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Abstract

Surfactant coated microbubbles are widely used as contrast agents (UCA) in
medical ultrasound imaging, due to their high echogenicity and non-linear response
to acoustic excitation. Controlling the stability of microbubbles in vivo represents a
considerable challenge. Understanding the characteristics of the bubble surface and
how they change with production method, composition and environment is key to
addressing this problem. The aim of this thesis is to investigate viscosity, bubble
dissolution, and acoustic response as functions of their composition, manufacturing
method and environment.

Bubbles were made using combinations of phospholipid and an emulsifier in
different molar ratios. Adding the emulsifier decreased both the size and the surface
viscosity of the bubbles and caused changes in the scattered pressure amplitude of
bubbles under ultrasound.

To increase microbubble stability, solid inorganic nanoparticles were
adsorbed on to the microbubble surface. These particles behaved as Pickering
stabilisers, and deterred Ostwald ripening. The nanoparticles also enhanced the non-
linear behaviour of bubbles at low acoustic pressures.

Three manufacturing methods (sonication, cross-flow and flow focusing) were
investigated in order to verify stability differences. Sonication produced bubbles

with surface viscosities hundreds of centipoise greater than those produced by
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microfluidics. Both pressure amplitude and harmonic content for sonicated bubbles
were found to be much larger due to a higher liposomal adhesion rate at the surface.

Solution temperature and bubble age were also investigated. When the solutions
were heated above the phospholipid gelling temperature, microfluidic bubbles
showed an increased surface viscosity, due to increased liposome adhesion caused by
the increased temperature.

Bubble composition, manufacturing method and environment were found to vary
the surface characteristics of the microbubbles. Further investigations into the affects
of the filling gas, in vitro studies, and low temperature TEM characterisation should

be conducted to produce a microbubble with the full range of desired characteristics.
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1 Biomedical Microbubbles: Composition, Properties and

Applications

This chapter will introduce microbubbles and their physical and chemical
properties in relation to their biomedical applications. Microbubbles, gas-filled
bubbles with diameters in the 1-100 um range are currently utilized in a wide range
of technological and biomedical applications, such as sources for extreme
temperatures and pressures in sonochemical reactions [2] and oxygen delivery
vehicles in fermentation processes [3]. Some microelectromechanical (MEM)
devices use an oscillating microbubble to drive mixing processes [4]. In medicine,
microbubbles of less than 10 um in diameter are used as ultrasound contrast agents
[5-12] and are also being developed for use as drug/gene delivery vehicles [13-17],
oxygen carriers [18], and in cancer therapies [17, 19, 20]. The characterisation of
medicinal microbubbles and their unique physical and chemical properties will be
the focus of this work. Specifically the aims of this work are:

1. Understanding the role microbubble lipid shell composition plays on

bubble stability and surface properties such as shell viscosity.

2. Investigating how the adsorption of solid nanoparticle particles on the
microbubble surface affects the amplitude of excitation needed to produce

non-linear oscillations when subjected to an ultrasound pressure wave.

3. Characterising the effects of fabrication method on the physical and
acoustic properties of lipid bubbles.
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4. To study how the dynamics of lipid microbubbles differ with environmental
changes.

By understanding how these variables change the physical properties of

phospholipid microbubbles future researchers will be able to produce bubbles with

very specific physical properties tuned to their application.

1.1 Biomedical Application of Microbubbles

Microbubbles used for biomedical purposes are typically between 0.5 and 8 pm in
diameter, which is the upper limit for passage through the lung capillaries. They
consist of a gas core, that is a single chamber and comprises the majority of the total
particle volume, surrounded by a shell which may be polymer or surfactant based.
The shell acts as a barrier preventing diffusion of the encapsulated gas into the
surrounding aqueous medium (Figure 1.1) [10, 21-23]. Their interactions with
ultrasound are of great interest in variety of applications within medical diagnostic
imaging and therapy. Both the shell and the gas core affect microbubble behaviour

and their resulting efficacy in a given clinical application [24].
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Filling gas

SurfactantPolymaric
Coating

Figure 1.1 Schematic of a coated microbubble

1.1.1 Ultrasound Contrast Agents

Ultrasound is a real-time modality that commonly allows imaging up to 30 frames
per second. Compared with computed tomography (CT) and magnetic resonance
imaging (MRI), ultrasound offers several advantages: hardware that is relatively
inexpensive with the ability to provide real-time images [25]; also since no form of
ionizing radiation is used, it is much safer than many other imaging methods,
particularly CT and nuclear imaging techniques. Image resolution however is
limited, increasingly so with tissue depth, and contrast especially between blood
vessels and other tissue can be poor, requiring the use of contrast agents.

Microbubbles function as UCAs by modifying the characteristic signature of the
echo from blood [26]. Bubbles oscillate when exposed to an ultrasound beam,

rapidly contracting and expanding in response to pressure changes imposed by the
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sound field [5]. Microbubbles enhance the backscattered acoustic signal, both due to
a large impedance mismatch between the bubbles and the surrounding tissue, and
their volumetric oscillations due to their high compressibility [27]. By fortunate
coincidence, the range of resonance frequencies for bubbles with diameters between
1 and 10 pm is approximately 2—10 MHz which corresponds to the frequencies
typically used in diagnostic ultrasound imaging [5, 7]. Thus microbubbles are
several thousand times more reflective or “echogenic” than normal body tissues

(Figure 1.2) [5].

Figure 1.2 Ultrasound Doppler images without (4.) and with (B.) contrast agents.
Fach pixel indicates the direction and velocity of motion at a particular location.
More intense colour indicates higher velocity whilst stationary tissues appear grey.

At low acoustic powers, linear, symmetrical bubble oscillations occur and the
frequency spectrum of the scattered signals is the same as that of the transmitted
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pulse. At higher acoustic powers, the expansion and contraction phases become
unequal because microbubbles resist compression more strongly than expansion.
This response is said to be “non-linear”, and the scattered signals contain multiples
(and in some cases, fractions) of the insonating frequency (Figure 1.3) [6]. The
scattered signals of the microbubbles can thus be easily distinguished from that of
the surrounding tissue, and excellent contrast to tissue ratios can be achieved [27,
28]. By taking a fast-fourier transform (FFT) of the acquired scattered signal the
frequency spectrum of the insonified bubbles can be produced. This allows for the

harmonic behaviour of the bubbles to be investigated.

Initial Expansion Contraction  Expansion Contraction
bubble size 1
0.6f

0.4}
2 4 6

Figure [.3 Non-dimensionalised comparison of oscillating bubbles and their
corresponding FFI. Bubble A (pink) undergoes both expansion and contraction
during oscillation resulting in a linear signal characterised by a single peak at the
driving frequency, in this case [. Bubble B (blue) undergoes expansion-only
oscillation meaning that the bubble is unable to contract further down than it's
original size, which result in a non-linear harmonic signal characterised by several
resonance peaks.
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1.1.2 Therapeutic Applications

The effects of ultrasound on microbubbles have spurred research into many
therapeutic applications including transdermal delivery, delivery to solid tumours,
delivery across the blood brain barrier, and enhanced thrombolysis [29]. Ultrasound
is also advancing technologies and methods including tumour ablation, transdermal
glucose monitors, and systems to enhance the delivery of drug/gene therapies [30].
Ultrasound can produce a wide variety of biological effects in vitro and in vivo
through non-thermal mechanisms, such as acoustic cavitation, radiation force, and
acoustic streaming which have been harnessed in developing new therapies (Figure
1.4) [31]. The presence of microbubbles can influence many of these phenomena,
[32]. In high intensity focused ultrasound (HIFU) surgery, microbubbles have been
used as a means of promoting cavitation in the treatment region [19]. Thus,
depending on exposure conditions, the rate of tissue ablation can increase through a
combination of mechanical effects, also known as histotripsy [33] and increased heat
deposition and hence tissue denaturation [34]. Cavitation (relatively high amplitude
bubble oscillations) in an ultrasound field can increase the permeability of the
vascular endothelium, allowing small molecules to enter into tissue from the blood
stream (Figure 1.5). It can also enable the uptake of molecules by cells a, process

known as sonoporation [35].
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Topical delivery of hydrocortisone

1

Transdermal delivery of Ocular — Gene delivery
insulin, low-molecular Faco- drug ) )
weight heparin, vaccines  emulsification delivery Drug delivery to brain
T T T 1.5 MHz Osteoporosis
[20-100 kHz | [ 40 kHz | 880 kHz Tl
Ocular Sono-
drug dynamic Gene Sciatic
delivery therapy therapy Hyperthermia nerve repair
T 2 MHz
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delivery delivery  arterial fracture
to brain hyperplasia healing
Angioplasty Thrombolysis Haemostasis

Figure 1.4 Partial summary of ultrasound frequencies used for medical applications.
The figure provides an overview of the conditions used for medical ultrasound
applications but does not necessarily depict optimal or recommended conditions.
For many applications, more than one condition has been used. Only select
conditions are represented in the figure for clarity. Ultrasound parameters other
than frequency that are also crucial to medical applications, including intensity (i.e.
pressure amplitude) and duty cvcle (pulse width and repetition frequency), are not
listed in the figure, for clarity. A significant number of applications use a frequency
of | MHz. Reproduced with permission from [30].
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Figure 1.5 Schematic representation of ultrasound mediated delivery. Microbubbles
are co-tnjected into the bloodstream along with therapeutic agents. At the target
organ, the microbubbles are subjected to /igh intensity focused ultrasound (HIFU),
causing them to rupture, thus increasing permeability of the blood vessel and cell
membranes in the underlying tissue. This facilitates the local uptake of the
therapeutic agents. Reproduced with permission from [/36/.

The exact mechanisms that induce sonoporation are still in question, but there is
evidence to suggest that both stimulation of normal membrane transport processes
and mechanical pore formation [37, 38] may contribute to changing cell membrane
permeability depending on the ultrasound exposure conditions.

In addition to promoting therapeutic uptake, microbubbles can also be used as

vehicles for localised drug delivery and gene therapy as they can be loaded with a
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range of therapeutic materials during their production [16, 17, 39, 40]. Due to their
ability to be clearly seen using conventional ultrasound, the loaded bubbles can be
traced to a target site where they can then be destroyed by increasing the ultrasound
intensity to release the encapsulated material locally. This can greatly reduce the risk
of harmful side effects associated with systemic administration, e.g. of toxic

chemotherapy drugs [41].

1.2 Microbubble Composition

When designing a microbubble to generate an optimal acoustic signal, the larger
the microbubble the better [10]. However to (a) achieve systemic and pulmonary
circulation and (b) be an effective contrast or theranostic agent, microbubbles need to
pass through the capillary system intact. Microbubbles for clinical applications are
thus designed to be approximately equivalent to the size of a red blood cell, with
typical diameters ranging between 1 and 10um. The encapsulating shell may be stiff
(e.g., protein, or polymer) or more flexible (phospholipid, surfactant), with a
thickness varying from 10 to 200 nm (Figure 1.6). [10, 21-23, 42]. Table 1.1 lists

some commercially available microbubbles and their compositions.
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Gas
~1 to 200 nm
Shell
Water ‘
e \‘\\
~0.5 to 10 um Polymer

Figure 1.6 Structure of a tpical microbubble with different shell compositions.
Different shell materials may be used, including lipid (~3 nm thick), protein (15-20
nm) and polymer (100-200 nm). Lipid molecules are held together through physical
Jorce fields, such as hiydrophobic and van der Waals interactions. Protein Is cross-
linked by covalent disulphide bonds. Polvmer chains are covalently cross-linked
andsor entangled to form a bulk-life material. Reproduced with permission from

[15/.

Table 1.7 Examples of commercial microbubble agents currently available or under

development.

Name(s) Manufacturer Stabilising coating Filling gas
SonoVue® Bracco Diagnostics, Inc. Phospholipid Sulphur hexafluoride
Definity® Bristol-Myers Squibb Phospholipid Octafluoropropane
Optison ™ Amersham Health PLC Human serum albumin Octafluoropropane
Filmix™ Cav-Con Inc. Phospholipid Air

Imavist™ Schering A.G. Surfactant Perfluorocarbon & air
Albunex® Molecular Biosystems Human serum albumin Air

Sonazoid™ Amersham Health PLC Phospholipid Perfluorocarbon
BiSphere™ Point Biomedical Corp. Polymer/protein bilayer Air

Quantison™ | Quadrant Healthcare PLC. | Spray dried serum albumin | Air

Echovist® Schering AG. None Air

Levovist® Schering AG. Palmitic acid Air

Sonavist™ Schering AG. Cyanoacrylate Air

Echogen® Sonus Pharmaceuticals Surfactant Dodecafluoropentane
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1.2.1 Protein Shelled Microbubbles

Protein shelled bubbles have been observed by scientists for over a century to
possess extraordinary stability due to their solid membrane shells [43]. In the 1980s
and 1990s, the potential of microbubbles coated with an adsorbed layer of the protein
albumin as UCAs was recognised [44, 45]. As a result, the albumin-coated
microbubbles Albunex® and Optison'" (GE Healthcare) were the first commercially
available, FDA-approved contrast agents.

The typical production method for albumin-coated microbubbles involves
sonication of a heated solution of human or bovine serum albumin in the presence of
a gas, either air or a perflourocarbon [6, 46]. During sonication, microbubbles of the
encapsulating gas are formed with a shell of aggregated albumin [13]. Heating is
necessary to denature the albumin prior to sonication and facilitate encapsulation;
however, the mechanism responsible for forming the microbubbles is a combination
of two acoustic phenomena: emulsification and cavitation [46]. Dispersing gas into
the protein solution, coupled with chemically cross-linking the protein at the bubble
interface results in the formation of a solid shell. More recently, other proteins (e.g.
lysozyme and albumin/avadin mixtures), have been used to coat microbubbles [47,
48], and protein-shelled microbubbles have also been functionalized to carry

targeting ligands and genetic payloads [14, 49, 50].
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1.2.2 Lipid Shelled Microbubbles

Although UCAs can be made of several different materials from proteins to
polymers, [51] this thesis will focus specifically on phospholipid-shelled
microbubbles made using the naturally occurring phospholipid 1,2-Distearoyl-sn-
glycero-3-phosphocholine (DSPC). Previous studies conducted by Borden and
Longo [74] have shown that microbubbles produced using longer chained lipids,
specifically DSPC, have a lower rate of gas diffusion than those made from lipids
with shorter chain lengths. They also showed that DSPC bubbles did not fragment
under an acoustic pressure wave as bubbles produced using lipids with longer chain
lengths had a tendency to do [74]. Several commercially available DSPC lipid-coated
microbubble formulations are approved for clinical use internationally, with Definity
(Lantheus Medical Imaging) and Sonovue® (Bracco Diagnostics) being two of the
most commercially successful.

Phospholipid shells have several advantages over their protein or polymer
brethren. Phospholipid molecules spontaneously self-assemble into a monolayer at
the air-water interface due to their amphiphilic nature [52]. The hydrophobic acyl
tails face the gas while the hydrophilic headgroups face the water [7]. Lipid
monolayers are extremely cohesive due to attractive hydrophobic and van der Waals
interactions between tightly packed acyl chains. Saturated diacyl phosphocholines,
which are commonly found in abundance within animal cell membranes, are capable
of laterally compressing within the monolayer plane to reach a very low surface

tension when the temperature is decreased below their main phase transition
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temperature, at which the membrane transforms to a more rigid “gel” phase from a
more fluid “liquid phase”. The relative mobility or fluidity of the individual lipid
molecules can be directly correlated to the temperature of the phospholipid and to
both surface tension and diffusivity. In an uncoated bubble, surface tension at the
curved interface induces a Laplace overpressure, which forces the gas core to
dissolve [5, 53]. The condensed lipid monolayer, however, stabilises the microbubble
and promotes an equilibrium pressure [54]. The high cohesiveness of the lipid
molecules gives the lipid shell a solid-like character when below phase transition
temperature and can induce expansion only oscillations when a driving frequency is
applied [55].

Polymeric microbubbles exhibit quite different acoustic responses to ultrasound
when compared to lipid-shelled microbubbles [56, 57]. Lipid shelled bubbles are
much more fluid than polymeric, and therefore allow oscillations without shell
rupture. At low ultrasound intensity, the stiff polymeric shell will not oscillate
actively. Some polymers will allow oscillations but that typically occurs at much
lower amplitudes. As pressure increases, shell defects or cracks form, which allow
encapsulated gas to escape and eventually cause complete bubble destruction (Figure

1.7).
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Lipid microbubble = Polymer microbubble
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Very-low intensity US

oMLLoY
X 2
&5 2

sy

Wiy,
Low intensity US % m§ p O
3 o
High intensity US %(? @)
?Q?# %J%S
sy

Figure [.7 Schematic representation of lipid (lefi) and polvmer (right) microbubble
interaction with ultrasound of mncreasing intensity (fop to bottom). Reproduced with
permission from [36/.

Lipid-coated microbubbles can also be functionalized for drug delivery, molecular
imaging, or other purposes by incorporating different lipid headgroup species such as
polyethylene glycol-biotin (PEG-biotin) linkers (Figure 1.8) or post-production bio-
conjugation [58, 59]. Lipid monolayers also provide suitable substrates for inorganic

nanoparticles [27].
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& €<——— PEG-Biotin linker

Encapsulated
drug

Figure 1.8 Schematic representation of a PEG-biotin linked microbubble for drug
delivery

1.2.3 Nanoparticles for Biomedical Applications

Both organic and inorganic nanoparticles have been used in biomedical
applications that take advantage of their varied mechanical, chemical, electrical,

optical, and acoustic properties, as shown in Table 1.2 [1].
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Recently there have been several studies conducted on the ability of inorganic
nanoparticles, in particular noble metals (Au, and Ag) to target and treat various
forms of cancer [60-70]. Colloidal gold is of particular interest due to its varying
optical properties, which can be tuned for specific applications by controlling the
size and shape of the nanoparticle [60, 69] The interesting optical attributes of metal

nanoparticles, are due to their unique interaction with light, as shown in Figure 1.9

[65, 71].

Increasing Particle Size

Figure 1.9 Photographs of aqueous solutions of gold nanospheres (upper panels)
and gold nanorods (lower panels) as a jfunction of increasing dimensions.
Corresponding transmission electron microscopy images of the nanoparticles are
shown, all scale bars 100 nm. Reproduced with permission from [63]
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In the presence of the oscillating electromagnetic field, free electrons of the metal
nanoparticle undergo a collective coherent oscillation with respect to the positive
metallic lattice. This process is resonant at a particular frequency of the light and is

termed the localized surface plasmon resonance (LSPR) oscillation [60, 63, 65] [72].

¥ e | ]

Figure 1.10 Schematic of the interaction of a metal nanosphere with light. The
electromagnetic field of the light induces a coherent dipolar oscillation of the metal
conduction electron across the nanoparticle. Reproduced with permission from

/60/.

Due to their tuneable scattering and strong adsorption of light in the near infrared
range gold nanoparticles serve as “light-activated nanoscopic heaters” useful for bio-
medicine, especially the selective laser photothermolysis of cancer cells [65, 72].
LSPR absorption of Au nanoparticles is followed by the rapid conversion (~1 ps) of
the absorbed light into heat. The ability of Au nanoparticles to convert strongly
absorbed light efficiently into localized heat can be exploited for the selective
photothermal therapy of cancer [60, 61, 71]. Cancer targeting antibodies, and

ligands can be attached to the nanoparticle surface in order to selectively target
49

Engineering the Surface Properties of Microbubbles for Biomedical Applications



Graciela Mohamedi Chapter 1: Biomedical Microbubbles

cancer cells without significant binding to healthy cells [66, 67, 72]. The cancer
cells targeted by the nanoparticles can then be irradiated a laser of whose frequency
overlaps the LSPR absorption maximum of the nanoparticles, thus selectively
heating and destroying the cancer cells at much lower laser powers than those

required to destroy healthy cells making therapy minimally invasive [60, 63, 67].

