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Shear stress generated by biological fluid flows in vivo plays an important role in the regulation of
numerous cellular processes; these include apoptosis, cellular proliferation and differentiation,
regulation of metabolism and of inflammatory responses. The effects of shear stress are particularly
prevalent in cells of the cardiovascular and skeletal systems due to the haemodynamic and
interstitial fluid flows respectively. The limited scope for controlling in vivo shear stress has
required the research to be conducted in vitro. Within the thesis, stable cavitation microstreaming
was harnessed as a method for mimicking in vivo shear stress with the aim of developing a generic
method for stressing cells. Stable cavitation microstreaming is a steady fluid flow generated by the
transfer of acoustic energy into a time averaged steady momentum flux as a result of viscous
damping in the boundary layer of an oscillating gas bubble. Microstreaming was generated around
Expancel encapsulated microbubbles (EMBs) in purpose built microfluidic devices. The devices
provided controlled environments for the generation of microstreaming. Important features of the
final device include adherence of microbubbles to an internal surface of the device, the
minimisation of primary acoustic radiation forces and the ability to perform high throughput
biological experiments on adhered cells in the device. The microstreaming flow was characterized
by micro particle image velocimetry (µPIV), showing that flows possess good repeatability and
controllability. H9c2 cardiomyocytes, adhered opposite to the microbubbles at a separation
distance of approximately 150 µm, were stressed with microstreaming and their viability was
measured. This was carried out in order to assess the applicability of the device to biomedical
research. This research is thought to be the first in depth analysis of the controllability and
repeatability of microstreaming in the context of stressing cells. Furthermore, it is thought to be the
first demonstration of inflicting controlled cell death by stable cavitation microstreaming at a
distance of 150 µm.
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“All truths are easy to understand once they are discovered; the point
is to discover them.” - Galileo Galilei
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1

Introduction

During the past three decades it has become established that shear stress on the cell membrane,
generated by biological fluid flows in vivo [1], is an important biological stimulus playing a role in
the regulation of numerous cellular processes. Prior research has demonstrated that these
processes include apoptosis, cellular differentiation [2], cellular proliferation [3], regulation of cell
metabolism [4] and regulation of inflammatory responses [5, 6]. The biological fluids primarily
associated with the generation of in vivo shear stresses are those of the circulatory system [5] and
skeletal system [7]. A particularly promising subfield within this research is the stressing of cells in
order to porate their membranes [8]. Cellular poration has potential as an efficient non-viral vector
for targeted gene [9] and drug delivery [10]. The continuation of research in this exciting field
requires the development of an effective method for generating shear stress on cells.
During the literature review (chapter 4), four methods for applying shear stress to cells were found.
Two of those reported were the use of cone-plate viscometers and poiseuille flows, commonly used
for researching the effects of in vivo shear stress [11]. The third method was non-fluidic and
involved sandwiching cells between two glass cover slips, with the bottom cover slip fixed to a
surface and the top cover slip actuated by a linear displacement actuator [12]. The fourth method
was the use of either inertial or stable cavitation microstreaming [13]. Microstreaming has
commonly been used for cell poration, in which inertial cavitation microstreaming was used in the
large majority of studies (section 4.4.3).
The advantage of a Poiseuille flow is that the average flow speed is precisely controllable. However,
the magnitude of shear stress decreases with channel length because of the dependence of the fluid
boundary layer thickness on the length scale over which it is formed. Disadvantages of poiseuille
flow include the significant increase in static pressure required to drive the flow [14] and the
severely limited scope for their use in vivo or for stressing suspended cells. Cone-plate viscometers
have similar advantages and disadvantages to Poiseuille flow, though poses greater scope for use
with suspended cells [1]. In contrast, microstreaming possesses scope both for in vivo use and for
stressing suspended cells but suffers from a lower degree of controllability vis-à-vis poiseuille flows.
This is particularly true of inertial cavitation, which has a limited scope for achieving controllability
because it is a single event occurring at a predefined acoustic pressure amplitude [15].
The central theme of the thesis is the control of stable cavitation microstreaming as a method of
applying shear stress to the cell membrane. Stable cavitation microstreaming is the generation of
time invariant fluid vortices in the vicinity of micron scale gas bubbles. The vortices are the physical
manifestation of Reynolds stresses that arise due to attenuation of an acoustic wave by the
microbubbles (Figure 1.1.a) [16]. In contrast, inertial cavitation microstreaming refers to powerful
fluid jets that arise from the inertial collapse (implosion) of gas microbubbles oscillating in high
amplitude acoustic fields [15](Figure 1.1.b). From here onwards the terms ‘microstreaming’ and
‘cavitation microstreaming’ will be used specifically in reference to stable cavitation
microstreaming.
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Cavitation microstreaming shares many of the advantages of both poiseuille flows and of inertial
cavitation. The speed of cavitation microstreaming flow can in principle be regulated, as is the case
with a poiseuille flow [17]. Furthermore, much like inertial cavitation, cavitation microstreaming
does not result in large increases in static pressure and can be applied to suspended cells, which
offers scope for use in vivo. However, whereas poiseuille flows can produce flow that is
homogenous within each plane; cavitation microstreaming around single microbubbles is
inherently inhomogeneous by its nature.
a)

b)

Figure 1.1: (a) Illustration of cavitation microstreaming around a stably oscillating microbubble adhered
by surface tension [18]. (b) A vector field showing a fluid jet formed by the inertial collapse of a
microbubble near a wall at a high acoustic pressure amplitude [19].

A major obstacle in achieving controllable and repeatable shear stress with cavitation
microstreaming is thought to be reproducibility of the experimental conditions. Although it is
theoretically possible to exert precise control on the average flow speed there are multiple
experimental factors that could prevent control from being achieved. These factors include an
inhomogeneous distribution of microbubble sizes, the effect of acoustic radiation forces on the
position of microbubbles in suspension, temporal variation in microbubble size due to gas diffusion
and spatial gradients in the acoustic pressure field. Furthermore, in order for a controlled flow
speed to yield a controlled shear stress, control must also be exerted on the microbubble to cell
spacing.
Past research has demonstrated that cavitation microstreaming is capable of generating
magnitudes of shear stress useful for biomedical applications [20]. However, the focus of such
research has either been theoretical [20-23] or relied on microbubbles in extreme proximity to cells
[24]. Furthermore, when a fixed distance was desired between microstreaming sources and cells,
cavitation microstreaming was substituted with non-bubble driven acoustic streaming [25]. There
are several examples of the characterisation of microstreaming in the literature [26-29] however
very little has been reported on its controllability or repeatability. Moreover, it is assumed by some
that microstreaming lacks the speed required to stress cells for biomedical applications
(section 4.3).
Several microfluidic devices were designed and fabricated throughout the project. These devices
were planar acoustic resonators in which standing waves were setup in thin fluid channels.
Important features of the final device include the minimisation of acoustic radiation force,
adherence of microbubbles to a surface of the device and the ability to carry out relatively high
throughput experiments with adhered cells. Within the devices, microstreaming was generated,
characterized and applied to cells.
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2 Aims and Objectives
The aim of the project was to harness microstreaming as a tool for stressing biological cells. The
scope of the project includes generating and characterising microstreaming and assessing its use
for bringing about a physiological response by cells.
The experimental approach is summarised in five individual objectives, these are:


To develop the capability to characterize microstreaming flows at a high spatial resolution.
This is to be accomplished primarily through the use of micro particle image velocimetry
(μPIV), to obtain 2-dimensional vector fields of the flow in the focal plane of imaging.



To

investigate

methods

for

generating

repeatable,

controllable

and

targetable

microstreaming flows around microbubbles within a controlled environment.


To assess the repeatability and controllability of microstreaming within the device. Such
measurements will aid in demonstrating the scope for inflicting physiological responses by
cells to microstreaming.



To develop a methodology for applying microstreaming to cells and use it to assess the
controllability and repeatability with which a physiological response by cells can be
controlled using microstreaming.
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3 Thesis Outline
Chapter 4 contains the literature review, partitioned into 4 subchapters reviewing acoustic
streaming, microbubble dynamics, cavitation microstreaming and the biological effects of
mechanical stress.
Chapter 5 contains the experimental methodology, partitioned into 5 subchapters: peripheral
equipment, microfluidic devices, µPIV system, Expancel microbubbles and the biological protocol.
In chapter 6
 the µPIV system was validated against manual measurements of syringe pump
induced flows and microstreaming flows.
In chapter 7 microstreaming was characterised in order to assess its repeatability and
controllability. This was carried out by micro particle image velocimetry (µPIV) and by measuring
particle streak lengths from streak images of microstreaming.
In chapter 8 biological control experiments were carried out to assess the methodology for stressing
cells with microstreaming. The methodologies were adapted from standard methodologies used in
cell biology for microfluidic applications.
In chapter 9 experiments were carried out to assess the use of microstreaming to mechanically
stress cells. This was carried out by applying microstreaming to cells at different voltages and
assessing viability. The ability to reproducibly reduce cell viability would demonstrate in principle
that additional cellular effects may be controllable at lower voltages.
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4 Literature Review
The literature review is partitioned into four subchapters as follows.
Subchapter 4.1 is a review of the wider field of acoustic streaming. The subchapter is partitioned
into two sections. The first section provides a qualitative overview of the mechanisms which
generate acoustic streaming and of the physical characteristics of the resulting fluid flows. The
second section reviews the governing equation for acoustic streaming, the various assumptions that
can be placed on it and a few of the most important closed form solutions to the equation.
Subchapter 4.2 is a review of microbubble dynamics. The subchapter is partitioned into four
sections. The first section reviews experimental work and mathematical models (in particular the
Rayleigh-Plesset equation) for radial oscillation of free microbubbles. The complete range of
oscillation amplitudes are covered, from low amplitude linear oscillation through to high amplitude
non-linear oscillation and inertial cavitation. The second section is a review of the translational
oscillation of free microbubbles, namely those oscillations caused by primary and secondary
radiation forces as well as those caused by the displacement of the surrounding liquid during radial
oscillation of the microbubble. The third section reviews the effect of the encapsulation of a
microbubble by a solid shell, on the stability and dynamics of the microbubble. The fourth section
reviews the effect on dynamics of the confinement of a microbubble to within small diameter
compliant and non-compliant capillaries as well as the effect of increased liquid viscosity, as would
be experienced by microbubbles located within blood inside the cardiovascular system.
Subchapter 4.3 is a review of cavitation microstreaming and the resulting flows. The subchapter
reviews the physical characteristics of cavitation microstreaming flow both qualitatively and
quantitatively for free microbubbles as well as for encapsulated microbubbles, including both
experimental results and some of the main theoretical models.
Subchapter 4
 .4 is a review of the biological effects of fluid shear stress on cells. The subchapter is
partitioned into three sections. The first section reviews the effect of fluid shear stress and of the
absorption of ultrasonic waves on the viability of mammalian cells. The second section reviews
interesting instances of biological effects caused by fluid shear stress on cells that possess signalling
pathways that can be activated by mechano-chemical signal transduction. The third section reviews
the fluid shear stress mediated poration of the cellular lipid bilayer membrane as a method for
targeted drug and gene delivery into the cytoplasm.
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4.1 Acoustic Streaming
The attenuation of a sound wave propagating through a fluid leads to the generation of a time
averaged Reynolds stress in the fluid as dictated by the law of the conservation of momentum. The
steady flow resulting from the Reynolds stress is termed acoustic streaming. The first theoretical
model to adequately describe the steady flow was derived by Rayleigh in his paper [30] “On the
Circulation of Air observed in the Kundt’s Tubes, and on some Allied Acoustical Problems.” Within
his paper Rayleigh treats three cases of streaming observed experimentally by Faraday and Dvorak.
The first two cases relate to the observations made by Faraday [31] on the patterns assumed by
sand and fine powders on Chladni’s vibrating plates. The third case relates to the observations
made by Dvorak [32] on the circulation of air currents in a Kundt’s tube.
In the many years that have passed since Rayleigh published his landmark paper, a large volume of
related work has been published. The published work has vastly expanded our understanding of
streaming both on the theoretical side and the experimental side. Much of the early work in the
field concentrated on broadening our theoretical understanding including very important papers by
Schlichting [33] and Eckart [34]. These two papers extend Rayleigh’s work to include acoustic
streaming within the solid-fluid boundary layer and streaming caused by the bulk viscosity of the
fluid respectively. Other papers have explored the effect of the geometry of the fluid channel [35]
and of objects within the flow [36-38], on acoustic streaming. The advent of computing has led to
many recent papers being published in which the authors computationally obtain numerical
solutions to the theoretical models derived by previous authors.
The subchapter on Acoustic streaming is partitioned into two sections;
In Section 4.1.1 acoustic streaming is described qualitatively. The various mechanisms by which it
may be generated are explored, with special attention being given to streaming generated by
viscous forces in the boundary layer region. The idea of a Reynolds stress is introduced.
Section 4.1.2 reviews the general formulation of the acoustic streaming equation as adapted by
Nyborg from the Navier-Stokes equation. It differs from the equations used by the authors that
preceded him in that their equations are more specialized. These more specialized equations can be
arrived at by placing simplifying assumptions on to Nyborg’s more general equation. The various
assumptions made by different authors are outlined and their validity is discussed. Some important
solutions for the second order velocity are also reviewed.

4.1.1 A Qualitative Description of Acoustic Streaming
Acoustic streaming is a steady fluid flow formed by the viscous attenuation of an acoustic wave
[39], an acoustic wave being an oscillatory fluid flow that for the case of an ideal fluid would have a
time averaged net particle displacement of zero. It is the net displacement of fluid particles during
each cycle of oscillation, caused by the viscous attenuation in real fluids, that leads to the formation
of streaming flows [40].
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A defining feature of acoustic streaming is that the flows are time invariant for any non-varying
acoustic excitation. Beyond this common characteristic, observed flows may still vary greatly from
one to another depending on the mechanism behind the attenuation of the acoustic wave. The
variations include the velocity of the flow, the length scale of the flow and the geometry of the flow.
The velocity of the flow may vary from being on the order of
to speeds of the order of

in the case of slow streaming up

or more in the case of fast streaming [41]. The length scales of

acoustic streaming flows vary from being on the order of

in the case of microstreaming up to the

order of cm or greater in bulk streaming [41]. The flow geometry may take the form of a jet or of
vortices [41]. The above scales are far from definitive. They are simply the scales at which streaming
is most commonly observed at and as such they are a reflection on the frequencies and acoustic
pressure amplitudes adopted by researchers more than they are a reflection on what is possible.
There are two main mechanisms by which acoustic streaming is generated [17], these are; viscous
attenuation of an acoustic wave in the fluid boundary layer and viscous attenuation of an acoustic
wave in the bulk fluid. These are discussed within the present subsection in addition to other forms
of acoustically generated flow that despite not being generated by viscous attenuation, result in
similar flow forms and so may loosely be described as acoustic streaming.
Viscous forces in the boundary layer
Boundary layer driven acoustic streaming is formed by the viscous dissipation of acoustic energy
into the boundary layer of a fluid along any solid boundary that is comparable or greater in length
than a quarter of the acoustic wavelength [35]. The dissipation into the boundary layer is
comparatively large compared to bulk dissipation because of the steep velocity gradient that is
formed perpendicular to the solid boundary as the acoustic wave propagates parallel to the
boundary. The viscous dissipation results in a steady momentum flux from the pressure anti-nodes
to the nodes of the acoustic wave. In the case of a standing wave the spatially fixed pressure nodes
and antinodes result in a time averaged momentum flux and therefore a steady boundary layer
vorticity, termed inner boundary layer streaming or ‘Schlichting streaming’ [33], named after
Hermann Schlichting who first modelled them mathematically. The powerful inner boundary layer
streaming flow generates counter rotating streaming vortices within the bulk of the fluid
accordingly named outer boundary layer streaming or ‘Rayleigh streaming’ [30] named after
Rayleigh who first modelled them mathematically. The diagram, Figure 4.1, shows half of a system
of inner and outer boundary layer streaming vortices, with the centreline forming an axis of
symmetry. It can be seen that there are two vortices per half wavelength along the direction of
acoustic propagation. When the dimension perpendicular to the boundary becomes great in
comparison to the acoustic wavelength, the Rayleigh streaming vortices do not form properly [42].
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Figure 4.1: A system of inner and outer boundary streaming vortices depicted for half of a channel and
over a distance of half a wave-length. The flow is symmetric about the centre line [41].

The formation of boundary layer streaming is not limited to the boundaries of the fluid channel.
Streaming flows can be generated at the boundaries of solid objects contained within the fluid
channel. Streaming around vibrating tubes with circular, triangular and square cross sections
respectively is shown in Figure 4.2 (the tubes are the small dark central regions in each photo).
a)

b)

c)

Figure 4.2: Streaming flows around vibrating tubes of (a) circular, (b) triangular and (c) square cross
sections respectively [36-38].

Surprisingly few studies have been carried out to characterize the velocity of boundary layer driven
streaming flows. Two PIV studies were carried out by Nabavi et al. [43, 44] on a macro scale in air
excited at a low acoustic pressure amplitude and at frequencies in the region of 1 kHz, in order to
determine the streaming velocity in a standing wave resonator. The maximum streaming velocity
that they observed was of the order of several

. Such results tell us very little about what can

be expected at the micro scale in a liquid excited at a much higher frequency. Frampton et al. [45]
undertook a theoretical study to scale down streaming flows to microfluidic scales. They discovered
that as the size of the channel is decreased, inner boundary streaming becomes a larger proportion
of the total streaming flow and that the total streaming velocity falls. Additionally, they found that
as the ultrasound frequency increases so too does the streaming velocity, though the inner
boundary region becomes significantly smaller (being less than 1μm thick at a 1 MHz frequency).
They predicted a streaming velocity of over 100

at an acoustic intensity of 3

(about

210 kPa) in channels with heights of 1 mm and acoustic frequencies at the low MHz range. Spengler
et al. [46] studied the effect of outer boundary layer streaming on the agglomeration of 1, 15 and 25
μm particles in the nodal plane of a half wavelength standing wave with an acoustic pressure
amplitude of 0.5 MPa and a frequency of 3.17 MHz. They observed that whilst the larger particles
agglomerated, the 1 μm particles did not do so because the drag from the streaming flow overcame
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the secondary radiation force (see section 4
 .2.2). PIV vector fields of the in-plane velocity of the
1 μm particles showed that the particles diverged from a point source and reached maximum
velocities of about 150

. The velocities are lower than those typical of cavitation

microstreaming (subchapter 4.3) and so when boundary layer driven acoustic streaming appears in
conjunction with cavitation microstreaming, the former is unlikely to have a significant influence
on biological cells.
Dissipation of energy into the bulk of the fluid
Eckart streaming is the streaming flow formed by the dissipation of acoustic energy into the
bulk of a fluid [34]. As an acoustic wave propagates through a fluid, a portion of its acoustic energy
is absorbed by the fluid at a rate that is proportional to the square of the sound frequency (as
dictated by Stoke’s law of sound attenuation). The amplitude of the acoustic wave becomes
attenuated, causing the acoustic pressure amplitude to decrease with distance from the acoustic
source. The loss of acoustic energy results in a steady momentum flux, forming a jet of fluid in the
direction of acoustic propagation. For the case of a fluid jet formed within the confinement of a
microfluidic channel, vorticity will typically ensue, resulting in fluid circulation within either part of
or within the entire channel (Figure 4.3).

Transducer

Figure 4.3: Illustration of a typical Eckart streaming flow within a confined region, consisting of a fluid jet
and resultant black flow.

Matsuda et al. [47] used Doppler velocimetry to measure the velocity of an Eckart streaming jet in
water generated by a focused acoustic transducer operated at a pressure amplitude of 40 kPa and a
frequency of 3.45 MHz. The fluid jet was approximately 1 centimetre in diameter with a maximum
flow velocity that exceeded 5

. Along the radial axis, the velocity was greatest at the centre of

the jet whilst axially the velocity peaked at approximately 60 mm from the transducer surface.
Cosgrove et al. [48] reported flow velocities of up to 5
sonicating water at an acoustic intensity of 3

and a jet length of 10 cm when

(about 210 kPa) and a frequency of 3.5 MHz.

They reported radial and axial distributions of flow velocity that mirror those reported by Matsuda
et al. [47]. It was stated by Squires et al. [49] that in order to generate significant Eckart streaming
the channel dimension that forms the length through which the acoustic wave propagates must be
of comparable to or greater length than the acoustic attenuation length. They state that this length
is 8.3 mm in water at 50 MHz and that this length is inversely proportional to the square of the
frequency. At a microfluidic scale and at frequencies towards the lower end of the MHz range, the
relevant dimension of the channel is going to be as much as 3-4 orders of magnitude smaller than
the attenuation length, suggesting that Eckart streaming will not take place. Eckart streaming may
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occur in both standing and travelling waves but will occur at a greatly diminished velocity in the
former because Reynolds stresses are generated in both directions, largely cancelling each other
out.
A change in the geometry of the fluid channel
The streaming flow generated by a fluid passing through an orifice is referred to as jet
streaming. When fluid is sucked through an orifice by the pressure drop that occurs during the
negative segment of an acoustic wave, the fluid enters the orifice from all directions as shown in
Figure 4.4 [41]. When the fluid is forced through the orifice by the higher pressure segment of the
acoustic wave, it forms a fluid jet (Figure 4.4) due to flow separation. A time averaged net flow is
generated by the difference in the flow [41]. Although strictly speaking this is not acoustic
streaming, it is a form of acoustically generated flow and has flow characteristics similar to that of
Eckart streaming. Experimental work by Ingard et al. [50] has demonstrated that the jets can attain
velocities of over 1 meter per second, potentially making jet streaming the fastest of all the fluid
flows discussed here. However, these experiments were conducted at frequencies of less than 1 kHz.
A positive correlation between the acoustic wavelength and the streaming velocity would mean that
at the higher frequencies typically used in microfluidics, the jet velocity will be much lower.

Figure 4.4: Streamlines of flow during (a) suction and (b) ejection of fluid through a cavity [41]. The
variation in the flows results in a net time averaged flow.

No literature could be found on jet streaming at higher acoustic frequencies. Precise data about the
velocity is not important here since jet streaming will not be generated inadvertently within the
project. This is because of the fact that it requires the fluid to pass through an orifice significantly
smaller than the cross section of the fluid channel.
Travelling wave streaming
Travelling wave streaming is the net motion of a fluid particle (i.e. the Lagrangian velocity) in a
travelling wave in the direction of wave propagation. This type of streaming is more commonly
known as Stoke’s drift and is commonly observed in SAW propagations. Stokes drift has important
applications such as mass transfer, however is often neglected from discussions on streaming. The
reason for this is that it is not dependent on acoustic attenuation; rather it is caused by a phase
difference between the velocity and density fluctuations in the fluid during the propagation of a
travelling wave [41].
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4.1.2 The General Formulation of the Streaming Problem
It was explained in section 4.1.1 that there are two different mechanisms of sound attenuation that
lead to the generation of acoustic streaming flows and that the resulting flows vary in size and
speed depending on the mechanism of attenuation. Despite these distinctions between the flows
one should not lose sight of the inherent similarity that exists between the ways in which the two
main types (Eckart and boundary layer streaming) of streaming flow are generated. Once their
similarity is appreciated it becomes easy to see that in its most general form the same governing
equation can be used to model both boundary layer induced streaming and Eckart streaming.
The governing equation for streaming is the Navier-Stokes equation which gives the velocity of a
fluid parcel under the assumption that all forces on the parcel are as a result of fluid viscosity,
pressure gradients or a body force. A common formulation of the equation for a compressible fluid
as derived by Nyborg, [51] is;

[

⃗

⃗ ∇ ⃗]

[

∇

]∇∇ ⃗

∇

∇

⃗

Eq. 4.1.1

The left hand side of the equation is the convective derivative multiplied by the fluid density ,
where t is the time. The terms on the right hand side are the pressure difference ∇ and the viscous
terms [

]∇∇ ⃗

∇

∇

⃗ ], with

being the bulk viscosity. The body force due

to gravity has been neglected due to its minimal effect at small length scales. The equation can be
rewritten as;
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⃗
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[

∇

]∇ ∇ ⃗

∇ ⃗

Eq. 4.1.2

By using Euler’s equation for the conservation of mass and then proceeding by taking the time
average 〈

〉 of the resulting equation the above equation is transformed into [51];
〈 ⃗

∇ ⃗ 〉

〈⃗

∇ ⃗

〉

[

∇

]∇ ∇ ⃗

∇ ⃗

Eq. 4.1.3

This equation is the general form of the streaming equation and has been adapted by many authors
to obtain more specialized equations for specific cases of acoustic streaming. Within the equation,
the variations in density, pressure and velocity from their ambient values are represented as being
the sum of their first and second order components, as shown in Eq. 4.1.4. Each of

and ⃗ are

ambient values of fluid density, pressure and velocity respectively. The subscript 0’s are constants
denoting the maximum change of that parameter from its ambient value. The subscript 1’s and 2’s
are the first and second order values respectively. Higher orders have been neglected due to their
small magnitude not warranting their inclusion.

Eq. 4.1.4

⃗

⃗

⃗

⃗

There are several prerequisites to solving the equation. Simplifying assumptions must usually be
made about the equation in order to obtain a simplified version of the equation for which a closed
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form solution exists. Additionally, an expression for the first order velocity ⃗ must be chosen based
on the situation being modelled. Using the expression for ⃗ and any other information that may be
required, a solution for the streaming velocity ⃗ can be obtained.
There are a number of simplifying assumptions that can be made. It is often permissible to assume
that the fluid is inviscid, resulting in the coefficients of viscosity

and

becoming equal to zero.

Using this assumption simplifies the streaming equation, resulting in Eq. 4.1.5. Although no real
liquid is free of viscosity the assumption holds as long as the viscous forces are of a low magnitude.
For this reason applying the assumption will limit the validity of the equation to the region outside
of the fluid viscous boundary layer. Within the fluid boundary layer there are large viscous forces, if
they are omitted then there will be no boundary layer streaming.

〈 ⃗

∇ ⃗ 〉

〈⃗

∇ ⃗

〉

∇

Eq. 4.1.5

Another possible assumption is that the fluid is incompressible. This assumption can be placed on
either the first or the second order flow. For an example of placing it on a first order flow, refer to
the work by Westervelt [52] where it is used on an equation for flow vorticity, derived from the
general streaming equation. The assumption can also been placed on the second order component
of velocity ⃗ . The mathematical interpretation of this assumption is that ∇ ⃗

. Substituting

this result into the streaming equation, gives Eq. 4.1.6;

〈 ⃗

∇ ⃗ 〉

〈⃗

∇ ⃗

〉

∇

∇ ⃗

Eq. 4.1.6

The flow can also be assumed to be irrotational. This assumption is only valid for the first order
velocity ⃗ and is only valid outside the viscous boundary layer. Inside the boundary layer the
gradient of the velocity profile caused by the viscous forces introduces vorticity in to the flow. The
mathematical interpretation of the irrotational flow is that ∇

⃗

. Placing this assumption on

the general streaming equation will not simplify it since there is no ∇

⃗ term. When the curl of

the general equation is taken (prior to it being time averaged) to obtain the second order vorticity
, there appears a ∇

⃗ term. Westervelt used the assumption of an irrotational flow on the curl

of the general streaming equation and obtained;
∇

〈 ∇∇ ⃗

⃗ 〉

Eq. 4.1.7

Any one of these three simplified governing equations can be used to simplify the relationship
between the first and second order flow velocities. As long as the assumptions being made are
justifiable, the resulting second order flow velocity will be close to that which would have been
obtained by solving the general streaming equation. In each of these equations the first order flow
velocity is a variable that must be chosen and so there is no single most correct solution to the
equation. Within the remainder of the subsection the original solutions obtained by Rayleigh,
Schlichting and Eckart are outlined.
In Rayleigh’s model for acoustic streaming outside of the viscous boundary layer [53], based on the
Navier-Stokes equation, two equations are derived for the two dimensional second order flow
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generated by the interaction of a viscous fluid subject to acoustic excitation, with a solid boundary.
His solutions (using expressions for the first order flow that can be found in his paper as equation
78) for the second order flow velocity in the y (Eq. 4.1.8.a) and x (Eq. 4.1.8.b) directions are;
{

}

{

Eq. 4.1.8.a

}

Eq. 4.1.8.b

Here, the x axis is parallel to the solid boundary and begins at any pressure node, the y axis begins
at the wall, k is the wave number and c is the speed of sound. Rayleigh’s equations are only valid for
streaming outside of the viscous boundary layer because he assumed that the liquid is inviscid. The
second order flow inside the viscous boundary region has been derived by Schlichting (Eq.4.1.9)
[33, 41]. It can be seen that both of Rayleigh’s and Schlichting’s equations contain either a
term or a

term, causing the flow to change direction every half wavelength. Here,

the coordinates are the same as Rayleigh’s,
the viscous penetration depth,

is a non-dimensional distance,

is the angular velocity,

is

√

is the kinematic viscosity and

√

is the boundary layer thickness.
Eq. 4.1.9.a
Eq. 4.1.9.b
Eckart derived an expression for the second order flow generated by the bulk attenuation of an
acoustic wave [34]. He did this by taking the curl of eq. 4.1.6 for an incompressible flow in order to
obtain an equation for the flow vorticity. By using the expression

for the first order

pressure variation it is assumed that a beam of sound with a radius
infinitely long non-reflecting cylinder of radius

is traveling through an

which has frictionless boundaries. Eckart’s

solution for the second order flow velocity is;
[ (

)

(

[(

)
)

],
],

0≤ x ≤ y
y≤ x ≤ 1

Eq. 4.1.10.a
Eq. 4.1.10.b
Eq. 4.1.11

It can be seen from Eckart’s equations that the second order flow velocity is proportional to G and
therefore also proportional to the coefficient of sound attenuation and inversely proportional to
viscous damping. Here
sound and

and y

where r is the distance from the centre of the beam of

is the coefficient of sound attenuation.
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4.2 Microbubble Dynamics
The dynamics of microbubbles in an acoustic field is far more complex than that those of solid
particles. Microbubbles experience motion due to primary and secondary acoustic radiation forces,
as do solid particles (section 4
 .2.2). In addition, microbubbles experience motion that is a
consequence of their compressibility. The dynamics can be divided in to two parts. There are radial
oscillations where the microbubbles radius changes with time but its spatial position remains fixed.
There are also translational oscillations where the microbubble maintains a fixed shape and size
but oscillates spatially. The radial and translational oscillations are typically coupled, occurring
together and influencing each other. To provide an example, radial oscillation causes the
microbubble to displace the surrounding fluid. This action generates a reaction force which is the
cause of the well-known zigzagging motion of oscillating microbubbles [54]. Similarly, the drag
force generated by the translational motion of microbubbles can impact upon the radial oscillation
[55]. This subchapter of the literature review comprises of 4 sections:
The first section reviews the radial oscillation of free microbubbles. In addition to giving a physical
interpretation of the radial oscillation of microbubbles, the Rayleigh-Plesset equation for the radial
motion of bubbles is reviewed. The assumptions made within the Rayleigh-Plesset equation and
their validity are explored.
The second section reviews the translational motion of microbubbles. The review includes the
motion due to primary and secondary radiation forces in both standing and travelling waves, nonlinear effects of the acoustic radiation force and the translational motion caused by the
displacement of fluid during radial oscillations.
The third section reviews the radial dynamics of encapsulated microbubbles. The review reveals
how the encapsulation of a microbubble alters both the time and frequency response of the
microbubble oscillation as well as the gas diffusion behaviour, as compared to free microbubbles
reviewed in the first section of the subchapter. An emphasis is placed on the review of experimental
data on the dynamics of encapsulated microbubble at various acoustic pressure amplitudes.
The fourth section reviews the dynamics of microbubbles inside the circulatory system. Both the
effect of the confinement of microbubbles to within small radii blood capillaries and the effect of
the fluid properties of blood (which differ somewhat from water) on the dynamics of microbubbles
are reviewed. This is important if microbubbles are to be used in vivo, which is not the case in this
project but is certainly of interest within the wider picture.
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4.2.1 Radial Oscillations
Before considering encapsulated microbubbles (section 4.2.3), the simple case of a free
microbubble is considered. A free microbubble in a fluid (fluid referring to a liquid phase
surrounding the microbubble, unless specified otherwise) that is subjected to an acoustic excitation
will experience a pressure and frequency dependant variation in volume. The variation (called a
radial or volume oscillation) is caused by a change in the acoustic pressure amplitude in the fluid.
As an example, suppose that the pressure of the fluid surrounding a microbubble is reduced from
its current static value to a lower static value in an infinitesimally short period of time. The
microbubble will be forced to expand by its internal pressure. As the microbubble expands, its
internal pressure drops so that the microbubbles internal pressure reaches equilibrium with the
surrounding fluid (in actual fact, at steady state the microbubbles internal pressure is higher than
the fluid pressure because of the microbubble’s surface tension). As a result of the fluid’s inertia,
the microbubble continues to expand beyond its new equilibrium radius so that its internal
pressure falls to below the pressure of the surrounding fluid. As the microbubbles kinetic energy
diminishes, the pressure difference between the microbubble and the fluid increases until the
kinetic energy is fully converted into a pressure difference and the microbubble begins to contract.
Once again the microbubble will overshoot its equilibrium radius. With each repeat oscillation the
amplitude of oscillation falls due to damping.
In an alternating pressure field at a frequency below the microbubble resonance frequency, the
microbubble will be forced to oscillate at the frequency of the pressure field. The closer the acoustic
frequency is to the microbubble’s resonance frequency, the larger the oscillation amplitude will be.
If the frequency of the pressure field is above the resonance frequency of the microbubble, the
microbubble will oscillate in anti-phase to the driving acoustic pressure field and at a reduced
amplitude [56].
Microbubble oscillation can be classified as being either stable or transient. Stable oscillation
(known as non-inertial cavitation) is oscillation in which the microbubble maintains stability and
therefore continues to oscillate perpetually. Transient oscillation (known as inertial cavitation) is
short lived oscillation that occurs in high amplitude acoustic fields. The high pressure amplitude
causes the microbubble to expand outwardly at high speed during the peak negative pressure of the
acoustic wave. During the subsequent contraction phase, the contractile force is so large that it
leads to the rapid collapse of the microbubble, generating a shockwave. Inertially cavitating bubbles
may reach temperatures in excess of 10,000 °C and producing visible light in a process known as
sonoluminescence [57]. The process is shown diagrammatically in Figure 4.5.
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Figure 4.5: From left to right, the bubble expands outwards and then violently collapses, emitting visible
light in a process known as sonoluminescence.

The basic equation for the radial oscillation of a spherical microbubble is the Rayleigh-Plesset
equation, expressed in terms of microbubble radius in equation 4.2.1 [58] (less frequently also in
terms of volume [59]). Here,

is the bubble radius,

is the surface tension,

is the fluid pressure

at the fluid-gas interface and p(t) is the instantaneous acoustic pressure. The equation predicts
microbubble oscillation according to the interchange between kinetic and potential energy as
described in the opening paragraph of the section. It assumes the microbubble to be in an
unbounded and incompressible fluid containing no other microbubbles. Furthermore it assumes
that the microbubble maintains spherical symmetry. It assumes that bulk viscous effects are
negligible, that the density of the fluid is much greater than the density of the gas, that the acoustic
wavelength is much larger than the size of the microbubble, that the microbubbles gas content is
constant and that the pressure is uniform throughout the microbubble at any point in time.

̈

̇

(

̇

)

Eq. 4.2.1

It is this equation (as was modified by Plesset to include the surface tension and viscous damping
terms) that forms the foundation upon which other models have been developed. For low
amplitude microbubble oscillation a closed form solution can be obtained by linearizing the
equation [60]. The resulting time response is a cycle of periodic oscillations as shown in Figure 4.6.

Figure 4.6: Harmonic radial oscillation predicted by the Rayleigh-Plesset model for a microbubble driven
at resonance in a low amplitude acoustic field [60].

An expression for the resonance frequency of the oscillation of a microbubble in an unbounded
fluid was derived by Minnaert [61]. The derivation makes use of the polytropic law of compression
(Eq. 4.2.2). Here

is the equilibrium microbubble radius,

is the polytropic exponent,

is the
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sum of all steady and unsteady pressures inside the microbubble and

is the value of

( )

at

Eq. 4.2.2

using this approximation is given by;

The expression for the resonance frequency

Eq. 4.2.3
Though Eq. 4.2.1 is accurate at low pressure amplitudes, as the pressure amplitude increases and
therefore so too does the amplitude of the microbubble oscillations, both the time and frequency
responses of the microbubble are affected in ways that are not well predicted by the RayleighPlesset equation. The validity of the assumptions made within the Rayleigh-Plesset equation are
briefly explored here based on experimental observations and models from the literature.
An unbounded fluid
The boundary at a solid-fluid interface exerts a reaction force on the fluid displaced by a nearby
microbubble, through the condition that at the boundary the component of fluid velocity
perpendicular to the boundary must be zero [62]. The backwards propagation of this force
dramatically affects both the time and frequency response of the microbubble if it is close to the
boundary. The accuracy of assuming an unbounded fluid (i.e. an infinite fluid) will depend on the
ratio of the distance between the microbubble and the closest boundary, to the microbubble radius.
When the former is larger than the latter by two orders of magnitude or more, then the effect of the
boundary on the microbubble oscillations becomes insignificantly small [63]. Although
microbubbles undergoing large amplitude oscillations are affected far more than those with small
amplitude oscillations, the latter are still affected significantly if they are close enough to the
boundary. The consequences of the solid boundary are reviewed separately and in depth in
section 4.2.4.
Fluid compressibility
Lord Rayleigh neglected fluid compressibility in favour of obtaining a simpler equation, because
with a compressibility of about

, water will compress by less than one tenth of one

percent under a load of 20 atmospheric pressures. The trouble with this assumption is that it comes
with the consequence of an infinite speed of sound. When the wall velocity of the microbubble is
low in comparison to the speed of sound then it can be assumed that the speed of sound is infinite
without losing accuracy; for higher wall velocities this will not be the case. It can be seen in the
Herring-Trilling equation for microbubble oscillations in a compressible fluid [Eq. 4.2.4] that for a
microbubble wall velocity who’s Mach number does not approach zero, the compressibility of the
fluid does in fact affect the microbubble oscillations appreciably.

̇

̇

̇
̇

Eq. 4.2.4
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The microbubble wall velocity is dependent upon the amplitude of oscillation. During low
amplitude oscillations the wall velocity will be low and so the assumption of an incompressible fluid
will be valid. During large amplitude stable cavitation, the peak wall velocity can reach in excess of
1% of the speed of sound in water [64]. In such a scenario the assumption of incompressibility will
result in a small disparity between theory and practice. This was inferred from the fact that for the
Herring-Trilling equation, at M=0.01 the first term on the left hand side will fall by 2% and the
second term by 4% as compared to M=0. During the inertial collapse of a microbubble, wall
velocities of over 2000

can be reached [65] and so when modelling the collapse of a

microbubble undergoing inertial cavitation it is incorrect to assume fluid incompressibility.
Single microbubble
The assumption of a single oscillating microbubble is used to avoid having to model the effect on
the radial oscillation of the interactions between microbubbles. When an acoustic wave propagates
through a fluid containing microbubbles, the microbubbles scatter the oncoming wave [66]. The
scattering of the wave is responsible for the secondary Bjerknes force between oscillating
microbubbles [66], for a reduction in resonance frequency of the microbubbles [67] and for the
attenuation of the acoustic wave [66]. The presence of microbubbles also reduces the speed of
sound at high microbubble concentrations [56]. The effect of acoustic scattering by multiple
contrast agent microbubbles has been modelled by Stride et al. [68] in order to investigate the
effect of multiple scattering. It was found that for microbubbles with a radius of 4 μm or above and
at concentration of at least

microbubbles per ml, the attenuation of sound by each microbubble

increased when multi-scattering was taken into account. The magnitude of the effect is dependent
on the acoustic pressure amplitude but may still occur at low pressure amplitudes. This behaviour
was not found to occur with smaller microbubbles modelled at the same microbubble
concentrations because their volume fraction is much smaller. The viability of cells sonicated in a
medium containing contrast agent has been shown to reach a minimum at a specific concentration
of contrast agent [69]. Above this concentration cell viability rises, presumably due to acoustic
attenuation. The minimum cell viability typically occurs at microbubble concentrations that are far
higher than those at which Stride et al. [68] predicted that the coefficient of acoustic attenuation
will begin to rise.
The assumption of a spherical shape
Microbubbles favour a spherical shape due to it being the geometry that minimizes their surface
energy. Indeed, in the absence of an external force (e.g. adhesion to a boundary) a non-spherical
microbubble will be forced to assume a spherical shape by its surface tension. Non-spherical modes
of microbubble oscillation can come about as a result of solid boundaries disrupting energy
propagation through the fluid. Non-spherical modes of microbubble oscillation can also be caused
by large amplitude microbubble oscillation [70]. In the case of large amplitude microbubble
oscillation, the spatial variation in the internal pressure field (previously assumed uniform)
becomes large enough to overcome the surface tension, resulting in non-spherical modes of
oscillation called shape mode oscillation [71].
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Bulk viscous effects
Bulk viscosity arises from the compressibility of the fluid and so by assuming incompressibility of
the fluid one creates a model that is free of bulk viscous effects[72]. Moshaii et al. [73] have
developed a model that takes into account the bulk viscosity in compressible fluids. Their results
show that during stable cavitation, bulk viscous damping does not affect microbubble oscillation.
They do show that once the inertial collapse of a microbubble has occurred, the bulk viscous
damping acts to reduce the amplitude of post-collapse rebound oscillation of the microbubble as
compared with previous models that failed to account for bulk viscous damping [Eq. 4.2.1]. Their
results fit in well with experimental observations of strong damping (even more so than predicted
by Moshaii et al.) of the post collapse rebound [56].
The density of the fluid is much greater than the density of the gas
The assumption that the density of the fluid is much greater than the density of the gas is made so
that the kinetic energy of the gas phase can be ignored due to it being much smaller than that of the
fluid phase. This holds true since the density of water is larger than that of air by 2 orders of
magnitude. It should be noted that the fact that the kinetic energy of the gas phase can be ignored
does not mean that the potential energy of the gas phase can be ignored.
The infinite acoustic wavelength approximation
If the acoustic wavelength in the gas phase is far greater than the radius of the microbubble, the
pressure gradient across the microbubble will be extremely small [58]. It is assumed by Rayleigh
and Plesset that at a sufficiently large wavelength, the pressure gradient within the microbubble is
effectively zero. Not only is the large wavelength important for achieving spherical oscillation, it
also affects the microbubble’s thermodynamic cycle of expansion and contraction. As the quantity
R/λ becomes small, the microbubble’s thermodynamic cycle becomes close to an isothermal
process. As the quantity R/λ becomes large the microbubble oscillation becomes close to an
adiabatic process [74]. The value of the polytropic exponent, , of the polytropic relation [eq. 4.2.5]
(used as a simple way to obtain a relationship between the internal gas pressure of the microbubble
and its radius) is dependent upon the type of thermodynamic cycle taking place.

