heat transfer and
was first mentioned by Trammell[32]. Rectified heat transfer is the net ef-
fect of a decrease of the heat transfer during the ultrasound half cycle when
the vapor bubble surface contracts, which is lower than the increase of the
heat transfer during the half cycle when the surface expands. Several authors
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Figure 5.8: (color online) Experimental growth curves (dots) of two droplets in the
heat transfer limited regime III with ultrasound OFF at two settings of superheat:
14 K and 21 K. The corresponding theoretical curves (solid lines) are following
Eq. 5.6. The parameters used here are k = 0.056 W/mK, D = 3.21x10~8 m%/s,
and L = 116.8 kJ/kg and the good agreement was found by only fitting the value of
to.

worked on this problem: a linear solution to the equations governing the ra-
dial motion of a vapor bubble in a harmonic acoustic field was given by Finch
and Neppiras [33], Wang [34] assembled a theory of rectified heat transfer,
while Hao and Prosperetti [35] developed a numerical code.

Here we apply the calculation for the case of an ultrasound-driven PFP
vapor bubble. Let us consider that the radius of the vapor bubble changes
from Ry to R. The change of the thin thermal boundary layer from ¢ to 0 is
then calculated from continuity: 47tR?8 = 47TR%60.

R
RZ’

With the temperature difference AT as before, the temperature gradient
AT/8 will then be changed by a factor R?/R2, hence the overall heat transfer
W changes by a factor R*/ Rg :

§ =8¢ (5.9)

AT AT R*
W =4nR%k— = 4mR*%k—> = Wy—.
d doR; R,
Let us now assume that the bubble with initial radius Ry experiences sinu-
soidal oscillations with a small amplitude AR < Ry and which are fast enough
that the temperature gradient and consequently W( does not change during a

single cycle:

(5.10)



5.3. RESULTS 105

R = Rp+ ARsinwt. (5.11)

The net heat transfer averaged over one period of oscillations T = 27t/w
is then calculated from

1T wW()T4
W)=—| Wdt=——| R'dt A2
W)= g | waes 0 | R 5.12)

2 4
wowo(a () 43 (5) +) e

(W) can be understood as the increased energy flow due to rectified heat
transfer and with a contribution of the order of (AR/Rg)?.

Equation 5.13 can now be applied to correct the heat transfer W/ inside
the vapor bubble from the surrounding liquid during the time period when
ultrasound is ON. Neglecting the higher order terms and keeping only the
terms of order (AR/Rg)?, the energy balance equation W; = W, becomes:

dr AT AR\ ?
Lpy— =k—— [14+3( =) ). 5.14
pvdt _Dt(Jr <R0>) (5.14)

Integrated at the initial conditions R(ty = 0) = 0 gives the implicit
relation expressing the dependence:

R kAT |t
R—ARV3arctan | —— =2—\/=. 5.15
(AR\/g) Loy VD ( )

Figure 5.9A shows the theoretical growth curves for a superheat temper-
ature of 21 K. The dash-dotted line represents the pure heat transfer limited
process and the solid line represents the heat transfer process combined with
the rectified heat transfer correction due to the fast ultrasound-driven radial
oscillations. The experimental growth curve is also plotted and we find very
good agreement with the rectified heat transfer model. In Fig. 5.9B we plot
the growth curves (time-averaged over one cycle of ultrasound) at various de-
grees of the superheat AT. For ease of interpretation we scale the graphs by
the amount of superheat AT. For the heat transfer limited growth without
rectified heat transfer (dot dashed line) the growth curves collapse onto each

leading to
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Figure 5.9: (color online) A. Radial expansion of the vapor bubble at a superheat of
21 K in regime II, with ultrasound ON. Dots represent the experimental data. The
dashed line is a fit to the heat transfer limited growth without applying the rectified
heat transfer correction, while the solid line is with the rectified heat transfer correc-
tion applied. B. Radial growth normalised to the amount of superheat AT between
12 K and 21 K as a function of time. Experimental data (dots) for AT = 12 K, 13 K,
14K, 15 K, 18 K and 21 K are plotted and show good agreement with the rectified
heat transfer model.

other and the growth rate depends solely on v/t, see Eq. 5.7. With the rec-
tified transfer correction applied, small differences for the growth curve are
found as these do not scale directly with AT, see the implicit relation with R in
Eq. 5.15. Here the theoretical growth curves are plotted (grey shaded area) in
the range between AT = 12 K (highest growth curve) and AT =21 K (lowest
growth curve). Note that the growth curve at AT =21 K is in fact lower than
at AT = 12 K as a result of the scaling with AT, whereas in absolute terms it is
of course higher than at AT = 12 K. We also plot the experimental (one-cycle
averaged) growth curves for AT = 12 K, 13 K, 14 K, 15 K, 18 K and 21 K
and these show the overall very good correspondence with the rectified heat
transfer correction model.

5.4 Discussion

This study presents, for the first time, measurements of the ultrafast vapor-
ization dynamics of phase-change microdroplets while being able to capture
prenucleation, nucleation, during US and after US, all for a single vaporiza-
tion event. Overall we find very good agreement with a simple physical model
describing the local heat transfer and ultrasound-driven rectified heat transfer.
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The proposed method of pressure restoration, Eq. 5.2, gives us the exact mo-
ment of ADV nucleation with respect to the phase of the ultrasound wave.
The tendency of the nucleation events being shifted towards the end of the
peak negative half-cycle may be explained by the fact that homogeneous nu-
cleation is a stochastic process and that a longer time during which the liquid
is stretched with a negative pressure will lead to a higher probability of nu-
cleation. Another effect that may contribute to the scatter across the negative
peak cycle is that the nucleus needs some time to grow before it can be op-
tically detected. In its initial stage, during the first 10 ns, a typical velocity
of a vapor nucleus expansion can be calculated from the governing Rayleigh-
Plesset equation by considering that the pressure does not change much on
these time scales. A numerical solution of Eq. 5.2 at a constant pressure of
4.5 MPa indicates that after approximately 2 ns R will reach its constant ter-
minal velocity. One can derive an analytical formula for Rierminal from Eq.5.2

by substituting R = 0:
i 2 AP
Rterminal Al 57T (5- 16)
3 Ppfp

This estimate gives an expansion rate of the nucleus of 40 m/s and is
in agreement with what is observed in experiments (Fig. 5.2B, regime II )
where the initial nucleus growth was also about 40 m/s. In contrast, the outer
radius (in what we call the droplet radius) is 5 to 10 m/s as mentioned before
depending on the droplet size. If the lower limit of detection of the vapor
nucleus is taken to be 1 pixel, which is on the order of 300 nm, then the time
required to grow to this size is about 7 ns. With the Brandaris 128 camera
operating at a typical frame rate of 20 Mfps, the corresponding exposure and
interframe time is 50 ns. Thus the error the moment of nucleation relative to
the phase of the ultrasound wave is due to the combined effect of the limited
sampling rate of the camera and its relatively long exposure time.

During the first microsecond a monotonic expansion component was ob-
served with typical velocities near 5-10 m/s and with characteristic vapor bub-
ble radii of up to 10 pm. These numbers agree well with experimental data
reported previously for similar experiments by Wong et al. [15] (Fig. 3 in
their paper) and Haworth et al.[19] (Fig. 4 in their paper). In general terms,
one can calculate the velocity at any given moment of time for the time scales
considered using Eq. 5.14. The numbers observed do not agree with the the-
oretical prediction by Qamar et al. [18]. They predict that the growth of the
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bubble is linear in time with an expansion rate near 0.3 m/s (Fig. 2 in their
paper). Our experimental data shows a square-root dependence instead with
much larger expansion rates. Let us note, however, that our simplified model
is applicable only for the first few microseconds post-nucelation. Later on
the temperature field around the vapor bubble diffuses further away, becomes
more complex and cannot be described by the thin thermal boundary layer
assumption expressed in Eq. 5.3.

The spatial information of nucleation events is presented in so-called 2D
nucleation maps, see Fig. 5.5. It shows that for PFP-in-water microdroplets
the nucleation points are randomly scattered (albeit with most of them concen-
trated in the upper left segment away from ultrasound), with few events near
the interface of the two liquids, suggesting a physical description based on
homogeneous nucleation theory. The system with oil-in-PFP-in-water clearly
has a very different distribution of nucleation event, concentrated around a
single point at coordinates (0.4R(,0). This observation however requires a
more thorough investigation with ultra high-speed imaging in a combined top-
view and side-view with an orthogonal microscope [36, 37].

A few comments on the applicability of these results for the smaller nan-
odroplets are in order. The proposed models of heat transfer and rectified heat
transfer are only valid for micron-sized droplets. When the size of the droplet
approaches the thermal diffusion length of around 40 nm, Eq. 5.3, the thin
thermal boundary layer assumption, Eq. 5.4, can no longer be applied. The
best modeling results will be achieved starting from radii 100 times larger than
the thermal diffusion length. The limitations of this model for nanodroplets
can be overcome by developing a numerical code taking into account the tem-
perature distribution around the vapor nucleus and to couple these to the other
physical effects, i.e. phase transition, inertia, and heat transfer. Neverthe-
less, the proposed theoretical models give us valuable knowledge about the
use of ADV for drug delivery. Moreover, it can be applied to different ambi-
ent temperatures as well as to different PFCs, such as perfluorobutane (Ty, =
-1.7°C) and perfluorohexane (Tp,=+56°C). For instance, following Eq. 5.7 per-
fluorobutane will vaporize more violently than perfluoropentane at the same
ambient temperature, at To, = 37°C in fact five times as fast.

Let us now consider the prediction of the speed of the vapor bubble expan-
sion. If a more gentle expansion rate of the droplets is desired, a manipulation
of the heat diffusivity is required to limit the heat transfer processes. And sec-
ondly, the application of ultrasound while the vaporization is still in progress
will lead to a more rapid vapor bubble growth due to rectified heat transfer
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phenomena and its associated cycles of vaporization and condensation may
cause mechanical stress to neighboring cells and tissues, which may be favor-
able for the local uptake of drugs. The inclusion of rectified heat transfer phe-
nomena, see Eq. 5.15, adds an intrinsic component AR+/3 arctan (R/AR\/g)
on top of the heat transfer expression introduced in Eq. 5.7. The small per-
turbation AR is a function of the ultrasound driving pressure P and, through
its resonant behavior, of its frequency f. Thus the rectified heat transfer can
be controlled by tuning these parameters. In this study we kept Pa and f
fixed and AR was measured directly from the R —t curves. Theoretically, AR
should also be a function of the vapor bubble radius, however for simplicity
we considered it to be constant. From experiment we also conclude that the
change in AR was not significant. It is also clear that a large number of cy-
cles may promote the effects of rectified heat transfer. The role of the number
of cycles with respect to the combined effect of nucleation and vaporization
needs further investigation. We have shown that with our choice of driving
frequency, pressure amplitudes, and ambient temperatures, it is sufficient to
initiate the vaporization with only 1 to 4 cycles of ultrasound. It should also
be mentioned that the approach of the condensation of the vapor bubbles by
exerting them with sufficiently high ambient pressure was used to generate
droplets [38]. In our current experiments and at the present ambient temper-
atures, we never observed a complete re-condensation of the vapor bubbles;
once it initiates, a vapor nucleus will always end up as a vapor bubble and
never as a droplet.