1.2.4 Nanoparticle Coated Microbubbles

It has been shown that the adsorption of solid nanoparticles on to a bubble surface
can potentially improve the efficacy of microbubbles as ultrasound contrast agents
by increasing the nonlinear character of the microbubble acoustic response at low
excitation amplitudes [73]. The presence of the surface coating both lowers the
interfacial tension at the bubble surface and slows gas diffusion, thus preventing
rapid dissolution and/or coalescence and disproportionation within the suspension
[74, 75]. Typically in order to increase the degree of non-linearity in a bubble, the
amplitude of excitation would have to be increased. This can result in undesirable
side effects as the bubbles often react violently to the amplitude increase, inducing
cavitation or bubble fragmentation as a result [28, 73, 76]. By including inorganic
particles on the lipid surface, the non-linear acoustic characteristics of the UCA at
low acoustic pressures can be increased while avoiding the undesirable effects [73].
In order to repeat this on a non-particle laden bubble the amplitude of the ultrasound
would have to be increased to levels upwards of 10 times the acoustic peak negative

pressure [73, 77]. This is due to the “jamming” of particles (Figure 1.3) when the
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bubble undergoes compression, leading to an asymmetric volume oscillation and
nonlinear acoustic radiation.

Nanoparticles have also been used as stabilisers in a manner akin to the well-
known phenomenon of Pickering stabilisation in liquid—liquid emulsions [78, 79],
for both bubbles [80] and foams [81]. The underlying physics of this phenomenon
will be described in detail in the next chapter. In particular, a number of recent
studies have demonstrated that ultra-stable foams can be generated through the use of
solid particles [82-85] with applications ranging from food engineering to cosmetics
and the biotech and ceramic industries. As described in the above references and the
review by Horozov [86], a range of different materials such as polymeric, metallic
and ceramic particles and varying, from long rods to spheres have been shown to be
highly effective. The sizes of particles used have ranged from a few tens of
nanometres to the micrometre scale with cell diameters similarly varying from tens
to hundreds of micrometres. Foams have been shown to be stable for periods of
several weeks including under harsh ambient conditions. This is of considerable
potential interest because the stability of microbubbles in biomedical applications, as
well as in other areas, is of great importance. In the case of contrast agents, it
determines the period over which diagnostic information may be acquired, and it is
equally important in drug delivery to ensure accurate dosing and minimize unwanted
side effects. Finally, in addition to tailoring the acoustic response, there are other
incentives for coating microbubbles with nanoparticles to achieve enhanced

functionality, such as photoacoustic response [27, 87]
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1.3 Thesis Structure
This thesis investigates the physical properties, both surface and acoustic; of
biomedical microbubbles for use as multi-functional therapeutic and diagnostic

agents.

Chapter 1 provides background information about the research field and gives an
overview on biomedical microbubbles and their applications for both diagnostic and
therapeutic applications. The organisation of this thesis and scope of the research is

also outlined.

Since the aim of the research is to investigate the physical properties of
microbubbles, Chapter 2 presents an overview of the interfacial properties and the

basic physics and thermodynamic equations which govern them.

Chapter 3 presents a detailed literature review of several different microbubble

manufacturing methods and the theory behind the different approaches.

Chapter 4 describes the experimental setup, materials used, experiments and
characterisation procedures carried out, and a detailed description of the

experimental tools used to achieve the objectives.

An extensive study investigating the effects of composition on the surface properties

of microbubbles is detailed in Chapter 5. Different molar ratios of DSPC lipid and
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PEG 40S were investigated to determine the effect upon bubble size, stability,

effective surface viscosity, and acoustic response.

Chapter 6 examines the effects of microbubble surface composition. Gold
nanoparticles were adsorbed on the surface of DSPC microbubbles and compared
against non-particle coated DSPC bubbles. The non-linearity of the acoustic
response and long-term stability of the bubbles were determined and the

experimental results compared with those obtained via theoretical modelling.

In Chapter 7, the stability, acoustic response and surface viscosity of bubbles

manufactured via three different methods are compared.

Chapter 8 details the environmental effects, which can change the behaviour and
physical characteristics of bubbles. These include bubble-bubble interactions,

temperature of the bubble solution and bubble age.

Chapter 9 presents the conclusions from this work and proposals for future work.
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2 Engineering the Interfacial Properties of Microbubbles

Microbubbles pose several interesting engineering challenges due to their
dynamic interfacial properties. Those of particle-laden bubbles are even more
complex as the addition of a solid particle on the bubble surface adds another
interface. In this chapter the different interfacial qualities of typical lipid-coated as
well as particle-laden microbubbles are discussed. It begins by describing surface
tension and free energy and how they affect the stability of colloidal suspensions.
Next it discusses the pressure differences caused by the surface tension (Laplace
pressure) and the stabilisation of the microbubble solution through the addition of
colloidal particles (Pickering stabilisation), ending with a discussion of
thermodynamically driven bubble coarsening (Ostwald ripening) and the differences

between large and small bubbles.

2.1 Surface Tension

Surface tension (y or o) is a reflection of an unfavourable change to the free
energy of a bulk solution as molecules move from the bulk and to the interface
between surfaces [88]. As the molecules move a new surface is created. In order to

create and expand that new surface area (As) a quantity of work (W) is needed.

aw .
VY= dAs Lguation 2.7
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This work is stored as potential energy, which thereby increases the overall Gibbs
free energy (G) of the system. Thus, equation 2.1 can be written as equation 2.2

where temperature (7) and pressure (P) are kept constant [89]:

§G .
y = (E)T’P LEguation 2.2

Temperature, however plays a large role in the magnitude of surface tension seen in
a system as the viscoelastic properties of membranes tend to change with an increase
or decrease in temperature. Therefore a modified equation is needed to account for
the effect of temperature. Since surface tension can be directly related to the excess
amount of Gibbs free energy at the surface (G°) the general thermodynamic

relationships of G°can be correlated back to y [89]:

G5S=y=HS-TSS Lguation 2.3
and
aGS oy S .
(?) = (5) =-=5 Fguation 2.4
P P

where H® is surface enthalpy, T is temperature and S° is surface entropy. When
equations 2.3 and 2.4 are combined a general thermodynamic definition of surface

tension is defined:

y=H5+T (a—y) Fguation 2.5
ar/p
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In order to lower surface tension between fluids, surfactants can be added into the
system. Surfactants are amphiphilic compounds with hydrophilic head groups and
hydrophobic tails (Figure 2.1). Because of their amphiphilic nature, these molecules
will spontaneously organize into monolayers at the interface between phases (i.e.
oil/water, air/water, etc.) [88-90]. This creates a “buffer zone” between phases,
which reduces the tension at the interface. While phospholipids are classified as a
type of surfactant, their double tail distinguishes them from most other surfactants
which have only a single tail. In this thesis the term surfactant will be used when

discussing amphiphilic molecules with single tails.

hydrophobic tail group hydrophilic head group
2
e VU U e UaWaN _
O —'ﬁ —-O"Na*
O

Figure 2.7 View of a tipical surfactant structure. Top is a representative cartoon
while the bottom Is the structure of the common surfactant Sodium Dodecy! Sulphate

2.1.1 Surface Tension In Colloidal Suspensions

In principle, all dispersions of colloidal particles, including ones in which the
“particles” are encapsulated gas as in the case of a bubble, are thermodynamically
unstable due to the large interfacial area produced upon emulsification, and the

corresponding increase in the interfacial Gibbs free energy. In all colloids therefore,

56

Engineering the Surface Properties of Microbubbles for Biomedical Applications



Graciela Mohamedi ~ Chapter 2: Engineering the Interfacial Properties of Microbubbles

the trend is toward phase separation [91]. The change in Gibbs free energy (4G)
associated with emulsification, in the absence of any surface-active agents, scales

according to:

AG ~ y,pAAg, Fguation 2.6

where p designates the particle, B designates the bulk solution, and A 4 is the change

area. Therefore, AG is positive and the emulsion is thermodynamically unstable. The
presence of emulsifiers, such as molecular surfactants or solid particles, affects the
change in the Gibbs free energy upon emulsification. Molecular surfactants lower

the interfacial tension ypp of the particle/bulk interface and thereby reduce 4G.

2.2  Laplace Pressure

Since systems try to find a state of minimum potential energy, a free droplet of
liquid or gas naturally assumes a spherical shape, which has the minimum surface
area for a given volume. Laplace pressure, P,, can most easily be described as the
difference in pressure between in the inside and outside of a bubble due to surface
tension. For a spherical droplet [92, 93] surface tension can be calculated as shown

by the Young-Laplace equation:

2
p = Fguation 2.7
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As explained by Basford [93], the tension in the walls of a rigid capsule depends on
both the pressure of the inside contents and its radius. If the internal pressure
increases, the wall tension also begins to increase. Thus, if the pressure contained in
a capsule with a fixed radius is doubled, the tension in its walls also doubles. In a
non-rigid capsule, like a bubble, the situation becomes more complex. In this case,
the walls of a container distend as the pressure increases and change the pressure-
volume-wall tension relationships (Figure 2.2 shows a similar example however here

a bubble is stuck to a surface).

Pull-off force

Before deformation

After deformatlon

Figure 2.2 Contact geometry between a sphere and a plane surface before and affer
deformation due to the Laplace pressure. Reproduced with permission from [/94/

To further complicate the situation; in a bubble there are several different pressures.
There is an internal pressure within the bubble (P;,) due to the combination of the gas
pressure (Pg) as well as a liquid vapour pressure (P,) [92]. As a result of surface

tension, the pressure within the bubble is greater than the pressure of the liquid
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immediately outside (P,,) [95], and the internal bubble pressure is equal to the sum
of the liquid pressure and the surface tension pressure, Figure 2.3 [92, 95]. It is
because of the pressure and gas concentration gradients that bubbles require external

stabilisation.

P pressure of
out l surrounding fluid

y -—

A

pressure created
/4Y/[T by surface tension

/ \ acting to decrease
“'--;,>T‘__---‘ surface area

Figure 2.3 Schematic showing internal pressure (P,), surface tension pressure (4y/r)
across the bubble membrane, and the liguid pressure (P,,) surrounding the bubble
wall.

2.2.1 Gas Diffusion In Microbubbles

As previously discussed, surface tension forces on the bubble surface create a
higher pressure inside the bubble. The equation of state for the gas predicts a higher
gas concentration there, which consequently, drives the outward diffusion of gas in
the liquid [96, 97]. Therefore, sustained presence of very small bubbles is only
possible in presence of a shell which holds the gas in. This was modelled by Epstein
and Plesset [53] in 1950 and their work is the basis of most modern bubble

dissolution models.
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As demonstrated by Katiyar and Sarkar [97]: encapsulation elasticity will slow
bubble dissolution. A stable bubble can be obtained when the elasticity overcomes
the surface tension (Figure 2.4). When encapsulation is inelastic, stability can be
reached when the surface tension is zero. An elastic encapsulation can stabilise the
bubble against surface tension based dissolution, but it can only reach a neutrally
stable radius in an air-saturated medium. The effective surface tension at these

conditions is zero and remains zero, therefore reaching a new equilibrium [96, 97].

Figure 2.4 Mechanisms jfor unstable equilibrium for an inelastic encapsulation (a)
and stable equilibrium jfor an elastic encapsulation (b). In (a) increasing or
decreasing radius (green dashed line) from the equilibrium (brown solid line) leads
lo gas movement (radial arrows) to firther drive it away from the equilibrium.
Corresponding increase or decrease of inside gas concentration C, causes the gas
Jlux. Opposite happens in (b). Reproduced with permission from [97].
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2.3 Pickering Stabilisation

The most common way to stabilise a bubble solution, which is in essence an
emulsion, is by adding surfactants to immiscible liquids and providing mechanical
energy to break up the mixture into micrometric droplets immersed in a continuous
phase [98]. In the early 1900s, however, both Ramsden [79] and Pickering [78]
showed that emulsion stability does not necessarily require amphiphilic surfactants
reducing the interfacial tension but can also be efficiently promoted by dispersed
particles in the colloidal size range. Particles can adsorb strongly to liquid-liquid
interfaces, and the energy of attachment depends on the contact angle, 6, the particles
make with the oil-water or in the case of bubbles, the gas-liquid interface, Figure 2.5

[99].

Vsa

Vs \

Figure 2.5 Schematic diagram of a spherical solid particle at an air-liguid interface
showing the various interfacial energies () and the contact angle (8) measured into
the water phase.
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As shown by Binks and Rocher [100], if the stabilising particles are less than a
few nm and the fluid—fluid interfacial tension is less than a few mN/m, particles of
suitable wettability are adsorbed giving rise to drops and bubbles which are
completely stable to coalescence and disproportionation [98, 101]. For solid—liquid—
air systems, particle adsorption is thermodynamically favourable if the sum of the
solid—air tension ysa and the solid—liquid tension y is less than the original liquid—air
tension Y5, [100]. This depends on the contact angle 6 of the particle with the

interface measured through the liquid phase, as given by the Young equation:

Ysa— Vsl
Yia

cosl = Equation 2.8

Particle adsorption onto the interface occurs when it is partially wetted by the two
fluid phases, i.e. when 0° <8 < 180° as shown in Figure 2.5. The contact angle of
the particle to the interface will also determine the type of emulsion that will result
[102]. Hydrophilic particles (6 < 90°) protrude more into the aqueous phase and
favour the formation of oil-in-water (o/w) emulsions, while hydrophobic particles (6
> 90°) stabilise water-in-oil (w/0) emulsions [103] (Figure 2.6). For the purposes of
this work the oil phase corresponds to the filling gas, which result in the ability to

model the bubble system as an o/w emulsion.
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oil

Figure 2.6 Contact angle and emulsion tipe.: The experiment shows that fiydrophilic
particles (6<90°) stabilise oil-in-water emulsions, while hydrophilic particles
(0>90°) stabilise water-in-oil emulsions. A possible reason for this effect could be
the curvature energy of the particle adsorption laver. Reprodiuced with permission

Jrom [103].

The fundamental difference between Pickering and surfactant stabilisation is the
comparatively large size of the stabilising agent. However this large size results in

very strong binding energies of the particles with the interface [104]:

Eg = nR?%y,,, (1 — |cosO])? Lquation 2.9

Where Ejp is the desorption energy of a particle from the liquid interface into the
continuous phase of the emulsion, and v, is the interfacial tension at the oil/water
interface. The key to the stabilisation mechanism is that if the surface energy or
contact angle of the particles with the aqueous phase is in the correct range, then the
adsorption energy per particle can be very large [105]. Therefore once particles are
adsorbed at the interface of a droplet they will not be readily removed either by

shrinkage of the droplet or through coalescence between droplets [81, 104].
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2.4 Ostwald Ripening

Ostwald ripening or size disproportionation is the process by which large droplets
grow at the expense of smaller droplets and is one of the main reasons for emulsion
instability. The driving force for Ostwald ripening is the difference in capillary
pressure between small and large droplets or, in this particular case, bubbles, as
defined by the Young-Laplace equation [106]. Ostwald ripening occurs due to
suspended droplets minimizing their surface to volume ratio and thereby minimizing
their surface free energy [75, 107]. Smaller droplets gravitate towards equilibrium
by shedding some of their soluble surface molecules, which leads to a transport of
material from small to larger droplets, with an accompanying increase in the mean
droplet size with time, while also lowering the Laplace pressure in the bubble, Figure

2.7[75,107-110].
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Figure 2.7 Schematic representation of the growth of circular bubble A at the
expense of B caused by a pressure driving force. Here surface tension is represented
by o. Reproduced with permission from [109]
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While the mean size of the droplets increases, the population density will decrease
as will the interfacial energy, which decreases with increasing droplet size (Figure
2.8) [111]. Perfectly monodisperse systems will therefore not exhibit Ostwald
ripening [112]. In a suspension of coated bubbles undergoing Ostwald ripening both
the shell material and gas can undergo mass transfer. Ostwald ripening requires a
finite solubility of the dispersed phase in the continuous phase, such that diffusion

from the small to the larger droplets is possible [107].

Figure 2.8 Example of Ostwald ripening within a phospholipid bubble population.
The two images show the same bubble population at the same location on the slide.
The picture on the leff was taken at t=2 min afier bubble production, while the
bubble on the right was taken at 1=70 min.

In theory at least this process continues until one large droplet is left, unless it is
stopped or prevented. In order to slow the ripening process, a small amount of a
second component with a very low solubility can be incorporated into the system,

which results in a difference in composition between large and small droplets. The
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concentration of this second component in the droplets increases when Ostwald
ripening takes place, creating an osmotic pressure. This may counterbalance the
driving force for Ostwald ripening and eventually result in a termination of ripening
[107, 108, 111, 113]. For example, high salt concentrations in aqueous emulsion
droplets are capable of doing this. Ostwald ripening increases the salt concentration
in the small droplets, with respect to the large droplets, which correspondingly
increases the osmotic pressure [114, 115]. Solid particles are also able to arrest
Ostwald ripening, although through a different mechanism. The particles are
irreversibly attached to the droplet due to the extremely high energy of particle
detachment. The particle layer is compressed upon shrinking of the droplet.
Continued shrinkage of the droplets deforms the menisci (inward bending of the fluid
interface between the particles) and results in an opposed capillary pressure, which is

capable of arresting Ostwald ripening.

2.4.1 Ostwald ripening in suspensions of large bubbles

If a bubble suspended in an aqueous solution is larger than 50 um in diameter then
it can be assumed to behave as a droplet and Laplace pressure of the bubble is
neglected. Laplace pressure is inversely proportional to bubble diameter [106]. So
the smaller a bubble the higher the Laplace pressure. The radius dependence of the
solubility is obtained from the Kelvin equation [106]:

2yV,
c(r) = cnexp (%) Equation 2.10

66

Engineering the Surface Properties of Microbubbles for Biomedical Applications



Graciela Mohamedi ~ Chapter 2: Engineering the Interfacial Properties of Microbubbles

where R is the droplet radius, y is the surface tension, Vy, is the molar volume of the
dispersed compound, ¢ is its bulk concentration (i.e., the molecular concentration
that is in thermal equilibrium with a macroscopic bulk phase), and B is the gas
constant. As shown below, the radius dependence of the solubility is related to the
radius dependence of the molar chemical potential, U [108, 116]:

2y Vi
T

U(r) =g + Equation 2.11

Assuming that the concentration is in equilibrium with a particle of radius 7

U(r) — U, = BTIn {C(r)} Fguation 2. 12

Coo

Assuming ideal mixing, mixing in a second component results, if the two
components are miscible, in a decrease of the chemical potential due to the entropy
of mixing [116, 117]. Denoting the major component and the second component as

“1” and “2”, respectively, we have for the major component:

Uy(r) =U, + % + BTIn(1 — x,) Fguation 273
Here x; is the mole fraction of the second component in the particle. If the second
component is insoluble in the continuous solvent, a ripening process leads to a
decrease of x; in the growing particles, whereas x, increases in particles that shrink.

If the distribution of the second component is initially uniform, i.e., the same x, value

in all of the particles, this may eventually lead to a termination of the ripening
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process where a small radius and high x, balances a large radius and small x, so that

the chemical potential and hence the solubility is the same for the different radii.

2.4.2 Ostwald Ripening in suspensions of small bubbles

Small bubbles have different Ostwald ripening conditions due to the fact that the
Laplace pressure dramatically increases as the bubble size decreases. Suspensions of
small (< 10 pm diameter) bubbles are inherently thermodynamically unstable
because their free energy of formation is positive due to their large interfacial area
[118]. As shown by Stevenson [109] for a small bubble the pressure difference
between any spherical bubble of radius R and a notional bubble size, o, that is

representative of the coarsening behaviour is:

AP =2y (% — %) Fguation 2.14

The Laplace pressure will increase dramatically as bubble radius dips below 10 pm.
At that time the Laplace pressure increases to several hundred kPa depending on the
surface tension of the bubble surface [119]. The Laplace pressure of a bubble a few
micrometres in diameter for example is approximately 100 kPa. Due to the high-
pressure differential, the interfacial tension is unsustainable and thus drives Ostwald

ripening [119].
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3 Microbubble manufacturing techniques: theory and application

There are currently several different manufacturing methods used to produce
phospholipid-coated microbubbles. This chapter discusses several of those methods

from theory to application.

3.1 Liposome formation

All production methods used to produce phospholipid microbubbles require a
precursor suspension of liposomes. Liposomes are self-assembling particles
stabilised by lipid bilayers which are typically spherical and have an aqueous core
[33][120, 121]. Most commonly, liposomes are made by dissolving the
phospholipid(s) in a solvent, normally chloroform, and then evaporating in order to
produce a lipid film [121]. In order to hydrate the film and disperse the lipid either
water or an aqueous solution is then added, and the system is subjected to either

homogenization or sonication in order to fully disperse the lipid (Figure 3.1) [15].