( )

Eq. 4.2.5

If the process is isothermal then the polytropic exponent becomes unity. If the process is adiabatic
then the polytropic exponent becomes equal to the ratio of the specific heats. Both of these
processes are theoretical ideals that cannot be achieved in reality. The infinite wavelength
assumption is therefore really an assumption that the microbubble oscillation represents an
isothermal process. There is no thermal damping during either theoretical process since in an
adiabatic process there is no heat exchange and in an isothermal process the heat gained during
compression is equal to the heat lost during expansion [75].
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It was suggested by Plesset et al. [58] that during low amplitude microbubble oscillation, if the
acoustic wavelength is larger than the microbubble radius by an entire order of magnitude, the
process can be considered isothermal. At a frequency of 1 MHz the acoustic wavelength in the gas
phase (assuming air) is 340 μm. The resonant radius at a frequency of 1 MHz is well under one
tenth of this wavelength [24]. The resonant frequency of the microbubble rises exponentially as its
radius is reduced, (because a smaller microbubble is being considered not because it is contracting)
however even for a microbubble with a radius of only 1 μm, the process can be considered
approximately isothermal down to a frequency of 32 MHz. This is above the resonance frequency of
a typical micron sized encapsulated microbubble [24]. A theoretical study by Prosperetti et al. [76]
where the internal pressure has been obtained numerically rather than by using the polytropic
relation has shown that during high amplitude oscillations, the microbubble behaves in an
appreciably different manner to that predicted using the polytropic relationship. Furthermore, it
was shown experimentally and theoretically by Crum [77] that the polytropic exponent of the gas in
an isothermally oscillating microbubble rises as the microbubble approaches resonance.
It was suggested by Devin [75] that the cause of the thermal damping in microbubbles is that the
gas phase behaves nearly adiabatically at the fluid interface due to the high thermal conduction of
the fluid but that towards the centre of the microbubble it behaves isothermally. This creates a
hysteresis loop due to a phase shift between the change in pressure and the change in volume. As a
result, thermal energy is imparted in to the fluid, with a thermal damping constant as high as 0.1
being reported.
Constant gas content
A change in the gas content of the microbubble will result in a pressure difference between the
microbubble and the surrounding fluid. The pressure difference forces the microbubble to either
grow or decline in size (for an increase or decrease in the gas content respectively) in order to
maintain pressure equilibrium. The change in the size of the microbubble will cause a change in the
resonance frequency of the microbubble and so the amplitude of the radial oscillation will increase
or decrease for a resonance shift towards or away from the driving frequency respectively. The
change in the gas content can occur due to either a change in the water vapour content of the
microbubble or by diffusion of air (or some other gas other than water vapour) into or out of the
microbubble.
The vapour pressure of water at room temperature is approximately 2 kPa and so at acoustic
pressure amplitudes above 100 kPa, water will drop below its vapour pressure during the peak
negative pressure of the acoustic wave. In principal this will cause cycles of vaporization and
condensation of the water which can cause vapour cavitation nuclei to form [78]. It is assumed by
researchers that the vaporization and condensation cycles only affect the thin gas-fluid boundary
layer region of free microbubbles [21] and that within the core of the microbubble the vapour
content is insignificant. No experimental quantifications of the internal vapour content of a
microbubble were found in the literature. However, Matsumoto et al. [79] have predicted that the
inclusion of vapour inside the microbubble will affect the radial oscillation because the increased
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thermal conductivity will alter the thermodynamic cycle. It would perhaps be possible to infer from
this through experimentation what the internal vapour content is.
Air may either diffuse out of a microbubble and become dissolved in the surrounding fluid, or may
diffuse into the microbubble from where it was previously dissolved in the fluid. Free microbubbles
at atmospheric pressure diffuse into their containing fluid extremely quickly [80]. The force behind
their rapid diffusion is the pressure imbalance between the fluid and the microbubble [24]. The
imbalance is caused by the surface tension, which results in the internal pressure of the
microbubble being larger than the external pressure (termed the Laplace pressure imbalance). In
an alternating pressure field, the microbubbles grow through a net diffusion of dissolved gas, a
process called rectified diffusion. Here, gas diffuses into the microbubble during its expansion and
out of the microbubble during its contraction. The surface area over which diffusion occurs is larger
during expansion and so there is a net diffusion of gas in to the microbubble [76].
It was demonstrated experimentally by Crum et al. [81] that an air microbubble of some initial size
of the order of a few microns will grow to a maximum size related to the driving acoustic pressure
amplitude. The larger the acoustic pressure, the faster and larger the microbubble grows. Crum et
al [81] observed that a 1.1 μm radius microbubble in water subject to an acoustic pressure at an
intensity of 2

(175 kPa) and a frequency of 0.75 MHz will grow to a maximum size of 8.4 μm

in 3 seconds, reaching a size of 7 μm within the first second.

They found that a smaller

microbubble required a larger acoustic pressure in order to grow, than did a larger microbubble.
This is likely to be a consequence of the fact that in their experiments smaller microbubbles were
further from resonance than were larger microbubbles, resulting in smaller amplitudes of
oscillation. Eller et al. [82] predicted that for two microbubbles of different radii, each driven at
their own resonance frequency, the threshold pressure for rectified diffusion is lower for the
smaller microbubble. This is backed up by a theoretical study by Hsieh et al. [83] in which it was
demonstrated that for microbubbles with radii between 100-10,000 μm, subjected to acoustic
pressures in the range of 1-25 kPa, rectified diffusion occurred faster in microbubbles with smaller
radii. Their results show that as the initial microbubble radius was reduced by an order of
magnitude, the time taken for the microbubble to double in size, decreased by two orders of
magnitude.
The concentration of dissolved gas in the fluid has a large impact on rectified diffusion. A higher
concentration of dissolved gas will increase the maximum size that the microbubble achieves [81]
and decrease the threshold pressure for rectified diffusion [82]. It was observed by Eller et al. [82]
that at gas concentrations below saturation, the threshold pressure for rectified diffusion of a 50μm
radius microbubble will be on the order of 10’s of kPa depending on exact gas concentration and
driving frequency. They showed that in a supersaturated fluid the threshold pressure falls to zero so
that rectified diffusion occurs without the application of ultrasound. This is backed up by Crum et
al.’s [81] observation that above a certain gas concentration (so that the fluid is super saturated)
there was no maximum size of microbubble growth. Since the amplitude of microbubble oscillation
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will decrease as the microbubble grows beyond resonant size, there will always be a maximum
microbubble size at any non-zero acoustic pressure amplitude.
Uniformity of gas pressure
The uniformity of the gas pressure inside the microbubble is required in order for the microbubble
to maintain its spherical shape. If there is a large enough spatial difference in pressure within the
microbubble then the surface tension will be overcome and the microbubble will become nonspherical. Furthermore, the internal pressure gradient will affect the type of thermodynamic cycle
of expansion and compression that the microbubble undergoes. This was touched upon in this
subsection under the heading of ‘the infinite acoustic wavelength approximation’.
The review of the Rayleigh-Plesset equation has revealed that for many of the assumptions that
have been made, the obtained accuracy in the model is dependent on the acoustic pressure
amplitude. As the pressure amplitude rises, the validity of the assumption falls so that certainly by
the time that cavitation becomes transient (and sometimes much earlier) the assumptions will have
a dramatic impact upon the accuracy of the model.
It has however been observed in the literature [84] that during stable cavitation at high acoustic
pressure amplitudes, there is a large disparity in both the time and frequency response between the
theoretical models and the experimental results. The disparity cannot be accounted for solely on
the basis of the assumptions that were made[84]. The additional and dominant cause of these
disparities are not the physical assumptions made in the model but rather the non-linear nature of
high amplitude microbubble oscillations[85]. At high pressure amplitudes the nonlinear parts of
the equations becomes large so that the linearization of the equation used to achieve a closed form
solution becomes a major source of error. Numerical solutions to equations for radial microbubble
dynamics based on the Rayleigh-Plesset formulation have shown a behaviour that was not
previously predicted theoretically and that is backed by the experimental observations of other
researchers.
One of the predominant features observed at high acoustic pressure amplitudes is the prominence
of sub-harmonic and super-harmonic modes of resonance that are not significant at lower pressure
amplitudes. These modes have been observed experimentally by Neppiras [86] and have been
obtained numerically by both Lauterborn [84] and Keller et al. [87]. The frequency response
obtained by Keller et al. (Figure 4.7) shows not only the existence of sub-harmonic and superharmonic modes of resonance but also a downwards shift of resonance frequency at higher
oscillation amplitudes.
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Figure 4.7: The frequency response of large amplitude microbubble oscillations [87] at acoustic pressure
amplitudes of 40, 70 80 and 90 kPa (labelled in bars) for a 10 µm in diameter microbubble. The resonance
frequency and several sub-harmonics are labelled. The resonance frequency of the microbubble decreases
with increasing pressure amplitude.

Keller et al’s [87] results show that the time response of the large amplitude microbubble oscillation
(Figure 4.8) are very different to those that occur during low amplitude oscillation (shown in
Figure 4.6). At a high amplitude, instead of being harmonic, oscillations become highly nonlinear.
It can be seen in Figure 4.8 that although the oscillations are still periodic, each cycle has multiple
dissimilar maxima and minima. High amplitude oscillations can also become chaotic at large
acoustic pressures [88].

Figure 4.8: Normalised oscillation amplitude verses time for large amplitude microbubble oscillations
[87], showing a repeatable cycle of highly non-linear oscillations. The microbubble diameter is 10 µm and
is driven at 0.37 of its resonance frequency at a pressure amplitude of 70 kPa.

4.2.2 Translational Motion
The translational motion of microbubbles as a mechanism for generating microstreaming has
received little attention as compared to radial oscillation. The reason for its neglect is the lower
microstreaming velocity and the difficulty associated with controlling translational motion (as will
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be seen in this section). Nonetheless, some translational motions can be useful in applications
where the control of the spatial position of microbubbles is important (typically it is the radiation
force generated translational motions that are useful). Furthermore, translational motion also
impacts radial oscillations. For instance, in a standing wave the amplitude of the radial oscillation
is dependent upon the position of the microbubble with respect to the pressure nodes and
antinodes. Additionally, the drag force developed during translational motion has the effect of
reducing the amplitude of radial oscillation and increasing the resonance frequency [55].
There are three well known causes of translational motion, these are; primary radiation forces,
secondary radiation forces and the net force generated by non-spherically oscillating microbubbles.
Primary and secondary radiation force
The linear motion generated by acoustic radiation force is of high importance because of its
significant effect on the position and concentration of microbubbles and particles. The primary
radiation force has the effect of pushing microbubbles and particles to either pressure nodes or
antinodes in a standing wave (depending on their physical attributes) or in the direction of
propagation in a travelling wave. The secondary radiation force has the effect of agglomerating (and
for microbubbles oscillating out of phase, de-agglomerating [89]) microbubbles and particles.
In an acoustic standing wave, microbubbles that are below resonant size (i.e. with a resonance
frequency above the driving frequency of the transducer) move to the pressure antinodes of the
standing wave, whilst microbubbles that are above resonant size move to the nodes [55]. At an
acoustic pressure above the threshold for rectified diffusion to occur, microbubbles of sub-resonant
size will move to the anti-nodal plane and undergo radial oscillation causing them to grow. Once
resonant size is surpassed, assuming that the microbubbles do not undergo inertial cavitation, they
are pushed back into a pressure node by the radiation force. At the node there is negligible pressure
variation to drive the radial oscillation of the microbubbles and so the microbubbles shrink by
diffusion until they become sub-resonant once more and get pushed back to the antinode.
The equation of motion for a microbubble (or particle) under the action of radiation force is
Newton’s second law of motion where the total force is the radiation force

less the drag force

caused by the motion. As per standard notation m is the mass of the microbubble or particle and
is the acceleration.

⃗⃗⃗⃗

⃗⃗⃗⃗

⃗

Eq. 4.2.6

Tortoli et al. [90] modelled the acceleration of microbubbles caused by the primary acoustic
radiation force in a travelling wave, using equation 4.2.6, equation 4.2.7 for the radiation force
(where

is the damping coefficient and ω the angular frequency) and Stokes law for the drag

force. It can be seen from Figure 4.9 that at any of the frequencies simulated the radiation force
tends to zero at very small microbubble radii because of the size dependence of the force. The force
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is greatest for large microbubbles and the force peaks for a given microbubble when it is in
resonance.
⁄
[(

)

]

Eq. 4.2.7

(

)

Figure 4.9: Primary radiation force versus microbubble diameter, as exerted on microbubbles in a
travelling wave when driven at frequencies of 2, 4, 6 and 8 MHz [90].

Palanchon et al. [91] made experimental observations of the displacement of microbubbles caused
by primary radiation force in a travelling wave. In one of the trials that they conducted, free
microbubbles of 48, 55 and 62 μm diameters were sonicated at acoustic pressures in the range of
80-240 kPa for 10 acoustic cycles at a frequency of 130 kHz. Measured displacements varied from
25 μm to almost 300 μm. Despite equation 4.2.7 showing force to be proportional to the
microbubble diameter, smaller microbubbles were displaced further. This result is explainable by
the fact the Minnaert resonance frequency for a 50 μm microbubble is about 87 kHz and even lower
for the larger microbubbles. This value is significantly lower than the driving frequency of 130 kHz
and so the smaller microbubbles, being closer to resonance, experienced a greater acceleration.
Doinikov [92] derived equation 4.2.8 for the primary radiation force in a standingwave when
viscous and thermal effects are taken into account . It can be seen from his equation that
that the term

is responsible for switching the polarity of the force when the oscillation

frequency crosses the value of the resonance frequency. Additionally, it can be seen that the
radiation force will be 0 at resonance, but that the maximum force will lie near resonance because
higher order terms in the denominator will cause the oscillation to fall off, away from resonance.
The

term is responsible for the spatial change of force with distance from the pressure

node or antinode and is the reason that the microbubble settles at a node or antinode. Here, ̃ is
the ratio of specific heats of the gas and A is an arbitrary constant. The tildes denote that the
particular quantity is being measured inside the microbubble.
| |
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Eq. 4.2.9
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The dynamics of low compressibility particles in a standing wave, although fundamentally similar,
differ in that it is their difference in density (vis-à-vis the containing fluid) rather than their
compressibility (unless the former is extremely small) that is the major factor in determining the
magnitude and polarity of the acoustic radiation force. As can be seem from equations 4.2.10 and
4.2.11 [93] the radiation force, F(r), drives particles denser than the fluid phase to the pressure
nodes whilst those less dense than the fluid phase are driven to the antinodes. Here (r) is the force
potential,

and

are the particle and fluid densities respectively,

and

sound in the particle and fluid respectively, V is the particle volume, 〈 ̅
kinetic energy and 〈 ̅

are the speeds of

〉 is the time averaged

〉 is the time averaged potential energy.
〈
〈

The secondary radiation force
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Eq. 4.2.10
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Eq. 4.2.11

is an attractive or repulsive force between microbubbles and

particles. For particles the force is always attractive, for microbubbles it is dependent on their phase
of oscillation. The equation for the secondary radiation force between microbubbles, as derived by
Mettin et al. [89], is shown in equation 4.2.12 where

is the radial unit vector.
〈 ̇ ̇〉

Eq. 4.2.12

It can be seen that the radiation force is inversely proportional to the square of the distance, d,
between the microbubbles. It is also proportional to the term 〈 ̇ ̇ 〉 which is the product of the first
time derivatives of the microbubble volumes. When this term is positive the force is attractive.
When the term is negative as would be the case when there is a 180° phase difference (caused by
one microbubble being above resonance whilst the other is below) the force is repulsive. The
direction of the force is independent of the direction of sound propagation however in a standing
wave the particles agglomerate within a plane because the primary radiation force is substantially
larger than the secondary radiation force. Experimental observations by Dayton et al. [94] of the
secondary radiation force between microbubbles has backed up the theoretical prediction that
agglomeration velocities are inversely proportional to the square of the separation distance.
Erratic dancing
As well as the translational motion caused by acoustic radiation forces, additional motion has
been observed and predicted. The most well-known of these motions is the ‘erratic dancing motion’
as observed by Eller et al. [54] whereby microbubbles driven beyond a certain threshold pressure
will move about in seemingly random zigzags. They note (as have others [55, 95-97]) that the
erratic dancing motion is caused by the excitation of shape modes.

In their experiments on

microbubbles trapped in the pressure antinode of a standing wave they found that above a
threshold pressure that is highly dependent upon radius, the microbubble would escape the
antinode. Their data includes a threshold pressure of 20 kPa at a microbubble radius of 60 μm and
of 50 kPa at a radius of 30 μm with a linear trend throughout the whole range of radii tested. It was
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predicted by Watanabe et al. [55] that drag caused by translational motion would reduce the
amplitude of the radial oscillation of the microbubbles and increase the resonance frequency of
radial oscillation.
In experiments conducted by Tho et al. [27] it was observed that as the frequency of excitation was
increased, spherical microbubbles undergoing radial oscillation would translate with either axial,
elliptical or circular orbits respectively, in the plane of the acoustic propagation. These can be
related to each other if we consider the axial oscillation to be a highly eccentric ellipse and that as
the frequency is shifted towards resonance, the orbit becomes circular. At resonance a shape mode
was excited and the orbit was replaced by an erratic motion with very little net displacement from
the origin as compared to the previous orbits. No explanation was given by Theo et al. for the orbits
that they observed but the observations themselves are backed up by Miller et al. [98] who
observed elliptical orbits of 7 μm radius microbubbles driven at a frequency of 986 kHz.
Mettin et al. [97] modelled the translational oscillation of microbubbles and have predicted that
microbubbles driven at just above their resonance frequency, rather than settling at the pressure
node, will tend to oscillate between the node and the antinode. Doinikov et al. [95] and Watanabe
et al. [55] both reported from theoretical studies, assuming spherical microbubble oscillations, that
microbubbles being driven just below resonance will oscillate between pressure antinodes rather
than settling at one. This behaviour can be seen in Figure 4.10 from Doinikov et al. [95].

Figure 4.10: Translational oscillation of a microbubble in a half wavelength planar standing wave driven
below resonance at a constant frequency and pressure amplitude [95]. X/λ is the microbubbles position as
a fraction of wavelength. The dashed line represents the nodal plane of the standing wave. The anti-nodal
planes are located at x/λ=0 and 0.5.

Experimental observations of the translation of sub-resonant microbubbles between antinodes
were made by Kuznetsova et al. [29]. Eller et al. [54] noted that the erratic dancing motion caused
by shape modes causes microbubbles trapped at an antinode to escape. This finding suggests that
whilst the predictions of the models by Doinikov et al. [92] and Watanabe et al. [55] may still be
correct per se, the forces driving the oscillation are dwarfed by larger forces caused by the shape
modes which were not accounted for in their models.
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4.2.3 Encapsulated Microbubbles
Thus far the dynamics of free microbubbles have been considered. It was previously mentioned
that due to surface tension, microbubbles in a static pressure field will rapidly dissolve. To be
precise, the surface tension raises the microbubble’s internal pressure to above the ambient
pressure. The difference in pressure is the driving force for the rapid diffusion of the gas into the
fluid [83]. The low stability of free microbubbles has necessitated the use of an encapsulating shell
that acts as a barrier against diffusion [99]. Such microbubbles are referred to as either microballoons, gas filled micro-spheres or encapsulated microbubbles (EMB’s). The encapsulating shell
is typically 5-10 nm in thickness and usually made out of denatured proteins, polymer or
phospholipids. The microbubbles normally range from 1-10 μm in diameter depending on the
manufacturer and unfortunately come with large standard deviations in microbubble radius [100].
The trapped gas may be air or it may be another gas, most often a perfluorocarbon, favoured
because of its low affinity for diffusion into the surrounding fluid. Table 1 details some of the
common commercially available EMB’s, sold as acoustic contrast agents for ultrasonic imaging.
Table 1: A list of some commercial contrast agents [101].

Brand (manufacturer)

Shell

Gas

Diameter
(μm)

Albunex (Mallinckrodt/Molecular Biosystems)

Albumin

Air

4.3

Optison (GE Healthcare/Amersham)

Albumin

Octafluoropropane

2-4.5

Definity (Bristol-Myers Squibb Medical Imaging)

Lipid/surfactant

Octafluoropropane

1.1-3.3

Imagnet (Imcor)

Lipid/surfactant

SonoVue (Bracco Diagnostics)

/Perfluorohexane vapour

6.0

Lipid

Sulphur hexafluoride

2-3

Levovist (Schering AG)

Lipid/galactose

Air

2-4

Cardiosphere (Point Biomedical)

PLGA polymer/albumin

Nitrogen

Al-700 (Acusphere)

PLGA polymer

Perfluorocarbon

Sonovist (Schering AG)

Cyanoacrylate polymer

Air

Sonozoid

Not disclosed

Perfluorocarbon

N.A.

N.A.

N.A.

N.A.

The EMB shell has a substantial impact upon the radial dynamics of the microbubble due to its
elasticity, inertia and dissipation of energy. The effect of the encapsulating shell (and the often non-
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air gas phase) on the resonance frequency, oscillation amplitude and on rectified diffusion is
discussed briefly within this section.
Natural frequency
The derivation of the equation for the Minnaert resonance frequency of a free microbubble,
outlined in section 4.2.1, is based on the interchange of potential and kinetic energy in an
oscillating free microbubble. The frequency of the interchange of energies depends, among other
things, on the equilibrium pressure of the microbubble and on its radius. At high static pressures
and small microbubble radii the interchange between potential and kinetic energy goes through
more cycles per second. When a microbubble (air or otherwise) is encapsulated by a shell an
expression for the frequency may still be derived in the same fundamental way but extra terms are
required to take the shell into account.
The main effect of the shell on resonance frequency is that by going into tension and compression it
is generating an opposing force that increases the stiffness of the system. The force therefore
increases the rate at which kinetic energy is transferred into potential energy and back again so that
the interchange of energies goes through more cycles per second i.e. the resonance frequency
increases. There is an additional effect caused by the inertia of the shell which tends to decrease the
natural frequency because the additional mass reduces the acceleration of the microbubble wall.
The shell’s stiffness has a far greater effect on resonance frequency than the shell’s inertia and so
the latter is typically ignored. More than one expression exists for calculating the resonance
frequency of an encapsulated microbubble. One of the most accepted methods is an extension of
the equation for the Minnaert resonance frequency in which the shell elastic parameter
order to account for the effect of the shell’s stiffness on the

is used in

resonance frequency of the

encapsulated microbubble, as shown in equation Eq. 4.2.13 [24].
√
Here

is the angular frequency,

pressure,

is the surface tension,

(

)

Eq. 4.2.13

is the equilibrium microbubble radius,
is the polytropic exponent,

is the atmospheric

is the medium density and

is

the shell elastic parameter. Figure 4.11 is a plot of raw data for resonance frequency vs. microbubble
radius, as presented by Wu et al. [24], calculated using equation 4.12.13. The results are for shell
elastic parameters of

(a free microbubble),

and

N m-1. For the higher values

of the elastic parameter (corresponding to either a stiffer shell material or a thicker shell) the
resonance frequency is much higher, with the effect being particularly pronounced at small radii.
It has been observed that the resonance frequency of polymer encapsulated microbubbles tends to
fall slightly over time when the microbubbles are driven at high pressure amplitudes. This is
thought to be as a result of strain softening in the shell [102].
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Figure 4.11: The resonance frequency of microbubbles of varying radii, from Equation 4.2.13 for 3 different
values of the shell elasticity parameter, as indicated on the graph.

Oscillation amplitude
The amplitude of microbubble oscillation is affected by the physical properties of the EMB’s
encapsulating shell and by the choice of gas phase, which can alter the thermodynamic cycle [58]
and therefore the amount of thermal damping. The oscillation of EMB’s can be modelled
theoretically by an extension of the Rayleigh-Plesset equation that takes the existence of a solid
elastic surface layer into account, as first derived by Church et al. [103].
Many theoretical studies exist based on the work of Church et al. [103] but few present results for
the relationship between the acoustic pressure amplitude and microbubble oscillation amplitude
for varying shell stiffness. One of the few studies to have done so, uses equation 4.2.14 based on the
Rayleigh-Plesset formulation to demonstrate the effect that the lipid monolayer shell of a 3 µm in
diameter SonoVue microbubble has on the amplitude of oscillation [104]. It can be seen in
Figure 4.12 that the encapsulating shell of the SonoVue microbubble causes a reduction by roughly
a factor of 4.5 of the oscillation amplitude of the microbubble.
(

̈

̇ )

( )

̇

In the equation R is the microbubble radius,

̇

(

)

Eq. 4.2.14

is the density of the surrounding fluid,

equilibrium radius,

is the hydrostatic fluid pressure outside the microbubble,

acoustic pressure,

is the shell thickness,

is the shear modulus ,

the dots denote differentiation with respect to time.

is the
is the

is the shear viscosity and
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Figure 4.12 A Simulation of the normalised change in microbubble diameter of a 3.0 µm free microbubble
(solid line) and an encapsulated microbubble of the same size (dashed line), driven off resonance at a
range of acoustic pressures [104].

The decrease in the amplitude of oscillation is most severe for small radii microbubbles because of
the smaller volume to surface area ratio and for microbubbles with a thicker or stiffer encapsulating
shell [105]. It was observed experimentally that in addition to reducing the oscillation amplitude,
the shell also introduces a limiting pressure below which no oscillation takes place. In contrast,
there is no threshold acoustic pressure for the oscillation of free gas microbubbles [104]. Despite
the decreased amplitude, it was predicted by Liu et al. [106] that under certain circumstances the
reduction in surface tension due to encapsulation may be greater than the compressive strain that
the encapsulating shell is able to withstand. In such a scenario, the threshold pressure for shape
mode oscillation and for inertial cavitation is reduced by the shell.
Rectified diffusion
It was explained in section 4
 .2.1 that due to diffusion, free air microbubbles in water will rapidly
shrink and disappear in ambient conditions, or grow rapidly until a peak size is reached (when
subject to acoustic excitation). A major reason for using EMB’s as opposed to free microbubbles is
that EMB’s have enhanced stability, increasing the practicality of their use in experiments.
The choice of gas and shell of the EMB play a significant role determining its stability against
dissolution and rectified diffusion. By choosing a low diffusivity gas (see table 2) the stability of the
microbubble can be enhanced even in the absence of an encapsulating shell. Since the diffusion
length scale is proportional to the square root of the coefficient of diffusivity, the perfluorocarbons
listed in the table will have a diffusion length scale approximately 20% that of air. The results in
Figure 4.13 for encapsulated microbubbles, 2.5 µm in diameter, show that Octafluoropropane
EMBs remain stable almost 6 times as long as Sulfur hexafluoride EMBs.
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Table 2: The coefficients of diffusivity of some common contrast agent gases.

Gas

Coefficient of diffusivity

air

2.05

SF6 (Sulfur hexafluoride)

1.2

C3F8 (Octafluoropropane)

7.45

C4F10 (Perfluorobutane)

6.9

C5F12 (perfluoropentane)

6.3

C6F14 (Perfluorohexane)

5.8

Figure 4.13: Theoretical results for the variation of R/R0 with time for an encapsulated 2.5 µm diameter
microbubble with different gas content in an air-saturated medium [107].

The microbubble shell increases the stability of the EMB because it acts as a physical barrier
against the diffusion, effectively increasing the diffusion length [107]. The extent to which it does
this depends on the porosity of the shell, a function of both the shell material and thickness. The
graph Figure 4.14 shows the effect of the shell permeability on microbubble dissolution time which
increases from 53 ms for a permeability of infinity (no shell) and up to days at the lowest
permeability shown on the graph.
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Figure 4.14: Variation of microbubble dissolution times with permeability, h, for an encapsulated 2.5 µm
diameter air microbubble. h*=2.875x10-5 m s-1 and is the reference permeability for air through a lipid
encapsulation [107].

It was reported that there is an additional method by which the shell increases stability against
diffusion, which is by counteracting the Laplace pressure. This is the pressure imbalance between
the microbubbles internal pressure and the ambient pressure, which is caused by surface tension
[103] and was explained in section 4
 .2.1 to increase the rate of diffusion of gas out of the
microbubble. As the mass of the microbubble falls due to diffusion, the microbubble attempts to
shrink in order to maintain pressure equilibrium with the surrounding fluid. If the encapsulating
shell is able to support a compressive stress, the shell will go into compression. The compression
causes the internal pressure of the gas to fall to below the pressure of the surrounding fluid, acting
as a barrier against further diffusion. Theoretical models have predicted that if the microbubble
shell is indeed able to support a compressive stress then even encapsulated air microbubble will be
able to achieve long term stability [108].
Stability of contrast agents tested experimentally has varied depending on the contrast agent being
tested and the fluid in which it was suspended. Podell et al. [109] found that populations of both
Optison and Albunex microbubbles remained completely stable in some fluids, including PBS, but
lost stability in other fluids. Most experimental work on the stability of contrast agents has studied
their stability under ultrasound excitation and some of these papers are reviewed in section 4.4.3.

4.2.4 Microbubble Dynamics in the Circulatory System
The large majority of theoretical studies on microbubble dynamics have assumed that the
microbubble is contained within an unbounded fluid. The fluid is typically assumed to be
incompressible and inviscid in order to simplify the governing equations. Researchers justify
making the simplifications by hypothesizing that for the scenario that they are modelling, doing so
will not affect the results appreciably. Those researchers who do take into account viscous damping
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have chosen by and large to model a Newtonian fluid with the viscosity of water. In keeping with
this, most experimental work has been carried out in a relatively large volume of fluid.
The confinement of microbubbles to a blood vessel results in markedly different dynamics as
compared to their dynamics when contained in a larger volume of water. There are two causes for
the change in the dynamics. One cause is the boundary presented by the blood vessel. The other
cause is the fact that blood is a viscoelastic fluid with a viscosity larger than that of water (almost all
presented works have been carried out in water or PBS). The consequence of these is a significant
disparity between the resonance frequencies, amplitudes of oscillation (both volume and
translational oscillations), shape mode oscillation and inertial cavitation threshold pressures of
microbubbles. In the proceeding section, the effects on dynamics of confinement and viscosity are
reviewed separately. The reason for their separation is that there exists almost no literature on
microbubbles in a bounded viscoelastic fluid. It is not possible to sum the effects of the fluid being
viscoelastic to the effects of the fluid being bounded because they are interdependent. It is known
for example that the coefficient of viscous damping of the radial oscillation of a microbubble is
significantly lower when the microbubble is in a micro capillary than in an unbounded fluid [110].
Although in vivo applications of microstreaming are beyond the current scope of the project,
reviewing the effect of microbubble confinement is important because it indicates the type of
difficulties that could arise in follow up research. Moreover, attaching microbubbles to a substrate
within a 200 µm fluid channel (Mk. III microfluidic device, section 5.2.3) is likely to cause
appreciable changes to the dynamics of the microbubbles.
Confinement in small radius capillary
When a microbubble oscillates in an unbounded fluid, it displaces the surrounding fluid. The
displacement propagates spherically towards infinity, eventually becoming negligible. Although in
practice no fluid is truly infinite, when the distance between the microbubble and the closest
boundary is much larger than the diameter of the microbubble it can be assumed that the
microbubble is in an unbounded fluid. In contrast, when the microbubble is close to a solid
boundary the propagation of the fluid is obstructed. A reaction force is generated due to the
presence of the boundary, affecting the dynamics of the microbubble. The radius of human blood
vessels, the walls of which are elastic [102], ranges from 12.5 mm in the aorta to approximately
4 μm in the smallest capillaries [111]. It will be seen that it is the compliancy of the blood vessels as
well as their size that are responsible for the change in the microbubble’s dynamics.
Resonance frequency
The resonance frequency of a microbubble in a bounded fluid can be modelled by placing
suitable boundary conditions on the velocity potential in the equation for the resonance frequency
of a microbubble in an unbounded fluid, as was first carried out by Oguz et al. [63]. In their model
they assumed an inviscid fluid and that the microbubble radius is of a similar size to the radius of
the vessel (which is modelled as being rigid) but that the microbubble radius is the smaller of the
two and that the microbubble is concentric with the longitudinal axis of the vessel. Their model
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predicted that as the radius of the rigid vessel is reduced the resonance frequency of the
microbubble decreases. It can be seen in Figure 4.15 that as the vessel radius approaches the
microbubble radius, the microbubble’s natural frequency falls to about 25% of its unbounded value.

Figure 4.15: Normalised resonance frequency of an air microbubble confined to within a vessel, where ‘a’ is
bubble radius and ‘R’ is the vessel radius. [63]. Frequency normalised against the resonance frequency of
the unconfined microbubble.

A model developed by Qin et al. [112] predicted that as the compliance of the blood vessel is
increased, the decrease in resonance frequency due to confinement becomes less severe and that at
a high compliance the resonance frequency will increase rather than decrease. It was mentioned in
the same paper that the compliance of blood capillaries varies with their size and location. Using
data for blood vessel compliance of an exteriorized frog mesenteric capillary, they predicted
significant rises in microbubble resonance frequency in capillaries with radii of several microbubble
radii or less. It is known that the compliance of the blood capillaries varies with pressure [113]; the
implication of this is that the resonance frequency is dependent not only on the radius and
compliance of the blood capillary but also on the acoustic pressure amplitude. The model by Qin et
al. [112] did not account for the inertial effect of the vessel, despite mentioning that blood
capillaries are approximately 1μm thick. It was predicted by Gao et al. [114] that the inertial effect
in thick walled blood vessels such as those modelled by Qin et al. will result in resonance
frequencies significantly lower than those for thin walled blood vessels. Their results show that the
magnitude of the decrease in resonance frequency due to inertia will be on a similar scale to the
magnitude of the rise due to compliance predicted by Qin et al. [112] in the exteriorized frog
mesenteric capillary.

Oscillation
The confinement of microbubbles to within small radii blood vessels has a large impact on the
shape and amplitude of their oscillation. As a result of the vessel wall obstructing the propagation
of the surrounding fluid, the microbubbles are not able to maintain their spherical shape during
radial oscillation [114]. It was observed by Jang et al. [115] that the microbubbles deform along the
axial direction of the vessel taking on an elliptical geometry whose eccentricity increases with the
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amplitude of the microbubble oscillation. It was shown numerically by Hu et al. [64] and
experimentally by Caskey et al. [116] that the smaller the ratio of the blood vessel radius to the
microbubble radius the higher the eccentricity of the microbubble oscillation. The eccentricity
increases with each cycle of oscillation until it reaches a maximum [64]. Gao et al. [114] predicted
that when the radius of the vessel is only twice the microbubble radius, the maximum eccentricity
of the microbubble will be 0.58. Hosseinkah et al. [117] have predicted that when the microbubble
is located off centre with respect to the central axis of the capillary, the microbubble takes on a
shape mode oscillation that resembles the shape of a mushroom.
Experiments conducted by Caskey et al. and Zheng et al. [118, 119] have shown that the magnitude
of both the volume and translation microbubble oscillation respectively become significantly
smaller inside small radius vessels. Caskey et al.’s results showed that encapsulated microbubbles
in small radii rigid vessels experience a reduction of up to 75% in the magnitude of their radial
oscillation as compared to results in much large (assumed infinite) vessels. This could partly be due
to the boundary shifting the resonance frequency of the microbubbles, though the result agrees
with those from a theoretical model [120]. It was predicted by Qin et al. [121] that in a compliant
blood vessel with inertial effects ignored the oscillation of microbubbles will be larger than in a
rigid vessel. Inertial effects of the vessel wall have been investigated by Gao et al. [114]. The results
of their model showed that in thin walled blood vessels, accounting for inertial effects did not
significantly affect the microbubble dynamics. In thick walled vessels accounting for inertial effects
caused a reduction in the amplitude and eccentricity of the microbubble oscillation.
Inertial Cavitation threshold pressure
It was demonstrated experimentally by Sassaroli et al. [122] that the threshold pressure for
inertial cavitation increases when the radius of the blood vessel is reduced. In their experiment,
Optison contrast agent at concentrations of either 0.2% or 1.2% was sonicated at a frequency of
1.736 MHz in artificial vessels with diameters in the range of 90μm-800μm. They found that the
threshold pressure for inertial cavitation increased by a factor of between 1.2-1.5 depending on the
size of the vessel and on the concentration of Optison. In separate experimental work by the same
authors [110], the threshold pressure for inertial cavitation of Optison was twice as large in 150 μm
diameter vessels as it was in 700 μm diameter vessels.
Viscoelastic effects
It was discussed in the opening paragraph to this subsection that the dynamics of microbubbles
in blood differ to their dynamics in water. Blood is a non-Newtonian viscoelastic fluid. Furthermore
it exhibits the property of shear thinning in reaction to an applied shear force. It was reported that
blood plasma itself is a Newtonian fluid with a viscosity only marginally higher than water and that
the viscoelasticity and shear thinning as well as the increased viscosity are caused by the presence
of red blood cells [102]. The extent of the effects caused by the red blood cells is dependent on their
concentration in the blood. The concentration of red blood cells is higher in larger radii blood
vessels than in small radii blood vessels (about 45%-50% by volume in the arteries down to 10-26%
in the capillaries) [123]. As a consequence of this the viscosity as well as the degree of elasticity and
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shear thinning will depend on the radius of the blood vessel. The relative viscosity of arterial blood
in comparison to water is typically found to be in the range of 3-4 [120]. Since red blood cells are
larger than many contrast agent microbubbles, it remains to be seen as to whether blood behaves in
the same way at the micro scale associated with contrast agent microbubbles as it does at the macro
level.
Resonance frequency
It was predicted by a theoretical model created by Khismatullin [53] that whilst the resonance
frequency of larger radius microbubbles will not affected appreciably by the viscosity of the
containing fluid, the resonance frequency of smaller radius microbubbles will be affected. It can be
seen in Figure 4.16 that at a radius of 5 μm the resonance frequency of microbubbles in a viscous
fluid (dashed and solid lines) (4cP, about the upper limit for blood) is identical to their resonance
frequency in an inviscid fluid (dotted line). As the radius of the microbubble being considered is
reduced, the viscosity of the fluid causes the resonance frequency of the microbubble to fall to
below that of the inviscid case, the smaller the microbubble the larger the disparity. The cause of
the reduction is that at small radii the ratio of surface area to volume increases and so viscous
forces become more significant. It can be seen that at a radius of 2.6 μm the resonance frequency
falls to zero.

Figure 4.16: Resonance frequency for an encapsulated microbubble in a viscous incompressible Newtonian
liquid, as a function of microbubble radius [53].

The model does not take in to account the effect of solid boundaries on the viscous damping and yet
it was predicted separately by Sassaroli et al. [62] that the viscous damping coefficient falls
dramatically if the microbubble is confined to a small radius vessel. It was in fact predicted that the
damping coefficient for a 5μm radius microbubble in a 100μm radius vessel is half that experienced
by an unbounded microbubble. The viscous damping coefficient was not calculated for vessels with
a radius smaller than 100μm but if the results are to be extrapolated then the viscous damping of
microbubble oscillation in a capillary will likely be less than the viscous damping experienced in an
unbounded fluid.
Oscillations
Jiménez-Fernández et al. [124] developed a model that simulates the effects of the viscoelasticity of
the fluid on the oscillation of microbubbles. It is predicted that as the Deborah number of the fluid
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increases, so too does the amplitude of oscillation. No literature was found in which the effect of
fluid viscosity on the amplitude of microbubble oscillation is investigated. Still, qualitatively it is
well known that an increase in viscosity will decrease the amplitude of oscillation.
Inertial cavitation threshold pressure
Jiménez-Fernández et al. [124] have predicted, based on the results of a computational model, that
the threshold pressure for inertial cavitation is greater at high Deborah numbers. An in vitro
experimental study by Deng et al. [125] measured the inertial cavitation threshold pressure for
different ratios of fresh whole blood to saline from 100% blood to 0% blood with and without the
inclusion of polystyrene beads as sites for the nucleation of cavitation. With the inclusion of the
beads, the inertial cavitation threshold pressure was lower at low concentrations of blood. With no
beads included the results were mixed. The threshold pressure appeared to fall as the concentration
of blood was reduced however at 100% saline inertial cavitation could not be detected due to the
lack of the cavitation nuclei. A similar experimental study by Holland et al. [126] showed no
significant change in the threshold pressure for inertial cavitation as the concentration of blood was
increased. The results are somewhat conflicting but neither of the papers report a reduction in the
inertial cavitation threshold pressure, the main concern since inertial cavitation is not desired.
Whilst no study of this sort could be found for contrast agent in blood, researchers have used
contrast agent in blood and operated at acoustic pressure amplitudes similar to those used in water
[127, 128] (There is no merit in making direct comparisons between the studies due to there being
many additional variables).
The section has reviewed many important effects on the microbubble dynamics of both the
confinement of microbubbles to within a small radius blood vessel and of the fluid properties of
blood. It is not possible to conclude how the resonance frequency will change because for instance,
the resonance frequency of a microbubble in a blood vessel may increase due to compliance of the
vessel and yet the containment of the fluid within the small capillary will reduce the coefficient of
viscous damping and therefore the microbubbles resonance frequency. We do not know how
similar the properties of blood at the micro scale are to those at the macro scale, nor do we know
how compliant the capillary walls are as their compliance varies significantly throughout the
cardiovascular system [129]. As for the size of the microbubble oscillation, it is expected to fall with
increasing viscosity and the threshold pressure for inertial cavitation is expected to increase with
viscosity. The section has implications for experiments within microfluidic devices and even in
larger scale channels because the proximity of a microbubble to a boundary can, for any size of
channel, result in changes to the dynamics of the microbubbles such as the onset of non-spherical
oscillation [130].