Finally, it was observed that the expansion rates of droplets containing
nanoemulsions, for instance oil-in-PFP-in-water, is smaller than those of sin-
gle phase droplets, see Fig. 5.10 for a typical multiphase droplet vaporization
event. One can apply similar considerations of the heat transfer to develop a
theory for expansion rates of droplets containing nanoemulsions inside. How-
ever this will require multiple free parameters to incorporate the size distribu-
tion and the concentration of the emulsion, as these quantities are not known
a priori and may vary from droplet to droplet. It remains a task for future
work to extend this theoretical framework to nanoemulsion droplets, which
are of great importance for ultrasound-triggered drug delivery applications.
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Figure 5.10: A set of images showing acoustic droplet vaporization of a 14.5-um
radius oil-in-PFP-in-water microdroplet taken at 5.5 Mfps at an ambient temperature
of 38°C. The expansion rate is smaller than that of the single phase PFP-in-water
microdroplet of Fig. 5.2.
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5.5 Conclusion

Acoustic microdroplet vaporization was imaged for the first time at a nanosec-
onds time scale with a sampling rate of 3-5 images per cycle, being able to
capture prenucleation, nucleation, US and post US, all for a single vaporiza-
tion event. With the proposed method of pressure restoration it was shown
that the inception of nucleation occurs during the peak negative half cycle of
ultrasound and slightly shifted towards the end of it. Following nucleation,
the physics of the vapor bubble expansion is shown to be merely heat transfer
limited. The vapor bubble expansion was observed to have two components,
one monotonic with a typical velocity of expansion of 5-10 m/s and a second
oscillating component with the typical amplitude of 1.2 um associated with
the applied ultrasound. The vapor bubble growth is increased by acoustic
activation and through a simple physical model it was shown to be result of
rectified heat transfer when the ultrasound is ON.
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The role of gas* *

In the present chapter we study both experimentally and theoretically the
dynamics of an ultrasound driven vapor bubble of perfluoropentane (PFP)
inside a droplet of the same liquid, immersed in a water medium superheated
respect to the PFP boiling point. We determine the temporal evolution of the
bubble radius with ultra-high speed imaging at 20 million frames per second.
In addition we model the vapor-gas bubble dynamics, based on a Rayleigh-
Plesset-type equation, including thermal and gas diffusion inside the liquid.
We compare the numerical results with the experimental data and find good
agreement. We underline the fundamental role of gas diffusion in order to
prevent total recondensation of the bubble at collapse.

6.1 Introduction

Current chemotherapeutical cancer treatment has severe side effects caused
by the adverse outcome of the drugs on healthy tissue. Therefore it is de-
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role of gas in ultrasonically driven vapor bubble growth”, Physics in Medicine and Biology
58 (8). 2523-2535 (2013).

*O. Shpak contributed to the analysis, experiments, writing and discussions. The numeri-
cal simulations are done by L. Stricker
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sirable to create drug delivery agents, which will release the drug locallly at
the tumor site. Recent studies have shown that liquid emulsion phase-change
droplets composed of perfluorocarbons (PFC) such as perfluoropentane (PFP)
have the potential to be a highly efficient system for local drug delivery [1, 2].
PFP liquid has a boiling temperature of 29°C. However, when stabilized the
submicron- and micron-sized PFP droplets do not spontaneously vaporize
when injected in vivo at 37°C temperature [3, 4]. A phase transition can
be triggered by application of an acoustic pusle of sufficiently high pressure
[3, 5]. An explosive evaporation takes place and the drug is released from
the liquid core [6, 7]. The advantage of the so-called acoustic droplet va-
porization (ADV) technique are its non-invasive and inexpensive character.
Moreover, the resulting bubbles become acoustically active ultrasound con-
trast agents, which are detectable for at least one microsecond after nucleation
[8]. Although the success of this approach for localized drug delivery has been
demonstrated [1], the physical mechanisms underlying the ADV process have
not been well described until now [9].

In this Chapter we use ultra-high speed optical imaging to study experi-
mentally the ultrasound driven vapor bubble growth in the superheated liquid
at nanoseconds timescale. We capture the vaporization dynamics of a single
emulsion system: PFP droplets of a radius of 5 um immersed in water. This
system is simpler to model and to track experimentally with respect to multi-
ple phase emulsions used for localized drug delivery [6, 10]. Some theoretical
work has already been done on the modelling of acoustic droplet vaporization
at microseconds time scale, in the frame of gas embolotherapy, a promising
cancer treatment involving tumor occlusion with gas microbubbles selectively
formed from the liquid droplets [11]. Here we focus on the nanoseconds time
scale in order to capture the complex interaction of the ultrasound with the
vapor bubble. We develop a PDE model based on a Rayleigh-Plesset-type
equation, including thermal and gas diffusion inside the PFP liquid. We com-
pare the experimental data with the numerical results, finding a good agree-
ment. Such a model can therefore provide a valuable instrument for practical
purposes, where one wants to control the size of resulting bubbles as a func-
tion of time, for example when they are used as ultrasound contrast agents
[8]. We underline the fundamental role of gas diffusion, in order to prevent
total recondensation of the bubble at collapse, provided that the periodic ul-
trasound driving is present. Recondensation of a vapor bubble was thought
as a possibility to induce reiterated phase transition of the same droplet. For
applications such as sonoporation and tumor imaging this possibility may be
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of a crucial importance in order to avoid repeated injections of ADV agents.

Mathematical models for spherically symmetric vapor-gas bubbles have
already been formulated in Refs. [12—18], and their small oscillations have
been analytically investigated in detail in Refs. [13, 18]. In the present paper
we will show that our approach has two great advantages with respect to the
earlier models. First, it is simpler, as it does not include diffusion of the
gas inside the vapor, though still able to capture the relevant experimental
features. And secondly, it does not present fitting parameters such as the
accommodation coefficient for the description of the evaporative process [12,
13].

6.2 Materials and experimental methods

The PFP droplet emulsion was prepared with bovine serum albumin using
the same method adopted in Refs.[19, 20]. The resulting highly diluted sus-
pension of droplets was injected into an OptiCell (Thermo Fisher Scientific,
Waltham, MA, USA) in order to observe the droplets individually. The Opti-
Cell was submerged in a 1 liter temperature-controlled water tank. A schematic
of the experimental setup is shown in Figure 6.1. Microdroplets were phase-
transitioned with a focused 1.5-inch diameter single-element transducer (A381S;
Olympus Panametrics, Antwerpen, Belgium, 3.5 MHz center frequency, NA
1.0). The acoustic driving pulse was generated by an arbitrary waveform
generator (Tabor 8026; Tabor Electronics, Tel Hanan, Israel) amplified by a
RF-amplifier (ENI 350L, Electronic Navigation Industries, Inc., Rochester,
NY, USA). Droplet samples were vaporized with a single ultrasound pulse,
consisting of a burst of 6 cycles and a driving pressure amplitude of P, of
4.5 MPa. The pressure value was calibrated in the same setup at the position
of the droplets using a 0.2 mm PVDF probe hydrophone (DC27/000658, Pre-
cision Acoustics Ltd., Dorchester, UK). An Olympus microscope (Olympus;
Zoeterwoude, The Netherlands) with a 40x water immersed objective (NA =
0.7) was focused on an OptiCell providing a spatial resolution of 0.269 um
per pixel. The radial response of the insonified droplets was recorded with an
ultra-fast recording camera, the Brandaris 128 (Chin et al. 2003). The camera
was set to record 6 movies of 128 frames in a single run at a frame rate up
to 20 million frames per second (fps), thus providing an interframe time as
low as 50 nanoseconds. The first recording was always done without ultra-
sound to estimate the noise level of the system. The region of interest was
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Figure 6.1: Schematic view of the experimental setup. An OptiCell polystyrene con-
tainer with the microdroplet suspension was positioned inside a water tank kept to
a constant temperature Ty, superheated with respect to the PFP boiling point. A
focused transducer sent the US-pulses from a side with an inclination of 45° with
respect to the plane of the Opticell. The samples were imaged from the top with an
upright microscope coupled to the Brandaris 128 high-speed camera and irradiated

from below with a Xenon flash light.
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illuminated with a 65 mJ Xenon flash pulse (30 us duration) through the light
guide (SCHOTT AG, Mainz, Germany) from below. From the movies, the
radii R(t) of the resulting droplets as a function of time were measured using
custom-designed image analysis software based on a minimum cost function.
The droplet radius was calculated as the mean distance from the centroid to
the edge of the droplet in a radial coordinate system averaged over the full
27t angle. The vapor bubble dynamics model used here (see Sect. 3) assumes
spherical symmetry of the problem. However, due to the homogeneous bub-
ble nucleation nature of ADV, the vapor nucleus appears not necessarily in
the center of the droplet. In order to be able to compare the numerical results
with experimental data, we chose a case in which the nucleation occured well
centered within the droplet.

Figure 6.2: A set of consecutive images showing acoustic droplet vaporization at
15°C superheat, taken at a frame rate of 18.81 Mfps. Driving parameters: frequency
f =3.5 MHz, pressure Pa = 4.5 MPa. The initial radius of the droplet is Ry = 5.4 wm.
The vapor bubble inside the droplet undergoes vaporization/(re)condensation cycles
with the frequency of the applied ultrasound.
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6.3 Model

In the model we consider a spherical bubble of PFP inside an infinite medium
of liquid PFP, neglecting the surrounding water. We consider both the vapor
and the gas inside the bubble and we model their dynamics independently, i.e.
we neglect the diffusion of gas inside the vapor in the bubble. Both the gas and
the vapor inside the bubble are treated as perfect gases in saturated conditions.
For a complete description of the vapor dynamics and the evolution of the
thermal field, we refer the reader to Refs.[21, 22] and Ref. [23] respectively.
We assume a spatially uniform pressure inside the bubble, low Mach number
regimes, spherical symmetry and shape stability. The gas considered in the
simulations is air with standard composition.

The radial dynamics of the bubble is described by a Rayleigh-Plesset-type
equation with the formulation used in Ref. [23]:

R\ .. 3 RY., 1 R Rd
l-— )JRR+=-|1—— |RF=— ([ 1+ —+—— — , (6.1
( C]_) + 2 < 3C]_> oL ( + CL + CL dt) [pB pA] .1

in which R is the bubble radius, py is the density of the liquid, ¢y is the speed
of sound and the dot is used to indicate time derivatives. The ambient pressure
in the liquid, pa, is calculated as

PA =Poo — Pacoswt, (6.2)

with P, the acoustic driving pressure, f = w /27 the driving frequency and
P the static pressure. Such a phase of the driving pressure has been taken
because the bubble nucleation is most likely to occur at the negative pressure
peak, when the stretching of the liquid is maximal [20]. The pressure at the
bubble surface on the liquid side, pg, is derived from the normal stress balance
at the bubble wall [23]

R 20
= dur =+ —, 6.3
P=petiup+ 4 (6.3)
where Ly is the dynamic viscosity of the liquid and o is the surface tension.
The total pressure inside the bubble, p, can be expressed as the sum of the
partial pressures of gas pg and vapor py:

P=Pv+Pc. (6.4)
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The Clausius-Clapeyron relation holds [22]:

d L
apv = ﬂ’ (6.5)
dTs Ts
where L is the latent heat and py the density of the vapor. An explicit expres-
sion for py can be found by integrating Eq. (6.5) with the further use of the

perfect gas law of the vapor [22]

L
pv = Poexp (— RVTS) . (6.6)

Here Py = pv pexp(L/RyTp) is a constant and Ry is the universal gas constant
divided by the molecular mass of the vapor. The pressure of the gas pg is
related to the concentration of the gas in the liquid at the bubble wall, c|g, by
Henry’s law:

PG = knclr (6.7)

where kyy is the Henry’s constant, derived from air solubility data inside PFP.

We assume a uniform temperature field inside the bubble. This is a com-
mon assumption for vapor bubbles and its validity has been verified in Ref.
[21]. In order to describe the evolution of the temperature field in the liquid
T(r,t) we use the standard convection-diffusion equation [23]:

oT  R?ROT
) =g V2 :
PLCp.L ( T2 ar) VT, (6.8)
where 1 is the radial coordinate measured from the bubble center, while ¢,
and ki are the specific heat and thermal conductivity of the liquid. Far from
the bubble, the liquid temperature is assumed to remain undisturbed at the
initial value T, and the following boundary condition is adopted:
oT

=-(00,) =0. (6.9)

At the bubble wall, the temperature is continuous. Therefore:
T(R(t),t) =Ts(t), (6.10)

i.e. Ts - the temperature at the surface - equals the temperature inside the
bubble. The energy balance at the bubble wall can be written as [21]:
oT

d dTs ,
L— \% Veg—— =4nRk —| , 6.11
dt(pv )+ pvVes Tt TRk = ) (6.11)
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with c¢s = cpy —L/Ts the specific heat of the saturated vapor, and V the vol-
ume of the bubble. The first term in Eq. (6.11) is the heat employed to evap-
orate the liquid, the second is the change of vapor enthalpy in time due to
temperature changes and the third one is the heat transferred by conduction
from the liquid to the bubble. The change of gas enthalpy in time due to
temperature changes has been neglected as we assumed pg << py. This as-
sumption turned out to be justified because we found pg/py ~ 1072, as will
be shown later. We also neglected the heat flux by diffusion inside the bubble
because of the assumption of uniform temperature. By making use of vapor
mass conservation, the Clausius Clapeyron equation and the perfect gas law
for the vapor, Eq. (6.11) can be rewritten as

o L 2L\dTs 3 (AT
PTRyTZ Ts)dt  pyR\ “or

— pVLR) (6.12)
R

from which an explicit expression for % can be extracted. For a detailed
derivation of Eq. (6.12) we refer the reader to Ref. [22].

