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Abstract 

Improvements in cancer therapies have enabled a steady increase in the five-year survival 

rates of patients with most tumour types. Yet, some highly aggressive tumours still 

present resistance to conventional cancer therapies. One of the explanations for this has 

been ascribed to the low levels of oxygen seen in the tumours’ vicinity. In this manuscript, 

the development of sonodynamic therapy to enable the treatment of hypoxic pancreatic 

tumours is presented. With this technique, low intensity ultrasound is used to activate 

oxygen-loaded microbubbles in order to provide oxygen in hypoxic lesions and enable 

their treatment using an ultrasound-responsive drug: Rose Bengal.  

An investigation on mechanisms demonstrated that light generated from collapsing 

microbubbles allows the activation of Rose Bengal during ultrasound exposure. Several 

acoustic parameters were also evaluated to understand their impact on treatment. To 

enhance the delivery of oxygen and the sonodynamic effect, magnetic targeting of 

microbubbles was enabled by incorporating iron oxide nanoparticles within their coating. 

Thus, an external magnetic field focused at the tumour can be used to target this therapy. 

A structural analysis of microbubbles as drug and oxygen carrier was then undertaken to 

optimise the system’s stability and performance. An evaluation of this method in 

preclinical in vivo experiments demonstrated that magnetically targeted sonodynamic 

therapy with oxygen microbubbles and Rose Bengal enabled a decrease in size of hypoxic 

pancreatic tumours in a murine model. Therefore, this thesis presents promising results 

for the treatment of hypoxic tumours using sonodynamic therapy, as well as key 

mechanistic and parametric results to enable the further optimisation of this method for 

clinical use.
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Chapter 1 

Introduction 

 

This chapter introduces the field of sonodynamic therapy and the key challenges 

motivating the work described in this thesis. The research objectives are defined, and a 

thesis outline is presented. 
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1.1. An introduction to sonodynamic therapy 

Sonodynamic therapy emerged in 1989 with the findings of Yumita et al. on the cytotoxic 

effects of porphyrin sensitisers when exposed to ultrasound [1]. By combining ultrasound, 

a sensitising drug and molecular oxygen, this therapy enables the local production of 

cytotoxic reactive oxygen species. Since then, this approach has been increasingly 

researched to optimise the cytotoxic effects of sensitisers during ultrasound exposure, 

and has been evaluated for a range of indications such as cancer [2] and atherosclerosis 

[3]. Because the reactive oxygen species are confined to the region of the ultrasound 

focus, sonodynamic therapy offers a means of delivering a highly localised therapy and a 

much lower risk of harmful side effects compared to conventional cancer treatments [4,5]. 

This method is similar to the more established, photodynamic therapy, which is currently 

approved for the treatment of skin and oesophageal cancers using light as an external 

trigger [4,5]. Ultrasound offers, however, significantly greater penetration depths in tissue 

than light (< 150 mm vs. < 5 mm), tighter focusing and hence the potential for treating a 

wider range of disease sites.  

1.1.1. Enhancement of sonodynamic therapy with microbubbles 

Focusing on the treatment of cancer, one significant drawback to both photo- and 

sonodynamic therapies is the hypoxic nature of many solid tumours. Hypoxia inhibits the 

majority of current cancer therapies and favours malignant progression [6]. It is 

particularly problematic in the case of photo- and sonodynamic therapies since molecular 

oxygen is necessary to generate reactive oxygen species. Previous studies on 

sonodynamic therapy have demonstrated the advantage that can be gained from 
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delivering oxygen microbubbles in addition to a sensitising drug to counteract the hypoxic 

microenvironment within tumours [4]. This synergistic effect is the focus of this thesis. 

1.1.2. Current challenges 

While preclinical studies combining the use of oxygen microbubbles and sonodynamic 

therapy have presented promising results for the treatment of hypoxic tumours in murine 

(mouse and rat) models, these studies have required the intratumoural injection of the 

therapy due to the low stability of these microbubbles in the bloodstream [4]. 

Additionally, a weak understanding of the mechanism for the activation of the sensitiser 

and hence the optimal ultrasound exposure conditions have hindered the optimisation of 

this therapy and its translation into the clinic. 

1.2. An overview of the thesis 

1.2.1. Aims of the research 

The aims of this thesis are to address these challenges by providing (1) a review of the 

current work on sonodynamic therapy, (2) a formulation for microbubbles with improved 

stability and potential for targeting via magnetic functionalisation, (3) an investigation of 

the mechanism underlying the activation of the sensitiser Rose Bengal during ultrasound 

exposure, (4) an evaluation of oxygen loading protocols to produce oxygen microbubbles, 

(5) the influence of ultrasound exposure conditions on sonodynamic therapy, and finally 

(6) a characterisation of this approach in vitro and in vivo in mice bearing hypoxic tumours. 
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1.2.2. Outline of the thesis 

To address the research aims, this document is divided into 7 chapters. Chapter 2 provides 

a review of the literature on sonodynamic therapy and highlights the challenges 

associated with this technique for the treatment of hypoxic lesions. The advances made 

to date to address them are also discussed. 

Chapter 3 presents an in vitro comparison between several magnetic microbubble 

formulations. The incorporation of different iron oxide nanoparticles is assessed for its 

effects on microbubble stability, acoustic response and magnetic targeting efficiency. 

Chapter 4 provides an investigation and discussion of the potential mechanisms 

involved in the activation of Rose Bengal during ultrasound exposure. 

Chapter 5 presents a study on the effects of different acoustic parameters for the 

generation of cytotoxic singlet oxygen from Rose Bengal during sonodynamic therapy in 

degassed solutions enhanced with oxygen microbubbles. 

In Chapter 6, a novel device allowing the simultaneous and co-aligned application of 

both magnetic and acoustic fields was tested to enhance the sonodynamic effects with 

magnetically-responsive microbubbles loaded with oxygen and Rose Bengal. The in vitro 

and in vivo results are presented, and their implications for the clinical translation of this 

method are discussed.  

Finally, concluding remarks and an outline of the recommended future investigations 

are provided in Chapter 7.  
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Chapter 2 

A review of the literature 

 

This chapter presents a review of current sensitisers, ultrasound parameters, and 

indications related to sonodynamic therapy, and a discussion of the mechanisms 

hypothesised to explain the production of reactive oxygen species with this method. 

Therapies developed for hypoxic tumours are then reviewed including recent 

approaches for overcoming this condition. Finally, the use of microbubbles for drug 

delivery and their use to enhance sonodynamic therapy are evaluated. 

Sections of this review have been published in alternate forms in the publications listed 

in the Dissemination of this thesis. 
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2.1. Sonodynamic therapy 

Sonodynamic therapy (SDT) uses ultrasound (US) to activate specialised drug molecules 

(sensitisers) to produce reactive oxygen species (ROS) in the proximity of a region of 

interest. It is closely related to photodynamic therapy (PDT), but PDT targets are limited 

by the low penetration depth of light in tissue. Ultrasound, on the other hand, can be 

focused to treat tumours at tissue depths of up to 10 cm. This gives sonodynamic therapy 

a significant advantage over PDT. 

The initial findings of sensitiser activation using ultrasound were presented by Yumita 

et al. in 1989, and the term “sonodynamic treatment” was established a year later to 

describe this method [1,7]. Since then, sonodynamic therapy has been increasingly 

researched to optimise the cytotoxic effects of the sensitiser during ultrasound exposure. 

Several reviews have compiled lists of sensitisers,  ultrasound parameters, and indications 

targeted with this technique [8–10]. An updated survey focusing on studies with in vivo 

results is provided in Appendix Table A.1. This section reviews the current progress of 

sonodynamic therapy and the remaining challenges facing its clinical translation.  

2.1.1. Current status 

As shown in Appendix Table A.1, a range of sensitisers has been investigated in preclinical 

in vivo models to determine their potential for therapy. Several sensitisers have shown 

promising in vitro results such as porphyrin [11], xanthene derivatives [12], and some 

natural products such as ginger root extract [13], and chemotherapy drugs [14]. To 

minimise undesired side-effects, the use of locally activated sensitisers that are otherwise 

non-toxic is, however, preferable. Porphyrin derivatives are the most studied sensitiser 

due to their wide use in photodynamic therapy and their good sonodynamic generation 
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of cytotoxic radicals. Their hydrophobic nature, however, leads to undesirably long 

clearance times because of accumulation in peripheral tissues in addition to the tumour 

site [15]. Nonetheless, their safety has been investigated intravenously and orally in 

human trials of PDT [16,17], and intravenously in sonodynamic therapy trials focusing on 

atherosclerosis [18].  

Rose Bengal (RB), a xanthene based sensitiser, has been shown to  generate reactive 

oxygen species more effectively upon ultrasound exposure compared to protoporphyrin 

IX in vitro [2]. Further, preclinical studies have shown that it undergoes rapid clearance in 

vivo [19–23]. Recent human trials have, however, only looked at Rose Bengal toxicity with 

intralesional injections for photodynamic therapy; although, it has been previously 

approved as a contrast agent for ocular diagnostics [24,25]. Promising results have 

recently been obtained with Rose Bengal in mice bearing hypoxic pancreatic tumours, and 

it was therefore chosen as the sensitiser for the work presented in this manuscript [4,12]. 

The ultrasound parameters used for sonodynamic therapy preclinical studies have 

been typically in the range of low-intensity therapeutic ultrasound with: 1-3 MHz 

frequency, 0.5-5 W/cm2 intensity, 10-100% duty cycle, and 2-15 minutes exposure time. 

The choice of frequency represents a necessary compromise between the treatment 

depth and focal volume achieved, while the other parameters allow a trade-off between 

tissue heating and the treatment time. These criteria have not yet been thoroughly 

investigated and are further discussed in Chapter 5 for the optimisation of the treatment 

regimen. First though, a key challenge is to understand the working mechanism for the 

activation of the sensitiser during sonodynamic therapy. The previous work on this subject 

is reviewed in the following section.  
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2.1.2. Activation mechanisms 

Sonodynamic therapy relies on the propagation of sound waves, through an aqueous 

medium, producing fluctuations in density and pressure. Under appropriate conditions, 

this process can trigger the activation of nucleation sites from which gas and/or vapour 

filled bubbles can grow, oscillate and potentially collapse. This process is known as 

cavitation [26]. During bubble oscillation and collapse, extremely high internal 

temperatures and pressures can be produced due to rapid compression. Although a 

consensus has yet to be reached as to which process or processes causes the activation of 

sensitisers during sonodynamic therapy, there is strong evidence that cavitation is 

involved. Sonoluminescence [7,27] and pyrolysis [28] are two main mechanisms that have 

been proposed to explain the activation of sensitisers also known to be photosensitive, 

such as Rose Bengal. 

2.1.2.1. Sonoluminescence 

First reported in 1933 by Marinesco and Trillat [29], sonoluminescence (SL) refers to the 

generation of light from a liquid solution exposed to ultrasound as the results of acoustic 

cavitation events [30–34]. Although black-body, bremsstrahlung, and/or recombination 

radiations (Figure 2.1) have all been reported in subsequent studies as explanations for 

the origin of the light generated [5,35–39], this process remains a subject of controversy 

amongst researchers. A consensus was at least drawn in 1990 that the light emission was 

of thermal origin [30], refuting the theories on electrical discharge [40]. This was mainly 

supported by results indicating that photons were generated during the compression 

phase of bubble collapse instead of during the expansion, necessary in the case of 

electrical discharge [30]. 
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Figure 2.1. Schematic depicting (a) black-body, (b) bremsstrahlung, and (c) recombination 

radiation processes. 

Single bubble sonoluminescence (SBSL) has been associated with a featureless optical 

emission spectrum and the conditions in the interior of the bubble during collapse are, in 

theory, more extreme than during multi-bubble sonoluminescence (MBSL) [35–38].  The 

spherically symmetric adiabatic collapse of a single bubble enables the partial ionization 

of gas molecules which can produce black-body [41], bremsstrahlung [42], and/or 

recombination radiations [43] (Figure 2.1). The intensity of light emission has also been 

shown to vary with the type of gas molecules inside the collapsing bubbles. For instance, 

Hiller et al. reported that the incorporation of at least 1% noble gas in nitrogen bubbles 

stabilised the oscillations of a trapped single bubble and significantly increased the 

amount of light it produced [44]. In contrast to SBSL, the optical emission spectrum from 

MBSL reflects features of chemical species in their excited-state in solution as indicated 
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by the results of Matula et al. in Figure 2.2 [33]. This was associated to the thermal 

dissociation and recombination of molecules during cavitation events [30,38,45]. MBSL 

has consequently been described as a form of chemiluminescence, similar to flame 

emissions [38]. The marked differences between the optical spectrum of SBSL with a 

broad continuum and that of MBSL with features of excited-state species has been 

explained in terms of the temperatures generated inside the bubble [33,37,46]. The more 

spherically symmetric the bubble collapse, the higher the compression and the 

temperature reached. A single bubble in a large volume of liquid is more likely to undergo 

a spherical collapse than one surrounded by other bubbles, due to the perturbing 

influence of bubble-bubble interactions [46,47]. Thus, SBSL only occurs under well 

controlled experimental conditions that are unlikely to be met during sonodynamic 

therapy, indicating that MBSL is more likely to be responsible for activation of sensitisers 

by ultrasound. 

 

Figure 2.2. Comparison of single- and multi-bubble sonoluminescence as reported by Matula et al. 

for a 0.1 M sodium chloride solution insonated with 32 kHz ultrasound [33]  
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The majority of reports on sonoluminescence have been based on experiments 

conducted at low frequency ultrasound (20-200 kHz). A few studies, however, have 

examined sonoluminescence at higher frequencies (0.7 – 1.2 MHz) relevant to therapeutic 

ultrasound. Srinivasan et al. in 1961 used 0.8 MHz ultrasound and reported a broad 

sonoluminescence spectrum centred at 310 nm [48], which was associated with the 

presence of hydroxyl radical formation [49]. Pickworth et al. in 1988 with 1 MHz 

ultrasound identified that sonoluminescence increased with increasing temperature [50]. 

These results contradicted those of other studies conducted at lower frequencies [51], 

but it was argued that this was due to the decrease in cavitation threshold at higher 

temperature [50]. An even smaller number of studies has examined the role of 

sonoluminescence in the activation of sonodynamic therapy sensitisers. Both Umemura 

et al. in 1990 and more recently Giuntini et al. investigated this at 2 MHz. They reported 

continuous sonoluminescence spectra with a broad peak at approximately 450 nm, and 

the appearance of an absorption band once a sensitiser was added which corresponded 

to the absorption of the drug (Figure 2.3) [7,27]. Further tests on the sensitisers indicated 

the production of singlet oxygen after ultrasound exposure confirming their activation. 

However, a lack of cavitation monitoring during these experiments prevented the 

demonstration of a direct relationship between bubble dynamics and sensitiser 

activation. There were also several key differences between the experimental conditions 

and those relevant to sonodynamic therapy, for example bubbling argon through the 

solution in order to promote sonoluminescence events [27].  
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Figure 2.3. MBSL spectrum reported by Umemura et al. in 1990 for air-saturated saline solution 

(a) without additive, with ROS scavengers: (b) histidine, (c) superoxide dismutase (SOD), and (d) 

mannitol, and sensitiser: (e) hematoporphyrin exposed to 2 MHz ultrasound [7]. 

2.1.2.2. Pyrolysis 

The explanation of sensitiser activation through pyrolysis is also related to very high 

temperatures and pressures generated at the centre of collapsing bubbles [52,53]. As 

thermal diffusion is not sufficient to dissipate the heat generated from acoustic cavitation, 

this process leads to the formation of localized hot spots at the core of a collapsing bubble 

and the thermal dissociation of molecules generating reactive species [28,54]. It has been 

proposed that the short-lived radicals generated from the splitting of water vapour such 

as hydroxyl radicals (·OH) and hydrogen atoms (·H) could react with the drug to generate 

sensitiser-derived free radicals with longer lifetimes [28]. This enables them to travel 

further and react with critical cellular sites [54], while hydroxyl radicals and hydrogen 

atoms generated from water pyrolysis are more rapidly quenched [28,55,56]. Pyrolysis of 
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the sensitiser itself has also been proposed, enabling the formation of radical 

intermediates derived from the sensitiser which then react with dissolved oxygen to then 

form longer-lived peroxyl or alkoxyl radicals [28,54]. 

The experiments conducted to support the pyrolysis theory as a mechanism for 

sonodynamic therapy have, however, all been conducted at low ultrasound frequencies 

(50 kHz). In this regime, the degradation of dye molecules can be expected [57–60], and 

to the best of the author’s knowledge no studies have demonstrated this theory using the 

frequencies at which sonodynamic therapy has been shown to be effective (i.e. 1-3 MHz). 

Nevertheless, Kim et al. reported interesting results using an optically inert Rose Bengal 

derivative combined with focused ultrasound, supporting the theory that cytotoxicity 

from sonodynamic therapy might be independent from sonoluminescence activity [61]. 

This highlights the need to further examine whether pyrolysis of the sensitisers occurs at 

higher frequencies and hence could play a role in this therapy.  