4.3 Cavitation Microstreaming
As discussed in subchapter 4.1, the viscous attenuation of an acoustic wave in the boundary layer of
a fluid leads to the formation of a steady streaming flow inside the boundary layer which in turn
drives larger scale streaming flows outside of the fluid boundary layer. It was calculated by
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Frampton et al. [45] that as the size of the boundary layer is reduced, e.g. due to an increase in
driving frequency, so as to increase the ratio of the boundary layer thickness to fluid channel
height, the bulk streaming velocity decreases.
In spite of the fall in streaming velocity caused by a reduction in the boundary layer thickness, an
acoustic wave propagating in the vicinity of microbubbles results in comparatively high velocity
streaming flows (termed microstreaming due to their small size) because of the high
compressibility of the microbubbles [17]. The microstreaming flows are termed cavitation
microstreaming and whilst similarly to classic boundary layer driven acoustic streaming they are
driven by viscous attenuation in the boundary layer, they are distinguishable from classic boundary
layer driven acoustic streaming. In the classical case, the oscillatory boundary layer flow is formed
by the viscous attenuation of the incident acoustic propagation. In the case of cavitation
microstreaming, oscillation of the gas phase results in an increase of acoustic scattering so that the
local bubble scattered field is of greater amplitude than the incident field [17]. The consequence of
this is a much larger boundary layer oscillation and hence higher velocity flows are formed.
The first detailed characterization of microstreaming around an oscillating microbubble was
carried out by Elder [18]. In Elder’s experiments a microbubble approximately 600μm in diameter
was excited whilst resting on the floor of a fluid channel. The excitation consisted of a quarter
wavelength acoustic standing wave with a pressure maximum at the floor of the channel which was
setup at slightly below the microbubble’s resonance frequency. Elder observed 4 separate regimes
of microstreaming that he found to be dependent upon the acoustic amplitude and the fluid
viscosity. Elder observed that the interchange from one regime to another corresponded to a
change in the surface mode of microbubble oscillation. The most important result from Elder’s
experiment for this project is the microstreaming regime observed around a microbubble
contaminated with a surface skin. Such a microbubble develops a flow as shown in Figure 4.17,
consisting of inner and outer toroidal vortices.

Figure 4.17: Illustration of microstreaming flow consisting of inner and outer vortices around a bubble
with a surface skin [18].

There have been a number of attempts to predict the microstreaming velocity around
microbubbles, both experimentally and theoretically. The theoretical methods are typically based
on the equation developed by Nyborg for the second order streaming flow [17]. Using an expression
for the microbubble scattered acoustic field as the first order flow, the authors solve for the second
order microstreaming flow. Davidson et al. [131] first predicted the microstreaming velocity
generated by the translational motion of bubbles, neglecting the effect of the viscosity of the gas
medium. More recently Wu et al. [21] and Liu et al. [22] have predicted the microstreaming velocity
of free and encapsulated microbubbles respectively with the viscosity of the gas medium taken into
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account. Wu et al’s [21] equations estimate the microstreaming velocity inside and outside of a nonencapsulated microbubble for both volume and translation oscillation. Solving their equations for a
33 μm diameter microbubble being driven at 100 kHz, its resonance frequency, and at an acoustic
pressure of 53 kPa, they obtained results that they present as sets of radial and tangential
microstreaming velocities. The result for microstreaming generated by volume oscillation is shown
in Figure 4.18.a for the velocity outside of the microbubble. The maximum microstreaming velocity
is about 580

in the tangential direction and 450

in the radial direction. It can be

seen from Figure 4.18.b that the flow is qualitatively similar to Elders observation [18], aside from
the effect of the solid boundary presented by the channel floor on the microstreaming flow in
Elder’s work.
a)

b)

Figure 4.18: (a) Tangential and radial microstreaming velocity versus angular position for a 33μm in diameter
unencapsulated microbubble undergoing volume oscillations [21]. (b) A diagram of the microstreaming flow
pattern, the thick circle is the microbubble [21].

Liu et al.’s [22] equations estimate the microstreaming velocity both inside and outside of an
encapsulated microbubble undergoing volume oscillation (Figure 4.19). The modelled microbubble
is 2 μm in radius and driven at 1 MHz, far below its resonance frequency of 3.02 MHz. It is driven
at an acoustic pressure of 100 kPa, generating microstreaming over twice the velocity of that shown
in Wu et al.’s results. Though the two results cannot be compared directly, it is notable that
microstreaming was fastest in the vicinity of the encapsulated microbubble.
It was suggested by Doinikov et al. [132] that the assumption of an inviscid fluid outside of the thin
boundary layer around the microbubble, made by both Wu et al [21] and Liu et al. [22], results in
an underestimation of microstreaming velocity at high viscosities and that even in the case of water
there would be a significant under-estimation. Their own modelling of the same conditions as those
modelled by Liu et al. predicts microstreaming velocities that are several times larger (Figure 4.20).
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Doinikov et al. [132] also demonstrate that the increased thickness and stiffness of a microbubble
shell results in a decrease in the microstreaming velocity due to the reduced scattering crosssection of the microbubble. However, it seems that at a shell thickness of 0, i.e. a non-encapsulated
microbubble, their result may become erroneous. This is because the absence of the shell requires a
different set of boundary conditions to be used for the first order flow such as those used in an
earlier work by Wu et al. [21]. Doinikov et al. [132] appear to have applied identical boundary
conditions to the first order flow even for the case of a zero thickness shell.

Figure 4.19: Microstreaming speed versus angular position in the vicinity of a 2 µm radius EMB
undergoing radial oscillation at acoustic pressure amplitude of 100 kPa and a frequency of 1
MHz. The solid line represents and the tangential component of flow velocity and the dashed
line represents the radial component of flow velocity [22].

a)

b)

Figure 4.20: (a) Radial and (b) tangential components of microstreaming velocity verses
angular position for a 4 µm diameter unencapsulated microbubble (dashed line) and a 4 µm
diameter EMB with a 10 nm thick shell (solid line), excited at a frequency of 1 MHz and an
acoustic pressure of 100 kPa [132].

In addition to the theoretical models for predicting microstreaming velocity, several experimental
measurements of microstreaming have been reported. The most thorough characterization of
microstreaming flow around microbubbles to date is that which was carried out by Tho et al. [27]
who obtained vector fields of the flow around air microbubbles of about 250 μm radius excited in a
number of different low amplitude volume and translational modes, whilst resting on a boundary
(Figure 4.21). Their results show that for volume oscillation below the threshold for shape mode
oscillation, the microstreaming consists of a single toroidal vortex, Figure 4.22 (neglecting the
inner boundary vorticity). They demonstrated that depending on the frequency of excitation, the
microbubbles undergo linear, circular or elliptical translational motion which affects the
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microstreaming pattern significantly. A purely linear translational oscillation will generate a
pattern of 4 vortices (when viewed in 2-D) similar to that shown in the Figure 4.2. Maximum
microstreaming velocities were typically [133] 100’s of microns.
a)

b)

Figure 4.21: (a) A Streak photo and (b) a corresponding µPIV vector ﬁeld for an air bubble undergoing
translational oscillations [27].

a)

b)

Figure 4.22: (a) (a) A Streak photo and (b) a corresponding µPIV vector ﬁeld for an air bubble undergoing
volume oscillation [27].

Using streak photography, Gormley and Wu [26] have estimated microstreaming velocities in the
vicinity of Albunex microbubbles to be in the range of 50-100

when excitation was carried

out at an acoustic pressure amplitude of 0.5 MPa and at a frequency of 160 kHz. This frequency is
significantly lower than the resonance frequency, estimated by Gormley and Wu to lie in the region
of 800 kHz.
Collis et al. [134] have used µPIV to measure the microstreaming velocity around single air
microbubbles 30-300 µm in diameter adhered to a surface by their surface tension or buoyancy.
The microbubbles were excited at acoustic frequencies of 28 or 40 kHz, generating maximum
microstreaming velocities of up to 680

. The maximum shear stress was measured to be

extremely low, well below that required to porate a cells. However, no information was provided as
to how these were calculated and so presumably these are based on the maximum velocity gradient.
The presence of a solid boundary such as a cell membrane would lead to a much larger velocity
gradient. In addition to the µPIV velocity fields, streak photography was used to estimate the
microstreaming velocity within the microbubble boundary layer. The microstreaming velocity
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inside the boundary layer was estimated to be at least an order of magnitude greater than the
microstreaming velocity outside of the boundary layer.
Kuznetsova et al. [29] report low magnification µPIV velocity fields for microstreaming in the
presence of Optison sonicated at its resonance frequency and at an acoustic pressure amplitude of
about 0.95 MPa. The results show the presence of large scale microstreaming flows with a spatial
geometry on the scale of over 1 mm, originating from a single source (Figure 4.23). Given the large
size of the flow fields it seems unlikely that the sources are Optison, particular since Optison is
known to be rapidly destroyed by such high acoustic pressures [135], a fact that has been pointed to
by the authors. Still, the authors report that no microstreaming was observed in the absence of
Optison and although not reported explicitly, they appear to suggest that it could be an aggregated
‘cloud’ of Optison that is responsible for the observed microstreaming patterns.

Figure 4.23: Microstreaming flow in the presence of Optison at an acoustic pressure amplitude of 0.98
MPa and a frequency of 1.56 MHz [29].

The shear stress generated by the microstreaming flow may be calculated using the relation given
by Newton’s law of viscosity. The velocity gradient is particularly large in the boundary layer region
of a microbubble. The shear stress generated on cells to which contrast agent microbubbles have
been attached has been calculated by Wu et al. [20] using equation 4.3.3 for the velocity gradient in
the boundary region, as derived by Lewin et al. [133]. Although Lewin et al’s maximum predicted
velocity gradient in the boundary layer of a free air microbubble corresponds to a peak shear stress
of only several hundred Pa, Wu et al. [20] have predicted that an encapsulated microbubble driven
at 400 kPa is able to generate a shear stress of up to 70 kPa (Figure 4.24), many orders of
magnitude higher than their estimate of 12 Pa for the threshold of sonoporation [20]. The large
disparity between free and encapsulated microbubbles is backed up by results from a model by
Krasovitski et al [23] in which shear stress is predicted for free and encapsulated microbubbles at
acoustic pressures of 10 and 20 kPa respectively. In each case the driving frequency appears to have
been chosen so as to be near to the microbubble resonance, though this was not mentioned
explicitly. The results predict that the free air microbubbles will generate a maximum shear stress
of below 20 Pa and that the encapsulated microbubbles will generate a maximum shear stress of
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above 3 kPa. A large shear stress is predicted to be present up to a distance of half a microbubble
radius from the microbubble.
Eq. 4.3.1

√

Eq. 4.3.2
Eq. 4.3.3

Figure 4.24: A graph of shear stress vs. microbubble radius for microstreaming generated in
the boundary layer of encapsulated microbubbles [20]. The acoustic pressure amplitude was
400 kPa and the driving frequency was 1 MHZ (dashed line) or 2 MHZ (solid line).

No attempts have been made within the literature to verify the theoretical microstreaming velocity
estimations reviewed within this section against experimental ones. This is at least in part due to
the fact that the theoretical models typically simulate a spherical microbubble in an unbounded
fluid, which is difficult to replicate experimentally. Furthermore, and most likely due to the
complexities involved, most theoretical work models a scenario of a spherical and unconfined
microbubble. There is little direct comparison that can be made between the theoretical and
experimental results though it can be expected that microstreaming velocity will be in the range of
100’s of microns per second up to 1-2

and that microbubbles, whilst needing to remain in

proximity to the cells, need not make physical contact in order for bio effects to ensue.

4.4 Biological Effects and Applications
The effect of ultrasound on living tissue and its application to therapeutics and diagnostics have
been major areas of research for the past several decades. The bulk of the research undertaken has
focused on ultrasonic imaging techniques, namely; acoustic radiation force impulse imaging and
echocardiography. The utilization of acoustic contrast agent for echocardiography means that many
of the findings on the bio-effects of echocardiography are relevant to this thesis.
A subject that has seen some very promising research and is the main theme of this thesis is the use
of cavitation microstreaming to generate shear stress on cell membranes. Highlights of the research
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include Zenitani et al.’s [136] successful utilisation of bubble liposomes, sonicated for 60 seconds at
in intensity of 0.7

(about 100 kPa) and a frequency of 500 kHz, to accelerate plasminogen

activator mediated thrombolysis of blood clots in vitro. The importance of their work lies in its
application for recanalizing blocked blood vessels. Additionally, cavitation microstreaming has
been used by Nightingale et al. [137] as a diagnostic tool to differentiate between solid and cystic
breast lesions. The presence of a microstreaming flow was detected using Doppler methods and
since microstreaming cannot be generated in solids, its presence indicated a cystic lesion. In other
work, a 3x3 transducer array driven at a frequency of 30 MHz and an acoustic pressure of 0.4 MPa
was used to achieve site specific poration of a monolayer of human melanoma cells [138]. Although
not strictly microstreaming, shockwave lithotripsy [64] which uses ultrasound in conjunction with
contrast agent microbubbles to break up kidney stones is another important example of the
therapeutic use of ultrasound because it has seen large scale clinical use.
The subchapter is partitioned into three sections;


The first section reviews the effect of ultrasound on cell viability. The effects of energy
dissipation, acoustic radiation force and cavitation are reviewed briefly. In addition, the
findings of investigations into the range of frequencies and acoustic pressure amplitudes
that can be considered safe are reviewed.



The second section reviews interesting instances of in vivo and in vitro biological effects
caused by fluid shear stress on cell signalling pathways that can be activated by mechanochemical signal transduction. The section demonstrates the scope for therapeutic
applications of ultrasound.



The third section reviews the literature on sonoporation. This includes the various
methods for generating sonoporation and the advantages and disadvantages of each
method. Additionally, the types of encapsulated microbubbles and the ways in which they
can be used to deliver drugs and DNA are reviewed.

4.4.1 Effect of Ultrasound on Cell Viability
Exposing living cells to ultrasound has long been known to affect their viability. There are a number
of phenomena that may potentially reduce cell viability. These include some surprising phenomena
such as the sonochemical formation of hydrogen peroxide [139]. More in line with this project,
there are the acoustic radiation forces to consider. At the acoustic pressure amplitude at which
radiation forces are likely to be large enough to reduce cell viability, inertial cavitation would most
likely occur, leading to a significantly larger reduction in cell viability [140]. A study by Yasuda et al.
[141] investigated the viability of erythrocytes in a standing wave set up in a half wave length
resonance channel by measuring the release of ions from the cytoplasms of the cells. After 10
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minutes of sonication at an energy density of 12.8 mJ

it was found that approximately 10% of

the cellular ion content had been released, most likely due to hyperthermia. When the experiment
was repeated with the inclusion of contrast agent there was a total release of the cellular ion content
and 100% cell death within 2.5 minutes. The result demonstrates that whilst cavitation
microstreaming is dominant, it is not the sole phenomena taking place. The two main concerns
with respect to cell viability when sonicating cells are that hyperthermia of tissue caused by the
absorbance of the acoustic energy and inertial cavitation may lead to a reduced cell viability [142].
Hyperthermia (in the current context) is the heating of cells and is caused by dissipation of acoustic
energy due to the attenuation of the acoustic wave. Cells are highly sensitive to temperature change;
even a small increase in temperature is liable to result in damage to cells. This is particularly true if
the rise occurs for an extended period of time. Although one study found that prostatic stromal cells
incubated at 45°C suffered no reduction in viability [143], it was concluded in a review paper
authored by Dunn et al. [144] that a temperature rise of more than 2°C above physiological
conditions for a sustained period of time should be cause for concern [144]. Cells have a greater
chance of surviving shorter exposures to increased temperature, however there is little data
available on short exposures to increased temperature. It was demonstrated computationally by
Carstensen et al. [145] that at a frequency of 4 MHz and an acoustic intensity of up to 1000
(an acoustic pressure of about 1.7 MPa) the resultant heating was no more than about 10 to
50

. At such a heating power, and given that the heat capacity of water (cells consist largely

of water) is 4.2

, even if heat dissipation (which may be significant) were to be ignored it

would take 100’s of seconds to raise the temperature of the cells by 2 °C. It should be noted that
1.7 MPa is a high acoustic pressure for biological applications. It will become apparent within the
present subchapter that when artificial cavitation nuclei are utilised, inertial cavitation will usually
become a danger to cell viability at acoustic pressure amplitudes below 1.7 MPa.
According to Stokes law of sound attenuation, the attenuation of an acoustic wave is proportional
to the square of its frequency, causing the heating power to rise exponentially as the frequency is
increased. The above value of 10 to 50

of heating power was for a frequency of 4 MHz. This

is a higher frequency than that used in most of the papers reviewed. Since both the frequency and
peak pressure amplitude used by Carstensen et al. [145] were above those used by the large
majority researchers that were attempting to harness cavitation microstreaming, the probability of
overheating appears to be low. This is particularly true in the short term since even with heat
dissipation ignored it would take several minutes for the temperature of the cells to rise to beyond
2 °C above their biological norm of 37 °C.
Ultrasound irradiation of cells has been investigated in vivo and in vitro both with and without
contrast agent in order to determine its safety. It was observed that on a small number of occasions
rats suffered from myocardial infarctions as a result of receiving high doses of contrast agent in the
absence of ultrasound exposure. The cause of the myocardial infarction is the disruption of the
blood flow resulting from contrast agent microbubbles blocking the blood capillaries. In a study by
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Vancraeynest et al. [146] the hearts of live rats that had received extremely high doses of contrast
agent (

) were sonicated at acoustic pressures of 0.6, 1.2 or 1.8 MPa for up to 30 min.

Whilst all acoustic pressure amplitudes tested caused measurable damage, myocardial infarctions
only occurred during sonication at acoustic pressure amplitudes of 1.2 and 1.8 MPa. At the acoustic
pressure amplitude of 1.8 MPa 80% of the rats suffered myocardial infarctions within the half hour
of sonication.
Contrast agents are not known to have ever resulted in any complications in humans in the absence
of ultrasound exposure. However, with ultrasonic excitation, Optison microbubbles used clinically
for ultrasound imaging have been linked to complications, including myocardial infarctions that
ultimately led to the death of healthy patients on a number of occasions [147]. Optison contrast
agent now comes with a safety warning as a result of lawsuits brought against the manufacturer. It
must be pointed out that the number of complications is statistically insignificant when compared
to the number of times that Optison has been used without any harmful effects ensuing.
In order to assess the impact of inertial cavitation on red blood cells, Dalecki et al. [148] injected
Albunex microbubbles into mice and measured the hemolysis caused by sonication. Targeted
ultrasound in the form of 10 μs bursts at a repetition frequency of 100 Hz was administered to the
hearts of the anesthetized mice for 5 minutes. The acoustic pressure amplitudes ranged from 0 to
10 MPa in increments of 2.5 MPa with an acoustic frequency of 1.15 MHz other than at 10 MPa
which was also tested at an acoustic frequency of 2.35 MHz. It was observed that at a frequency of
1.15 MHz, hemolysis only increased beyond the control value for acoustic pressure amplitudes of
5 MPa and above. At a pressure amplitude of 10 MPa there was 5% hemolysis. In contrast, at a
frequency of 2.35 MHz (beyond the resonance frequency of Albunex) and acoustic pressure
amplitude of 10 MPa the percentage of hemolysis was not significantly higher than in the control
experiment. The reason for the low occurrence of hemolysis is that the red blood cells were only
being sonicated whilst passing through the heart.
In a separate in vitro study by Brayman et al. [149] on of the effect of inertial cavitation on red
blood cells, the sonication of red blood cells for 60 s led to much higher rates of hemolysis than
those observed by Dalecki et al. [148]. At 2.5 MPa there was a 10% occurrence of hemolysis and at
3 MPa the rate of hemolysis was over 50%. In another study, it was observed by Ward et al. [150]
that in the absence of contrast agent and at an acoustic pressure amplitude of 0.2 MPa and
exposure length of 10 minutes, pulsed ultrasound resulted in 20% cell death and continuous wave
ultrasound resulted in 50% cell death of cervical cancer cells. With the addition of Optison cell
death increased to over 60% and over 80% respectively. The high occurrence of cell death in this
study was a result of the cells remaining in the sonicated region for the entire 10 min exposure.
None the less, the varied results demonstrate the difficulty associated with defining a safe level of
ultrasound exposure. For additional safety trials one may refer to [151-153].
Despite acoustic absorption increasing with frequency, a trial by Miller et al. [154] which used
frequencies of up to 10 MHz has shown that the threshold acoustic pressure for cell death to occur
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increases as the ultrasound frequency is increased. The reason for the increase in threshold
pressure is that the frequencies were above the contrast agent microbubbles resonant frequency
and so a further increase in acoustic frequency causes the contrast agent microbubbles to shift away
from resonance. This helps to demonstrates that when artificial cavitation nuclei are used, inertial
cavitation becomes a far more destructive effect than hyperthermia. If the frequency were to be
increased further, the threshold acoustic pressure would eventually reach a maximum and any
further increase in frequency would cause the threshold pressure to fall as the effect of
hyperthermia becomes dominant.
It is not difficult to see why the issue to ultrasound safety is such a contested one when the various
trials have turned up such a varying range of results. Whilst one trial [148] has shown that acoustic
pressure amplitudes of up to several MPa are safe, a separate trial [149] has shown under different
experimental conditions that during long exposures acoustic pressure amplitudes of only 200 kPa
can be extremely destructive. One particular experimental variable that is easy to overlook but has
been shown to have a large impact on the level of cell death is the concentration of contrast agent
[69]. It can be concluded that acoustic pressure amplitudes up to several MPa may be safe to use
for short exposures. Meanwhile, lower acoustic pressure amplitudes on the orders of 100’s of kPa
are suitable for significantly longer exposures of ultrasound but should not be considered
intrinsically safe. High levels of cell death may still occur at these acoustic pressure amplitudes.

4.4.2 Effect of Fluid Shear stress on cells
The shear stress exerted by biological fluid flows on cells in vivo is an important stimulus for a
range of cellular activities. A fluid shear stress of 1 Pa has been shown to lead to a 40% increase in
the thermal fluctuations of cell membranes [11]. The increase in thermal fluctuations has been
linked experimentally to an increase in the membrane free volume (the total vacant space between
phospholipids) and a corresponding

increase in the micro viscosity of the membrane [155].

Braddock et al. [156] reported that an increase in membrane free volume may lead to the activation
of membrane bound proteins and to mRNA synthesis, necessary for the synthesis of proteins. This
mechano-chemical signal transduction is vital for cells and could provide a novel way of
researching signalling pathways.
In vivo shear stress may be generated by the hemodynamic flow through the cardiovascular system
where it may affect the endothelial cells or through the agitation of the interstitial fluid that
surrounds the cells. The shear stress generated by the agitation of interstitial fluid is likely to be
greatest in load-bearing tissue such as the bone tissue and the ligaments. In these cases the
agitation of the fluid is caused by mechanical deformation of the extra cellular matrix [157]. A
prime example of the effect of shear stress is the increased metabolism of arachidonic acid by
human umbilical venin endothelial cells (HUVECs) in vitro during trials by Frangos et al. [4] in
which shear stress was generated by a flow of fluid. Arachidonic acid is a secondary messenger
molecule that mediates inflammation [158]. It was observed experimentally by Frangos et al. [159]
that when subject to a shear stress of 0.6, 1.6 or 2.4 Pa, endothelial cells in vitro increased their
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synthesis of prostacyclin, a lipid molecule involved in regulation of haemostasis by preventing
platelet plug formation and is also a vasodilator. The largest increase occurred at 2.4 Pa, with
prostacyclin synthesis increasing by an order of magnitude. The synthesis of prostacyclin was
greatest during pulsatile shear stress [159]. During static shear stress the synthesis of prostacyclin
initially rose to a high level and then slowly decayed but remained above the level of the control.
Flow induced shear stress has been shown to promote the production of platelet derived growth
factor in endothelial cells in vitro [160] and to increase levels of prostaglandin in osteoblasts
in vitro [161]. Because prostaglandin mediates the production of cyclic adenosine mono-phosphate
[162] it plays an important role in the signal transduction of mechanical stimuli to the bone
through the interstitial fluid. Fluid induced shear stress also increases the synthesis of nitric oxide
in both endothelial cells [163] and osteoblasts [7]. During experimentation it was found that whilst
pulsatile shear stress significantly increased the cell proliferation of cultured rat primary
osteoblasts, static shear flow had an insignificant effect on cell proliferation [3]. Pulsatile shear
stress was found to increase the expression of extracellular signal-regulated kinase phosphorylation
by 418% whereas a steady shear stress reduced it to 17% of the control. Qualitatively similar results
for the effect of pulsatile and steady shear force have also been obtained for endothelial cells [164].
Separately, it was demonstrated that adhered endothelial cells subject to a flow induced shear
stress throughout culturing were significantly less sensitive to cavitation induced shear stress than
were endothelial cells cultured under no shear stress [165]. In an investigation by Davies et al. [166]
on the effect of hemodynamic flow turbulence on vascular endothelial cells in the vicinity of
atherosclerotic lesions, turbulent flow caused an increase in DNA synthesis. Separately, it was
shown that whilst shear stress from a laminar flow inhibits the tumour necrosis factor-alpha (TNFα) activation of (c-Jun N-terminal kinases) JNK in HUVECs, thereby protecting against
atherosclerosis, shear stress from a turbulent flow does not inhibit JNK activation by TNF-α [167].
It is interesting that in the case of vascular endothelial cells, turbulent flow was more effective than
laminar flow at bringing about a physiological effect whereas the reverse was true for inhibiting
TNF-α activation in HUVECs. An additional example of a therapeutic effect is the observation by
Ng et al. [6] that shear stress used to mimic the stress caused by a physiological increase of
interstitial fluid flow due to inflammation caused fibroblasts to differentiate into myofibroblasts.
Myofibroblasts play an important role in the healing of wounds. Conversely, shear stress has been
shown to inhibit inflammation in the vascular system where inflammation would have a negative
impact on the organism [5].
Additional effects of shear stress include the role that it plays in inducing the differentiation of
Flk-1-positive embryonic stem cells into vascular endothelial cells [2] and its role in the activation
of integrins and their subsequent anchoring to the extra cellular matrix [168]. Flow induced shear
stress causes endothelial cells to elongate in the direction of shear stress and the actin fibres of their
cytoskeleton to align themselves axially with the direction of the fluid flow [169]. Using a nonfluidic means Nishimura et al. [12] demonstrated that the cytoskeleton of cardiomyocytes stiffens in
response to the application of a shear stress.
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A study by Helm et al. [170] proposes a significantly different modus operandi behind the biological
flow mediation of cellular effects. Their study on the formation of capillary structures in vitro by
cultured endothelial cells proposes that rather than activating membrane bound proteins, the flow
around the cells increases the concentration of protease around the cell. The increase in protease
results in the release of vascular endothelial growth factor (VEGF) which is bound to the extra
cellular matrix by fibrin. This would mean that the shear stress exerted on the cell is not
responsible for the formation of the capillary structures. The results did show that capillary
formation was by far the greatest when both a fluid flow and VEGF were present. An unfortunate
consequence for Helm et al [170] of the use of flow is that it is equally possible to hypothesize that
the shear force from the fluid flow activates signalling pathways which in conjunction with VEGF
initiate the formation of capillary structures regardless of protein gradients.
The final topic to be reviewed in this subchapter is the effect of shear stress on ion concentrations.
One study has demonstrated that stored

is released from the mitochondria of cardiomyocytes

in response to shear stress, thereby increasing the cystolic concentration of

ions [171]. The

increase in cystolic calcium impacts ion channels and plays an instrumental role in the beating of
the cardiomyocytes. Separately, the cystolic concentration of

in cultured HUVECs has been

shown to rise in response to a constant shear force [172]. Two explanations have been given for how
shear stress activates ion channels. One is that, as explained in the opening paragraph, the change
in free volume of the membrane acts as a mechano-chemical transducer. An alternative explanation
is that the conformational change in the membrane stretches the ion channels, activating them by
direct physical stimulation [173].

4.4.3 Repairable Sonoporation
Repairable sonoporation is the formation of pores in the cell membrane as a consequence of
ultrasound exposure [150]. This is in contrast to non-repairable sonoporation which is the
formation of lethal non-transient pores by over application of acoustic energy. Repairable
sonoporation (referred to as sonoporation from here onwards) is being researched in the hope of
developing a technique for facilitating the targeted delivery of drugs [10, 174] and genes [175] into
cells in vivo and in vitro. The poration of the lipid bilayer allows the compound to diffuse into the
cytoplasm of the cell. By using focused ultrasound, take-up of a compound can be localised to a
target region with sub millimetre accuracy [176]. Sonoporation carried out in this way traditionally
yielded inadequate results, often achieving compound take-up only marginally higher than in
controls conducted without the ultrasound [150, 177], with attempts to improve the uptake of
compounds by increasing the acoustic pressure amplitude leading to high levels of cell death.
However, a more recent demonstration of contrast agent free sonoporation by Carugo et al. [174]
achieved high sonoporation efficiency with comparatively low incidence of cell death.
It is now widely known that higher rates of sonoporation and subsequent compound internalization
can be achieved by sonicating cells in the presence of encapsulated microbubbles (EMBs) [150].
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Bao et al. [153] reported that almost 40% of cells expressed a luciferase reporter vector (though
close to 30% died) when sonoporation was carried out in the presence of ultrasonic contrast agent
(UCA) in vitro. Kooiman et al. [178] achieved an 83% uptake of Propidium iodide by HUVECs to
which biotinylated lipid coated microbubbles were attached at a ratio of 1:1 and sonicated in vitro.
It should be noted that Kooiman et al did not measure what fraction of the 83% of HUVECs that
took up the dye remained viable. Results such as those described have given rise to the possibility
that sonoporation could one day become a viable method for targeted drug and gene delivery.
Although sonoporation is not currently able to match the high transfection efficiency achieved by
using viral vectors for gene therapy (which are disliked because of the danger of side effects [179]) it
none the less has many favourable characteristics. Chief amongst these characteristics is that by
encapsulating a compound inside the EMB, the compound can be delivered to a cellular target. Cell
targeting is achieved by attaching ligands specific to the target cell onto the EMB shell [180]. This
has the effect of increasing the concentration of EMBs and their payload in the vicinity of the target
cells whilst decreasing the concentration elsewhere. The EMB shell also acts to protect the payload
which, depending on the compound being delivered, could otherwise be damaged or destroyed in
the circulatory system before it has a chance to enter a cell [181]. In comparison, other non-viral
vectors do not porate the cells and must therefore rely on endocytosis as the mechanism for
internalizing a compound into a cell. Not only does less of the compound become internalized into
the target cells when endocytosis is used, but a greater proportion is internalized by non-target cells
[182].
In order for a compound to enter a cell, the unit molecule (e.g. a single plasmid) must be small
enough to pass through the pores created in the cell membrane. The pore size therefore sets the
upper limit on the size of the unit molecule that can be internalized by sonoporation. In an
investigation by Mehier-Humbert et al. [183] SEM images of the cells were used to estimate the size
of the membrane pores to be circa 100 nm. Using microsphere of 25, 37 and 75 nm in diameter they
demonstrated that as long as microspheres were smaller than the membrane pores, their size had
no impact on the proportion of cells that took them up. They did however discover that when using
the larger microspheres fewer were taken up by each cell (measured as a lower fluorescent
intensity). Additionally, they investigated the time length for which the pores remained open by
adding FITC-dextran to the cells after sonication rather than being present during the experiment.
They found that only 4.3% of the cells internalised FITC-dextran when added 5 seconds after
sonication. When FITC-dextran was added 50 seconds after sonication the percentage of cells to
internalise it fell to 1%. Separately, it has been shown that extra cellular calcium plays a vital role in
the closing of pores and that in its absence the pores will remain open [184]. Using the patch clamp
method, it was determined by Zhuo et al. [185] that the membrane pores (estimated to be 110 nm
in size) remain open for a second or two when extra cellular calcium is present.
There are several possible configurations for in vitro microbubble enhanced sonoporation. Cells
may either form an adherent monolayer, described by Miller et al. [186] or they may be in
suspension within the fluid, demonstrated by Brayman et al. [187]. Microbubbles may be targeted
to the cells by incorporating ligands into their shell, suggested by Laing et al. [188] and radiation
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forces can be used to manipulate the position of cells and microbubbles (section 4.2.2). It is difficult
to deduce from the literature, how large an effect the choice of cell or microbubble configuration
will have on sonoporation efficiency. This is because experiments presented in the literature made
use of a wide range of acoustic pressure amplitudes, cells types, drugs and EMBs, making
comparison difficult.
Although using shell incorporated ligands to target cells is not a new idea, it is not widely used in
sonoporation investigations. This may simply be due to the fact that specific tissue can already be
targeted with focused ultrasound and so researchers do not see the need for an additional level of
targeting. There is a lack of experimental data regarding targeted microbubbles, particularly
in vitro data. This is despite the fact that in vitro experiments provide the best opportunity to
increase our understanding of the processes involved in sonoporation. The use of targeted
microbubbles has two possible advantages. Firstly, the distance between the microbubbles and the
cells can be fixed. Secondly, microbubbles in close proximity to cells will generate larger shear
stresses on the cells than those further away, indeed this was demonstrated by Ward et al. [69].
Although Ward et al. did not manage to vary the distances without affecting concentration (which
has a significant impact on sonoporation [69]) nobody argues to the contrary regarding the effect of
microbubble to cell spacing.
Mechanisms of sonoporation
Though the precise mechanism by which transient pores form in the lipid bilayer remains
uncertain, there is wide agreement that a mechanical force is capable of creating pores [189].
Indeed, experiments using a fluid flow to apply a shear force to cells have shown that shear stress
decreases the micro viscosity of the lipid bilayer, which increases its permeability [155]. SEM
images clearly show that discrete holes are formed in the membrane as phospholipids are cleaved
apart [190]. There are numerous proven mechanisms by which the sonication of gas microbubbles
results in the generation of a mechanical force on the cell membrane. The mechanisms include
micro jetting and the formation of shock waves by the inertial collapse of gas microbubbles,
cavitation microstreaming around a stably oscillating microbubble and physical buffeting of the cell
by an oscillating bubble [189]. These mechanisms are all capable of generating a shear stress. There
may not even be a signalling pathway that must be activated as a prerequisite to pore formation
since artificial lipid bilayers have also been porated which do not possess signalling pathways [191].
Still, signalling pathways which act as biological feedback loops are known to be activated
(section 3.4.2) and it was observed that the cytoskeleton of cardiac myocytes remodels in reaction
to a shear stress [12]. Inertial cavitation, cavitation microstreaming and mechanical buffeting are
discussed briefly below with respect to sonoporation (for cavitation microstreaming refer to section
3.3). It should be noted that the majority of authors assume that inertial cavitation took place but
do not measure it and so it is not always known whether or not cavitation was inertial.
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Inertial cavitation
The mechanism most often quoted in papers as being responsible for causing sonoporation is the
inertial collapse of microbubbles. The collapse is a single event that creates a shockwave throughout
the fluid. If a solid boundary (which could be a monolayer of adherent cells) is present in close
proximity to the collapsing microbubble then its collapse will generate a powerful fluid jet that will
impinge on the solid boundary [192]. Not only do fluid propagations initiated by inertial cavitation
generate the largest forces of all the known mechanisms of sonoporation, they also provide an
effective means of delivering drugs or genes to within close proximity of the target cells. This is
achieved by encapsulating a payload of drugs or genes within the microbubble; when the
microbubble is destroyed, the payload is released on site. Alternatively, the drug or gene can be
adhered to the encapsulating shell by modifying the surface properties of the shell so as to make it
cationic or by using a biotin-streptavidin bond [193]. The payload is then released by the force of
the cavitation.
Within the literature that has been reviewed, Ohl et al. [189] most thoroughly explored the effect of
inertial cavitation micro-jets on sonoporation. In their experiment the destruction of a sub
millimetre radius free air bubbles at a fixed distance from an adherent monolayer of cervix cancer
cells was used to generate a micro jet of fluid that impinged upon the cells. The consequence of the
jets were circular regions of cell detachment with a radius similar to the maximum radius of the
cavitating microbubble, inner regions of attached but lysed cells, middle regions of temporarily
porated cells and outer regions where the cells were unporated (Figure 4.25). Other trials [177, 194]
have also used inertially cavitating microbubbles to porate cells. Depending on the proximity of the
microbubbles to the cells some of these microbubbles will produce only shockwaves whilst others
will also produce powerful micro jets. There is an inherent difficulty in achieving low levels of cell
death because inertial cavitation is an extremely powerful event. The separation distance between
inertially cavitating microbubbles and cells is critical for sonoporation. In practice, occurrences of
cell death are often higher than occurrences of sonoporation, even at the optimal operating point in
an experiment [153].
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Figure 4.25: An image showing the effect of inertial cavitation jets from two microbubbles on a monolayer
of cells [189]. The central black areas are regions of cell detachment, the red areas are regions of cell death
and the green areas are regions of temporary cell poration. The scale bar denotes 0.5mm

Ward et al. [69] demonstrated that during inertial cavitation the proportion of cells porated
increases with proximity of the microbubbles to the cells but there exists some threshold
microbubble-cell separation distance for cell death on the order of 10’s of microbubble diameters.
Inertial cavitation beyond the threshold distance is associated with sonoporation, though
significant cell death still occurs. Inertial cavitation closer than the threshold distance is associated
with cell death (i.e. the ratio of porated cells to dead cells falls significantly regardless of the
acoustic pressure amplitude). The findings indicate that micro jets are lethal events. Ward et al.
[69] did not directly measure the distance between the microbubbles and cells. Instead, they
assumed that both are dispersed homogeneously and that changes in the concentration of the
microbubbles will alter the microbubble-cell separation distances. Notably, whilst they do mention
that agglomeration forces may result in microbubbles not being distributed homogeneously they
neglect to mention that the concentration of microbubbles will affect acoustic propagation
(see 4.2.1).
Most sonoporation experiments that aim to inertially cavitate microbubbles do not use continuous
wave ultrasound but rather use pulsed ultrasound. Using pulsed ultrasound reduces cell death
because the short intermission between bursts of multiple wave cycles provides the cells with a
respite and reduces heating [195]. The intermissions allow for a higher overall exposure time than
would be possible with continuous wave ultrasound [196]. By increasing the pulse width and the
number of cycles per burst, poration is increased but cell viability is decreased [194]. It was
observed by Clarke et al. [197] who stressed cells at a range of ultrasound intensities, that there
existed an ultrasound intensity at which cell viability was lowest and that beyond this intensity cell
viability increased [197]. They theorized that this was because the high intensity ultrasound caused
clouds of microbubbles to form in the liquid, attenuating the ultrasound wave and thereby
shielding the cells from damage [197].