Similarly to the temperature, the concentration of the gas in the liquid
c(r,t) is described by the standard convection-diffusion equation:

Y
%+¥%:DGV2C. (6.13)

Here Dg is the mass diffusivity of the gas inside the liquid, calculated by
means of the Stokes-Einstein formula [24]: Dg = kg T/(67tu rg), where kg
is the Boltzmann’s constant and rg is the gas molecular radius calculated as
half of the collisional diameter, following Ref. [25]. Far from the bubble,
the gas concentration is assumed to remain undisturbed at the initial value
Coo = 0.68 kg/m?, equal to the solubility of air inside PFP [26], and obviously,
as a further boundary condition:

0
(00, t) =0. (6.14)
or
Mass conservation of the gas implies:
d oc
—(pgV) =4mR*Dg—| , 6.15
3 PeV) =4mR Do ) (6.15)

where pg is the gas density inside the bubble, related to the gas pressure by
perfect gas law

PG _ReT. (6.16)
PG
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with Rg the universal gas constant divided by the molecular weight of the gas.
All the properties of PFP were taken from Refs. [26, 27].

For the solution of both the energy equation Eq. (6.8) and the gas diffu-
sion equation Eq. (6.13) we used the method presented in Ref. [23], i.e. a
pseudo-spectral collocation method. The reader is referred to that reference
for details. We adopted the coordinate transformation [23]

l:1+r/R(t)—1’

& l
in order to map the semi-infinite range R(t) < v < oo into the finite range
1> & >0. In (6.17), the constant 1 is related to the thermal diffusion length
in the liquid, as thermal diffusion is the dominating process in the observed
phenomenon and it has been taken as [23]

l= B—“DL/w (6.18)

Ro

(6.17)

where Dy = ki /cp 1 pr is the liquid thermal diffusivity and € is a constant
number. We adopted a value of { = 20, in agreement with Refs. [23]. We
reformulated the energy equation and the gas diffusion equation by substitut-
ing the new variable & inside the Eqgs. (6.8) and (6.13), and we expanded the
liquid temperature and the gas concentration fields in truncated Chebyshev
series:

T N
LY aTe), 6.19)
o0 k=0
c(tE)  ©
=~ ) bie(t)Taw(8), (6.20)
& k=0

in which Ty (&) are the even Chebyshev polynomials. The coupled equa-
tions for the various ay(t) and by (t) arising upon substitution of Egs.(6.19)
and (6.20) into Eqs. (6.8) and (6.13) were solved by collocation. Conver-
gence was reached by using 45 terms in the Chebyshev expansions with 45
Gauss-Lobatto collocation points. In the limiting cases of the absence of gas
diffusion, we have verified that the code developed for this work gave the
same results as those used in Refs. [21] and [28] respectively, which had been
both validated against analytical solutions. In the case of pure gas diffusion
and no driving an additional validation was performed against experimental
data [28].
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6.4 Results

In experiments we measured the external radius of the droplet as a function
of time. The statistical error of the measurement of the droplet radii was
150 nm. The error was estimated from a measurement of the resting radius of
the droplet (128 data points) before ultrasound was sent and amounts to twice
the standard deviation of the droplet radius. Assuming incompressibility for
liquid PFP, we extracted the radius R(t) of the bubble, using mass conser-
vation: pr (Vg(t) —V(t)) +pvV(t) = pr Va0, where V4(t) and V(t) are the
volume of the droplet and the volume of the bubble, respectively, V4 is the
initial volume of the droplet, before the bubble nucleates, and py is the density
of liquid PFP. Therefore

PL 3 3
R(t) = ¢/ ——(R —R 21
()= (/PR Ry ). (621)

with Rq o the initial radius of the droplet before the bubble nucleates and R4 (t)
the measured radius of the droplet. In Fig. 6.3 we compare the time evolution
of the bubble radius extracted from the experimental data with simulations.
We chose a case with one well isolated bubble remaining almost spherical
and far from the droplet wall (see Fig. 6.2). A 4.5 MPa pressure driving
pulse with a frequency of 3.5 MHz for the duration of six cycles was applied.
The measurements of the driving pressure amplitude performed with the hy-
drophone were accurate within an absolute error of up to 200 kPa, based on
the standard deviation of the acoustic pressure amplitudes required to activate
droplets of the same size [29]. We took as initial radius Rq for the simula-
tions the lowest value inferred from experiments, which is 1 um. The water
surrounding the droplet was kept at the constant temperature T, = 44°C, i.e.
with a superheat of 15°C with respect to the boiling point of PFP T, = 29°C.
The error of the temperature measurements was estimated to be 1°C, due to
the circulation of water above the heating element. As the nucleation of the
vapor bubble is an abrupt phenomenon, ideally we should consider as initial
condition a constant temperature field equal to the water temperature, in the
whole liquid PFP and the boiling temperature of PFP at the bubble wall. For
numerical reasons, we smeared out this step condition and we took instead an
initial temperature field To(r) as

To(1) = Too — (Too — Ty ) €xp (—E:E‘;) : (6.22)
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where d — R describes the thickness of the thermal boundary layer. We tried
different values for 9, in the range Ry < & < 2R, and we found that, as long as
the initial boundary layer is restrained to one radius distance from the bubble
wall, its effective thickness does not influence significantly the final result.

20 T T T T T T T T
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Figure 6.3: Radius-time curve R(t) of a PFP bubble from experiments (dash-dot)
and simulations (solid) at 15°C superheating. Driving parameters: frequency f =
3.5 MHz, pressure Pa = 4.5 MPa. After 2 us the driving was turned off. The initial
radius for simulations Ry = lum has been taken from the first value detected in
experiments during the non-instantaneous nucleation phase.

Similarly, for the gas concentration inside the liquid, we assumed an initial
distribution ¢ (1), defined as

T— R()
co(T) = Coo— (Coo —Cp)exp | —=; (6.23)

&' —Ryp
where Ry < 8’ < 2Ry and (8’ — Ry) describes the thickness of the mass dif-
fusive boundary layer. Here co, = 0.6846 kg/m? is the concentration of air
inside PFP, given by the solubility of air inside PFP at 1 atm, and cy, is the
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initial concentration of gas at the bubble wall, set by Henry’s law. We as-
sumed the initial amount of gas trapped inside the bubble to be zero, therefore
cp = 0 kg/m>. The same considerations reported for the initial temperature
field apply also to the initial gas concentration field. At initial stages the
discrepancies between experimental data and simulations may be attributed
to the shape instabilities of the vapor bubble after the first rebounce. After
the first collapse, such discrepancies, at each time instant, lie approximately
within the 10% error of the experimental valuess. At later stages the vapor
bubble approaches the boundary of a PFP droplet and the assumption of infi-
nite PFP liquid is no longer valid.

The role of gas diffusion inside the bubble turns out to be of primary
importance, provided acoustic forcing is present. Although the ratio of gas to
vapor mass mg/my is of order 1072, gas diffusion is necessary to avoid com-
plete condensation of the bubble after the first collapse of the vapor bubble.
Fig. 6.4 shows that, without including gas diffusion, the bubble does not sur-
vive the first driving cycle. Simulations with different values of ¢, down to
10% of the solubility of air in PFP, quantitatively showed the same behavior.
Below 10%, the gas pressure is not high enough to prevent recondensation of
the bubble.

The radial dynamics of the vapor bubble is governed by thermal diffu-
sion. Removing the acoustic forcing (dashed line), on the considered time
scale, we retrieve the same growth rate found with the acoustic forcing (see
Fig.6.4, dashed line). In this limiting case, including the gas diffusion did
not have any significant effect on the bubble growth. With no ultrasound af-
fecting the system, from the classical Plesset-Zwick theory [30], we expect
a first phase with low growth rate due to surface tension (before 0.2 ps in
Fig.6.4), followed by a linear growth phase dominated by inertia and eventu-
ally a square-root growth dominated by diffusion. Considering the limiting
case of purely inertial growth, with a uniform liquid temperature field equal
to Tso, from the Rayleigh-Plesset-type equation, assuming R = 0, it is possi-
ble to estimate the radial inertial expansion as: Ry, ~t1/(2/3)Ap/pr, where
AP =Poo —PV.sat(Teo) With py 5ot imposed by the Clausius-Clapeyron the-
orem as the pressure of the saturated vapor at T,,. Considering the other lim-
iting case of purely thermal diffusive growth with a uniform pressure field in
the liquid equal to p, it is possible to estimate from the energy equation the
radial thermal expansion as follows: Ry ~ ki ATv/t/(Lpy+/Dy ) where AT =
Too — Tv.sat (Poo) With Ty sqt(Poo) again imposed by the Clausius-Clapeyron
theorem as the temperature of the saturated vapor at ps [30]. At a specific
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Figure 6.4: Radius time curve R(t) from simulations for a 1wm bubble in the same
conditions of Fig.6.3 without (dash) and with driving, both with (dash-dot) and with-
out (solid) gas diffusion. When the bubble is forced and without gas diffusion the
bubble undergoes complete condensation after the first collapse. When the bubble is
unforced, gas diffusion has no effect on the bubble dynamics.
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instant t, the smallest value of either Ry, or Ry, is the one that governs the
dynamics. At the specific time which we are considering (t = 4 us), Ry
and Ry, are of the same order of magnitude, but with Ry, < Ry, we are in a
transitional regime between linear and square-root-like radial growth.

In Fig. 6.5 we report the mass of gas (solid line) and the mass of vapor
(dash-dotted line) inside the bubble during the bubble growth. The ratio be-
tween the two mg/my is of order 1072, thus justifying the assumptions of
the model. The difference between the thermal diffusivity and the mass dif-
fusivity constants, as well as the difference between the temperature gradient
and the concentration gradient driving the two diffusive phenomena, leads to
different time scales and therefore to different shapes of the curves mg(t) and
my/(t). We verified that the assumption of low Mach number regime holds
during the whole bubble growth and collapse phase, except for the last 10 ns
prior to collapse when the radial velocity exceeds 100 m/s, as calculated from
simulations. Therefore the bubble wall velocity stays well below the criti-
cal limit of Ma ~ 0.3 for liquid compressibility effects during the major time
interval of the collapse phase.

In order to verify the robustness of predictions with respect to the ini-
tial radius chosen, we performed several calculations, varying Ry (see Fig.
6.6). A change of this parameter by 50% in either way relative to the adopted
value of 1um, inferred from the first available data point, resulted only into
a small change of the growth rate of the bubble: after the first collapse it is
between +8% and —20%. The amplitude of the bubble oscillations was left
unperturbed. Therefore we can conclude that the simulations are robust with
respect to the choice of the initial radius.

We also explored the effects of the driving frequency on the bubble dy-
namics (see Fig. 6.7). At the relevant time scales, lower frequencies corre-
sponded both to larger oscillations and larger average values of the radius.
Larger oscillations at low frequencies are due to the fact that the bubble has
more time to expand. Enhancement of rectified heat transfer [31-33] due to
this large oscillation amplitude magnification can explain the faster growth
rates at the initial stages (after 3 us) at lower frequencies. However, the as-
sociated growth rates reverse their frequency dependence at later stages (after
three microseconds).
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Figure 6.5: Mass of gas (solid) and vapor (dash-dot) inside a PFP bubble versus
time, from simulations under the same conditions as in Fig. 6.3. Note the two order
of magnitude difference between the vertical scales.
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Figure 6.6: Radius-time curve R(t) from simulations for a PFP bubble for different

initial radii Ry, at 15°C superheat, driven at frequency f = 3.5 MHz, pressure Py =
4.5 MPa.
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Figure 6.7: Radius-time curve R(t) from simulations for a 1um PFP bubble driven
at different frequencies with pressure Pq = 4.5 MPa, at 15°C superheat.
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6.5 Summary and conclusions

In the presented work we follow the growth dynamics of a PFP vapor bubble
nucleated and driven with ultrasound, inside a PFP droplet, contained in a wa-
ter medium superheated with respect to the PFP boiling point. The model we
introduced here, describing the evolution of a ultrasound driven vapor bub-
ble inside a superheated infinite medium of the same substance, succeeded
to reproduce the dynamics of such a bubble within a 10% error. It is im-
portant to note that our model does not contain any free fitting parameters.
It included both thermal diffusion and mass diffusion of gas (air) inside the
liquid. Simulations underlined the fundamental role of gas diffusion during
acoustic forcing. Though the bubble dynamics is entirely governed by evap-
oration and condensation processes, as the ratio between gas and vapor mass
is mg/my ~ 1072, a minimum amount of gas (~10% of the air solubility in
PFP) is necessary in order to allow the bubble to survive the first collapse.
When no driving is present, including or neglecting gas diffusion has no in-
fluence on the bubble growth.