2.1.3. Bioeffects of reactive oxygen species 

ROS are reactive species and radicals with oxidative power derived from molecular 

oxygen [62]. In aerobic organisms, these are naturally generated through the partial 

reduction of oxygen into radical or non-radical oxygen species, such as superoxide anion 

(O2
· -), hydroperoxyl radical (HO2, protonated superoxide), hydrogen peroxide (H2O2), and 

hydroxyl radical (HO·) [62]. However, ROS can cause oxidative stress and induce 

cytotoxicity in surrounding cells when limited amounts of antioxidants are present, an 

effect that can be used advantageously when aiming to treat cancer cells [63]. In a review 

focusing on the impact of ROS on cancer, Gupta et al. highlighted the paradoxical 

relationship between reactive oxygen species and the signalling pathways related to 



Chapter 2 - Literature review 

15 

tumour promotion or suppression [64]. In effect, intracellular ROS appears to be a critical 

factor affecting the expression of proteins related to tumour cell survival, proliferation, 

and growth. Nonetheless, reactive oxygen species were also found to affect the 

expression of tumour suppressor genes [64]. These contrasting effects are important 

considerations when developing a therapy based on the local production of ROS as they 

could potentially affect the treatment outcome negatively.  

Rose Bengal is known to have a high quantum yield for its triplet excited state, which 

can then be quenched by ground state molecular oxygen to produce a high yield in singlet 

oxygen (1O2) as depicted in Figure 2.4 [65,66].  

 

Figure 2.4. Schematic of energy transfer from the photo-excitation of Rose Bengal to the 

production of singlet oxygen through the Type-II reaction pathway. 

With an upper limit lifetime of 500 ns, singlet oxygen is rapidly quenched by surrounding 

biomolecules [67]. Although intracellular singlet oxygen can provoke DNA based oxidative 

stress and single strand break, it is unlikely that during sonodynamic therapy this reactive 

species will reach the nucleus as it will first oxidise extracellular lipids membranes [68]. 

However, through lipid peroxidation additional radicals with longer lifetimes can be 

P
h

o
sp

h
o

re
sc

en
ce

In
te

rn
al

 c
o

n
ve

rs
io

n

T0

S1

Molecular Oxygen

Triplet state Singlet state

3O2

1O2

Fl
u

o
re

sc
en

ce

In
te

rn
al

 c
o

n
ve

rs
io

n

Rose Bengal

Singlet 
excited state

Singlet 
ground state

S2

S1

A
b

so
rp

ti
o

n
 (

h
ν)

Efficient inter-
system crossing 
(Φisc > 0.9) 

T1

S0

Singlet state Triplet state

Triplet 
excited state

Type-II reaction
Energy transfer



Chapter 2 - Literature review 

16 

produced that can act on other cellular components [69,70]. An increased reactive oxygen 

species production during sonodynamic therapy can therefore result in programmed cell 

death mechanisms such as apoptosis and/or necrosis [64,71–73]. 

Apoptosis is a protective biological process relying on signalling pathways activated 

in damaged or severely mutated cells to prevent the further passage of abnormal 

mutations to subsequent generations. For instance, abnormal intracellular concentrations 

of calcium ions or reactive oxygen species, activation of BAX proteins, and the production 

of ceramides have all been found to trigger apoptotic pathways [74–77]. Nofiele et al. 

used cell ceramide content to assess cell survival after ultrasound exposure with 

microbubbles (MB) [78]. Through histology and immunohistochemistry using anti-

ceramide anti-body stained cells, ceramide accumulation was found in endothelial, 

leukaemia, breast, prostate cancer, and murine fibrosarcoma cells after exposure [78]. 

Additional biological features for ultrasound-induced apoptosis have been identified, 

including disturbances in the mitochondrial transmembrane potential, loss of 

phosphatidylserine asymmetry, morphological changes such as membrane damage, and 

eventual DNA fragmentation. The mitochondria-caspase pathway was found to be 

especially important for this process through an increased mitochondrial oxidative stress 

causing the release of cytochrome C and subsequent caspase activation ultimately leading 

to cell death [74,77,79–81]. 

In contrast, necrosis is a more acute event involving the loss of cell membrane 

integrity and debris expulsion in the extracellular space. This process has also been 

reported in several sonodynamic therapy studies [11,82] and could be exploited to induce 

an inflammatory immune response and help tumour cell eradication. 
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Autophagy which involves the digestion and recycling of cell components is another 

process that can result in cell death [83] and has been observed during the sonodynamic 

treatment of mouse sarcoma 180 and human leukaemia K562 cells [84,85]. Nonetheless, 

the addition of autophagy inhibitors was found to promote sonodynamically-induced 

apoptosis and necrosis indicating that autophagy might also provide cytoprotection 

allowing cells to recover from treatment during these experiments [84,85]. 

As the population of reactive species generated during sonodynamic therapy differs 

depending on the sensitiser used and cells treated, it is likely that multiple cell-death 

mechanisms are involved. For example, although increased levels of caspase activity and 

BAX (Bcl-2-associated X) protein indicating cellular apoptosis have been observed within 

pancreatic tumours receiving sonodynamic therapy with Rose Bengal [86], it is possible 

that necrosis and autophagy are also involved.  

2.1.4. Challenges 

There is encouraging evidence for the potential of sonodynamic therapy in the treatment 

of cancer. Its clinical translation, however, depends upon a more thorough mechanistic 

understanding of the approach and characterisation of the sensitiser to ensure its safety. 

As a range of ultrasound parameters, sensitisers and indications have been investigated, 

it is important to focus the research efforts on an application that would showcase the 

potential of this approach compared to current treatment gold-standards. In addition, 

although the ultrasound intensities used are low compared with other therapeutic 

applications, the incorporation of some form of in situ treatment monitoring would be 

beneficial to improve both efficacy and safety. 
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2.2. Hypoxic tumours 

In medicine, the term hypoxia is used to describe an environment of low oxygen tension 

[63,87,88]. In these regions, oxygen demand from cells is greater than the supply provided  

by the vasculature, which generally leads to cell signalling inducing angiogenesis and 

erythropoiesis as adaptive responses [63]. Hypoxia has then been found to be a critical 

factor for prognostic estimation in the context of tumour growth, as it is plays a role in 

both malignant progression, and resistance to therapy [87,88]. Considering the 

requirement of sonodynamic therapy for ground state molecular oxygen to produce 

cytotoxic reactive species, this condition is also expected to hinder the efficacy of this 

method. Tumour hypoxia is known to be caused by the disturbed diffusivity of the 

surrounding microcirculations, presenting an increased resistance and reduced structural 

and functional characteristics. In this section an overview is provided of biological 

considerations important for oxygen transport in the blood and hypoxic tumours as well 

as remediation techniques developed for this condition. 

2.2.1. Biological considerations 

2.2.1.1. Oxygen transport in the blood 

Blood is composed of mainly water, proteins, and three cell populations: erythrocytes, 

leukocytes, and thrombocytes, and allows the dissolution of electrolytes, nutrients, 

vitamins, and gases necessary for the functioning of organs. The biconcave disk shape of 

erythrocytes provides the high surface area to volume ratio advantageous for the 

exchanges of oxygen and carbon dioxide in the lung and the peripheral tissues [89]. During 

oxygenation, oxygen diffuses and binds to the iron atom on each of the four haem groups 

found in the haemoglobin of erythrocytes as shown in Figure 2.5.  When a low oxygen 
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tension is encountered, the bond between oxygen and the haem group dissociates then 

releasing the oxygen to the surroundings [90,91]. 

 

Figure 2.5. Main features of erythrocytes for oxygen transport [92,93] 

The vascular network has the critical role of supplying oxygen from the aorta to the 

smallest microvessels and capillaries, where passive diffusion and oxygen gradients allow 

the efficient supply of oxygen to parenchymal cells in tissues. Therefore, the supply of 

oxygen starts with low oxygen tension allowing the release of oxygen from the 

oxyhaemoglobin in erythrocytes which have a high deformability allowing them to 

circulate and reach all places in the body [89]. The free oxygen then passes through the 

capillary wall, through the interstitial fluid, and in a parenchymal cell where it can be used 

during mitochondrial oxidative phosphorylation to generate adenosine triphosphate 

[94,95]. This well-balanced processed can, however, be altered by irregularities in the 

vasculatures as found around tumours, causing the collapse of microvessels, inefficient 

oxygenation, and the formation of hypoxic areas as depicted in Figure 2.6 [96]. 

Haem group  oxygen

Erythrocyte Haemoglobin
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Figure 2.6. Schematic of vascular network in (a) normal vs. (b) tumour tissues indicating organised 

vessels in normal tissues compared to a chaotic system in tumours forming hypoxic regions.  

2.2.1.2. Hypoxia in cancer 

Oxygen transport within tissues has been modelled by numerical simulation to examine 

oxygen delivery to tumours of different stages of growth and invasion [97]. The results 

identified the growth of tumour cells being parallel to pre-existing vasculatures in order 

to allow sufficient supply of oxygen for tumour growth. However, the high-demand for 

oxygen near the vasculature leads to the formation of a hypoxic tumour core further away 

from oxygen-supplying vessels. The uneven oxygen distribution in the tissues triggers an 

upregulation of vascular endothelial growth factor and thus angiogenesis. Additionally, 

necrosis of tumour cells due to insufficient oxygen supply causes further invasion of 

healthy cells forming clusters of surviving cancer cells [97]. Thus, due to the poor structure 

and functionality of tumour vasculatures, it is important to consider the use of a delivery 

mechanism enabling a homogeneous distribution of oxygen in the tumour site to address 

hypoxia.  

The presence of a hypoxic core in tumours has been shown to influence patients’  

response to most forms of cancer treatment [4,63,87,88,98–100]. As reviewed by Saito et 

al., the increased presence of hypoxia-inducible factors-2α (HIF2α) inhibits the functioning 

Hypoxia

Erythrocytes

(a) Normal vasculature (b) Chaotic vasculature leading 
to hypoxia
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of p53, a tumour suppressor protein, leading to greater tumour resistance to treatments. 

Additionally, several studies have highlighted the capacity of HIFs to reprogram normal 

and cancer cells to pluripotent and stem cell phenotypes by inducing a shift from oxidative 

to highly glycolytic cell metabolism [87,101,102]. Stem cells have reduced mitochondrial 

activity and increased glycolysis compared to differentiated cells. A shift of metabolic 

state is required to reprogram cells with stem cell phenotypes. HIF1α and HIF2α both 

appear essential for this metabolic switch. The link between hypoxic conditions and the 

maintenance of cancer stem cells through the expression of HIFs explains the decreased 

cell differentiation within tumours noted in mesenchymal stem cells by Kim et al. [103]. 

These conditions facilitate tumour growth and persistence by sustaining a population of 

undifferentiated tumour cells. As indicated by Grist et al., stem cell proliferation has been 

demonstrated with hypoxic oxygen levels lower than the 20% found in normal tissues 

[104]. The capacity of HIF signalling pathways to promote the reprogramming of tumour 

cells into undifferentiated and pluripotent tumour stem cells appears as a critical role in 

cancer progression. Thus, the ability of these cancer stem cells to generate bulk mass of 

differentiated and heterogeneous cancer cells is a primary reason for disease progression, 

metastasis and treatment resistance [102]. This further highlights the need to address 

hypoxia for successful tumour remediation.  

2.2.1.3. Pancreatic cancer 

Pancreatic cancer has the lowest survival rate among the 21 most common forms of 

cancer with only 3% of patients surviving five years after their initial diagnosis [105]. 

Whilst many other forms of cancer have seen survival rates increase significantly over the 

past four decades, the survival rate for pancreatic cancer has remained unchanged. The 
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low availability of surrounding oxygen in pancreatic tumours and an often-late diagnosis 

of the condition together lead to poor prognosis for patients with the disease [105,106]. 

In effect, only approximately 20% of patients are eligible for surgical resection of the 

tumour with curative intent at the time of diagnosis [107]. Of the remaining 80% of 

patients, 40% have a metastatic disease and approximately 40% present borderline 

resectable lesions or a locally advanced disease making surgical resection with curative 

intent not possible [108]. Several reports have investigated neoadjuvant chemo- and 

radio-therapies alone or in combination to downstage patients’ tumours and enable their 

resection; these treatments, however, still come with significant side-effects due to the 

non-specific nature of chemotherapy [109,110]. Thus, the development of targeted 

therapies to reduce undesirable off-target effects and a method to downstage pancreatic 

tumours could have significant impacts for pancreatic cancer patients. 

2.2.2. Addressing hypoxia 

Treatments for hypoxia have been researched since the 1930s with protocols to increase 

the levels of oxygen inspired or the concentration of dissolved oxygen in tissue using 

hyperbaric conditions. The practical challenges and/or side effects associated with these 

techniques, however, have stimulated the development of alternative methods enabling 

the delivery of oxygen-loaded particles or production of oxygen in situ. 

2.2.2.1. Oxygen breathing and hyperbaria 

The use of oxygen to improve the efficacy of radiotherapy in cancer patients was 

investigated in the 1930s by giving patients 100% oxygen to breath during treatment and 

in some cases also an intravenous injection of oxygen saturated plasma [88]. 
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Vasoconstriction was, however, sometimes observed when delivering pure oxygen and 

Carbogen (a mixture of oxygen and small amounts of carbon dioxide) was then 

investigated as an alternative [88,95,99,111]. The next development in the field involved 

studies of hyperbaric oxygen delivery in which patients were treated in a chamber 

pressurised to 2 to 4 atmospheres with elevated levels of oxygen [88,112,113]. The 

justification behind this method comes from the thought that hyperbaric conditions 

would allow an increased diffusion and penetration through dense tissues because the 

diffusion distance of oxygen increases with the initial oxygen tension [88,112]. This 

method presented promising results to address hypoxia but it suffered technical 

challenges with the primitive hyperbaric chambers available at that time rendering the 

simultaneous treatment with radiotherapy impractical [6,88]. Additionally, side effects 

associated with hyperbaric oxygen therapy have been reported with barotraumatic 

lesions, oxygen toxicity (central nervous system), and ocular effects [114]. 

2.2.2.2. Adjusting the haematocrit blood level 

Efforts were also made to increase blood transport capacity for oxygen as cancer patients 

are often anaemic at the start of treatment. Transfusions were then given to adjust 

patient’s haematocrits levels back to normal [88,115]. However, these studies were of 

limited success as transfused blood typically offers less effective oxygen transport 

compared to fresh blood, in addition to an increased risk of immunogenicity [88]. 

2.2.2.3. Delivery of erythropoietin and haemoglobin-based systems 

The delivery of erythropoietin was also investigated to stimulate the production of red 

blood cells in patients and transport of oxygen to hypoxic regions. However, it was 
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demonstrated that erythropoietin had multiple effects on tumours cells and surrounding 

normal cell populations which led to a significant increase in mortality observed when this 

molecule was given to cancer patients undergoing radiotherapy [88,115].  

Similarly, the delivery of haemoglobin-based systems was studied for the same 

purpose. While initial results using stroma-free haemoglobins presented cardiovascular 

and renal complications and a rapid clearance of these systems [88,111,115,116], more 

recent studies have improved on this method by delivering polymer-bound haemoglobin 

to minimise toxicity and improve efficacy [116–118]. Thus, to utilise the advantageous 

binding affinity between haemoglobin and oxygen, shielding lipids and polymers were 

incorporated [116–118]. Nonetheless, some of these systems resulted in long circulatory 

half-lives of 18-48 hours which can be a challenge for addressing immediate and local 

hypoxic conditions as the oxyhaemoglobin remains encapsulated within a shielding 

material. Therefore, unless a triggering mechanism is incorporated for oxygen release, this 

method might not be appropriate to remediate local hypoxia in tumours prior to 

treatment [116]. 

2.2.2.4. Delivery of perfluorocarbon-based systems 

Perfluorocarbon (PFC)-based emulsions offer a very high capacity for dissolving oxygen, 

and thus have been investigated as a platform for oxygen delivery [88,115,119]. The 

favourable characteristic of fluorinated compounds for oxygen delivery stems from their 

high surface reactivity and self-assembling properties into vesicles. The low polarizability 

of fluorine molecules in van-der-Waals interactions within fluorinated chains and the low 

cohesive energy densities in liquid fluorocarbons are factors responsible for the 
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exceptional properties of fluorinated oxygen carriers [120]. However, their low solubility 

in water or lipids require emulsification in order to be feasible for intravenous use.  

Moreover, it is important to note that while haemoglobin systems provide binding to 

oxygen, PCFs only offer increased dissolving capacity for oxygen. Thus, although oxygen 

transport has been shown to be efficient, requirements of complex formulations and 

production methods have limited the number of clinical trials completed with these 

systems [88,120]. Additionally, the uses of PFC emulsions from the 1970s presented long 

term toxicity caused by the fluorocarbon polymer remaining in the reticuloendothelial 

system and leading to patient death by chemical pneumonitis [115,116]. 