94

Cavitation microstreaming
The fluid flow generated by cavitation microstreaming is of a lower velocity than that generated by
inertial cavitation (subchapter 4.3) but it has nonetheless been shown to be an effective way of
sonoporating cells. In one study a Mason horn with a PZT transducer attached to its back was used
as an alternative to microbubbles as a way of generating a microstreaming like flow. This meant
that the spacing between the horn tip and the cells could be easily determined [198]. By utilising
theoretical models in combination with the experimental data, it was estimated that the shear
stress being generated at the threshold acoustic pressure required to porate the cells was just 12 Pa,
a value which has been advocated by additional authors [8, 151, 199]. Marmottant et al. [200]
demonstrated that the vessel lysis of giant unilaminar lipid vesicles by stably cavitating free
microbubbles of 10-100μm radius in a high viscosity liquid can occur at acoustic pressure
amplitude of just 10 kPa. This was predicted by calculating the increase in the shear stress that
would be brought about by increasing the viscosity of the liquid used in their experiment (water) by
a factor of 20.
An important feature of non-inertial cavitation is that it is less likely to cause cell death than inertial
cavitation is (section 4.4.1), making it a safer way to sonicate microbubbles attached to cells via
targeting ligands. Although such a practice has not been frequently employed, a theoretical study by
Wu et al. [20] showed that the shear stress felt by cells to which stably oscillating microbubbles are
attached is within the stress range for sonoporation to occur. Because the microbubble-to-cell
displacement will be 0, it is highly repeatable and requires a lower acoustic pressure amplitude
than would be required for larger microbubble-to-cell displacements. An advantage of attaching
microbubbles to cells is the second level of targeting that it provides, rather than using the
ultrasound alone as a way of targeting drug uptake. Microbubble attachment to cells also increases
the concentration of microbubbles in the vicinity of the target cells whilst decreasing their
concentration elsewhere. In a study by Tsai et al. [201], SonoVue mixed with plasmid DNA for
luciferase, interleukin-12 or enhanced green fluorescent protein was injected either intratumorally
or intramuscularly into orthotopic liver tumour, subcutaneous tumour and muscle tissue in vivo.
The tissues were sonicated for 10 minutes at an intensity of 0.4

(about 80 kPa). It was

found that the muscle cells had a significantly higher efficiency of gene expression. Tsai et al.
postulated that the reason for this was that tumours have a much higher density of blood vessels
compared to muscles and so the DNA and SonoVue were rapidly washed away from the tumour by
the blood flow. In this case, a method where microbubbles are tethered to the cells may have
increased the poration of the cells.
When compared to inertial cavitation the options for drug release using non-inertial cavitation have
typically been limited since an encapsulated drug cannot be released nor is it known how efficiently
a drug adhered to the outside of the shell would be released. However, there does exist a cutting
edge method, demonstrated by Schroeder et al. [191] for releasing a compound encapsulated by an
artificial lipid bilayer (a liposome) encapsulated microbubble without compromising the stability of

95

the microbubble. The method consists of using low frequency ultrasound (LFUS) to porate the
artificial lipid bilayer. This method cannot compete on speed with the instantaneous release
obtained using inertial cavitation; however it may still prove to be an adequate method for release
and is less likely to result in damage of the compound. In an in vivo study by Schroeder [202]
liposomes with an aqueous core released 70% of their encapsulated Cisplatin into J6456 murine
lymphoma tumours in the peritoneal cavity of mice when exposed to LFUS at an intensity of
5.9

(about 300,000 kPa) for 120 seconds. The tumours stopped proliferating and

regressed over time. The study did not measure poration of the tumour cells.

Figure 4.26: A setup for sonicating cells, showing the well plates in a water bath at 37 °C and the transducer
positioned below the wells [199, 203].

Non-inertial cavitation may be the answer for reducing the occurrence of cell death. However, its
capacity to reduce cell death is restricted for reasons that include the variation in threshold shear
stress for poration from cell to cell [204], non-homogeneity of the size of microbubbles and spatial
variations in the acoustic pressure field. An example of a typical experimental setup for generating
sonoporation is shown in Figure 4.26.
Mechanical buffeting
The wall velocity of a microbubble undergoing high amplitude radial oscillations can be of the order
of meters per second. The stress felt by cells due to being buffeted by the microbubble shell should
in principal be large enough to porate or lyse cells [205]. The method of mechanically buffeting
cells using oscillating microbubbles cannot truly be tested experimentally due to the practical
problems involved in trying to produce volume oscillations of microbubbles in the absence of the
shear force generated by cavitation microstreaming. However, Nejad et al. [206] observed, in
highly magnified images, that mechanical buffeting of cells by microbubbles in close proximity
resulted in deformation of the cell membrane on the micron scale. The deformation did not occur
when the microbubbles were attached to the cells.

Problems with Measuring Cavitation
As briefly discussed above, more often than not the experimental methodology used by researchers
does not include the use of techniques for determining whether cavitation was inertial or non-
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inertial (e.g. the use of frequency spectra analysis [207]). It is therefore not possible to
subsequently determine which form of cavitation took place. It is also difficult to predict whether or
not cavitation was stable because the threshold acoustic pressure amplitude varies considerably
depending on many factors including how close the microbubble is to resonance (section 3.2.1).
A further complication in understanding what form of cavitation is taking place during
sonoporation is that although inertial cavitation may have been detected, not all of the
microbubbles will be undergoing inertial cavitation. With the exception of using unreasonably high
acoustic pressure amplitudes, this will surely arise out of the large size distribution of microbubble
radii. Indeed, it was observed that inertial cavitation will result in the destruction of a significant
proportion of the microbubble population, but that many microbubbles will remain intact [184].
The fact that not all microbubbles undergo inertial cavitation is only likely to cause an
inhomogeneity in the distribution of porated cells if there is a spatial inhomogeneity in the location
of inertial cavitation events.
The consequences of spatial inhomogeneity will be that whilst cells in one region become porated,
cells in a second region become lysed and cells in a third region remain unporated. Increasing the
acoustic pressure amplitude reduces the size of the unporated region but increases the size of the
lysed region. This means that whilst an optimum will exist, it will not be possible to porate all of the
cells; as discussed in the studies reported here. Ohl et al. [189] used a micro jet formed by the
destruction of a single microbubble much larger than a single cell, to show the existence of a spatial
variation in the shear force. Miller et al. [8] have shown that by rotating the fluid channel at 60 rpm
about its axis, sonoporation efficiency can be increased due to an increased homogeneity in the
average exposure of cells to shear stress. It is becoming apparent that there remains little doubt
about the fact that a single cell can be porated by cavitation microstreaming flows and remain
viable, but doing so to a population of cells is proving to be a challenge.
Encapsulated microbubbles
As described section 4.2.1, encapsulated microbubbles are used as contrast agents since free air
microbubbles are highly unstable, experiencing either rapid dissolution or rapid growth. The effect
of the shell’s mechanical properties on the dynamics of microbubble oscillation was reviewed in
section 4.2.3 and its effect on microstreaming was reviewed in subchapter 4.3. Unsurprisingly, the
type of EMB used (and many types have been mentioned thus far) for sonoporation has a large
impact on efficacy. Relatively few experiments have been carried out to probe the effect of different
EMBs on sonoporation under controlled experimental conditions. Nevertheless, those researchers
that have conducted such experiments report huge variations in sonoporation efficiency and cell
viability. In one such study it was observed that Optison caused a dramatic increase of gene
transfection even in the absence of ultrasound exposure [175]. Similar albeit less pronounced
results were obtained using SonoVue. The use of Levovist was shown to reduce gene transfection
efficiency to below the control value and cause the highest level of cell death [175]. Another study
reported similar results, though considerably lower rates of gene transfection were reported in the
absence of ultrasound [9]. The concentration of EMB used is also important. It has been observed
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that sonoporation efficiency rises with an increase in EMB concentration but only up until a critical
point above which efficiency begins to decline [186, 199]. The decline results from the attenuation
of the ultrasound by EMBs [69].
A novel alternative to using regular contrast agent (the most commonly used EMB) is to use
liposomes to porate cells. Liposomes (Figure 4.27) are artificial vesicles consisting of one or more
phospholipid bilayer membranes encapsulating an aqueous cavity. The bilayer of the liposome is in
essence an artificial cellular membrane. By virtue of this, liposomes possess a range of
characteristics that are favourable for operating in a biological environment. These favourable
characteristics include biocompatibility and the relative ease with which drugs can be of
incorporated into their membrane. By attaching antibodies or some other class of ligand, liposomes
can be made to target specific receptor sites on cells [208]. By coating the liposome with a polymer
such polyethylene glycol (PEG), the liposome can be made to better avoid detection by the immune
system thus increasing its longevity in the circulatory system [209]. DNA or drugs can also be
attached to the membrane and released by a stimulus such as a change in pH or a change in
temperature [210].

Figure 4.27: An illustration of a liposome.

By encapsulating a gas inside the liposome the liposome can be made to cavitate and can therefore
be used to generate microstreaming flows. Various names have been given to such liposomes
including echogenic liposomes [211], bubble liposomes [212] and liposome contrast agents [213].
For the purpose of the literature review the term echogenic liposome has been adopted to describe
a liposome which contains a significant amount of undissolved gas inside its internal cavity. There
are two methods reported in the literature for producing echogenic liposomes. One of these
methods, developed by Suzuki et al. [212], involves agitating (for example by vigorous shaking or by
ultrasound exposure) hydrated liposomes in a container containing the gas to be entrapped whilst
the container is held at an elevated pressure. Pitt et al. [214] raise doubts over this method in an
editorial. They believe that rather than creating echogenic liposomes, the liposomes are being
broken down and that the phospholipid molecules are forming stabilizing surfactant layers around
free gas microbubbles. This is a somewhat different concept to that of an echogenic liposome.
Whichever of these is the case, the results of the sonoporation trials carried out by Suzuki et al.
[212] were extremely promising.
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Similarly to the first method the second method [181] also requires the liposomes and a gas to be
held at an elevated pressure. In this method 32 mol L-1 of an osmotic agent called manntiol is
included in the liquid suspension. The liposomes are frozen, the pressure is released and the
liposomes are thawed. Gas encapsulation of 40% of the enclosed cavity of the liposome has been
achieved in this way [181]. The method may also be carried out by adding citric acid into the
liposome suspension as a substitute for manntiol [215]. Whether it is manntiol or citric acid that is
used, it is thought that the mechanism is identical. The quantity of gas dissolved into the liquid is
increased due to the elevated pressure. This is followed by the creation of free gas microbubbles
during freezing and finally encapsulation during thawing [181].
The acoustic properties of echogenic liposomes are, at least in principal, similar to those of any
other encapsulated microbubble. Because echogenic liposomes are typically about a micron in
diameter their resonance frequency is considerably higher than that of contrast agents such as
Optison. By measuring the acoustic attenuation of 400 nm radius echogenic liposomes made
predominantly out of DSPC it was shown that their resonance frequency was in the range of 1619 MHz [216]. When 40% cholesterol was included in the liposome composition, the resonance
frequency was reduced to 5-6 MHz because of a large increase in membrane fluidity. It is odd that
this value is below the minaret resonance frequency for a free air microbubble of similar size. It is
important to note that these echogenic liposomes were created using the ‘disputed’ method which
Pitts et al. [214] argued, results in a shell that is nothing more than a surfactant layer.
In addition to the possibility of incorporating drugs and DNA on to the membrane of an echogenic
liposome (which is possible for EMBs regardless of the form of cavitation being used), the payload
can also be encapsulated by the echogenic liposome. Whereas regular EMBs must be destroyed
with inertial cavitation in order to release the payload, experimental work by Schroeder et al. [191]
has shown that with echogenic liposomes this may not be necessary. This is because in the same
way that the cellular bilayer membrane can be porated, so can the liposome bilayer membrane,
allowing for the possibility that the encapsulated payload can be released during stable cavitation
whilst the echogenic liposome remains intact. This release mechanism does not rely on potentially
dangerous changes in PH or temperature. It also increases the probability of the payload being
delivered undamaged since the inertial collapse of bubble that may cause damage to encapsulated
drugs or DNA need not occur. The time taken for the release of the payload is an important
criterion for successful delivery of the drug. In one experiment [191] drug carrying liposomes (that
is, non-echogenic liposomes) exposed to 20 kHz ultrasound at an intensity of 3.3
for 120 s released 50-80% of their payload, depending on the drug that was being
carried.
Whilst this mechanism of release will never be as fast as the almost instantaneous payload release
achieved by inertial microbubble destruction, there may also be no advantages in achieving such a
fast release. Suzuki et al. [217] have shown that during inertial cavitation of their disputed
echogenic liposomes the optimal length of ultrasound exposure was 5 seconds at 2 MHz and
0.7

. With such a short time frame, fast payload release is essential. Using stable cavitation
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the optimal ultrasound exposure lengths are significantly longer, typically between 30 s and 2 min
[8, 151, 190, 218]. Mathematical modelling of the release of compounds from porated liposomes by
diffusion has shown that the release efficiency is compound dependant. For the three different
drugs modelled (Cisplatin, Doxorubican and MPS), over 20% of the drug was released within the
first 20 seconds and at least half was released within the first minute, with a decreasing rate of
release thereafter [219].
Research carried out by Huang et al. [10] has demonstrated that the addition of 4% DHPC
(diheptanoly phosphatidylcholine) to the composition of echogenic liposomes had the apparent
effect of increasing its sensitivity to ultrasound triggered payload release. This was demonstrated
by sonicating echogenic liposomes at an acoustic intensity of 2

(about 175 kPa) and a

frequency of 1 MHz, which resulted in a consequent release of 30% of their payload within 10
seconds. Further ultrasound application resulted in additional compound release but at a
diminishing rate. It should be noted that the author only hypothesized the increase in sensitivity
based on that gained in a non-ultrasound based experiment and did not test echogenic liposomes
without DHPC as a control. Due to the fact that Schroeder et al. [191] used non-echogenic
liposomes loaded with drugs whereas Huang et al. [10] loaded echogenic liposomes with a
fluorescentdye, it is not possible to ascertain as to whether the improved sensitivity achieved in the
research by Huang et al [10] were as a result of the inclusion of DHPC.
Suzuki et al. [212] used polyethylene glycol modified echogenic liposomes containing
perfluropropane gas in order to deliver a compound into the cellular cytoplasm by sonication of the
liposomes using 2 MHz frequency ultrasound at an intensity of up to 2.5

(about 190 kPa) to

induce cavitation (of unspecified type). Several different types of cells were used and experiments
were carried out both in vitro and in vivo. The gene transfection resulting from the echogenic
liposomes and ultrasound exposure was greater than the transfection in controls in all cases by over
an order of magnitude and in most cases by over two orders of magnitude.
An additional examples of the use of liposomes is the trial carried out by Unger et al. [220]. Here,
plasmid DNA for Chloramphenicol acetyltransferase (CAT) reporter genes was attached to nonechogenic cationic liposomes that were manufactured from DPEPC and DOPE lipids by sonication.
The liposomes were added to wells with cultured HeLa, NIH/3T3, and C127I cells. 1 MHz frequency
ultrasound of varying pressure amplitudes and duty cycles was applied to the wells. The results
showed that high levels of gene transfection were achieved but that significant levels of gene
transfection occurred even in the absence of ultrasound.

This significant transfection in the

absence of ultrasound may be a sign that endocytosis played a major part in the uptake of drugs.
Endocytosis is the process by which cells engulf extra cellular molecules and internalize them,
entrapping them inside vesicles in the cytoplasm. Endocytosis is an alternative method to
sonoporation for delivering drugs and a method that has traditionally been employed for non-viral
gene delivery. It is far less efficient than sonoporation and there is concern that entrapment inside
the endocytosis vesicle can damage the payload. Research has shown that endocytosis of liposomes
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is greater when liposomes have a non-neutral charge [221]. This explains why Unger et al. [220]
experienced a relatively large transfection efficiency in the absence of ultrasound exposure using
their cationic liposomes as compared to other researchers (and liposomes are significantly smaller
than contrast agents that are typically used e.g. Optison). Application of ultrasound has also been
implicated in increasing the rate of endocytosis [222].
In summary, both stable and inertial cavitation with both echogenic liposomes and other types of
microbubbles have shown promising results, as has contrast agent free sonoporation in at least one
study. Whilst inertial cavitation has to date generated the highest rates of sonoporation, it has also
resulted in the highest levels of cell death. Sonoporation has been shown to be an effective method
of delivering drugs and DNA. However, there remains a significant gap in efficiency between
sonoporation carried out in vivo and sonoporation carried out in vitro.
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5 Methodology
Microfluidic devices were designed and fabricated to provide controlled environments for the
generation of microstreaming (subchapter 5.2) around encapsulated microbubbles. A µPIV (micro
particle image velocimetry) system (Subchapter 5.3) was developed in order to characterise
microstreaming velocity. Biological protocols (Subchapter 5.5) were developed in order to test the
applicability of the microstreaming for biomedical applications. The experimental setup for
capturing µPIV image sequences of microstreaming flow is illustrated in Figure 5.1. The setup is
divided into three parts for clarity. These are, the microfluidic device (shown in red) inside of which
the microstreaming was generated and targeted to cells, the peripheral equipment (shown in blue)
used to power the microfluidic device and to obtain results and lastly the data processing (shown in
green) used for analysing the results.

Figure 5.1: Illustration of the experimental setup. The microfluidic device is shown in red, the peripheral
equipment in blue and the data processing in green.

The microfluidic devices are planar acoustic resonators in which a PZT ceramic transducer situated
below a fluid channel (Figure 5.3) and excited by an AC signal from a signal generator, forms an
acoustic resonance. Encapsulated microbubbles located in the fluid channel are oscillated, resulting
in microstreaming flows that are used to mechanically stress cells. Experiments conducted within
the microfluidic devices were imaged by a camera looking down through a microscope. When
capturing images for the purpose of µPIV, the light source was pulsed in order to achieve shorter
exposure times.
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Subchapter 5.1 outlines the hardware required in order to run experiments in the microfluidic
device and in order to collect data.
Subchapter 5.2 outlines the design of the microfluidic devices in which cavitation microstreaming
flows were generated. The concept behind the design of the devices is explained and the
preliminary, Mk. II and Mk. III microfluidic devices are presented. The Mk. II device was designed
based on the lessons learned from the preliminary device in order to improve the generation of
microstreaming flows. The Mk. III device was designed based on the lessons learned from the
Mk. II device in order to achieve a design that is more compatible for experiments with biological
cells.
Subchapter 5.3 outlines the processing of microstreaming footage in order to compute vector fields
of the flow. This was implemented in MATLAB and consisted of background subtraction of the
images, of transforming image matrices into binary, digitally removing oversized beads,
amalgamating images and finally computation of the vector fields in Matlab using the mPIV open
source software written by M. Nobuhito et al. [223].
Subchapter 5.4 describes the composition of Expancel microbubbles and the rationale for their use.
It also contains results of an analytical estimation of the Expancel microbubbles resonance
frequency and measurements undertaken to characterize the size and spatial distribution of the
microbubbles on the matching layer.
Subchapter 5.5 outlines the procedures for the preparation and handling of H9c2 cardiomyocytes.
This includes culturing of adhered cells, preparation of the microfluidic device for handling cells,
viability staining and immunoassays.
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5.1 Peripheral Equipment
The peripheral equipment consisted of a signal generator used to excite the PZT ceramic element, a
microscope and camera to capture images during experiments, a computer to record the data, a
light source to illuminate the fluid channel, a power supply to power the light source, a MOSFET to
allow pulsing control over the LED and a PIC programmable microcontroller board to control the
state of the MOSFET. The following equipment/devices were used:
Device

Type

camera

PCO Pixelfly qe double shutter

camera

Qimaging QICAM

Microscope objectives

Olympus x4, x10 and x50

Used in
Chapters 6 and 7 and
subchapter 9.2
Chapter 8, subchapters 9.1
and9.3

objectives with numerical

As indicated in the respective

apertures of 0.1, 0.3 and 0.5

results sections.

respectively
Light source

Luxeon III Star LXHL-LR3C,

Chapter 6 and

470 nm wavelength LED

subchapters 7.2, 7.3, 7.4, 7.5

Light source

12 W Halogen lamp

subchapter 7.1 and 9.2

Light source

Prior scientific Lumen 200 W

Chapter 8, subchapters 9.1

metal arc lamp

and9.3

MOSFET

INTERNATIONAL RECTIFIER,
IRLU014NPBF

All µPIV

Power supply (for LED)

TTi EL302RT

All µPIV

Signal generator (for transducer)

TTi TG1304

All ultrasound exposures

Programmable microcontroller

Microchip PIC32

All µPIV

Table 3: The peripheral equipment used in experiments.

The circuit, built in order to gain pulsing control over the LED, consists of a MOSFET, a power
supply and a microcontroller connected to the LED (Figure 5.2). A control signal from the camera
control board, initiated at the beginning of every frame, signalled to the microcontroller to begin a
programed sequence (Figure 5.12) of two electrical pulses of 3 V (the microcontroller ignores any
control signals received before the end of its programed sequence). The microcontroller output
caused the MOSFET to conduct for the duration of each pulse. Whilst the MOSFET is conducting,
the circuit between the power supply and the LED is completed, causing the LED to emit light.
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PIC

Control signal

Figure 5.2: The circuit used to power the LED consists of a MOSFET, a programmable microcontroller and
a power supply connected to the LED.

The first pulse occurred towards the end of the first frame of the image pair and the second pulse
occurred near the beginning of the subsequent frame, after a user defined time interval has elapsed.
Use of a pulsed light source allowed the LED to be driven at a higher current without overheating,
reducing the shortest image exposure time that could be achieved.

5.2 Microfluidic Devices
The microfluidic devices were planar acoustic resonators in which a standing wave was setup
inside a fluid channel. The devices consisted of 4 layers (Figure 5.3) held together between magnets
embedded into recesses in a Poly(methyl methacrylate) (PMMA) manifold (on top of which the
layers are housed) and magnets placed on top of the reflector layer. The driving layer was a 10 mm
in diameter piezoelectric disc transducer (PZT-26, Ferroperm piezoceramics) and was the layer that
generated the acoustic excitation. The driving layer was coupled to the matching layer with either
epoxy resin (Araldite, Huntsman) or a glycerol and hydroxyethyl based gel (KY jelly, Johnson &
Johnson). The matching layer formed the floor of the fluid channel and provided acoustic coupling
between the driving layer and the fluid channel. The fluid channel was the region in which
microstreaming was generated. It was formed by a spacer whose thickness defined the height of the
fluid channel. The reflector layer formed the roof of the fluid channel.

Figure 5.3: The 4 layers of the microfluidic devices.

A 1 dimensional acoustic impedance transfer model [224] was used to predict the effect of design
parameters on the distribution of acoustic pressure throughout the layers of the devices. Three
devices are outlined within the present subchapter:
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A preliminary device in which preliminary and validation experiments were carried out.



The Mk. II device, designed based on conclusions from experiments in the preliminary
device in order to improve microstreaming generation.



The Mk. III device, designed based on conclusions from experiments in the Mk. II device in
order to increase its compatibility for experiments with biological cells.

5.2.1 Preliminary Device
The preliminary device (Figure 5.4) had a 2.05 mm thick PZT-26 driving layer, a 3.02 mm thick
matching layer made from Macor ceramic (Macor®, Corning Inc.), a 0.75 mm tall fluid channel
defined by a PDMS gasket and a 1.4 mm thick glass reflector layer. At its driving frequency of
1.03 MHz the height of the fluid channel was half of an acoustic wavelength, producing a half
wavelength standing wave.

Figure 5.4: The preliminary device, with its fluid channel defined by the blue PDMS gasket.

The impedance transfer model of the preliminary device (Figure 5.5) shows the 1 dimensional
pressure profile throughout the layers of the device. The fluid channel is between 3 and 3.75 mm on
the x axis. The maximum pressure amplitude inside the fluid channel was 10 kPa V-1. There were
two pressure anti-nodes, one near to the reflector layer surface and one near to the matching layer
surface, with a pressure node equidistant between the two.

Figure 5.5: Pressure profile from the impedance transfer model of the preliminary device at 10 V and
1.03 MHz. The 3 segments from left to right are the matching layer, fluid channel and the reflector layer
respectively.
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5.2.2 Mk. II Device
The Mk. II device (Figure 5.6) was designed based on observations made during preliminary
experiments. One of the most significant modifications was the adherence of microbubbles to the
matching layer. The motivation behind adhering microbubbles was two-fold. The primary
motivation was that by adhering the microbubbles, the microstreaming flow became more stable
because microbubbles were not moving through a potentially inhomogeneous pressure field.
Furthermore, it would be impractical to characterize flow around single microbubbles if they were
not fixed in place. The second motivation for adhering microbubbles was that the majority of
microbubbles used in the preliminary device were lost whilst attempting to flow them into the fluid
channel. This made it difficult to estimate the concentration of microbubbles inside the channel.
Microbubbles were adhered to the matching layer by mixing 2 Wt.% Expancel microbubbles in a
liquid PDMS resin (Sylgard 184, Dow Corning) and spin coating the PDMS onto the matching layer,
resulting in a PDMS layer approximately 10 µm thick.
Fluid channel

Figure 5.6: The Mk. II device, with the fluid channel indicated by the arrow.

Two additional modifications were necessitated by the fact that microbubbles were now adhered to
the matching layer. Firstly, the Macor matching layer was replaced with a 650 µm thick alumina
matching layer (ADS96R, Coors Tek) owing to of cost considerations surrounding the use of a
disposable matching layer. Secondly, the fluid channel was too tall for microstreaming generated at
the matching layer to result in sufficient flow speed at the reflector layer. The PDMS gasket was
therefore replaced with a 100 µm thick cellulose acetate sheet, cut to the geometry of the fluid
channel.
The PMMA manifold was redesigned to allow temporary coupling of the transducer to the matching
layer with a glycerol and hydroxyethyl based gel. Furthermore, recesses were cut into the manifold
to accommodate magnets for sealing the device, providing faster sealing of the device than was
achievable with screws.
New layer thicknesses were chosen based on results from the impedance transfer model. The
transducer was 1.05 mm thick, the matching layer 650 µm thick, the fluid layer 100 µm thick and
the reflector layer 1.4mm thick. Impedance plots (Figure 5.7) from the impedance transfer model

108

indicated the existence of a fluid channel resonance at 403 kHz. The acoustic pressure profile
throughout the device (Figure 5.8), as predicted by the impedance transfer model, shows that there
was a single pressure antinode of 9.3 kPa V-1 inside the fluid channel.
a)
b)

Figure 5.7: Impedance plots from the impedance transfer model for the Mk. II device with (a) an air filled
and (b) water filled fluid channel, both 100 µm tall.

Figure 5.8: Pressure profile from the impedance transfer model for the Mk. II device at 10 V and 403 kHz
with a 100 µm tall fluid channel. The 3 segments from left to right are the matching layer, fluid channel
and the reflector layer respectively.

5.2.3 Mk. III Device
The Mk. III device (Figure 5.9.a,b) was designed to overcome problems encountered during initial
attempts to apply microstreaming flows to adhered cells in the Mk. II device. The primary problem
encountered was that hydrodynamic forces generated during the sealing of the device lead to total
cell death. In order to overcome this challenge, the device was designed to poses an improved
fluidic seal and taller fluid channel. The rationale behind a fluidic seal is that it allowed the device
to be sealed dry and then filled by flowing fluid using a syringe pump at a low volume flow rate,
resulting in lower hydrodynamic forces. The taller fluid channel minimised the hydrodynamic
forces generated when flowing fluid through the device.
The Mk. III device utilised a 200 µm thick PDMS gasket. The reflector layer was a 1 mm thick ruled
microscope slide (ruled microscope slides, Neo-sci) in which the grid visible in Figure 5.9.a was
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used to repeatably obtain identical fields of view inside the device for imaging. The transducer
(1.05 mm), alumina matching layer (650 µm) and protocol for coating Expancel microbubbles were
identical to that used for the Mk. II device. The manifold underwent modifications to accommodate
an extra magnet, increasing the sealing force. Recesses were cut into the manifold for repeatable
positioning of the matching layer and for accommodating dowel pins, used for aligning the reflector
layer.
a)

b)

b)

Figure 5.9: (a) The Mk. III device, with a ruled microscope slide forming the reflector layer. The blue PDMS
gasket can be seen below the reflector layer. (b) An illustration of the Mk. III device showing a cross
section through the device with microbubbles attached to the matching layer and cells adhered to the
reflector layer.

The new layer thicknesses were selected based on the results of the impedance transfer model, used
to estimate the acoustic pressure profile and frequency response of the device. The impedance plots
(Figure 5.10) show the first mode of resonance at 1.5 MHz and a fluid channel resonance at
350 kHz. An experimentally obtained impedance plot (Figure 5.11.b) demonstrated an additional
resonance at 555 kHz. Ultimately, the transducer was driven at 555 kHz because it provided the
best compromise between achieving a small gradient of acoustic pressure across the fluid channel
whilst matching the resonance frequency of the Expancel microbubbles (subchapter 5.4).
The pressure profile (Figure 5.11.a) throughout the device at a frequency of 555 kHz shows that
there was a single pressure antinode throughout the fluid channel with an acoustic pressure of
0.45 kPa V-1 (Q-factor of 30). The lack of a predicted resonance at 555 kHz in the impedance
transfer model means that the practical acoustic pressure amplitude will have been significantly
greater than 0.45 kPa V-1, owing to the existence of a practically measured resonance.
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a)

b)

Figure 5.10: Impedance plots from the impedance transfer model for the Mk. III device with (a) an air
filled and (b) water filled fluid channel, both 200 µm tall.

a)

b)

Figure 5.11: (a) Pressure profile from the impedance transfer model for the Mk. III device at 10 V and

555 kHz. The 3 sections are, from left to right, the matching layer, fluid channel and the reflector layer
respectively. (b) Experimentally measured electrical impedance across the transducer with the device
assembled and filled with water. A strong resonance can be seen at 555 kHz.

5.3 µPIV System and Processing Routines
The microstreaming flow was measured by µPIV (micro particle image velocimetry), a technique in
which vector fields of fluid flow are computed from the displacement of tracer particles between
images (1 µm fluorescent tracer particles were used throughout the experimental work). The µPIV
hardware consisted of a camera, a LED and a circuit, built to control and power the LED
(subchapter 5.1). Microstreaming footage captured with the system consisted of sequences of 92
frames, providing 46 image pairs. The camera exposure was 130 ms per frame. However, unless
specified otherwise the LED was pulsed such that after an initial delay of 120 ms the LED was on
for 3 ms and following a further delay of 10-30 ms, was on for 3 ms (Figure 5.12). This reduced the
effective exposure length to 3 ms and meant that the delay between frames of an image pair, an
important parameter in µPIV, could be set as required (10 ms in the illustration).
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Figure 5.12: Timings for the camera shutter and LED (not to scale). After execution of the programed
double pulse the microcontroller waits for the beginning of the next image frame. The beginning point of
each image pair is marked by vertical arrows. The illustration shows the first 3 image pairs, the frames of
each image pair are labelled ‘A’ and ‘B’ respectively.

The vector fields were computed statistically from the image pairs using a cross-correlation
algorithm (eq. 5.3.1), commonly utilised for µPIV because it allows high particle densities to be
used. Here

and

are the interrogation windows of size N and C is the location of the maximum

peak. This step was carried out in mPIV, an open source particle image velocimetry software
written in MATLAB by M. Nobuhito et al. [223] and available for free under a GNU general public
license. The algorithm finds a statistical peak in small interrogation windows (of user defined size)
of the whole image and computes the displacement of the peak between each interrogation window
of the first image and the corresponding interrogation window from the second image of each pair.
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Eq. 5.3.1
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Before the cross correlation algorithm could be used images were pre-processed in MATLAB using
the custom written code shown in Appendix 1.A. This was carried out in order to reduce
background light intensity, filter out particles of undesirable size and increase particle density
through image amalgamation. Each image sequence, corresponding to 1 vector field, was processed
in turn by the code. The first image of the sequence was subtracted from each of the remaining
images (Figure 5.13) to remove stuck tracer particles and the images then saved. The saved images
were reloaded and each image split into 100 x 100 pixel regions (these are not the µPIV
interrogation windows), processed in isolation of each other in order to minimise the effect of
variations in brightness across the image caused by inhomogeneity of the illumination. Within each
region the minimum greyscale value was subtracted from every greyscale value in the region to
reduce background light and the region was then converted to binary using the same
predetermined relative threshold value for the entire image.
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Figure 5.13: A single raw image belonging to an image sequence from an experiment. The flow is seeded
with 1 µm tracer particles.

The motivation for using one relative intensity threshold, chosen manually by trial and error, was
that this produced better vector field computation than the automatic thresholds computed by
Matlab. The final pre-processing step on the individual image frames was the use of the
‘bwboundaries’ function in Matlab to filter out objects of undesirable size e.g. agglomerated
particles. This function traced the perimeter of the tracer particles, returning a data structure
containing the entire perimeter coordinates. The structure was filtered to remove objects with
perimeters of less than 4 or greater than 20 pixels in length. The remaining perimeters were plotted
and their internal space filled if necessary. An example of an image that has undergone the preprocessing steps described thus far is shown in Figure 5.14.

Figure 5.14: The image from figure 4.15, having undergone background subtraction and conversion to
binary.

Within the remainder of the code the ‘A’ images were amalgamated and the ‘B’ images (Figure 5.12)
were amalgamated in order to achieve a single image pair with an increase particle density (a
common technique used in PIV) and mPIV was run. In order to achieve an increased uniformity of
particles when amalgamating images, images were segmented into regions (100 x 100 pixels) and
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amalgamation was carried out region by region up to a threshold particle density (implemented
using the mean pixel value in the given segment of the binary image). As such, there is no definite
number of image pairs being used to create the final pair because the number of pairs varies
between regions. Processing in this way enabled a uniform particle distribution to be reached in the
final image pair (see Figure 5.15) even if the particle distribution was uneven in the individual
images.

Figure 5.15 An image belonging to the amalgamated image pair generated from the image
sequence to which the single image, figure 4.15, belongs.

After the cross correlation algorithm had been applied to the final image pair in mPIV,
customisable post-processing steps were carried out in mPIV. These included the smoothing and or
elimination of erroneous vectors by median filtering and the use of cubic spline interpolation to fill
in missing vectors. Unless specified otherwise, vector fields were computed with 80 by 80 pixel
interrogation windows and with 20% window overlap.

5.4 Expancel Microbubbles
Expancel are hollow microspheres (usually referred to as microbubbles within the thesis,
Figure 5.16) with a gas core, manufactured by AkzoNobel with an intended use as lightweight
industrial filler. There are several variants of Expancel; the one used was Expancel 461 DE 20 d70.
The microsphere shell is manufactured from a copolymer of vinylidene chloride and acrylonitrile
and the gas core consists of isobutene.
The rationale for using Expancel as opposed to a clinical contrast agent is that Expancel are much
larger (The typical microbubble size is quoted on the data sheet as being in the range of 15-25 µm,
with an overall range of 5-100 µm) and possess greater stability against dissolution. No detailed
experimental measurement of microstreaming velocity fields have been reported in the literature
for sub 100 µm microbubbles due to the difficulty posed by their small size [27]. Expancel are far
closer in size to contrast agents than to the microbubbles for which single microbubble
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microstreaming fields have been computed from experimental results in the literature. However,
Expancel are still large enough to make the goal of obtaining high resolution vector fields of their
microstreaming flow realistic.

25 µm

Figure 5.16: Expancel microbubbles on a glass slide imaged at x50 optical magnification.

In order to generate cavitation microstreaming it was necessary to know at which frequency to
drive the ultrasonic transducer. Whilst this frequency could be found experimentally, a theoretical
estimate is still extremely helpful because it shows where to search for resonance. The resonance
frequency of the Expancel microbubbles was calculated by solving equation 5.4.1 (also
section 4.2.3), a linear approximation for resonance frequency for encapsulated microbubbles It is
similar to the Minarets resonance equation but with an additional constant, the shell elasticity
parameter

, that accounts for the stiffness of the encapsulating shell.

Eq. 5.4.1

√
Here

is given by equation 5.4.2, E is the young’s modulus of the encapsulating shell, t is the shell

thickness and

is its Poison ratio.
Eq. 5.4.2

Values of 3

and 0.3 were used for E and

respectively based on values found in academic

literature for Expancel [225]. The shell thickness of the Expancel microbubbles was estimated in
the following way;
The range of diameters for the Expancel is stated as 15-25 µm on the manufacturer’s data sheet and
so the average was taken to be 20

. The volume of the encapsulating shell is represented by
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equation 5.4.3 where the external radius is

, the internal radius is

and their difference is the

shell thickness.
Eq. 5.4.3
The true density of the Expancel is stated as being 70
10

on the data sheet. Using the value of

quoted on the data sheet for the radius the total volume of the microbubble, assumed

perfectly spherical, was calculated to be

. Using the volume and the true density the

mass of a single Expancel microbubble was calculated to be

. The shell accounts for

the majority of this mass and so it was assumed that the gas core has a mass of zero. The density of
the copolymer was taken to be 1000

. This is because whilst it is known that vinylidene

chloride and acrylonitrile have densities of 1200

[226] and 800

[227]respectively, the

ratio of the two inside the copolymer is unknown. It is fortunate that the two densities are not
overly different. Using the estimated value of density, the volume of the microbubble shell was
calculated to be

. The shell volume and the known radius can be substituted

in to equation 5.4.3, resulting in equation 5.4.4.
(
Solving the equation gives a value of

)

Eq. 5.4.4

and therefore a shell thickness of 240 nm.

Substituting the 3 constants into equation 5.4.2 results in a shell elasticity parameter of 504 N m-1.
Equation 5.4.1 was solved in Matlab (with
in the range of 10-100

) for radii

. The resulting plot of resonance frequency vs. microbubble radius is

shown in Figure 5.17. It can be seen that a microbubble with a radius of 20 µm has a resonance
frequency of 1.9 MHz and that a microbubble with a radius of 40 µm has a resonance frequency of
0.70 MHz.
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Microbubble radius (m)

Frequency (MHz)

Figure 5.17: Microbubble radius Vs. resonance frequency plotted from equation 5.41 for a microbubble
with a shell elastic parameter of 504 N m-1.

In addition to the calculations made based on the data provided by the manufacturer, the size and
spatial distribution of the Expancel microbubbles have been quantified from images captured of
Expancel microbubbles adhered to matching layers at a 2 Wt. % concentration in PDMS resin. The
mean and median average microbubble diameters were found to be 11.8 µm and 8.8 µm
respectively and the standard deviation was 8.8 µm, meaning that there is a large spread of
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microbubble sizes. The histogram, Figure 5.18, shows that about 10% of microbubbles were greater

Frequency

than 25 µm in diameter.
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Figure 5.18: Histogram of bubble diameters and cumulative frequency.

The spatial distribution of the microbubbles was quantified by comparing the number of
microbubbles among 10 fields of view. The number of microbubbles per field of view ranged from
24-40 with an average of 33 microbubbles and a standard deviation of 6.2 microbubbles.
Figure 5.17 suggests that, given the microbubble sizes presented in Figure 5.18, the devices
operating frequency of 555 kHz is too low, which would negatively impact microstreaming speed.
However, the data in Figure 5.17 is based on a model that assumes a spherical and unbounded
microbubble and yet it is known from the literature review (section 4.2.4) that the bounding of the
microbubble by the matching layer will reduce the resonance frequency by up to 75%. Additionally,
the shell thickness used to calculate the resonance frequency is only an estimation, the accuracy of
which is not known. As such, the theoretically calculated resonance frequency may have been an
overestimate.

5.5 Biological Protocol
5.5.1 Preparation of Adherent Cells
H9c2 cardiomyocytes were grown in Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with 10% (v/v) heat-inactivated foetal calf serum (56 °C, for 45 min) and 1% (v/v) penicillinstreptomycin. Cells were maintained at 37 °C, 5% CO 2 in air with 95% humidity. H9c2 cells
(passage range 8-15) at 70% confluence were routinely harvested. Old culture medium was
aspirated and replaced with 1 ml of 1% trypsin-EDTA solution, which was then immediately
removed and replaced with a further 1 ml. Cells were incubated with the trypsin-EDTA at 37 °C
until visibly detached from the culture flask (approximately 5 min). The trypsin-EDTA was then
neutralized with fresh medium and the resulting cell suspension was centrifuged (eppendorf
5702R, Fisher Scientific, Loughborough, UK) for 2 min, at 0.6 g and 4 oC. The cell pellet was
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resuspended in 10 ml of fresh, serum-free medium. An aliquot (100 µl) of the cell suspension was
removed and added to 100 µl of a trypan-blue solution (0.4% v/v) in order to determine cell
viability and cell concentration by means of a Neubauer haemocytometer (depth: 0.1 mm, area:
0.04 mm2). Cells were diluted in medium to give a final concentration of 1.5x10 6 cells mL-1.