Given the difficulties of experimentally monitoring the initial nucleation
phase of the vapor bubble, we examined the role of the initial nucleation ra-
dius on the bubble dynamics by means of simulations. Larger initial nucle-
ation radii lead to larger growth rates, although the oscillation amplitude is
left unperturbed. We found that a change of +50% in R induces a change
of the bubble growth rate after the first collapse, within 30% of its original
value. We also examined the effect of the driving frequency, and found that
lower frequencies lead to larger oscillation amplitudes and larger bubble sizes
at the relevant time scales.
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Characterization of resulting bubbles?

This work examines the acoustic characteristics of microbubbles created from
vaporized submicron perfluorocarbon droplets with fluorosurfactant coating.
Using ultra high-speed optical imaging, the acoustic response of individual
microbubbles to low intensity diagnostic ultrasound was observed on clini-
cally relevant timescales of hundreds of milliseconds after vaporization. It
was shown that the vaporized droplets oscillate nonlinearly, and exhibit a res-
onant bubble size shift and increased damping relative to uncoated gas bub-
bles due to the presence of coating material. Unlike the commercially avail-
able lipid-coated ultrasound contrast agents, which may follow a compression-
only behaviour, vaporized droplets may exhibit expansion-dominated oscilla-
tions. It was further observed that the nonlinearity of the acoustic response of
the bubbles was comparable to that of SonoVue microbubbles. These results
suggest that vaporized submicron PFC droplets possess the acoustic char-
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Ross Williams, Nico de Jong, Michel Versluis, and Peter N. Burns, ”On the acoustic prop-
erties of vaporized submicron perfluorocarbon droplets”, Ultrasound in Medicine & Biology
40 (6). 1379-1384 (2014).

*0. Shpak contributed to the analysis, experiments and discussions.

137



138 CHAPTER 7. CHARACTERIZATION OF RESULTING BUBBLES

acteristics necessary for their potential use as ultrasound contrast agents in
clinical practice.

7.1 Introduction

Contrast enhanced ultrasound is a well-established diagnostic imaging tech-
nique. Microbubble ultrasound contrast agents are small, encapsulated spheres
of gas, typically 1 to 5 pm in diameter. Their size, similar to that of red blood
cells, makes them a true blood pool agent, allowing for their use in a number
of diagnostic applications, such as cancer detection [1], assessment of blood
flow [2] and blood pressure measurements [3]. However, their size is also a
disadvantage for some applications, as microbubbles are confined to the blood
vessels, and cannot reach extravascular targets.

Submicron droplets of liquid perfluorocarbon (PFC) have been studied as
a new generation of extravascular contrast agents for ultrasound. With a size
of a few hundreds of nanometers in diameter, these droplets have the ability
to extravasate selectively in regions of tumour growth and stay intravascular
in healthy tissues, due to the enhanced permeability and retention effect [4],
effectively allowing for their passive targeting to tumours. The low-boiling
point droplets are acoustically inert, until exposed to a sufficiently high inten-
sity burst of ultrasound, at which point they vaporize to produce echogenic
microbubbles [5], stabilized by the coating material used to encapsulate their
liquid droplet precursors for timescales of seconds to minutes [6]. Such ex-
travascular contrast agents may be utilized for diagnostic ultrasound imaging
to detect regions of tumour growth [7, 8] as well as for therapeutic applica-
tions, such as sensitizers for HIFU therapy [9] and vehicles for drug deliv-
ery [10].

For their successful application as ultrasound contrast agents (UCAs),
upon vaporization the droplets should produce echogenic bubbles that re-
spond to ultrasound in a manner similar to the currently used microbubbles
on clinically relevant timescales of hundreds of milliseconds. While a num-
ber of studies have focused on the conditions necessary for droplet nucle-
ation [5, 8, 11-14] and the vaporization process itself [15-17], only limited
information is available regarding the acoustic properties of these newly cre-
ated microbubbles.

In this chapter we conduct an initial study of the acoustic properties of in-
dividual vaporized PFC droplets. Using ultra high frame rate optical imaging,
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we examine the acoustic response of the fully vaporized microbubbles of dif-
ferent sizes to a 2.5 MHz ultrasound pulse of low intensity (mechanical index,
MI, of less than 0.1) at a few hundreds of milliseconds following the phase
change. Specifically, we examine the change in bubble oscillation amplitude
and non-linearity of oscillation as a function of bubble size. Furthermore,
we study the influence of the presence of coating material on bubble oscilla-
tions, and compare the non-linear acoustic response of these bubbles to that
of commercially available SonoVue microbubbles, in order to assess whether
the vaporized droplets possess adequate acoustic properties for their potential
use as UCAs.

7.2 Materials and methods

7.2.1 Droplet preparations

Droplet Preparation PFC droplet emulsions were prepared by combining wa-
ter, 5% v/v dodecafluoropentane (PFP, Fluoromed, Round Rock, TX, USA)
and 0.8% v/v negatively charged fluorosurfactant Zonyl FSP (Sigma Aldrich,
St. Louis, MO, USA) following a previously established protocol [15]. The
samples were coarse emulsified with a vortex mixer (VM-300, Gemmy In-
dustrial, Cherry Hill, NJ, USA) for 30 s. Following the coarse emulsification,
the solution was further emulsified with a tip-sonicator (Sonifier 250, Bran-
son, Branson, MO, USA) for 60 s at 80% duty cycle. Sizing of the droplets
was performed with a Zetasizer nano-sizing system (Malvern, Worcestershire,
UK). This method provided droplet samples that were polydispersed in size,
ranging from 100 nm to 1 wm in diameter, with mean diameter of approxi-
mately 400 nm.

7.2.2 Droplet vaporization

A schematic diagram of the experimental setup used for droplet vaporiza-
tion and bubble characterization studies is shown in Fig. 8.5. Both the high-
intensity vaporization pulse and the low-intensity characterization pulses were
sent from a 5 MHz center frequency Olympus transducer (A308S, Olympus,
Quebec City, QC, Canada), driven by an arbitrary waveform generator (8026,
Tabor, Tel Hanan, Israel) amplified by an E&I 350L (E&I, Rochester, NY,
USA) power amplifier. The transducer output was calibrated with a 0.2 mm
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Figure 7.1: Schematic diagram of the experimental setup. Acoustic high intensity
vaporization and low intensity characterization pulses were sent from the single ele-
ment transducer. Detection was accomplished using a 60x objective of an Olympus
microscope.

needle hydrophone probe (Precision Acoustics, Dorchester, UK). The trans-
ducer was focused on an Opticell containing the droplet sample. The droplet
sample consisted of the originally prepared droplet solution, diluted 1:2000
in distilled water and degassed with a vacuum pump for a time period of at
least 1 hr. The Opticell was placed under a 60x water-immersion objective
(NA = 1.00) of an Olympus BX-FM microscope, coupled to the Brandaris
128 ultra-high speed imaging system [18], providing a spatial resolution of
160 nm / pixel. The microscope objective was co-aligned with the transducer
focus. The focal point was at 50 um above the wall of the Opticell, such that
wall proximity would not have a significant effect on subsequent bubble os-
cillation [19]. The setup was placed in a tank filled with deionized water kept
at a temperature of 37 + 1°C. Droplet samples were vaporized with single
ultrasound pulses, 10 cycles in length, and a peak negative pressure (PNP) of
3.5 MPa.
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7.2.3 Vaporized droplet characterization experiment

Following vaporization, a series of 5 low-intensity acoustic characterization
pulses were sent. The pulses were 10 cycles in length, 2.5 MHz center fre-
quency and 116 kPa PNP, corresponding to a mechanical index (MI) of 0.07.
The pulses were sent either 80 or 100 ms apart. As a result, the bubbles were
observed at times ranging from 80 to 500 ms following vaporization, based
on the pulse timing interval used for the specific trial. Bubble oscillations in
response to the acoustic pulses were recorded optically in a series of movies
of 128 frames each, recorded at 15 million frames per second (Mfps). For
our analysis, we only considered recordings that depicted bubbles in focus,
such that their size and radial oscillations could be resolved with confidence.
Furthermore, only images that contained either a single bubble or bubbles suf-
ficiently far away from each other (at least 50 us apart) were considered, in
order to minimize the possible coupled oscillation effects [20-22].

7.2.4 Optical image analysis

Bubble contours from the recorded optical images were traced using an algo-
rithm based on the minimum cost function [23], implemented in MATLAB
(MathWorks, Natick, MA, USA). The bubble radius was calculated as the
mean distance from the bubble centre of mass to the edge of the bubble in a
radial coordinate system. This approach provided the radius-time (R-t) curves
of the bubble response to acoustic characterization pulses. In total, 30 bubble
traces were analyzed.

The acoustic pressure scattered due to bubble oscillation has been calcu-
lated from the R-t curves using [24]:

P .. 2

Ps(r,t) = ;(R(t)zR(t)+2R(t)R(t) ), (7.1)

where Pg is the scattered acoustic pressure, p is the water density, T is
the distance from the bubble surface, R is the bubble radius and the overdots
denote the derivatives with respect to time.

The scattered pressure traces calculated from Eq. 7.1 in the time domain
were Fourier-transformed, and the integrated powers in the frequency bands
of 300 kHz around the fundamental (2.5 MHz; f|) and the second harmonic
(5 MHz; f,) were measured.

The experimental results were compared to numerical simulations for an
uncoated bubble using a Rayleigh-Plesset-type equation. Furthermore, the re-



142 CHAPTER 7. CHARACTERIZATION OF RESULTING BUBBLES

sults were also compared to those modelled by the de Jong model for coated
microbubbles [25] with shell stiffness S;, = 0.3 N/m and shell friction Sy =
3.17-10~7 kgfs, identified as best fit parameters based on the oscillation am-
plitude results from the examined bubble traces.

7.3 Results

Vaporization of suspensions of submicron PFC droplets produced microbub-
bles ranging in size from 500 nm to 5 wm in radius, which were stable on
the clinically relevant timescales of hundreds of milliseconds. Oscillation of
these newly created bubbles under low intensity diagnostic ultrasound pulses
has been successfully recorded by our imaging setup. Bubble traces were ex-
amined in both the time and frequency domains, as shown in an example of
a 1.7 um bubble oscillation in Fig. 7.2. The experimentally observed trace
appears to fit the de Jong model well and exhibits substantially lower oscil-
lation amplitude than that expected for an uncoated bubble (Fig. 7.2a). The
power spectrum calculated from the R-t curve (Fig. 7.2b) depicts clear peaks
around the fundamental frequency (2.5 MHz) and the 2nd harmonic (5 MHz),
evidence of a significant nonlinear component in the bubble oscillation. None
of the analyzed traces contained any observable subharmonic component.

7.3.1 Amplitude of oscillation

The total amplitude of bubble oscillations was measured from the maximum
compression and expansion phases of the bubble, normalized to the resting
radius. The amplitude as a function of bubble size is shown in Fig. 7.3. Al-
though there is a degree of variability, the experimental results appear to cor-
respond to the response simulated using the de Jong model. There was an
experimentally observed resting bubble radius of Ryes = 1.75 pum, for which
the bubble oscillation amplitude was at maximum. This resting radius is in
concordance with that simulated by the de Jong model and significantly dif-
ferent from the one of an uncoated bubble of Ry = 1.3 um. The measured
amplitude of bubble oscillation is also in agreement with the results simu-
lated by the de Jong model, and is substantially lower than that exhibited by
the simulated uncoated bubble response.