2.2.2.5. Delivery of lipid-based systems 

Oxygen delivery has also been investigated using phospholipid-coated micro- and nano-

bubbles encapsulating oxygen gas [99,121]. In effect, a lipid monolayer on the surface of 

micron-sized gas bubbles can provide the system with a biocompatible barrier against 

bubble dissolution and gas exchange. This was reported by Borden et al. with results 

highlighting that fully condensed lipid monolayers provide a resistance to oxygen 

transport from the bubble gas core [99,122,123]. For instance, the shell resistance to 

oxygen permeation was measured to increase from 690 to 1950 s/cm for lipids with 18 to 

24 carbon chain length respectively [123]. In addition, although a 4 μm diameter bubble 

filled with 95% oxygen and 5% perfluorobutane was predicted to release approximately 1 

fmol of oxygen upon contact with an air-saturated medium, it was also predicted to 

retaine approximately 0.25 fmol within its gas core, based on simulation results [99]. 

These systems are, however, still challenged by their short half-lives compared to 

haemoglobin systems [116,124,125]. Nonetheless, preclinical studies with oxygen micro- 
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and nano-bubbles have demonstrated promising data with the enhancement of 

treatment in hypoxic pancreatic tumours [4,121,126]. 

2.2.2.6. In situ production of oxygen 

Particles for in situ oxygen generation have recently been developed as the delivery of 

encapsulated oxygen to tumours is challenging. This is mainly due to the unbound state 

of oxygen leading to uncontrolled release and ultimately low concentrations delivered. 

Reports have shown that encapsulated materials such as manganese dioxide and calcium 

peroxide in nanoparticles can enhance the treatment of hypoxic tumours by reacting with 

endogenous hydrogen peroxide or water respectively to generate oxygen [127,128]. 

Nonetheless, this approach still faces manufacturing challenges due to the protocol 

complexity. Further, the reliance of manganese dioxide nanoparticles on the elevated 

hydrogen peroxide concentration in tumours could also hinder the technique as hydrogen 

peroxide levels are still low [128,129]. In contrast, although calcium peroxide avoids 

relying on the local tumour microenvironment, this method then lacks specificity and the 

safety of increasing oxygen levels in other parts of the body needs to be evaluated.  

2.2.2.7. Challenges  

Early research on oxygen delivery required high doses, conditions to induce an increased 

oxygen flux in tissues, and repetitive treatments. As these methods led to an increase in 

therapy toxicity [88,111], a thorough safety examination is required for novel approaches 

that aim to address this problem. Encapsulated oxygen solutions might be advantageous 

as a known maximum volume is delivered and the induced increase in oxygen mobility 

can be determined based on the local concentration gradients. Additionally, the 
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development of a method to remediate hypoxia also requires oxygen delivery in local 

regions away from vasculatures, indicating the need for targeting. 

2.3. Therapeutic microbubbles 

Although microbubble agents were originally developed to improve the contrast of 

diagnostic ultrasound images [130], they are increasingly being used for therapeutic 

applications. Microbubble oscillations can cause bioeffects advantageous for some 

indications [131,132] and their drug and gas loading capacity allows them to be used as 

delivery vehicles [133–136]. This section reviews the design considerations for 

therapeutic microbubbles to transport sensitisers and oxygen for the treatment of hypoxic 

tumours with sonodynamic therapy.  

2.3.1. Echogenicity and stability of microbubbles 

The low density and high compressibility of the microbubble gas core allow them to 

compress and expand in response to ultrasound exposure [137–139]. Additionally, 

microbubbles have a resonant frequency corresponding to those typically used in medical 

ultrasound (1-10 MHz) allowing large amplitude oscillations under these conditions [140]. 

The highly non-linear response of microbubbles to moderate ultrasound pressures 

produces acoustic radiation over a range of frequencies that can be readily distinguished 

from those due to the surrounding tissue [141]. However, a disadvantage is that the half-

life of these systems in circulation is of the order of 5-10 minutes even when a stabilising 

coating is incorporated [124,125]. 

Current commercial microbubbles have a stabilising lipid, protein or polymer-based 

coating and an inert gas core as indicated in Table 2.1 [142]. While polymer microbubbles 
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provide good physical stability [12], cross-linked polymers are more resistant to 

compression and expansion, thus producing less echogenic systems [143]. Proteins can 

also produce stable microbubbles; however, to avoid immunogenic reactions they require 

additional considerations such as the use of thermally treated proteins or a formulation 

incorporating stealth material [144,145]. Finally, the majority of commercial contrast 

agents use phospholipids (thereafter referred to as “lipids”) or lipid-mix systems which 

offer excellent echogenicity, biocompatibility, and circulatory stability [143,146]. 

Furthermore, the spontaneous self-assembly of lipids into monolayers at interfaces, with 

hydrophobic tails facing the gas phase, facilitates microbubble formation and 

manufacturing, and promotes physical stability [143,147]. 

Table 2.1. List of commercial microbubbles, the coating and encapsulated gas core. 

NAME COATING GAS MANUFACTURER 

Albunex Albumin Air Mallinckrodt 

Quantison Albumin Air Quandrant Healthcare 

Optison Albumin C3F8 GE Healthcare 

Definity Lipid C3F8 Bristol-Myers Squibb 

Imagent Lipid C6F14 IMCOR Pharmaceutical Co. 

SonoVue Lipid SF6 Bracco 

Aerosomes Lipid Perfluorocarbon gas ImaRx Pharmaceutical Corp 

Filmix Lipid Air Cavcon 

Sonazoid Lipid Perfluorocarbon gas GE Healthcare 

BiSphere Polymer Air Point Biomedical 

MP1950 Lipid C4F10 Mallinckrodt 

Abbreviations: C3F8 = Perfluoropropane, C6F14 = Perfluorohexane, SF6 = Sulphur 
hexafluoride, C4F10 = Perfluorobutane. 

The physical principles governing the stability or dissolution of microbubbles in 

solution must be understood to design efficient formulations. The first consideration 

comes from the Laplace pressure differential between inside and outside of a 

microbubble, expressed as ΔP = 2σ/R, where σ is the interfacial tension and R is the 

instantaneous radius of the microbubble.  
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Taking the pressure differential into account and following Epstein and Plesset’s 

model, the rate of dissolution for an uncoated microbubble can be derived as presented 

in Equation 1 [137,148]. 
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where: D is the diffusion coefficient, Ci and Csat(R) are the initial and saturation 

concentration of dissolved gas in the surrounding liquid respectively, t is time, M is the 

encapsulated gas’ molecular weight, B is the universal gas constant, T is the gas 

temperature, and ρ(∞) is the gas density at a zero curvature interface. Although this 

relationship assumes an uncoated microbubble in liquid with constant hydrostatic 

pressure and temperature over time, it demonstrates the dependence of microbubble 

stability on the encapsulated gas core properties. The relatively high solubility and 

diffusivity of oxygen in blood are then expected to hinder the stability of oxygen 

microbubbles, highlighting the need for additional stabilising factors such as the 

incorporation of other gases to prevent oxygen escape (Table 2.2). Additionally, as the 

size of the microbubble is limited by safety considerations, the focus of new formulations 

must be on reducing the magnitude of interfacial tension σ, acting on the microbubble 

surface by considering stabilising forces. For instance, increasing the microbubble shell 

packing or thickness decreases the diffusivity of the gas core across the coating and 

strengthens microbubbles against the applied surface tension and Laplace pressure. 

Consequently, lipid microbubbles using DBPC (22:0, indicating the number of carbon-

carbon single-bond:double-bonds respectively) and DSPC (18:0) demonstrated a higher 

stability relative to DPPC (16:0) systems [99,149]. 
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Table 2.2. Solubility and diffusivity of gases in water at 298.15 K 

GAS MOLECULAR WEIGHT HENRY’S LAW CONSTANT REFERENCE 

 g/mol mol/(m3Pa)  

C3F8 188 1.2 x 10-7 [150] 

C4F10 238 1.5 x 10-8 [151] 

C6F14 338 5.4 x 10-10 [151] 

SF6 146 2.4 x 10-6 [152,153] 

O2 32 1.3 x 10-5 [154,155] 

N2 28 6.5 x 10-6 [156] 

Abbreviations: C3F8 = Perfluoropropane, C4F10 = Perfluorobutane, C6F14 = 
Perfluorohexane, SF6 = Sulphur hexafluoride, O2 = molecular oxygen, N2 = 
molecular nitrogen. 

Kwan et al. presented results confirming the feasibility of delivering oxygen using 

microbubbles [99]. Their report described the method to be achievable and clinically 

relevant; however, they also identified difficulties with this delivery platform. High yield 

in oxygen delivery is required to overcome hypoxic conditions which could be difficult due 

to the low stability of pure oxygen microbubbles (O2MB) in solution. The group then 

demonstrated that a larger molecular weight gas such as perfluorobutane could be used 

alongside molecular oxygen to stabilise microbubbles against dissolution. As they suggest, 

the low solubility gas could lead to an increase in bubble lifetime which could allow 

additional lipids to adsorb onto the shell, decrease the surface tension, and further 

prevent bubble dissolution. The addition of lipid material at the bubble surface could then 

also increase the resistance again gas permeation [157]. Contrastingly, the addition of 

perfluorobutane in the gas core also lowers the oxygen delivery yield. Ultimately, the 

group highlighted the unknown effect of injecting intravascularly large quantities of 

microbubbles and oxygen. Similarly, an improved microbubble stabilisation was reported 

through the incorporation a nanoparticle coating [148,158]. Nevertheless, these design 

factors can affect the acoustic properties of the system by increasing the rigidity of the 

microbubble coating and leading to difficult shrinking and expansion cycles under 

ultrasound exposure [140]. A summary of these considerations is provided in Figure 2.7. 
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Figure 2.7. Factors for dissolution and stabilisation of oxygen microbubbles in circulation 

2.3.2. Bioeffects of microbubbles exposed to ultrasound 

At higher pressures, the violent oscillations exhibited by microbubbles can produce 

substantial biological effects [132,159–163], and these are being actively investigated for 

their potential application in ultrasound mediated therapy. Although these disruptions 

have yet to be fully understood, the following section discusses current findings on 

hydrodynamic stresses and sonochemical imbalances from the ultrasound exposure of 

microbubbles. 

2.3.2.1. Hydrodynamic stress 

The oscillations of microbubbles under acoustic pressure waves lead to the formation of 

microstreaming patterns in the surrounding medium [8,164]. The hydrodynamic stresses 

produced by this motion have been associated with inter- and intracellular effects 

[8,131,132,165]. For example, they can trigger the remodelling of the cell cytoskeletal 

network through fluidisation leading to changes in membrane permeability [166,167], or 

change the cell monolayer integrity ultimately forming intercellular gaps [132]. As these 

bioeffects are transient when caused by low-intensity ultrasound, they are investigated 

to enhance treatment efficacy by increasing drug uptake using ultrasound targeted 
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microbubble destruction [132,165]. The acoustic parameters and the microbubble 

proximity to the targeted cells are, however, crucial factors affecting these changes. As 

the use of higher acoustic pressure was found to initiate pathways to cell apoptosis [168], 

these factors need to be thoroughly characterised to ensure the efficacy and safety of this 

method to increase drug uptake. In contrast, for the case of cancer therapy where 

localised cell death triggering is desired, these effects seem less critical. 

2.3.2.2. Sonochemical stress 

The oscillations of microbubbles also generate sonochemical stresses on cells. For 

instance, reactive oxygen species such as hydrogen peroxide and superoxide anion can be 

produced from the splitting of water and have been linked to changes in intracellular 

calcium concentration after ultrasound and microbubble exposure [132,162]. Mainly 

depending on the ultrasound exposure conditions, some changes in cellular homeostasis 

have been found to be reversible [132] but apoptosis signalling has also been observed 

and related to calcium ion- and mitochondria caspase-dependent pathways [169]. 

Overall, these stresses are likely to act in combination to induce cellular changes 

during exposure to microbubbles oscillations. Although the bioeffects and the 

mechanisms through which these stresses occur need to be further characterised to 

ensure safety, they can be applied to enhance therapies. 

2.3.3. Drug delivery 

Ultrasound-induced microbubble oscillations can affect the permeability of cells in a 

targeted manner as previously mentioned. The loading of therapeutics into the 

microbubble coating and their targeted destruction with ultrasound can then enable the 
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local delivery of highly potent drugs at a site of interest. This process can occur through 

the shedding of materials during microbubble oscillations as reported by Luan et al. with 

the results presented in Figure 2.8 [170]. Several studies have further demonstrated the 

deposition of lipids from ultrasound activation of microbubbles in vitro [171,172] and in 

vivo [173].  

 

Figure 2.8. Images from [170] showing the shedding of fluorescent lipids during bubble oscillations 

with arrows indicating the motion toward/away from the microbubble during ultrasound 

excitation (255 kPa, 500 cycles), the scale bar is 5 μm. 

Additionally, the delivery of drugs using cavitation nuclei and ultrasound was observed to 

provide an enhanced distribution of therapeutics due to the oscillations and jetting from 

microbubbles enabling the extravasation of drugs to the surrounding [174–177]. For the 

development of sonodynamic therapy for hypoxic tumours, the loading of sensitisers and 

oxygen in microbubbles can be released and distributed using ultrasound, thereby 

allowing the treatment of tissues farther away from the vasculature. Moreover, as this 

method provides a locally-enhanced therapy, the concentration of active agents 

administered can be reduced compared to systemic drug administration, therefore 

minimising the risk of toxic side effects.  

Numerous formulations have been proposed to facilitate the loading of drugs within 

the microbubble coating and/or to its surface in the form of liposomes, nanoparticles, or 

single molecules [133,178–181]. An example of these systems is presented in Figure 2.9.  

0 μs 60 μs 80 μs 160 μs
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Although extending the functionality of microbubbles, this functionalisation generates a 

series of potentially conflicting requirements for their design. In particular, the 

microbubbles must have adequate stability both for storage and in circulation. They must 

be sufficiently responsive to ultrasound to promote therapy and ideally be imaged during 

treatment. Finally, they must be able to carry sufficient quantities of drug to be effective; 

and it is also desirable to target them to specific sites such as the tumour endothelium. 

 

Figure 2.9. Examples of liposome, nanoparticles and drug loaded microbubbles. Transmission 

electron microscopy images of microbubbles functionalised with (a) liposomes, (b) gold 

nanoparticles, and (c) reproduced from [182] with a fluorescence microscopy image of 

microbubbles functionalised with Rose Bengal.  

(a) MB + Liposomes (b) MB + Gold nanoparticles

(c) MB + Rose Bengal
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2.3.4. Targeting microbubbles 

There are a number of different approaches that have been applied alone or in 

combination in order to focus the action of microbubbles at a site of interest. Biochemical 

targeting with the attachment of ligand receptors on microbubbles enables binding with 

high specificity to target regions [183]. The short half-life of microbubbles can, however, 

hinder the efficacy of ligand-receptor binding although acoustic radiation force has been 

used to concentrate and slow down microbubbles at a vessel wall of interest [184] and 

increase ligand-receptor binding [183]. Nonetheless, challenges with microbubble 

stability and these targeting methods have led to a third possibility, which incorporates 

magnetic material in microbubbles enabling localisation at a target site using an externally 

applied magnetic field. While magnetic targeting improved the delivery of drug loaded 

magnetic microbubbles (MMBs), the incorporation of iron oxide nanoparticles (IONPs) in 

microbubbles requires formulation considerations to ensure the stability of these 

systems. 

Multiple formulation for magnetic microbubbles have been presented in the 

literature, stabilised with polymer, surfactants, and lipids [185,186]. In the case of polymer 

coated microbubbles, IONPs are typically embedded within the microbubble coating 

during manufacturing [187–194]. However, several studies have also investigated the 

performance of microbubbles with IONPs conjugated to their outer-surface. This external 

loading approach was found advantageous in terms of improving magnetic properties 

while preserving acoustic response; and also improved cellular uptake [195–198]. 

However, the reduced echogenicity of polymeric microbubbles [143] has favoured the use 

lipid-mix ultrasound contrast agents instead. 
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Previous studies on lipid-coated magnetic microbubbles have: incorporated 

hydrophobic IONPs on the internal surface of the coating enabling the targeted delivery 

of genes or thrombolytic drugs [199–201]; embedded different types of IONPs within the 

microbubble coating, enabling magnetic targeting of nucleic acid [202], genes, [203–206] 

and antirestenotic drugs [207]; or attached hydrophilic IONPs to the surface of 

microbubbles through biotin/avidin [208,209], or protamine/heparin [210] interactions. 

Surfactant microbubbles with charged IONPs have also been reported [211–215], but 

toxicity concerns related to these systems limits their clinical feasibility. A comparison 

between formulations of lipid coated magnetic microbubbles is further discussed in 

Chapter 3. 