5.5.2 Preparation of Reflector Layer Surface for Adherent
Cells
Purpose built polycarbonate clamps (Figure 5.19.a) enabled cardiomyocytes to be grown within a
10 mm diameter region on the reflector layer (ruled microscope slide). The two parts of the clamp
(referred to as the cell growth chamber) were held together by neodymium magnets and a PDMS
gasket with a 200 µm internal lip to provide a fluidic seal. The cell growth chambers along with the
reflector layers (ruled microscope slides) were sterilised by autoclaving and the gaskets were
sterilised by UV irradiation in the class II laminar flow hood. The reflector layers were then sealed
in the clamp such that the grid square F4 was at the edge of the cell growth region (Figure 5.19.b).
The grid square F4 approximately aligns with the centre of the transducer region once the device is
sealed. The rationale behind adopting this positioning was due to a cell agglomeration around the
perimeter, presumably caused by edge effects [228], resulting in greater cell density towards the
periphery of the cell growth region.
A sterile collagen solution (0.1%, Sigma, Dorset UK) was evenly dispensed (140 µl) into the base of
the cell growth chambers and left overnight. Excess collagen was then removed and the coated
surface washed with sterile water, followed by drying under sterile conditions. Each cell growth
region was preconditioned with cell culture medium prior to the addition of cells. Aliquots (100 µl)
of the H9c2 cell suspension (

cells

), prepared according to section 5.5.1, were

dispensed into individual chambers and the cells allowed to adhere by incubating at 37 °C
overnight. When cells were grown in 96 well plates (50,000 cells per well, subchapters 8.3 and 9.4),
the collagen solution was not required because the wells are pre-coated.
a)

b)

Figure 5.19: (a) The cell growth chamber and (b) an illustration of the position of the chamber relative to
the top surface of the reflector layer (ruled microscope slide) grid. Cells are adhered to the underside of
the reflector layer. The blue circle represents the cell growth region. Each grid square is 2x2 mm.
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5.5.3 Pre-incubating Cells with Dye
On the morning of the experiment cells were washed with serum free medium and incubated with
either CellTrackerTM Orange or CellTrackerTM Green at 37 °C (concentrations and incubation times
indicated in Table 4). The cells were washed twice with serum free medium and placed into the
incubator until required.
Table 4: Stains with which cells were pre-incubated

Name (purchased
from)
CellTrackerTM Green

concentration

Incubation

Used for

time
5-25 µM

30-45 min

25 µM

45 min

Initial method development

(Invitrogen)
CellTrackerTM Orange
(Invitrogen)

Visualisation of live cells
(subchapters 8.1, 8.2, 9.1 and9.3

5.5.4 Staining of Fixed Cells
The protocols for fixing and staining cells are denoted fix-Mk. I, II and III respectively. The Mk.
refers the version of the protocol as several variants of the protocol were used. Cells were removed
from the incubator and mechanically stressed. For fix-Mk. I, cells were then washed (x3) in PBS
and fixed in 4% Paraformaldehyde for 30 min on ice. Cells were then washed (x3) in PBS followed
by washing (x3) in PBS-Tween 0.1% (v/v) and incubating in 1% BSA-PBS (w/v) for 30 min. Cells
were subsequently incubated for 60 min at room temperature with 1:200 primary antibody
(phospho-p38 MAPK (Thr180/Tyr182), Table 5) washed (x3) in PBS-Tween 0.1%, incubated for 45 min
with 1:5000 secondary antibody (Alexa Fluor 488 goat anti-rabbit IgG (H+L), Table 5) and washed (x3)
in PBS.
The fix-Mk. II protocol differed from fix-Mk. I only in that the x3 wash in PBS-Tween 0.1% after
fixing was changed to a single wash with a 30 min incubation time.
The fix-Mk. III protocol differed from fix-Mk. I in that the paraformaldehyde incubation time was
reduced to 15 min and the triple wash in PBS-Tween 0.1% after fixing was changed to a single wash
with a 20 min incubation time. Moreover, the triple washes carried after incubation of each
antibody were modified so as to include 5 min incubation of the PBS or PBS-tween between washes.
Finally, antibody dilutions were reduced to 1:50 and 1:100 for primary and secondary antibodies
respectively.
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Table 5: Antibodies/dyes applied to fixed cells

Name (purchased from)

Dilution

phospho-p38 MAPK

1:200 (Mk. I,II)

(Thr180/Tyr182) (New England
Biolabs)
Alexa Fluor 488 goat anti-rabbit
IgG (H+L) (New England
Biolabs)

Incubation

1:50 (Mk. III)

time

Used for
Primary antibody for P38 MAP

60 min

kinase (subchapters 8.3 and 9.4)
Secondary antibody for

1:5000 (Mk. I,II)
1:100 (Mk. III)

45 min

fluorescently labelling the
primary antibody
(subchapters 8.3 and 9.4)

5.5.5 Viability Assay in the Cell Growth Chamber
Each reflector layer was removed from the incubator and washed twice in PBS. Cells were stained
with trypan blue (0.2%) and immediately washed in PBS. All steps were carried out without
aspirating off the cell medium. The reflector layer was removed from the cell growth chamber and
image pairs consisting of a fluorescence image and a phase contrast image were captured.

5.5.6 Applying Microstreaming to Cells in the Device
Each reflector layer was removed from the incubator and washed twice with PBS. The cells were
then dried by aspirating and the cell growth chamber removed. The reflector layer was sealed into
the microfluidic device by aligning it alongside dowel pins in the manifold of the device and
positioning magnets on top of the reflector layer. Fluid was pumped through the microfluidic device
by syringes coupled to inlet tubes (0.3 mm internal diameter) leading to the manifold. The flow
regimes for viability assays are described in section 5.5.7. All ultrasound exposure was carried out
with the fluid channel containing degassed PBS. The electrical impedance across the transducer
was then measured with the device still assembled and the fluid channel filled with PBS. The device
was then disassembled and cleaned in preparation for the next reflector layer. Each matching layer
was used for a maximum of 6 exposures and then discarded due to build-up of cell debris and
because it is not known what impact long term use might have on Expancel stability. The reflector
layer was discarded after each ultrasound exposure.

5.5.7 Viability Assay in the Device
Immediately after sealing the device, trypan blue (diluted 1:1 with PBS unless stated otherwise) was
flowed through the microfluidic device (5 mL h-1 for 1 min) and then flushed out with degassed PBS
(2 minutes at 3 mL h-1). Image pairs consisting of a fluorescence image and a phase contrast image
were captured at 3 locations on the reflector layer (top left and bottom left corners of square F4 and
square left corner of square F4, referred to as field of view 1, 2 and 3 respectively in the results). The
two images show all cells and dead cells respectively (Figure 5.20.a and b). After an elapsed time of
7 min following cessation of flow, ultrasound was applied for 3 min, followed by a further flow
regime. This consisted of trypan blue (3 mL h-1 for 1 min) followed by degassed PBS (3 mL h-1 for
2 min). A further 3 images pairs were captured in the same locations as previously. Cells were
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counted manually from the 12 images in order to determine cell viability prior to and subsequent to
ultrasound exposure. Post-ultrasound viability was calculated as a percentage of pre-ultrasound
viability.
a)

b)

Figure 5.20: Adhered H9c2 cardiomyocytes stained with (a) cell tracker orange, causing all cells to
fluoresce and (b) trypan blue to stain dead cells.

5.5.8 Post-processing of Viability Images
In order to assess viability, the two pairs of images captured in each location were opened in Adobe
Photoshop, overlaid, aligned and cropped. The cells visible in each image were marked with dots of
different colours and counted automatically in MATLAB to obtain the number of live and dead cells
in each viability assay. The absolute cell viability was calculated both before and after ultrasound
exposure. The final cell viability was calculated using equation 5.5.1 in order to obtain the viability
after ultrasound exposure as a percentage of pre-ultrasound exposure viability.
Viability=

Eq. 5.5.1

The percentage error in the measurement of cell viability was estimated from a sample of the data
by first counting the number of uncertainties in the images (since on some occasions it was difficult
to discriminate between cells and artefacts) to estimate counting error. The percentage error was
then calculated for both single and double viability assays by applying the standard rules for the
propagation of error. The percentage errors were 5.7% and 6.7% for assays consisting of single and
double viability measurements respectively.
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5.6 Tables of Experiments
5.6.1 Microstreaming Characterisation Experiments
Table 6: An Outline of the experiments carried out to characterise the cavitation microstreaming flow.

Name/ref

Validation of µPIV
(Chapter 6)

Threshold for
microstreaming
over a wide field
of view
(subchapter 7.1)

Parameters
varied
Particle
concentration,
volume flow rate,
voltage, µPIV
parameters
Voltage (1-20 V),
Expancel
concentration (0.5
and 2 Wt. %) and
dissolved gas content
(ambient and
degassed)

Repeats

Description
Validation of µPIV by characterising fluid

n=3

flows of known velocity and by comparing
µPIV results to manual measurements of the
same footage.
Characterisation of spatial variation in the
threshold

n=4

voltage

for

microstreaming.

Carried out for 2 concentrations of Expancel
using either degassed or non-degassed water.
µPIV characterisation of microstreaming

Microstreaming
around single
microbubbles
(subchapter 7.2)

speed and direction in the vicinity of
Voltage (0-11 V)

n=10x3

individual microbubbles. Carried out for 10
microbubbles in order to assess repeatability
and controllability.
Characterisation

Height gradients
of microstreaming
(subchapter 7.3)

5 focal heights and 3
voltages

n=5

of

the

variation

in

microstreaming with distance from the
matching layer. Carried out in 5 different
regions, at 3 voltages per region.

Reflector layer
repeatability
(section 7.4.3)

Replacing reflector
layers matching
layers

Matching layer
repeatability
(section 7.4.4)

Replacing matching
layers

Assessing
n=3,

with

µPIV,

the

effect

on

microstreaming repeatability of dismantling
the device and replacing the reflector layer.
Assessing

n=10

with

µPIV,

the

effect

on

microstreaming repeatability of dismantling
the device and replacing the matching layer.
Assessment of microstreaming repeatability

Repeatability of
microstreaming at
high velocity
(subchapter 7.5)

at 30 V through manual measurements of
Voltage (10 and 30 V)

n=3

speed. Repeatability was assessed manually
at 10 V for the purpose of making a
comparison.
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5.6.2 Biological Experiments
Table 7: The controls carried out to assess the methodology

Control experiments
Repeats
Description

Name/ref
Cells stained in chamber
(subchapter8.1)

n=3

Chamber removed
before staining
(subchapter 8.1)

n=3

Cell medium aspirated in
chamber prior to
staining (subchapter 8.1)

n=3

Initial viability assay in
device (subchapter 8.2)

n=3

0 V and 2 Wt.%
Expancel
(subchapter 8.2)

n=3

30 V and 0 Wt.%
Expancel (section 8.2)

n=3

Trypan blue
concentration
(subchapter 8.2)

n=3

Controls for
immunoassays with P38
MAP Kinase
(subchapter 8.3)

n=3

A Negative control for opening of the cell growth chamber
in which cells are stained before opening.
Assessing the effect on viability of opening the cell growth
chamber.
Assessing the effect on viability of aspirating off the cell
medium in the cell growth chamber.
Measuring viability in the device prior to ultrasound
exposure.
Assessing the effect on viability of the experimental
protocol in the absence of ultrasound.
Assessing the effect on viability of ultrasound exposure in
the microfluidic device in the absence of Expancel.
Assessing the possible combined effect of trypan blue and
microstreaming on the intentional reduction of viability.
Positive and negative controls of immunoassays using P38
MAP kinase with stressed and unstressed cells.

Table 8: Experiments carried out in order to assess the use of microstreaming to reproducibly decrease
cell viability.

Name/ref

Effect of microstreaming on cell Viability
Repeats
Description
Reduction

Reduction of viability as
a function of voltages
(subchapter 9.1)

Measurement of
microstreaming speed
in previous experiment
(subchapter 9.2)

n=5

viability

measured

after

3

min

of

microstreaming at 15, 20, 25 and 30 V. Carried out to
assess repeatability and controllability of reductions in cell
viability.
Microstreaming speed was measured from streak photos

n=1

captured at the voltages and fields of view used in the
variable voltage experiment on the matching layers from
repeats 4 and 5 of the experiment.
Reduction

Reduction of viability at
a fixed voltage
(subchapter 9.3)

in

n=3

in

viability

measured

after

3 min

of

microstreaming at 25 V. Carried out on 4 matching layers
in order to assess repeatability on the same matching layer
and among different matching layers.
Expression of P38 MAP kinase was measured after

Expression of P38 MAP
kinase (subchapter 9.4)

n=3

microstreaming for 3 min at 15 V and negative control at
0 V (n=3)
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6 Results: Validation of µPIV
Three sets of validation experiments were carried out in order to validate the µPIV system. In the
first two experiments homogenous flow regimes (in the plane of imaging), seeded with fluorescent
tracer particles, were generated in the centre of the preliminary microfluidic device (section 5.2.1)
and measured with µPIV. The first experiment (subchapter 6.1) investigated the effect of tracer
particle concentration on vector field computation. The second experiment (subchapter 6.2)
investigated the effect of interrogation window size on vector field computation. In the third
experiment (subchapter 6.3) µPIV vector fields from image sequences of microstreaming
(subchapter 7.2) were validated through comparison to manual measurements from the same
footage.

6.1 The Effect of Tracer Particle Concentration in the
Fluid and Particle Density in the Images
6.1.1 Aims
The aims of the experiment were to assess the effect of tracer particle concentration in the fluid and
observed particle density in the images on the computation of µPIV vector fields from image
sequences of a homogeneous flow.

6.1.2 Method
Water was flowed through the preliminary device (section 5.2.1) by a syringe pump operated at a
constant volume flow rate of 1

. Image sequences of the flow were captured (x50 optical

magnification) at the centre of the fluid channel with respect to both the x-y plane and the z axis,
resulting in a homogeneous flow within the plane of imaging. Positioning was achieved through
manual operation of the microscope stage and plane of focus. This was carried out at tracer particle
concentrations of 2.5, 5, 10 and 20 µL mL-1 (n=3) where the unit µL mL-1 l is the volume of stock
dilution of tracer particles (1% solids) per volume of water. A µPIV vector field was computed from
a single image pair from each image sequence, using a pre-processing routine consisting of
background subtraction and conversion to binary prior to vector field computation in mPIV
(section 5.3). The µPIV interrogation window size was fixed to 80 pixels squared. Manual
measurements of particle displacement were performed in the image pairs used for vector field
computation. The manually measured speed for each image pair was the average of 10
measurements of particle displacement, carried out in random positions.

6.1.3 Results
Mean speed in the vector fields varied by 0 to 4% from corresponding manual measurement of
speed (Figure 6.1). The variation appears to have been smallest at a tracer particle concentration of
20 µL mL-1, where the greatest variation was 1%.
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Figure 6.1: Image sequences were captured of a homogeneous flow at 4 tracer particle concentrations
(n=3). Speed was measured by µPIV and by manual measurement of particle displacement. The deviation
of the mean speed in each vector field from the corresponding manual measurement of speed is plotted
against tracer particle concentration.

The proportion of valid vectors in each vector field (i.e. those not removed by the median filter)
initially increased with increasing tracer particle concentration from an average of 63% at a
concentration of 2.5 µL mL-1 to an average of 71% at a concentration of

µL mL-1 (Figure 6.2). The

percentage of valid vectors declined to an average of 45% by a tracer particle concentration of
µL mL-1 (Figure 6.2).
80%
Percentage of valid vectors

70%
60%
50%
40%
30%
20%
10%
0%
0

5

10

15

20

25

Particle concentration (μl/ml)

Figure 6.2: Image sequences were captured of a constant flow at 4 tracer particle concentrations (n=3).
Speed was measured by µPIV. The percentage of valid vectors in the computed vector fields is plotted
against tracer particle concentration.

The standard deviation of the vectors in each vector field was typically between 10-25% of mean at
low tracer particle concentrations (Figure 6.3). The spread of standard deviation values among
repeats increased at higher tracer particle concentrations.
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Figure 6.3: Images were captured of a constant flow at 4 tracer particle concentrations (n=3). Speed was
measured by µPIV and by manual measurement of particle displacement. The standard deviations of the
computed vector fields as percentages of their respective means are plotted against tracer particle
concentration.

Vector fields were also computed from composite image pairs in order to assess the effect of
background light on the percentage of valid vectors. The composite images pairs were created by
amalgamating multiple image pairs (after background subtraction of the images) from an image
sequence captured at a tracer particle concentration of 2.5 µL mL-1. As the number of image pairs
per composite image increased, the percentage of valid vectors increased, reaching a plateau of 92%

Percentage of valid vectors

by 10 image pairs (Figure 6.4).
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Figure 6.4: Composite image pairs were created consisting of between 1 and 16 image pairs from an image
sequence captured at a tracer particle concentration of 2.5 µL mL-1. The percentage of valid vectors in the
computed vector fields are plotted against the number of image pairs in the composite images.

6.1.4 Discussion
The percentage deviation (Figure 6.1) is a measure of the extent to which computed vectors
deviated from the manually measured results. Although both manual measurements and computed
vectors are prone to measurement error, the small deviation between the two provides a good
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degree of confidence in the computation of vector fields. The percentage deviation does not itself
provide an estimate of the error in vector computation because of the lack of an errorless baseline
against which the computed vectors can be compared.
The proportion of valid vectors (i.e. those not removed by the median filter, subchapter 5.3) in the
vector fields was found to be dependent on tracer particle concentration, rising to 71% by a
concentration of

and declining to 43% by a concentration of

(Figure 6.2).

Observations from the processed images suggest that the cause of the rapid decline in valid vectors
was not the increase in the number of tracer particles but rather a deterioration of image contrast.
When composite images created by amalgamating multiple image pairs captured at a tracer particle
concentration of 2.5

were used for vector field computation, the percentage of valid vectors

reached 92% at 10 image pairs and plateaued (Figure 6.4). 10 images pairs at a tracer particle
concentration of 2.5
of 25

is equivalent to a single image pair with a tracer particle concentration

. This demonstrates that high tracer particle densities are beneficial for µPIV but that

they are best achieved by amalgamating images because the use of a high tracer particle
concentration degrades the contrast in the images by increasing the background light intensity.
Many of the vector fields had standard deviations of approximately 25% of mean (Figure 6.3),
despite the flow being homogeneous. Normal probability plots of the flow (Appendix 2.A)
demonstrate that the large standard deviations are likely caused by a very small number of
anomalous vectors with deviations from mean of up to 300%. The large majority of vectors had
deviations from mean of 5% or less. Calculations demonstrated that adding 2 large anomalies of the
magnitude observed in some of the vector fields, to a vector field with a standard deviation of 5% of
mean, increased its standard deviation to approximately 25% of mean.

6.2 The Effect of the Ratio of Particle Displacement to
Interrogation Window Size
6.2.1 Aim
The aim of the experiment was to examine the effect of the ratio of particle displacement to µPIV
interrogation window size on the computation of µPIV vector fields from image sequences of a
homogeneous flow.

6.2.2 Method
Water, seeded with fluorescent tracer particles (5

), was flowed through the preliminary

device (section 5.2.1) by a syringe pump operated at a constant volume flow rate of 1

. Image

sequences of the flow were captured (x50 optical magnification) at the centre of the fluid channel
with respect to both the x-y plane and the z axis, resulting in a homogeneous flow in the plane of
imaging. Positioning was achieved by manual operation of the microscope stage and plane of focus.
Image sequences were captured with time intervals of 10, 20 and 30 ms between images (n=3). A
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single image pair was chosen per image sequence for vector field computation, from which 4 vector
fields were computed with interrogation windows of 40, 60, 80 and 100 pixels squared respectively.
This was carried out using a pre-processing routine consisting of background subtraction and
conversion to binary prior to vector field computation in mPIV (subchapter 5.3). Manual
measurements of particle displacement were performed in the image pairs used for vector field
computation. The manually measured speed for each image pair was the average of 10
measurements of particle displacement, carried out in random positions.

6.2.3 Results
At a time interval of 10 ms the percentage of valid vectors increased approximately linearly
(Figure 6.5) from 23% for a 40 pixel squared interrogation window to 80% for a 100 pixel squared
interrogation window. At a time interval of 20 ms, vector fields could only be computed with 80
and 100 pixel squared interrogation windows. For a time interval of 30 ms, vector fields could only
be computed with a 100 pixel squared interrogation window.
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Figure 6.5: Image sequences were captured of a homogeneous flow for 3 µPIV time intervals (n=3). Vector
fields were computed by µPIV (using 4 different interrogation window sizes). The percentage of valid
vectors is plotted against interrogation window size for each time interval.

Mean speed in the vector fields varied by no more than 2.5% from corresponding manual
measurement of speed (Figure 6.6).
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Figure 6.6: Image sequences were captured of a constant flow at 4 µPIV time intervals (n=3). Speed was
measured by µPIV (using 4 different interrogation window sizes per image sequence) and by manual
measurement of particle displacement. The deviation of the mean speed in each vector field from the
corresponding manual measurement is plotted against interrogation window size for each time interval.
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6.2.4 Discussion
A µPIV interrogation window is a fixed region in which a single vector is computed by cross
correlation (subchapter 5.3). Given a constant flow speed and time interval between images, the
size of the interrogation window defines the proportion of the interrogation window traversed by
particles and the proportion of particles entering or leaving an interrogation window between
images. Given a fixed particle concentration, it also defines the total number of tracer particles in
the interrogation window. For a constant flow speed the time interval defines the distance traversed
by particles between images.
As interrogation window size increased, so too did the percentage of valid vectors (Figure 6.5). The
proportion of the interrogation window traversed by particles at a fixed flow speed is determined by
a combination of the time interval and interrogation window size. Vectors could only be computed
up to a maximum particle displacement of 30% of the interrogation window size. As long as particle
displacement was below 30%, the percentage of valid vectors was not significantly affected by the
length of the time interval (Figure 6.5).
As a further test, a single vector field was computed with a 40 pixel squared interrogation window
from a composite image consisting of 4 amalgamated image pairs taken from an image sequence
captured with 10 ms intervals between images. Mathematically, a 40 pixel squared interrogation
window in a composite image made of 4 amalgamated images should contain the same number of
tracer particles as an 80 pixel squared interrogation window in a single image. The vector field
computed from the composite image had 57% valid vectors (up from 23% for the single image pair,
Figure 6.5). This is a similar percentage of valid vectors to the result for the 20 ms interval with an
80 pixel squared interrogation window (Figure 6.5), for which the number of particles per window
and proportion of the window traversed should be identical to the composite image. It is therefore
thought that the proportion of valid vectors was strongly dependent on the absolute number of
tracer particles per interrogation window and that the upward trend from left to right in Figure 6.5
was a result of the increase in the number of tracer particles per window.
The low percentage deviation between computed and manual results (Figure 6.6) demonstrates a
good degree of confidence in the accuracy of vector computation.

However, the percentage

deviation does not itself provide an estimate of error because of the lack of an errorless baseline
against which vector fields can be compared. In order to provide additional validation, the
theoretical speed in the centre of the fluid channel was calculated using the well know relation
between flow rate and maximum speed for a parabolic flow between two parallel plates (eq. 6.1.a,b).

Eq. 6.1.a
Eq. 6.1.b
Here, v is flow speed, Q is flow rate (1
) and A is cross sectional area. The theoretical flow
speed is 250
, whereas the average flow speed measured by µPIV was 262.7
, a
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deviation of 4.8%. The deviation may have arisen in part due to potential inaccuracy in focusing the
microscope on the centre of the fluid channel.

6.3 Manual Validation using Microstreaming Footage
6.3.1 Aim
The aim of the experiment was to compare the repeatability of microstreaming speed from
computed µPIV measurements in subchapter 7.2, to repeatability from manual measurements
carried out on the same raw footage.

6.3.2 Method
Grids, whose squares correspond to the µPIV integration windows, were superimposed over 15
image sequences of microstreaming from subchapter 7.2 and 10 manual measurements of particle
displacement were made in three non-adjacent grid squares per image sequence. The positions of
the three grid squares, chosen arbitrarily, were fixed throughout the experiment. The manual
measurements were averaged to obtain the mean speed per image sequence. µPIV vectors of
corresponding location to the grid squares in which particle displacements were measured, were
extracted from the corresponding vector fields computed in subchapter 7.2.
Manual and computational measurements of microstreaming speed were compared for 15 image
sequences (Figure 6.7). These were the 3 repeats of the following region-voltage combinations from
subchapter 7.2; region 1 at 10 V, region 2 at 6 V, region 6 at 8 V, region 7 at 9 V and region 8 at 7 V.
Repeatability was assessed by calculating the percentage range of mean speed (Appendix 3) among
repeats of each region-voltage combination. The first three region-voltage combinations were
chosen because the percentage range of mean speed between repeats was representative of the
majority of the data. The final two region-voltage combinations were chosen because their
percentage ranges of mean speed were larger than typically encountered in the data.

Figure 6.7: Illustration of the validation experiment. 15 image sequences (shown in blue) were chosen,
consisting of 3 repeats for each of 5 microbubble-voltage combinations. 10 manual measurements were
carried out in each of 3 grid squares (shown in red, not to scale), the location of which were fixed
throughout. Vectors with corresponding positions were extracted from the vector fields for comparison.

6.3.3 Results
The percentage range of mean speed (Appendix 3) for manual measurements ranged from 4% to
16% and the percentage range of mean speed for computed measurements ranged from 13% to 47%
(Figure 6.8).

Percentage range of mean
speed
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Figure 6.8: The percentage range of mean speed for each microbubble-voltage combination for both
measured and computed results.

6.3.4 Discussion
Results varied greatly between microbubble-voltage combinations. The percentage ranges of mean
speed (half of the range of speeds as a percentage of their mean, Appendix 3) for manually
measured results were all smaller than their corresponding computed values. The overall average
percentage range of mean speed was 15% and 27.4% for manual and computed results respectively.
The difference between the manual and computed results cannot be said to be a measure of error
because there may be measurement error in the manual measurement of speed. However, it does
demonstrate that measurement error in the computed results is likely to be greater than error in
the measured results. Calculations of the percentage range of mean speed in subchapter 7.2 are
averaged over 315 vectors as opposed to 3 vectors here, hence measurement error, the precise size
of which is not known, likely falls. This becomes evident in subchapter 6.2 when comparing values
of the percentage range of mean speed to values of the pointwise percentage range of speed
(Appendix 3).
It was observed during manual measurements that flow was not uniform within a given grid
square. Of the 10 measurements per grid square, the greatest speed was often in excess of double
the size the smallest speed. Furthermore, neighbouring particles often diverged or converged and
there was often a significant degree of vorticity within the grid square. The non-uniformity in flow
within individual grid squares means that a sampling error is likely to be present in the results.

6.4 Summary
It was found that for effective µPIV computation, the tracer particle concentration must be low
enough so as to not create significant background light and that the low tracer particle
concentration must be compensated for by amalgamating multiple image pairs. If it is only feasible
to use a single image pair e.g. because of a non-steady flow, then the tracer particle concentration
needs to be increased (in the case of the system tested, to 10

). The distance travelled by a

particle between frames should be less than 30% of the interrogation window size.
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The maximum flow velocity that can be imaged is dependent on the size of the interrogation
window and on the time interval between image frames. The relationship between spatial
resolution and maximum measurable velocity was plotted (Figure 6.9) for a 10 ms time interval by
calculating on the minimum interrogation window size (i.e. vector resolution) that could be used
under the constraint that the tracer particle must not traverse more than 20% of the interrogation
window.
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Figure 6.9: Spatial resolution vs. maximum measurable flow velocity with a x50 microscope objective for a
time interval of 10 ms between images and a maximum of 20% of the interrogation window being traversed
by tracer particles.

The validation experiments have shown that results obtained by µPIV for speed and repeatability of
microstreaming are similar to corresponding data obtained manually, demonstrating that the µPIV
system is suitable for characterising microscale fluid flows. However, the maximum measurable
flow speed is lower than desired.
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7 Results: Microstreaming Characterisation
Results are presented for the characterisation of microstreaming in the Mk. III microfluidic device
(section 5.2.3).
In subchapter 7.1 results are presented of experiments in which the threshold voltage for the onset
of microstreaming was measured over the entire area of the transducer. The experiment was
carried out for 3 different scenarios (n=4), as explained in the subchapter.
In subchapter 7.2 results are presented of microstreaming characterisation around 10 individual
microbubbles. Vector fields were computed by µPIV around each microbubble over a range of
voltages (n=3). Furthermore, repeatability and controllability were quantified.
In subchapter 7.3 results are presented of the characterisation of microstreaming by µPIV at planes
of varying distance from the matching layer in order to assess how mean microstreaming speed
varied with distance from the matching layer.
In subchapter 7.4 results are presented of the assessment of microstreaming repeatability when
components of the microfluidic device were replaced between repeats. This was carried out with the
reflector layer, matching layer or no component replaced
In subchapter 7.5 results are presented of the comparison of microstreaming repeatability at 30 V,
the highest voltage used in chapter 9 for stressing cells, to repeatability at 10 V. This was carried out
through manual measurement of tracer particle displacement from streak photos.

7.1 Threshold for Microstreaming over a Wide Field
of View
7.1.1 Aim
The aim of the experiment was to investigate the uniformity of the threshold voltage for
microstreaming throughout the region of the fluid channel underneath which the transducer is
located.

7.1.2 Method
Three experiments, referred to as experiments 1 2 and 3, were carried out under different
conditions, these were:
1.

Matching layers with 0.5 Wt. % Expancel in PDMS, water not degassed.

2. Matching layers with 2 Wt. % Expancel in PDMS, water not degassed.
3. Matching layers with 2 Wt. % Expancel in PDMS, water was degassed by heating.
During each experiment microstreaming was generated inside the Mk. III microfluidic device
(section 5.2.3) from 1 to 20 V, rising in increments of 1 V (n=4, each on a new matching layer). At
each voltage image sequences of the flow, seeded with 1 µm fluorescent tracer particles, were
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captured (x4 optical magnification) in four adjacent fields of view (Figure 7.1). When combined, the
four fields of view covered a region of 9 x 10 mm (after cropping), centred over and of a similar size
to the transducer.

Figure 7.1: The four fields of view (blue squares), set out in such a way that the combined imaged region is
centred over the transducer (red dashed line). The grey rectangle is the matching layer. The diagram is not
to scale.

The threshold voltage for microstreaming was measured by superimposing a 9 by 10 square grid
over each image sequence in MATLAB. The image sequences were analysed manually by inspecting
grid squares for the presence of microstreaming and recording the lowest voltage at which
microstreaming was observed. In order for a grid square to be counted as having surpassed the
threshold voltage it was only necessary for microstreaming flow to have been visible. The
microstreaming source was not required to be in the grid square because this would have been
impractical to assess.

7.1.3 Results
The threshold voltage for microstreaming was inhomogeneous throughout the imaged region, with
the lowest threshold voltages typically occurring in the centre of the fluid channel, equating to the
centre of the transducer (Figure 7.2). The central region of low threshold voltage was more defined
in the mean heatmap of each experiment (Figure 7.2) than those of individual repeats (Appendix
2.B). Microstreaming was present throughout the entire imaged region by 20 V on every repeat
with the single exception of the 4th repeat on the 3rd experiment, for which 3 of the 360 grid squares
did not experience microstreaming by 20 V (Appendix 2.B).
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a)

b)

c)

Figure 7.2: The threshold voltage for microstreaming was recorded in an 18x20 grid throughout the region
of the fluid channel underneath which the transducer is located (3 experiments, each n=4). The repeats of
each experiments were averaged in order to obtain the mean threshold voltages for a) 0.5 Wt. % Expancel
with non-degassed water, b) 2 Wt. % Expancel with non-degassed water and c) 2 Wt. % Expancel with
degassed water. The unit of the scale bar is volts.
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The occurrence of lower threshold voltages near to the centre of the fluid channel is apparent in
Figure 7.3 which shows threshold voltage vs. distance from the centre of the fluid channel (and
therefore the centre of the transducer) for each grid square. The correlation coefficient between
distance and voltage of the combined datasets plotted in Figure 7.3 is 0.67.
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Figure 7.3: The threshold voltage for microstreaming was recorded in an 18x20 grid throughout the region
of the fluid channel underneath which the transducer is located (3 experiments, each n=4). From the data
in the mean heatmaps of the experiments, threshold voltage was plotted against distance from the centre
of the fluid channel .

The standard deviations of the threshold voltages (Table 9) were between 40-55% of mean for
individual repeats and approximately 35% of mean for the averages of the repeats.
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Table 9: The standard deviation, mean threshold voltage and electrical impedance across the transducer at
555 kHz for the repeats and mean of each experiment.

Experiment

Repeat

0.5% Wt.

1

Expancel, not
degassed

2% Wt. Expancel,
not degassed

2% Wt. Expancel,
degassed

Mean
threshold
voltage (V)

Standard
deviation (as %
of mean)

Electrical
impedance at
555 kHz (Ω)

5.9

48%

135

2

6.3

41%

125

3

5.7

48%

114

4

7.6

50%

141

Mean

6.4

34%

129

1

5.6

39%

127

2

5.1

38%

110

3

6.5

44%

142

4

6.0

57%

151

Mean

5.8

34%

133

1

8.4

55%

171

2

8.0

55%

162

3

9.2

48%

184

4

9.2

46%

177

Mean

8.7

36%

174

During the first experiment (Figure 7.4.a) microstreaming became present throughout the majority
of the imaged region between 4-10 V. Within this voltage range microstreaming presence increased
from 10% to 95%. During the 2nd experiment (Figure 7.4.b) microstreaming became present
throughout the majority of the imaged region between 2-8 V. Within this voltage range
microstreaming presence increased from 10% to 95%. During the 3rd experiment (Figure 7.4.c)
microstreaming became present throughout the majority of the imaged region between 2-14 V.
Within this voltage range microstreaming presence increased from 5% to 85%. The cumulative
frequency plots of the mean of each experiment reached >99% at 12, 10 and 16 V for experiments 1,
2 and 3 respectively (Figure 7.5).
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Figure 7.4: The threshold voltage for microstreaming was recorded in an 18x20 grid throughout the region
of the fluid channel underneath which the transducer is located (3 experiments, each n=4). The cumulative
frequency of threshold voltages for each repeat and their mean is plotted for (a) 0.5% Wt. Expancel, water
not degassed, (b) 2% Wt. Expancel, water not degassed and (c) 2% Wt. Expancel, water degassed.
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Figure 7.5: The threshold voltage for microstreaming was recorded in an 18x20 grid throughout the region
of the fluid channel underneath which the transducer is located (3 experiments, each n=4). The cumulative
frequency of threshold voltages is plotted for the mean of each experiment.

7.1.4 Discussion
The heatmaps of mean threshold voltage (Figure 7.2) demonstrate that microstreaming was present
throughout the entire imaged region but that the threshold voltage was lowest towards the centre of
the fluid channel. The central low threshold region is consistently present in the individual repeats
(Appendix 2.B), which also contain smaller regions of low threshold voltage at their peripheries, the
positions of which appear to be random. It is known that the threshold for microstreaming is
dependent on both the acoustic pressure amplitude and on how close microbubbles are to
resonance. The consistent presence of the central low threshold voltage region in every heatmap
(Appendix 2.B) suggests the existence of a pressure maximum at the centre of the fluid channel.
Moreover, the small low threshold voltage regions towards the peripheries of individual repeats
(Appendix 2.B) may be the consequence of variations in the distribution of highly resonant
Expancel microbubbles between matching layers. Interestingly, it was observed that when
microstreaming onset occurred at a low voltage towards the periphery of the imaged region, flow
speed appeared to increase in magnitude at a slower rate than for microbubbles located closer to
the centre.
The cumulative frequency plots assessed the rate of increase of microstreaming presence with
voltage. These showed that the experiments were reasonably repeatable (Figure 7.4). There are
several factors that may lead to variation in microstreaming between matching layers, these are
explored in section 7.4.4.
The threshold voltage for microstreaming was significantly lower when fluid was not degassed
(Figure 7.5). This is thought to have occurred due to the formation of cavitation nuclei which
resulted in large scale, typically unstable microstreaming in addition to the microstreaming around
Expancel microbubbles. The flow generated by cavitation nuclei was observed to commence at
approximately 6-10 V. Unlike flow around Expancel, which gradually increased in speed with
voltage, flow due to cavitation nuclei was fast from its onset. Degassing the water prevented the
formation of cavitation nuclei, resulting in higher threshold voltages during the 3rd experiment
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(Figure 7.5). Interestingly, microstreaming prevalence in the 3rd experiment (2 Wt. % Expancel,
degassed water) was the lowest of the 3 experiments even below the threshold voltage for cavitation
nuclei driven microstreaming (Figure 7.5). This may have been caused by the higher electrical
impedance during the 3rd experiment than the 2nd experiment (Table 9). It is not known to what
extent the increase in electrical impedance may have decreased the prevalence of microstreaming.
Degassing the water also affects the rate of gas diffusion into or out of the microbubble, affecting
their size and therefore their resonance frequency. Gas diffusion is known to occur in thin shelled
microbubbles (e.g. Optison, section 4.2.3). However, Expancel shells are comparatively thick
(subchapter 5.4) and Expancel was observed to remain stable when left in water overnight.
The effect of Expancel concentration on the prevalence of microstreaming was assessed through a
comparison of the 1st and 2nd experiments. Microstreaming prevalence at a given voltage was
lower in the 1st experiment (0.5 Wt. % Expancel, non-degassed water) than the 2nd experiment
(2 Wt. % Expancel, non-degassed water) (Figure 7.5), despite a marginally lower electrical
impedance in the 1st experiment (Table 9). It was expected that the increase in the concentration of
Expancel on the matching layer would have a greater effect on microstreaming prevalence.
The results demonstrate that microstreaming took place over a large region and that the threshold
voltages were lowest towards the centre of the fluid channel, likely due to the presence of a pressure
maximum. Furthermore, it was discovered that the ambient gas content of the water was sufficient
to cause cavitation nuclei driven microstreaming and degassing was therefore required for its
prevention. An increase in Expancel concentration resulted in a modest increase in the prevalence
of microstreaming.

7.2 Microstreaming around single microbubbles
7.2.1 Aim
The aim of the experiment was to demonstrate the controllability and repeatability of
microstreaming speed and direction, as characterized around isolated microbubbles.

7.2.2 Method
Image sequences (x50 optical magnification) of microstreaming were captured inside the Mk. III
microfluidic device (section 5.2.3) in regions centred over single highly resonant Expancel
microbubbles. For each experiment, the voltage was increased incrementally from 0 V to a
maximum of 11 V and an image sequence captured at each voltage (n=3). A vector field was
computed from each image sequence in mPIV (subchapter 5.3). This was carried out in 10 regions,
of which region 7 intentionally contained 2 highly resonant microbubbles because their interfering
microstreaming flows were deemed to be interesting. The matching layer was replaced as required,
typically every 2-3 regions due to the adherence of tracer particles to the matching layer.
In order to quantify the vector fields the mean, 50th, 90th and 100th percentiles of vector magnitudes
were calculated from each vector field. Controllability was assessed by curve fitting. Repeatability
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was assessed by calculating the percentage range of speed and direction between repeat vector
fields captured at the same voltage in the same region. The percentage range of speed (Appendix
3.A) is defined as half of the range of speeds as a percentage of their mean. The percentage range of
direction is the maximum range of angular positions as a fraction of 180° (Appendix 3.A). Four
forms were calculated; the percentage range of mean speed, the pointwise percentage range of
speed, the pointwise percentage range of direction and the pointwise angular deviation. Each is
explained with examples in Appendix 3.A.

7.2.3 Results
The vector fields exhibited flow patterns consisting of two counter rotating vortices (Figure 7.6),
these were observed to be planes cutting through three dimensional semi-toroidal vortices.

Figure 7.6: Flow velocity during the second repeat at 10 V, region 6. The flow takes on the form of two
counter rotating vortices. The top left vector is 471 µm s-1.

Mean microstreaming speed (Figure 7.7-Figure 7.16) increased with driving voltage, despite several
instances in which speed declined during a small incremental increase in voltage, e.g. between 67 V in region 1 (Figure 7.7). Speed was highly dependent on the region in which it was measured,
e.g. a mean speed of 103

at 5 V in region 10 (Figure 7.16) and 36

at 9 V in region 3

(Figure 7.15). Speed was inhomogeneous throughout the vector field (Figure 7.6), with 90th
percentiles of speed typically multiple times larger than corresponding 50th percentiles (chapter 1 of
thesis supplement). Moreover, the 100th percentiles of speed (chapter 1 of thesis supplement), often
in excess of 500

, were routinely an order of magnitude larger than corresponding 50th

percentiles of microstreaming speed.
The threshold voltage for microstreaming was estimated from graphs of the 90th percentile of
microstreaming speed (chapter 1 of thesis supplement). The threshold voltage, estimated as 1-2 V,

1

The scale vector is 47

as opposed to the planned 60

in order to compensate for a miscalculation.
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was taken to be the point at which speed increased beyond the values of the marginally undulating
but otherwise constant speed of <2

that was a characteristic of the lowest voltages tested in

each region. The only exception to the size of the threshold voltage for microstreaming was region
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Figure 7.7: Voltage vs. mean microstreaming speed for the three repeats in region 1. First second and third
repeats are in blue, red and green respectively. Each data point is the mean of the vector magnitudes in a
single vector field. The X’s are the percentage range of mean speed.
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Figure 7.8: Voltage vs. mean microstreaming speed for the three repeats in region 2. First second and third
repeats are in blue, red and green respectively. Each data point is the mean of the vector magnitudes in a
single vector field. The X’s are the percentage range of mean speed.
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Figure 7.9: Voltage vs. mean microstreaming speed for the three repeats in region 3. First second and third
repeats are in blue, red and green respectively. Each data point is the mean of the vector magnitudes in a
single vector field. The X’s are the percentage range of mean speed.
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Figure 7.10: Voltage vs. mean microstreaming speed for the three repeats in region 4. First second and
third repeats are in blue, red and green respectively. Each data point is the mean of the vector magnitudes
in a single vector field. The X’s are the percentage range of mean speed.
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Figure 7.11: Voltage vs. mean microstreaming speed for the three repeats in region 5. First second and
third repeats are in blue, red and green respectively. Each data point is the mean of the vector magnitudes
in a single vector field. The X’s are the percentage range of mean speed.
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Figure 7.12: Voltage vs. mean microstreaming speed for the three repeats in region 6. First second and
third repeats are in blue, red and green respectively. Each data point is the mean of the vector magnitudes
in a single vector field. The X’s are the percentage range of mean speed.
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Figure 7.13: Voltage vs. mean microstreaming speed for the three repeats in region 7. First second and
third repeats are in blue, red and green respectively. Each data point is the mean of the vector magnitudes
in a single vector field. The X’s are the percentage range of mean speed.

20%

10

10%

0

0%
0

1

2

3
4
Voltage (V)

5

6

7
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in a single vector field. The X’s are the percentage range of mean speed.
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third repeats are in blue, red and green respectively. Each data point is the mean of the vector magnitudes
in a single vector field. The X’s are the percentage range of mean speed.
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in a single vector field. The X’s are the percentage range of mean speed.
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Polynomial functions (Table 10) were fitted to the average of the repeats of mean microstreaming
speed in each region (chapter 2 of thesis supplement) in order to assess controllability
Table 10: The polynomial functions used to fit the voltage – speed relationships of the 10 regions.