Furthermore, it was observed that the bubbles did not always oscillate
symmetrically. The smaller bubbles, with radii below Rres, preferred expan-
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Figure 7.2: (a) Radius-time trace of a bubble with initial radius of Rg = 1.7 um,
with a fit by the de Jong model and the trace simulated for an uncoated bubble for
the same size. (b) Frequency spectrum of the bubble oscillation, as calculated from

the observed radius-time curve, together with the de Jong model fit and the spectrum
obtained from simulated uncoated bubble oscillation.
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Figure 7.3: Amplitude of bubble oscillation normalized to the bubbles’ resting radii,
as a function of the bubbles’ resting radii. Shown are the experimental data, the
best fit of the de Jong model and the simulated response from an uncoated bubble.
A decrease in amplitude of oscillation and increase in resonant bubble size for the
experimental results compared with the uncoated bubble simulation is apparent.

sion dominated oscillations. At the same time, bubbles bigger than approxi-
mately 2 pm in radius exhibited largely symmetric oscillations.

7.3.2 Nonlinearity of emitted pressures

In order to assess the non-linearity in the emitted acoustic signal from the bub-
bles, pressure-time curves were calculated from the experimentally observed
and the simulated R-t plots, and analyzed in the frequency domain. In order
to examine the degree of non-linearity, the integrated powers in the funda-
mental and 2nd harmonic bands were calculated separately as a function of
bubble size, as shown in Fig. 7.4. The de Jong model appears to describe the
bubble oscillation in the fundamental band and the general magnitude of the
power of the 2nd harmonic band. The ratio of the power in the 2nd harmonic
band to the power in the fundamental band was on the order of -5 to -15 dB,
depending on bubble size.

7.4 Discussion

7.4.1 Bubble acoustic behaviour

In this work we look at the acoustic response of microbubbles created from
their liquid droplet precursors at times ranging from 80 to 500 ms following
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vaporization. It is envisioned that the timescales of hundreds of milliseconds
are the most relevant clinically as they are on the same order as the inter-frame
times of typical clinical US scanners (operating at tens of Hz frame rates). The
MI of the ultrasound characterization pulse used here (MI = 0.07) is lower
than the typical MI of diagnostic ultrasound used in the clinic. However,
the lower ultrasound pressure settings minimized the possibility of bubble
cavitation or gas loss and other deflation effects, while allowing for the study
of associated non-linear oscillation behaviour of the bubbles.

Although the observed acoustic response of the bubbles has a significant
degree of variability, general trends which can help assess the acoustic re-
sponse of the vaporized PFC droplets for their potential application as UCAs
are visible. For the characterization pulse used (2.5 MHz, 116 kPa PNP),
there is a bubble radius of Ryes = 1.75 um associated with maximum bubble
oscillation amplitude (Fig. 7.3). For simplicity, we refer to R;¢s as the reso-
nant size. However, it is important to note that at the pressures investigated
here, the bubbles exhibit a non-linear response, and the size of maximum os-
cillation R¢s in this case may be significantly different from the resonant size
of the bubble in the linear regime [26]. The bubble resonant size is larger than
that expected for an uncoated bubble, while the amplitude of bubble oscilla-
tion is lower than that of an uncoated bubble. A shift in R,¢s and decrease in
oscillation amplitude are characteristic of the presence of a viscoelastic shell
material. It has been shown previously [6] that following vaporization, the
newly created bubbles retain the original shell material stabilizing the droplet
precursors. The results of the present study suggest that the surfactant coating
originally on the droplets affects the acoustic behaviour of the newly created
microbubbles.

Simulated bubble response using the de Jong model describes the ex-
perimentally observed trends. The fitted shell elasticity parameter of Sy, =
0.3 N/m is substantially lower than the measured value for clinically used
SonoVue microbubbles of Sp = 1.1 N/m, however, the fitted viscosity param-
eter of S =3.17- 1077 kg/s appears to be similar to that of SonoVue [27].

For the ultrasound pulses used here, vaporized PFC droplets do not appear
to exhibit the characteristic compression-only behaviour observed in some
cases for lipid coated microbubbles [24]. On the contrary, bubbles smaller
than the resonant size exhibit an expansion-dominated behaviour, indicative
of higher resistance to compression than expansion.
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7.4.2 Suitability of vaporized PFC droplets for the role of
UCAs

In order to assess the applicability of vaporized PFC droplets as UCAs, it is
instructive to compare the observed bubble response to the previously stud-
ied acoustic responses from clinically used microbubbles, such as SonoVue.
It has been shown that smaller SonoVue microbubbles favour compression-
dominated oscillations or even compression-only behaviour due to the buck-
ling of the lipid bubble shells [28, 29]. This comes in sharp contrast with
the observed behaviour of bubbles under consideration in this study that show
a preference for expansion-dominated behaviour. The lack of compression-
dominated oscillations and no detectable subharmonic signal suggests that,
unlike the commercially available lipid-coated UCAs, vaporized fluorosur-
factant coated droplets under study do not exhibit shell buckling behaviour,
even at the relatively high oscillation amplitudes of up to 25% of the bubble
radius.

At the same time, for the purposes of their application as UCAs, the non-
linearity of the scattered pressure due to bubble oscillation is of paramount
importance, as nonlinear scattering serves as the basis for contrast-specific
US imaging techniques, such as pulse-inversion imaging [30]. From the ex-
perimentally observed data, the ratio of scattered acoustic signal powers in
the 2nd harmonic band to fundamental band is on the order of -5 to -15 dB
(Fig. 7.4) for US at a frequency of 2.5 MHz and MI of 0.07. These values are
similar to the value of approximately -12 dB observed for SonoVue microbub-
bles populations [31] at the same MI for a 2.25 MHz excitation frequency. It
should be noted, however, that the results of this study for vaporized droplets
were obtained by optical observation of single bubbles, while the characteri-
zation results for SonoVue in the referenced works [27, 31] were obtained by
an acoustic interrogation of bubble populations. Thus, only a qualitative com-
parison can be done. While there is similarity in the acoustic response of the
two types of bubbles, more detailed and controlled examinations are neces-
sary to quantitatively compare the two. The results presented here show that,
on clinically relevant timescales, the acoustic response of vaporized droplets
is similar to that of clinically used microbubble agents and supports their fu-
ture utilization as UCAs.
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7.5 Conclusion

This work investigated the acoustic characteristics of vaporized submicron
droplets on clinically relevant timescales. It was shown that following vapor-
ization with ultrasound, the newly created microbubbles oscillate nonlinearly
and exhibit coating material-induced effects on oscillation that can be de-
scribed by the de Jong coated bubble dynamics model. The coating material
on the surface of the bubbles induces a shift in the resonance frequency and a
substantial amount of damping due to shell viscosity.

Unlike lipid-coated UCAs, the fluorosurfactant coated bubbles used in
this study do not exhibit buckling behaviour, and tend to feature expansion-
dominated oscillations for smaller bubbles. At the same time, it was shown
that vaporized PFC droplets scatter ultrasound in a manner similar to the cur-
rently clinically used microbubble contrast agents. These results suggest that
stable vaporized PFC droplets possess the adequate acoustic characteristics to
support their potential use as UCAs in the clinic.
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Monodisperse droplets for ADV?

Droplet vaporization dynamics as well as its nucleation strongly depends
on the droplet size. Thus, to understand the other driving parameters it is
important to fabricate monodisperse droplets in order to have a high degree
of repeatability and control over the vaporization process. The aim of this
chapter is to study the production of monosized PFC droplets and to inves-
tigate the nucleation and growth of monodisperse droplets at a nanoseconds
time scale. We fabricate glass chips with a step geometry, which allow us to
produce monodisperse submicron droplets. We show that the vaporization of
monodisperse droplets have high degree of symmetry and that the activation
threshold variations are as small as 70 kPa at 3.5 MHZ frequency.

8.1 Introduction

Liquid emulsion droplets of a radius of 0.2 —2 wm composed of perfluoropen-
tane (PFP) and a drug (Doxorubicin) are currently being studied as a potential
system for tumor imaging, embolotherapy and for local drug delivery [1]. The

To be submitted as: Oleksandr Shpak, Tim Segers, Lingling Shui, Guillaume Lajoinie,
Jan Eijkel, Nico de Jong, Detlef Lohse, and Michel Versluis, "Monodisperse droplets for
ADV”.
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droplets have the ability to extravasate through hyperpermeable tumor blood
vessel walls, and to accumulate in interstitial tissue. PFP has a boiling tem-
perature of 29°C, however surrounded by medium of up to 50°C droplets stay
in the liquid phase until they are triggered and nucleated using focused ultra-
sound. The nucleation event converts the droplets into gas bubbles, while the
contained drugs are released during the subsequent explosive vaporization of
the droplet.

In a previous study [1-3] it was shown that droplets, prior to vaporization,
undergo deformation and oscillatory motion driven by the compressibility of
the surrounding fluid at the ultrasound frequency with an amplitude of 200-
400 nm. The growth of the vapor nucleus was observed to have speed up to
40 m/s [4]. The vapor bubble growth on later stages was demonstrated to be
limited by heat transfer [4, 5]. Nucleation sites inside the droplets experi-
ence vaporization/condensation cycles in phase with the applied ultrasound.
However the initiation of the vaporization has a strong dependence on the
droplet size [6]. The resulting vapor bubble sizes after complete vaporization
also strongly depends on the initial droplet size [7]. For both therapy [8] and
imaging [9] purposes it is important to employ monodisperse droplets which
all have the same properties with the same nucleation threshold and the same
excitation bubble resonance frequency which governed by the resulting bub-
ble size.

The aim of this study is to produce monosized PFP droplets and to record
the nucleation and growth at a nanoseconds time scale. We demonstrate that
with proposed nano-microchannel interface chip structure droplets can be pro-
duced probably as small as 260 nm in radius, which are one of the smaller
monodisperse PFP droplets reported to date [10-14].

Previous studies have reported the activation of perfluorocarbon droplets
below their boiling point and the consecutive release of a drug [8]. In this
study we also aim to visualize how perfluoropentane droplets below boiling
point react to the exposure to focused ultrasound.

8.2 Materials and methods

8.2.1 Nano-microchannel chip fabrication

The microfluidic chips were made of 500 um thick Borofloat glass (Schott
Technical Glasses, Germany). The fabrication process is shown in Fig. 8.1



8.2. MATERIALS AND METHODS 155

~ BorofloatGlass
oy

O W= .
AN Ll W

o [—T

Figure 8.1: Schematic of the microfluidic chip fabrication process. For more de-
tails [15].

1) Borofloat wafer was first cleaned, photolithographed and wet-etched by
a BHF mixture solution to create nanochannels of 80 nm, 180 nm, 290 nm,
390 nm and 1150 nm in height.

2) A thin layer gold/chromium (Cr/Au) was sputtered onto the nano-patterned
substrate with a thickness of 15/150 nm (Cr is used as an adhesive layer for Au
onto the glass substrate); then the Au/Cr layer was patterned by photolithog-
raphy and wet-etched in Au and Cr etchants (Merck); the patterned glass sub-
strate was then wet-etched in 25% HF solution to create microchannels prior
to Cr/Au removal.

3) Access holes were made from the backside of the glass wafer by pow-
derblasting

4) The patterned wafer was thermally bonded to a bare glass wafer at
650°C.

The thermally bonded glass wafers were diced to obtain individual glass
chips of 10 mm x 20 mm in size. Chips were fixed in a custom-built chip
holder and connected to syringes via capillary tubing (OD 1/16 inch, ID
100 wm) and Nanoport connectors including a filter (INACOM INSTRU-
MENTS BYV, Upchurch Scientific, the Netherlands).
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8.2.2 PFP droplet production

The formation of a liquid filament is in most cases a prerequisite step for
producing a droplet. In a certain range of physical parameters and geomet-
rical configurations, the liquid filament size, and therefore the droplet size,
is determined by the nanochannel geometry. It was found in earlier work
that it is mainly its height that determines the Laplace pressure [15]. PFC
droplet emulsions up to 3.8 wm radius were produced using different sizes of
nanochannels (Fig. 8.3) . The microchannel, see Fig. 8.2 supplied the 99%
v/v water and 1% v/v negatively charged fluorosurfactant Zonyl FSP (Sigma
Aldrich, St. Louis, MO, USA) flow. The nanochannel supplied the dodecaflu-
oropentane (PFP, Fluoromed, Round Rock, TX, USA) flow. The nanochannel
to microchannel flow rate ratio was approximately as 1:20. In order to prevent
the perfluoropentane from vaporization due to the temperature rise from the
fiber illumination the ambient temperature was set to 16°C. The droplets col-
lected by the 1150 nm height chip were sized using optical images recorded
by the Brandaris camera [16]. Their mean radius was determined to be 3.8 pm
with 17% FWHM size distribution. The optical resolution of the images of the
droplets collected with the 80 nm, 180 nm, 290 nm and 390 nm nanochannels
was not sufficient to determine the droplet size accurately. The ratio RTd =3.3,
obtained for the Rgy = 3.8 um radius droplets, where Ry is the droplet radius
and h is the height of nanochannel, was linearly extrapolated to determine
the the droplet sizes collected with the 80 nm, 180 nm, 290 nm and 390 nm
nanochannels following the scaling arguments given in [15]. The radius of the
droplets collected with the smallest (h = 80 nm) nanochannel was therefore
estimated to be R4 = 260 nm.