2.3.5. Microbubbles for sonodynamic therapy of hypoxic tumours 

Section 2.3.2 reviewed the bioeffects of ultrasound and microbubbles on cells, and 

sections 2.3.3 and 2.3.4 highlighted their potential to deliver drugs to cells in a targeted 

manner. The addition of ultrasound-responsive microbubbles to enhance the efficacy of 

sonodynamic therapy has also shown promising results to locally deliver and activate the 

sensitiser instead of requiring a systemic injection of the drug [216–218]. More 

specifically, the inertia-driven collapse of microbubbles in the presence of ground state 

molecular oxygen can enhance the activation of sensitising drugs such as Rose Bengal to 

generate cytotoxic reactive oxygen species in a targeted manner [10]. Nevertheless, this 

method relies on the presence of molecular oxygen to generate its toxic effects; a 

requirement which can be challenging for the treatment of hypoxic pancreatic tumours.  
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2.3.5.1. Oxygen delivery 

As above, the hypoxic nature of solid tumours can hinder sonodynamic treatment due to 

the poor availability of molecular oxygen to produce reactive oxygen species [4,63,99]. 

Yet, McEwan et al. presented promising in vivo results with the intratumoural injection of 

oxygen microbubbles for enhanced sonodynamic therapy [4]. The group reported tumour 

volume reduction by 45% five days after treatment using Rose Bengal-loaded oxygen 

microbubbles and ultrasound activation in mice bearing BxPC-3 pancreatic tumours. In 

these studies, microbubbles were produced with a stabilising coating composed of 

DSPC:DSPE-PEG2000:DSPE-PEG2000-biotin to enable the loading of biotinylated 

sensitiser onto the microbubbles through an avidin bridge. Microbubbles were first made 

with encapsulated sulphur hexafluoride, followed by sparging of the suspension with 

oxygen to cause an exchange in the encapsulated gas and form oxygen microbubbles. 

Nonetheless, due to the low stability of these systems, treatment administration in these 

studies was done through intratumoural injections. Therefore, the production of oxygen 

microbubbles for intravenous use would be valuable to facilitate administration of the 

therapeutic as well as ensuring its thorough distribution within the tumour.  

2.3.5.2. Combination therapy 

Antimetabolite drugs such as gemcitabine (Gem) and 5-fluorouracil (5-FU) have been 

investigated for cancer treatment as they hinder or terminate DNA synthesis through 

several chemical pathways [219]. As cancer cells are rapidly dividing, they are more 

sensitive to damage during DNA synthesis compared to most normal cells which are in a 

quiescent state of their cell cycle. The combination of these antimetabolite drugs and 

sonodynamic Rose Bengal loaded onto oxygen microbubbles still indicated the potential 
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for an increased therapeutic effect with a combination treatment regimen [220]. Yet, 

gemcitabine was found to provide a higher clinical benefit for patients with advanced 

pancreatic cancer compared to 5-FU [221]. Additionally, several studies reported an 

increase in the quality of life for patients with pancreatic adenocarcinoma when 

gemcitabine and microbubbles were co-injected and exposed to ultrasound, compared to 

gemcitabine alone [222,223]. Although the co-injection of therapeutics favours the clinical 

translation of the method, it does not prevent off-target side-effects caused by the 

systemic delivery of gemcitabine. In an additional pre-clinical study investigating 

pancreatic tumours in mice, the combination of gemcitabine and sonodynamic therapy 

was tested to enhance treatment outcome. The study resulted in a significant tumour 

growth delay compared to either therapy alone with no observed systemic toxicity [182]. 

2.3.5.3. Challenges 

Therefore, using microbubbles in sonodynamic therapy has the potential to reduce drug 

dosage and undesired side-effects for the patients, while increasing treatment efficacy 

with: (1) targeting, (2) lowering of the acoustic energy required to obtain an effect, and 

(3) delivering the oxygen required for treatment. Nonetheless, this method is still 

challenged by several factors. Firstly, the stability of oxygen microbubbles needs to be 

optimised to minimise off-site sensitiser accumulation and toxicity. This is further 

discussed and assessed in Chapter 3 and Chapter 5. Then, in order to allow clinical 

acceptance of this method, an understanding of the mechanisms allowing the activation 

of the sensitiser is required (Chapter 4). Additionally, as highlighted in sections 2.3.2, the 

ultrasound parameters (Chapter 5) and devices (Chapter 6) used also need to be evaluated 

in order to promote treatment efficiency and safety, and to ease the translation of 

sonodynamic therapy for hypoxic tumours into clinical use.
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Chapter 3 

Magnetic functionalisation of 

microbubbles 

 

In this chapter the results from a preliminary in vivo study are first presented 

demonstrating the potential for concentrating sensitiser- and oxygen-loaded 

microbubbles using an externally applied magnetic field to enhance sonodynamic 

therapy. The limitations of this method are then discussed, and new lipid-coated 

magnetic microbubble formulations are presented to address them. Further in vitro 

studies are then reported which evaluate these formulations in terms of their magnetic 

and acoustic responses, stability, and drug loading capacity. 

The in vivo results in this chapter were obtained in collaboration with the University of 

Ulster where the experiments took place and this chapter provides an edited version of 

the publications indicated below.  

Y. Sheng*, E. Beguin*, H. Nesbitt*, S. Kamila, J. Owen, L.C. Barnsley, B. Callan, C. O’Kane, 

N. Nomikou, R. Hamoudi, M.A. Taylor, M. Love, P. Kelly, D. O’Rourke, E. Stride, A.P. 

McHale, J.F. Callan, Magnetically responsive microbubbles as delivery vehicles for 

targeted sonodynamic and antimetabolite therapy of pancreatic cancer, J. Control. 

Release. 262 (2017) 192–200. DOI: 10.1016/j.jconrel.2017.07.040. * joint first authors 

E. Beguin, L. Bau, S. Shrivastava, E. Stride, Comparing strategies for magnetic 

functionalisation of microbubbles, ACS Appl. Mater. Interfaces. 11 (2018) 1829–1840. 

DOI: 10.1021/acsami.8b18418 
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3.1. Introduction 

3.1.1. Preliminary experiments 

As outlined in section 2.3, the advancement of ultrasound-mediated therapy has 

stimulated the development of drug-loaded microbubbles that can be targeted to a region 

of interest with an applied magnetic field prior to ultrasound activation. This approach has 

been used to deliver sonodynamic therapy for pancreatic cancer in vitro and in vivo. As 

the combination of antimetabolite and sonodynamic drugs has been previously reported 

to provide a therapeutic benefit [220], preliminary experiments were carried out using a 

combination of 5-fluorouracil and Rose Bengal with magnetic microbubbles. The 

antimetabolite 5-fluorouracil was used because a biotinylated version of the drug was 

available from the work of McEwan et al. [220]. Microbubbles were then filled with 

oxygen gas in order to counteract the hypoxic nature of pancreatic tumours. They were 

also functionalised by incorporating lipid-coated IONPs into the microbubble shell to 

enable their magnetic targeting. These nanoparticles were chosen as they are commonly 

available for purchase and are coated with phospholipids similar to those constituting the 

microbubble coating. Additionally, following the physical considerations discussed in 

section 2.3.1, the incorporation of nanoparticles on the coating of microbubbles can 

induce a “jamming” effect that can prevent further bubble shrinkage once an equilibrium 

is reached [148]. This, however, assumes the overall force holding the IONPs on the 

surface of microbubbles is stronger than the Laplace pressure required to dislodge them. 

In vitro, the combined treatment of magnetic microbubbles functionalised with 5-

fluorouracil and Rose Bengal produced a reduction in cell viability of 50% (p < 0.001) when 

tested against pancreatic BxPC-3 cells as shown in Figure 3.1. 
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Figure 3.1. Cell viability for BxPC-3 cells after treatment with (1) untreated, (2) ultrasound only, (3) 

oxygen magnetic microbubble loaded with 5-fluorouracil (O2MMB-5FU) only, (4) oxygen magnetic 

microbubble loaded with Rose Bengal (O2MMB-RB) only, (5) combined O2MMB-RB and O2MMB-

5FU, and (6) combined O2MMB-RB and O2MMB-5FU plus ultrasound. *** p < 0.001 for (6) 

compared to either (2), (3), (4), or (5). Data produced in collaboration with Dr. Yingjie Sheng and 

published in [86]. 

An in vivo study was then completed to provide an additional assessment of the 

benefit gained from incorporating magnetic targeting into this method. The intravenous 

administration of the treatment to mice bearing orthotopic human xenograft BxPC-3 

tumours yielded a 48% reduction in tumour volume relative to an untreated control group 

(p < 0.05) when the tumour was exposed to both external magnetic and ultrasound fields. 

In contrast, the application of an ultrasound field with the treatment resulted in a 28% 

reduction in tumour volume (Figure 3.2). In addition, activated caspase and BAX protein 

levels were both observed to be significantly elevated in tumours harvested from animals 

treated with the combination of MMBs in the presence of magnetic and ultrasonic fields 

when compared to expression of those proteins in tumours from either the control or 

ultrasound field only groups (p<0.05, Figure 3.3). These results suggest magnetic 

microbubbles have considerable potential as a platform to enable the targeted 

sonodynamic / antimetabolite treatment of pancreatic cancer. 
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Figure 3.2. In vivo results for the treatment of BxPC-3 tumours in a murine model. (a) Photographs 

of orthotopic BxPC-3 tumours removed from SCID mice 28 days following implantation after (1) no 

treatment, (2) treatment with combined O2MMB-RB and O2MMB-5FU plus ultrasound or (3) with 

O2MMB-RB and O2MMB-5FU plus ultrasound and magnet (n = 4). Treatments were administered 

on days 19, 20, and 21. (b) Plot of % change in tumour volume relative to untreated for mice treated 

with (2) or (3) above. * p < 0.05 for (3) compared to (1). A one-way ANOVA, post-hoc test showed 

the same significance as above. Data produced in collaboration with Dr. Yingjie Sheng and Dr. 

Heather Nesbitt and published in [86]. 

 

Figure 3.3. BxPC-3 tumour cell expression. (a) Plot showing presence of active caspase in single cell 

suspensions of tumours removed from SCID mice 38 days following implantation after treatment 

with (1) no treatment, (2) treatment with combined O2MMB-RB and O2MMB-5FU plus ultrasound 

or (3) treatment with O2MMB-RB and O2MMB-5FU plus ultrasound and magnet. Fluorescence 

indicates caspase activity which is reflective of apoptosis and was determined using the Pan 

Caspase probe (Pan Caspase NIR from Vergent Bioscience) via flow cytometry. Treatments were 

administered on days 19, 20 and 21. (b) BAX protein expression of the same single cell suspensions 

via flow cytometry. *p < 0.05 for (3) compared to (1). Data produced in collaboration with Dr. 

Yingjie Sheng and Dr. Heather Nesbitt and published in [86].  
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The in vitro and in vivo studies presented promising results for the magnetically 

targeted delivery of sonodynamic and antimetabolite therapies to pancreatic tumours. 

However, the intravenous injection of the treatment during the in vivo study highlighted 

the low stability of oxygen loaded magnetic microbubbles functionalised with Rose Bengal 

or 5-fluorouracil, as some microbubble samples would dissolve as soon as pressure was 

applied to the syringe. Thus, the need to incorporate therapeutic molecules while 

optimising responsiveness to both magnetic and acoustic fields and maintaining adequate 

stability, poses a considerable challenge for microbubble synthesis. Thus, a study was 

undertaken to evaluate three different methods for incorporating iron oxide 

nanoparticles into phospholipid-coated microbubbles using: (1) hydrophobic IONPs within 

an oil layer below the microbubble shell, (2) phospholipid-stabilised IONPs within the 

shell, or (3) hydrophilic IONPs non-covalently bound to the surface of microbubbles. This 

chapter provides a comparison of previously published magnetic microbubble 

formulations and a new method. As the delivery of therapeutics is also necessary during 

sonodynamic therapy, the drug-loading potential of these systems is also discussed. 

3.1.2. Objectives 

The objective of this chapter is to provide a comparison of the in vitro performance for 

different magnetic microbubble formulations based on their (1) stability, (2) magnetic 

response, and (3) acoustic properties. Because of their strong echogenicity, ease of 

manufacturing, and biocompatibility, the comparison was limited to the use of the lipid-

based systems depicted in Figure 3.4, and did not consider polymer- or surfactant-based 

microbubbles previously reviewed in section 2.3.4. Further limitations affecting the 

results of this study are also discussed at the end of this chapter. 
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Figure 3.4. Schematics and optical images of magnetic microbubbles formulations. Scale bar 

indicates 10 μm. Formulations: phospholipid microbubbles loaded with hydrophobic IONPs in an 

oil phase (OilMB), phospholipid-stabilised (LαPC or DBPC) IONPs with hydrophobic cores (LipMB-

LαPC and LipMB-DBPC) and surface-bound hydrophilic IONPs (SurfMB).  

3.2. Materials 

1,2-dibehenoyl-sn-glycero-3-phosphocholine (DBPC), and 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[biotinyl(polyethylene glycol)-2000] (DSPE-PEG2000-biotin) 

were obtained from Avanti Polar Lipids Inc. (Alabaster, Alabama, USA). N-(7-nitrobenz-2-

oxa-1,3-diazol-4-yl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, 

triethylammonium salt (NBD-PE) was purchased from Thermo Fisher Scientific. 

Polyoxyethylene (40) stearate (PEG40S), chloroform, Dulbecco’s phosphate buffered 

saline (PBS), and avidin were all obtained from Sigma Aldrich Ltd. (Gillingham, Dorset, UK). 

Fluorescein-PEG40S was made by [224], using Fluorescein-PEG-NH2 (molecular weight = 

2000 Da) purchased from NANOCS (ChemQuest, Co., Ltd, Cheshire, UK). Sulphur 
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hexafluoride gas was purchased from The BOC Group (Guilford, Surrey, UK). Finally, 

Sonovue® microbubbles were purchased from Bracco UK Limited (High Wycombe, UK). 

Biotinylated carboxymethyl dextran magnetic nanoparticles (dextran IONPs) were 

modified in-house (50 nm hydrodynamic diameter post-preparation, method and 

characterisation provided in Appendix B) with the following additional materials. 

Hydrochloric acid, 4-methylmorpholine (NMM) and 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-

4-methylmorpholinium chloride (DMTMM) were purchased from Sigma Aldrich Ltd. 

(Gillingham, Dorset, UK). N-biotin-tetra(ethylene glycol)-diamine (Biotin-TEG-NH2TFA) 

was obtained from Iris Biotech GmbH (Marktredwitz, Germany). IONPs coated with 

carboxymethyl dextran were purchased as FluidMAG-CMX (50 nm hydrodynamic 

diameter) from Chemicell GmbH (Berlin, Germany).  

 Other nanoparticles used in this work were L-α-phosphatidylcholine coated iron 

oxide nanoparticles (LαPC IONPs) purchased as fluidMAG-lipid (50 nm hydrodynamic 

diameter) from Chemicell GmbH (Berlin, Germany). 1,2-dibehenoyl-sn-glycero-3-

phosphocholine coated iron oxide nanoparticles (DBPC IONPs, 50 nm hydrodynamic 

diameter) were manufactured by Ocean NanoTech (San Diego, USA). Iron oxide 

nanoparticles dispersed in isoparaffin (isoparaffin IONPs) were purchased as WHJS1-B (10 

nm diameter) from Liquids Research Ltd. (Bangor, UK).  

To assess the haemolysis induced by the different formulations, horse blood was 

used. A 100 mL sample was purchased (Ref: HB046, Lot 34701900) from TCS Biosciences 

Ltd (Botolph Claydon, Buckingham, United Kingdom). Positive controls were achieved by 

adding a solution of Triton X-100 purchased from Sigma Aldrich Ltd. (Gillingham, Dorset, 

UK) and diluted in deionised water. 
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3.3. Methods for microbubble manufacturing 

3.3.1. Overview of microbubble formulations 

Five different microbubble formulations were compared. The first formulation (OilMB) 

consisted of phospholipid microbubbles loaded with hydrophobic IONPs suspended in an 

isoparaffin oil phase that partitions into bubbles upon sonication. The OilMB method, 

previously presented by [199], is similar to the acoustically activated lipospheres reported 

by others where a layer of soybean oil is embedded in bubbles to act as a reservoir for a 

hydrophobic drug [225,226]. The IONPs used for this formulation have a diameter of 10 

nm and are suspended in isoparaffin. The ferrite particles are reported to constitute 10% 

by volume of the solution, thus providing a magnetic flux density of 400 Gauss according 

to the manufacturer corresponding to a saturation magnetisation of 6.3 emu/g. 

Two further hydrophobic IONP formulations (LipMB-DBPC and LipMB-LPC, 

collectively referred to as LipMB hereafter) were prepared using phospholipid-coated 

IONPs directly incorporated into the bubble coating. LipMB-LαPC was previously 

described in [86,227,228] and has LαPC coated IONPs added into the microbubbles.  These 

nanoparticles were chosen because they are commercially available; their coating is 

composed of a range of phosphatidylcholines with approximately 17% DPPC (16:0), 4% 

DSPC (18:0), 9% DOPC (18:1), 60% DLPC (18:2) and 7% 18:3 PC. LipMB-DBPC was produced 

to test the impact of the IONP lipid coating on the performance of the magnetic 

microbubble produced. This formulation then uses IONPs coated with the same 

phosphatidylcholine (DBPC) as that composing the microbubble shell. The method relies 

on the phospholipid coating to transfer the IONPs to the microbubble shell upon 

sonication and allows loading of hydrophobic IONPs into microbubbles without 
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introducing an oil phase. The lipid-coated IONPs both had a hydrodynamic diameter of 50 

nm with a crystal core of approximately 30 nm made of magnetite. 