Hydration Sonication Liposome
formation

lipid film

Figure 3.1 Schematic representation of ljposome production
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In contrast to lipid monolayer structures, liposomes are characterised by extended,
two-dimensional, and clearly separated hydrophilic and hydrophobic regions, (Figure
3.2) [120, 122]. The hydrophilic portions of bilayer lipids are directed towards the
aqueous phases (external and internal), whereas the hydrophobic portions of both
lipid layers are directed towards one another, forming the internal region of the

membrane.

Hydrophilic

Hydrophobic

Lipid Bilayer Liposome

Figure 3.2 Schematic diagram of ljpids incorporated into a bilaver membrane to
Jorm a liposome. Reproduced with permission from [122)].

No matter which fabrication methods are used to create the bubbles, microbubble
shells are created by the diffusion of liposomes to the gas/water interface. In order to
create a lipid shell, liposomes must adsorb onto the gas/water interface, where they
spontaneously re-orient, and laterally organize the lipids into a monolayer film

(Figure 3.3). This self-assembled monolayer gives the bubble its inherent stability.
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AP =0

Stabilized

Figure 3.3 Synthesis and stability of microbubbles. Mechanical agitation of
liposomes in an agqueous environment resulls in lipid-coated microbubbles. If the
microbubble shell is cooled slowly, domains of lipid components form. Adapted with
permission from [15].

3.2 Mechanical Agitation
The most common way to produce large quantities of microbubbles is via
mechanical agitation, either high-speed homogenization or acoustic sonication. Both

methods are described in more detail in the next two sections.

3.2.1 Homogenization

Homogenization is one of the earliest forms of microbubble production. It has
been used for decades in order to produce microbubble contrast agents [123]. It
works by emulsifying an aqueous suspension by high shear stirring (rpm > 1000)
[124] using another immiscible fluid, such as a gas, and a surfactant to create a
sterically stabilised emulsion. More recently homogenization has been used
particularly for preparing polymer-coated microbubbles [125]. For phospholipid

bubbles, however homogenization has fallen out of use in favour of sonication.
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3.2.2 Sonication

The most commonly used method for microbubble preparation is sonication,
which involves dispersing gas or liquid in a suspension of a suitable coating material
using high intensity ultrasound [125-127]. Typically this is done using a tip
sonicator, which can be immersed directly into the solution, similar to the liposome
production process previously described. As described by QSonica [128], the
makers of the Misonix tip sonicator used throughout this thesis, a conventional tip
sonicator works by transforming AC line power to a 20KHz signal that drives a
piezoelectric convertor/transducer.  This electrical signal is converted by the
transducer to a mechanical vibration due to the characteristics of the internal
piezoelectric crystals. The vibration is amplified and transmitted down the length of
the probe where the tip longitudinally expands and contracts. The distance the tip
travels is dependent on the amplitude. In liquid, the rapid vibration of the tip causes
cavitation, the formation and violent collapse of microscopic bubbles. The cavitation
of thousands of bubbles, releases tremendous energy, both thermal and mechanical in
the cavitation field [129].

According to Fogler and Li [130], emulsification occurs in two stages. Initial
bubble entrainment occurs as the unstable growth and eventual eruption of interfacial
capillary waves produced by sonication. The second stage of acoustic emulsification
involves the continual cavitation-induced breakdown of larger particles as a function
of sonication time until a stable size is reached [131]. The breakdown mechanism

depends on the type of deformation and flow pattern around the bubble. The stable
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size results when surface tension forces balance the inertial forces on the bubble

[130].
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Figure 3.4 Schematic showing origins of polvdispersity during acoustic
emulsification. Initial bubble entrainment occurs as a capillary instability. Inset
shows relevant length scales. Subsequent cavitation in the suspension (shown as
Jilled circle with propagating waves) induces breafup of the larger bubbles to a
critical diameter, where surface forces and inertial forces balance. Reproduced with
permission from [137].

When the gas and bubble solution is emulsified it forms a suspension of
microbubbles [125]. As described in section 3.1, the pre-existing liposomes will
then self-assemble onto the microbubble surface and automatically adsorb. Also,
because of the high temperatures and pressures generated through cavitation, a
chemical modification of the surface layer may occur which improves its stability

[125]. As originally discussed by Feinstein [132] the size distribution of the bubbles

produced depends upon the frequency, power and pulse regime of the ultrasound,
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and there is no simple theoretical relationship between these variables [46]; the size
distribution of microbubbles obtained from sonication are inevitably broad, (Figure
3.5) [125, 133, 134]. In order for the bubbles produced to be viable for transport
throughout the vasculature they must be further processed to remove large bubbles
from the suspension. Without further size separation adverse reactions such as

embolism may occur [135].
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Figure 3.5 A. Sample of sonicated microbubbles, and B. The corresponding size
distribution (determined via image processing).
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3.2.3 Size separating bubbles

As stated previously, in order to travel through the vasculature without causing
any adverse reactions, microbubbles must have a diameter less than 10 pm.
Microbubble acoustic behaviour also depends very strongly on size and increasing
the microbubble diameter from 1 to 5 pm will change the resonance frequency of an
unencapsulated microbubble from 4.7 to 0.72 MHz [28]. Size also affects the
biodistribution and pharmacodynamics after intravenous injection, the bioeffects
during ultrasound insonification, the gas release profile, and other related behaviours
[131]. Since mechanical agitation creates bubbles with large size distributions, size
separation is required to produce suspensions that are viable for biomedical purposes.
While the bubbles can be filtered through a porous film bubble loss can occur. As a
result the most common way of size separating bubbles exploit their natural

buoyancy.

3.2.3.1 Flotation separation

Larger microbubbles are more buoyant and therefore rise faster under normal
gravitational conditions. This principle allows for separation of microbubbles based
on their different migration rates. Kvale et al. described a model for the size
fractionation of Infosom, air-filled albumin microbubbles by simple flotation [136].
In their experiments microbubbles were injected at the bottom of a stagnant water
column and allowed to rise under normal gravity. Samples were taken of the bubbles

at different heights within the column and the experimental data (Table 3.1) were
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then compared with a model developed by the group to predict the size distribution
of microbubbles at certain distances from the bottom of the column as a function of
time. The model used was a second-order PDE that accounted for both the
convective motion of the bulk dispersed phase (liquid moved down the column as
microbubbles moved up) as well as the Brownian (thermal) diffusive motion of the
particles. The crowding effect of the microspheres was accounted for by using a
modified version of Einstein's derivation for the effective viscosity in a dilute
suspension [137]. The predicted size distributions of the model were shown to match
the experimental data collected, thus making it a viable method of controlling the
size fractionation process.

Table 3.1 Repeatability of reported Albunex parameters. Pooled standard deviation

(8D) and relative standard deviation (RSD) values from triplicate analysis on 30
samples. Reproduced with permission from [136].

Parameter Mean SD RSD (%)

Number concentration, 213 0.03 1.3
4.0 t0 10.0 42 (108 /ml)

Number concentration, 029 0.004 1.3
>10.0 um (108 /mI)

Number concentration, 0.41 0.11 26
2 25.0 um (10%/ml)

Number concentration, 7.48 0.09 1.3
1.0 to 30.0 um (108 /ml)

Volume concentration, 1.5 0.25 34
1.0 t0 30.0 um (103 /ml)

Number mean diameter, 377 0.02 0.6
1.0t0 30.0 £m (108 /ml)
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Figure 3.6 Predicted microsphere size distribution versus measured microsphere size
distribution in the flotation column. The x-axis represents predicted microsphere
concentration (parts/ml) and the y-axis denotes measured microsphere concentration
(parts/ml). Reproduced with permission from [/36/.

3.2.3.2 Separation through centrifugation

The most commonly reported method of size separation is differential
centrifugation. Wheatley et al. reported the isolation of submicrometre bubbles
using differential centrifugation [138]. Surfactant coated bubbles were centrifuged at
300 RPM for 1, 2 or 3 min. or 500 RPM for 0.5, 1, 2, or 3 min. As a control,
samples were also separated by gravity for 5, 10 or 15 min. The use of
centrifugation allowed for faster size isolation than buoyancy, however it also led to

destabilisation of the surfactant-stabilised microbubbles during subsequent in-vivo
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insonification. Microbubbles centrifuged at 500 RCF for 1 min were not stable,
whereas those spun at 300 RCF for the same time were relatively stable.
Destabilisation was attributed to the extra hydrostatic pressure exerted on the
microbubbles, which increased toward the bottom of the column in proportion to the
centrifugation speed. Flotation at normal gravity was more time consuming, but less
detrimental to microbubble stability.

In contrast to surfactant-coated microbubbles, lipid-coated microbubbles have
been shown to be stable after centrifugation up to several hundred RCF (relative
centrifugal force) due to their much more rigid outer shells [131, 139, 140]. Feshitan
et al. more recently developed a protocol for separating bubble populations into very
narrow size bands [131]. Initial centrifugation was performed on a newly sonicated
bubble population for 10 min, at 300 RCF in order to collect all microbubbles into a
cake. The remaining lipid suspension was siphoned off and recycled to produce the

next batch of microbubbles. The cakes were then combined and suspended in PBS

to improve total yield.

Large microbubbles, those with diameters greater than 10 pm, were removed by
performing one centrifugation cycle at 30 RCF for 1 min and discarding the cake.
The remaining solution was saved and dispersed in PBS as it contained the
microbubbles whose diameters were less than 10 pum. Next, microbubbles of greater
than 6 pm diameter were removed by performing a centrifugation cycle at 70 RCF
for 1 min. Again the remaining solution was saved and re-dispersed into PBS while
the cake was discarded. Finally, microbubbles of less than 4 pm diameter were
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separated by centrifuging at 160 RCF for 1 min, discarding the remaining solution

and dispersing the cake of small bubbles in PBS. This step was repeated 5-10 times

to ensure total bubble separation. Once these initial steps were completed Feshitan et

al. isolated two distinct size populations: the 1-2 and 4-5 um diameter ranges.

Microbubbles in the larger diameter range (4—-5 um) were isolated first, while the
smaller microbubbles were saved for the subsequent isolation of the 1-2 pum fraction.
After repeated centrifugation and re-concentration, both microbubble size
populations were successfully isolated from the initial polydisperse suspension
(Figure 3.7). The final microbubble suspensions typically had a total volume of 1 ml
with concentration on the order of 10® to 10’ ml™' for the 4-5 um population and 10’
to 10'° mI™' concentration for the 1-2 pum. While this process was shown to be very
successful in isolating very specific bubbles populations with a high concentration, a
large volume of lipid solution (~30 ml per syringe, minimum two syringes) is needed

in order to proceed and a very small yield (~1 ml) is produced.
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Figure 3.7 Size distributions jfor initial polvdisperse and final size-isolated
microbubbles. Shown are isolated subpopulations at the -2 um (A4, B) and 4-35 um
(C D) diameter size ranges. Comparison of number-weighted (4, C) and volume-

weighted (B, D) size distributions allows inspection of polyvdispersity. Reproduced
with permission from [13/]

3.3 Microfluidics

In order to overcome the issues associated with size separating bubbles,
microfluidic devices have been designed to produce bubble populations with low
polydispersity.  Microfluidic devices facilitate the formation of monodisperse
microbubbles as they can be fabricated with internal dimensions on the micrometre
scale [141, 142]. There are several designs reported in the recent literature for

microfluidic devices to prepare monodisperse microbubbles using gas and liquid
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streams and microdroplets with two immiscible liquid streams. These include cross-
flow rupturing in a T-junction device [11, 143-145], hydrodynamic flow focusing
devices through a small orifice [133, 134, 146-148], and the co-flowing rupturing
method [149] among others. Each of these methods utilizes a specific flow field to

promote the uniform generation of microbubbles/droplets as illustrated in Figure 3.8.

liquid

liquid — @ @ gas —0@

1

gas

liquid

Figure 3.8 Hlustrations of the two main microfluidic geometries used jfor bubble
Jormation. A. cross-flowing streams in a I-shaped junction B. flow focusing
geometry. Adapted with permission from [150).

Flow within a microfluidic system is usually characterised by low Reynolds

numbers (Re):

puf

Re = e Fguation 3./

where p is the fluid density, u is the fluid velocity, ¢ is the characteristic dimension

of the system and p is the dynamic viscosity of the fluid respectively [145]. When
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Re < 1 the fluid flow is dominated by viscous stresses and pressure gradients while
inertial effects are negligible. The trajectories of fluidic particles, therefore can be
controlled precisely. Continuous-phase viscosity and relative flow rates of the two
phases however, have different effects on bubble size. As a result the scaling law
describing bubble formation using the cross-flow rupture technique is different from
that for hydrodynamic flow focusing [143]. These scaling laws also depend on the

capillary number (Ca):

Ca=uu/y Lguation 3.2

where u is the viscosity, and u is the mean speed of the carrier fluid, and y is the
interfacial tension; as large capillary numbers with have very different flow
dynamics than smaller ones [145]. This thesis will focus on two microfluidic
manufacturing methods: cross-flow rupturing and flow-focusing through a small

orifice.

3.3.1 Cross Flow Rupturing

In the cross flow rupture technique (Figure 3.9), bubble size decreases with
increasing continuous-phase rate and continuous-phase viscosity, and is independent

of surface tension depending on the liquid used and the length scale [150].
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Figure 3.9 (a) A schematic illustration of a microfluidic 7~junction composed of
rectangitlar channels. The channels in this schematic are planar and have uniform
height h. (b)) A top view of the same schematic in a two-dimensional representation.
Flow along the main channel proceeds from lef? to right. The continuous fluid flows
along the main channel of width w, and the fluid that will be dispersed flows through
the perpendicular inlet of width w;,, Adapted with permission from [145].

As described by Garstecki et al. [145] at low values of the capillary number, when
the interfacial forces dominate the shear stresses, the dynamics of flow break-up is
dominated by the pressure drop across the droplet or bubble as it forms. The size of
the droplets or bubbles is determined solely by the ratio of the volumetric rates of
flow of the two immiscible fluids. Therefore the size of the discrete fluid segments
can be determined using the scaling function:

Qin

L
== 1+a— Fguation 3.3

out

83

Engineering the Surface Properties of Microbubbles for Biomedical Applications



Graciela Mohamedi Chapter 3: Microbubble manufacturing techniques

where L is the length of the immiscible slug, w is the width of the channel, Qiyou are
the rates of flow of the dispersed and carrier fluids respectively, and « is a constant
depending on the geometry of the T-junction. The scaling relation is independent of
the material parameters of the fluids, their viscosities and the interfacial tension
between them. Because the capillary numbers are typically small (Ca < 107%), the
shear stresses on the interface of the forming bubble are not high enough to distort it
significantly. As a result, the bubble blocks almost the whole cross-section of the
main channel and confines the flow of the liquid. Upstream of the bubble there is an
increase of pressure which leads to leads to ‘squeezing’ the neck of the immiscible
thread. This continues at a rate proportional to the liquid flow rate and determines
the amount of time the forming bubble has to grow. The growth of the bubble occurs
at a rate proportional to the gas flow rate. In this theses, two geometries of cross-flow

devices are used, the common T-junction (described above) and a Y-junction.

3.3.1.1 Y-junction

Like droplet formation at a T-junction, the droplet size produced by a Y-junction
decreases with increasing continuous-phase viscosity, and increasing continuous-
phase flow rate. Droplet formation in Y-junctions however, can be described more
simply than other (shear-driven) microfluidic geometries, as the droplet size is
independent of the disperse-phase flow rate [151-154]. Droplets generated at T-
junctions are generally larger than at Y-junctions made at corresponding flow rates

and have a larger polydispersity (Figure 3.10) [151]. Both the continuous and
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disperse phase flow rates determine droplet size produced by T-junctions. In Y-
junctions however, droplet size is independent of the disperse-phase flow rate and is

described by an one-step model dependent on the capillary number [154].
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Figure 3.10 Droplet size DD as function of the inverse square root of the capillary
number of the continuous phase Cac “* for Y-junctions a./ @), a.2 (o), b (o), ¢ (%), d
(V) and e (3), and T-junction [ (*) at various flow rates and jfor various ethanol-
water phases. Reproduced with permission from [157].
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In the dripping and jetting regime, droplet size is determined by the force balance
between interfacial tension and the shear force at the position where the neck and the
droplet are connected [153]. As a result droplet size is proportional to the diameter

of the neck, and can be controlled more precisely than in a T-junction.

3.3.2 Flow focusing

Hydrodynamic flow focusing devices are typically made via soft lithography with
very fine flow channels of micrometre (> 20) cross-sectional dimensions. Gas is
focused into a micro-jet, which is coated on either side by a premixed bubble
suspension and pushed through a very small orifice (>10 um) (Figure 3.11) [125,

143, 147].

Lipid Mixture

N

Orifice

Lipid Mixture

Figure 3. 11 Schematic of the microfluidic device. A ljpid dispersion and gas stream
were focused on the orifice (0 umy) to create lipid-coated/gas-filled microbubbles. 7o
the right is an image of microbubbles created using a device based on this
schematic. Adapted with permission from [146/.

86

Engineering the Surface Properties of Microbubbles for Biomedical Applications



Graciela Mohamedi Chapter 3: Microbubble manufacturing techniques

Due to the high surface energy of this configuration, the micro-jet is not dynamically
stable and it breaks to release a bubble into the outlet channel [155]. As described by
Garstecki et al. [156] the breakup process of a bubble produced via flow focusing
can be described in three stages (Figure 3.12). First the gas enters the orifice,
penetrates into the outlet channel, and starts to inflate a bubble. The width of the jet
remains constant, and only the portion upstream of the orifice thins (Figure 3.12 A
and B). Secondly, a clearly visible neck develops and the thread collapses at a
constant rate (Figure 3.12 C-E). In the third stage, the jet collapses rapidly, breaks

and retracts upstream of the orifice to begin the process again (Figure 3.12 E and F).

B\I-Jc\b-,
T A~

=== >

Figure 3.12 Schematic of the gas-liguid interface along the breakup trajectory.
Adapted with permission from [156/.

A

3.4  Other methods

While the most common bubble manufacturing methods have been detailed above,
there are other methods such as co-axial electrohydrodynamic atomization, ink-jet
printing and membrane emulsification which are being used to successfully form

microbubble suspensions.
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3.4.1 Co-axial Electrohydrodynamic atomization

Co-axial Electrohydrodynamic atomization (CEHDA) or as it is more commonly
known electro-spraying, occurs when a liquid or suspension is passed through a pair
of co-axial capillary needles at a controlled flow rate under the influence of an
electric field. This causes the suspension to undergo various modes of atomization.
Because a pair of co-axial needles is used two different liquids or suspensions can be
pumped through pumped through two concentrically placed needles (Figure 3.13)
[157, 158]. The eventual jet break-up can result in near-monodisperse compound

aerosols with the outer material encapsulating the inner one.

CO-AXIAL NEEDLE SET-UP
Air flow

Inner needle—»

QOuter needle

Liquid Flow ¥ v

Figure 3. /3 Needle arrangement used for co-axial electrofivdrodynamic atomization.
Adapted with permission from [157].

First shown by Farook et al. [157], co-axial electro-spraying can be used to
prepare microbubble suspensions with a near monodisperse distribution and a
diameter under 10 um. As proof of concept, glycerol was injected through the outer

needle while air flowed through the inner needle at the same time [157, 158].

88

Engineering the Surface Properties of Microbubbles for Biomedical Applications



Graciela Mohamedi Chapter 3: Microbubble manufacturing techniques

CEHDA bubbling shows three characteristic spray modes: bubble dripping, coning
and continuous bubbling; the latter mode being the most suitable for the preparation
of microbubbles for biomedical applications. The process used originally to prepare
glycerol bubbles was then adapted to prepare phospholipid-coated microbubbles,
however a relatively broad size distribution was seen when the bubble size became
optimal for biomedical applications (>10 um) [159]. The process was again
modified and microbubbles were able to be produced with both a narrow size
distribution and a high yield (10° bubbles min™") [160]. Suspensions of bubbles with
a mean diameter of 6.6 um and a standard deviation of 2.5 pm (Figure 3.14) were

produced and found to be very stable at ambient temperature.
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Figure 3./4 Optical micrographs of lipid-coated microbubbles collected at ambient
temperature at a flow rate combination of (a) 5 ul s-1 : 5 ul s-1 and (B) 10ul s-1 : Sul
s-1. Adapted with permission from [160].