The droplets of 7.4 pm and 13 pm radius were produced by the methods
desribed by [8] and [9] respectively, and sized using optical images recorded
by the Brandaris camera [16]. The FWHM of their size distribution was 17%
and 14% respectively.

The flow rate is controlled by a high-precision syringe pump (Harvard
Apparatus, PHD 2000, Holliston, MA, USA). Both water and perfluorocarbon
flows were filtered by an in-line syringe filter to prevent channel clogging by
dust particles.

The production of the droplets was imaged using a high-speed camera
(Photron SA1.1) connected to a microscope (Olympus BX-FM modular sys-
tem) equipped with a water-immersed objective (Olympus, LUMPIlanFL).
The imaging resolution was 0.5 wm per pixel. The system was illuminated in
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Figure 8.2: Sketch of the nano-micro fluidic chip design. When two immiscible liquids
(oil inner liquid and oil outer liquid) step from the nanochannel to the microchannel
monodisperse droplets form at the nano-microchannel interface.

390 nm channel 290 nm channel 180 nm channel 80 nm channel

1.3 ym radius 0.94 ym radius 0.59 pm radius 0.26 um radius

Figure 8.3: The droplet production process with 390 nm, 290 nm, 180 nm and 80 nm
nanochannel heights.
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Figure 8.4: Snapshots of the formation process of droplets with a radius of 3.8 pm
by the 1150 nm height nanochannel

transmitted light mode using fiber illumination (Olympus ILP-1) connected to
a collimation objective (10x Olympus Plan Achromat NA = 0.25) positioned
below the microfluidic chip to maximize the light intensity at the imaging po-
sition. All high-speed recordings were captured at 3000 frames per second
(333 ps interframe time) and the exposure time was set to 16 us to minimize
motion blur (Fig. 8.4). The generated droplets were found to be stable for at
least three weeks.

8.2.3 Droplet vaporization

A schematic diagram of the experimental setup used for the droplet vapor-
ization and the bubble characterization studies is shown in Fig. 8.5. The
ultrasound pulses were sent from 3.5 MHz and 5.0 MHz center frequency
transducers (A308S, Olympus, Antwerpen, Belgium), driven by an arbitrary
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waveform generator (8026, Tabor, Tel Hanan, Israel) amplified by an ENI
2000L (ENI, Rochester, NY, USA) power amplifier. The transducer output
was calibrated with a 0.2 mm needle hydrophone probe (Precision Acous-
tics, Dorchester, UK). The ultrasound was focused in an Opticell containing
the monodisperse droplet sample. The droplet sample consisted of the origi-
nally prepared droplet solution diluted to 1:5000 in distilled water. The Op-
ticell was placed under a 40x water-immersion objective (NA = 1.00) of an
Olympus BX-FM microscope, coupled to the Brandaris 128 ultra-high speed
imaging system [16], providing a spatial resolution of 163 nm per pixel. The
microscope objective was co-aligned with the transducer focus. The setup
was placed in a tank filled with deionized water, with temperature control be-
tween a 11.8 —41.8°C interval. The droplet samples were vaporized with a
single ultrasound pulse composed of 4-10 cycles in length, and a peak nega-
tive pressure (PNP) of 3.0, 3.7 and 4.6 MPa. The measurement protocol was
as follows: the activation of monodisperse perfluorocarbon droplets was im-
aged at a nanoseconds time scale by ultra-high speed imaging facility. For
each individual ambient temperature we repeat the experiment 3-5 times in
order to verify the repeatability of the process.

8.3 Results and discussion

8.3.1 Nucleation and scattering

Monodisperse droplets have nucleation spots at the same position as was pre-
viously shown in Chapter 4. However, clusters of droplets can have different
nucleation patterns than the single ones. This can be explained by the strong
scattering of the ultrasound wave by the droplet spheres. Not only the posi-
tion of nuclei initiation can change, but also their activation thresholds. It was
observed that clusters of droplets are much easier to vaporize, than the single
ones.

Collections of monodisperse droplets arranged into symmetric order can
for the ultrasound wave serve as an analogy to a crystal lattice structure for
Bragg diffraction in solid state physics. Moreover, clusters of monodisperse
droplets can form symmetric nucleation patterns. For example Fig. 8.6 shows
a snapshot at t = 0 ps of the arrangement of monodisperse droplets with a
radius of 13.7 um. The snapshot at t = 0.4 us captures the moment of the
first nucleation. The nucleus appears at the center of the droplet sitting in
the middle of the droplet cluster. Att=0.9 us, after the vapor bubble of the
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Figure 8.5: Schematic diagram of the experimental setup. Acoustic high intensity va-
porization and low intensity characterization pulses were sent from the single element
transducer.
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initial nucleation has expanded, secondary nucleation spots appear in the three
nearby droplets. Two nuclei on each droplet initiate almost at the same time.
The line passing through the two secondary nuclei of each droplet passes
through the middle droplet as well. Att = 1.2 us we see the further evolution
of the system, the conversion of perfluoropentane liquid into vapor. It is also
remarkable, that the three upper droplets undergo the secondary nucleation,
but not the three lower ones. This can be attributed to the fact that the upper
droplets have more neighboring droplets. Particularly, the upper droplet on a
left has more neighbors than the upper droplet on the right. Such neighboring
can be responsible for more violent vaporization of upper left droplet.

For single monodisperse droplets the vaporization thresholds for 1.3, 3.8
and 13.7 um radii were found to be 5.3 4+0.2, 3.8 £0.3 and 3.08 =0.07 MPa,
respectively (T =33°C, N = 10 cycles, f = 3.5 MHz). The error bar in deter-
mining the nucleation thresholds for monodisperse droplets is much smaller
compared to polydisperse droplets [3]

8.3.2 Symmetry of vaporization dynamics

As previously observed in Chapter 3, vaporizing droplets can merge and frag-
ment. Both the merging and the fragmentation of vaporizing monodisperse
droplets have remarkable degree of symmetry. Fig. 8.7 shows the merging of
two vaporizing monodisperse droplets with a radius of 3.8 um. Att =4.02 ps
the two vapor bubbles are merged into a single one. It subsequently fragment-
ing into 4 small attaching satellite vapor bubbles arranged symmetrically with
respect to the line initially connecting the two droplets at the time t = 0 ps.
It was also repeatedly observed that if one vaporizing monodisperse droplet
fragments into multiple vapor bubbles, the nearby droplet has identical be-
havior. Whether droplets merge or not depends both on their size and initial
separation (See Figs. 8.8 and 8.9). Fig. 8.8 shows the vaporization of the
monodisperse droplets of the different sizes. Smaller droplets (Rqg = 1.3 um)
are attracted to each other as a result of secondary Bjerknes forces between
the vapor bubbles [17] contained in them. Larger droplets (Rg = 13 pm), on
the other hand, stay in place due to drag. Fig. 8.9 shows the vaporization of
the monodisperse droplets at different initial separation distances. Please note
the order of magnitude difference between the interframe time intervals. The
first couple, which have a larger initial separation distance, are not yet merged
at 0.98 ps, while the ultrasound is still forcing them. They are merged only
a few microseconds later due to their radial expansion. However the second
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Figure 8.6: Vaporization of clusters of monodisperse droplets with a radii of 13.7 wm.
The vaporization is triggered at 3.5 MHz ultrasound with 10 cycles of 3.7 MPa peak
negative pressure amplitude.
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Figure 8.7: Consecutive images of vaporization of 3.8 um radius droplets. Vapor-
ization dynamics and fragmentation of resulting bubbles is symmetric with respect to
the line, connecting the initial position of the two droplets.

couple is merged already at 0.48 us. Note also the symmetry of merging of the
first monodisperse droplet couple. The conclusion of this set of experiments
is that the ultrasound forcing brings a higher degree of randomness into the
vaporization dynamics, while phase conversion without ultrasound forcing is
predictable and smooth.

8.3.3 Activation below boiling point

In this section we aim to visualize how perfluoropentane droplets below their
boiling point react to the exposure to focused ultrasound. For this purpose we
perform a series of experiments at different ambient temperatures T, namely
at 11.8, 15.9, 19.0, 23.8, 29.5, 33.4, 37.2 and 41.8°C. The boiling temperature
of perfluoropentane is Ty, = 29°C. Fig. 8.10 shows the radial dynamics of the
vapor bubble growth with time for different ambient temperatures above and
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425 ns

764 ns

Figure 8.8: Set of consecutive images of vaporization of monodisperse droplets of
sizes of 1.3 and 12 wm, triggered at 3.5 MHz ultrasound with 10 cycles of 4.6 and 3.0
MPa peak negative pressure amplitudes, respectively.
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Ro=3.8 um

Figure 8.9: Set of consecutive images of vaporization of monodisperse droplets of
sizes of 3.8 wm triggered at a frequency of 3.5 MHz with 10 cycles of 3.7 MPa peak
negative pressure amplitude at different initial separation distances. Note the order
of magnitude difference between the time scales.
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below boiling point. Each black line correspond to an effective radius of va-
por bubble, determined by the outer droplet radius using the mass conversion
principle. The black lines represent data collected from different droplets of
the same size. The red lines show the theory of heat transfer growth enhanced
by the ultrasound forcing discussed in Chapter 5 as expressed by Eq. 5.8. The
theory cannot be applied in the case of bubble growth below boiling point.
The radius-time growth curve at To, — Ty = 12.8 K has the highest level of
repeatability. However, decreasing the temperature makes the vaporization
process slower. Smaller bubbles are more susceptible to more pronounced
interaction with the forcing ultrasound, thus the vaporization at lower temper-
atures has higher degree of randomness. Starting at To, — Ty, = —5.2 K grow-
ing bubble can even fragment into 3-4 smaller bubbles. Due to the slow pace
of bubble growth below the boiling point the second appearing nuclei on the
distal side of the droplet (more on secondary nucleation see Chapter 4) may
not merge with the primary nucleus at the proximal side (Fig. 8.11). Such
a system of two bubbles interact with ultrasound in a complex way. Thus,
these effects make the radial time dynamics below the boiling point poorly
repeatable (Fig. 8.10 at T,o — Ty, =-5.2, - 10.0, -13.1, -17.2 K).

To quantify the dependence on the radial dynamics of the bubble expan-
sion on temperature and to minimize the influence of randomness, sets of data
taken at the same temperature were averaged. Fig. 8.12 shows the average va-
por bubble radius as a function of ambient temperature at 3, 5 and 7 um after
the initiation of nucleation. One can see the clear difference of behavior of
bubble expansion dynamics as a function of temperature. Below the boiling
point the bubble grows slowly on time after elapsing of 3 ps. Most of bub-
ble growth happens within the first microsecond. Please, also note, that below
boiling point the radius of bubble at 3, 5 and 7 pm after the initiation of nucle-
ation does not depend on the ambient temperature. Above boiling point after
t = 3 ps the bubble is growing further on time and is linearly faster when the
ambient temperature temperature is larger.