In the fourth formulation (SurfMB), hydrophilic dextran IONPs were biotinylated by 

reacting the carboxylic acids on the carboxymethyl dextran coating with biotin-TEG-NH2 

and attached to the surface of biotinylated microbubbles via an avidin bridge. The 

motivation behind this method was to produce IONPs with similar surface chemistry as 

the clinical product Feraheme [229] which is made of IONPs coated with a carboxymethyl 

dextran sorbitol ether. The carboxylic acids on Feraheme could be used as handles for 

biotinylation to enable loading onto the external surface of biotinylated microbubbles. 

The dextran IONPs used for this formulation had a hydrodynamic diameter of 50 nm and 

crystal core of 30 nm made of magnetite. The fifth formulation (unloaded) represented 

the control population and consisted of phospholipid microbubbles without IONPs.  

The different IONPs were chosen to have a hydrodynamic diameter of 50 nm for all 

formulations except for OilMB which contained IONPs of 10 nm in diameter in isoparaffin 

to allow a comparison with the method used by others [199]. Table 3.1 and Table 3.2 

provide a summary of the nanoparticles and the resulting magnetic microbubbles 

presented in this thesis. Surfactants were used to promote the formation of 

microbubbles. To ensure the bio-compatibility of the final product, they were chosen from 

the ingredients of clinically approved products [230,231]. 

Table 3.1. Summary of iron oxide nanoparticles properties as provided by the manufacturers 

PARTICLE HYDRODYNAMIC 

DIAMETER [nm] 
SATURATION 

MAGNETISATION 

[emu/g] 

PARTICLE CORE 

DIAMETER [nm] 
PARTICLE CORE 

COMPOSITION 

Isoparaffin IONP 26 6.3 10 Magnetite 

DBPC-IONP 50 ~ 45 30 Magnetite 

LαPC-IONP 50 ~ 58 ~ 30 Magnetite 

Dextran-IONP 50 ~ 58 ~ 30 Magnetite 



Chapter 3 - Magnetic microbubbles 

49 

Table 3.2. Summary of magnetic microbubbles properties 

FORMULATION 
CONCENTRATION 

[MB/mL] a 

DIAMETER 

[μm] 
IRON LOADING 

[pg/MB] 
MAGNETIC 

RETENTION b 
HALF-LIFE IN 

FLOW c [hr] 

OilMB (0.1 ± 0.1)  109 5.1 ± 1.4 0.61 (19 ± 7) % 0.1 

LipMB-DBPC (1.4 ± 0.4)  109 1.9 ± 0.3 0.036 (15 ± 6) % 2.0 

LibMB-LαPC (1.4 ± 0.6)  109 1.9 ± 0.2 0.014 (10 ± 8) % 0.3 

SurfMB (1.1 ± 0.6)  109 2.1 ± 0.4 0.71 (61 ± 11) % 0.9 

Unloaded (0.9 ± 0.5)  109 2.2 ± 0.4 - - 0.4 
a Concentration measured immediately after production, prior to cleaning. b Percentage difference in B-
mode image intensity of a channel containing flowing microbubbles produced by the application of a 
magnetic field. c Obtained by fitting an exponential curve to the measured change in microbubble 
concentration over time. 

3.3.2. General protocol  

A mixture of lipids and surfactants dissolved in chloroform were added to a glass vial to 

produce a 5 mL batch of microbubbles at a total concentration 4 mg/mL. The sample was 

covered with pierced parafilm and set on a hot plate at 50°C for 12 hours to evaporate the 

chloroform. Once all the solvent evaporated, the dried lipid film was suspended in 5 mL 

of PBS for 1 hour at 80°C under constant magnetic stirring. The magnetic stir bar was then 

removed.  

The lipid mix solution was sonicated at low intensity (QSonica Q125, 20kHz, 3 mm 

probe tip, amplitude: 20%, 1 min) with the sonicator probe tip immersed in the solution 

(Figure 3.5a). The sonicator probe tip was then moved to touch the air and water interface 

and a light flow of sulphur hexafluoride gas was added to fill the headspace of the sample 

vial (Figure 3.5b). The sonicator was then turned on at high intensity (amplitude: 80%, 20 

s). The samples were capped and cooled on ice for 10 minutes after which a layer of foam 

was visible at the top of the sample with a thick layer of densely packed microbubbles 

underneath. 

Cleaning of microbubbles was done through centrifugation using 10 mL syringes 

modified to fit into 50 mL centrifuge tubes. The sample was aspired into the syringe using 
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a blunt 18-G needle. The syringe was capped, placed into a 50 mL centrifuge tube and 

centrifuged at 100 g for 5 minutes at 4°C. The subnatant was removed, the bubbles were 

resuspended in the original volume of PBS at 4°C, and the washing procedure was 

completed a total of three times.  

 

Figure 3.5. Schematic depicting the general protocol for microbubble manufacturing showing the 

placement of the sonicator probe tip for the (a) low intensity sonication (20%) with the tip 

immersed in the lipid solution which is clear after 1 min of sonication. This is followed by the (b) 

high intensity sonication (80%) with the tip just touching the SF6 gas and liquid interface forming 

a meniscus. Upon high amplitude sonication (20 s), the clear lipid solution turned opaque white. 

After these two sonication steps, the sample vial was immediately capped and placed on ice.   
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(b) High intensity sonication
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3.3.3. Preparation of unloaded microbubbles 

Unloaded microbubbles were prepared following the general protocol, using a 9:1 molar 

ratio mixture of DBPC:PEG40S to prepare the lipid mix. 

3.3.4. Preparation of LipMB (phospholipid-mediated loading) 

To make magnetic microbubbles through phospholipid-mediated loading, the lipid mix 

was prepared according to the protocol for unloaded microbubbles. A volume of LαPC or 

DBPC IONPs corresponding to 3.75 mg of iron oxide was then added between the low-

intensity and the high-intensity sonication. Cleaning was carried out according to the 

general protocol. 

3.3.5. Preparation of OilMB (oil loading) 

To make magnetic microbubbles with nanoparticles suspended in oil, the lipid mix was 

prepared according to the protocol for unloaded microbubbles. A volume of isoparaffin 

IONPs corresponding to 3.75 mg of iron oxide was added after the two sonication steps. 

The vial was capped and cooled on ice for 5 minutes before repeating the two sonication 

steps to form magnetic microbubbles. Cleaning was carried out according to the general 

protocol. 

3.3.6. Preparation of SurfMB (surface loading) 

To make magnetic microbubbles via surface loading, the lipid mix was prepared with a 

82:9:9 mixture of DBPC:PEG40S:DSPE-PEG2000-biotin. The general protocol was followed 

until the cleaning step. The suspension was then cleaned to remove excess lipids in 

solution via centrifugation. 2 mL of a 2.5 mg/mL solution of avidin in PBS was added to 
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the resuspended biotinylated microbubbles and left to mix on ice on a rotary shaker for 5 

minutes. The microbubbles were then centrifuged again before adding 300 μL of biotin-

dextran IONPs (12.5 mg/mL) to the resuspended avidin-loaded microbubbles. The sample 

was left to mix on ice on a rotary shaker for 5 minutes again. The magnetic microbubbles 

were centrifuged once more and finally resuspended with PBS at 4°C. 

3.4. Methods and results for microbubble characterisation 

3.4.1. Overview of microbubble characterisation 

The different magnetic microbubbles shown in Figure 3.1 were compared in terms of their 

physical stability, acoustic, and magnetic response. The physical stability of microbubbles 

was quantified by measuring their concentration decay over time at 37°C and under flow 

(10 mL/min). Langmuir trough measurements were used to measure the mechanical 

properties of the lipid monolayer systems at the gas and water interface similar to the 

microbubble shell [232]. In particular, these were conducted to capture changes in surface 

tension of lipid-mix monolayers upon compression and expansion, and the findings were 

compared with the microbubble physical stability results. The acoustic properties of the 

different formulations were assessed at both 1 MHz, typical for therapeutic ultrasound 

applications, and 7 MHz to evaluate them for diagnostic ultrasound imaging. The iron 

content of microbubbles was measured using inductively coupled plasma optical emission 

spectroscopy to determine the quantity of iron oxide nanoparticles still incorporated into 

the microbubbles after cleaning of the suspension. The quantity of microbubbles retained 

under flow (0.2 mL/min) under the influence of a magnetic field was also measured. 

Finally, the toxicity of the formulations was examined by measuring the levels of 

haemolysis recorded in horse blood following incubation with microbubbles at 37°C. 
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3.4.1.1. Statistical analysis 

Statistical analyses were performed using Microsoft Excel and GraphPad Prism with 

significance defined as p < 0.05 unless otherwise indicated. GraphPad Prism was also used 

to perform nonlinear regression modelling. One-way ANOVA was used for experiments 

investigating the difference between more than two groups with post-hoc Tukey HSD test. 

Data are presented as mean ± standard deviation unless otherwise indicated. 

3.4.2. Microbubble size and concentration 

3.4.2.1. Method 

Microbubble size and concentration were determined through analysis of optical 

microscopy images [233] as previous studies have confirmed the reliability of this method 

compared to other options available [233–236]. For this, the microbubble suspension was 

diluted 1:20 in PBS and 10 μL were loaded onto a haemocytometer with a cover slide. 30 

microscope images were acquired through an optical microscope (Leica DM500 optical 

microscope, Larch House, Milton Keynes, MK14 6FG, UK) with a 40x objective lens at room 

temperature. The images were then analysed using purpose written MATLAB code 

(R2016b, The MathWorks, Natick, MA, USA) to determine microbubble mean size and 

concentration [233]. With this method approximately 1800 bubbles are analysed per 

microbubble batch. 

3.4.2.1. Results 

The size distribution and concentration of unloaded microbubbles before and after 

centrifugal cleaning are shown in Figure 3.6. indicating a reduction in concentration during 

the cleaning process although the size distribution remained comparable.  
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Figure 3.6. (a) Size distribution of unloaded microbubbles pre- and post- cleaning. (b) Optical 

microscope image of post-cleaning microbubbles. Scale bar indicates 20 μm and cleaning was 

achieved with three centrifuge runs (100 g, 5 minutes, 4°C). Due to the optical resolution of the 

system particles smaller than 0.5 μm were ignored. 

The concentration and mean diameter for the different magnetic microbubble 

formulations considered in this chapter are shown in Figure 3.7. OilMB exhibited a 

significantly lower yield and larger mean diameter compared to all other groups, with 

approximately 10 times fewer bubbles produced of double the size. This effect could be 

due to excess surfactant1 present in the isoparaffin IONPs suspension disrupting the 

phospholipid coating or to the oil phase itself reducing the coating integrity. The 

remaining formulations tested, however, presented comparable concentrations and sizes. 

Average concentrations of (1.2±0.2)  109 and (0.4±0.1) x 109 MB/mL were obtained 

before and after cleaning respectively for unloaded microbubbles, LipMB and SurfMB. In 

contrast, OilMB presented a lower yield with (0.1±0.1) x 109 and (0.04±0.05)  109 MB/mL 

before and after cleaning respectively. 

                                                      
1 The isoparaffin IONPs used in this work are stabilised with a surfactant. We unfortunately could 
not obtain information on the nature of the surfactant from the manufacturer.  

(b) Unloaded microbubbles cleaned(a) Size distribution of unloaded microbubbles
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Figure 3.7. Microbubble pre cleaning (a) concentration [MB/mL] and (b) mean diameter [μm] 

obtained from n = 3 microbubble batches per formulation, with each 30 optical microscope images 

analysed using purposely written MATLAB script. * p < 0.05 compared to all other groups. 

3.4.3. Stability studies  

3.4.3.1. Method 

The stability of the different microbubble formulations was investigated by measuring 

changes in microbubble concentration over time under flow at 37°C in PBS. Flow was 

induced by a Gilson Minipuls 3 peristaltic pump from Fisher Scientific (Loughborough, UK) 

used with a 1.6 mm inner diameter latex tube producing a flow rate of 10 mL/min. These 

conditions were chosen to represent the flow parameters found in small arteries and veins 

[237,238], and the Reynolds number Re was calculated following Equation 2 to determine 

if the flow was laminar or turbulent.  

 𝑅𝑒 =  
𝐷𝑉

𝜈
 (2) 

Where: D is the diameter of the tube, V is the axial velocity of the flow, and ν is the 

kinematic viscosity of the fluid (dynamic viscosity / density of the fluid). The same 

calculation was also done for several biological vessels for comparison. When the flow 
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was found to be laminar (Re < 2000), the wall shear rate γ (WSR) was calculated following 

Equation 3.  

 𝛾 =
4𝑄

𝜋𝑟3 (3) 

Where: Q is the volumetric flow rate, and r is the radius of the tube. The wall shear stress 

(WSS) was then computed as shown in Equation 4 with ν still representing the kinematic 

viscosity. 

 𝑊𝑆𝑆 =  𝜈 × 𝑊𝑆𝑅 (4) 

The results from these calculations are presented in Table 3.3. Since injected 

microbubbles are exposed to a range of flow conditions in biological systems, the 

parameters used for the stability study were chosen to represent those found in small 

arteries. 

Table 3.3. Flow parameters for biological vessels compared to the chosen testing conditions. The 

diameters and flow velocities for biological vessels were obtained from the referenced work. 

VESSEL DIAMETER 
FLOW 

VELOCITY 
REF 

VOLUMETRIC 

FLOW RATE 
REYNOLDS 

NUMBER a 

SHEAR 

RATE 
[s-1] 

SHEAR 

STRESS 
[Pa] 

Ascending aorta 25 mm 100 cm/s [239] 0.5 L/s 6600 - - 

Femoral artery 8 mm 33 cm/s [239] 1000 mL/min 690 330 1.3 

Small arteries 1.8 mm 10 cm/s [240] 15 mL/min 50 440 1.8 

Testing tubing 1.6 mm 8 cm/s - 10 mL/min 130 b 410 1.7 

Arteriole 30 μm 3 mm/s [239] 0.13 μL/min 0.02 800 3.2 

Capillaries 8 μm 1 mm/s [241] 0.003 μL/min 0.002 1000 4 
a Calculated with a blood kinematic viscosity of 4 x 10-6 m2/s [239] unless indicated otherwise. b Calculated 
with a water kinematic viscosity of 1 x 10-6 m2/s. 

Using these flow conditions, microbubble concentration measurements were made 

at t = 15, 30, 45 minutes, 1, 1.5, 2, 2.5, 3 hours. Each formulation was tested four times 

and the collected data was fitted to a one-phase exponential decay nonlinear curve model 

using GraphPad Prism (Version 6, GraphPad Software Inc., La Jolla, CA, USA) which showed 

a randomness of residuals. 
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3.4.3.1. Results 

The results of the stability studies on microbubbles exposed to flow at 37°C are shown in 

Figure 3.8. One-phase exponential decay nonlinear regression models were fitted to the 

datasets and indicated that DBPC IONPs and dextran IONPs both produced magnetic 

microbubbles with significantly improved stability by more than doubling their half-lives 

to 2 and 0.9 hour respectively compared to 0.4 hour for unloaded bubbles. In contrast, 

the hydrophobic incorporation of isoparaffin IONPs resulted in a significant decrease in 

stability (half-life of 0.1 hr). 

Microbubbles were observed over three hours circulating in a 2 mL flow loop at 37°C 

which is a longer timeframe than that reported in in vivo models. This difference in 

timescale is explained by the absence of clearance mechanisms that exist in vivo and the 

fact that microbubbles were undiluted in the flow loop [242]. 
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Figure 3.8. Microbubble stability measured in terms of normalised concentration over 3 hours 

under flow (10 mL/min) at 37°C for n = 4 batches per formulation. One-phase exponential decay 

nonlinear regressions were fitted to the datasets and the rate constants for magnetic microbubbles 

were compared. * p < 0.05 to that of unloaded systems.   
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The incorporation of nanoparticles into microbubbles has been shown previously to 

reduce gas diffusion and microbubble coalescence through a form of Pickering 

stabilisation [148], which might explain the stability of LipMB-DBPC and SurfMB. The solid 

nanoparticles reduce the surface area available for gas diffusion and physical jamming of 

the particles can inhibit microbubble shrinkage. The addition of LαPC IONPs had a 

destabilising effect which could be due to the presence of acyl chains of different length 

in LαPC (approximately 33% 16:0, 13% 18:0, 31% 18:1, 15% 18:2 PC) reducing the 

molecular packing on the microbubble surface and hence the resistance to gas diffusion. 

Isoparaffin IONPs also had a destabilising effect on microbubbles initially indicated by the 

low production yield of this formulation (Figure 3.7a). Similarly, this may be due to 

surfactants in the isoparaffin product affecting the packing of the phospholipid coating.  