However at human body temperature (37°C), the mean bubble diameter initially

decreased rapidly before stabilising at 1-2 pm after 20 min [160]. This is an example

&9

Engineering the Surface Properties of Microbubbles for Biomedical Applications



Graciela Mohamedi Chapter 3: Microbubble manufacturing techniques

of gas diffusing through the gaps between the phospholipid heads until a maximum

packing density is reached. More can be read about this phenomenon in Chapter 6.1.

3.4.2 Membrane Emulsification

An alternative to sonication and shear stirring is to produce the emulsion by forcing
the components, sometimes repeatedly, through a porous membrane [125, 161, 162].
The most common forms of membrane used for this purpose are Shirasu porous glass
(SPG) membranes. In SPG emulsification a dispersed phase (the gas) is permeated
into a continuous phase (the bubble solution) through uniform pores [161].
Microbubbles are formed from the inner surface of a porous tubular membrane

(Figure 3.15) [161, 163].

Water phase

(1) Bubble growth (2) Bubble detachment

Figure 3.15 Schematic representation of bubble formation process from a pore.
Adapted with permission from [162/.
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As described by Kukizaki and Goto [161], droplet formation using SPG
membranes typically involves one of the following two detachment mechanisms,
shear-induced droplet formation or spontaneous transformation-based droplet
formation by interfacial tension. The drag force caused by the flow of the bubble
suspension phase acts on the droplet as a detaching force in shear induced droplet
formation. In contrast, spontaneous transformation-based droplet formation occurs
where the droplets are formed without a continuous phase flow and the spontaneous
detachment of droplets from the membrane surface is strongly dependent on the
shape of the pores. As circular pore openings make spontaneous detachment
impossible, SPG membranes typically have tortuous pores with irregular cross-
sections, which allow the bubbles to be detached from the membrane surface
spontaneously. The tortuous pores distort the shape of the gas so that the neck of the
bubble at the pore openings is deformed, giving the bubbles a larger interfacial area
than spherical bubbles of equal volume. In order to minimize their surface free
energy the deformed bubbles spontaneously change shape and detach from the

membrane as spherical bubbles.

3.5 Relevance to thesis present work

Within this thesis three different manufacturing techniques will be compared:
sonication, microfluidic flow focusing and cross-flow rupturing. Sonication is the
most common technique used for producing bubbles and was therefore used as a
control when the physical properties of the bubbles were compared. Cross-flow

rupturing and microfluidic flow focusing allowed for a tighter size distribution
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however the quantity of bubbles produced was much lower. By comparing several

techniques a fuller picture of the physical variations between bubbles is achieved.
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4 Experimental methods

This chapter describes the materials, apparatus, experimental procedures, post-
processing and analytical techniques, used or developed in this study including all

relevant hardware and software.

4.1 Bubble manufacturing techniques
Four different bubble manufacturing techniques were used in this study; sonication,

T-junction, reverse Y-junction and microfluidic flow focusing.

4.1.1 Sonication

A volume of 80 ml was sonicated at the air/bubble mixture surface using a 3 mm

diameter probe, which was held in place by a clamp (Figure 4.1).

Figure 4.1 Experimental set-up jfor bubble production through sonication. Note the
probe tip only just touches the solution surface.
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The probe tip is immersed into the bubble solution at the air/liquid interface just

until the solution adheres to the tip. This allows for a greater volume of gas to enter

the bubbles solution during sonication, producing a larger number of bubbles.

Sonicated bubbles were produced using an ultrasonic cell distributor (Misonix

XL200, Labcaire, Dorset, UK) at an output power of 9 W (RMS) and power setting

of 4 for 30 seconds.

4.1.2 T-Junction

T-Junction microbubbles were produced using a specially designed T-junction as

shown in Figure 4.2.

T-Junction device gas

\

quuid g [/")
—
I /TiqUid/gas mixing"""'_'—

v

Syringe pump

v

Nitrogen

|

A
L/ Bubble laden droplet

Figure 4.2 Bubble preparation using a I-junction.: basic device schematic and image

of gold coated microbubbles emerging from the lower capillary prior to collection.
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Three polyether ether ketone (PEEK) capillaries with an internal diameter of 150 um
were embedded in a rigid acrylic Perspex block. The ends of the upper and lower
(parallel) capillaries were separated in the centre of the device by a distance of
approximately 70 um, with the middle capillary aligned centrally with this gap. The
capillaries were held in place using standard high-pressure liquid chromatography
(HPLC) connectors and ferrules. All tubing and ferrules were purchased from
Gilson Scientific Ltd., Luton, UK. The upper capillary was connected to a nitrogen
cylinder, which supplied the gas at a constant pressure of 43.5 + 2 MPa, as measured
by a digital manometer (Digitron 2026P - Digitron Manometer 0-10 BAR). The
middle capillary was connected to a digital syringe pump (Harvard Apparatus
Standard Infuse/Withdraw PHD 4400 Hpsi Programmable Syringe Pump), which
allowed for constant measurable non-pulsatile fluid flow at 50 pl/min. The lower

capillary was used to collect the microbubbles after formation.

4.1.3 Reverse Y-Junction

A specially designed Y-junction (Figure 4.3) was also used. Four polyether ether
ketone (PEEK) capillaries with an internal diameter of 75um were embedded in a
rigid acrylic Perspex block. The capillaries were held in place using standard high-
pressure liquid chromatography (HPLC) connectors and ferrules. All tubing and
ferrules were purchased from Gilson Scientific Ltd., Luton, UK. The upper capillary
was connected to a nitrogen cylinder, which supplied the gas at a constant pressure

of 210 MPa, as measured by a digital manometer (Digitron 2026P - Digitron
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Manometer 0-10 BAR). The two side capillaries were connected to a digital Aladdin
syringe pump. The fourth capillary was used to collect the microbubbles after

formation [11, 73].

T-Junction device

Nitrogen
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Figure 4.3 Bubble preparation using a reverse Y-junction.: basic device schematic
and image of a gold-coated microbubble laden droplet prior to collection

4.1.4 Flow-Focusing

A third microfluidic flow focusing device, manufactured in house as described
below, was used to make monodisperse bubbles. Gas enters the device through a
central 40 pm channel and is focused through an 8 um orifice by an aqueous lipid
mixture dispersion, which flows through two 50 pm flanking channels, as shown in
Figure 4.4.
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Figure 4.4 Phospholipid bubbles being prepared via microfluidic flow-focusing

All channels were 5 um high, a dimension controlled by the photoresist layer
described below. The focusing of the flow results in a microjet, which periodically
pinches off as it exits the orifice resulting in the formation of gas microbubbles with
a monolayer of lipids at the gas—water interface. The microfluidic device used here
was fabricated from poly(dimethylsiloxane) (PDMS). The mould for the PDMS was
made from a silicon wafer (SI-Tech, Inc., Topsfield, MA). The wafer was spin-
coated with photoresist (SU8-2005, MicroChem, Newton, MA) to a thickness of 5
um, and photolithography techniques, using a chromium photomask, were used to
create the patterns for the channels. After the photoresist layer was developed, the
wafer was used as a mould for the PDMS (Sylgard 184, Dow Corning, Midland, MI).
When the PDMS microfluidic devices were separated from the mould, a 0.75 mm

diameter needle was inserted through the PDMS into the channels to provide fluid
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ports, and the devices were then plasma-treated in a plasma cleaner (model: Atto,
Diener Electronic, Ebhausen, Germany) to bond to a glass coverslip. The final
devices were plasma-treated again for 5 min in order to render the surfaces

hydrophilic to facilitate complete wetting of the interior of the devices.

4.2 Bubble Formulation

Several bubble solutions were mixed and compared (Chapter 5) as part of this
study. The compositions are listed in detail in 11.1, but briefly bubbles were
produced in 1:1, 1:4, or 1:9 PEG40S:DSPC molar ratios. The final bubble
formulation and the one used most often was prepared as follows: A lipid film of
0.13 vol% 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and 0.025 vol% 1,2-
Distearoyl-phosph-atidylethanolamine-methyl-polyethyleneglycol ~ conjugate-2000
(Na" salt) prepared via solvent evaporation, was added to an aqueous solution
containing 0.05 vol% polyethylene glycol 40 stearate (PEG40S), purchased from
Sigma-Aldrich Co.

In Chapter 5.3.1, a gold citrate solution was used as the base for the microbubble
solution.[73, 164] An aqueous gold citrate suspension (0.51 mM) was used as the
base for the microbubble coating. Small monodisperse gold colloids with an average
diameter of approximately 15 nm +10% were synthesized according to the sodium
citrate reduction method [165] by boiling 95 mL of 5x10™ M tetra-chloroauric acid
(HAuCu), adding 5 mL of a warm sodium citrate solution (1 wt%) and boiling for 15
min. Suspensions containing only water and PEG40S were also prepared in the same

manner. Nitrogen was used as the gas in all cases. For nanoparticle coated bubbles
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the lipid/PEG40S mixture was incorporated directly into the aqueous suspension of

the Au/citrate particles.

4.3  Characterisation of the solutions
The physical properties of the bubble solutions were measured for comparison to

the surface properties of the bubbles obtained subsequently.

4.3.1 Density

The density of the liquid/solution was measured using a 25 ml standard density
bottle (VWR International, Lutterworth, UK). The mass of the empty bottle and the
mass of the bottle filled with liquid /solution were obtained using an electronic
balance (AND HF-1200G A&D Instruments Ltd., Japan). The density (p) was

calculated as follows:

(mq-my)

py Lguation 4.7

where m, is the mass of the empty density bottle, and m, is the mass of the density
bottle filled with liquid /solution.

The mean value of five such consecutive calculations was taken as the density of
the liquid /solution and reported in this thesis. Measurements were taken at the

ambient temperature and pressure.
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4.3.2 Bulk Viscosity

The dynamic viscosities of the solutions were determined using a calibrated micro
Ostwald viscometer type 516 10/I with a nominal constant (K) value of 0.01 (SI
Analytics GmbH, Mainz, Germany). 2 ml of each sample were pipetted into the
viscometer (the larger tube) and allowed to settle for 5 min prior to measurement.
The viscometer was suspended in a water bath with a regulated temp of 20°C to
ensure temperature control. After the 5 min the solution was siphoned up past the
second line on the smaller tube. Timing began when the sample reached the top line
and ended when the sample reached the bottom line. Each measurement was made 3
times and the mean value of the time was calculated. Then, the kinematic viscosity

(v) was obtained by multiplying the nominal constant (K) by the time (¢):

v=Kt Lguation 4.2

The dynamic viscosity (#) was then calculated by multiplying the kinematic

viscosity by the density (p) of the solution:

U=uvp Lguation 4.3

If equations 4.2 and 4.3 are combined then,

u=Ktp Lguation 4.4

Ethanol, ACS reagent, >99.5% (200 proof), was used to calibrate the viscometer.

The mean value of five readings was taken as the dynamic viscosity of the sample.
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For U-tube viscometers that are not calibrated by manufacturers, use of a calibrating
liquid is essential, as the viscosity value cannot be calculated without comparing

with another liquid.

4.3.3 Surface tension

The surface tension of the solutions was measured using an Attension Sigma 702
viscometer (Standard Wilhelmy’s plate method). The plate was hung from the hook
and the beaker containing the sample was placed on the platform. The plate was
completely immersed into the sample whose surface tension was to be measured.
The plate was then gradually lifted and the surface tension value was directly read
when the plate was just about to detach from the liquid surface. In order to minimize
errors, the plate was cleaned thoroughly with ethanol and dried before each
measurement. The mean values of five readings were taken as the surface tension of

the sample.

4.4 Microbubble Characterisation

The microbubbles themselves were characterised via several methods.

4.4.1 Bubble Sizing and Stability measurements

The size and stability of the relatively large (>20um) monodisperse T-junction
bubbles were characterised using a Nikon Eclipse ME600 optical microscope. The
bubble size distribution in each case was measured as a function of time via optical
microscopy based on a minimum sample size of 200 bubbles from each image set.
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Images were taken every 5 minutes for 2 hours and additionally at 24, 48 and 72
hours. Three images were taken at each time interval. Images were then analysed
using Imagel.

For non-monodisperse bubbles under 15 um in diameter a slightly different
procedure was used to size the bubbles prior to acoustic testing and for stability
comparisons. A 20 pl sample of bubbles was taken just prior to acoustic testing and
was imaged using a Leica DM500 optical microscope and a QImaging
MicroPublisher 3.3 RTV camera. Approximately twenty-five images were taken of
each type of bubbles at x100 magnification. For bubble stability comparisons
images were taken every 5 minutes for 2 hours.

The bubble size distribution and concentration were obtained using purpose
written image analysis software in MatLab (2010B, The MathWorks, Natick, MA,
USA) Full details of the algorithm used and the rationale behind using optical
microscopy as opposed to other commonly used bubble sizing and counting methods
(coulter counting, and laser diffraction) can be found in [166] and [167]. But briefly,
microbubbles are exposed to shear stresses when they are put through either coulter
counting or laser diffraction. This can cause the bubbles being sized to deform,
which hinders the process and creates a larger error. By using optical microscopy
and the algorithm, there is no additional shear stress being put on the bubbles [167].
As described in [166]: the algorithm used by the software treats each image
independently and outputs a list of bubbles detected and their diameters. It then

accumulates the output across several images and adjusts the final number count to
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remove the effects of bubble clustering. The optical system has a resolution of 0.45
um so bubbles smaller than that are excluded from the counts as they are not
diagnostically relevant. All experiments were performed at the ambient temperature

in accordance with the conditions under which bubbles were prepared in.

4.4.2 Acoustic Response

The substantial involvement of Mr. Paul Rademeyer in developing and running
the acoustic experimental set-up and equipment, and performing the frequency
analysis for the gathered acoustic data is gratefully acknowledged.

The response of the microbubbles to ultrasound excitation was tested using a
specially designed rig (Figure 4.5). Individual microbubbles were hydrodynamically
isolated and streamed using a pair of co-axially aligned needles into the focal region
of a pair of transducers. The microbubbles were interrogated by exciting the
transmitting transducer (1, 2.25, and 4 MHz focussed, Panametrics-NDT) with a
Gaussian-windowed 5 cycle pulse train, ranging from 5 MHz to 2MHz sinusoid
pulses, generated by an arbitrary function generator (33220A, Agilent). The signal
was then amplified (50dB) by an RF power amplifier (325LA, Electric and
Innovation) at a pulse repetition rate of 100 Hz. The driving voltage was adjusted to
achieve an equal peak negative pressure at each frequency. The scattered pressure
was detected at 90 degrees using a 3.5 MHz focussed transducer (V382,
Panametrics-NDT) where the signal was amplified (35dB) using a pulser/receiver

(DPR300, JSR Ultrasonics) and digitised with an oscilloscope (600 MHz, Xi64-A,
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Waverunner, LeCroy). The data were saved to disk and the captured signals were
processed in MATLAB using purpose-written code whereby each signal is analysed
in the frequency domain, obtained via Fast Fourier Transform (MATLAB function,
fft). A flow chart of the signal processing steps can be found in 11.2.

Syringe pumps (AL-1000, World Precision Instruments) were used to control the
flow rates in the inner and outer needles of the coaxial flow. Deionised water was
pumped through the outer needle (910 um inner diameter) and the microbubble
solution was delivered through the inner needle (190 um inner diameter). A third
syringe pump was used to maintain a stable flow by providing suction through a tube
(2 mm Inner dia.) located 2 cm away from the centre of the inner needle. The
transducers were aligned by maximizing the received backscatter from micrometre
sized air bubbles pumped through the inner needle. Precise alignment of the
transducers and needles was achieved by separately mounting the components onto
linear xyz manually adjustable stages. The transducers and coaxial flow were
securely mounted into a degassed and deionized water tank. The incident pressure at
the confocal region was measured using a calibrated 75 pum needle hydrophone
(Precision Acoustics Ltd.). Microbubble flow was visualized using a high-speed
camera (Memrecam GX-8, AC) to confirm that microbubbles were isolated and that
the inner flow was confined to a jet approximately 100 um in diameter travelling
with a central line velocity of 0.12 ms™. All measurements were performed in
filtered, deionised water at the ambient temperature, which had been degassed prior

to use.
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Figure 4.5 Schematic representation of acoustic testing set-up (4) Configuration of
the recerving transducers. In a majority of the ftests the transducers used were 3.5
MHz and I MHz, however in certain ltests the transducers were changed. The

schematic set up however remained the same. (B) Needle configuration with respect
1o the transmitting transducer.

4.4.2.1 Acoustic testing for FLIM corroboration
Microbubbles from the different DSPC+PEG ratio mixtures were prepared via

sonication and fractionated by allowing them to stand at 4° C for 3 hours.

105

Engineering the Surface Properties of Microbubbles for Biomedical Applications



Graciela Mohamedi Chapter 4: Experimental methods

Microbubbles were hydrodynamically isolated and streamed using a pair of co-
axially aligned needles into the focal region of a pair of transducers (Figure 4.4A
however with different transducers than shown). The microbubbles were
interrogated by exciting the transmitting transducer (2.25 MHz focused, A306S,
Panametrics-NDT) with a Gaussian-windowed 5 cycle 2.25 MHz sinusoid pulse,
generated by an arbitrary function generator (33220A, Agilent). The signal was then
amplified (50dB) by an RF power amplifier (325LA, Electric and Innovation) at a
pulse repetition rate of 100 Hz. The scattered pressure was detected at 90 degrees
using a 3.5 MHz focused transducer (V382, Panametrics-NDT) where the signal was
amplified (42dB) using a pulser/receiver (DPR300, JSR Ultrasonics) and digitized
with an oscilloscope (600 MHz, Xi64-A, Waverunner, LeCroy). The peak negative
pressure was detected to be 284 kPa, which was comparable with medical ultrasound

pressures (Figure 4.6).
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Figure 4.6 (A) The pressure waveform used to excite the bubbles as measured at the
Jocal region with a calibrated needle hydrophone. (B) Corresponding frequency
power spectrum of pressure waveform showing narrowband response.
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Confirmation and evaluation of scattering events was performed by comparing the
frequency spectrum of flow without microbubbles prior to each experiment. The
scattered pressure from individual microbubbles was detected by capturing data only
when a certain amplitude threshold had been exceeded. The stored data were
transferred from the oscilloscope to a PC where they were analysed using Matlab
(v.11a, The MathWorks Inc.). The power Fourier transform for each signal was
taken and summed within the 6dB frequency bandwidth to obtain an estimate of the

scattered power corresponding to the driving frequency.

4.4.3 Surface Viscosity

For the purposes of microbubble imaging we elected to use fluorescence lifetime
to detect viscosity. The substantial involvement of Drs. Neveen Hosny and Marina
Kuimova in developing and running the Fluorescence Lifetime Imaging Microscopy
experiments and analysing the results is gratefully acknowledged.

Fluorescence Lifetime Imaging Microscopy (FLIM) as used in this instance
exploits the viscosity sensitive photophysical properties of a ‘molecular rotor’, the
meso-substituted 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY-C;y) (Fig.
4.7). BODIPY-C10 behaves as a ‘molecular rotor’, due to the rotation of the phenyl

ring in and out of the plane of the BODIPY chromophore.
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Figure 4.7 BODIPY-Cyy Chemical Structure

As a result of this rotation, the non-radiative decay pathways are activated, leading to
a reduction in the fluorescence quantum yield and the lifetime of the rotor compared
with that in a viscous environment [168]. This fluorescent dye can be seamlessly
incorporated into structures such as a surfactant coating (Figure 4.8), in this case in
the “tail” region of the phospholipid layer surrounding a microbubble. Since it is not
a “tag” that is directly bound to the surfactant molecules it does not affect their

behaviour [169].
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Figure 4.8 Overview of microbubble processing and imaging. (4) Lipid microbubble
Iypothesized structure and wultrasound response. Shown here are the responses 1o
ultrasound of two bubbles determined using high-speed video microscopy. (B) A
diagrammatic representation of the two microbubble preparation processes, 7-
Junction microfluidic preparation and sonication. (C) Brightfieldfluorescence image
of a microbubble containing embedded BODIPY-C/0 (top) with a lifetime image of
BODIPY-C10 showing viscosity distribution in a microbubble (bottom). Previously
published in [169/.