In order to further investigate the origin of the bubble growth dynamics
below boiling point we insonified bubbles with the same 4 cycles ultrasound
pulse 5 times after each 100 ms. The example of the first insonification with
10 cycles we already saw in Fig. 8.11. Fig. 8.13 shows the result of the sec-
ond insonification 100 ms later. We see that after 100 ms the bubble inside the
droplet is still persistent. It weakly interacts with the ultrasound wave due to
its relatively large off-resonant size. Fig. 8.14 shows the radius time dynamics
of the bubble during the second (indicated as ty = 0.1 s), third (indicated as
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Figure 8.10: Radius time dynamics of the vapor bubble recordered at different am-
bient temperatures Too Perfluoropentane boiling temperature Ty, = 29°C. The vapor-
ization is triggered at a frequency of 5.0 MHz with 4 cycles of 3.2 MPa peak negative
pressure amplitude. Red lines are the theory of heat transfer growth enhanced by
the ultrasound forcing discussed in Chapter 5 expressed as Eq. 5.8. The black lines
represent the experimental data taken with droplets of the same radius, Rq = 7.4 pm.
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Figure 8.11: Vaporization dynamics of Rq = 7.4 um droplet below its boiling point
at Too — Ty = —13.1 K. The vaporization is triggered at a frequency of 5.0 MHz with
4 cycles of 3.2 MPa peak negative pressure amplitude.
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Figure 8.12: Averaged vapor bubble radius as a function of the temperature relative
to the boiling point at 3, 5 and 7 s after the initiation of nucleation. Initial droplet
radius Rqg =7.4 pm.

tp = 0.2 s), fourth (indicated as ty = 0.3 s) and fifth (indicated as t) = 0.4 s)
insonification. After each 100 ms the initial bubble radius is steadily increas-
ing due to the rectified gas diffusion phenomenon when ultrasound forces the
system. Oscillations during 2 p < t—1tp < 3 ps are due to ultrasound forc-
ing at a frequency of 5 MHz. This forcing makes the bubble to temporarily
shrink, however the net amount of gas inside the bubble increases due to the
rectified gas diffusion phenomenon, which then leads to oscillations at bubble
eigenfrequency when ultrasound is turned OFF.

The fact that the bubble is still persistent after 100 ms while being below
boiling point and with a volume similar to the volume of the initial droplet
suggests that the bubble contains a large amount of diffused gas from the
droplet medium which prevents the vapor from recondensing.

8.4 Conclusion

In this study we show that the vaporization dynamics has an exceptional de-
gree of repeatability with monodisperse droplets compared to experiments
using polydisperse ones. We found that the vaporization thresholds for 13.7,
3.8 and 1.3 um droplets were 3.08 +-0.07, 3.8 £0.3 and 5.3 + 0.2 MPa re-
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Figure 8.13: Interaction of created droplet-bubble system with ultrasound during the
second insonification 100 ms after the first insonification. Too — Ty = —13.1 K. The
droplet-bubble system is forced at a frequency of 5.0 MHz with 4 cycles of 3.2 MPa
peak negative pressure amplitude.



REFERENCES 171

10F"

R (um)

t- to (us)

Figure 8.14: The radius time dynamics of bubble during the second (indicated as
to = 0.1 s), third (indicated as ty = 0.2 s), fourth (indicated as to = 0.3 s) and fifth
(indicated as ty = 0.4 s) insonification. The droplet-bubble system is forced at a
frequency of 5.0 MHz with 4 cycles of 3.2 MPa peak negative pressure amplitude.

spectively at 33°C ambient temperature using a 10 cycles excitation burst at
3.5 MHz central transducer frequency. The nucleation and radial expansion
dynamics is symmetric, controllable, and reproducible and the vaporization
threshold was found to lie within a pressure range as low as 70 kPa, while
the standard deviation of the step response agrees very well with that of the
droplet size. Such a fine-tuned step-response is highly desirable for clinical
applications. It was demonstrated that with the current nanochannel design
droplets can be probably produced as small as 260 nm, which are one of the
smallest monodisperse PFP droplets reported to date. The initiation of vapor-
ization was imaged at a range of temperatures below its bolinig point. It was
shown that below its boiling point the droplet-bubble complex is persistent
for more than 500 ms and that the radius of the inner bubble can be controlled
by repetitive insonifications due to rectified gas diffusion phenomena.
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Conclusions and Outlook

This thesis describes the physical properties of the dynamics of droplet va-
porization under the influence of ultrasound. Here, we list the major findings
from our studies.

In Chapter 2 of this thesis we explain the basics of the bubble dynam-
ics, described with the Rayleigh-Plesset equation, its resonance frequency,
damping and quality factor. We show the elegant calculation of the above
characteristics in case of small amplitude oscillations by linearizing the equa-
tions. In addition the ultrasound propagation is introduced. We explain the
speed of sound, the nonlinearity and attenuation terms. We discuss the bubble
ultrasound scattering and how it depends on the wave-shape of the incident
wave. Finally we introduce the droplets interaction with ultrasound. We ex-
plain the ultrasound focusing concept on a droplets sphere, droplet shaking
due to media compressibility, and droplet phase-conversion dynamics.

In Chapter 3 we observe the vaporization of submicron PFC droplet for
the first time at a nanoseconds timescale. This examination of the droplets
revealed phenomena that could not be detected at lower imaging frame rates.
The results have shown effects of shell material retention by the bubbles after
vaporization. We estimated that the efficiency of conversion of droplets into
bubbles when exposed to an acoustic pulse within the diagnostic range is at
least 10%. In this chapter we also show that submicron droplets may undergo

175



176 CHAPTER 9. CONCLUSIONS AND OUTLOOK

coalescence or fragmentation during the initial oscillations following droplet
vaporization. Bubble coalescence, effectively increasing the shell material
concentration on the bubble surface, increases the chances of bubble survival.
An increase of the initial droplet concentration, leading to a reduced inter-
droplet separation distances, hence, is beneficial for the production of stable
microbubbles. Thus, the efficiency of initial droplet vaporization, and the
efficiency of stable bubble production may be very different, depending on
the excitation conditions.

In Chapter 4 is presented a study into the origin of acoustic droplet va-
porization mechanism. The Brandaris ultra high-speed camera is used to in-
vestigate nucleation within the droplets in the parameter space of the droplet
size and acoustic parameters such as pressure amplitude and frequency. We
showed that ADV is initiated by the focusing of the superharmonics of a non-
linearly distorted acoustic wave within the droplet. In the parameter range
considered, the focusing leads to up to a ten-fold increase of the incident peak
negative pressure in a well-defined focusing spot. The location of the focusing
spot as well as the focusing strength depends on the frequency of the incident
wave and on the size of the droplet. A higher frequency and a larger droplet
radius, i.e. a smaller wavelength compared to the droplet size, leads to a more
pronounced focusing effect and consequently leads to smaller pressure ampli-
tudes required for activation. Nonlinear propagation is shown to have a crucial
role in ADV. It causes distortion of the pressure waveform and the resulting
superharmonics are highly focused within the spherical droplet. Thus, the
transducer geometry, as well as the parameters for nonlinearity of the prop-
agating medium have an effect on the focusing strength and the position of
focusing.

In Chapter 5 the Brandaris ultrahigh-speed camera is used to investigate
the radial dynamics of acoustic droplet vaporization. Acoustic microdroplet
vaporization was imaged for the first time at a nanoseconds time scale with
a sampling rate of 3-5 images per cycle, being able to capture prenucleation,
nucleation, during ultrasound and post ultrasound, all for a single vaporiza-
tion event. With the proposed method of pressure restoration it was shown
that the inception of nucleation occurs during the peak negative half cycle of
ultrasound and slightly shifted towards the end of it. Following nucleation,
the physics of the vapor bubble expansion is shown to be heat transfer lim-
ited. The vapor bubble expansion was observed to have two components, one
monotonic with a typical velocity of expansion of 5-10 m/s and a second os-
cillatory component with the typical amplitude of 1.2 pm associated with the
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applied ultrasound. The vapor bubble growth is increased by acoustic acti-
vation and through a simple physical model it was shown to be the result of
rectified heat transfer when the ultrasound is forcing the vapor bubble.

In Chapter 6 we develop a model, describing the evolution of an ultra-
sound driven vapor bubble, which includes both thermal diffusion and mass
diffusion of gas (i.e. air) inside the liquid. Simulations underlined the fun-
damental role of gas diffusion during acoustic forcing. Though the bubble
dynamics is entirely governed by evaporation and condensation processes, as
the ratio between gas and vapor mass is mg/my ~ 1072, a minimum amount
of gas (~10% of the air solubility in PFP) is necessary in order to allow the
bubble to survive the first collapse. When no driving is present, inclusion of
the gas diffusion has no influence on the bubble growth.

In Chapter 7 we investigated the acoustic characteristics of vaporized sub-
micron droplets at clinically relevant timescales. It was shown that following
vaporization with ultrasound, the newly created microbubbles oscillate non-
linearly and exhibit coating material-induced effects on their oscillations that
can be described by the de Jong coated bubble dynamics model. The coat-
ing material on the surface of the bubbles induces a shift in the resonance
frequency and a substantial amount of damping due to shell viscosity. Un-
like lipid-coated ultrasound contrast agents, the fluorosurfactant coated bub-
bles used in this study do not exhibit buckling behavior, and tend to feature
expansion-dominated oscillations for smaller bubbles. At the same time, it
was shown that vaporized PFC droplets scatter ultrasound in a manner simi-
lar to the currently clinically used microbubble contrast agents. These results
suggest that stable vaporized perfluorocarbon droplets possess the adequate
acoustic characteristics to support their potential use as clinical ultrasound
contrast agents.

In the final Chapter 8 we fabricate monodisperse droplets using microflu-
idic chip technology. We show that the vaporization dynamics has an ex-
ceptional degree of repeatability for monodisperse droplets as compared to
polydisperse droplets. The nucleation and radial expansion dynamics is sym-
metric, controllable, and reproducible. The vaporization threshold was found
to lie within a pressure range as low as 70 kPa, while the standard deviation
of the step response agrees very well with that of the droplet size. Such a
fine-tuned step-response is highly desirable for clinical applications. It was
demonstrated that with the current micro-nanochannel chip design droplets
can be produced as small as 260 nm in radius, which are one of the smallest
monodisperse PFP droplets reported to date. The initiation of vaporization
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was imaged at a range of temperatures below and above the boiling point. It
was show that below boiling point the droplet-bubble complex is persistent for
more than 500 ms and that the radius of the inner bubble can be controlled by
the secondary insonifications deploying a rectified gas diffusion phenomena.

The work presented here has answered a number of important questions
in regards to physical mechanism of droplet vaporization, accounting for both
thermodynamic and acoustic parameters. We have the confidence that the
knowledge that was gained within the present work could improve the ef-
ficiency of acoustic droplet vaporization for both imaging and therapeutic
applications. We opened up the ways of minimization of the vaporization
threshold in order to maximize bubble production with ultrasound. However,
a considerable amount of not addressed issues remains. A large amount of
work is yet to be done in order to develop the droplets as clinically accept-
able therapeutic and imaging agents. Specifically, directions for further work
should be focused on a number of aspects:

e Droplet vaporization close to cells - the process of ADV mechanically
releases the drug phase encapsulated within a double emulsion, a pro-
cess which is poorly understood. Further work is necessary in order
to quantify the shear stresses on the drug phase during the release pro-
cess as well as determine the extent of nebulization using high-speed
imaging. ADV not only releases drugs, it can also transiently perme-
abilizes the cell membrane to enhance drug uptake. Fluorescent high-
speed imaging of cells adjacent to vaporizing droplets can illustrate the
bioeffects of ADV as well as the real-time efficiency of drug penetration
into the cell.

e Theory of acoustic droplet vaporization below boiling point - even though
the important role of gas diffusions is evident in acoustic droplet vapor-
ization below its boiling point, the theoretical modeling and numerical
simulations are required.

e Design of dual or multiple frequency transducer - using dual or multiple
frequency transducers, the amplitudes and phases of the transmit waves
can be optimized to have maximal constructive interference within the
droplets to maximize the focusing strength at any given acoustic input
pressure.

e Droplet stability and biocompatibilty - different droplet preparation pro-
tocols are to be investigated in order to create droplet emulsions that
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have the ability to both produce stable bubbles and also limit bubble
growth following vaporization. This includes the design of droplets by
mixing different liquids with different physical properties which allows
to vary the acoustic impedance by a change of the density and speed
of sound to maximize the focusing effect. Droplet emulsion biocom-
patibility is to be studied for future safe application of droplets in the
clinical settings in regard of their safety.

The use of vaporized PFC droplets as contrast agents is a relatively new
approach. Vaporizable PFC droplets have the potential advantages compared
to the currently available microbubble contrast agents. In this thesis we have
established the required physical aspects of droplet vaporization necessary
to make them efficient imaging and therapeutic agent. We believe that with
the rest of the necessary conditions met, the droplets have the potential to
become a principally new tool for cancer detection and treatment with ultra-
sound. They would significantly increase the potential of medical ultrasound
to successfully advance the medicine.
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Samenvatting

Dit proefschrift beschrijft de fysica van de verdamping door ultrageluid van
metastabiele perfluorokoolwaterstof microdruppels met een kookpunt lager
dan hun omgevingstemperatuur.