The relative instability of this formulation was further indicated by the results shown 

in Figure 3.9. Additional measurements were made for OilMB at 37°C and under flow, of 

the number of magnetic droplets settled at the bottom of the haemocytometer and the 

number of buoyant magnetic microbubbles at the top of the sample underneath the 

coverslip. Figure 3.9 indicates a decrease in the buoyant OilMB over time while the 

number of magnetic droplets sunken at the bottom of the haemocytometer increased. 

The size of the droplets suggests that this might have been caused by diffusion of the 

encapsulated gas out of OilMB, forming magnetic droplets that then sank due to the 

absence of a gas core. The Langmuir trough measurements discussed in the next section 

support this. 
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Figure 3.9. Concentration over time of buoyant and sunken particles from OilMB. Experiment run 

over 3 hours under flow (10 mL/min) at 37°C for n = 6 batches per group.  

3.4.4. Langmuir trough 

3.4.4.1. Methods 

To further investigate the differences in magnetic microbubble stability, Langmuir trough 

experiments were completed to provide the surface pressure of the monolayers. An 

intermediate compression or expansion rate of 56 mm2/s was chosen to evaluate the 

system’s integrity over gradually increasing or decreasing pressure. Since this data is 

indicative of the integrity and physical properties of the lipid monolayer, it can be used to 

understand the characteristics of microbubbles immediately after manufacturing and 

during stabilisation. The experiments were conducted at room temperature and 37±1°C 

on a MicroTrough XL model with inner dimensions of 39.3 x 5.9 cm from Kibron 

(Kenilworth, Warwickshire, UK) connected to a recirculating chiller-heater for 

temperature control (Figure 3.10).  
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Figure 3.10. Schematic of Langmuir trough. Experimental set-up used for the characterisation the 

surface pressure of a lipid monolayer upon compression and expansion. 

A lipid monolayer was formed at the gas and water interface of 75 mL of deionised 

water by adding 1 μL of lipids dissolved in chloroform (25 mg/mL) and letting it equilibrate 

for 5 minutes after which it was compressed (56 mm2/s) from 11000 mm2 to 2000 mm2. 

The average area per lipid molecule was calculated using the average lipid molecular 

weight. The surface pressure (Π) of the monolayer was then measured over the molecular 

area (Å2/molecule). The effect of phospholipid-mediated loading of IONPs on a lipid 

monolayer was studied by adding IONPs to the deionised water subphase at a 

concentration of 20 μg/mL before forming the lipid monolayer. Isoparaffin IONPs were 

added in corresponding amounts on top of the lipid monolayer before compression due 

to their hydrophobicity.  

Optical microscope pictures were also acquired during Langmuir trough compression 

and expansion of the monolayer. The lipid dye NBD-PE (λex = 463 nm, λem = 536 nm) was 

used to highlight the presence of lipids within the monolayer. A 20x objective (LWD M 

PLAN FL 20x Olympus) was used with a camera (C11440-36U, Hamamatsu) to image the 

monolayer with excitation wavelength 470±15 nm and emission 500 nm long pass filter. 
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3.4.4.2. Results 

Surface pressure-area (Π-a) isotherms of DBPC:PEG40S monolayers without IONPs were 

characterised and imaged at 18°C and 37°C for different pressure ranges. A lipid dye (NBD-

PE) was used to highlight the presence of lipid domains on images shown in Figure 3.11, 

whereas a fluorescent-PEG40S was used to highlight emulsifier domains shown in Figure 

3.12. As the molar ratio used of each fluorescent probe was a fraction of the other 

components of the monolayer (DBPC:PEG40S:fluorescent probe, 8.9:1:0.1 molar ratio), 

these measurements are representative of the behaviour of DBPC:PEG40S systems. 

Upon formation of the monolayer and before compression, the images in Figure 3.11 

highlight the spreading behaviour of the emulsifier PEG40S initially dominating the image 

as A1 is mostly dark with only few bright domains for the presence of lipids. Figure 3.12 

correspondingly shows bright surfactant domains highlighting the presence of PEG40S. 

Upon compression, the isotherms show an initial gradual rise in surface pressure followed 

by an intermediate plateau around 35 mN/m which has been reported as the collapse 

pressure of PEG40S [232]. The presence of this plateau was associated with the “squeeze-

out” of emulsifier from the monolayer [232,243], confirmed by Figure 3.12 C and D with 

a decrease in image brightness from the removal of PEG40S beyond 35 mN/m. Following 

PEG40S elimination, the slope of the isotherm steepens due to the dominant behaviour 

of the remaining DBPC monolayer which then undergoes an irreversible collapse beyond 

60 mN/m at 18°C. This effect is highlighted by a plateau at the highest pressure followed 

by a broad hysteresis due to the loss of material upon monolayer expansion. Although the 

compression cycles shown in Figure 3.11 were stopped before the irreversible collapse, 

the slight hysteresis between C1 and C2 indicates a loss of material. In the corresponding 

images, the reappearance of lipid domains could be due to lipid budding and vesicle 
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formation during compression [243–246] followed by their reintegration into the 

monolayer upon expansion. This effect might, however, be dependent on the expansion 

occurring before the irreversible collapse pressure is reached. 

 

Figure 3.11. Langmuir isotherms of DBPC:PEG40S:NBD-PE (8.9:1:0.1 molar ratio) monolayers at 

18°C for three runs: A, B, C over which the target pressure was increased. Labelled pictures were 

captured at the corresponding point on the isotherms, and bright domains indicate the presence 

of lipids through the fluorescence of NBD-PE. The scale bar indicates 40 μm.  
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Figure 3.12. Langmuir isotherms of DBPC:PEG40S:FITC-PEG40S (8.9:1:0.1 molar ratio) monolayers 

at 18°C for one acquisition over which the pressure was increased (A, B, C) and decreased (D, E, F) 

in the direction indicated by the arrows. Labelled pictures were captured at the corresponding 

points on the isotherms, and bright domains are the fluorescent emulsifier FITC-PEG40S. The scale 

bar indicates 20 μm.  
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The effect of adding IONPs to the monolayer was then tested at 37°C and the results 

presented in Figure 3.13 were compared to that of a control monolayer without 

nanoparticles. The addition of isoparaffin and LαPC particles lowered the final collapse 

pressure of the monolayer and the presence of LαPC IONPs also reduced the surfactant 

“squeeze-out” plateau around 35 mN/m with a flatter isotherm. In contrast, the addition 

of DBPC IONPs produced a steep isotherm overlapping that of the control and an 

increased final collapse pressure.  

 

Figure 3.13. Pressure-area isotherms of DBPC:PEG40S monolayers ± IONPs for (a) hydrophobic 

isoparaffin IONPs, phospholipid-stabilised (b) LαPC IONPs, and (c) DBPC IONPs. The isotherms of 

the magnetic microbubble formulations are overlaid with the isotherm of unloaded microbubbles. 

For each formulation, the mean and standard deviation around it are shown for n = 3 runs.  

(a) Isoparaffin IONP (b) LαPC IONP

(c) DBPC IONP
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Upon formation of microbubbles, the lipid-mix coating is compressed due to the 

Laplace pressure driving the system towards dissolution. Langmuir trough results for 

control monolayers demonstrate that as the lipid packing increases, the emulsifier would 

be squeezed out of the unloaded microbubble coating until the remaining condensed-

phase lipids reach a meta-stable state with very low surface tension enabling bubble 

stabilisation [232]. However, remaining PEG40S within the coating would hinder the 

system from reaching this metastable state. This is reflected in the results for the addition 

of LαPC IONPs indicating that LipMB-LαPC might not squeeze out PEG40S during 

compression due to an overall less organised microbubble coating. Contrastingly, the 

addition of DBPC IONPs indicated that LipMB-DBPC would exhibit compressional 

properties comparable to those of unloaded microbubbles. Moreover, the added DBPC 

from the IONPs may provide an increased stability, highlighted on the isotherm with an 

increased final collapse pressure compared to a control monolayer. This demonstrates 

that the lipid coating on the IONPs can affect the stabilisation of magnetic microbubbles 

incorporating them. Finally, Langmuir trough results for the addition of isoparaffin IONPs 

suggest that OilMB should demonstrate similar compressional properties to that of 

unloaded systems with, however, a lower stability under compression indicated by a 

decrease in the monolayer collapse pressure. Nonetheless, these measurements assume 

the gas phase remains stable and separated from the liquid phase. Therefore, these 

results suggest that the poor physical stability of OilMB might not be related to the 

compressional properties of the microbubble coating but could be caused by other factors 

such as the stability of the encapsulated gas core as previously proposed with Figure 3.9. 
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3.4.5. Microbubble acoustic properties  

3.4.5.1. Method with 1 MHz 

A custom-made tank with a built-in 1 MHz transducer (Figure 3.14) was filled with 

degassed deionised water. A 14 mL sample was prepared and 10 mL were injected into a 

chamber adapted from [247], and placed in the pre-focal region of the transducer to allow 

a uniform pressure field at the top surface of the chamber (Appendix C.1.). The transducer 

was driven by a 33220A waveform generator from Agilent Technologies (Cheshire, UK) 

amplified with a gain of 55 dB (A300, E&I Ltd., Rochester, NY, USA). The output voltage of 

the amplifier was verified using a high-voltage probe and HDO4024 oscilloscope from 

Teledyne Lecroy for each ultrasound exposure. The temperature of the sample before and 

after ultrasound was measured using a PCE-T390 thermometer from PCE Instruments. 

 
Figure 3.14. Schematic of experimental set-up used to characterise microbubbles at 1 MHz which 

was designed and characterised by Dr. Michael Gray.  

The acoustic emissions from microbubbles exposed to 1 MHz ultrasound were 

recorded using a passive cavitation detector (PCD, 7.5 MHz centre frequency, 12.7 mm 

diameter, 75 mm focal distance, Olympus NDT, Essex, UK). A 2 MHz high-pass filter was 
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used to remove the drive frequency from the recorded PCD traces before preamplifying 

(SR445A, SRS, Sunnyvale, CA, USA), digitising it (Handyscope HS3, TiePie Engineering, 

Sneek, Netherlands) and saving it on a computer drive for analysis. As in Figure 3.15, the 

acquired PCD traces were multiplied by a Tukey window to reduce discontinuities and 

analysed with a Fast Fourier Transform (FFT) using MATLAB. The harmonics (multiples of 

the drive frequency ± 100 kHz, > 2 MHz), ultraharmonics (half-integer harmonics of the 

drive frequency ± 50 kHz, > 2 MHz), and broadband (remaining signal > 2 MHz) 

components were extracted for each acquisition. The power and cumulative energy in 

these frequency subsets were calculated for each acquisition over the exposure time. 

 

Figure 3.15. Analysis of the acoustic emissions with a PCD. (a) A threshold was used to determine 

if the ultrasound was ON. (b) A tukey window was then applied to avoid discontinuites at the start 

and end of each acquisition. (c) A Fast Fourier Transform (FFT) was done and the contributions of 

harmonic, ultraharmonic, and broadband emissions were segmented. Finally, (d) the power over 

exposure time within each frequency range was computed and an integral of the power over time 

gave the cumulative energy for each frequency range.  
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The emission power over time was analysed for each frequency subset and 

formulation. As the emissions decayed to a plateau within the first 5 seconds of exposure, 

the mean and standard deviation were plotted over that period to provide an observation 

of the spread of the data for each group. The data was then fitted to a plateau followed 

by a one-phase exponential decay in order to provide a comparison between the datasets. 

This model was chosen as it incorporates a possible delay before the acoustic emissions 

decay over time. The nonlinear regression model is governed by Equations 5-6.  

𝑊ℎ𝑒𝑛 𝑡 <  𝑡0,                                                𝑃 =  𝑃0 (5) 

𝑤ℎ𝑒𝑛 𝑡 ≥  𝑡0,                  𝑃𝑙𝑎𝑡𝑒𝑎𝑢 + (𝑃0 − 𝑃𝑙𝑎𝑡𝑒𝑎𝑢) 𝑒−𝐾(𝑡−𝑡0) (6) 

where: t0 is the time at which the decay begins, P0 is the average power value up to time 

t0, Plateau is the power value at infinite times, K is the rate constant of the decay. Then, 

the time constant of the decay is τ = 1 / K, the half-life is t1/2 = ln (2) / K, and the span is 

the difference between t0 and the Plateau, as depicted in Figure 3.16.  

 

Figure 3.16. A plateau followed by a one-phase exponential decay was chosen to fit and compare 

the emission power over time for each formulation. This schematic shows the different parameters 

for this nonlinear regression. 

With this method, the acoustic emissions for the different formulations could be 

examined by comparing the fitting parameters of the nonlinear regression. The 

cumulative energies (integrated power over the entire exposure time) for each frequency 

subset and formulation were also evaluated. 
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3.4.5.2. Method with 7 MHz 

The magnetic microbubbles were also evaluated at 7 MHz to give an indication of 

their behaviour while exposed to diagnostic ultrasound (Figure 3.17). Deionised water 

was used as a diluent and flown through a 1.6 mm diameter channel in a 2.5% agar 

phantom at a rate of 0.2 mL/min. A vessel size of 1.6 mm diameter was chosen to fit the 

physiological range of small arteries that surround pancreatic tumour lesions [239,248]. A 

testing flow rate of 0.2 mL/min was used fitting the range of blood flow rates around and 

within pancreatic lesions [249,250]. This led to a Reynolds number of 2.65, relevant for 

the circulatory system [251]. A bolus of 200 μL of cleaned (9±1)106 MB/mL was injected 

through a three-way valve and imaged using a commercially available system (iU22, 

Philips, Bothell, WA, USA) and linear array (L12-5, 7 MHz). A mechanical index (MI) of 0.04 

was used as it allowed microbubble imaging using contrast (Harmonic) and tissue (B-

mode) imaging modes without an observable decrease in image intensity for the least 

stable formulation (Figure 3.17b).  

Commercially available Sonovue® microbubbles (Bracco Imaging, Milan, Italy) were 

also imaged to provide a comparison. Images were analysed with MATLAB (R2016b, the 

Mathworks, Natick, USA) by computing grayscale intensities in predefined regions-of-

interest (ROIs) for all acquisitions to determine the point at which the injected 

microbubbles reached constant concentration. Sets of 100 frames at constant 

microbubble concentration were examined to output the average mean intensity within 

the ROIs (Figure 3.17) and the analysis was completed on both, tissue and contrast 

images.  
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Figure 3.17. Example of analysis on magnetic microbubbles flowing through an 2.5% agar 

phantom and imaged using the Philips iU22 scanner, L12-5 ultrasound linear array. (a) Acquired 

frame showing a ROI for both contrast (red) and tissue (blue) imaging modes for the same sample. 

(b) Results from the analysis of the mean intensity within the predefined ROIs of both imaging 

mode over 100 frames.  

3.4.5.3. Results 

The acoustic emissions from microbubbles exposed to 1 MHz ultrasound were 

investigated as this frequency is relevant for therapeutic ultrasound drug delivery, and the 

energy and duration of the emissions have been shown to be correlated to therapeutic 

response [252–254]. The acoustic emissions from each magnetic microbubble formulation 

were measured for suspensions ((1±0.5) 107 MB/mL) exposed to 1 MHz ultrasound, 0.85 

MPapk-pk, 30% duty cycle for 30 seconds (Figure 3.14). The signals were analysed for 

harmonics, ultraharmonics, and broadband emissions separately over the exposure time. 

Figure 3.18, showing the mean and standard deviation of the results for these frequency 

subsets, indicates a wide range of emission power for each formulation.  

MB flow

(a) Annotated acquisition from Philips iU22 scanner

(b) Analysis results of mean intensity in ROI
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Figure 3.18. The mean ± standard deviation for the power for the (a) harmonic, and (b) 

ultraharmonic bands and the remaining (c) broadband emissions are displayed over the first 5 

seconds of the 30 seconds exposure for ~ 107 MB/mL exposed to 1 MHz, 0.85 MPapk-pk, 30% duty 

cycle, 100 Hz PRF.  
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Figure 3.19. Model with a plateau followed by a one-phase exponential decay (OPED) fitted to the 

emission powers for the (a) harmonic and (b) ultraharmonic bands and the remaining (c) 

broadband displayed over the first 5 seconds of the 30 seconds exposure for ~ 107 MB/mL exposed 

to 1 MHz, 0.85 MPapk-pk, 30% duty cycle, 100 Hz PRF.  
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Table 3.4. Summary of parameters for fitting the plateau followed by the one-phase exponential 

decay to the emission power over time. 