Unlike fluorescence intensity, which changes as a function of the dye
concentration, the fluorescence lifetime can provide a viscosity measure, which is
not affected by inhomogeneous distribution of the rotor in a given region of the
bubble coating. FLIM can detect individual lifetimes with the spatial resolution of a
multi-photon microscope (ca. 200 nm). Thus FLIM of the molecular rotor BODIPY -
C10 provides a minimally invasive technique that can directly quantify and image
viscosity at a macro- or microscopic resolution from lipid membranes of individual
microbubbles. The solution viscosity was correlated to the decay traces using the

modified form of the Forster-Hoffmann (Equation 4.5), which describes the
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relationship between quantum yield (®;) and viscosity (1) where z and a represents

constants.

& = zu”® Fguation 4.5

The quantum yield of a fluorophore can be related to the fluorescence lifetime (t;) by
the radiative (k,) and non-radiative rates (k,, ), as in:
ky

Pp = e Trk, FEguation 4.6

Substituting equation 4.6 into 4.5 defines the relationship between the lifetime and

viscosity:
z (24

T = : Lguation 4.7
r

This can be rewritten as:

logty = log (kir) + logu® Lguation 4.8

A plot of log®; or log t ; as a function of logu should yield a straight line with a
slope of « , which serves as a calibration graph to convert @, or t, into y, as seen

in Figure 4.9 [168-170].
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Figure 4.9 BODIPY-C10 fluorescence lifetime calibration vs. viscosity. (4) Selected
Jluorescence decay traces recorded in methanol/glvcerol mixtures (30-95% glycerol)
of different viscosity. (B) The logarithmic calibration plot of measured lifetimes vs.
viscosity plotted according to the Forster—Hoffmann equation, which was fitted with
a linear fit (dash-dot line) and found to be linear between 7.7 and [1,/40 cP.

Previously published in /7169/.

4.4.4 Statistical Analysis of FLIM data

All statistical analysis was completed by our collaborator Dr. Neveen Hosny.

Microbubble size was determined using Leica LAS software. These measurements

were initially verified by importing a brightfield image into ImageJ (4), and a line

plot profile was drawn across the image (Figure 4.10A). The graph produced two

minima locations associated with the microbubble edge (Figure 4.10B); the distance

between these two minima matched exactly the measurements by Leica LAS.
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Figure 4. 10 Relationship between microbubble diameter and viscoelastic properties.
(A—C) Determination of microbubble size. (4) Brightfield image of microbubble with
line drawn across it. (Scale bar, 20 um.) (B) Intensity (grey) scale of line plot across
microbubble visualizing the minima points, identified by arrows, across the bubble.
(C) Line plot across microbubble obtained in Leica LAS software, using minima
points as the reference jor the edge of bubble.

All further microbubble diameters were analysed using the minima positioning in the
LAS software and values then correlated to viscosity. The relationship between
microbubble diameter and viscosity was tested using the Spearman correlation test,
which is a nonparametric measure of statistical dependence between two variables
and assesses how well the relationship between two variables can be described using
a monotonic function. All statistical analysis was completed using Origin scientific

software (OriginPro 8.5, OriginLab Corporation).
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5 Effect of composition on microbubble physical properties

In this chapter the effects of bubble composition on the stability, effective surface
viscosity and the acoustic response of the microbubbles is investigated. The
formulation of the bubbles was varied. Two different phospholipids were tested both
with and without varying amount of the emulsifier PEG 40S. L-«a PC is a naturally
occurring molecule with a range of lipid chain lengths. The form used in this study
was derived from chicken eggs, and was used in its hydrogenated form in order to
lower the presence of double carbon bonds. These double bonds would prevent close
packing of the phospholipid heads on the bubble surface and can lower the bubble
stability. The molecular structure of DSPC is very similar to the predominant

structure found in L-a PC, however the chain lengths of DSPC are much more

uniform, (Figure 5.1).

Figure 3.1 The phospholipid structures of A. DSPC, B. L-a PC and the emulsifier
C PEG40S
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5.1 Bubble Stability

The dissolution rates of DSPC and L-a PC were compared both with and without
the addition of PEG40S. When the L-a PC was sonicated without PEG 40S, only
liposomes were viewed. The few bubbles that were present behaved like pure DSPC
bubbles therefore the stability of the L-a PC can be compared to that of DSPC.
Histograms showing the size distribution of a specific bubble population at a given
time can be found in 11.4. When PEG 40S was added to the lipid, there was a
marked effect upon the size of the bubbles produced. This was expected as the
addition of the surfactant PEG 40S facilitated a better emulsification of the bubble
solution and the gas. As seen in Figure 5.2 while the DSPC bubbles were fairly
stable over a two-hour period their mean size remained around 13 um. This contrasts
greatly with the bubbles made with the addition of PEG 40S as their diameters were

between 1 and 2 um for the first hour.

14

12 ¥ DSPC ONLY

11DSPC/PEG 1:1
1 DSPC/PEG 1:4
¥ DSPC/PEG 1:9

10

Diameter (um)

SJIIHHIJIJIJIIIJI IIIIIIHHINII

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 110 115 120
Time (min)

Figure 3.2 Histogram showing the mean size of DSPC and DSPC/PEG 408 bubbles
of differing molar concentrations as a function of time. Determined via image

processing.
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When the changes in size distribution over time of only DSPC/PEG 40S bubbles are
compared (Figure 5.3) the concentration of PEG 40S does not seem to change the
bubble stability in the short term. The sizes and standard deviations of each molar
ratio are fairly well matched. This trend ends at approximately the 75 min mark.
The bubbles made using a 1:9 molar ratio begin to exhibit a higher extent of Ostwald
ripening, causing the size distribution and standard deviation to increase. While the
majority of the bubbles remained within the 1-3 um limit, bubbles as large as 20 pm
were observed. As more PEG 40S was added domains of the surfactant were formed
on the bubble surface. These changes in the bubble surface characteristics affected
the stability of the produced bubbles. Previous studies have shown that a large
number of surface domains indicate that the bubble shell is not at equilibrium [49].
Borden et al [171] showed that the surfactant distributes heterogeneously over the
microbubble surface and as a result it will not provide a uniform steric shield against
contact by other microbubbles, which can result in Ostwald ripening over time. They
also showed that higher concentrations of the surfactant in the bubble solution can
result in “squeeze out”, in which the surfactant is pushed out of the surface due to
Laplace over pressure, leading to very small rigid microbubbles which may not be

optimal for use as UCAs, or targeting agents.
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5.2 Surface Effective Viscosity

Fluorescence lifetimes detected from microbubbles produced by sonication from
lipid-dye films containing DSPC, L-alpha-Phosphatidylcholine (L-a PC) and
DSPC+PEG40-stearate in different ratios (11.1) were compared and related back to
surface viscosity. This study was published in the Proceedings of the National

Academy of Science in 2013 [169].

5.2.1 Bulk Viscosity and Surface Tension Dependence on Dye Concentration

Prior to conducting FLIM the dependence of viscosity and surface tension on the
concentration of BODIPY added into the bubble solution needed to be determined.
Direct viscosity and surface tension measurements on bulk samples for lipid—dye
ratios between 3,600:1 and 28:1, were conducted as previously described (Ch. 4.3.2
& 4.3.3). It was found that the surface tension remained stable at 35.33 (SD 0.9)
mN/m, and the viscosity remained constant at 4.17 (SD 0.16) centipoise (cP) across
the tested range of lipid—dye ratios (Figure 5.4), confirming the insignificant effect of

dye loading on the bulk properties of the microbubble solutions.
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Figure 5.4 Fvaluation of the effect of lipid-dye ratio on bulk sample surface tension
and viscosity upon increasing the microbubble ljpid-ave ratio in bulk samples, &

surface tension (n = 2, repeats = 2) ® viscosity (n = 3). Determined via image
processing.

5.2.2 Statistical Analysis Of Viscosity And Size Dependence

For all compositions, comparison of the observed lifetime for microbubbles of
different size indicated that there was no statistically significant correlation between
shell viscosity and microbubble size (Figure 5.5). Previous studies have shown that
microbubble ultrasound response is size-dependent [172], and it has been suggested
that this is not due merely to the effect upon the resonant frequency of the bubbles
but that the coating properties may themselves be size-dependent. Therefore shell
viscosity, as measured by molecular rotors, can be correlated to the microbubble size
(Ch. 4.4.). The relationship between microbubble diameter and viscosity was tested

using the Spearman correlation test, which found that there was no correlation
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between viscosity and microbubble size for all composition except DSPC (P = 0.046)

and PEG 1:1 (P = 0.007), and here the level of correlation was low (0.39).
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Figure 5.5 Variation of microbubble viscosity with size for different compositions
and manufacturing protocols. Determined via image processing.

5.2.3 Surface viscosity measurements via FLIM

The DSPC and L-alpha-PC microbubbles were found to exhibit a similar range of
viscosities (Figure 5.6) as might be expected given the similarity in their molecular
structure (Figure 5.1, A and B). The addition of PEG 40S to DSPC, however, had a
marked effect, with viscosity being significantly reduced with increasing PEG 40S
ratio: PEG 1:1 DSPC 337+57cP (2.49+0.2 ns), PEG 1:4 DSPC 426+57 cP (2.78+0.2

ns), PEG 1:9 DSPC 506+£73.9 cP (3.01+£0.21 ns) (Figure 5.7). There was also
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considerable variation across each population in the measured viscosity for all shell
compositions (Figure 5.7). A significant advantage of the molecular rotor-based
viscosity determination is the possibility of spatially resolved viscosity imaging,

which to the best of our knowledge is currently not possible with any other available

technique.
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Figure 5.6 Fffect of microbubble ljpid composition on viscosity for DSPC (m) (n =
28), l~alpha-PC (A) (n = 27). Determined via image processing. Boxes show 25—
73% of microbubbles, whiskers are the SD, and thick bar indicates the mean value
(*P < 0.001). Determined via image processing.
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Figure 5.7 Viscosity dependence on microbubble coat composition: PEG 1.9 DSPC
(V) (n=382), PEG 1.4 DSPC (®) (n =41), and PEG 1.7 DSPC (4) (n = 46). Boxes

show 23-75% of microbubbles, whiskers are the SD, and thick bar indicates the
mean value (*P < 0.007). Determined via image processing.

5.3 Acoustic response

Three different bubble populations of varying PEG40S to DSPC molar ratios were
investigated acoustically. The size distributions of each of the three populations
being tested were subsequently determined using purpose written code in Matlab
(Ch. 4.4.1). This provided an average Log-normal size distribution of 5.5 u m for
all compositions (n>300) (Figure 5.8). These data were used in theoretical
simulations to determine the expected sensitivity of the scattered pressure to the
coating viscosity. This large viscosity variation was reflected in the ultrasound

measurements, which also showed a large standard deviation in the scattered

121

Engineering the Surface Properties of Microbubbles for Biomedical Applications



Graciela Mohamedi Chapter 5: Effect of composition on microbubble physical properties

pressure produced by bubbles of the same composition and size distribution (Figure

5.8 and Figure 5.9). The power of the scattered pressure decreased with increasing

proportion of PEG40 stearate in the coating, corresponding to a reduction in the

measured viscosity (Figure 5.9).
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Figure 5.8 Microbubble size distribution fitted to Log-normal distribution curve for
solutions PEG 1.1 DSPC (n = 417, turquoise), PEG 1.4 DSPC (n = 276, blue), and

PEG 1:9 DSPC (n = 342, pink).
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Figure 3.9 Normalized scattered power at the fundamental frequency (2.25 MHz) for
ratios of PEG 1.9 DSPC, PEG 1.4 DSPC, and PEG /-1 DSPC (n = 150, 80, and 69)
(Y < 0.03) are compared between experiment (closed symbol) and simulations
(open symbol) using a modified Rayleigh—Plesset equation. The simulations use an
elastic modulus and viscosity, respectively, of 70 MPa and 507 cP (1.9), 40 MPa and
426 cP (1:4), and 10 MPa and 337 cP (1:1). Previously published in [169/

Theoretical simulations (not part of the work presented in this thesis) indicate that
the scattered pressure is sensitive to variations in both the viscosity and effective
elasticity of the microbubble coating, both of which would be expected to vary with

composition.

5.3.1 Surface Composition Variations

To further examine the differences between bubbles within a single population,
we determined the fluorescence lifetimes in each pixel of individual DSPC

microbubble images (Figure 5.10).
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Figure 3.10 Brightfield image of two individual DSPC bubbles of a similar size
containing BODIPY-C., overlaid with confocal fluorescence images of the two.
(Scale bar, 20 um.) Also shown are the results of FLIM lifetime distribution (r = 2.5—
I ns). (B) Analysing lifetime histogram from bubbles in A. shows two distinct peaks
with maxima at 3.25 ns and 4.2 ns. Applving a seismic colour hue midpoint at 3. 75
ns identifies that short (blue) and long (red) lifetimes are originating from the two
different microbubbles. The lifetime distributions and viscosities jfor each bubble
and the whole image are shown on a box plot.

Figure 5.10A shows two bubbles of a similar size, but with different lifetime
distributions, as identified by two separate Gaussian peaks in the lifetime histogram
(Figure 5.10B). We applied a seismic colour palette to the lifetime histogram

(assigned a single colour to each lifetime peak), which clearly differentiated the two
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Gaussian distributions. This operation confirmed that the lifetimes in each peak
originated from the two separate bubbles, which could be assigned viscosities of 600
+ 140 cP (3.26 + 0.33 ns) and 1,112 £ 191 cP (4.32 £ 0.33 ns) according to the
calibration graph (Figure 4.8). In addition, we produced lifetime maps over the
surface of single bubbles. Even though the lifetime decay was found to be
monoexponential in every pixel, significantly different viscosities were observed
across the same bubble (Figure 5.11A). For example, in Figure 5.11B, we resolved
the average lifetimes in two separate regions of the same bubble, A =3.43 + 0.11 ns
and B = 3.63 + 0.11 ns, corresponding to viscosity differences of 670 + 50 cP and
761 + 54 cP, respectively. These data clearly demonstrate that even within a single
bubble made up of a pure DSPC lipid, a vastly heterogeneous viscosity distribution
could be observed. Our experiments were conducted at an ambient temperature that
was much lower than the gel transition temperature of DSPC (55 °C), and lack of
membrane fluidity may be partly responsible for this inhomogeneity. In addition, the
regions of higher apparent viscosity may correspond to regions of lamellae within the
coating. These observations confirm that microbubbles should not be modelled as

having a continuous shell, even for single lipid component systems.
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Figure 5.7/1 A Individual microbubble with heterogeneous lifetime morphology
across the shell, © = 3—4 ns. (Scale bar, 20 um.) (B) Masking of high lifetime
variation zones A (green) and B (blue) from the [lifetime image allows
lifetime/viscosity determination in each area. Separately binning all pivels in zones
A and B identifies two clearly distinct monoexponential decays, as shown. The
analysis of the decay within each bubble as well as within the image as a whole is

shown on the box plot.
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6 Bubble Surface Structure Effects

In this chapter the effects of surface structure, namely the addition of
nanoparticles onto the bubble surface, on the stability and the acoustic response of
the microbubbles is investigated. Gold nanoparticles of 15nm diameter were added
into the formulation to act as Pickering stabilisers, and increase the “jamming” effect
which causes phospholipid bubbles to undergo expansion-only oscillations under

acoustic excitation.

6.1 Increasing stability through the addition of Au nanoparticles

These experiments compared the stability of lipid bubbles with and without
nanoparticles incorporated into the shell. The results demonstrate the ability of gold
nanoparticles to increase the stability of phospholipid coated microbubbles.
Comparison with results from a theoretical model developed by collaborators at
University College London will also be presented. As well as a comparison between
the stability of bubbles made by varying methods. This study was published in

Langmuir in 2012 [80].

6.1.1 Confirmation of Nanoparticle Deposition

Gold deposition was confirmed using two methods during this study. The first
being the examination of a dried bubble sample viewed and analysed using a Hitachi
S-3400N SEM attached with an Oxford Instruments attachment for performing

energy dispersive spectroscopy (EDS). Backscattered electron imaging (BSE) was
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used to detect differences in particle composition. A bubble sample was dried for
twenty-four hours then carbon coated. EDS was run several times at random
intervals on the sample in order to conclusively determine the presence of gold at the
surface of the bubbles. The EDS spectrogram clearly shows a gold peak, which was
verified through several scans at randomly selected points at the bubble interface,

Figure 6.1. The gold was only found on the interface and not in the centre of the

bubble.
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Figure 6.7 (4) SEM of dried bubble residue and (B) backscatter analysis confirming
the presence of gold at the bubble surface. Bubbles are assumed to be particle
loaded but the absolute gold concentration on the surface cannot be determined.

The second method was performed using optical and hyperspectral images along
with hyperspectral data captured in collaboration with CytoViva® using their
advanced darkfield illumination system and integrated hyperspectral imaging system

(CytoViva Inc., Auburn, Al). This method was used because no vacuum was needed
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in order to image the nanoparticles on the bubble surface, and therefore undeflated
bubbles could be imaged in suspension. Using CytoViva’s hyperspectral image
analysis software, the nanoparticles were located and mapped based on the unique
spectral response of the gold. This was accomplished without any special staining or
tagging. In addition, changes in the sample’s surface chemistry can be spectrally
detected.

In this device the advanced darkfield condenser illuminates the sample with fixed
Kohler illumination and adjustable critical illumination. The light is incident on the
sample at an oblique angle, which ensures that only the photons reflecting off the
samples are collected by the microscope objective. The integrated hyperspectral
imaging camera collects the light from the sample one line at a time. By moving of
the automated stage and capturing the released data the series of lines to be analysed
are created. This allows for both spatial and spectral data to be collected from each
pixel in the line. Compiling the pixelated lines into a single image then creates the
data cube.

Once an image has been created, analysis is performed to spectrally determine the
location of material of interest. The Particle Filter algorithm is used to collect
spectral information in a consistent, repeatable pattern based on the material of
interest. Comparing the particle filter results to a negative control sample creates a
reference spectral library, which removes any false positive spectral data and ensures
a valid result. The spectral library is then compared to an unknown sample. The

software algorithm compares every spectrum in the reference library to every
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spectrum in the unknown sample and then pseudo colours the matching pixels red

(Figure 6.2). The final result gives spatial and quantitative results based on the

matching spectral signatures in the unknown sample.

Figure 6.2 (4) Zoomed hyperspectral image of Au nanoparticle coated phospholipid
microbubbles. Gold nanoparticles have been pseudo coloured in red. (B) The
spectral library of citrate coated Au nanoparticles.

6.1.2 Experimental Results of Au microbubble stability tests

Five different bubble suspensions of 9:1 molar ratio DSPC and PEG40S were
tested, containing different concentrations of gold nanoparticles were made using the
T-junction device (Ch. 4.1.2). It is important to mention that the purpose of this
experiment was to compare experimental results against the theoretical predictions.
Larger bubbles than those used for ultrasound contrast enhancement were therefore
studied in order to be able to obtain measurements of bubble size to an acceptable
precision under optical microscopy. Typical contrast agent microbubbles are of the

order of 1-3 um in diameter and will shrink to sizes below the optical resolution
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limit over the time scales involved in this study. In its current form, the model is
equally valid for bubbles with diameters between hundreds of nanometres and

hundreds of micrometres, and the latter were therefore investigated.

6.1.2.1 Optical Comparisons

Immediately upon emerging from the T-junction each of the bubble populations
was near monodisperse and had a diameter of approximately 150 um. In the time
taken to transfer the bubbles from the device to the adjacent microscope, however,
the bubbles coated with surfactant only had undergone a considerable reduction in
mean size, unlike the bubbles prepared from the gold solution (Figure 6.3A and D).
Over the course of an hour at the ambient temperature and pressure, significant
Ostwald ripening was observed in the surfactant only suspension, causing the size
distribution of the bubbles to broaden greatly (Figure 6.3B). By the end of 24 hours,
both the concentration and size of the bubbles were considerably reduced and after
72 hours only a negligible quantity were still detectable under the microscope. The
bubbles prepared from the gold solution however remained near monodisperse and
underwent a much smaller reduction in mean size over 72 hours (Figure 6.3E and F).
Over a much longer measurement period of 30 days, a reduction in bubble
concentration and increase in polydispersivity was observed in the suspension

(Figure 6.4).
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Figure 6.3. Comparison of the stability of surfactant coated microbubbles without
(A-C) and with the addition of gold nanoparticles (D-F). Examples of bubble
suspensions at: A. (=0, B. =60 min, C. =24 hours, D. (=0, £. (=24 hours, F.
1=72 hours.