Na een korte inleiding over druppels, bellen en ultrageluid beschrijven we
in hoofdstuk 2 de fysische interacties van druppels, bellen en ultrageluid. We
beginnen met de fysica van een oscillerende gasbel in termen van de veelge-
bruikte Rayleigh-Plesset vergelijking. Een linearisatie van deze vergelijking,
voor kleine trillingen van de bel, laat op een elegante manier is hoe de reso-
nantiefrequentie en de demping van het systeem te vinden is in hoofdstuk 2
wordt ook de propagatie van ultrageluid beschreven. Het omvat een beschri-
jving van de geluidssnelheid, van de niet-lineaire propagatie en de vorming
van een schokgolf en de verzwakking. Vervolgens wordt besproken hoe ultra-
geluid verstrooit aan een bel en hoe dit athangt van de vorm van de golf. Tot
slot beschrijven we in detail de interactie van een geluidsgolf en een druppel,
met inbegrip van de mogelijkheid tot het focusseren van de golf in de drup-
pel, het oscilleren van een druppel onder invloed van het ultrageluid als ook
de door het ultrageluid genduceerde verdamping van de druppels.

In hoofdstuk 3 laten we voor het eerst op nanoseconden tijdschaal zien hoe
het verdampingsproces van druppels precies plaats vindt. De opnamen laten
zien dat het schilmateriaal van de druppel achter kan blijven op de dampbel
nadat de druppel verdampt is. Een afschatting van de conversie van druppels
naar bellen leert dat die ongeveer tien procent is bij diagnostische akoestis-
che drukken. Verder laten we zien dat submicrometer druppels kunnen co-
alesceren en fragmenteren tijdens de eerste oscillaties na de vorming van de
dampbel. De coalescentie van bellen verhoogt de effectieve oppervlaktecon-
centratie van het schilmateriaal en daarmee de levensduur van de bel. Het
is daarom zeer waarschijnlijk dat een hoge druppelconcentratie voordelig is
voor de vorming van stabiele microbellen. Echter, de verdamping van drup-
pels die zich op een kleine afstand van elkaar bevinden wordt bemoeilijkt
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door het afschermen van de geluidsgolf door de naburige druppels. Dus, de
efficintie waarmee druppels verdampt kunnen worden en die van het mecha-
nisme waarmee stabiele bellen gevormd kunnen worden is waarschijnlijk zeer
verschillend.

In hoofdstuk 4 presenteren we een studie naar de onderliggende fysis-
che mechanismen van de initiatie van de verdamping van druppels door ul-
trageluid. De Brandaris hogesnelheidscamera is gebruikt om de positie van
nucleatiekernen in de druppel zichtbaar te maken als functie van de druppel-
grootte en de akoestische parameters, zoals die van de druk en de frequentie.
We hebben kunnen laten zien dat de druppelverdamping wordt genitieerd door
het focusseren van hogere harmonischen van de inkomende ultrageluidsgolf
door niet-lineair vervorming op weg naar de druppel. Het focusseren van de
energie leidt tot een akoestische negatieve druk in het focus dat wel tien keer
hoger is dan de amplitude van de inkomende geluidsgolf. De positie van het
focus alsmede de druk in het focus hangen sterk af van de frequentie van de
akoestische golf en de grootte van de druppel. Naarmate de golflengte van
het geluid kleiner wordt, ten opzichte van de afmeting van de druppel, treed
er een hogere mate van focussering op wat leidt tot het gunstige effect dat er
een lagere druk gebruikt kan worden om de druppel te verdampen. De niet-
lineaire propagatie van het ultrageluid is daarbij essentieel in de verdamping
van druppels omdat de gevormde hogere harmonischen een golflengte hebben
van een grootte als die van de druppels en dus efficint in de druppel kun-
nen worden afgebogen door het druppeloppervlak. De transducergeometrie
alsmede de niet-lineare propagatie parameters van het medium rondom de
druppel hebben een belangrijk effect op de amplitude en de positie van het
focus in de druppel.

Hoofdstuk 5 laat de resultaten zien van het onderzoek dat we deden met
onze supersnelle camera naar druppelverdamping. Het visualiseren van de
druppelverdamping op nanosecondenprecisie maakte het mogelijk het gehele
nucleatieproces in beeld te brengen. Vanuit de hogesnelheidsbeelden wordt de
fase van de inkomende akoestische golf berekend en daarmee is bepaald dat
het verdampingsproces geiniteerd kan worden tijdens of vlak na het passeren
van de laagste druk van het ultrageluid. De mate waarin de gevormde damp-
bel na nucleatie groeit blijkt te worden gelimiteerd door de warmtediffusie.
De groeisnelheid van de dampbel heeft typisch twee componenten waarvan
de eerste monotoon stijgt met een snelheid van 5 tot 10 m/s. De tweede com-
ponent oscilleert met een typische amplitude van 1 micrometer en is aange-
dreven door het inkomende ultrageluid. De groeisnelheid van de dampbel als
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geheel blijkt groter te worden als deze akoestisch wordt aangedreven. Een
simpel model laat zien dat dit veroorzaakt wordt door verschillende cycli van
warmtediffusie.

In hoofdstuk 6 presenteren we een model voor de groei van een door ul-
trageluid aangedreven microbel, waarin de effecten van zowel thermische dif-
fusie, alsmede diffusie van het gas in de vloeistof opgenomen zijn. Simulaties
gebaseerd op dit model onderstrepen de belangrijke rol van gasdiffusie tijdens
het akoestisch aandrijven van de bel. Ondanks het feit dat de dynamica van de
bel volledig wordt beheerst door verdamping en condensatie, is er een min-
imale hoeveelheid gas nodig (ca. 10% van de totale opgeloste hoeveelheid
lucht in het perfluoropentaan) om de bel de eerste compressiefase te laten
overleven, vanwege de wetmatige verhouding tussen de hoeveelheid gas en
damp. Zonder akoestische aandrijving van de bellen heeft de gasdiffusie geen
enkele invloed op de groei van de bellen.

In hoofdstuk 7 beschrijven we de akoestische eigenschappen van ver-
dampte submicron druppels op klinisch relevante tijdschalen. We laten zien
dat de dampbellen, die ontstaan na het verdampen van de druppels door het
ultrageluid, niet-lineair oscilleren, en dat het gedrag bepaald wordt door de
omhullende schil. Het schilmateriaal op het oppervlak van de bellen veroorza-
akt bovendien een verschuiving van de resonantiefrequentie van de bellen,
alsmede een flinke demping door de viscositeit van het schilmateriaal. In
tegenstelling tot de gebruikelijke microbellen die gecoat zijn met lipiden, zijn
de bellen uit deze studie omgeven door fluorhoudende oppervlakte-actieve
stoffen. Daardoor vertonen ze niet het typische gedrag waarbij de schil kreukelt
bij compressie van de bel, maar worden de oscillaties van de bellen voor-
namelijk gedomineerd door expansie. Ondanks dit verschil in gedrag, laten
we zien dat de verdampte PFC druppels het ultrageluid op dezelfde manier
verstrooien als de klinisch gebruikte contrastmiddelen voor ultrageluid. Deze
resultaten laten dus zien dat stabiele microbellen, geproduceerd door ver-
damping van PFC microdruppels met ultrageluid, de juiste akoestische eigen-
schappen bezitten voor het gebruik als contrastmiddel voor ultrageluid.

In het laatste hoofdstuk, hoofdstuk 8, beschrijven we het maken van mono-
disperse druppels met behulp van microfludische chips. We laten zien dat de
reproduceerbaarheid van de wijze van verdamping van monodisperse drup-
pels veel hoger is dan die van polydisperse druppels. De nucleatie en radile
expansie zijn symmetrisch om de lijn van ultrageluid propagatie en bovendien
zijn ze controleerbaar en reproduceerbaar. De drempelwaarde voor verdamp-
ing ligt onder de 70 kPa, terwijl de foutenmarge van de staprespons marginaal
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klein is en ongeveer overeenkomt met de spreiding in de grootte van de drup-
pels, wat zeer wenselijk is voor klinische toepassingen. Met de microfluidis-
che chips kunnen we druppels produceren met een straal van ongeveer 250
nm. Met behulp van hogesnelheidscamera’s hebben we de initiatie van de
druppelverdamping kunnen vastleggen bij verschillende temperaturen, zowel
onder als boven het kookpunt van de PFC. Onder het kookpunt bleef het
druppel-belcomplex meer dan 500 ms stabiel doordat de dampbel in de drup-
pel gestabiliseerd kon worden door de druppel na verdamping nogmaals aan
te stralen.

Het werk in dit proefschrift beantwoord belangrijke vragen met betrekking
tot thermodynamische en akoestische parameters die belangrijk zijn bij de
verdamping van druppels met een laag kookpunt. Wij hebben er vertrouwen
in dat het gepresenteerde werk de efficintie van de verdamping van drup-
pels met akoestische golven verhoogt met het oog op medische beeldvor-
mende technieken en therapeutische toepassingen. We hebben nieuwe wegen
geopend om de benodigde druk voor verdamping van de druppels te verlagen,
waarmee automatisch een winst in efficintie werd bereikt. Niettemin blijven
er vele open vragen bestaan die beantwoord zullen moeten worden voordat de
druppels klinisch toegepast kunnen worden. Het vervolgonderzoek zou zich
kunnen richten op de volgende aspecten:

e Het verdampen van druppels in de nabijheid van cellen - het verdamp-
ingsproces van druppels met daarin een emulsie van nanodruppels ge-
vuld met een medicijn voor gerichte en gecontroleerde medicijnafgifte
wordt tot op heden nog niet volledig begrepen. In de toekomst zou
men zich kunnen richten op het kwantificeren van de krachten uitgeoe-
fend op cellen tijdens de medicijnafgifte en het bestuderen van het
afgifteproces met hogesnelheidsopnamen. ADV kan naast het afgeven
van medicijnen ook zorgen voor een tijdelijke verhoging van de per-
meabiliteit van het celmembraan, waardoor de opname van medicijnen
door de cellen verhoogd kan worden. Hogesnelheidsopnamen van de
verdampende druppels dichtbij cellen, waarbij de druppels bovendien
gevuld zijn met fluorescerend materiaal, kan de bio-effecten van ADV
in kaart brengen en kan tevens inzicht geven in de opname van medici-
jnen door cellen.

e De fysica van de verdamping van druppels onder het kookpunt - De rol
van gas diffusie bij de verdamping van druppels die zich in een omgev-
ing bevinden met een temperatuur lager dan het kookpunt van de drup-
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pels is belangrijk. Theoretische modellen en numerieke simulaties zijn
nodig om het principe hiervan beter te kunnen begrijpen.

e Ontwikkeling van transducers die meerdere frequenties kunnen uitzen-
den - met behulp van een transducer die meerdere ultrageluid frequen-
ties uit kan zenden kunnen de amplitude en fase van het uitgezonden
ultrageluid worden aangepast, om de mate van positieve interferentie te
maximaliseren, voor een optimale verdamping bij elke gewenste druk.

e Druppelstabilitieit en biocompabiliteit - verschillende recepten voor de
microdruppels dienen te worden gevalueerd, om een druppelemulsie
te kunnen produceren die niet alleen stabiele bellen produceert, maar
waarvan we ook de groei van deze bellen na verdamping kunnen con-
troleren. Hieronder valt onder andere het ontwerpen van druppels bes-
taande uit meerdere vloeistoffen met verschillende akoestische eigen-
schappen, om zo bijv. de akoestische impedantie te variren via de
dichtheid en de geluidssnelheid, teneinde het focusserende effect te
maximaliseren. Om toekomstig klinisch gebruik van deze technieken
mogelijk te maken, is onderzoek naar de biocompatibiliteit van de drup-
pelemulsies van groot belang.

Het gebruik van PFC druppels als contrastmiddel voor ultrageluid is vrij
nieuw, en heeft mogelijkerwijs voordelen ten opzichte van de bestaande con-
trastmiddelen. In dit proefschrift hebben wij de fysische aspecten van het
verdampen van druppels beschreven, die nodig zijn voor het om ze succesvol
toe te passen voor beeldvormende technieken en voor therapeutische doelein-
den. Wij geloven daarom dat deze innovatieve technieken en nieuwe inzichten
een potentieel nieuw wapen kunnen vormen in de strijd tegen kanker door een
betere detectie en uiteindelijk een betere behandeling met behulp van ultra-
geluid.
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