 PARAMETERS Unloaded 
LipMB-

LαPC 
LipMB-
DBPC 

OilMB SurfMB 

H
A

R
M

O
N

IC
S 

Adjusted R2 a 0.70 0.69 0.70 0.53 0.36 

t0 [s] 0.30 ** 0.00 0.04** 0.00 1.17 ** 

Half-life, t1/2 [s] 0.34 0.23 0.23 0.17 0.18 

t1/2, adjusted = t0 + t1/2 [s] 0.64 0.23 0.27 0.17 1.35 

P0 [x10-5 V2] 1.59 1.38 1.95 1.75 0.79 ** 

Plateau [x10-6 V2] 1.05 ** 1.63 1.40 ** 1.76 3.23 ** 

U
L

T
R

A
H

A
R

M
O

N
IC

S 

Adjusted R2 0.58 0.50 0.72 0.44 0.42 

t0 [s] 0.55 ** 0.00 0.16 ** 0.00 1.14 ** 

Half-life, t1/2 [s] 0.35 0.28 0.25 0.25 0.36 

t1/2, adjusted = t0 + t1/2 [s] 0.90 0.28 0.41 0.25 1.50 

P0 [x10-6 V2] 2.34 1.50 * 2.46 1.81 * 0.76 ** 

Plateau [x10-6 V2] 0.13 0.09 ** 0.24 0.24 0.15 

B
R

O
A

D
B

A
N

D
 

Adjusted R2 0.55 0.40 0.63 0.53 0.40 

t0 [s] 0.60 ** 0.00 0.38 ** 0.00 1.20 ** 

Half-life, t1/2 [s] 0.32 0.21 0.11 ** 0.39 0.33 

t1/2, adjusted = t0 + t1/2 [s] 0.92 0.21 0.49  0.39 1.53 

P0 [x10-6 V2] 9.35 ** 4.27 * 5.10 * 2.00 * 1.06 * 

 Plateau [x10-6 V2] 0.23 0.17 0.34 0.22 0.21 

* p < 0.05, ** p < 0.01 compared to all other formulation. a The adjusted R2 represents how well the curve 
fits the data but is adjusted to account for the number of parameters used in the regression, and thus can 
be compared between models with different numbers of parameters. 

The adjusted R2 in Table 3.4 highlight that a plateau followed by an exponential decay 

does not fit some of the datasets well as some groups presented a rise-to-peak and decay-

to-plateau in their emission power over time. Additionally, the low values in the adjusted 

R2 also confirm the wide spread of data within the groups. Nonetheless, these results show 

that the time delay t0 before the decay in emissions was significantly longer for SurfMB 

and unloaded microbubbles compared to all other groups (p < 0.01). This led to a longer 

adjusted half-life t1/2, adjusted = t0 + t1/2 for SurfMB compared to the other formulations. 

Further, these results show that the emissions from LipMB-LαPC, LipMB-DBPC, and 
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OilMB decayed consistently more rapidly compared to unloaded microbubbles and 

SurfMB. Although the initial rise in emissions was of lower magnitude P0, SurfMB 

presented a more sustained increase in signal over time and a higher plateau for the 

power of harmonic emissions compared to all other groups. This could be caused by the 

surface functionalization of dextran-IONPs providing a dampening effect during the 

compression cycles of SurfMB. Contrastingly, while the hydrophobic loading of IONPs in 

LipMB-LαPC, LipMB-DBPC and OilMB affected the physical stability of these systems in 

different ways (Figure 3.8), this loading method led to an overall decrease in adjusted half-

life of the microbubbles’ acoustic emissions compared to unloaded. 

The energies of emissions for each frequency range and formulation are displayed in 

Figure 3.20. This demonstrates that over the 30 seconds exposure time, the formulations 

produced comparable emission energies apart from the harmonic emissions of SurfMB 

which were significantly higher (p < 0.05) compared to the other microbubbles tested. 

Overall, these results suggest that the external loading of particles on SurfMB could 

provide an increased stability during microbubble oscillations over time. This was 

observed in the acoustic emission power with an increased time delay t0 and plateau level, 

and in the increased total emission energy for this formulation compared to other 

microbubbles. In contrast, although the hydrophobic loading of IONPs in LipMB and 

OilMB led to a more rapid decay of their emission power compared to unloaded systems, 

their total emission energies were comparable. 



Chapter 3 - Magnetic microbubbles 

75 

 

Figure 3.20. The energy of the (a) harmonic, (b) ultraharmonic, and (c) broadband emissions  from 

~ 107 MB/mL exposed to 1 MHz, 0.85 MPapk-pk, 30% duty cycle, 100 Hz PRF for 30 s. * p < 0.05.  

An analysis of B-mode and contrast ultrasound images also provided a 

characterisation of microbubble response to 7 MHz ultrasound in a 2.5% agar phantom. A 

200 μL sample ((9±1) 106 MB/mL) was flown at 0.2 mL/min and room temperature. The 

results shown in Figure 3.21a present the average mean intensity calculated for two 

predefined regions of interest within the tissue and contrast imaging modes. Although 

these intensities were not normalised with the brightness measured in commercially 

available tissue phantoms, these results indicate that the magnetic formulations all 

behaved similarly while using an MI of 0.04.  While all microbubbles were clearly visible, 

the image intensity was lower than for the clinical contrast agent SonoVue® for the same 
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concentration of microbubble injected and comparable size distribution (Figure 3.21b). 

To relate this data to the contrast provided by these formulations in biological tissues, 

additional measurements should be made in commercial tissue phantoms.  

The decreased image intensity obtained with microbubbles produced in-house was 

attributed to the stiffer shell of DBPC:PEG40S microbubbles preventing bubble expansion 

compared to softer systems made of DSPC phospholipid as for Sonovue® [255]. 

Contrastingly, no acoustic difference was observed between the magnetic microbubble 

formulations and the unloaded systems, indicating that the lipid composition governed 

the acoustic oscillations of the system more than the presence of the nanoparticles at 

these ultrasound exposure conditions.  

 

Figure 3.21. Analysis of 100 frames ultrasound images for different MMBs with (a) the average 

mean intensity in a predefined ROI in tissue and contrast imaging modes over 100 frames for each 

formulation (n = 3 runs). 200 μL of 9x106 MB/mL were injected and flown at 0.2 mL/min during 

which B-mode images were acquired. Sets of 100 frames were chosen for analysis where 

concentration of microbubbles flowing through the channel was found most stable. (b) The size 

distributions of the different microbubbles considered were comparable post-cleaning. * p < 0.05.  

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

OilMB LipMB-DBPC LipMB-LαPC SurfMB Unloaded Sonovue

A
ve

ra
ge

 m
ea

n
 in

te
n

si
ty

 o
f 

R
O

I 
o

ve
r 

1
0

0
 f

ra
m

e
s

(a) Average ROI intensities

Tissue Intensity Contrast Intensity

0

1

2

3

4

5

6

7

OilMB LipMB-DBPC LipMB-LαPC SurfMB Unloaded Sonovue

M
ea

n
 D

ia
m

et
er

 S
iz

e 
(μ

m
)

(b) Microbubble Mean Diameter Post-cleaning

*
*



Chapter 3 - Magnetic microbubbles 

77 

3.4.6. Magnetic properties 

3.4.6.1. Methods 

3.4.6.1.1. Transmission electron microscopy 

Transmission electron microscopy (TEM) was used to visualise the incorporation of IONPs 

onto MBs. To obtain dried microbubbles samples for TEM imaging, a previously described 

method was used [256]. Briefly, a carbon coated copper grid (C267/050 thin clean films of 

carbon 300 mesh 3 mm copper grid, TAAB Laboratories Equipment Ltd, Berks, UK) was 

exposed to a glow-discharge cycle and the carbon side of the copper grid was placed onto 

a 10 μL drop of the diluted microbubble sample on a piece of parafilm for 2 minutes. The 

TEM grid was then lifted and placed onto a 20 μL drop of 2% w/v uranyl acetate for 10 

seconds. The grid was again lifted, carefully dried with a piece of filter paper and left to 

dry for 10 minutes under an aluminium cover for reduced light exposure. The samples 

were imaged through a FEI Tecnai 12 transmission electron microscope operated at 120 

kV and images were acquired using a Gatan OneView CMOS camera. 

3.4.6.1.2. Inductively coupled plasma optical emission spectrometry 

The iron content of the different microbubble formulations was detected using inductively 

coupled plasma optical emission spectroscopy (ICP-OES, Perkin Elmer, Optima 8000). 

These measurements were used to determine the amount of IONPs loaded onto 

microbubbles to compare with magnetic retention results. Iron measurements were 

performed at a wavelength of 238 nm and a 7-point calibration curve was completed for 

iron in 2% nitric acid solution (0-1 mg/L) with a R2 value of 0.9999 prior to sample 

measurements. 



Chapter 3 - Magnetic microbubbles 

78 

3.4.6.1.3. Magnetic retention under flow 

The same set-up as for the acoustic characterisation of microbubbles at 7 MHz (section 

3.4.5.2) was used to study the magnetic retention of microbubbles under flow. The 

magnetic field was applied using a five-element Halbach array magnet placed 1 cm below 

the channel. The magnet was previously described by Stride et al. and consisted of five 

rectangular N52 grade NdFeB permanent magnets (25 x 10 x 10 mm, supplied by NeoTexx, 

Berlin, Germany) with transversal magnetisations of 1.50 T oriented at an angle of 90° 

from one another and held by an aluminium frame [199]. A bolus of 100 μL of 5x107 

MB/mL was injected through a three-way valve and microbubbles were left to flow for 1 

minutes above the magnet before acquiring ultrasound images with a linear array (L12-5, 

7 MHz) angled perpendicular to the magnet (Figure 3.22). 

 

Figure 3.22. Picture of set-up used to characterise retained magnetic microbubbles by magnet 

An ultrasound MI of 0.04 was used to minimise microbubble destruction. Tests were 

completed for cleaned magnetic microbubbles and flashes of increased acoustic drive 

level were used to destroy and confirm the retention of microbubble material. As 

grayscale intensities of magnetic microbubbles flowing through the system without 

magnet have been acquired for their acoustic characterisation, a quantification of 

Philips iU22

2.5% Agar phantom

Halbach array magnet

Syringe pump MB sample

Waste
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magnetic retention was performed through analysis of B-mode image intensity within the 

ROIs with and without magnet over 10 frames compared background measurements. ROIs 

were automatically segmented from the bottom of the channel with the first 1/3 of the 

channel being without magnet, and the remaining 2/3 being directly 1 cm above the 

Halbach array magnet (Figure 3.23).  

 

Figure 3.23. B-mode images of 1.6 mm channel in agar with (a) water, and (b) hydrophilic dextran 

IONPs loaded microbubbles (SurfMB). 

3.4.6.2. Results 

The magnetic microbubbles were examined under electron microscopy. The images in 

Figure 3.24 and Figure 3.25 suggest that hydrophobic isoparaffin and LαPC IONPs remain 

in clusters on microbubbles unlike DBPC (Figure 3.26) and dextran IONPs (Figure 3.27). 

The discontinuities seen on the microbubbles is likely associated with the sample drying 

process required to enable electron microscopy imaging, whereas the dark areas 

surrounding bubbles is due to pooling of the uranyl acetate stain. 

(a) Water

(b) SurfMB

Flow

Control ROI Retention ROI

Microbubbles retained

Magnet reflections

Control ROI Retention ROI
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Upon visual inspection of images, the coverage of IONPs on OilMB, and LipMB 

appears minimal compared to the larger quantities of the dextran IONPs on SurfMB. 

These observations were then compared to the measurements of iron loading per 

microbubbles to evaluate the consistency of these findings. 

 

Figure 3.24. TEM images of OilMB. TEM images were obtained by negatively staining samples with 

2% w/v uranyl acetate, and imaging them at 120 kV. Arrows point at clusters of IONPs and images 

show nanoparticles (a) without microbubbles and (b-d) on microbubbles.   

(d) scale 2 μm

(b) scale 500 nm(a) scale 200 nm

(c) scale 1000 nm

OilMB
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Figure 3.25. TEM images of LipMB-LαPC. Arrows point at clusters of IONPs and images show 

nanoparticles (a) without microbubbles and (b-d) on microbubbles.  

 

 

 

(c) scale 500 nm

(a) scale 200 nm

(d) scale 1000 nm

(b) scale 500 nm

LipMB-LαPC
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Figure 3.26. TEM images of LipMB-DBPC. Arrows point to individual or a cluster of IONPs and 

images show nanoparticles (a) without microbubbles and (b-d) on microbubbles.  

 

 

 

(a) scale 1000 nm

(c) scale 1 μm (d) scale 2 μm

(b) scale 1000 nm

LipMB-DBPC
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Figure 3.27. TEM images of SurfMB. Arrows point to individual or cluster of IONPs and images 

show nanoparticles (a) without microbubbles and (b-d) on microbubbles.  

Quantification of the iron loading in the different formulations was determined by 

inductively coupled plasma optical emission spectroscopy and the results are presented 

in Figure 3.28a. This data indicates a significantly higher iron loading in OilMB (0.61 

pg/MB) and SurfMB (0.71 pg/MB) compared to LipMB (approximately 0.025 pg/MB) and 

(a) scale 200 nm

(c) scale 500 nm (d) scale 2 μm

(b) scale 500 nm

SurfMB
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the background measurement in the unloaded control (0.006 pg/MB) (p < 0.05). The lower 

loading of LαPC and DBPC IONPs in microbubbles could be due to the low incorporation 

of particles during microbubble production or their removal from the microbubble coating 

during the washing procedure.  

 

Figure 3.28. (a) Iron content results for different magnetic microbubbles and photograph of the 

magnetic response for cleaned (b) LipMB-DBPC, and (c) SurfMB next to a single N52 grade NdFeB 

permanent magnet cube. The red arrow in (c) highlight the alignment of SurfMBs with the 

magnetic field induced by a magnet situated next to the drop of sample as indicated. ICP-OES was 

done for n = 3 measurements of the same sample, * p < 0.05 and pg/MB = mg/109MB.  
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LipMB, however, presented a detectable level of iron compared to unloaded systems 

(p < 0.05) and exhibited a response to a magnetic field as shown in Figure 3.28b. Still, the 

magnetic response of SurfMB demonstrated in Figure 3.28c is expected to be significantly 

higher due to the increased volume of IONPs incorporated on the microbubbles. In effect, 

although the iron content of microbubbles is not a direct representation of their magnetic 

properties, these measurements were used to determine how much iron material was 

incorporated within the microbubbles. As the IONPs used in this work were all 

superparamagnetic, the magnetic force on the microbubble should then increase with the 

number of incorporated particles. 

Based on the properties of the IONPs used, an approximate iron loading per 

nanoparticle was calculated (Table 3.5) and used with the measured iron loading per 

microbubble to determine an approximate number of particles per microbubble for each 

formulation (Table 3.6). 

Table 3.5. Calculated iron loading per IONP based on properties provided by the manufacturers. 

PARTICLE HYDRODYNAMIC 

DIAMETER  
[nm] 

PARTICLE CORE 

DIAMETER 

[nm] 

PARTICLE CORE 

VOLUME 

[nm3/IONP] 

CALCULATED IRON 

LOADING / IONP 
[10-5 pg/IONP] a 

Isoparaffin IONP 26 10 524 0.27 

DBPC-IONP 50 30 14 137 7.21 

LαPC-IONP 50 ~ 30 ~ 14 137 ~ 7.21 

Dextran-IONP 50 ~ 30 ~ 14 137 ~ 7.21 
a Iron density of 5.1 g/cm3. 

Table 3.6. Calculated particle loading per microbubble based on the measurement of iron loading 

per microbubble and IONP properties. 

FORMULATION MEASURED IRON LOADING / MB 
[pg/MB] 

IONP/MB 

OilMB 0.61 ~ 228 000 

LipMB-DBPC 0.04 ~ 500 

LipMB-LαPC 0.01 ~ 200 

SurfMB 0.71 ~ 10 000 
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The particle loading per microbubble presented in Table 3.6 was then compared to a 

theoretical approximation of the maximum loading achievable on the microbubbles based 

on the size distribution for each formulation. For this, the average microbubble surface 

area (Savg) was computed for microbubbles between 0.5 and 10 μm following Equations 

7-8: 

𝑆𝑡𝑜𝑡𝑎𝑙 =  ∑ 4𝜋 (
𝐷𝑏𝑖𝑛

2
)

2

× 𝑐𝑜𝑛𝑐𝑏𝑖𝑛
10𝜇𝑚
0.5𝜇𝑚  (7) 

𝑆𝑎𝑣𝑔 =
𝑆𝑡𝑜𝑡𝑎𝑙

𝑐𝑜𝑛𝑐
 (8) 

where: Stotal is the total microbubble surface area, Dbin is the mean diameter of 

microbubbles in one bin of the size distribution and concbin is the concentration of 

microbubbles associated to that bin. Then conc is the microbubble concentration of the 

sample.  

The IONP coverage on the mean microbubble surface is approximated by unfolding 

the bubble surface and fitting as many squares of side equal to the mean IONP diameter. 

The results in Table 3.7 highlight that based on the iron content measurements and the 

size distribution of each microbubble formulation, there is a maximum loading of IONPs 

on both OilMB and SurfMB. While the TEM images of OilMB did not present a full 

coverage of the microbubbles with IONPs, this formulation could have an accumulation 

of IONPs in highly concentrated clusters or droplets, thereby providing the high loading 

percent. Even with this high loading, the low stability of OilMB is expected to hinder the 

magnetic retention of these systems and this is further discussed in the following section. 