Figure 6.4 Time study of bubbles. (a) Time = 0 min. (b) Time = 60 min. (c) Time =
24 hrs. (d) Time = 48 hrs. (e) Time = 72 hrs. (f) Time = 30 days. (a), (c), and (e)
repeated from Figure 0.3.
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The changes were still much less significant than those seen in the surfactant only
bubble suspension in just 24 hours however. As seen in Figure 6.3, after 30 days the
bubbles are no longer spherical. At this time both air diffusion and Ostwald ripening
have been effectively terminated and the gold particles have reached their packing
density. Interfacial tension is minimized and the gold particles counter the mass-

transfer effects due to diffusion and Ostwald ripening [106, 173].

6.1.2.2 Analytical Comparisons

Once the initial stability studies were completed, additional experiments were
conducted to determine if the concentration of gold nanoparticles in the original
suspension would affect the bubble stability. Figure 6.5 shows how the mean
diameter and standard deviation varied with time for samples of 200 bubbles
prepared using gold nanoparticle suspensions with varying concentrations. As may
be seen, the bubbles undergo a reduction in radius under the influence of interfacial
tension and the gas concentration gradient with respect to the surroundings. The
surfactant only bubbles, however, undergo more rapid shrinkage due to the higher
interfacial diffusivity and larger surface area available for diffusion. In the case of
the gold nanoparticle coated bubbles, after a certain period of time (~60 mins in this

study) the rate at which the bubble size decreases becomes negligibly small.
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Figure 6.5 (a) Change in mean bubble size over time jor bubbles prepared from
suspensions contamning different concentrations of gold nanoparticles (n = 200
bubbles). (b) Ratio of the standard deviation to mean diameter as a function of time
Jor different nanoparticle concentrations. [00% refers to the 0.5/ mM gold
suspension used jfor the earlier experiments (Figure 0.5 and Figure 6.6) and 25%,
30%, and 73% to volume dilutions of this. Determined via image processing.
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It is hypothesized that this corresponds to the point at which the gold particles
reach their packing density on the bubble surface, thereby both minimizing the
surface area available for further gas diffusion and significantly reducing the
effective interfacial tension due to a decrease in the surface to volume ratio [174].
The rate of shrinkage of the surfactant only coated bubbles also reduces considerably
after approximately 20 minutes and this is thought to be due to an analogous increase
in the concentration of surfactant molecules on the bubble surface and hence
reduction in diffusivity and interfacial tension, as discussed in Chapter 5.2.3. The
change is less significant than that affected by solid nanoparticles, however, and the
bubbles will continue to shrink with time until they reach equilibrium and full

dissolution occurs.

6.1.2.3 Theoretical Model

A mathematical model' was developed in order to account for the experimental
observations. Full details of the model derivation may be found in Azmin, M, et al.
[174] but briefly: microbubbles are inherently unstable in liquids due to the effects of
capillary pressure acting on the bubble surface as given by the Laplace equation. For
an uncoated bubble suspended in a liquid at a constant pressure and temperature, the
rate of dissolution depends upon the magnitude of the interfacial tension, the size of

the bubble, and the concentration and diffusivity of the gas in the liquid. Assuming

" This model was derived by Mr. Mehrdad Azmin (Mechanical Engineering
Department, UCL) who studies the theory behind microbubble dissolution as part of
a larger collaborative project.
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the effect of convection to be negligible, Epstein & Plesset [53] derived the
following equation for the rate of change of bubble size under constant interfacial

tension (o) and coefficient of diffusion (D):

dR D(C;—C 1
— = —( i=Csat) -+ I Fguation 6./
dt  p(eo)tigrr 3BT R (nDt)2

Where C, and C , are the initial and saturation concentrations of the dissolved gas

in the liquid respectively, M is the molar mass, B the universal gas constant, 7' the
gas temperature and p(eo) the gas density at zero curvature interface. The addition
of a surfactant layer on the bubble surface together with the embedded nanoparticles
will affect the rate of dissolution in several ways:

The surfactant film affects the rate of diffusion by creating a barrier to the mass
transfer of the gas in and out of the bubble as well as reducing the interfacial tension.
Both of these phenomena are dependent on the concentration of the surfactant on the
bubble surface. The effective concentration dependent surface tension can be written

as:

do R2 Kl"x"'l R 2(x+1) '
o(R) = f =2l — or Rfj, dR = oy + xj_ (1 — (?0) ) Fguation 6.2

where [, is the initial surfactant concentration on the bubble surface at which ¢ = o,,

K and x are constants characterising a given surfactant and R, is the initial bubble

radius. The dependence of the coefficient of diffusion on the surface concentration

136

Engineering the Surface Properties of Microbubbles for Biomedical Applications



Graciela Mohamedi Chapter 6: Bubble Surface Effects

can be written as an exponential function using a similar treatment to that of Cable

and Frade [175], where a and b are constants for the individual surfactant.
Ro)? .
D(R) = aDgexp | b (1 — (?) ) FEguation 6.3

The presence of the nanoparticles on the bubble surface will reduce the surface area
available for gas particles to pass through. This effective surface area (S4) can be

therefore modelled as:
2
S,(R) = %nRZ (1 — fro (%) ) FEquation 6.4

where f,, is the initial fractional coverage of particles on the bubble surface.
Furthermore, as the bubble contracts, there will come a point that the nanoparticles
will reach their packing density. At this point the particles will form a solid shell,
which prevents the bubble from further dissolution. This is assuming that the forces
present between the particles are not large enough to overcome the attraction force
between the particles and the interface and therefore dislodge the particles from the

bubble surface. This assumption has been previously supported in theory [173, 176].

Using terms described in 6.2, 6.3 and 6.4 and re-deriving equation 6.1:

drR _ _ (Ci=Csar) D(R) VD(R 1 — fpo )2) Lguation 6.5
dat p(oo)+3BTRa(R) (nt)Z
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Following Epstein and Plesset [53] the following relations can be defined:

Cs
__ Cs Cs _ 70(R)
d - o(R) p(oo)+TG(R) C d (P( ) + )
Ci _ fd

b= ()
2m
Here f'is the ratio of the initial gas concentration to the concentration at saturation

and d is the ratio of saturated dissolved gas to gas density. It is assumed that the
value of d is not affected by change in surface tension. After some mathematical

simplification:

ar _ _ I 15eon 2w o) RO ,
dt | 14t 20® 1- fPO Lguation 6.6

3p(0) R

Equation 6.6 can be recast in terms of new variables: x> = 2dt / RO2 and € =R/ R,

and solved numerically using a 4™ order Runge-Kutta method. This was achieved

via the function ODE45 in MATLAB (R2010b, MathWorks Inc., USA).

6.1.3 Comparison between experimental and theoretical results

Utilizing the developed theoretical model a comparison was made between the

experimental data and the predictions from the theoretical model. Figure 6.6 and
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Figure 6.7 show how the mean size and standard deviation varied with time for
samples of 200+ bubbles prepared from the surfactant only and surfactant with gold

nanoparticle solutions respectively.
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Figure 6.6 Experimental results fitted by the diffusion eq 6.2 for microbubbles coated
with surfactant and gold nanoparticles (fitting parameters were as follows. f py =
032 a =068 b6 =9 f=085). Average error for experimental measurements
+/.34% deviation of the diameter within the measured population. Radii are non-
dimensionalised with respect to the mean initial value.

The rate of shrinkage of the surfactant-only bubbles also reduced considerably after
~20 min (Figure 6.7), and this is thought to be due to an analogous increase in the
concentration of surfactant molecules on the bubble surface and hence reduction in

diffusivity and interfacial tension. The change is less significant than that effected
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by solid nanoparticles, however, and the bubbles continued to shrink with time until

complete dissolution occurs.
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Figure 0.7 Experimental results fitted by the diffusion equation 6.2 for microbubbles
coated only with surfactant (green) compared with the results of bubbles coated with
Au nanoparticles (pink). Fitting parameters for surfactant-only bubbles were as

Jollows: f,p = 0.0, a = 08, b = 4 f = 05 Average error jor experimental
measurements of surfactant only bubbles: +33.7%. Radii are non-dimensionalised
with respect to the mean initial value.

As mentioned above, the parameters characterising the bubble (a, b, f;,0, and f) that
provided the best fit to the experimental data were found to be different for the
bubbles with and without the gold nanoparticles (see captions to Figure 6.6 and
Figure 6.7). This is despite the fact that the bubble preparation and measurement

protocols were identical in both cases. It is perhaps less surprising however when
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the ideal system considered in deriving equation 6.2 is compared with the actual
experimental conditions. The equation describes a spherical single bubble stationary
in an infinite volume of liquid. The experimental measurements, however, were
conducted on multiple bubbles closely packed and near the surface of a finite volume
of liquid. Although the microbubbles remained largely spherical, their close
proximity inevitably will result in inconsistencies with the model. For example there
will be a constant flux of gas from the bubbles to the liquid and from the liquid to the
surrounding air. Therefore, f will be time dependent. Controlling or even measuring
fin such small volumes was not found to be practical. As a result, it is plausible for
the effective value of f'to have differed between the experiments. In addition, the
diffusion coefficient will be strongly influenced by the amount of solution around the
microbubble as well as the extent to which it has mixed with the glycerol during
collection. This would be manifest in some variation in parameter b. In fitting the
data for the different particle concentrations it was found that the least mean-square
error was obtained by keeping b constant and varying f,o from 0.48 for 25% to 0.59
for 50% and 75%. The corresponding values for f'were 0.8, 0.91, and 0.91 for 25%,
50%, and 75%, respectively. The increase in initial particle surface concentration is
commensurate with the higher concentration in the surrounding liquid if it is
assumed that some time is required to achieve a close-packed structure (as the
diffusion curves indicate).

A further significant factor is the absence of any bubble interactions in the

theoretical model. In the surfactant-only bubble suspensions, however, the increase
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in the standard deviation in bubble size can be attributed at least in part to size
disproportionation or Ostwald ripening. This phenomenon occurs as a result of
suspended droplets, in this case bubbles, minimizing their surface to volume ratio
and hence their surface free energy through transport of material from small to larger
droplets, with an accompanying increase in the mean droplet size with time [75,
107]. While the mean size of the droplets increases, the population density will
decrease as will the interfacial energy, which decreases with increasing droplet size.
In order to slow the ripening process, a small amount of a second component with a
very low solubility can be incorporated into the system, which results in a difference
in composition between large and small droplets.  This difference may
counterbalance the driving force for Ostwald ripening and eventually result in a
termination [113, 177].

As seen in Figure 6.4E, after 30 days the bubbles are no longer spherical, with
some bubbles adopting highly irregular shapes even before this. At this time the
rates of both gas diffusion and Ostwald ripening have become negligible, and the
gold particles are assumed to have reached their packing density and thus
significantly inhibit further mass transfer [73, 175]. The loss of sphericity also
indicates a significant reduction in interfacial tension, which may be due to the
reduction in curvature of the gas/water interface between the close packed particles.
As discussed in Azmin et al. [174], it is implicitly assumed in the theoretical
treatment that the bubble remains spherical and that the nanoparticles are rigid.

Thus, the predicted radius of the bubble cannot undergo further change. The amount
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of gas inside the bubble could, however, continue to decrease until either: the
curvature of the bubble surface between the particles becomes convex and the
Laplace pressure becomes sufficiently negative that the direction of gas diffusion is
reversed or the close-packed particle structure buckles. Other studies, albeit with
much larger particle to bubble diameter ratios, have also shown that nonspherical

bubble shapes can be stably maintained over long periods of time [178].

6.2 Acoustic response of nanoparticle and phospholipid coated bubbles

These experiments examined the acoustic response of nanoparticle-coated
bubbles. Bubbles with and without nanoparticle coatings were made using two
different methods, sonication and reverse Y-junction. The size distribution of each
population was measured to ensure that the populations could be compared. The
results demonstrate the ability of gold nanoparticles to increase the non-linearity of
phospholipid-coated microbubbles. = Comparison with results from a second
theoretical model also developed by collaborators at University College London will

also be presented.
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6.2.1 Theory

A mathematical model” was developed in order to account for the experimental
observations. The oscillation of an uncoated microbubble in response to acoustic
excitation at a given frequency and pressure, is dependent on its initial radius, liquid
viscosity and density, and interfacial tension. The addition of a coating will result in
additional resistance to oscillation due the elasticity and viscosity of the coating. The
presence of nanoparticles would increase the effective stiffness and viscosity of the
shell at the point of reaching their packing density. This effect will therefore be
radius dependent and is modelled as such. Full details are provided in 11.3. The
results are illustrated in and where the microbubble was excited using a pulse
similar to that used in the experiments with the peak negative amplitude of 500 kPa.
It is clear that the inclusion of nanoparticles result in a distinct subharmonic peak as

well as moderate increase of power at harmonic frequencies.

> This model was derived by Mr. Mehrdad Azmin (Mechanical Engineering
Department, UCL) who studies the theory behind microbubble dissolution and
acoustic excitation as part of a larger collaborative project.
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Radius-Time plot for a bubble coated with nanoparticles.
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Figure 6.8 Radial response and the frequency content of the resulting scattered
pressure between microbubbles with nanoparticle coating.
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Figure 6.9 Radial response and the frequency content of the resulting scattered
pressure between microbubbles without nanoparticle coating.
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6.2.2 Experimental Acoustic Comparisons

Prior to testing the acoustic response, the mean size distribution of the 4 different
microbubble populations was measured, to ensure that the results could be compared
between the different formulations and manufacturing methods. These results can be

seen in Figure 6.10.

Size comparison of Au and non-Au coated bubbles

TN

Sonicated gold sonicated control Y- Junction control Y-Junction gold

Mean Diameter (um)
© = N W B U1 O N ®

Figure 6.10 Comparison of bubble population mean diameter for all tipes of bubbles
tested acoustically. The ervor bars represent one standard deviation of population
diameter. Statistically there Is very little difference between bubble populations’
diameters therefore a valid comparison can be made through acoustic testing.
Determined via image processing.

The experimental results are shown in Figure 6.11 and Figure 6.12. As may be seen,
the amplitude of both the fundamental and subharmonic components increased with
increasing driving frequency. This was as expected given that the mean diameter of
the microbubbles was approximately 4um and the linear resonance frequency would

therefore be expected to be below the centre frequency of the transducer (2.25 MHz).
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Figure 6./1 Relative amplitude of the subharmonic, fundamental and harmonic
components of the scattered acoustic pressure from single microbubbles produced
via sonication with (red) or without (blue) a coating of gold nanoparticles excited at
different peak negative pressures. The solid line represents the best fit between the
mean squared means for each scattering distribution, and “clouds” represent the
confidence interval of the data plotred.
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Subharmonic
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Figure 6.12 Relative amplitude of the subharmonic, fundamental and harmonic
components of the scattered acoustic pressure from single microbubbles produced
using the reverse Y-junction device with (red) or without (blue) a coating of gold
nanoparticles excited at different peak negative pressures. Ihe solid line represents
the best fit between the mean squared mearns for each scattering distribution, and
“clouds " represent the confidence interval of the data plotted.

The gold nanoparticle coated bubbles consistently showed a stronger subharmonic
response at each frequency in accordance with a more pronounced nonlinear
character. In order to confirm the increased non-linear behaviour of the nanoparticle
coated bubbles, a second test using a 1 MHz driving frequency was also conducted.

It was believed that the increased subharmonic in the previous results (Figure 6.11
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and Figure 6.12) was due to the bubbles being hit off resonance. Bubbles with a
similar size distribution as those previously tested (Chapter 11.6) were tested using
two 1 MHz focused transducers, one to pulse and the other to receive. As seen in
Figure 6.13, Figure 6.14, and Figure 6.15 the trend originally seen using the 2.25

MHz centre frequency transducer was continued.
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Figure 6.13 Acoustic backscatter results using [ MHz transducer at a driving
voltage of 100 mV. The subharmonic, fundamental and harmonic responses are
each shown for sonicated, and Y-junction bubbles both with (red) and without (blue)
gold nanoparticles. No confidence intervals are shown as only three different
pressures were examined which was not enough to prodice reasonable error bars
across the range of pressures.
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Figure 6./4 Acoustic backscatter results using [ MHz transducer at a driving
voltage of 200 mV. The subharmonic, fundamental and harmonic responses are
each shown for sonicated, and Y-junction bubbles both with (red) and without (blue)
gold nanoparticles. No confidence intervals are shown as only three different
pressures were examined which was not enough to prodice reasonable error bars
across the range of pressures.

As the driving frequency was increased the non-linearity of the bubble oscillations
also increased. Unlike the previous results, however it was the harmonic and not
sub-harmonic responses, which showed the largest increase, thereby verifying that

the bubbles had been hit off resonance originally.
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Figure 6.15 Acoustic backscatter results using [ MHz transducer at a driving
voltage of 300 mV. The subharmonic, fundamental and harmonic responses are
each shown for sonicated, and Y-junction bubbles both with (red) and without (blue)
gold nanoparticles.
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7 The effects of manufacturing method on bubble properties

This chapter details the effects of manufacturing method on the surface properties
of phospholipid microbubbles. To better understand the surface properties causing
both large stability and acoustic response disparities between microfluidic and

sonicated bubbles, full dissolution, FLIM, and acoustic studies were performed.

7.1  Time study

Prior to conducting any FLIM or acoustic tests, the dissolution rates of bubbles
manufactured via sonication, reverse Y-junction and microfluidic flow focusing were
compared (Figure 7.1). As previously discussed in Chapter 3.2.2, when bubbles are
produced using sonication the liposomes are broken up not only through high
mechanical shear but also as a result of the increased temperatures. This allows for a
more complete break up of liposomes, which seems to increase the overall stability
of the bubbles when compared to gentler manufacturing methods. As bubbles are
produced much more slowly via both the cross-flow rupturing technique used in the
reverse Y-junction and the flow focusing technique collecting a bubble population
large enough for testing takes several minutes. The bubbles produced initially must
sit in the excess solution for several minutes before they are analysed, allowing for
both gas diffusion and lipid shedding to begin at different times. When originally
produced, the bubbles formed are either monodisperse or have a very low

polydispersity, however as seen in the histogram by the time analysis takes place the
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size distribution varies wildly and the standard deviation of the mean diameter only

grows with time.

B Sonicated Bubbles
B Y-Junction Bubbles
B Microfluidic chip Bubbles
6
4
2
0 - . . . ; - . 8 § . . :
10 15 20 25 30 35 40 50 55 60

5 45

= - = =
o N o [}

Diameter (um)
-]

Time {min)

Figure 7.1 Population size distribution in relation to time. Error bars represent +
one standard deviation of the population diameter at that time. Determined via
mage processing. Y-junction and microfluidic bubbles either dissolved or
aggregated significantly affer approximately 35 min and therefore were not able to
be quantified afier that time point.

7.2 FLIM surface viscosity testing

For the initial test, a single phospholipid (DSPC), was used to prepare
microbubbles using both a conventional sonication method (Chapter 4.1.1) and a
microfluidic T-junction device (Chapter 4.1.2). The latter enables the preparation of
bubbles with a high degree of control over their size and uniformity, while the

former produces bubbles with a broad size distribution. The sonication method has
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the advantage of producing bubbles in high yield and also with superior stability.
However, the underlying reasons for the difference in stability are not fully
understood. By applying the molecular rotors approach, we were able to determine
the mean viscosity of T-junction microbubbles as 663 + 119 cP (3.40 + 0.26 ns),
which was found to be significantly lower than for the sonicated bubble population at
857 = 110 cP (3.83 + 0.22 ns) (Figure 7.2). This is consistent with lower diffusivity
and hence the greater stability of the sonicated microbubbles. This is an instance of
the direct physical characterisation of the effect of preparation method upon

microbubble structure, which could explain the differences in their behaviour.
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Figure 7.2 Quantification of microbubble shell viscosities. (A) Viscosity dependence
on microbubble manufacturing method as measured by BODIPY-C., lifetime,
comparing sonication () (n=28 ) to 7-junction preparation (®) (n=/79) ( * p <<
0.007). Determined via image processing.
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Figure 7.2 showed that manufacturing method also has a marked affect on the
surface viscosity of bubbles made using the same recipe. As seen in 5.2.3, the
addition of PEG had a marked affect on the effective surface viscosity of the tested
microbubbles. Additional FLIM testing was completed using DSPC/PEG40S in a
9:1 molar ratio in order to see if the addition of PEG changed this effect.