Region
1
2
3
4
5
6
7
8
9
10

Polynomial function

R2
0.9611
0.989
0.9948
0.9979
0.9869
0.9963
0.9911
0.9892
0.9803
0.9998

The repeatability of microstreaming speed was quantified by calculating the percentage range of
mean speed and pointwise percentage range of speed (Appendix 3.A). The repeatability of direction
was quantified by calculating the pointwise percentage range of direction and the pointwise angular
deviation (Appendix 3.A). The percentage range of mean speed is presented in Figure 7.7Figure 7.16. All measures of repeatability are presented in section 1 of the thesis supplement.
The percentage range of mean speed, neglecting results captured below the threshold voltage for
microstreaming, was typically 5-20% (Figure 7.7 -Figure 7.16) and largely independent of voltage
(Figure 7.17). There were several instances in which the percentage range of mean speed was 2030%. Moreover, the largest percentage range of mean speed, recorded in region 1 at 7 V
(Figure 7.7), was 82%. The pointwise percentage range of speed was dependent on voltage
(Figure 7.18), declining from 48% at 2 V (the threshold for microstreaming), to 28% by 8 V
(Figure 7.18) where it appears to have plateaued. The voltage dependence occurred in every type of
repeatability that was calculated pointwise.
The pointwise percentage range in direction declined from 51% at 0 V to 16% at 9 V (Figure 7.19),
where 100% represents a maximum angular range of 180° between the 3 vectors being compared. A
Monte Carlo simulation was performed in MATLAB using a pseudorandom number generator, run
10 times on a sample size of 1 million vector triplets in order to calculate the average pointwise
percentage range in direction between 3 randomly orientated vectors. The simulation resulted in a
pointwise percentage range of direction of 72.2°, with a standard deviation of 0.04% among the 10
runs of the simulation. The simulation result is similar to the pointwise percentage range of
direction of 67% at 0 V. The pointwise angular deviation (chapter 1 of thesis supplement) was
qualitatively similar to the percentage range in direction but took on smaller values.
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Figure 7.17: The percentage range of mean speed vs. voltage as an average of results in the 10 regions at
each voltage.

Pointwise percentage range of
speed

70%
60%
50%
40%
30%
20%
10%
0%
0

1

2

3

4

5

6

7

8

9

10

Voltage (V)
Figure 7.18: The pointwise percentage range of speed vs. voltage as an average of results in the 10 regions
at each voltage.
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Figure 7.19: The pointwise percentage range of direction vs. voltage as an average of results in the 10
regions at each voltage.

Homogeneity of the flow field was assessed by calculating the standard deviation of the vector fields.
Standard deviation as a percentage of mean increased from 105% at 0 V to a maximum of 149% at
5 V at which point it began to decline, falling to 126% by 10 V. Flow characterisation at higher
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voltages (subchapter 9.2) demonstrated that standard deviation continues to decline with
increasing voltage, declining to under 40% by 30 V due to the increasing size of the flow structure.
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Figure 7.20 Average standard deviation as a percentage of mean. Acquired by calculating
standard deviation as a percentage of mean for each vector field and averaging the standard
deviations from all vector fields captured at the same voltage.

7.2.4 Discussion
The vector fields exhibited flow patterns consisting of two counter rotating vortices (Figure 7.6),
observed to be planes cutting through three dimensional semi-toroidal vortices. The fastest flow,
located directly above the microbubble, was not always resolvable (Figure 7.21) because the plane of
focus was positioned either through or marginally above the microbubble. The focal planes for
imaging (30-80 µm above the matching layer but fixed within each region) were chosen based on a
desire to obtain high contrast images and because of the small z component of velocity at this range
of heights. The z component of velocity could not be measured by the µPIV system. The literature
suggests that the state of the art in stereoscopic µPIV is capable of achieving a sufficient spatial
resolution for this purpose [229], though its implementation would require upgrades of both
hardware and software.
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Figure 7.21: A vector field showing flow velocity during the second repeat at 5 V, region 10. The top left
vector is 47 µm s-1.

The graphs of mean microstreaming speed (Figure 7.7 -Figure 7.16) indicate the presence of a nonzero mean speed at 0 V, which with the exception of the first repeat of region 1, was below 2

.

It is not possible for microstreaming to have occurred at 0 V. Vectors computed from images at 0 V
appear to be orientated in random directions (Figure 7.22). It was observed during the experiments
that tracer particles moved small distances in seemingly random directions whilst the transducer
was switched off. This motion is thought to be the cause of the non-zero mean speed measured at
0 V, though it was not investigated further because its small size makes it insignificant. The
existence of a threshold voltage for microstreaming around encapsulated microbubbles is in line
with predictions and experimental observations discussed in the literature review (section 4.2.3).
The microbubbles around which microstreaming was characterised were larger than the mean
diameter of the entire population. These microbubbles were selected for imaging because they
generated the fastest microstreaming. This suggests that the driving frequency of the device was not
optimally matched to the resonance frequency of the microbubbles. However, increasing the
driving frequency reduces the acoustic wavelength, creating greater primary acoustic radiation
force. An alternative to increasing the driving frequency is to use larger microbubbles. However, it
is thought that larger microbubbles will reduce flow uniformity vis-à-vis smaller microbubbles due
to the reduction in the number of microstreaming sources.
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Figure 7.22: Section of a vector field showing flow velocity during the second repeat at 0 V, region 4. The
top left vector is 47 µm s-1.

Controllability
Controllability refers to the extent to which flow speed can be modulated by control of the driving
voltage. This relies on there being an inherent relationship between microstreaming speed and
driving voltage. Moreover, similarity in the voltage-speed characteristic between different regions
in the fluid channel would enable greater flow uniformity to be achieved. The controllability of
microstreaming was assessed by matching polynomial functions to the mean microstreaming speed
measured in each region (Table 10 and chapter 2 of the thesis supplement). Mapping voltage to
microstreaming is important because of the non-linear relationship between the two.
The order of the polynomial functions was selected as the minimum order that satisfied the
constraint R2 >0.98. There were two exceptions where the constraint was not adhered to. Firstly, in
region 1, a 2nd order polynomial was selected despite R2 being below 0.98 because the only reason
that R2 did not satisfy the constraint was due to an anomaly on the 2nd repeat at 7 V. Secondly, in
region 10, a 5th order polynomial was selected despite the constraint being satisfied by a 4th order
polynomials. The 5th order polynomial was selected because the 4th order polynomial crossed the
x axis, giving negative values of microstreaming speed. The difficulty in matching a polynomial to
region 10 is thought to have arisen from the fact that in this region the direction of microstreaming
reversed and speed increased significantly for an increase from 4 to 5 V (Figure 7.23). The
microbubble may have undergone a change in its mode of oscillation, altering its acoustic scattering
cross section. Limitations to the maximum speed measurable with the µPIV system prevented
microstreaming flow fields from being computed beyond 5 V in region 10. Had it been possible to
compute vector fields at higher velocities it is possible that flow generated at up to 4 V could have
been described by a single polynomial function and flow generated beyond 4 V by a second
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polynomial function. The reversal of flow direction and increase in speed between 4 and 5 V
occurred on every repeat (Figure 7.16).
It was expected that the polynomial functions would vary with microbubble size and spatial
position in the fluid channel (subchapter 7.1). However, it was not known if only the coefficients
would vary or if the order of the polynomial would also vary. No apparent relation was found
between the order of the polynomial and microbubble diameter. Moreover, although it appears
logical that regions with the fastest microstreaming speed should require higher order polynomials,
this did not appear to be the case. However, regions in which microstreaming was fastest were
tested within a smaller voltage range due to the limit on the maximum microstreaming speed that
could be measured by µPIV. This may have reduced the order of their polynomial function, because
higher order polynomial functions can be approximated by lower order polynomial functions with
larger coefficients over a small range.

Figure 7.23: Vector fields showing flow velocity (a) during the second repeat at 4 V, region 10 and (b) the
second repeat at 5 V, region 10. The top left vector in each vector field is 47 µm s-1

Repeatability
Repeatability refers to the extent to which it is possible to obtain similar results upon repetition of
an identical experimental routine. Repeatability of speed and direction was demonstrated by
calculating the percentage range of speed and direction. It took approximately 45 min to capture
images sequences in each region. As such, there were intervals of approximately 15 min between
each repeat at a particular voltage. The percentage range of mean speed did not vary with voltage
beyond the threshold for microstreaming (Figure 7.17). The pointwise percentage range of speed
was greater than the percentage range of mean speed and declined with voltage (Figure 7.18). The
voltage dependence of the pointwise percentage range of speed is thought to have been caused by
vectors of negligible size, present in locations in which there was little or no microstreaming flow.
As microstreaming speed increased so too did the proportion of the imaged region in which
microstreaming flow was prevalent, causing the pointwise percentage range speed (and direction)
to decrease. The fact that after reaching a plateau, the pointwise percentage range of speed
remained greater than percentage range of mean speed was likely a consequence of averaging over
a large number of vectors in the latter.
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Qualitatively, the flow direction remained stable throughout the range of voltages tested, with the
exception of the previously mentioned (section 7.2.3) reversal of flow direction during the increase
from 4 to 5 V in region 10. Pointwise angular deviation in region 10 was 55.2% at 0 V, increasing to
74.5% by 4 V (chapter 1 of thesis supplement). This is only marginally greater than the 72.2%
expected if vectors are orientated randomly. However, the reversal of direction (Figure 7.23), was
not by 180°, but rather midway between 90° and 180°.
The spike in the average percentage range of mean speed at 7 V (Figure 7.17) was a consequence of
the low repeatability at 7 V in region 1 (Figure 7.7). This was found to have been caused by a
cessation of flow between frames 33 and 52 of the image sequence captured at 7 V on the 1st repeat,
potentially due to operator error in controlling the signal generator.
Summary
It was demonstrated that mean microstreaming speed around individual microbubbles in the
Mk. III microfluidic device is repeatable and that polynomial functions can be fitted to the speedvoltage relationship. Microstreaming speed varied between regions, most likely due to variations in
microbubble size and inhomogeneity in the acoustic pressure field (subchapter 7.1).

7.3 Velocity Gradients of Microstreaming
7.3.1 Aim
The aim of the experiment was to characterise microstreaming speed at multiple distances from the
matching layer in order to assess variation of mean speed in the x-y plane for different values of z;
i.e. to measure

, where

is the combined x and y components of velocity.

7.3.2 Method
Microstreaming was generated in the Mk. III microfluidic device (section 5.2.3). Image sequences
of the flow were captured (x50 optical magnification) at distances of 40 to 180 µm from the
matching layer, increased in 20 µm intervals (Figure 7.24). At each distance from the matching layer
image sequences were captured at three voltages (n=5, each on a new matching layer). The voltages
were 12, 14 and 16 V, with the exception of the 2nd repeat, for which 8, 10 and 12 V were used. The
first three repeats were in fields of view centred on single highly resonant Expancel microbubbles.
The fourth and fifth repeats were centred either side of highly resonant microbubbles. The field of
view was spatially fixed for the duration of each repeat. The image sequences were used to compute
µPIV vector fields, from which the mean speed in each image sequence was calculated.

155

a)

b)

Figure 7.24. Illustrations (not to scale) of the experiment, in which the large rectangle is the matching
layer, the blue circle is a microbubble and the hatched squares are fields of view for imaging. (a) An
illustration of the different planes (not all planes shown) in which microstreaming was imaged. In each
plane microstreaming was imaged at 3 different voltages. The planes span from 40 µm above the matching
layer (the top of the microbubble) to 180 µm above the matching layer (near to the reflector layer surface),
increasing in increments of 20 µm. (b) An illustration of the fields of views used for each repeat relative to
the microbubbles, with repeat number indicated on the drawing. A different microbubble (and matching
layer) was used on each repeat.

7.3.3 Results
The graphs of mean speed (Figure 7.25 to Figure 7.29) demonstrate that the prevalent trend in each
regions was for microstreaming speed at a given voltage to reach a maximum at some intermediate
distance, within the range of 60 µm (Figure 7.26) to 100 µm (Figure 7.29) from the matching layer.
This falls within the second quartile of the channel height relative to the matching layer. Beyond the
distance from the matching layer at which the greatest mean microstreaming speed was measured,
speed diminished significantly. In each region the greatest mean microstreaming speed at a
particular voltage was typically larger than double the microstreaming speed measured at 40 µm
from the matching layer and over five times larger than microstreaming speed measured at 180 µm
from the matching layer at the same voltage.
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Figure 7.25: Mean microstreaming speed vs. distance from the matching layer at 12, 14 and 16 V for repeat
1 in a field of view centred over a microbubble.
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Figure 7.26: Mean microstreaming speed vs. distance from the matching layer at 8, 10 and 12 V for repeat 2
in a field of view centred over a microbubble.

Mean microstreaming speed (µm)

80
12 V

70

14 V

60

16 V

50
40
30
20
10
0
0

50
100
150
Distance from matching layer (µm)

200

Figure 7.27: Mean microstreaming speed vs. distance from the matching layer at 12, 14 and 16 V for repeat
3 in a field of view centred over a microbubble.
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Figure 7.28: Mean microstreaming speed vs. distance from the matching layer at 12, 14 and 16 V for repeat
4 in a field of view 0.5-1 mm away from a strongly oscillating microbubble.
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Figure 7.29: Mean microstreaming speed vs. distance from the matching layer at 12, 14 and 16 V for repeat
5 in a field of view 0.5-1 mm away from a strongly oscillating microbubble.

The vector fields were examined in order to determine the flow pattern, already known to be a three
dimensional semi-toroid flow structure from observations made in subchapter 7.2. It was observed
in repeats centred over the microbubbles that flow at distances of up to about 140 µm from the
matching layer took on a pattern of two counter rotating vortices (Figure 7.30.a). At distances of
beyond 140 µm from the matching layer the flow pattern became markedly different. Rather than
taking on the form of counter rotating vortices, the microstreaming flow appeared to be diverging
from a point source above the microbubble (Figure 7.30.b).

Figure 7.30: vector fields of microstreaming flow at (a) 16 V and a distance of 100 µm from the matching
layer on the 1st repeat and (b) 16 V and a distance of 160 µm from the matching layer on the 1st repeat. The
top left corner vector is equal to 47 µm s-1.

7.3.4 Discussion
Microstreaming was characterised within two dimensional planes of varying distance from the
matching layer. Due to equipment limitations it was not possible to measure the z component of
flow. However, owing to the fact that the boundary presented by the reflector layer necessitates that
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the z component of flow velocity be 0 at the reflector layer surface, the z component is of lower
importance than the x and y components of flow velocity. Microstreaming speed reached a
maximum at some intermediate distance from the matching layer, falling within the second
quartile of channel height relative to the matching layer. The distance from the matching layer at
which the greatest mean microstreaming speed occurred remained constant over the range of
voltages tested in each region. Notably, the greatest mean microstreaming speed did not occur in a
plane cutting through the centre of the microbubble but rather in a plane that lay above the
microbubble. It is thought that this occurrence was as a consequence of the confinement of the
microbubble to within the fluid channel and its attachment to the matching layer.
The mean speed (Figure 7.25 to Figure 7.29) may have been distorted in planes closest to the
matching layer by the presence of the microbubble. Inability to resolve the fast microstreaming
directly over the microbubble (Figure 7.31) may have led to an underestimation of microstreaming
in these planes. In order to investigate the possible underestimation of mean speed in planes
closest to the matching layer, mean speeds were recalculated for the first three regions, omitting the
area directly above the microbubble in each vector field. The results are not presented because they
are not notably different from Figure 7.25 to Figure 7.29.
a)

b)

Figure 7.31: Single images from sequences captured at distances of (a) 40 µm and (b) 100 µm from the
matching layer at 12 V on the 3rd repeat.

Measuring microstreaming speed in planes of multiple distances from the matching layer provided
a greater insight into the 3 dimensional nature of the flow than obtained from subchapter 7.2.
Divergence from a point source was observed in vector fields of planes located far from the
matching layer, signifying the presence of a significant z component of flow velocity. Furthermore,
it was observed that the source from which vectors diverged was off centre from the microbubble as
illustrated qualitatively in Figure 7.32.
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Figure 7.32: Illustration of microstreaming flow pattern (not so scale) in a plane parallel to the z axis as
determined by observation of flow in multiple x-y planes. The circle represents an Expancel microbubble.

Regions 4 and 5 were centred either side of highly resonant microbubbles. Owing to this, the flows
contained vorticity (Figure 7.33). The relationship between mean microstreaming speed and
distance from the reflector layer remained qualitatively similar to regions 1, 2 and 3 for which the
fields of view were centred over highly resonant microbubbles.

Figure 7.33: Vector field of microstreaming flow at 16 V and a distance of 100 µm from the matching layer
on the 5th repeat. The top left corner vector is equal to 47 µm s-1.

In region 4 there was an 8 fold increase in microstreaming speed between 12 and 14 V at a distance
of 40 µm from the matching layer (Figure 7.28). This was succeeded by only a modest increase in
speed between 14 and 16 V. Microstreaming speed remained high at 12, 14, and 16 V for a distance
of 60 µm from the matching layer. At a distance of 80 µm from the matching layer microstreaming
speed declined by over two thirds between 14 and 16 V. It is not certain what caused the
microbubble to temporarily generate significantly faster microstreaming.
In summary, it was found that the microstreaming flow took on the form of asymmetric semi
toroidal vorticity structures, of which the asymmetry was likely due to the confinement of the
microbubbles to within the microfluidic device. The mean microstreaming speed was greatest at a
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distance of 60-100 µm from the matching layer. The distance of this plane from the matching layer
was mostly unaffected by voltage within the range tested. It was initially hoped that the velocity
gradient,

, could be calculated close to the reflector layer. In practice it was found that

within 20 µm of the reflector layer, image contrast deteriorated to a level at which vector fields
could not be computed reliably. This meant that it was not possible to estimate shear stress at the
reflector layer.

7.4 Repeatability when Replacing Components
7.4.1 Aim
The aim of the experiment was to assess the effect on microstreaming repeatability of opening the
microfluidic device (section 7.4.3), replacing reflector layers (section 7.4.3) and replacing matching
layers (section 7.4.4).

7.4.2 Method
During the first experiment (section 7.4.3), microstreaming was generated at 10 V in the Mk. III
microfluidic device (section 5.2.3) and imaged (x50 optical magnification) in a single field of view
in the centre of the fluid channel at a distance of 80 µm from the matching layer. The routine was
carried out for 3 reflector layers (n=3, using the same 3 reflector layers on each repeat). When
dismantling the device in order to replace reflector layers, the transducer was not decoupled from
the matching layer and components were dried to the greatest extent possible without disturbing
the transducer. A control was carried out in which image sequences were captured at 10 V in 6
different fields of view (n=3 in each region). During the control, the device was not dismantled
between image sequences but was removed from the microscope stage so that the field of view and
focal plane had to be reacquired.
During the second experiment (section 7.4.4) microstreaming was generated at 10 V in the Mk. III
microfluidic device (section 5.2.3) and imaged (x50 optical magnification) in a single field of view
in the centre of the microfluidic device at a distance of 110 µm from the matching layer. The routine
was carried out for 3 matching layers (n=10, using the same 3 matching layers on each of the
repeats). When dismantling the device between image sequences, components were dried.
Electrical impedance was measured across the transducer immediately after each image sequence
was captured.

7.4.3 Replacing the Reflector Layer
Mean microstreaming speeds, expressed as averages of the repeats for each reflector layer, were 57,
50 and 44

for reflector layers 1, 2 and 3 respectively (Figure 7.34). Microstreaming speed

varied between both repeats on different reflector layers and repeats of the same reflector layer.
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Figure 7.34: Mean microstreaming speed measured for each of the 3 reflector layers tested in
each of the 3 repeats per reflector layer.

The percentage range of mean speed (Appendix 3.A) was calculated between repeats on the same
and different reflector layers (Figure 7.35). Values of percentage range of mean speed varied from
21% to 32%. The average percentage range of mean speed was 26% for repeats on both the same
and different reflector layers (Figure 7.35).

Percentage range of mean speed

35%
30%
25%
20%
15%
10%
5%
0%

Figure 7.35: Percentage range of mean speed for repeats using the same reflector layer (in
blue) and different reflector layers (red) and their respective averages.

In the control experiment, the percentage range of mean speed was calculated among repeats in a
common field of view (Figure 7.36). Values of percentage range of mean speed varied between 1 and
14% with a mean of 7%, similar to the percentage range of mean speed for results at 10 V presented
in subchapter 7.2.
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Percentage range of mean speed
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Figure 7.36: The percentage range of mean speed among repeats in each of the 6 regions imaged in the
control experiment.

7.4.4 Replacing the Matching Layer
The average microstreaming speeds per matching layer were 37, 47 and 74 µm s-1 for matching
layers 1, 2 and 3 respectively (Figure 7.37).
100
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Figure 7.37: Mean microstreaming speed in each repeat for the 3 matching layers, and the averages
thereof. The error bars represent standard error.

The mean speed on matching layer 3 was greater than those on matching layers 1 and 2 by over 2
standard deviations (Figure 7.37 and (Table 11)). Conversely, only 6 of the 10 repeats for matching
layer 2 were of greater magnitude than the average speed for matching layer 1. Percentage range of
mean speed and pointwise percentage range of speed (Appendix 3.A) were calculated for each
matching layer between sets of 3 randomly chosen repeats (n=20 and averaged) in order to mimic
the way in which repeatability was calculated in subchapter 7.2. The percentage ranges of mean
speed varied from 33-39%. The pointwise percentage ranges of speed varied from 40-49%.
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Table 11: Mean speed and statistical measures of repeatability (as explained in the main text) for the 1o
measurements of microstreaming speed per matching layer as well as the Pearson’s correlation coefficient
between microstreaming speed and Q-factor for each
Matching
layer

Standard
deviation as %
of mean

% range of mean speed

Pointwise % range of
speed

1

33.0%

33.2%

40.2%

2

42.9%

38.9%

49.1%

3

25.5%

37.9%

41.7%

Student’s t-tests performed on the data (Table 12) demonstrated to a high degree of certainty that
there existed a systematic difference in microstreaming speed between matching layers 1 & 3 and
matching layers 2 & 3. They demonstrated a 20.6% probability of a lack of statistical significance
for the difference between matching layers 1 & 2.
Table 12: The probabilities of a lack of statistical significance between data obtained on two different
matching layers. Probability calculated by student’s t-tests in MATLAB.

Matching layer
pair

Probability

1&2

20.6%

1&3

0.01%

2&3

1%

The effect of transducer resonance on the speed of microstreaming was assessed by measuring
electrical impedance across the transducer after capturing each image sequence. The results for
matching layers 1, 2 and 3 are shown in Figure 7.38 to Figure 7.40 respectively. The Correlation
coefficients between mean speed and quality factor were 0.70, 0.45 and 0.51 for matching layers 1,
2 and 3 respectively.
70

mean speed (µm/s)

60
50
40
30
20
10
0
25

30

35
Q factor

40

45

Figure 7.38: Quality factor Vs. mean speed for repeats on matching layer 1.
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Figure 7.39: Quality factor Vs. mean speed for repeats on matching layer 2.
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Figure 7.40: Quality factor Vs. mean speed for repeats on matching layer 3.

7.4.5 Discussion
The characterisations of cavitation microstreaming presented in previous subchapters assessed the
repeatability of microstreaming without dismantling the device between repeats. However, in
practice the device must be dismantled in order for the matching layer or reflector layer to be
replaced, of which the latter is required in order to insert cells.
Reflector layer
By using the same matching layer throughout section 7.4.3 and never decoupling the transducer,
the effect on repeatability both of opening the device and of replacing reflector layers was assessed
in isolation from the effect of replacing the matching layer or decoupling the transducer. It was
found that microstreaming speed varied both between different reflectors and between repeats on
the same reflector (Figure 7.34). The descending order of the average speeds (Figure 7.34) is likely
to have been coincidental because there is a 1/3 probability of the reflector layers ranking in the
order in which they were tested (either ascending or descending). The average of the percentage
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ranges of mean speed calculated between like reflector layers was 26% (Figure 7.35), identical to
that calculated between different reflector layers. This suggests that replacing reflector layers had
little effect on microstreaming repeatability vis-à-vis reusing the same reflector layer. It also
demonstrates that dismantling and resealing the device with the transducer remaining coupled
caused a decline in repeatability. In comparison, the average percentage range of mean speed at
10 V in subchapter 7.2 was 10.4%.
The effect on repeatability of replacing reflector layers was further investigated by simulations
performed with the one dimensional impedance transfer model. Simulation results using measured
data as inputs for the thicknesses of the 3 reflector layers were compared to results using the
desired thickness of a 1 mm. The model predicted that a deviation of 22 µm from the desired
thickness (the range in thickness among the 3 reflector layers) resulted in a variation of less than
1% in the acoustic pressure amplitude. The thicknesses of 20 reflector layers were measured, the
mean thickness was 1.017 mm and the standard deviation was 17 µm.
It appears likely that replacing the reflector layer did not reduce repeatability but that dismantling
the device did. One possible cause of reduced repeatability when dismantling the device may have
been error in obtaining the same field of view between measurements. However, the control
experiment demonstrated that this was not the case (Figure 7.36). Reduction in repeatability was
not thought to have been caused by detachment of Expancel during opening of the device because
Expancel showed a high stability, even when excited at 30 V (subchapter 7.5) and vector fields
typically appeared qualitatively similar (Figure 7.41). Moreover, it is not thought that repositioning
of the matching layer and reflector layer on the device manifold was the cause of reduced
repeatability because they both fit precisely in place by virtue of grooves and dowels pins in the
manifold.
a)

b)

Figure 7.41: µPIV vector fields from (a) the 2nd repeat of the 2nd reflector layer and (b) the 3rd repeat of
the 3rd reflector layer showing qualitatively similar microstreaming flow patterns. The top left vector in
each vector field is equal to 47 µm s-1.

A potential but unverified cause for the reduction of repeatability was the inability to entirely dry
the matching layer without disturbing the transducer, the consequence of which was the formation
of air pockets in the fluid channel upon subsequent priming of the device. Although the air pockets

166

were never present in the region being imaged (this was considered sufficient cause for restarting
the experiment), their scattering of the acoustic wave may have affected the acoustic pressure
amplitude in the region being imaged. Furthermore, when the device was opened, water drained
underneath the matching layer. The water can potentially compromise the coupling of the
transducer because the cellulose acetate gel is water soluble. If the reduced repeatability did indeed
arise from the inability to entirely dry the matching layer whilst maintaining coupling with the
transducer, then the reduction in repeatability will not have been experienced in other experiments
because the matching layer was normally entirely dried. An experiment was designed in which the
transducer would be permanently coupled to the matching layer by epoxy resin, thereby making it
possible to properly dry the matching layer. Ultimately, the experiment was not carried out because
it was discovered that the epoxy resin greatly diminished the resonance of the device at 555 kHz,
thereby severely reducing the relevance of the results of the proposed experiment.
Matching layer
By using the same reflector layer throughout section 7.4.4, the effect on repeatability of fully
dismantling the device as well as of replacing matching layers was assessed in isolation from the
possible effect of replacing other components. The standard deviations of mean speed
measurements were found to be 33, 42.9 and 25.5% on matching layers 1, 2 and 3 respectively.
Moreover, student’s t-tests (Table 12) demonstrated the increased speed on matching layer 3
(Figure 7.37) is highly likely to have been systematic.
The higher speed on matching layer 3 was likely caused by differences in the distribution of highly
resonant microbubbles between matching layers. Moreover, variations in matching layer thickness
also possess potential to cause a systematic difference in microstreaming speed between matching
layers. The thicknesses of the matching layers were 646, 643 and 663 µm for matching layers 1 2
and 3 respectively. Simulations, similar to those carried out in section 7.4.3, were performed with
the one dimensional impedance transfer model. These showed that the increase in thickness from
643 to 663 µm reduced acoustic pressure by 1.5%. The thicknesses of 20 matching layers were
measured, the mean thickness was 654 µm and the standard deviation was 10 µm.
The standard deviations of the microstreaming speed measurements on each matching layer (Table
11) provide us with a good measure of repeatability but do not allow us to compare repeatability
with that of subchapter 7.2. Calculations (Table 11) showed that the percentage ranges of mean
speed varied from 33-39% and the pointwise percentage ranges of speed varied from 40-49%. The
percentage range of mean speed in subchapter 7.2 was typically below 10% at 10 V. The pointwise
percentage range of speed in subchapter 7.2 was typically 20-30% at 10 V. The increased
percentage ranges in the current results vis-à-vis subchapter 7.2 indicate that decoupling the
transducer from the matching layer likely reduced repeatability. It is notable that, in contrast to
subchapter 7.2, the percentage range of mean speed was only marginally lower than pointwise
percentage range of speed (Table 11). This is a possible indication that systematic increases in speed
occurred over entire vector fields in the current results, hence why averaging of the vector data
resulted in only a limited reduction in percentage range of speed. Conversely, in subchapter 7.2
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averaging of vector data prior to calculating percentage range of speed led to significant reductions
in its size.
There are two known mechanisms by which decoupling the transducer from the matching layer
may have reduced repeatability. The first is due to a shift in the acoustic resonance e.g. due to
variation in thickness of the coupling gel upon recoupling. The second is a minute shift in the
lateral position of the transducer because, unlike other components, the need to attach wires to the
transducer meant that it was not possible to achieve a tight fit between the transducer and its recess
in the manifold. The positional variations of the transducer will have, in conjunction with the
inhomogeneity of the acoustic pressure field (subchapter 7.1), likely resulted in local variations in
the acoustic pressure field upon recoupling of the transducer. Potential variations in position were
minimised by always positioning the transducer along the same edge of the recess in the manifold
upon reassembling of the device.
There is a clear trend between quality factor and mean speed for matching layer 1 (Figure 7.38) but
less so for matching layers 2 and 3 (Figure 7.39 and Figure 7.40 respectively). The correlation
coefficients (section 7.4.4) demonstrate that microstreaming speed was likely affected by variations
in quality factor upon recoupling of the transducer to the matching layer. However, the correlation
coefficients also demonstrate that variations in microstreaming speed could not be accounted for
entirely on the basis of changes in quality factor.
Summary
Dismantling of the device reduced repeatability (26% percentage range of mean speed, Figure 7.35)
but it appears that the reduction in repeatability was the identical regardless of whether or not a
new reflector layer was used. It is thought, but was not proved, that that such reductions in
repeatability could have been caused by the inability to properly dry the device between
measurements without decoupling the transducer. This resulted in small air bubbles occasionally
becoming trapped inside the fluid chamber during priming and may have also affected the coupling
of the transducer to the matching layer due to water leaking under the matching layer when
dismantling the device.
There was a systematic variation in mean microstreaming speed on matching layer 3 vis-à-vis
matching layers 1 and 2, but it is not certain if the variation occurred due to a variation in thickness
of the matching layer or due to variation in the distribution of highly resonant Expancel
microbubbles. Dismantling the device and decoupling the transducer reduced repeatability to
below that of dismantling alone (percentage range of mean speed of 36.7 and 26% respectively).
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7.5 Repeatability of Microstreaming at High
Velocities
7.5.1 Aim
The aim of the experiment was to assess the repeatability with respect to time of microstreaming
generated at 30 V, the maximum voltage used for applying microstreaming to cells in
(subchapter 9.1).

7.5.2 Method
Streak images of microstreaming were captured (x50 optical magnification) at both 10 and 30 V
(exposures of 20 and 2 ms respectively) in the Mk. III microfluidic device (section 5.2.3), from
which manual measurements of particle streak lengths were carried out. Firstly, the transducer was
driven at 10 V and image sequences were captured in a fixed field of view at times of 0, 3 and 6 min
from the beginning of ultrasound exposure. The routine was then immediately repeated at 30 V
with the same timings and without altering the field of view (n=3, each on a new matching layer).
Grids in which individual squares were the same size as the µPIV integration windows were
superimposed onto each image sequence in MATLAB (Figure 7.42). 10 streak length measurements
were carried out per grid square in 5 grid squares per image sequence and the measurements
averaged to obtain the mean speed per image sequence. The 5 grid square locations were kept fixed
throughout the experiment. As a control, the measurement process was carried out three times on
each image sequence from the first repeat.

Figure 7.42: A section of a single µPIV image (digitally enlarged) with a grid superimposed in order to
measure streak lengths (measurements were performed in ImageJ).

7.5.3 Results
Repeatability was assessed by calculating the percentage range of speed (Appendix 3.B) between
image sequences captured at 0, 3 and 6 min on the same repeat and voltage. The percentage range
of speed at 10 V and 30 V was approximately 13% and 21% respectively (Figure 7.43).
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Percentage range of mean speed
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Figure 7.43: Microstreaming was manually measured from streak images captured at 10 and 30 V.
Percentage ranges of speed are plotted at 10 and 30 V for repeats 1, 2 and 3 respectively.

In a control experiment, image sequences from the first repeat were re-measured, resulting in
percentage ranges of speed of 6.4% and 11.7% at 10 and 30 V respectively (Figure 7.44).
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Figure 7.44: As a control image sequences from the first repeat at 10 and 30 V were re-measured.
Percentage ranges of speed are plotted at 10 and 30 V as averages of the 3 repeats (white) and the
corresponding control results (black).

In order to assess the spread of streak length measurements in individual grid squares, the
standard deviations were calculated as percentages of mean for the 10 streak length measurements
per grid square. The standard deviations were grouped according to the image sequence to which
they belong and averaged (Table 13). The Standard deviations were 15-30% in the majority of image
sequences. The average of standard deviations in Table 13 at 10 and 30V are 20.9% and 22.3%
respectively.
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Table 13: The standard deviations as percentages of mean for the 10 streak length measurements per
square. Results are expressed as averages of the 5 standard deviations calculated per image sequence.

Voltage

Time

(v)

(min)

Standard deviation

1

10

0

23.8%

1

10

3

17.4%

1

10

6

16.8%

1

30

0

18.4%

1

30

3

21.6%

1

30

6

22.8%

2

10

0

20.9%

2

10

3

22.4%

2

10

6

18.6%

2

30

0

18.8%

2

30

3

23.8%

2

30

6

26.3%

3

10

0

17.8%

3

10

3

20.8%

3

10

6

25.6%

3

30

0

24.3%

3

30

3

21.1%

3

30

6

23.2%

Repeat

7.5.4 Discussion
Repeatability was assessed from streak images because the shortest image exposures achievable
with the µPIV system were inadequate for characterizing the microstreaming generated at 30V, the
maximum voltage used for stressing cells in subchapter 9.1. Repeatability was assessed by
calculating the percentage range of speed between image sequences captured at different times but
at the same voltage and on the same repeat (Appendix 3.B).
The average percentage range of speed (average of values in figure 7.43) increased from 12.9% at
10 V to 21.9% at 30 V. The percentage range of speed at each voltage varied very little between
repeats (figure 7.43), giving significance to the increase in the percentage range of speed (from
12.9% to 21.9%) between 10 and 30 V. The increase in the percentage range of speed could have
been caused by a decrease in repeatability with rising voltage or by increased measurement error,
e.g. because the ends of streaks were more difficult to discern at 30 V due to the shorter image
exposures (20 and 2 ms at 10 and 30 V respectively).

The control experiment (Figure 7.44)

demonstrated that at both 10 and 30 V approximately half the magnitude of the percentage range
of speed may have been caused by measurement error.
The cause of error in the control is thought to have been two fold, measurement error in measuring
streak lengths and sampling error due to variations in flow speed within a given grid square. It is
thought that the greater measurement error at 30 V was due to the longer exposures, making streak
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lengths more difficult to discern. In order to assess sampling error, the standard deviations were
calculated in each grid square, with average values found to be 20.9% and 22.3% of mean at 10 and
30 V respectively. The fact that the spread of streak lengths in each square did not increase
significantly as a proportion of mean with increasing voltage suggests that sampling error did not
increase, though the figure does not tell us precisely what the sampling error was.
Subtracting the control values from the average values of percentage range of speed at each voltage
gives percentage range of speed of 6.5% and 10.2% at 10 and 30 V respectively. It is not known
precisely what caused the reduction in repeatability with voltage but it is known from the literature
that microbubble oscillations become non-linear with increasing amplitude and that instabilities
are excited (section 4.2.1 or [88]). It is not known if such variations of microbubble oscillations,
with time periods on the order of microseconds, will affect the microstreaming flow, since it is a
time averaged flow. A further cause of reduced repeatability could be an increase in temperature,
since it has been predicted by [230] that an increase of 10 °C will result in discernible variation to
microstreaming speed over a time scale of the order of minutes. However, temperature was not
measured in the present subchapter. Furthermore, the detachment of microbubbles from the
matching layer would likely reduce repeatability. Detachment was never witnessed at 10 V but
witnessed at 30 V for an extremely small proportion of microbubbles (it is thought that much less
than 1% of microbubbles became detached).

7.6 Summary
Microstreaming was generated at up to 30 V, achieving a maximum flow velocity of approximately
30 mm s-1 (subchapter 7.5). Flow was characterised by µPIV, though limitations in the temporal
resolution of the µPIV system meant that high velocity flow had to be characterised by manual
measurements. Application of voltages greater than approximately 8 V resulted in the formation of
cavitation nuclei which lead to the generation of high velocity unstable microstreaming. Degassing
of the fluid by heating in boiling water for 25 min prior to the experiments entirely prevented the
formation of cavitation nuclei driven flows.
Mean microstreaming around individual microbubbles was highly repeatable, with a percentage
range of mean speed typically below 10% (subchapter 7.2) when the device was not dismantled
between measurements. It was demonstrated that speed could be controlled through regulation of
the driving voltage (subchapter 7.2) but that the voltage–speed characteristic was microbubble
dependent. Although controllability of microstreaming has previously been demonstrated in the
literature in the context of micro-mixing, this was carried out by assessing concentration gradients
rather than the flow speed and direction assessed here. It was found that repeatability decreased
when the device was dismantled (section 7.4), particularly when the transducer was decoupled
from the matching layer. It is hoped that reductions in repeatability can be avoided through
improved device design including addressing the issue of decreased repeatability due to decoupling
of the transducer and increasing the uniformity of the size of microbubbles.
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The threshold voltage for microstreaming was assessed throughout the transducer area
(section 7.1). The results indicated the likely existence of a large pressure maximum in the central
region of the transducer; a common feature of the near field region of an ultrasonic wave. The
repeatability of the acoustic pressure field, as assessed by standard deviations, correlation
coefficients, and mean threshold voltages, was reasonably high. However, a qualitative inspection
of the heatmaps showed noticeable variations, thought to be caused by differences in the
distribution of highly resonant microbubbles between matching layers.
It was desired to measure the shear stress generated at the reflector layer surface. However,
decreased image quality meant that it was not possible to image at closer than 20 µm from the
reflector layer surface. Furthermore, the use of 1 µm tracer particles and the 2.5 µm depth of field of
the x50 objective are too large to enable velocity measurements to be carried out in the fluid
boundary layer. Measuring boundary layer shear stress requires the use of smaller tracer particles
and of hardware upgrades. Such quantifications of boundary layer flow velocities have been
reported in the literature for non-streaming flows [231], carried out with the aid of lasers and nanoscale optical wave guides.
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8 Results: Biological Controls
Controls were carried out to assess the methodology (section 5.5) developed for mechanically
stressing cells with microstreaming. The methodology was formed by the adaptation of standard
practice in biology to accommodate experiments carried out in the microfluidic device.
Within subchapter 8.1 results are reported of the assessment of the cell growth chamber
(section 5.5.2). The experiments examine the effect on viability of aspirating off the cell medium in
the chamber and of removing the reflector layer from the chamber.
Assessment of the experimental procedure for stressing cells in the Mk. III microfluidic device
(section 5.2.3) is reported in subchapter 8.2. This includes the effect on viability of the steps
required prior to applying ultrasound (e.g. sealing the device and priming it with fluid), the effect of
trypan blue exposure and of ultrasound in the absence of Expancel.
Positive and negative controls for Immunofluorescence staining of P38 MAP kinase are presented
in Subchapter 8.3. P38 MAP kinase is up regulated as a response to a wide range of extra cellular
stresses [232] and could therefore potentially be measured as a non-lethal effect of microstreaming.
The difference in fluorescence intensities between stressed and unstressed cells was assessed in
order to evaluate the methodology for measuring the up regulation of P38 MAP kinase in cells.

8.1 Controls in the Cell Growth Chamber
8.1.1 Aims
The aims were to observe cells that had been cultured in the cell growth chamber, to determine
whether opening the chamber reduced viability and whether aspirating off the cell medium in the
chamber reduced viability in comparison to negative controls.

8.1.2 Method
H9c2 cardiomyocytes (sections 5.5.1), cultured in cell growth chambers (section 5.5.2) and preincubated with CellTrackerTM orange (section 5.5.3), were removed from the incubator. Cells were
either immediately stained with trypan blue (0.2% in PBS) to measure viability (section 5.5.5), were
removed from the chamber and stained or the medium was aspirated and then cells were stained in
the chamber (Table 7) (all n=3).

8.1.3 Results
Aspirating off the cell medium lead to a fall in viability to an average of 83% (Figure 8.1). Removing
the cell growth chamber (Figure 8.1) did not appear to reduce viability.
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Figure 8.1: Control experiments to assess potential effects on viability of aspirating off the cell medium and
of removing the cell growth chamber. Viability was measured by trypan blue staining (o.2%), with cell
counts carried out in 3 fields of views per repeat and averaged. Cells were stained either in the cell growth
chamber (a negative control), after removal of the chamber or the medium aspirated and cells stained in
the chamber (all n=3).

a)

b)

c)

d)

Figure 8.2: H9c2 cardiomyocytes stained with CellTrackerTM orange and trypan blue. (a) A fluorescence
image and (b) bright field image from a viability assay of cells with medium having been aspirated prior to
staining in the cell growth chamber. (c) A fluorescence image and (d) bright field image from a viability
assay of cells stained in the cell growth chamber. The fluorescence images show all cells (cells with dark
nuclei are dead) and the brightfield images show only dead cells.
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8.1.4 Discussion
The decline in viability to 83% due to aspirating (Figure 8.1) was unexpected since aspirating off the
cell medium is a standard procedure for cell preparation and handling that should not significantly

affect viability. The decline may have been due to shearing resulting from hydrodynamic forces as
fluid was removed from the cell growth chamber. Noteworthy, is the fact that the distribution of
cells damaged by aspirating was highly inhomogeneous throughout the population (Figure 8.2
a, b), affecting cells at the periphery of the chamber most severely. The assessment of viability
following the opening of the chamber (by staining with trypan blue either before or after removal of
the reflector layer, Figure 8.1) demonstrated that viability was unaffected by opening the chamber
(Figure 8.2 c, d). Aspirating off the cell medium and removal of the chamber were necessary steps
that had to be carried out prior to the reflector layer being sealed in the microfluidic device. Failure
to aspirate off the cell medium led to complete cell death upon sealing in the microfluidic device due
to hydrodynamic forces that are generated during positioning of the reflector layer and magnets.