When the fluorescent lifetimes and chi squared (goodness of fit) values of each of
the three manufacturing processes were compared (Table 7.1), it was highly apparent
that the addition of PEG exacerbated the viscosity differences seen in bubble
populations. As all of the bubbles were made using the same solution, which had
been premade in bulk then split, the viscosity differences cannot be attributed to

slight differences in the bubble solution.

Table 7.1 Comparison of mean lifetime and goodness of fit (v ) for 1.9 DSPC/PEG
408 bubbles produced via sonication, cross-flow rupturing (Y-junction) and
microfluidic flow focusing.

n=20 Sonicated Y-Junction Flow focusing
Mean lifetime (ns) 2.56 +0.015 1.697 £ 0.051 1.47 + 0.063
X 0.7577-1.277 0.6874-1.319 0.7461-1.277

The difference in lifetime found between the sonicated bubbles and the two
microfluidic methods was considerable. As lifetime is correlated to effective surface
viscosity on a logarithmic scale, a lifetime difference of one ns corresponds to a
viscosity change of a few hundred centipoise. When the bubbles were viewed more

closely there was a distinct difference in the lipid coverage of the shells (Figure 7.3).
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The sonicated bubbles were seen to have a much thicker lipid coating, which

explains the increased viscosity and increased stability.

Sonicated Microfluidic

Figure 7.3 FLIM surface comparison of sonicated vs. microfluidically produced
microbubbles. Note intensity scales and bubble sizes vary. This image is included
only to show a distinct difference in surface character between the different bubbles.

7.3 Acoustics

Acoustic testing was conducted on bubbles prepared using sonication and reverse
Y-junction. Testing was also attempted on bubbles produced using microfluidic
flow-focusing but they did not survive long enough for measurements to be obtained.
SonoVue® (Bracco Diagnostics, Milan, Italy) is one of the most widely used
commercial UCA and therefore was chosen as a control for comparisons. The mean
size of each bubble population was approximately 4 pm (11.6) so an increased
subharmonic response was expected.

When the data were compared (Figure 7.4) an increased acoustic response was
viewed for both sonicated and Y-junction bubbles as the incident pressure was
increased. Unsurprisingly, sonicated bubbles showed a much stronger response than

Y-junction bubbles.
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Figure 7.4 Relative amplitude of the subharmonic, fundamental and harmonic
components of the scattered acoustic pressure from single microbubbles produced
using both sonication (dark blue) and the reverse Y-junction device (purple)
compared with SonoVue® (green) excited at different peak negative pressures at a
driving frequency of 2.2 MHz.

As shown in 7.1 and 7.2 sonicated bubbles are more stable than those produced
microfluidically and have a more viscous shell. The more stable a bubble, the longer
it will be able to oscillate before dissolution occurs. Therefore a bubble with a more
viscous shell, such as a bubble produced via sonication will demonstrate a stronger

acoustic response.
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SonoVue, which is the most commonly used ultrasound contrast agent in Europe,
however showed very little acoustic response across than either of the other bubble
types. It had been assumed that SonoVue would have the greatest response within the
fundamental frequency response, however the response was quite low when
compared to the strong response of the sonicated bubbles. This could be due to the
abundance of submicron bubbles, which were prevalent within the SonoVue sample.
The sample of SonoVue showed large Brownian motion of very small particles (>
0.5 pum), which the code used to analyse the mean size distribution disregards as too
small. So it is very possible that the mean size of the SonoVue sample was actually

closer to 1-2 um as opposed to 4 pm.
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8 Nature vs. Nurture: How the bubble environment affects its
surface properties

The environment in which a bubble is both made and maintained, contributes
greatly to its behaviour. This chapter investigates the role of bubble interaction,

temperature and age on viscosity and acoustic response.

8.1 Heating viscosity effects
In order to fully incorporate the lipid into the bubble solution it is typically heated
above its gelling temperature. In the case of DSPC that temperature is approximately
57° C. Sonication releases a large amount of thermal energy into the surrounding
media (Chapter 4.1.1) enabling the liposomes to adhere to the gas interface while in
their fluid state. Microfluidically produced bubbles however typically use a bubble
solution which is at room temperature. This could be a reason for the differences in
viscosity between microfluidic and sonicated bubbles (Chapter 7.2). In a multi-
component system, bubble partitioning and domain formation in the shell occurs.
These domains govern the surface microstructure and affect the viscoelastic
properties of the microbubble shell and hence their functional behavior [51, 74, 179].
By knowing the viscosity distributions of individual bubbles, they can be tuned for
specific applications.

A series of tests were performed in order to look at the differences in effective
surface viscosity according to not only manufacturing method, but also solution

temperature.
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A 20 ml bulk bubble solution of 9:1 DSPC/PEG40S was used and split into 10
vials containing 2 ml each. Using a bulk solution and splitting it evenly eliminated
any variables produced by the mixing of the solution. The bubble solutions were
heated to one of four temperatures (23.5, 50, 60, and 100°C) for a minimum of one
hour before bubble production and subsequent FLIM testing. This was done to
ensure that any liposomal changes within the solution are allowed to go to
completion before testing occurred. Both sonicated and Y-Junction bubbles were
tested.

The hypothesis upon beginning these tests was clear: bubble made using
liposomes above their gelling point would be more viscous as more liposomes would
be able to self-assemble into the bubble monolayer. Bubbles made using cross-flow
rupturing showed results in keeping with the proposed hypothesis (Figure 8.1).
Bubbles heated well above the gelling temperature showed the highest lifetime and
therefore the highest viscosity. The lifetime range between the lowest temperature
bubbles and the highest was also quite large, almost 0.7 ns. This corresponds to a
very large jump in viscosity, analogous to several hundred cP. Also the solutions
heated above gelling seemed to relax (reach a steady viscosity) much more quickly
than those below. It is believed that by heating the solution prior to use the
liposomes are allowed to more fully incorporate into the solution and self-assemble

at the gas interface more efficiently.
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Figure 81 The mean lifetime plotted as a function of time for bubbles produced
using a reverse Y-junction device. FEach colour represents a different initial
temperature (blue: 23.5 °C, orange.: 30 °C, pink: 60 °C red: 700 °C)

For bubbles made via sonication however the results were reversed. The bubbles
made with solution at room temperature (23.5 °C) actually showed the highest mean
lifetime and therefore the highest viscosity (Figure 8.2). The mechanisms for bubble
stabilisation is different in sonication and heating will also affect gas content and
hence bubble formation, which can result in a lower viscosity with increasing
temperature. Within the results there seem to be two distinct viscosity regions: one
for bubbles heated above the gelling temperature and one for bubbles heated below.
This shows that heating either near (60 °C) or well above (100 °C) the gelling

temperature makes little difference when sonication is being used.
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Figure 82 The mean lifetime plotted as a function of time for bubbles produced
using sonication. Fach colour represents a different initial temperature (blue: 23.5
°C, yellow.: 30 °C green. 60 °C, purple: 100 °C)

When the graphs of the two manufacturing methods are plotted together it is clear
that groupings appear. This trend was seen through various iterations of the
experiment. Curiously, while the overall lifetime trends were reproducible, each
batch or lipid mixed seemed to have it own distinct viscosity distribution. This leads
us to believe that there are other factors, such as solution/phospholipid age,
temperature during the solvent evaporation process to produce the lipid film, whether

the film is aspirated which also affect the overall bubble viscosity.
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Figure 83 The mean lifetime plotted as a function of time for bubbles produced
using a reverse Y-junction device and sonication. Fach colour represents a different
mnitial temperature. The Y-Junction is represented by light blue: 23.5 °C; orange. 50
°C pink: 60 °C, red: 100 °C; sonication is represented by dark blue: 23.5 °C,
vellow: 50 °C, green. 60 °C, purple: 100 °C.

8.2 Aging effects

Over time bubbles reach a packing density in which they reach their most stable
point. However where that lies is difficult to define. Because of diffusion, Ostwald
ripening, and lipid shedding the bubble shell continues to change until total
dissolution. Here we look at viscosity and acoustic response of bubbles made using

cross-flow rupturing and allowed to age for up to one week.

163

Engineering the Surface Properties of Microbubbles for Biomedical Applications



Graciela Mohamedi Chapter 8: Nature vs. Nurture — Environmental effects

8.2.1 FLIM

In the last section we showed that bubbles made from solutions heated to different
temperatures seem to have different points of relaxation (where the bubble’s
viscosity becomes steady). However the effect of gas diffusion over long periods
(<24 hrs) was neglected. No matter how stable, bubbles will undergo gas diffusion.
As the gas diffuses and the bubbles become smaller, the Laplace pressure becomes
higher and so the phospholipids at the gas interface will rearrange themselves in an
attempt to lower their free energy. If lipid shedding is ignored, this process should
theoretically create a “thicker” or more viscous bubble shell with time. Here the Y-
junction bubbles from the prior experiment (Figure 8.1) were aged for 72 hours and

then reimaged (Figure 8.4, Figure 8.5).

Intensity float) 100% : Tau ffloat) 100%

7423 to 1313e+003
Counts

5.013 to 145%e+003 3122 to 4166 ns
Counts

Figure 8.4 Yunction bubbles heated to 100 °C viewed with FLIM at A. 18 min after
manujacture and B. 72 hours after manufacture.
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Figure 83 The mean lifetime plotted as a function of time for bubbles produced
using a reverse Y-junction device. FEach colour represents a different initial
temperature (blue: 23.5 °C, orange. 50 °C, pink: 60 °C, red: 100 °C). Time has been
plotted on a logarithmic scale so that the overall trend can be more easily viewed.

Table 8.7 Change in bubble lifetime as it corresponds to both time and temperature

of the initial solution
n=100 T=23.5°C | T=50°C | T=60°C | T=100 °C
Initial lifetime (ns) 2.04 2.1 2.44 2.71
72 hour lifetime (ns) 2.48 2.77 3.35 3.58
Change (ns) 0.44 0.67 0.91 0.87
% 21.57 31.90 37.29 32.10

The fact that all of the bubbles showed an increasing viscosity over time was not
surprising, however the percentage increase was higher than expected. Final bubble
viscosity increased by up to 37%, indicating a large agglomeration of lipid on the
bubble surface. More testing is needed to confirm that this is the reason for the

drastic viscosity changes observed. Also it must be noted that while mean viscosity is

165

Engineering the Surface Properties of Microbubbles for Biomedical Applications



Graciela Mohamedi Chapter 8: Nature vs. Nurture — Environmental effects

plotted there were large variations in viscosity within each bubble as can be seen in
Figure 8.4. Therefore while the standard deviation of the mean lifetimes calculated
were approximately +1 ns, the compounded error cannot be determined without

significant further analysis by Dr. Hosny.

8.2.2 Acoustics

Like viscosity, as the bubbles age, their non-linear acoustic response also
increases. When the responses of freshly made Y-junction bubbles, both control and
nanoparticle coated, (Figure 6.10) are compared with those of bubbles aged one day
(Figure 8.6) the amplitude of the subharmonic seems to decrease while the
fundamental increases. The harmonic response of both gold coated and lipid only
coated bubbles shows the most pronounced change as the amplitude more than
doubles.  The response for gold-coated bubbles is especially strong as the peak
negative pressure increases; at 650 kPa the response is approximately five times
higher than that of fresh gold-coated bubbles. This indicated that the gold particles
are “jamming” on the bubble surface, thereby not allowing the bubble to contract
during oscillations. As the bubbles have also begun to undergo gas diffusion,
jamming is increased. While the diameter of the bubbles has decreased the
concentration of gold on the surface does not change. This “jamming” effect also

occurs on non-particle coated bubbles, but the effects are not as pronounced.
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Figure 8.6 Relative amplitude of the sublharmonic, fundamental and harmonic
components of the scattered acoustic pressure from one-day-old single microbubbles
produced using the reverse Y-junction device with (red) or without (blue) a coating
of gold nanoparticles excited at different peak negative pressures.
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9 Conclusions and future work

This chapter details the conclusions drawn from the studies described in the
previous chapters and proposes areas for future work.

Most models used to predict microbubble dynamics view the bubbles as having a
cohesive monolayer shell with uniform thickness and viscosity. The work shown
throughout this manuscript demonstrates that this is not the case, and bubbles
therefore should not be modelled as having homogeneous shells. This work also
shows that it is possible to tune bubbles for specific applications simple by changing
its method of manufacture and thereby changing the physical characteristics of the
microbubbles. Further characterisation of microbubble behaviour both in-vitro and
in-vivo however is necessary prior to the application of these bubbles in clinical

applications.

9.1 Conclusions

The overall contribution of this work is the demonstration that the physical
properties of bubbles depend not only upon surface composition, but also the method
and environmental conditions under which they are manufactured and suspended.

Specifically:

9.1.1 Surface composition effects

Experimental results showed that the lipid to emulsifier molar ratio had a large

effect on the stability, surface viscosity and acoustic response of the bubbles. The

168

Engineering the Surface Properties of Microbubbles for Biomedical Applications



Graciela Mohamedi Chapter 9: Conclusions and future work

addition of the emulsifier PEG 40S decreased both the size and surface viscosity of
the bubbles. The amplitude and frequency content of the scattered pressure of
bubbles under ultrasound exposure also varied with composition. The distribution of
molecules on the bubble surface itself was shown to be inhomogeneous possibly due
to a lack of fluidity. Most importantly, the experiments showed that a bubble shell is
not continuous, but instead made up of domains of varying viscosities, and therefore

cannot be modelled as a continuous shell as is the current standard.

9.1.2 Au and non-Au coated bubble comparisons

Both the theoretical and experimental results demonstrate that the modification of
the microbubble surface through the addition of solid nanoparticles not only
significantly influences the bubbles’ stability but also their acoustic response. This is
thought to arise from the increased asymmetry in the microbubble oscillation
produced by the presence of the particles in the coating, which leads to increased
resistance to compression. This phenomenon is potentially beneficial for improving
contrast to tissue ratio in microbubble imaging and for tracking of microbubbles used
for drug delivery or other therapeutic applications, in particular since a pronounced
enhancement in the subharmonic response was observed experimentally. As
expected, with increasing incident pressure bubble response became more non-linear,
but this effect was more pronounced for the gold-coated bubble, especially when
aged for 24 hours. Increased non-linearity was more pronounced for the sonicated

bubbles, possibly due to differences in the nature of the coating.
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9.1.3 Manufacturing comparisons and viscosity

The method of manufacturing made a large impact on the acoustic and physical
properties of the corresponding bubble. A surface viscosity difference was clearly
seen when sonicated bubbles were compared with those produce using microfluidics.
Sonicated bubbles were seen to have a “fuzzy” shell layer with a higher average
viscosity. Microfluidics produced bubbles with a lower effective viscosity than
sonication, most likely due to a lack of liposome adhesion at the gas water interface.
Heating the bubble solution was seen to overcome this lack of adhesion in
microfluidics as the surface viscosity increased when the solution was heated above
gelling temperature.  Acoustically, sonicated bubbles showed a much higher
fundamental and incrementally higher subharmonic and harmonic responses, most
likely due to their increased stability which was in turn due to an increase in lipid
deposition during the manufacturing process. By choosing one method over the other
bubbles can be tuned to have the specific properties desired, whether that be a small

polydispersity, ease of manufacture or increased stability.

9.2  Future work
While the results presented in the previous sections suggest that the overall
objectives of the project have been achieved substantial work remains to produce a

microbubble with the full range of desired characteristics.
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9.2.1 Stabilising effects of different gasses i.e. Ar and perfluorobutane

The most common type of gas used to produce commercially available
microbubbles is a perfluorocarbon (PFC). Typically PFCs have a high density, up to
over twice that of water, due to their high molecular weight when compared to
liquids of similar boiling points. They also have low viscosities and surface tension
and are not miscible with most organic solvents. Lastly they have very low
solubility in water, meaning that diffusion of the gas out of the bubble while it is
suspended in an aqueous solution will be extremely low. However in vivo, gas
exchange with Nitrogen (N,) and CO, may occur as the bubble flows through the
blood stream, so the stability benefits of the PFC may be limited to the long-term
storage of microbubbles.

Argon, while much lighter than PFCs is over twice as heavy as Nitrogen: the gas
currently used in bubble production. Ar has a high solubility in water, but is also
inert. If the bubble solution is saturated with Ar and the created bubbles are stored in
an Ar rich environment, diffusion may be limited. As a result bubbles filled with Ny,
Ar and PFC should be compared in order to determine the stability benefits of

differing the filling gas.

9.2.2 Viscosity comparisons

Acoustic attenuation measurements in contrast agent suspensions have been used
in order to calculate the surface dilatational viscosity, surface tension and surface

dilatational elasticity of the bubble shell [180]. This poses a problem, however, since
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bubble size and surface properties vary across a population and change over time.
The method described in this thesis based on FLIM viscosity measurements to be
made on the surfaces of individual bubbles. It may be possible to link surface
effective viscosity to the attenuation coefficient of an individual bubble by
comparing measured or known attenuations with FLIM surface viscosity
measurements. Thus allowing models for acoustic response, dilatational viscosity

and surface elasticity to be parameterised based upon a simple FLIM measurement.

9.2.3 Characterisation of the bubble surface using TEM

Previously optical microscopy and SEM have been used in order to characterise
the bubble and its surface. Conventional optical microscopy can image the overall
size and shape of the bubbles, but it is limited in spatial resolution and to surface
features. The thickness of the bubble coating as well as the configuration of the
nanoparticles on the bubble surface cannot be viewed. SEM also has large
limitations due to the need for a complete vacuum within the chamber, thus only
collapsed bubbles can be imaged. Therefore in order to fully characterise the
microbubble surface low temperature transmission electron microscopy (LTTEM)
should be used.

In traditional transmission electron microscopy (TEM), a beam of electrons is
transmitted through an ultra thin specimen, interacting with it as the beam passes
through, and an image is formed from the interaction of the electrons. TEMs are

capable of imaging at a significantly higher resolution than light microscopes, owing

172

Engineering the Surface Properties of Microbubbles for Biomedical Applications



Graciela Mohamedi Chapter 9: Conclusions and future work

to the small de Broglie wavelength of electrons. This enables the instrument's user to
examine fine detail, which is tens of thousands times smaller than the smallest
resolvable object in a light microscope. Traditional TEM however still requires the
specimen to be held in vacuum.

LTTEM allows the observation of specimens that have not been stained or fixed
in any way, therefore showing them in their native environment. This occurs simply
because the TEM observation of the sample is being conducted at sub-zero
temperatures. The samples are imbedded in a vitrified layer of water, thus hydrated
samples can be viewed without the risk of collapse or dehydration. By viewing the
bubbles under LTTEM the surface conditions of the microbubbles can be observed,
including the packing density of the nanoparticles, the thickness of the bubble shell,

and the inherent microstructure of the surface.

9.2.4 Imaging bubbles in a tissue mimicking phantom

In vitro studies to assess the effectiveness of nanoparticle coated microbubbles for
ultrasound contrast enhancement should be completed in a suitable tissue phantom.
A gelatine/agar mix can be used to match tissue properties, and a clinical ultrasound
scanner to look at contrast specific imaging. A schematic for a proposed experiment

is shown in Figure 9.1.
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Figure 9.1 Schematic representation of flow phantom imaging tests set-up
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11 Appendices

11.1 Bubble formulations

Concentration
Lipid Stock 3.80E-03 (Chloroform 3.33ml + DSPC 200mg)
Dye Stock 4.22E-06
Dye Range (ul) Concentration Lipid/dye ratio
0.5 1.05E-06 3600.00
1 2.11E-06 1800.00
2 4.22E-06 900.00
4 8.44E-06 450.00
7 1.48E-05 257.14
8 1.69E-05 225.00
16 3.37E-05 112.50
32 6.75E-05 56.25
64 1.35E-04 28.13

Concentration effect

1) Add dye range concentrations to 100 pul of lipid stock (glass bijou)
2) Vortex to unsure good mixing

3) Evaporate under N2 until dry film forms

4) Add 2ml of de-ionized water to dried film

5) Vortex, bath sonicator for 1 min no temp, if still attached to wall use spatula to scrap
off

6) Transfer solution to plastic bijou tube

7) Sonicate for 30 sec (keep in bottom of solution for 25 sec and raise to top of solution
for 5 sec) and shake for 30 sec

8) Immediately remove microbubbles from interface of water and bubble and transfer
to slide with glycerol drop.
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PEG:DSPC ratio

1)
2)

3)

4)
5)

6)

7)

8)

9)

Add 2 pl dye stock to 100 pl of lipid stock (glass bijou)
Vortex to unsure good mixing
Evaporate under N2 until dry film forms

Stock PEG solution

PEG:DSPC (ul) Add dH20O (ul)
1:4 77.64 1922.36
1:1 310.57 1689.43

Mix stock solution PEG quantities with distilled water to reach final volume of 2ml

Add the 2ml PEG+dH2O0 solution to the lipid dried films

Vortex, bath sonicator for 1 min no temp, if still attached to wall use spatula to scrap

off

Transfer solution to plastic bijou tube

Sonicate for 30 sec (keep in bottom of solution for 25 sec and raise to top of solution

for 5 sec) and shake for 30 sec

Immediately remove microbubbles from interface of water and bubble and transfer

to slide with glycerol drop.
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11.2 Signal processing flow chart for single bubble characterisation

The signal processing can be split into 4 different processes:

Data acquisition
Processing
Frequency analysis

PR =

11.2.1 Data Acquisition

Ultrasound A2D
Transducers conversion

> 250MS/s,
Oscilloscope 8bits

11.2.2 Processing

All waveforms are
manually checked

to remove
erroneous signals™®

Weighted averaging / Regression analysis

Waveforms
saved as

matlab files
(8bit)

Database of
selected traces is
saved

Loaded into

matlab for
Transfer to

Analysis
(Raw data is
read only)

hard disk

TidyUp.mat

Remove DC mean
and restart time
vector from 0
seconds

*Erroneous signals include too much noise to distinguish bubble scatter, multiple

bubble scatters at different time points, air bubbles (normally noted in log book

during experiments) and periodic noise from unknown source (possible to do with

receiving amp)
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11.2.3 Frequency Analysis

powerFFT.m Fig. 11.1
at PSD is summed
within the

P T
OWE transducer

Spectral 23.1%
Density

Bandwidth for

Noise floor is
subtracted at
the same
bandwidths
using control
signals
recorded during

Fig. 11.2

Process is
repeated for
each trace data
stored in
variables

(FFT). See 5.

1,2, and 4AMHz experiment

Frequency, MHz <10

Figure /1.7 Average PSD of single microbubbles at 2MHz and 200kPa. The two
graphs are the two receiving transducers. Shaded areas show the 23./% bandwidth
(corresponding to the driving waveform) jor the subharmonic, fundamental and 2nd
harmonic components. Note, not corrected for transfer functions of transducers.
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Figure 11.2 Summed power of single microbubbles at subharmonic, fundamental and
harmonic. Fach blue cross represents a single microbubble trace.

11.2.4 Weighted Averaging / Regression analysis

Fig. 11.3

weightedAverage.mat Using matlabs

curvefitting toolbox, a
power best fit is
calculated

A weighted averaged is calculated based on
the equation below at each pressure

M

_ _ [ ZRoi Xn® — b
weighted — N y =ax

Where X, = Y. P SD|r6pp)

194

Engineering the Surface Properties of Microbubbles for Biomedical Applications



Graciela Mohamedi Chapter 11: Appendices

Scattered Power, a.u

0.06 T T T T T

0.05 —

4

0.04— —

*
+

0.02-

0.01-

0 100 200 300 400 500
Peak Negative Pressure, kPa

bbb+

|
600 700

Figure /1.3 Exponential fit (red solid line) on acoustic data based on the weighted
mean average at each pressure (ved dots). Dashed lines represent the observational
confidence intervals at 95%, described in appendiy.

11.2.5 Spectral Power flow chart

Transform
Hanning length to
window next power Compute
applied to of 2 for DFT

Calculate power

reduce edge improved ) p }[]VZC}OIIZUI(]Y) n
artifacts speed (zero :

padding)
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11.2.6 Matlab code

11.2.6.1 TidyUp.mat

function [data, Fs] = TidyUp(data_ in)
data(:,2) = data_in(:,2) - mean(data in(:,2)); % Remove mean
Fs = (1/(data_in(2,1)-data in(1,1))); % Calculate
Sampling frequency
Ts = 1/Fs; % Interval size

% Change timing, so samples start at 0 seconds.
T = 0:Ts:length(data in) *Ts-Ts
data(:,1) = T';

end

11.2.6.2 powerFFT.mat

function [X, freq]l=powerFFT (x,fs)

% Apply hanning window

x = x.*hanning(length(x));

m = length(x); % Window length

n = pow2 (nextpow2(m)); % Transform length
y = fft(x,n); % DFT of signal

f = (0:n-1)*(fs/n); % Frequency range
p = y.*conj(y)/n; % Power of the DFT

freq =f(l:floor(n/2));
X = p(l:floor(n/2));
end

11.2.6.3 weightedAverage.mat

function [fitresult, meanW] =
welghtedAverage (data, peakNegative, bubName)

for k = 1l:length(bubName) % Loop through each pressure
meanW (k) = sgrt(mean(data(data(:,k)>0,k)."2));
end

% Regression fitting:
[xData, yData] = prepareCurveData( peakNegative, meanW );

% Set up fittype and options.
ft = fittype( 'powerl' );
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opts = fitoptions( ft );opts.Display = 'Off';
opts.Lower = [-inf -inf];

opts.Upper = [Inf Inf];

opts.StartPoint = [0 0];

% Fit model to data.

[fitresult] = fit( xData, yData, ft, opts );

end

11.2.7 Example Fits

Scattered Power, a.u

1 | | | | 1
0 100 200 300 400 500 600 700
Peak Negative Pressure, kPa

Scattered Power, a.u.

i | | | |
0'10 100 200 300 400 500 600 700

Peak Negative Pressure, kPa
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The exponential fit appears to be robust to noise and outliers as in the above
examples, the confidence intervals (p<0.05) are much larger for these cases with

potential outliers/noise

11.2.8 Confidence intervals

P, =y +tys?+xSxT

Where s” is the mean squared error, t is calculated using the inverse cumulative
distribution function and S is a covariance matrix of the fitting coefficient estimates

http://www.mathworks.co.uk/help/curvefit/confidence-and-prediction-bounds.html
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11.3 Theoretical models describing the bubble coating

The model presented here was developed by Mr. Mehrdad Azmin and
corresponds to Chapter 6.2.1. Here we make use of we make use of two different
methods of describing the bubble coating, as a viscoelastic layer of finite thickness
and a surfactant monolayer. The effect of the particles is included by defining

stiffness and viscosity terms that are functions of the radius.

11.3.1 Dynamic Models

The dynamic model proposed by Church [181], originally developed to model

albumin coated Albunex®, was used for a microbubble with a finite thickness shell.

. - R 513 - 4R -R>\R
PsRiR |1+ AL=Ps | 2L + PR+ PL—Ps 2 31 L=
Ps Ry 2 Ps 2R, Ry
3 . .
o[ For " 20 20, Cpo—p, R Vsus@)« R, | 4VsGs(R) (| _Ra\ Lquation 117
R, R Ry R, Ry Ry R,

Subscripts / and 2 denote values at their respective interfaces. Subscripts S and L
denote the properties at shell and the surrounding liquid. Ris the instantaneous
radius and the dots indicate its derivatives with respect to time. R,,is the radius of
interface 1 at =0, Density is denoted byp; p, and p, refer to acoustic and
atmospheric pressures; k the polytropic exponent, o is the interfacial tension; u is
viscosity, ¢ denotes particles to shell volume fraction and Gy is the modulus of

rigidity. Expressions for/gand R, (the unstrained radius) are given by:

_p3_ p3
Vs =Ry Ry, Lguation /1.2
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3

1
4Gy,

ROZ
VS

R, =R,

el

1+ 29, + 29,
ROI R02

Lguation /1.3

was applied to the limit of a thin shell by Hoff [57] . The resulting equation was

used in modelling monolayer shelled microbubbles.

pL(Rk+%R2)=
3 _ _ Lguation /1.4
Ry \™ AR, dsoRy” \( R 126 (R)dsoRo2 1Ko
PO(R) ~Po~ P4~ R Us I (R)_ s I'B ( R)

Here d, is the thickness of the shell, R, = R, and all other variables have their usual

meaning. Note that in this scenario, the shell viscosity is assumed not to be affected

by the presence of particles.

11.3.1.1 Radius Dependent Stiffness

It is assumed that the nanoparticles are adsorbed at the gas/liquid interface inside
of the microbubble and that the area between the particles at the interface is occupied
by an initial concentration of lipid molecules. As the interfacial radius decreases, the
particles and lipid molecules will require more energy to move due to their
decreasing proximity. This effectively increases the stiffness of that interface. This
continues until the particles reach their packing density at which point no further
shrinkage can occur (Figure 11.4). This effect can be modelled by an exponential

function of the form:
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b

AFi
Gs(R)= Ggoal Fmax Fguation 11.5
2
Ry .
Api = Ao R Lguation /1.6
1

where a and » are determined by the properties of the lipid and Gy is the stiffness
of the particle free shell and Ap and Ar are, respectively, the initial and
instantaneous area fractions covered by particles. Ap,. 1S the maximum square

packing density and R, and R; are the initial and instantaneous radii of the

microbubble.
-Gsmax
o,
' —
e 3 €
[6)]
) A = o
poe { ) ?
e e 2
¢ & . 5
A o\ A3 2
e 2
1Gs0

Fractional Surface Area: A_ Close to Packing ~ A_fmax

Figure /1.4 Schematic of the effect of nanoparticles upon shell stiffness. As the
internal face contracts, the particles become ever closer to each other, eventually
reaching therr packing density and thus dramatically increasing the shell stifjness.
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11.3.2 Effective Viscosity

It is well known that dispersion of colloids in a liquid, such as nanoparticles in a
shell of finite thickness, will increase its effective viscosity. This phenomenon, in
the case of dilute suspensions of hard spherical particles, was considered by Einstein
[182] and was later extended to higher volume fractions by Beenakker up to the

second order [129]:

w(g)= uo (1 +2.5¢+4.84¢4° + 0(¢3 » Equation  11.7

where u, and u are the pure fluid and effective viscosities. It is evident that the

effect of such particles upon viscosity depends on the volume they occupy rather

than their size.

11.3.3 Modelling

A script containing Equations 11.5 and 11.6 was written in MATLAB 2012a 64-
bit (The MathWorks, Inc., USA) and solved using the 4™ order Runge-Kutta function

‘ode45.m’. In order to ensure the accuracy of the solution, the optional tolerance
parameter ‘RelTol’ in ‘odeset.m’ was set too(10~'%). In the absence of consistent
experimental data for shell parameters, the values listed below were used for the
purpose of conducting a qualitative analysis. These are py =0.1MPa, k=14,
pp =10g/em® , u; =1mPas , pg =1.1g/em’ , y; =8Pas , Ggy=150MPa , 0y =0, =0 .
Ry = Ry, =4pm. Where nanoparticles were present, 4z, =0.72, a=1.4and »=20. It
was assumed that the initial particle concentration was near maximum packing
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density at 4,; =0.69. It was also assumed that the microbubble had a monolayer shell

of 1nm thickness and therefore equation 4 was used to simulate its oscillations.

203

Engineering the Surface Properties of Microbubbles for Biomedical Applications



Graciela Mohamedi Chapter 11: Appendices

11.4 Microbubble size distribution used during acoustic testing of nanoparticle

coated microbubbles

Size distributions for Chapter 6.2.2

11.4.1 2.25 MHz test

Size Distribution Sonicated control
T T T T 3

1000

900 — —

800 — —

700 — —

Count

500 — —

400 — —

300 — —

200 — —

100 —

0 1 2 3 4 5 6 7 8 9 10
Diameter (u m)

Concentration 1.35E+08 /ml. 14784 Bubbles found. Mean diameter = 4.32u m +/-1.51 n m. Range = 0.51 t0 9.99 p m Mode = 3.90 p m. Median=4.10 pn m.

Size Distribution Sonicated Gold

00 T T T T T T T T T

I-
0

0 1 2 3 4 5 6 7 8 9 10
Diameter {u m)

Concentration 1.09E+08 /ml. 11188 Bubbles found. Mean diameter = 4.6€n m +/-1.96 n m. Range = 0.50 to 10.00 n m. Mode =3.90 p m. Median=4.42p m.

Figure /1.5 Size Distribution of microbubbles produced via sonication both without
(top) and with (bottom) the addition of gold nanoparticles.
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Size Distribution Y-~Junction Control
350 T T T T T T T T T =

250 —

200 -

Count

150 —

100 —

50 -

0 1 2 3 4 5 6 7 8 9 10
Diameter (u m)
Concentration 3.24E+07 /ml. 6150 Bubbles found. Mean diameter = 4.4Spu m +/-1.60 p m. Range = 0.51 to 9.98 n m. Mode = 3.90p m. Median =4.32 p m.

Size Distribution Y-Junction Gold
T T T T T T T T T

200 —

180 —

160 -

120 —

Count

100 —

60 —

40 —

20 —

0 1 2 3 4 5 6 7 8 9 10
Diameter ju m)
Concentration 3.41E+07 /ml. 5396 Bubbles found. Mean diameter = 4.67n m +/-2.16 p m. Range = 0.50 to 9.99 p m. Mode = 3.39 p m. Median =4.34 p m.

Figure /1.6 Size Distribution of microbubbles produced via reversed Y-Junction
both with (B) and without (4) the addition of gold nanoparticles
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11.4.2 1 MHz TEST

Sonicated control

Sonicated control 10x
Concentration 1.35E+08/ml. 14784 Bubbles found.
Mean diameter=4.32 pm+~1.51 pm.Range=051t09.99 pm
Mode=3.90 pm.Median=4.10 pm.Span=5.71.GasConc=7.95 pliml. [fac: 2.95].

1000 F T T T T T T T T T 3

900

800

700

600

500

Count

400

300

200

100

0 4 5 10
Diameter[ pm)

Sonicated Gold

sonicated gold x10
Concentration 1.09E+038/!/ml. 11138 Bubblesfound.
bean diameter=4.66 pm+/-1.96 pm.Range=050to 10.00 pm.
tMode=3.90 pm.Median=442 pm.Span=6.94 GasConc=9.04 pliml. [fac: 2.63]
T T T T T T T

500

450

400

350

300

250

Count

200

150

100

50

4 S
Diarmneter[ pm)
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Y -Junction Control

Y-control x10
Concentration 3.29E+07 /ml. 6150 Bubbles found.
Mean diameter=449p m +~1.60 pm. Range =051 109938 p m.
tode =390 pm. Median=432p m. Span=598. GasConc =2.17 p Vml. [fac: 1.70]

350 F T T T T T T T T T

300

250

200

Count

150

100

50+

1] 4 5 9 10
Diarneter[ pm)

Y-Junction Gold

¥-Junction gold
Concentration 3.4 1E+07 /ml. 5396 Bubbles found.
hMean diameter=4.67 pm+/-2.16 pm.Range=0.50t09.99 pm.
Mode=3.39 pm.Median=4.34 pm.Span=7.30. GasConc= 3.06 pliml. [fac: 2.04].
T T T T T T T

200

180

160

140

120

Count

100

80

60

40

20

4 S
Diameter[ pm)
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11.5 FLIM testing results
The results are in reference to chapter 7.2. The image labels are as follows: Intensity
refers to the number of photons, 4 refers to the amplitude, 7au shows the lifetime

distribution, Chisq refers to the goodness of fit.

Sonicated

Test 2 mono-exponential fit 2.56+0.015ns (s.d.)

Intensity float) 100% A float) 100% Tau ffloat) 100% Chisq ffloat) 100%

il

0.7577 to 1.277

Pt || s

545.7 to 3.504e+003 5247 to 2596 ri 2148 to 3009 ns
Counts

Individual averages of bubbles above:

1. 2.51+£0.043 ns
2. 2.5+0.03 ns
3. 2.51+0.026 ns
4. 2.44+0.03 ns
5. 2.62+0.04 ns
6. 2.64+0.045 ns
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Flow focusing microfluidic device

Test 6 mono-exponential fit average histogram lifetime 1.55+0.061 ns (s.d.)

Intensity float) 100% A ffloat) 100% Tau float) 100% Chisq ffloat) 100%

L)

o o @

_|AMR\U»N.\’LWJ..L

6.055 to 465.8 Counts

1379t0 1709 ns

L inbhd

275810 3113 ri

JOAMM.L

.7461 to 1188

Test 5 Mono-exponential fit 1.26+0.047ns (s.d)

Intensity float) 100% A ffloat) 100% Tau float) 100% Chisqg float) 100%

O O

S’ S ¥

C

il

0.7506 to 1.277

J Lm,.m_‘t _L.J'ﬂ-mumuim g.mﬂ!%mm‘;

7.266 to 193.0 Counts 5415t0 2232 ri 1152t0 1392 ns

Test 4 Mono-exponential fit 1.62+0.08 ns (s.d.)
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Cross flow rupturing reverse Y-junction device

Test 7 Mono-exponential fit 1.76+0.055ns (s.d.)

Intensity -test 7 tjuncti

0 to 1.681e+003 Counts

7954 t0 4393 ri

A -test 7t{unction bub

Tau -test 7tjunction b

1647t0 1915 ns

Test 9 Mono-exponential fit 1.41+0.026 ns (s.d.)

Chisg -test 7t4junction

2

el

06874 to 1315

Intensity -test 9 tjuncti

0 to 2273e+003 Counts

o

A -test 9tjunction bub

_w

1140t0 5335 ri

L

Tau -test 9tjunction b

0O

il

1347t0 1490 ns

Chisg -test 9 tjunction

0O

il

06874 to 1319
x=96 y=23 i=-100

Test 10 mono-exponential fit 1.92+0.071 ns (s.d.)

Intensity -test 10t4junc

0 to 2282e+003 Counts

A -test 10 tjunction bu

1202 to 2375 ri

Tau -test 10 tjunction

b

1774t0 2143 ns

Chisq -test 10 t{unctiol

bbb

0.8300 to 1.215
x=71 y=109i=-100
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Comparison of test 2 (sonicated) and test 6 (microfluidic)

Intensity {float) 100%

Nw‘,w ’

1200 to 6.350e+003
Counts

A ffloat) 100%

| M

9729t0 7712 ri

Tau ffloat) 100%

_.._m"'h‘i'Li_

1341 to 2846 ns

Chisq ffloat) 100%

0.7751 to 1.352

Intensity float) 100%

o

iV,

2056 to 440.8 Counts

A ffloat) 100%

O

el

5081 to 3036 ri

Tau ffloat) 100%

i .

1344103071 ns

Chisg ffloat) 100%

o]

L

0.7135t0 1151
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11.6 Size distributions for Manufacturing process Acoustic Comparison

Size distributions of the bubbles acoustically tested produced through each
manufacturing method (Chapter 7.3). A. Sonovue B. Sonication, and C.

microfluidic Y-Junction.

Size Distribution - SONOVUE
T T T T T T T T

T

1600

1400 —

1200

1000 —

Count

800 -
600 -

400 —

200 —
i

0 1 2 3 4 5 6 7 8 9 10
Diameter (i m)
Concentration 1.61E+08 iml. 29612 Bubbles found. Mean diameter =3.73 p m +/-1.82 p m. Range = 0.50 to 10.00 n m. Mode =2.88 u m. Median =3.34 u m.

Size Distribution - SONICATION
T T T T T T T T

500 —

400 —

Count
W
=3
o

T

100

]
[} 1 2 3 4 5 6 7 8 9 10

Diameter {u m)
Concentration 1.71E+08 /ml. 12278 Bubbles found. Mean diameter = 4.63 u m +/-1.87 p m. Range = 0.53 to 10.00 p m. Mode =2.88 p m. Median=4.36 pm.

212

Engineering the Surface Properties of Microbubbles for Biomedical Applications



Graciela Mohamedi Chapter 11: Appendices

Size Distribution - Y~-JUNCTION
T T T T T T T

1600 —
1400 —
1200 —

1000

Count

800

600

400

200

Nlall
° 1 2 3 4 5 6 7 8 9 10

Diameter {u m)
Concentration 1.49E+08 /ml. 30365 Bubbles found. Mean diameter = 3.78 u m +/-1.86 u m. Range = 0.50 to 10.00 p m. Mode =2.88 u m. Median=3.37 um.

1. Bardhan, R., et al., Theranostic Nanoshells: From Probe Design to Imaging

and Treatment of Cancer. Accounts of Chemical Research, 2011. 44(10): p.
936-946.
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