8.2 Controls Inside the Microfluidic Device
8.2.1 Aims
The aims were to determine the effect on viability of the experimental procedure (e.g. sealing cells
in the device, priming with fluid) in the absence of ultrasound exposure, the presence of ultrasound
in the absence of Expancel and the potential effect of trypan blue exposure.

8.2.2 Method
H9c2 cardiomyocytes (sections 5.5.1), cultured in cell growth chambers (section 5.5.2) and preincubated with CellTrackerTM orange (section 5.5.3), were removed from the incubator. The cell
medium was aspirated, the cell growth chamber was removed and the reflector layer sealed in the
Mk. III device (section 5.5.6). Viability was measured by trypan blue staining (section 5.5.7). After
an interval of 10 min in which, unless indicated otherwise, ultrasound was applied during the last
3 min, viability was re-measured (section 5.5.7). Except where indicated otherwise, viability was
quoted as post ultrasound viability, expressed as a percentage of pre-ultrasound viability. Controls
were carried out (Table 7) in the absence of ultrasound, at 30 V but in the absence of Expancel and
at 25 V with Expancel, using 0.2% or 0.04% trypan blue (all n=3).

8.2.3 Results
Once cells were sealed in the device and viability measured, viability had fallen to between 82% and
92%, with an average of 86% (Figure 8.3) (the initial viability measurement). Viability did not
decline further in the 10 min interval between viability assays (Figure 8.3), with an average final
viability of 100% obtained at 0 V (quoted as a percentage of initial viability). Ultrasound generated
at 30 V in the absence of Expancel (Figure 8.3) resulted in an insignificant decline in viability.
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Figure 8.3: Control experiments in the Mk. III microfluidic device to assess the effect on cell viability of the
experimental procedure prior to ultrasound exposure, in the absence of ultrasound and of ultrasound
(3 min, 30 V) in the absence of Expancel (all n=3). Viability was measured by trypan blue staining (o.2%),
with cell counts carried out in 3 fixed fields of view per repeat and averaged.

When microstreaming was generated at 25 V in the presence of Expancel (Figure 8.4) the average
viabilities were 34%, 22%, 28% and 50% for matching layers 1 to 4. Here, 0.04% trypan blue was
used for the repeats on matching layer 1 and 0.2% trypan blue for the repeats on matching layers 2,
3 and 4.
60%

Percentage viability

50%
40%
30%
20%
10%
0%
0

1

2
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4

Figure 8.4: Microstreaming was applied to cells for 3 min at 25 V with a new reflector layer for each
exposure (n=3). This was carried out for 4 matching layers. On matching layer 1, viability was measured
with 0.04% trypan blue as opposed to the 0.2% trypan blue used elsewhere. Viability was measured by
counting live and dead cells in 3 fixed fields of view and averaging. The red circles are the averages for each
matching layer.
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Figure 8.5: H9c2 cardiomyocytes stained with CellTrackerTM orange and trypan blue. A viability assay in
the same field of view for cells in the Mk. III microfluidic device, exposed to ultrasound (3min, 30 V) in the
absence of Expancel; (a) a fluorescence image of cells prior to ultrasound, (b) a fluorescence image of cells
after ultrasound, (c) a brightfield image of cells prior to ultrasound and (d) a brightfield image of cells
after ultrasound. The fluorescence images show all cells and the bright field images show dead cells only,
of which none are pictured.

8.2.4 Discussion
Initial cell viability measured in the device prior to ultrasound exposure was 86% (Figure 8.3).
Possible causes of reduced viability prior to ultrasound include aspirating off the cell medium, sealing
the reflector layer in the device and flowing fluid through the device. It was demonstrated in
section 8.1.3 that aspirating off the cell medium reduced viability (average viability 83%, Figure 8.1).
It was not possible to assess the effect on viability of sealing cells in the device or priming the device
with fluid in isolation from the effect of aspirating off the cell medium. This is because failure to
aspirate off the cell medium resulted in complete cell death, thought to be due to hydrodynamic
forces generated upon sealing of the reflector layer in the device. The fact that viability in the
control for aspirating off the cell medium (section 8.1.3) was similar to viability prior to ultrasound
exposure (Figure 8.3) suggests that aspirating off the cell medium was a dominant factor. This
reduction in viability necessitated that viability be measured both prior to and after ultrasound

179

exposure (section 5.5.7). Measured in this way, viability did not fall in the absence of ultrasound
(Figure 8.3), nor did it fall during 3 min ultrasound exposure at 30 V in the absence of Expancel
(Figure 8.3, Figure 8.5).
A concern when exposing cells to trypan blue prior to microstreaming is that trypan blue may be
toxic to the cells. However, trypan blue staining in the absence of ultrasound (Figure 8.3) did not
reduce viability and nor did exposing cells to trypan blue (0.2%) for 5 min in cell growth chamber
(Appendix 4). The controls did not assess non-lethal effects of trypan blue. However, the fact that
viability on matching layer 1 (0.04% trypan blue) (Figure 8.4) after microstreaming at 25 V was
within the range of viabilities obtained on matching layers 2, 3, 4 (0.2% trypan blue) suggests that
trypan blue exposure did not amplify the effect of microstreaming on viability since potential
cytotoxic effects of trypan blue are concentration dependent [233]. The controls do not assess the
suitability of trypan blue for experiments longer than 10 min, nor do they assess its suitability for
experiments in which non-lethal effects of microstreaming are investigated.

8.3 Controls for Immunoassays with P38 MAP Kinase
8.3.1 Aims
The aim was to measure the expression of p38 MAP kinase in response to stress induced by UV
light as a control and ultrasound exposure in order to assess the use of phospho-p38 MAP kinase
antibodies for measuring non-lethal stress due to microstreaming.

8.3.2 Method
Preliminary experiments for P38 MAP kinase expression were carried out using the fix-Mk. I and II
protocols (section 5.5.4). However, cells fluoresced weakly, making them difficult to visualise. In
further experiments, H9c2 cardiomyocytes, cultured in 96 well plates (section 5.5.1) were stressed
for 2 min in an ultrasonic bath or 10 min under a UV lamp and an immunoassay carried out with
the fix Mk. III protocol (section 5.5.4). Furthermore, negative controls were carried out on
unstressed cells, either in full or with the omission of the primary, the secondary or both antibodies
(all n=3, Table 7). Cells were then imaged and their fluorescence intensity assessed by calculating
the mean grey scale value per image or sampling the greyscale values of individual cells.

8.3.3 Results
The mean grey scale values (Figure 8.6) were approximately constant regardless of whether cells
were stressed and whether one or both antibodies were omitted during staining. However, the
fluorescence images (Figure 8.8) show that cells were only visible when stained with both primary
and secondary antibodies and not when one or both antibodies were omitted from the protocol.
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Normalised fluorescence intensity
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Figure 8.6: Positive and negative controls for immunofluorescence staining of P38 MAP kinase as per the
conditions indicated on the graph (n=3). Where an external stress was applied (two right most columns) a
full immunoassay was carried out (i.e. primary and secondary antibodies). Fluorescence intensity was
calculated as the mean grey scale value, normalised against the average of the ‘primary + secondary’
control. The error bars indicate the highest and lowest fluorescence intensities among repeats.

Fluorescence intensity, reassessed by sampling grey scale values of individual cells for the 3
controls in which both primary and secondary antibodies were used (Figure 8.7), did not show
fluorescence intensity to increase with stress.

Normalised fluorescence
intensity

1.2
1
0.8
0.6
0.4
0.2
0
Primary + secondary

2 min US bath

10 min UV light

Figure 8.7: Positive and negative controls for immunofluorescence staining of P38 MAP kinase. The data in
the 3 right most columns in Figure 8.6 was reanalysed. Rather than using the mean grey scale value, 10
grey scale values of individual pixels were recorded per image, each from a randomly sampled cell, and
averaged. (n=3). The error bars indicate the highest and lowest fluorescence intensities among repeats.
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Figure 8.8: Fluorescence images of H9c2 cardiomyocytes stained with phospo-P38 MAP kinase in the
following controls; (a) no external stress applied and un-stained, (b) no external stress applied and stained
with primary antibody only, (c) no external stress applied and stained with secondary antibody only, (d) no
external stress applied and full assay, (e) 2 min exposure in ultrasonic bath prior to fixing and full assay
and (f) 10 min exposure under UV lamp prior to fixing and full assay.

8.3.4 Discussion
Contrary to expectation, the normalised fluorescence intensity, measured by calculating the mean
grey scale value in each image, did not increase in stressed cells (Figure 8.6). Moreover, cells
exhibited

similar

fluorescence

intensity

regardless

as

to

whether

a

full

or

partial

immunofluorescence assay was performed. Despite the apparent lack of variation in fluorescence
intensity, the raw images (Figure 8.8) demonstrate that cells were visible only if stained with both
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antibodies. The lack of a variation in fluorescence intensity between negative and positive controls
was likely due the long exposure time (0.8 s and x6 digital gain), generating high background
fluorescence which appears to have dominated the fluorescence signal of the cells.
When grey scale values of individual cells were sampled (Figure 8.6), no variation in fluorescence
intensity with stress was measured (Figure 8.7). The weak fluorescence of cells may have been a
factor that led to the negative results. It is known from the literature that a wide range of physical
stresses including UV light result in the up-regulation of P38 MAP kinase [232]. Furthermore,
trypan blue exclusion tests carried out immediately post stress (in different wells to those stained
with antibodies) showed that both UV and ultrasound exposure resulted in some cell death,
suggesting sufficient stress for P38 MAP kinase expression.
Although no variation in fluorescence intensity was measured between stressed and unstressed
cells, the raw images (Figure 8.8) show that redistribution of the stain occurred. The redistribution
of stain may have been a result of localisation of P38 MAP kinase to the nuclei [234], giving rise to
bright spots in many of the stressed cells. The bright spots were not sufficiently bright to show up
as separate peaks on histograms of individual cells and could therefore not be quantitatively
confirmed.

8.4 Summary
Opening the cell growth chamber without aspirating off the cell medium did not reduce viability
(subchapter 8.1). Although the cell growth chamber required some minor trouble shooting due to
edge effects (section 5.5.2) and aspirating issues (subchapter 8.1), the cell growth chamber offers a
new paradigm for growing adhered cells for microfluidic applications since it removes the need for
silicone grease, required as a sealant in commercially available chambers, which obstructs the fluid
channel. Growing cells on the reflector layer as opposed to seeding and culturing cells in the
microfluidic device vastly increases experimental throughput without the need for expensive
parallelization. The controls also demonstrated that cell viability in the microfluidic device declined
prior to microstreaming (subchapter 8.2) and that one of the reasons for the decline was aspirating
off the cell medium in the cell growth chamber (subchapter 8
 .1). However, the impact of cell death

was mitigated by assessing viability both before and after microstreaming.
Beyond the initial fall in viability measured prior to microstreaming (subchapter 8.2), no further
decrease in viability was recorded in the absence of ultrasound during a 10 min period in which
cells were enclosed in the device (subchapter 8.2). Furthermore, when ultrasound was applied at
30 V in the absence of Expancel, the reduction in viability was insignificant (subchapter 8.2). This
has demonstrated the success of the device in terms of its biocompatibility for short term cell
experiments. The device does not recreate the physiological conditions necessary for long term
experiments, therefore long term experiments have not been attempted.
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Exposure of cells to trypan blue was not found to effect cell viability over the experimental time
scales used (subchapter 8.2). Furthermore, there was no evidence to support that trypan blue
ampified the effect of microstreaming on cell viability (subchapter 8.2). However, it is recognised
that trypan blue is cytotoxic and therefore poses a potential danger to cells. Its use prior to
microstreaming may therefore not be possible in long term experiments or those in which nonlethal cellular effects are assessed.
The immunofluorescence staining for assessing non-lethal cellular response to microstreaming did
not show a measurable variation in fluorescence intensity with stress (subchapter 8.3) but P38
MAP kinase appeared to be redistributed within the cells (Figure 8.8).
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9 Results: Applying Microstreaming to
Biological Cells
In order to assess the suitability of the cavitation microstreaming flows for biomedical applications,
in vitro experiments were carried out in which microstreaming was generated around Expancel
microbubbles adhered to the matching layer (Figure 9.1). Microstreaming flows were assessed by
measuring the reduction in viability of H9c2 cardiomyocytes adhered to the reflector layer of the
device.

Figure 9.1: An illustration of the application of microstreaming to cells (not to scale). The microstreaming
(black oval) was generated around Expancel microbubbles (blue circles) tethered to the matching layer in
order to mechanically stress H9c2 cardiomyocytes (red ovals) adhered to the reflector layer.

Subchapter 9.1 reports on the application of microstreaming to cells at 15, 20, 25 and 30 V (n=5,
each repeat on a new matching layer) in order to assess the controllability over reductions in
viability
In subchapter 9.2 are results for the characterisation of microstreaming by manual streak length
measurement using 2 of the matching layers from subchapter 9.1 in order to assess the relationship
between microstreaming speed and cell death.
Within subchapter 9.3 are results for the application of microstreaming at 25 V to cells on 4
different matching layers (n=3 on each) in order to assess the repeatability of microstreaming
reductions both on the same matching layer and across matching layers.
Subchapter 9.4 assesses P38 MAP kinase expression as a non-lethal response by cells to
microstreaming.

9.1 Reduction in Viability as a Function of Voltage
9.1.1 Aims
The aims of the experiment were to assess the effects of microstreaming on cell viability and
whether the effects are controllable and repeatable.
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9.1.2 Method
H9c2 cardiomyocytes (sections 5.5.1), cultured in cell growth chambers (section 5.5.2) and preincubated with CellTrackerTM orange (section 5.5.3), were removed from the incubator. The cell
medium was then aspirated, the cell growth chamber was removed and the reflector layer sealed in
the Mk. III microfluidic device (section 5.5.6). Initial viability was measured, microstreaming
applied (section 5.5.6) followed by re-measuring of viability (section 5.5.7). The microstreaming
flow was applied to cells for 3 min at 0, 15, 20, 25 and 30 V (n=5, new matching layer for each)
using a new reflector layer for each exposure (Table 8).

9.1.3 Results
Viability decreased with increasing driving voltage from an average of 100% at 0 V to 27% at 30 V
(Figure 9.2). The absolute range in viability varied from 100% (0 V) to 4% (30 V, repeat 3)
(Figure 9.2). Each data point on the graph is the average viability of 3 fields of view, whose
positions were kept constant. Raw images show increased cell death with rising voltage (Figure 9.3).
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Figure 9.2: Microstreaming was applied to cells for 3 min at 0, 15, 20, 25 and 30 V with a new reflector
layer for each exposure (n=5, new matching layer for each repeat). Viability was measured in 3 fixed fields
of view and averaged. The orange data points are the averages among repeats at each voltage. The error
bars represent standard error.

Student’s t-tests (Table 14) performed to measure the statistical difference between viabilities
obtained at each voltage demonstrate mostly low probabilities for a lack of statistical significance.
Notably, the probability of a lack of statistical significance is below 0.001% when comparing 0 V to
each of 20, 25 and 30 V. However, the probability of a lack of statistical significance is 7.5%
between 15 and 20 V and 35.4% between 20 and 25 V.

186

Fluorescence
Before

Brightfield
After

Before

After

0V

15 V

20 V

25 V

30 V

Figure 9.3: (a) Fluorescence and (b) brightfield images of H9c2 cardiomyocytes stained with CellTrackerTM
orange and trypan blue, before and after exposure to microstreaming at 0, 15, 20, 25 and 30 V. The
fluorescence images show all cells. The brightfield images show dead cells only. Dead cells (all cells visible
in brightfield images and those with dark centres in fluorescence images) may migrate small distances due
to becoming partially detached from the reflector layer. On many occasions cells become entirely detached
from the reflector layer and are therefore not visible in the post exposure images. Images at different
voltages are not all from the same repeat.
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Table 14: Probabilities of a lack of statistical difference between the data obtained at two different voltages.
Probability calculated by student’s t-tests in MATLAB.

Voltage pair

Probability

0 & 15

17%

0 & 20

<0.01%

0 & 25

<0.01%

0 & 30

<0.01%

15 & 20

7.5%

15 & 25

3.1%

15 & 30

0.4%

20 & 25

35.4%

20 & 30

2.4%

25 & 30

8.7%

Cell viability was lowest in fields of view closest to the centre of the fluid channel (Figure 9.4) and
therefore the centre of the transducer. This is shown in Figure 9.4 where average viability in field of
view 3 was 76% at 30 V but conversely viability had already fallen to an average of 11% by 20 V in
field of view 1.
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Figure 9.4: Microstreaming was applied to cells for 3 min at 0, 15, 20, 25 and 30 V with a new reflector
layer for each exposure (n=5, new matching layer for each repeat). Viability was measured in 3 fixed fields
of views and results averaged according to voltage. Fields of view 1, 2 and 3 rank in numerical order in
terms of their proximity to the centre of the fluid channel. The graph is plotted from the same dataset as
Figure 9.2.

Raw images of a viability assay in an entire field of view (Figure 9.5) show the presence of spatial
variation in viability. Cells in one region of the image remained viable whilst cells in another region
died or became detached from the reflector layer.
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Figure 9.5: H9c2 cardiomyocytes stained with CellTrackerTM orange and trypan blue. A viability assay in a
single field of view for cells exposed to microstreaming (3min, 20 V) (a) a fluorescence image before
microstreaming (b) a fluorescence image after microstreaming, (c) a brightfield image before
microstreaming and (d) a brightfield image after microstreaming. Cells in the fluorescence images with
dark nuclei are dead. Only dead cells show up in the brightfield images. Post-microstreaming there is a
region of cell detachment (red circle); a region of dead but mostly attached cells, with some cell
detachment (yellow circle) and a region of viable cells (green circle).

9.1.4 Discussion
The results are divided into 3 groups (Figure 9.2); high viability for microstreaming at 0 and 15 V,
intermediate viability at 20 and 25 V and low viability at 30 V. Student’s t-tests demonstrated
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mostly low probabilities for a lack of statistical significance, with the most notable exception being
the 35.4% probability of a lack of statistical significance between 20 and 25 V where viability
appears to have plateaued. Furthermore, there was a 17.5% probability of a lack of statistical
significance between 0 and 15 V. Microstreaming at 15 V lacked sufficient power to kill many cells
and had it not been for the low viability during the 5 th repeat at 15 V, the probability of a lack of
statistical significance between 15 and 20 V would have been significantly lower. It is not known
what caused viability to fall so significantly on the 5th repeat at 5 V. The anomaly increased the
standard error at 15 V by more than twofold. Overall, repeatability was modest, with standard error
of about 10-20 percentage points, excluding results at 0 V for which standard error was 0.3
percentage points.
A possible hypothesis for the trend described in the previous paragraph is that viability began to
plateau but that a change in the mode of microbubble oscillation between 25 and 30 V caused a
sudden increase in microstreaming speed and therefore a further reduction in viability. To be
correct, the hypothesis would require the change in the mode of oscillation to repeatably occur
within the same voltage range despite its likely dependence on microbubble size. The hypothesis is
therefore unlikely to be correct. Streak photos (subchapter 9.2) were captured and measured in
order to assess microstreaming speed on the matching layers from repeats 4 and 5 and are
presented in subchapter 9.2.
The inhomogeneity of viability between fields of view (Figure 9.4) is thought to have been caused by
the pressure maximum present at the centre of the fluid channel (subchapter 7.1) since viability was
always lowest in fields of view closest to the centre of the fluid channel. The variation in viability
between fields of view may partially account for the plateau in viability between 20 and 25 V. This is
because viability in field of view 1 had already fallen to almost 0% by 20 V and viability in field of
view 3 did not fall significantly below 30 V. As such, there were only significant viability reductions
in field of view 2 between 2o and 25 V. However, even these reductions were relatively modest
compared to reductions that occurred in field of view 2 between other consecutive voltages. The
inhomogeneity of viability within individual fields of views (Figure 9.5) is thought to result partially
from spatial gradients in the acoustic pressure field (subchapter 7.1) and also due to spatial nonuniformity of the microstreaming flow around individual microbubbles (subchapter 7.2).
The results demonstrate that microstreaming is sufficiently powerful to cause death in H9c2
cardiomyocytes when microbubbles and cells were adhered to opposite surfaces of the 200 µm tall
fluid channel. Furthermore, it was shown that reductions in viability were reproducible and that
some control can be exerted over the reduction in viability through regulation of the driving voltage.
The rationale for measuring cell viability rather than a potentially more useful physiological
parameter (e.g. gene expression in response to stress) was that it is comparatively simple to
measure cell viability. Moreover, most useful physiological effects occur at stress levels below the
threshold for cell death. As such, if it is possible to control stable cavitation microstreaming
induced cell death, then a host of useful biomedical applications could potentially be controlled at
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lower driving voltages. At high driving voltages the microstreaming flow is more likely to lose
stability with respect to time and microbubbles become more prone to detachment from the
matching layer. Operating at a higher voltage therefore provides a more stringent assessment of the
capabilities of the microfluidic device. However, demonstrating non-lethal cellular response to
stress is still important because the majority of cellular responses to mechanical stress that are of
interest to biological researchers occur in viable cells.

9.2 Measurement of Microstreaming Speed in Cell
Experiments
9.2.1 Aims
The aim was to characterize microstreaming on matching layers for which cell viability data was
collected in subchapter 9.1 so that microstreaming speed could be correlated to cell death.

9.2.2 Method
Streak photos of microstreaming were captured in the 3 fields of view imaged in the ‘reduction of
viability as a function of voltage’ experiment (subchapter 9.1), at 15, 20, 25 and 30 V (Table 8). This
was carried out using the matching layers from both repeats 4 and 5 of the experiment. Grids
measuring 8x8 squares were superimposed onto each image and a single streak length
measurement was made in each square.
In order to assess the relationship between microstreaming speed and cell viability, 8x8 grids,
identical to those used to measure speed in the streak images, were superimposed over the images
from repeats 4 and 5 of the cell viability experiment (subsection 9.1). Each grid square was
numbered with either a ‘1’ in order to denote that all cells in the grid square had survived
microstreaming exposure, ‘2’ to denote that some cells had died or ‘3’ to denote that all cells had
died (referred to as viability groups 1, 2 and 3 respectively). The entire set of streak length
measurements recorded for each repeat were then grouped according to the respective viability
groups of the corresponding squares from the cell viability images and averaged.

9.2.3 Results
Mean microstreaming speed increased with voltage (Figure 9.6, Figure 9.7). The highest average
microstreaming speed was 29.7 mm s-1 at 30 V in field of view 1, repeat 5 (Figure 9.7).
Microstreaming speed was greatest towards the centre of the fluid channel, equating to the centre
of the transducer. Over all, speed was of similar magnitude on both repeats (Figure 9.6, Figure 9.7).
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Figure 9.6: Microstreaming speed was measured manually from streak images captured at 15, 20, 25 and
30 V in the fields of view used when applying microstreaming to cells (subchapter 9.1). This was carried
out on the matching layer used in repeat 4, subchapter 9.1. Each data point is the average of 64 manual
measurements (1 measurement per square in a 64 square grid) in a single field of view.

The standard deviation as a percentage of mean was calculated for the 64 manual measurements in
each streak image. The lowest standard deviations were recorded in the streak images with the
highest microstreaming speeds. The minimum standard deviations for repeat 4 and 5 were 39%
and 34% of mean respectively, occurring in field of view 1 at 30 V on both repeats. The percentage
standard deviation was significantly higher in streak images in which microstreaming speed was
lower, with values of over 100% of mean in several of the streak images.
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Figure 9.7: Microstreaming speed was manually measured from streak images captured at the voltages and
fields of view used when applying microstreaming to cells (subchapter 9.1). This was carried out on the
matching layer used in repeat 5, subchapter 9.1. Each data point is the average of 64 manual
measurements (1 measurement per square in a 64 square grid) in a single field of view.

The analysis of the relationship between microstreaming speed and cell viability (Figure 9.8)
demonstrated that the mean microstreaming speed in regions containing only live cells post
microstreaming was 4.9 and 6.1 mm s-1 (viability group 1, repeats 4 and 5 respectively). The mean
microstreaming speed in regions containing both live and dead cells post microstreaming was 5.5
and 7.8 mm s-1 (viability group 2, repeats 4 and 5 respectively). The mean microstreaming speed in
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regions containing only dead cells post microstreaming was 10.9 and 10.2 mm s-1 (viability group 3,

Microstreaming speed (µm/s)

repeats 4 and 5 respectively).
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Figure 9.8: Grids, identical to those used to measure streak lengths, were superimposed over the cell
viability images from repeats 4 and 5 in subchapter 9.1. The squares were assigned to viability group 1, 2 or
3 according to whether all, some or no cells respectively had survived microstreaming. The streak length
measurements were then grouped according to the viability group of the corresponding squares in the cell
viability images and averaged. Microstreaming speed was plotted against viability group for each repeat.
The error bars represent the standard deviation.

9.2.4 Discussion
Microstreaming speed increased between 20 and 25 V on both repeats (Figure 9.6 and Figure 9.7).
The increase in speed between 20 and 25 V on repeat 4 was smaller than expected (smaller than the
increase between 15 and 20 V on the same repeat); this is particularly true in field of view 2 for
which speed increased from 6.5 to 7.5 mm s-1. The significance of field of view 2 is that viability
decreased most substantially in this field of view during the increase from 20 to 25 V (Figure 9.4).
Viability in fields of view 1 and 3 fell to almost 0% and remained close to 100% respectively by 2025 V (Figure 9.4). Conversely, on repeat 5 microstreaming speed increased significantly between 20
and 25 V (Figure 9.7). The corresponding average viability results at 20 and 25 V were 47% and 41%
respectively for repeat 4 (Figure 9.2) and 60% and 38% respectively for repeat 5 (Figure 9.2). As
such, it appears that the small increase in flow speed may have been the cause for the modest
decrease in viability between 20 and 25 V (Figure 9.2). However, there is insufficient data to
ascertain this to a high degree of confidence.
It is not known why speed increased only modestly between 20 and 25 V on repeat 4 and whether
this occurred on repeats 1, 2, and 3, for which flow measurements were not carried out. It was
hypothesized in section 9.1.4 that there may have been a change in the mode of microbubble
oscillation between 20 and 25 V. However, there was no direct evidence for this and it appears
unlikely that microbubbles of varying sizes would experience a change in the mode of oscillation at
the same voltage.
The existence of a relationship between microstreaming speed and viability (Figure 9.8) was
demonstrated by Figure 9.8. The standard deviation in each viability group was large and as such
there was no precise threshold velocity for cell death. This could partially be due reductions in
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repeatability of microstreaming speed resulting from dismantling of the device between repeats
(subchapter 7.4). The large standard deviation may also be due to microstreaming speed being
measured at 60 µm from the reflector layer surface; the speed at this distance does not uniquely
define the boundary layer shear stress and as such cannot be used to estimate shear stress. Thus,
microstreaming speed of 5.5-7.8 mm s-1, measured 60 µm from the reflector layer, is the mean
speed associated with the threshold boundary layer shear stress required to kill H9c2
cardiomyocytes.

9.3 Reduction of Viability at Fixed Voltage
9.3.1 Aims
The aims were to assess the use of microstreaming for reducing cell viability at a fixed voltage and
to measure the repeatability.

9.3.2 Method
H9c2 cardiomyocytes (sections 5.5.1), cultured in cell growth chambers (section 5.5.2) and preincubated with CellTrackerTM orange (section 5.5.3), were removed from the incubator. The cell
medium was aspirated, the cell growth chamber was removed and the reflector layer sealed in the
Mk. III microfluidic device (section 5.5.6). Initial cell viability was measured, microstreaming was
applied (section 5.5.6) and viability re-measured (section 5.5.7). Microstreaming was applied to
cells for 3 min at 25 V using a new reflector layer for each exposure (n=3, Table 8), on 4 different
matching layers. During experiments with matching layer 1, 0.04% trypan blue was used to stain
cells. With matching layers 2, 3 and 4, 0.2% trypan blue was used.

9.3.3 Results
Microstreaming at 25 V reduced viability to between 13-55%. The average viabilities were 34%,
22%, 28% and 50% with ranges of ±5.5%, ±8%, ±9.5% and ±7% on matching layers 1, 2, 3 and 4
respectively (Figure 9.9).
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Figure 9.9: Microstreaming was applied to cells for 3 min at 25 V with a new reflector layer for each
exposure (n=3) and using 4 matching layers. During experiments on matching layer 1, viability was

194

measured with 0.04% trypan blue. During experiments on matching layers 2, 3 and 4 viability was
measured with 0.2% trypan blue. The red circles are the averages for each matching layer.

9.3.4 Discussion
Cell viability with matching layer 4 was significantly higher than with all other matching layers.
Conversely, the disparity between mean viabilities using matching layers 2 & 3 (22% and 28%
respectively, Figure 9.9) was smaller than the range of respective viabilities on both matching layers
(8% and 9.5% respectively, Figure 9.9). It is possible that the greater viability on matching layer 4
was due to a systematic variation in microstreaming speed between matching layers, either because
of a variation in matching layer thickness or the distribution of highly resonant Expancel
microbubbles. The effect of replacing the matching layer on microstreaming was previously
investigated (Figure 9.10) and it was found that systematic variations in microstreaming speed may
occur between matching layers (section 7.4.4).
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Figure 9.10: Mean microstreaming speed in fixed fields of view at 10 V on each repeat (n=10) for 3
matching layers. The X’s are averages and the error bars represent standard error. Reproduced from
section 7.4.4

Viability was lower with 3 of the 4 matching layers tested in Figure 9.9 than viability at the same
voltage in section 9.1. This may be due to use of a new transducer in the present subchapter because
the previously used transducer was damaged. The reduced viability occurred despite similar
average electrical impedances (measured at 555 kHz) in both subchapters.

9.4 Expression of P38 MAP Kinase
9.4.1 Aims
The aim of the experiment was to assess the use of microstreaming for up regulating the expression
of P38 MAP kinase, a protein that is part of the signalling cascade controlling cellular response to
stress.

9.4.2 Method
H9c2 cardiomyocytes (sections 5.5.1), cultured in cell growth chambers (section 5.5.2), were
removed from the incubator. The cell medium was aspirated, the cell growth chamber was removed
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and the reflector layer sealed in the Mk. III microfluidic device (section 5.5.6). After priming the
device with PBS (5 mL h-1 for 2 min) microstreaming was applied for 3 min. An immunoassay was
performed (section 5.5.4), with all steps carried out in the device using a syringe pump induced
flow (3 mL h-1). Cells were then imaged in florescence and bright field modes in fields of view 1, 2
and 3 of the reflector layer (section 5.5.7). This was carried out at 0 and 15 V (n=3 for each voltage,
each with new reflector and matching layer).

9.4.3 Results and Discussion
No cells were visible in fluorescence images captured in the device following the immunoassay.
When the reflector layer was removed from the device, a small number of cells were visible
(exposure of 0.8 S and x6 gain). The inability to visualise cells in the device was a consequence of
light reflected from the matching layer, which overpowered the fluorescence signal from the cells.
The small number of cells observed on the reflector layer after its removal from the device was
likely due cell detachment because of hydrodynamic forces when removing the reflector layer.
These forces were previously observed to result in cell death and detachment during
troubleshooting of the methodology (section 5.5).

9.5 Summary
Repeatability of reductions in viability following microstreaming was modest. The unavoidable
dismantling of the device and replacement of matching layers is thought to be a major contributing
factor towards the modest repeatability. Microstreaming speed of 5.5-7.8 mm s-1, measured 60 µm
from the reflector layer, was the mean speed associated with the threshold boundary layer shear
stress required to kill H9c2 cardiomyocytes. An important finding of the research was that
microstreaming caused cell death at a separation distance of about 150 µm. A possible explanation
for this achievement is that the Expancel shells, estimated to be 240 nm thick, (subchapter 5.4),
provided a greater resistance against microbubble destruction than the 5-10 nm thick shells typical
of contrast agents, thus enabling faster microstreaming flows to be generated. It is also possible
that the PDMS layer that partially encapsulated the Expancel microbubbles played a role in
preventing their inertial collapse.
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10 Conclusions and Future work
10.1 Conclusions
The objectives of the thesis were the generation of repeatable and controllable microstreaming and
assessment of the suitability of microstreaming for mechanically stressing biological cells. The
conclusions are as follows:
Acoustic pressure field


The acoustic pressure field was spatially inhomogeneous, with a repeatably occurring
pressure maximum at the centre of the fluid channel.

µPIV system


The µPIV system was capable of measuring microstreaming speed up to the order of
approximately 1 mm s-1 at an optical magnification of x50. This is below the
microstreaming speed associated with cell death and an order of magnitude below the
maximum microstreaming speed at 30 V. Reducing the optical magnification in order to
measure high speed flow is undesirable. Ideally, image exposure and time interval between
image frames should be decreased. However, this will likely require equipment upgrades.



The mPIV software provided good vector field computation with its cross correlation
algorithm; though no alternative software was tested. A major advantage of mPIV is that it
is open source, allowing modification of the code. The only reason for changing software
would be in order to gain the ability to measure the Z component of microstreaming
velocity.



Image pairs for µPIV were constructed from multiple images captured over a span of
approximately 15 seconds. Due to the time invariant nature of the microstreaming there
were no issues with capturing images over this timescale. Had the Expancel microbubbles
not been attached to the matching layer the flow may have become time variant in the
frame of reference of the camera and therefore considerably more challenging to measure.

Suitability of the Expancel


The Expancel microbubbles generating the fastest microstreaming were of greater diameter
than the mean of the entire Expancel population. This suggests that the driving frequency
was not optimally matched to the Expancel resonance frequency. Increasing the driving
frequency creates greater acoustic radiation force. An alternative to increasing the driving
frequency is to use larger microbubbles. However, larger microbubbles will reduce flow
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uniformity vis-à-vis smaller microbubbles because of the reduction in the number of
microstreaming sources.


Spin coating of Expancel/PDMS onto the matching layer was an effective method for
achieving a thin layer of uniform thickness and the Expancel rarely become detached
during microstreaming.



The curing time of PDMS was considerably longer than stated by the manufacturer and
varied greatly per matching layer. It was stated by the manufacturer that contact with some
materials could negatively impact curing time. By performing a negative control it was
discovered that the alumina matching layer retarded the curing of PDMS. Curing time can
be reduced by coating the matching layer in a 1 µm thick layer of undiluted PDMS and
curing at 120 ◦C overnight. The Expancel/PDMS layer can subsequently be applied and
cured at 65 ◦C, curing within several hours.

Biological protocol


Culturing adhered cells on to reflector layers and subsequently sealing them in the device
increased experimental throughput vis-à-vis culturing adhered cells in the device.
However, the process also appears to stress the cells.



Aspirating off the cell medium prior to removal of the cell growth chamber resulted in cell
death prior to ultrasound exposure. This was circumvented by measuring viability both
before and after ultrasound exposure.



The cell growth chamber allowed adhered cells to be cultured without silicone grease.
Silicone grease is required in commercially available alternatives and was observed to
obstruct the fluid channel once the device was sealed. Unfortunately, cells cultured in the
cell growth chamber had a tendency to migrate towards the periphery of the chamber due
to suspected edge effects [228].



Use of adhered cells prevented their movement relative to the reflector layer. This
maximised shear stress, allowed viability to be assessed within fixed regions and resulted
in a temporally constant stress field. However use of adhered cells limited cell
characterisation techniques to fluorescence microscopy.



The components that came into contact with cells were all manufactured from materials
widely used in the medical industry (glass, alumina, PDMS and polycarbonate). There was
no evidence of toxicological biocompatibility issues within the experimental procedures
carried out.
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Control experiments of the immunoassay for P38 MAP kinase resulted in no quantifiable
difference in fluorescence intensity between positive and negative controls. This meant
that experiments assessing the expression of P38 MAP kinase in response to
microstreaming could not be performed.

Microstreaming flow


The mean microstreaming speed, as measured around individual Expancel microbubbles,
was controlled by regulation of the voltage. Polynomial functions were fitted to the
relationship between voltage and microstreaming speed. However, each function was
microbubble specific because of their dependence on the physical characteristics of the
microbubbles.



Microstreaming speed remained stable with respect to time within the range of velocities
measured with the µPIV system. Repeatability declined at 30 V (measured percentage
range of mean speed of 12.7% and 21.9% at 10 and 30 V respectively, Figure 7.44).



Replacing matching layers reduced microstreaming repeatability, most likely because of the
variation in the distribution of highly resonant Expancel microbubbles and the required
decoupling of the transducer.



Replacing reflector layers did not appear to reduce microstreaming repeatability though
this was difficult to assess because dismantling the device without replacing components
did reduce repeatability.



Repeatability was good when the device was not dismantled between tests. However,
dismantling the device resulted in a decline in repeatability.



A maximum microstreaming speed of approximately 30 mm s-1 was measured at 30 V and
a distance of 60 µm from the reflector layer. It was not possible to measure the velocity
gradient at the reflector layer surface due to poor image quality when focusing within
20 µm of the reflector layer.



Microstreaming around individual microbubbles was highly inhomogeneous, as expected
due to the nature of microstreaming flow. The threshold voltage for microstreaming was
observed to vary with spatial position in the fluid channel due to the likely existence of a
pressure maximum in the centre of the fluid channel.



Nucleation of gas bubbles upon ultrasound exposure resulted in significant generation of
non-stable microstreaming during preliminary experiments, in addition to microstreaming
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around Expancel. Nucleation of gas bubbles was prevented by degassing the fluid (purified
water or PBS) prior to ultrasound exposure.
Cell viability


Microstreaming was sufficient to kill cells adhered to the reflector layer at a distance of
approximately 150 µm from the microbubbles. The threshold voltage above which cell
death occurred was approximately 15 V, though was spatially dependant. A mean
microstreaming speed of 5.5-7.8 mm s-1, measured 60 µm from the reflector layer, was the
speed associated with the threshold boundary layer shear stress magnitude required to kill
cells.



The cell viability experiments demonstrated that viability could be reduced by
microstreaming with some reproducibility (typical standard error of 10-20 percentage
points) and that the magnitude of the reduction could be controlled by regulation of
voltage. Repeatability appears to be influenced by dismantling the device, decoupling of the
transducer and replacement of matching layers.

10.2 A summary of Original Contributions
The research presented in this thesis differs from papers published in the literature in that its aim
was not to investigate a specific physiological response to shear stress. Rather, the aim was the
creation of a generic device and methodology for applying mechanical stress to cells. This thesis is
believed to be:



The first example of the adherence of polymer encapsulated microbubbles to a substrate for
the purpose of generating microstreaming. Furthermore, it is believed to be the first time
that microbubbles have been adhered to a substrate in a polymer film for the purpose of
generating microstreaming. Adhering microbubbles to the matching layer was an
important factor enabling the detailed characterisation of microstreaming.



One of only a few examples in which a fixed non-zero separation distance was used for
stressing cells by cavitation microstreaming (stable or inertial). Fixing the separation
distance provides higher uniformity over the stress applied to cells. The small separation
distance maximised stress whilst preventing mechanical buffeting of cells by microbubbles.



The first time that the repeatability of microstreaming speed with respect to time around a
single microbubble has been demonstrated over a range of voltages. Demonstrating
repeatability was central to the aim of the project.
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The first example within the context of stressing cells, that control of microstreaming speed
has been achieved by incrementally increasing the driving voltage.



The first time that stable cavitation microstreaming has been shown to possess sufficient
power to kill cells at a separation distance of approximately 150 µm. Furthermore, the use
of stable cavitation microstreaming to regulate reductions in cell viability has been
demonstrated. This is important since very little data exists in the literature on the use of
stable cavitation microstreaming for the regulation of physiological responses by cells.
Researchers have almost invariably favoured the use of inertial cavitation.



Among the fastest, if not the fastest microstreaming speed achieved within the bulk flow by
stable cavitation microstreaming.

10.3 Future Work
The main focuses for future work are;


Increasing microbubble size uniformity in order to improve the overall uniformity of
microstreaming flow. The task is not trivial because commercially available encapsulated
microbubbles suffer from large size distributions.



Increasing the homogeneity of the acoustic pressure field in order to increase the
uniformity of microstreaming speed between microbubbles at different locations.



Increasing the maximum speed measurable with the µPIV system. Significant
improvements can be obtained by using a brighter light source. In order to achieve the
image exposures and time intervals required to characterise flow at 30 V and a x 50 optical
magnification an ultra-high speed camera and laser will likely be required. Furthermore, a
system with the ability to measure the z component of velocity would be advantageous.



Improving the device design in order to mitigate the reduction in repeatability caused by
dismantling between tests. One such improvement could be to modify the device manifold
to provide a precise fit for the transducer.



Using suspended cells in order to increase the range of techniques available for measuring
physiological responses by cells. Furthermore, a major advantage of microstreaming over
flow through shear stress generation is its scope for stressing suspended cells, this should
be demonstrated.
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Demonstrating the regulation of a non-lethal physiological response by cells such as up
regulation of a stress protein. This would show that microstreaming flow is able to
physiologically affect cells without reducing their viability.



Developing a technique, potentially based on µPIV, in order to measure the shear stress
within the boundary layer flow at the reflector layer surface.



Implementing a more gentle alternative to aspirating off the cell medium. Aspirating off the
cell medium, necessary in order to prevent total cell death by hydrodynamic forces upon

sealing of the microfluidic device, resulted in some cell death.


Creating a device in which temperature and CO2 are controlled and sterility is maintained
in order to allow cell-based experiments to be conducted over significantly longer time
periods.



Investigating the use of microstreaming generated by cavitation nuclei as a mechanism for
stressing cells. Due to the flow being non-stable with respect to time, water was degassed in
order to prevent its occurrence. However, microstreaming is inherently spatially
inhomogeneous at the micron scale. A potential advantage of non-stable flow is that the
time averaged flow field may possess a greater degree of spatial homogeneity than the
instantaneous flow field.
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Appendix 1
Appendix 1.A
Within Appendix 1.A is the Matlab code written for pre-processing images before vector fields were
computed. The operations are outlined within the code.
%
%
%
%

This code pre-processes the microstreaming image sequences and runs the
mPIV open source software. The following steps are carried out;
background subtraction, further background subtraction, conversion to
binary, particle filtering by size,

% Each bubble is selected in turn, where 'BB' is the bubble number.
for BB= [1 2 3 4 5 6 7 8 9 10]
% Optimal thresholds are found manually for each bubble and called up by
% the code in order to achieve the best results.
thresholds=[0.09 1 0.13 0.035 0.045 0.08 0.1 0.08 0.08 0.07 0.12];
t_hold=thresholds(BB);
% Change the Matlab working Directory.
direcsname=strcat('C:\phd\10 bubbles 26th march','\sub1','bmp');
cd(direcsname)
% This part of the code searches the working directory in order to find
% the maximum voltage tested for the particular bubble.
bubsearch=strcat('b',num2str(BB),'*');
[numberbubbles NA] = size(dir (bubsearch));
noofvolts=numberbubbles/(92*3);
voltagespossible=[0 0.5 1 1.5 2 3 4 5 6 7 8 9 10 11];
% The variable 'voltagerange' is an array of the voltages tested.
voltagerange = voltagespossible (1:noofvolts);
% Each repeat and each voltage tested are selected in turn, where 'TT' is
% the repeat number and 'VV' is the voltage.
for TT =[1 2 3]
for VV= voltagerange
% Change the Matlab working Directory.
direcsname=strcat('C:\phd\10 bubbles 26th march','\sub1','bmp');
cd(direcsname)

% Search the working directory for the frames of an image sequence.
bubid=strcat('b',num2str(BB),'v',num2str(VV),'t',num2str(TT));
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bubid1=strcat('b',num2str(BB),'v',num2str(VV),'t',num2str(TT),'*');
bubid2=strcat(bubid1,'*');
bsearch= dir (bubid2);
x=bsearch(1).name;
% Open the first frame (used for image subtraction).
imforsub=imread(x);
% Open each remaining frame in turn, subtract the first image (imforsub)
% from it and save the resulting image to the directory.
for a=2:92
imageA=imread(bsearch(a).name);
imageB=imsubtract(imageA,imforsub);
imwrite(imageB,strcat('zimage',num2str(a-1),'.bmp'),'bmp')
end
%
%
%
%

Each of the saved images are opened in turn and for each 10x10 pixel
region within the image, the minimum greyscale value in that region is
subtracted from the pixels in the region. The image is then converted
to binary using the threshold values above and saved.

for X=1:91
imageA=imread(strcat('zimage',num2str(X),'.bmp'));
[x,y]=size(imageA);
imageB=uint8(ones(x,y));
for d=1:10:x-10
for e=1:10:y-10
I=imageA(d:d+9,e:e+9);
II=min(I);
III=II';
IIII=min(III);

imageB(d:d+9,e:e+9)=imageA(d:d+9,e:e+9)-imageB(d:d+9,e:e+9)*IIII;
logA(d:d+9,e:e+9)=im2bw(imageB(d:d+9,e:e+9),t_hold);
end
end
imwrite(logA,strcat('theimage',num2str(X),'.bmp'),'bmp')
end

% The bwboundaries function is used to trace around the particles. The
% perimeters are then filtered by size, creating an image using those
% particles whose perimeters are between 5 and 19 pixels in length.
for X=1:91
imageA=imread(strcat('theimage',num2str(X),'.bmp'));
[x,y]=size(imageA);
imz=zeros(x,y);
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B = bwboundaries(imageA);
for k = 1:length(B)
bo = B[57];
if length(bo)<20
if length(bo)>4

N=length(bo);
for S=1:N
imz(bo(S,1),bo(S,2))=100;
end
end
end
end
% The perimeters traced around the particles are now filled.
BW=imfill(imz,'holes');
% Pre-processing of individual images is now finished and so the images
% are saved.
imwrite(BW,strcat('finalimage',num2str(X),'.bmp'),'bmp')
end
%
%
%
%
%
%

Two matrices of zeros are created, they will latter become the final
image Pair. Region by region the first and second image of each of the
45 complete image pairs per sequence are added to im1 and im2
respectively. The images are only added to im1 and im2 whilst the mean
binary value in the region in im1 is below a chosen threshold,
providing a more equal distribution of particles.

C=imread('finalimage1.bmp');
[X,Y]=size(C);
im1=zeros(X,Y);
im2=zeros(X,Y);
frame=0;
for x=1:100:X-100
for y=1:100:Y-100
% Tracks progress.
frame=frame+1;
for n=1:2:89
dasd=mean2(im1(x:x+99,y:y+99));
if mean2(im1(x:x+99,y:y+99))<0.12
aa=imread(strcat('finalimage',num2str(n+1),'.bmp'));
a=im2bw(aa);
im1(x:x+99,y:y+99)=im1(x:x+99,y:y+99)+a(x:x+99,y:y+99);
bb=imread(strcat('finalimage',num2str(n+2),'.bmp'));
b=im2bw(bb);
im2(x:x+99,y:y+99)=im2(x:x+99,y:y+99)+b(x:x+99,y:y+99);
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end
end
end
end
% The amalgamated image pairs are saved.
imwrite(im1,strcat('im1',bubid,'.bmp'))
imwrite(im2,strcat('im2',bubid,'.bmp'))
disp ('images ready')
% Matlab working directory is changed.
cd('J:\SES Research\Private\rg306')
% mPIV is run in order to compute vector field
[xi, yi, iu, iv,] = mpivold(im1, im2, 80,80, 0.2, 0.2, 0, 0, 1, 'cor', 0,
1 );
[iu_ft, iv_ft, iu_ip, iv_ip] = mpiv_filter(iu, iv, 2, 2.0, 2, 1 );
% The matrices of vector sizes in x and in y as outputted from mPIV are
% loaded from the working directory (mPIV was modified in order to save
% the matrices in the working directory).
iu = load('iumatrix.mat');
iv = load ('ivmatrix.mat');
% The matrices are saved under a new name in order to track them to the
% image sequence from which they were computed.
save (strcat(bubid,'iu.mat'),'iu');
save(strcat(bubid,'iv.mat'),'iv');

% The vector field from mPIV is saved to the working directory.
h = gcf;
saveas(h(1), bubid, 'fig');
close all
end
end
end
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Appendix 1.B
Within appendix 1.B is the code written for calculating the pointwise percentage range of mean
speed (referred to as likeforlike within the code) and the pointwise percentage range of direction
referred to as direction in the code)
direcname=strcat('H:\pivforthesis\10 bubbles x50 on streaming
source\matlab result matrices histograms and vector fields');
% For microbubble 8
for B=8
% For the range of voltages
for V= [0 0.5 1 1.5 2 3 4 5 6 7 8 9 10 ]
% Create empty matrices to store the directions and speeds that are to be
% compared. Note that they are 21x15x3 as the must hold the data of 3
repeats
direction=nan(21,15,3);
likeforlike=nan(21,15,3);
% For repeats 1 to 3
for T=1:3
% Load the files containing the x and y components of velocity
ivmatrix=load(strcat('b',num2str(B),'v',num2str(V),'t',num2str(T),'iv.mat
'));
iumatrix=load(strcat('b',num2str(B),'v',num2str(V),'t',num2str(T),'iu.mat
'));
% Name the matricies of the x and y components of speed IV and IU
% respectivley
IV=ivmatrix(1).iv.iv_ip;
IU=iumatrix(1).iu.iu_ip;
% for each position in these 21 x 15 vector fields
for i=1:21
for j=1:15
% temporarily store x and y components of velocity
x=IU(i,j);
y=IV(i,j);

as X and Y

% calculate the direction of the angle (see next Appendix 1.C for
vectorangle
% code), keeping the same coordinates as in mpiv. Input into the empty
% matrix.
direction(i,j,T)=vectorangle(x,y);
% Calculate magnitude of the vector and input into the other empty
matrix.
likeforlike(i,j,T)=(IV(i,j)^2+IU(i,j)^2)^0.5;
end
end
end
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% create matrices to store the values of percentage range at each
position
resultlikeforlike=nan(21,15);
fresultdirection=nan(21,15);
% for each position in the 21 x 15 vector field
for i=1:21
for j=1:15
% create an array containing the speed in position (i,j) for the 3
repeats.
Linelikeforlike=[likeforlike(i,j,1), likeforlike(i,j,2),
likeforlike(i,j,3)];
% calculate the percentage range
resultlikeforlike(i,j)=((max(Linelikeforlike)min(Linelikeforlike))/mean(Linelikeforlike))*50;
% name each of the 3 angles whose positions are to be compared
v1=direction(i,j,1);
v2=direction(i,j,2);
v3=direction(i,j,3);
% calculate the maximum range in the angles as a % of 180 degrees (see
% Appendix 1.D for angle_range code).
fresultdirection(i,j)=(angle_range(v1, v2, v3)/180)*100;
end
end
%calculate the mean of each matrix of results to obtain the average of
the
%indivudal calculations for repeatability in speed and direction.
likeforlike=nanmean2(resultlikeforlike)
direction=nanmean2(fresultdirection)
voltage=V
end
end

208

Appendix 1.C
Within appendix 1.C is a function (as used in the code in Appendix 1.B) written to calculate the
angle of the vector relative to the µPIV coordinate system.
% code for the vectoranglefunction is used to find the angle of a vector

function deg=vectorangle(x, y)

if x<0
%if x is negative the angle is the inverse tan + 180 degrees this is
because
%the inverse tangent ranges from -90 to 90 degrees, so results are
shifted
% to 90 to 270 degrees, the second and third quadrants.
deg=(atand(y/x)+180);

else
% if x is positive but y negative, the angel is 360 + the inverse tan.
This
%is because the values of the negative inverse tangent are 0 to -90 and
% so must be shifted tobetween 270 and 360 degrees as positive x and
% negative y is the 4th quadrant.
if y<0
deg=360+atand(y/x);
% if x and y are positive, the angel is the inverse tangent as this is
the
% first quadrant.
else
deg=atand(y/x);
end
end

209

Appendix 1.D
Within appendix 1.D is a function (as used in the code in Appendix 1.B) written to calculate the
maximum angular range between three angles or arbitrary size.
% The angel_range function computes the maximum range between 3 angles.
function deg_range=angle_range(v1, v2, v3)
%create empty matrix
X=zeros(1,3);
%fill matrix with all the magnitudes of every possible
%angles, 1 of which will be the maximum range.

range between 3

X(1)=abs(v1-v2);
X(2)=abs(v1-v3);
X(3)=abs(v2-v3);
% Two vectors can not differ in direction by more than 180 degrees and so
% if the range is greater than 180 degrees, it is subtracted from 360.
for n=1:3
if X(n)>180
X(n)=360-X(n);
else
X(n)=X(n);
end
end
%the function outputs the maximum range
deg_range=max(X);
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Appendix 2
Within Appendix 2 are graphs from various results subchapters.

Appendix 2.A
Within appendix 2.A are the vector fields and probability plots from subchapter 6.1.
A tracer particle concentration of 2.5 µL mL-1, repeat 1.

Figure 0.1: The µPIV velocity field.

Figure 0.2: The normal probability plot.
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A tracer particle concentration of 2.5 µL mL-1, repeat 2.

Figure 0.3: The µPIV velocity field.

Figure 0.4: The Normal probability plot.
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A tracer particle concentration of 2.5 µL mL-1, repeat 3.

Figure 0.5: The µPIV velocity field.

Figure 0.6: Then normal probability plot.
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A tracer particle concentration of 5 µL mL-1, repeat 1.

0.7: The µPIV velocity field.

Figure 0.8: The normal probability plot.
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A tracer particle concentration of 5 µL mL-1, repeat 2.

0.9: The µPIV velocity field.

Figure 0.10: The normal probability plot.
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A tracer particle concentration of 5 µL mL-1, repeat 3.

Figure 0.11: The µPIV velocity field.

Figure 0.12: The normal probability plot.
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A tracer particle concentration of 10 µL mL-1, repeat 1.

Figure 0.13: The µPIV velocity field.

Figure 0.14: The normal probability plot.
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A tracer particle concentration of 10 µL mL-1, repeat 2.

Figure 0.15: The µPIV velocity field.

Figure 0.16: The normal probability plot.
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A tracer particle concentration of 10 µL mL-1, repeat 3.

Figure 0.17: The µPIV velocity field.

Figure 0.18: The normal probability plot.
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A tracer particle concentration of 20 µL mL-1, repeat 1.

Figure 0.19: The µPIV velocity field.

Figure 0.20: The normal probability plot.
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A tracer particle concentration of 20 µL mL-1, repeat 2.

Figure 0.21: The µPIV velocity field.

Figure 0.22: The normal probability plot.
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A tracer particle concentration of 20 µL mL-1, repeat 3.

Figure 0.23: The µPIV velocity field.

Figure 0.24: The normal probability plot.
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Appendix 2.B
With appendix 2.B is the entire set of heatmaps from the experiments in subchapter 7.1, all
normalised against 20 V.
0.5 Wt. % Expancel, non-degassed fluid

Figure 0.25: Threshold voltage over the imaged region during the 1st repeat of the 1st experiment.

Figure 0.26: Threshold voltage over the imaged region during the 2nd repeat of the 1st experiment.
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Figure 0.27: Threshold voltage over the imaged region during the 3rd repeat of the 1st experiment.

Figure 0.28: Threshold voltage over the imaged region during the 4th repeat of the 1st experiment.
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Figure 0.29: Mean of the threshold voltages for the 4 repeats of the 1st experiment.

2 Wt. % Expancel, non-degassed fluid

Figure 0.30: Threshold voltage over the imaged region during the 1st repeat of the 2nd experiment.

225

Figure 0.31: Threshold voltage over the imaged region during the 2nd repeat of the 2nd experiment.

Figure 0.32: Threshold voltage over the imaged region during the 3rd repeat of the 2nd experiment.
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Figure 0.33: Threshold voltage over the imaged region during the 4th repeat of the 2nd experiment.

Figure 0.34: Mean of the threshold voltages for the 4 repeats of the 2nd experiment.
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2 Wt. % Expancel, degassed fluid

Figure 0.35: Threshold voltage over the imaged region during the 1st repeat of the 3rd experiment.

Figure 0.36: Threshold voltage over the imaged region during the 2nd repeat of the 3rd experiment.
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Figure 0.37: Threshold voltage over the imaged region during the 3rd repeat of the 3rd experiment.

Figure 0.38: Threshold voltage over the imaged region during the 4th repeat of the 3rd experiment.
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Figure 0.39: Mean of the threshold voltages for the 4 repeats of the 3rd experiment.
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Appendix 3
Within subchapters’ 6.3, 7.2, 7.4 and 7.5 the repeatability of microstreaming speed and direction
was assessed by calculating the percentage range of speed or direction. The percentage range of
speed is half of the range in speed between repeats as a percentage of their mean. The percentage
range of direction is half of the range in angular position between repeats as a fraction of 180°.
Within Appendix 3.A the calculations of percentage range of speed and direction are explained with
examples. In Appendix 3.B the method by which the percentage range of speed was calculated in
subchapter 7.5 from the tables of results is explained with examples.

Appendix 3.A
Four types of percentage range of speed or direction have been calculated; the percentage range of
mean speed, the pointwise percentage range of speed, the pointwise percentage range of direction
and the pointwise angular deviation. The percentage range of mean speed is half the range of the
mean speeds of the vector fields, obtained by averaging the elements of each vector field, as a
percentage of their average. The pointwise percentage range of speed is a measure of the average
percentage range of speed between individual vectors with identical coordinates within the vector
fields for which the percentage range is being calculated. The pointwise percentage range of
direction is a measure of the average percentage range of angular position between individual
vectors with identical coordinates within the vector fields for which the percentage range is being
calculated. The pointwise angular deviation is a measure of the average percentage angular
deviation of individual vectors at each voltage, against a fixed baseline. The baseline is the
corresponding vector from the vector field of the highest voltage tested in the particular region,
chosen because the pointwise percentage range of direction tended to decrease with increasing
voltage. The calculations were carried out in MATALB. The code used to calculate the pointwise
percentage range of speed and the pointwise percentage range of direction is presented in Appendix
1.B, with the two custom built functions used in the code presented in Appendix 1.C and 1.D.
Percentage range of mean speed
The percentage range of mean speed is half of the range of values of mean speeds in the vector
fields of 3 repeats at a fixed voltage, as a percentage of their average. As an example, we wish to
calculate the percentage range of mean speed at 1 V in a particular imaged region. The data
required for the calculation are the three vector fields of microstreaming captured at a driving
voltage of 1 V. The magnitudes of the vectors in each field are averaged in order to obtain a single
value of mean speed for each vector field. We shall call these S1, S2 and S3. The percentage range of
mean speed at 1 V is calculated from the 3 mean speeds as follows;

(

∑
(

)
)

(

)
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Pointwise percentage range of speed
The pointwise percentage range of speed is a measure of the average percentage range of speed
between individual vectors of identical coordinates within the vector fields for which the percentage
range is being calculated. As an example, we wish to calculate the pointwise percentage range of
speed at 1 V in a particular imaged region. The data required for the calculation are the three vector
fields of microstreaming captured at 1 V. From each vector field we create a scalar field of the
corresponding vector magnitudes. We call these scalar fields, X, Y and Z respectively;

(

)

(

)

(

)

The percentage range in speed is then calculated at each coordinate of the scalar fields using the
following equation;

(

∑
(

)

(

)

)

This results in a matrix of the percentage range in speed between the vector magnitudes of the
three vector fields, as shown below;

(

)

By calculating the average of the matrix elements we obtain the pointwise percentage range of
speed at 1 V.
Pointwise percentage range of direction
The pointwise percentage range of direction is a measure of the average range of direction between
individual vectors of identical coordinates within the vector fields for which the percentage range is
being calculated. As an example, we wish to calculate the pointwise percentage range of direction at
1 V in a particular imaged region. The data required for the calculation are the three vector fields of
microstreaming captured at 1 V. From each vector field we create a matrix of the corresponding
vector angular positions. We call these matrices V1R1, V1R2 and V1R3 respectively where V denotes
the voltage and R denotes the repeat number.

(

)
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(

)

(

)

The percentage range is then calculated as a fraction of 180° at each coordinate of the matrices
using the following equation;
(

)

(

)

This results in a matrix of the percentage ranges between the vector angular positions in the three
vector fields at each coordinate, as shown below;

(

)

By calculating the average of the matrix elements we obtain the pointwise percentage range of
direction at 1 V.
Pointwise angular deviation
The pointwise angular deviation at each voltage is a measure of the average angular deviation of
individual vectors, against a fixed baseline. The baseline is the corresponding vector from the vector
field of the highest voltage tested in the particular region, chosen because the pointwise percentage
range of direction tended to decrease with increasing voltage. As an example, we wish to calculate
the pointwise angular deviation at 1 V in a particular imaged region. The data required for the
calculation are the three vector fields computed from image sequences captured at 1 V and the three
vector fields computed from image sequences captured at 10 V, the highest voltage used in the
particular region. For each vector field, a matrix is produced containing the angular position of each
vector. We call the 6 matrices of angular position V1R1, V1R2, V1R3, V10R1, V10R2, and V10R3
respectively, where V denotes the voltage and R denotes the repeat number. The matrices are
shown below;

(

)

(

)

(

)

(

)

(

),

(

)
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The three matrices of angular position at each voltage are averaged pointwise in order to obtain θ
andγ,thematricesofaverageangularpositions at 1 and 10 V respectively;

(

)

(

)

These can be rewritten as;

(

) and

(

);

The magnitude of angular deviation between the angular positions at the two voltages is calculated
pointwise as a fraction of 180°;

(

|

|

|

|

|

|

|

|

)

By averaging the elements of α we obtain the pointwise angular deviation at 1 V.

234

Appendix 3.B
In subchapter 7.5 the repeatability of high velocity microstreaming was assessed through manual
measurements from streak photos. Three repeats were carried out, each on a new matching layer.
On each repeat microstreaming was generated at 10 V and image sequences captured after 0, 3 and
6 min and the routine then repeated at 30 V on the same matching layer. Grids were super imposed
over the images in MATLAB and speed was measured in 5 squares per image sequence by making
10 measurements of streak lengths in each square and averaging. An example of the measurements
made from a single image sequence is shown in Table 15. The locations of the 5 squares, shown in
brackets on the top row of the table, were kept constant. The average speed in each of the squares is
shown on the bottom row. A total of 6 such tables were created for each repeat.
Table 15: The measurements made from a single image sequence. The results in orange are the average
speed for each squares. The units are mm s-1.
Sq. 1
(L7)

Sq. 2
(J11)

Sq. 3
(i8)

Sq. 4
(P19)

Sq. 5
(M10)

Measurement 1

1.21

0.38

0.63

0.67

0.70

Measurement 2

1.41

0.44

0.65

0.36

0.63

Measurement 3

1.12

0.64

0.46

0.25

0.78

Measurement 4

1.01

0.64

0.68

0.26

0.77

Measurement 5

0.90

0.53

0.72

0.69

0.97

Measurement 6

1.64

0.42

0.58

0.32

0.86

Measurement 7

1.27

0.59

0.72

0.35

0.65

Measurement 8

1.95

0.23

0.67

0.28

0.93

Measurement 9

1.36

0.60

0.39

0.42

0.74

Measurement 10

1.38

0.50

0.71

0.25

0.67

0.50

0.62

0.39

10 V, 0 min

1.32

Avg.

0.77

The measurements of average speed per square were collected in 3 tables, 1 per repeat (Table 16).
The bottom most row of Table 15 can be seen at the top of Table 16 in orange.
Table 16: Average speed in each square for all image sequences from repeat 1. Similar tables were filled in
for repeats 2 & 3 (not presented). The results in the blue and yellow cells were used to calculate the
percentage ranges of mean speed shown in Table 17 in blue and yellow respectively. The units are mm s-1.
Sq. 1

Sq. 2

Sq. 3

Sq. 4

Sq. 5

10 v, 0 min

1.32

0.50

0.62

0.39

0.77

10 v, 3 min

1.01

0.45

0.50

0.58

0.75

10 v, 6 min

0.93

0.48

0.50

0.47

0.65

30 v, 0 min

10.84

19.91

9.93

3.51

14.26

30 v, 3 min

9.65

16.92

10.06

3.39

10.62

30 v, 6 min

10.70

8.01

10.98

5.71

7.49

Percentage ranges of mean speed were then calculated in order to assess the repeatability between
image sequences captured at the same voltage but different times (Table 17), (Figure 7.43).
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Table 17: Percentage range of mean speed in each of the 5 squares at 10 V and 30 V on the first repeat.
Similar tables were filled in for repeats 2 & 3 (not presented). Results in the blue and yellow cells were
calculated from the data in Table 16 highlighted in blue and yellow respectively.
Sq. 1

Sq. 2

Sq. 3

Sq. 4

Sq. 5

Avg.

10 v

18.3%

5.5%

11.5%

20.0%

8.3%

12.7%

30v

5.7%

39.8%

5.1%

27.7%

31.4%

21.9%

In the control experiment, the image sequences from the first repeat were re-measured twice and
the average speed for each square recorded in Table 18. The data from the other repeats were not
used for the purpose of the control.
Table 18: The 3 re-measurements of microstreaming speed in each square for all of the image sequences
from repeat 1. The speed values highlighted in blue were used to calculated the relative percentage error
highlighted in blue in Table 19. The units are mm s-1.
Sq. 1

Sq. 2

Sq. 3

Sq. 4

Sq. 5

Avg.

10 v, 0 min, re-measure 1

1.3

0.5

0.6

0.4

0.8

0.7

10 v, 3 min, re-measure 1

1.0

0.4

0.5

0.6

0.8

0.7

10 v, 6 min, re-measure 1

0.9

0.5

0.5

0.5

0.6

0.6

10 v, 0 min, re-measure 2

1.2

0.5

0.5

0.4

0.7

0.7

10 v, 3 min, re-measure 2

0.8

0.4

0.5

0.6

0.7

0.6

10 v, 6 min, re-measure 2

0.8

0.5

0.4

0.5

0.6

0.6

10 v, 0 min, re-measure 3

1.4

0.5

0.5

0.4

0.7

0.7

10 v, 3 min, re-measure 3

0.9

0.4

0.5

0.5

0.6

0.6

10 v, 6 min, re-measure 3

0.8

0.5

0.5

0.5

0.6

0.6

30 v, 0 min, re-measure 1

10.8

19.9

9.9

3.5

14.3

11.7

30 v, 3 min, re-measure 1

9.7

16.9

10.1

3.4

10.6

10.1

30 v, 6 min, re-measure 1

10.7

8.0

11.0

5.7

7.5

8.6

30 v, 0 min, re-measure 2

12.2

16.4

7.9

4.5

12.1

10.6

30 v, 3 min, re-measure 2

13.1

19.0

10.5

3.4

8.6

10.9

30 v, 6 min, re-measure 2

7.8

6.6

9.4

4.2

8.7

7.3

30 v, 0 min, re-measure 3

10.4

14.1

7.4

4.4

12.4

9.7

30 v, 3 min, re-measure 3

10.5

17.7

9.1

4.6

8.8

10.1

30 v, 6 min, re-measure 3

10.7

6.5

10.9

4.3

7.3

7.9

The percentage range of mean speed was calculated among repeat measurements from each image
sequence. As an example the 3 repeats of square 1, 10 V at 0 min are highlighted in blue in Table 18.
The percentage error between these repeats is shown in blue in Table 19.
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Table 19 The percentage range of mean speed in each of the 5 squares. The value in blue was calculated
from the 3 speed values show in in blue in Table 18. The values in yellow were averaged to obtain the value
shown in yellow in Table 20.
Sq. 1

Sq. 2

Sq. 3

Sq. 4

Sq. 5

Avg.

10v 0 min

5.2%

3.1%

9.9%

7.3%

5.0%

6.1%

10v 3 min

10.0%

2.2%

4.2%

5.7%

10.8%

6.6%

10v 6 min

7.8%

5.9%

7.6%

5.5%

6.2%

6.6%

30v 0 min

8.3%

17.4%

15.2%

11.5%

8.5%

12.2%

30v 3 min

15.4%

5.9%

7.1%

15.5%

10.6%

10.9%

30v 6 min

15.1%

11.0%

7.7%

16.4%

9.2%

11.9%

The data in Table 19 was averaged in order to produce Table 20. As an example, the 3 values
highlighted in yellow in Table 19 are the values averaged to obtain the single value highlighted in
yellow in Table 20.
Table 20: The percentage range of mean speed, averaged between the 3 times. The value in yellow is the
average of the 3 values highlighted in yellow in Table 19.
Sq. 1

Sq. 2

Sq. 3

Sq. 4

Sq. 5

Avg.

10v

7.6%

3.8%

7.2%

6.2%

7.3%

6.4%

30v

12.9%

11.4%

10.0%

14.5%

9.4%

11.7%

The average percentage ranges of mean speed (right most column of Table 20) are the control
values plotted in Figure 7.44
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Appendix 4
Within appendix 4 are results assessing potential cytotoxic effect of prolonged trypan blue
exposures towards H9c2 cells (section 5.5.7).

Appendix 4.1: Method
H9c2 cardiomyocytes (sections 5.5.1), cultured in cell growth chambers (section 5.5.2) and preincubated with CellTrackerTM orange (section 5.5.3), were removed from the incubator. The cells
were incubated with 0.2% trypan blue for 5 min, washed and incubated with PBS for 5 min and
their viability assessed by staining with trypan blue (section 5.5.5). A negative control was carried
out substituting trypan blue for PBS during the initial 5 min of the experiment (all n=3).

Appendix 4.2: Results
Viability varied between 96-99% and was not reduced by exposure to trypan blue.
100%
99%
Percentage viability

98%
97%
96%
95%

PBS

94%

Trypan blue

93%
92%
91%
90%
Repeat 1

Repeat 2

Repeat 3

Avg.

Figure 0.1: Assessment of trypan blue toxicity on cells. Cells were exposed to either 5 min of Trypan blue
followed by 5 min of PBS or 2x5 min of PBS and their viability measured (n=3)

Appendix 4.3: Discussion
The results demonstrates that there was no reduction in viability as a result of trypan blue toxicity
for exposures of longer duration than those used in the application of microstreaming to cells
(subchapter9.1). The experiment did not assess whether trypan blue caused any non-lethal
physiological response. Raw images (Figure 0.2) show no visible sign of morphological changes in
the trypan blue exposed cells vis-à-vis the negative control.
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a)

b)

c)

d)

Figure 0.2: H9c2 cardiomyocytes stained with CellTrackerTM orange and trypan blue. Images from viability
assays assessing the effect of trypan blue on viability; cells were either exposed to 5 min of trypan blue
followed by 5 min PBS and their viability measured (positive control) or exposed to 2x5 min of PBS and
their viability measured (negative control). (a) A fluorescence image from the negative control, (b) a
brightfield image from the negative control, (c) a fluorescence image from the positive control and (d)
brightfield image from the positive control. The fluorescence images show all cells and the brightfield
images show dead cells only, of which none are pictured.
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Appendix 5
This appendix contains the conference paper presented at ICU 20011 (appendix 5.A) and the
tutorial paper published in Lab on a Chip (appendix 5.B).

Appendix 5.A
Within Appendix 5.A is the conference paper presented at the International Congress on
Ultrasonics 2011 in Gdansk, Poland and published in AIP Conference Proceedings.

Controlling non-inertial cavitation microstreaming for
applications in biomedical research
Roy Greena, Rosemary J. Boltryka, Dyan Ankretta, Peter Glynne-Jonesa, Paul
A. Townsendb, Martyn Hilla
a

b

Engineering Sciences, The University of Southampton, Southampton, UK, SO17 1BJ
School of Medicine, Southampton General Hospital, University of Southampton, Southampton, UK, SO16
6YD
Abstract. Within this paper non-inertial cavitation microstreaming is investigated as a method for applying a
mechanical stress to biological cells in vitro. A microfluidic device is designed in which microstreaming
generated around microbubbles adhered to the floor of the acoustic chamber can be targeted at cells. The
repeatability and controllability of microstreaming are investigated by computing µPIV vector fields of
microstreaming flows. The uniformity of the acoustic pressure field within the acoustic chamber of the device is
characterized by measuring the prevalence of microstreaming throughout the device.
Keywords: cavitation microstreaming, shear stress, cardiomyocytes, particle image velocimetry, microbubbles.

INTRODUCTION
Non-inertial cavitation microstreaming is the steady fluid flow generated by the dissipation of acoustic
energy creating a Reynolds stress in the fluid as a result of viscous damping in the oscillatory boundary layer
of an acoustically excited gas bubble [1]. There has been considerable research on the therapeutic use of
destructive inertial cavitation microstreaming for targeted drug delivery and gene therapy [2-3]. Only more
recently has non-inertial cavitation microstreaming been considered for similar applications, with Wu et al.
[4] demonstrating that a shear stress of 12 Pa is sufficient to cause poration of the cell membrane. Noninertial cavitation microstreaming may also prove to be an invaluable tool for researching the effect of shear
stress on cells subject to in-vivo biological fluid flows. The shear stress is known to be capable of activating
signalling pathways in such cells and is particularly prevalent in the cardiovascular system due to the
hemodynamic flow e.g. shear stress has been shown to promote the production of platelet derived growth
factor in HUVEC cells [5]. Within this paper the design of a microfluidic device for targeting cells with
microstreaming flows is reported. Results of experiments for analysing the repeatability and controllability of
microstreaming fields using particle image velocimetry are presented.

METHODOLOGY
Cavitation microstreaming flows are generated around encapsulated microbubbles (Expancel 461 DE 20
d70, AkzoNobel) adhered to the matching layer of a purpose built microfluidic device. The microstreaming
flows are imaged with a camera (Pixelfly double shutter, PCO) looking through an Olympus epifluorescence
microscope fitted with both x4 and x50 Olympus objectives with NA=0.1 and NA=0.5 respectively.
Illumination of the chamber is provided by a single LED (Luxeon III Star LXHL-LR3C, Luxeon) with a
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470nm wavelength. Flow visualization is enhanced by seeding the flow with 1µm green fluorescent tracer
particles (Fluoresbrite, Polysciences Inc.) at a concentration of
particles/ml.
The microfluidic device (Figure 1.a) is a planar acoustic resonator in which a standing wave with a single
antinode and a minimal pressure gradient (Figure 2.b) is generated inside a fluid chamber. The device
consists of 4 layers (Figure 1.b) held together between magnets embedded into a PMMA manifold (on top of
which the 4 layers are housed) and magnets placed on top of the reflecting layer. The driving layer is a 10mm
diameter 1.05mm thick disc shaped piezoelectric transducer manufactured from PZT26 (lead-zirconatetitante) and is the layer that generates the acoustic excitation. The driving layer is coupled to the matching
layer with a glycerol and hydroxyethyl cellulose based gel (K-Y jelly, Johnson & Johnson). The matching
layer is a 635µm thick alumina substrate (AD-96, CoorsTek) that forms the floor of the fluid channel and
provides acoustic coupling between the driving layer and the fluid layer. Expancel are mixed into a PDMS
resin at a 1% concentration and spin coated onto the matching layer forming a 10 µm thick layer with
protruding microbubbles. The fluid layer is 9.6mm in diameter and 170µm tall and is the volume in which
microstreaming is generated. It is formed by a cellulose acetate gasket whose thickness defines the height of
the fluid channel. The reflecting layer is a 1.4mm thick glass slide that forms the roof of the fluid channel.
Acoustic chamber

FIGURE 1. (a) A photo of the fabricated acoustic resonator with an arrow indicating the location of the acoustic
chamber. (b) A diagram of the layers that make up the planar acoustic resonator with layer thicknesses not to scale.

The Expancel microbubble (Figure 2.a) shell consists of a copolymer of vinylidene chloride and acrylonitrile
and the gas core consists of isobutene. The mean radius of 10-12.5 µm makes Expancel large enough to
image. It was estimated using equation 1 that at the 555 kHz resonance of the acoustic chamber the resonant
bubble radius is 57 µm. This is known to be an overestimation because resonance frequency is reduced by
confinement of the microbubbles to within the device. Here is the resonance frequency, is the polytropic
exponent, is the surface tension, is the shell elastic parameter, is the fluid density and
is the initial
bubble radius.
√

(1)

FIGURE 2. (a) An Expancel microbubble at x50 optical magnification. (b) The transfer impedance model of the
acoustic chamber showing a single antinode with a magnitude of approximately 380 kPa at a driving voltage of 10 volts.

The µPIV system uses a MOSFET (2SK3977-TL-E, SANYO) controlled by a PIC microcontroller
(PIC32, microchip) to regulate the current to the LED, generating a double light pulse during each µPIV
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image pair with a 2ms pulse width and a 10ms interval between pulses. After preprocessing to produce binary
images the vector fields are computed with the open source mPIV software using 80x80 pixel interrogation
windows and a 20% interrogation window overlap.

RESULTS
The experimental work presented within this paper is aimed at characterizing the acoustic resonator and
the generation of non-inertial cavitation microstreaming in the vicinity of Expancel microbubbles. The PZT
piezoelectric transducer was driven at voltages of up to 10 volts generating a maximum peak acoustic
pressure amplitude estimated to be 380 kPa using a transfer impedance model [6] in which damping
parameters were estimated experimentally. The distilled water that makes up the fluid layer of the acoustic
resonator was seeded with green fluorescent tracer particles at a concentration of
particles/ml.
The acoustic chamber was imaged at optical magnifications of x4 and x50.
Wide field of view
The objective of the experiments carried out at the lower optical magnification is to map out the threshold
voltage for the generation of microstreaming over a large portion of the total area of a plane in the acoustic
chamber. With the effect of individual bubbles averaged over the large number of microbubbles in the
chamber and by carrying out the experiment on three individual matching layers the magnitude of the
threshold voltage is expected to correlate negatively with the acoustic pressure amplitude in the chamber. The
field of view of the camera was a 6.44mm by 4.74mm rectangle centered on the 9.6mm diameter acoustic
chamber. Microstreaming flows were recorded at voltages of between 2 and 10 volts, rising in steps of 2
volts, for approximately 10 seconds at each voltage. A 10 by 10 square grid was superimposed over the
footage in Matlab and through manual observations a binary matrix was created for each voltage displaying
the squares in which microstreaming took place. The heat map in Figure 3.a was plotted from the data
contained in the binary matrices and shows the mean (between the three matching layers) threshold voltage
for microstreaming in each of the squares in the 10 by 10 grid.

FIGURE 3. (a)The heat map of the mean results for the microstreaming voltage thresholds on the three matching layers
tested (the mean was calculated from the final binary matrices for each of the matching layers and not from the raw
results). (b) One of the vector fields computed from the microstreaming footage. The top left hand vector of 50 µm/s
shows the velocity scale. The two counter rotating vortices are a plane through the half toroid 3-D vortex structure.

The darker red regions on the heat map represent a lower threshold voltage. It can be seen clearly that there is
a region slightly off center in which the threshold voltage is lowest and so presumably the acoustic pressure
amplitude is larger. The low threshold region covers 30% of the field of view or about 13% of the entire
acoustic chamber. Outside of the central region of the field of view the threshold voltage rises to 8 volts,
indicating lower acoustic pressure amplitude. This is perhaps misleading because whilst there were
microstreaming flows generated by microbubbles situated in the periphery of the field of view most of the
flow observed here was generated by microbubbles situated closer to the center of the acoustic chamber. The
observation of microstreaming flows in squares other than those in which their sources are located is not
limited to the periphery and also occurred closer to the center of the chamber.
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Narrow field of view
The objective of the experiments carried out at the higher optical magnification was to characterize the
repeatability and controllability of cavitation microstreaming flows in order to assess the devices suitability
for applying mechanical stress to biological cells. Microstreaming flows were generated at voltages of up to
10 volts around 10 separately imaged microbubbles. The µPIV system described in the methodology was
used to obtain vector fields (Figure 3.b) of the microstreaming generated during each test. In an attempt to
quantify the vector fields the mean microstreaming speed was computed for each vector field. It is hoped that
this will provide an improvement on the maximum vector size used by other researchers which ignores over
99% of the computed vectors. The results for one bubble are shown in figure 4.a where the mean of the
average speeds during each of the 4 repeats are plotted against voltage and the error bars represent the most
extreme values. In figure 4.b the speed of microstreaming is plotted against the size of the bubbles as
measured in the raw footage. Unfortunately space restrictions do not allow for the presenting of the entire set
of graphs though average speeds of up to 340 µm/s where obtained with maximum speeds as high as 6mm/s
in some of the vector fields.
150
Avg. Speed (µm/s)

Avg. Speed (µm/s)

300
250
200
150
100
50

100
50
0

0
0

5
voltage (V)

10

0

20
40
bubble radius (µm)

60

FIGURE 4. (a) The average microstreaming speed for one of the 10 bubbles. (b) The average microstreaming speed vs.
microbubble radius at 6 volts, showing a resonant bubble radius of 43µm.

The experiments showed a relationship between average speed and voltage that could be approximated by
either a quadratic or cubic polynomial function. The cubic polynomial approximation arose for 3 of the 10
bubbles and is thought to be as a result of a shift of bubble resonance during higher amplitude oscillations.
Repeatability was difficult to estimate because significant measurement error was found to be present in
many of the vector fields. It was none the less estimated that in the majority of the tests the deviation in the
microstreaming field was below 20% from mean. It was discovered that within the voltage range used the
microstreaming began to show signs of losing stability in a minority of cases. The result of speed vs. bubble
size (figure 4.b) shows a clear resonance pattern with a resonant bubble size of 43 µm in radius. This was
found to decrease to 37 µm at higher voltages (not shown) which may have been caused by strain softening
of the microbubble shell as described in the literature [7]. The experimental result is lower than the 57 µm
radius calculated using equation 1 due to microbubble confinement.

CONCLUSIONS
The results have demonstrated that in principal it is possible to regulate the velocity of microstreaming
flows in a repeatable manner at suitably low acoustic pressure amplitudes. The polynomial that approximates
abubble’smicrostreamingvs.speedrelationshipwasfoundtovary,mostlikelyasaresultofthevariationin
the size of microbubbles. Further work is required to reduce the measurement error in the µPIV system. The
highest priority is to continue work on obtaining a protocol for microstreaming experiments on cells. Thus far
it is known that H9c2 cardiomyocytes will be adhered within a 9.6mm region on the reflector. After the
application of microstreaming the cells will be chemically fixed and cell assays will be conducted which are
likely to include the use of antibody staining. A full set of controls needs to be carried out before the effect of
microstreaming can be measured.
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Appendix 5.B
Within appendix 5.B is the co-authored tutorial paper published in Lab on a Chip of the Royal
society of Chemistry as part of the Acoustofluidics tutorial series.
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