The IONP loading of SurfMB is above the maximum theoretical loading calculation which 

could be due to the surface functionalisation used allowing the packing of IONPs with 

increased density, which is unaccounted for in the calculations presented here. In 
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contrast, there is a very low loading percent of IONPs in LipMB with about 5% of coverage 

only. As previously mentioned, this has been related to the removal of IONPs from the 

microbubbles during the centrifugal cleaning steps. The LipMB-DBPC formulation, 

however, still showed a response when exposed to a magnet in Figure 3.28b.  

Table 3.7. Percent IONP loading on microbubbles for each formulation , summary of calculations. 

FORMULATION MEAN MB 

SURFACE AREA 
[μm2/MB] 

IONP AREA AS A 

SQUARE 
[10-3μm2] 

THEORETICAL MAXIMUM 

LOADING 
[IONP/MB] 

LOADING 

[IONP/MB] 
% LOADING 

OilMB 135 0.7 ~ 220 000 ~ 228 000 ~ 105 

LipMB-DBPC 19 2.5 ~ 8 000 ~ 500 ~ 5 

LipMB-LαPC 16 2.5 ~ 7 000 ~ 200 ~ 5 

SurfMB 15 2.5 ~ 6 000 ~ 10 000 ~ 165 

 

The magnetic responses of the microbubble formulations were then tested through 

their ability to be retained under flow at a rate of 0.2 mL/min in a tissue-mimicking flow 

phantom and imaged using a commercially available diagnostic ultrasound device. A 

channel size of 1.6 mm diameter was chosen to fit the human physiological range for small 

pancreatic arteries [248]. The concentration of microbubbles injected into the system was 

kept fixed with 100 μL bolus injections of clean microbubble suspension at 5x107 MB/mL 

tested for each formulation. Microbubbles were left to circulate for 1 minute with a 

Halbach array magnet situated 1 cm underneath the channel. The 7 MHz diagnostic 

ultrasound probe was kept off during this 1-minute period to avoid microbubble 

destruction. After 1 minute of circulation, a series of B-mode images was captured during 

which a “flash” of increased ultrasound intensity was used to destroy the retained 

material and obtain background images. As the magnetic microbubbles produced similar 

grayscale intensities while exposed to 7 MHz diagnostic ultrasound and an MI of 0.04, 

their magnetic retention was compared by analysing the intensity of a sequence of 10 
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frames for each formulation. The regions chosen for analysis were located at the bottom 

of the channel to avoid noise from remaining microbubbles flowing through the system 

(Figure 3.23). The average image intensity of the ROI with magnet was then compared to 

that of a region without magnet within the same frame. 

 

Figure 3.29. Change in ROI intensity with a magnetic field and the different MMBs formulations. 

There are n = 2 runs, for each a 10 frame sequence was analysed and the results for the 1st, 3rd and 

10th frames are shown. * p < 0.05 compared to all other formulation in that frame group.  

The results in Figure 3.29 confirm that SurfMB still shows significantly higher 

retention after 10 imaging frames (58% increase in B-mode image intensity) compared to 

other magnetic microbubbles tested (12 to 17% increase under the same conditions). 

While OilMB did not exhibit a significant difference in retention compared to LipMBs after 

three imaging frames, the first imaging frame showed a comparable ROI intensity to 

SurfMB, thus agreeing with the iron loading measurements. The results from ultrasound 

imaging with the same experimental set-up, however, demonstrated that an MI of 0.04 

was appropriate for imaging OilMB without a significant intensity loss over 100 imaging 
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frames. The low stability of this formulation presented here might then be associated with 

imaging the retained bolus. Finally, no bolus of retained material was observed using 

LipMB, but only a downward movement of the microbubbles towards the magnet.  

3.4.7. Haemolysis 

3.4.7.1. Method 

Horse blood was used to assess potential haemolysis induced by the different magnetic 

microbubble formulations. The blood was stored at 5°C and used the day following 

delivery at room temperature (21°C). 200 μL of blood were diluted with 163 μL of 

microbubbles at 1.8x107 MB/mL, or with PBS for positive and negative controls. The 

samples were then incubated at 37°C for 5 minutes. An aliquot of 80 μL of each blood 

sample was added to 1.12 mL of PBS. The positive control was further diluted with 120 μL 

of 1% Triton X-100 in water as a 100% haemolysis reference, while the other samples were 

further diluted with 120 μL of PBS. All samples were then centrifuged at 500 g and 4°C for 

5 minutes. The absorbance of the supernatants was measured in triplicate (120 μL per 

well in a Greigner UV-Star 96-well plate) at 541 nm. This procedure was performed twice. 

3.4.7.2. Results 

The different formulations were added to horse blood and the results in Figure 3.30 show 

that test samples induced on average (5.5±0.9)% haemolysis comparable to the levels 

observed for the negative control samples made of PBS with (4.9±0.8)%. The samples 

were incubated at 37°C for 5 minutes, reflecting the short half-life of microbubbles in 

circulation in biological systems [124,125]. Additionally, several in vivo studies using 

OilMB [199,200] and LipMB-LαPC [86,227,228] were completed with no reported toxicity.  
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Figure 3.30. No increase in blood haemolysis was observed with the MMB formulations added to 

horse blood. Results were compared to 0% control (addition of PBS) and 100% control (addition of 

1% Triton X-100). The samples were incubated at 37°C for 5 minutes and haemolysis was 

characterised with absorbance measurements at 541 nm. The entire procedure was done twice, 

and samples were transferred in triplicates onto a 96-well plate for absorbance measurement.   

3.5. Evaluation 

A summary of the findings is presented in Table 3.8. Different loading methods were 

compared for producing magnetic microbubbles with the aim of prolonging their stability 

and enabling strong magnetic and acoustic responses. Although, hydrophobic isoparaffin 

IONPs enabled a high loading of iron, this method produced unstable microbubbles with 

a substantially reduced half-life at 37°C and under flow compared to unloaded 

microbubbles. In contrast, SurfMB provided a significant advantage over the other 

formulations as they were found to be both more stable than unloaded systems and 

magnetically more responsive than LipMB. While LipMB-DBPC presented a lower 

retention efficiency during magnetic targeting, this system demonstrated a significant 

improvement in stability compared to unloaded microbubbles. It should also be noted 

that magnetic retention could be affected by the different magnetic properties of the 

IONPs in the different formulations and further optimisation could be carried out to 

investigate the effects of particle size, charge and magnetic properties. 
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Table 3.8. Summary table of findings comparing different loading methods of IONPs to produce 

magnetic microbubbles and the downstream consequences on microbubble properties. 

PROPERTY OF DBPC BASED 

MICROBUBBLES 
OilMB LipMB-

LαPC 
LipMB-DBPC SurfMB 

Stability enhancement 
In vitro, 10 mL/min, 37°C 

Unstable None Very good Good 

Cavitation signal 
1x107 MB/mL suspension, 1 MHz, 
30% DC, 100 Hz PRF, 0.85 MPapk-pk 

Exponential 
decay 

Exponential 
decay 

Exponential 
decay 

Rise to peak + 
exponential 

decay 

Diagnostic imaging 
0.2 mL/min, 9x106 MB/mL, 0.04 MI 

Comparable Comparable Comparable Comparable 

Magnetic retention 
0.2 mL/min, 5x107 MB/mL, 0.04 MI 

Bolus observed 
but unstable 

No bolus 
observed 

No bolus 
observed 

Bolus 
observed 

Hydrophobic drug loading    ✓ 

Hydrophilic drug loading ✓ ✓ ✓  

✓: possible, : challenging 

For drug delivery purposes, the most versatile way of loading microbubbles with 

hydrophilic drugs or liposomes relies on the post-functionalisation of microbubble shell 

phospholipids. The surface loading method of IONPs in SurfMB could then present a 

challenge for this type of additional surface functionalisation, although it would not 

interfere with the loading of hydrophobic drugs within the shell. Contrastingly, the 

phospholipid-mediated loading of DBPC IONPs within the microbubble shell remains a 

useful method to produce stable magnetic microbubbles which allows the attachment of 

hydrophilic drugs to shell phospholipids but challenges the loading of hydrophobic drugs.2 

Although the incorporation of IONPs can potentiate oxidative stress due to the 

release of free iron from the particles followed by iron-catalysed Fenton reaction [257–

259], the iron content after microbubble washing was found to be low, with a maximum 

of 0.7 mg/mL for a microbubble concentration of 109 MB/mL. Additionally, considering 

the recommended dose of SonoVue® microbubbles of 2-2.4 mL in adults [260] which 

                                                      
2 Preliminary experiments showed that a lower loading of iron was obtained in LipMB compared 
to unloaded microbubbles when hydrophobic drug Paclitaxel was also incorporated. 
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equates to approximately 109 MB administered, the corresponding dose of iron would be 

0.7 mg. Compared to clinical intravenous injections of Feraheme (ferumoxytol) 

recommending two doses of 510 mg of iron over 8 days in adults with chronic kidney 

disorder [229], the administered dose of iron within magnetic microbubbles is orders of 

magnitude lower than currently approved for iron deficiency anaemia. Nevertheless, the 

composition of material used is important to ensure minimal toxicity even at low doses. 

The lipids used to make the microbubble shell and to coat phospholipid-stabilised IONPs 

were chosen to be saturated phospholipids to minimize the chance of lipid peroxidation 

during ultrasound-induced microbubble collapse in the presence of IONPs [69,261,262]. 

The externally conjugated dextran IONPs were chosen to mimic Feraheme, but additional 

improvements in biocompatibility could be implemented to inhibit macrophage clearance 

of these particles and improve the efficiency of this method in vivo [263]. 

3.6. Conclusions 

Although many have reported the use of magnetic microbubbles to enhance therapeutic 

investigations, a comparison between the formulation methods has not been undertaken. 

Therefore, magnetic microbubbles produced using different IONP loading methods were 

investigated to compare their stability, acoustic emissions, and magnetic retention. 

The external binding of IONPs to the lipid microbubble coating was found to produce 

a significant improvement on their stability compared to unloaded systems while 

preserving their acoustic behaviour. This method also produced the most magnetically 

responsive microbubbles. However, although this method allows for hydrophobic drug 

loading within the microbubble coating, it renders further attachment of hydrophilic drugs 

to microbubble shell phospholipids challenging. As the sensitiser Rose Bengal for 
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sonodynamic therapy is hydrophilic, the phospholipid-mediated loading of DBPC IONPs 

within the coating of microbubbles might be more appropriate. Although this formulation 

offers a weak magnetic response, it provides an improved stability which is favourable for 

the delivery of therapeutics. Thus, the phospholipid-mediated loading of DBPC IONPs 

within the coating of microbubbles could offer a compromise between targeting 

efficiency, stability, acoustic response, and surface loading of hydrophilic drugs for 

sonodynamic therapy.  

3.6.1. Contributions 

To the best of the author’s knowledge, this chapter provides the first comparison on the 

performance of previously reported magnetically functionalised lipid-based 

microbubbles. This examination provides an insight on the interplay between 

functionalising microbubbles for magnetic targeting and how this process affects the 

performance of microbubbles as contrast and therapeutic agent. 

3.6.2. Limitations 

The results presented in this chapter, however, did not consider the effects of iron oxide 

nanoparticle charge, magnetic properties, and size on the microbubbles incorporating 

them. As the IONPs were purchased from several manufacturers, differences in their 

properties would then affect the magnetic microbubbles loaded with these particles.  

The diagnostic ultrasound images of the different formulations were acquired for a 

sample flowing in an 2.5% agar tissue mimicking phantom. Additional experiments could 

evaluate the contrast provided by these magnetic microbubbles in a commercial tissue 

phantom for an improved approximation of their potential contrast in biological tissues. 



Chapter 3 - Magnetic microbubbles 

94 

Further, the physical stability studies completed at 37°C and under flow do not reflect 

all factors affecting the in vivo stability of microbubbles. Although, a biocompatible 

phospholipid coating was chosen to stabilise the microbubbles and these present a lower 

immunogenic response compared to protein-based systems, they still suffer from a rapid 

clearance in vivo with a half-life of approximately 3.5 minutes [264,265]. The 

accumulation and clearance of these was reported to mainly occur in the liver and the 

spleen [173,265,266] from interactions or even phagocytosis by Kupffer cells [267], 

processes which were not examined in this chapter.  

Finally, a comparison of magnetic microbubbles performance in blood is still lacking, 

thus ignoring potentially destabilising factors such as the formation of protein corona on 

microbubbles [268], or the influence of red blood cells on magnetically retained 

microbubbles [269].
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Chapter 4 

Mechanism for sonodynamic therapy 

with Rose Bengal 

 

Chapter 4 examines theories proposed for the activation mechanism of the sensitiser 

during sonodynamic therapy. The contributing effects of added microbubbles are also 

discussed. Characterisation of this process will enable an optimisation of the treatment 

protocol and the sensitiser used with sonodynamic therapy. 

Parts of the results in this chapter have been presented or submitted for publication as 

indicated below. Collaborative results have been indicated in the following sections. 
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4.1. Introduction 

Reports on sonodynamic therapy have demonstrated promising results for the treatment 

of aggressive and resistant tumour cell lines [5,9,76]. As described in section 2.1.2, this 

therapy relies on the combination of ultrasound, ground state molecular oxygen, and a 

sensitising drug to produce cytotoxic reactive oxygen species in a targeted manner [10]. 

Thus, sonodynamic therapy uses a similar approach to photodynamic therapy, a modality 

clinically approved for the treatment of superficial lesions and lesions that can be reached 

with an endoscope [270]. Ultrasound can, however, be more tightly focused in deeper 

regions of human tissues compared to light, allowing sonodynamic therapy to treat a 

wider range of lesions, more deeply seated in the body compared to photodynamic 

therapy.  

In 1989, the initial findings of sensitiser activation using ultrasound were reported [1] 

and since then, a range of sensitising drugs have been developed [10,76]. In the last 

decade, microbubbles have been shown to enhance sonodynamic therapy and offer the 

potential for treatment of hypoxic tumours [216–218]. The underlying mechanisms 

responsible for the activation of the sensitiser through this method and how microbubbles 

might contribute to this event, however, remain uncertain. Several theories have been 

proposed, including pyrolysis [28] and  sonoluminescence [7,27] , but a consensus has yet 

to be drawn.  

4.1.1. Objectives 

As sonodynamic therapy advances further towards clinical use, a fundamental 

understanding of the underlying mechanism for this technique becomes increasingly 

important. Additionally, with many sensitisers under investigation, gaining insight in the 
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working principles of the therapy would help the drug design and screening process. 

Following the review of proposed mechanisms in section 2.1.2, this chapter presents an 

investigation on the activation of the sensitiser Rose Bengal through pyrolysis and 

sonoluminescence pathways, using the ultrasound exposure conditions from recent 

sonodynamic therapy studies. The contributing effects of microbubbles are also 

evaluated.  

4.2. Methods 

4.2.1. Overview 

As reviewed in section 2.1.2, pyrolysis and sonoluminescence are thermal processes 

occurring during acoustic cavitation that could be involved with the activation of 

sensitisers during sonodynamic therapy. These were examined in this chapter for their 

effect on Rose Bengal.  

Cavitation events and the localised hot spots generated can lead to the thermal 

dissociation of molecules forming reactive species [28,54]. In aqueous solutions, the 

splitting of water with ultrasound generates hydroxyl radicals which can then oxidise 

surrounding chemicals [28]. Their recombination can also lead to a cascade of reactions 

thereby producing a population of reactive species which could react, oxidise, or activate 

the sensitiser.  

To investigate this process, the activity of Rose Bengal in solution was tested with and 

without the presence of hydroxyl radicals. In effect, these reactive species can trigger the 

oxidation of Rose Bengal as depicted in Figure 4.1, producing superoxide anion [66,271]. 

In biological systems, superoxide anion dismutates spontaneously or with the action of 

superoxide dismutase (SOD), and causes a cascade of transitions through which other 
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reactive species including singlet oxygen can be generated [272–275]. As the 

recombination of hydroxyl radicals produces hydrogen peroxide [28] and subsequent 

reactions can form singlet oxygen [276], these reactive species were also examined for 

their effect on the sensitiser in solution. These experiments were, however, conducted at 

ambient conditions, ignoring the effects of cavitation temperatures and pressures on 

these reactions. 

 

Figure 4.1. Schematic of bubble cavitation and following reaction to produce ROS: superoxide 

anion radical (O2
· -) from oxidised Rose Bengal radical (RB· -). The possible reaction pathway for the 

production of singlet oxygen (1O2) in biological systems is also depicted. Other species are: 

hydrogen atom (·H), hydroxyl radical (·OH), Rose Bengal (RB2-), superoxide dismutase (SOD), 

hydrogen peroxide (H2O2), chloride ion (Cl-), hypochlorous acid (HOCl). 

The stability of Rose Bengal exposed to several ultrasound exposure conditions was 

also characterised to determine whether the toxicity induced by sonodynamic therapy 

could originate from the degradation of sensitiser into reactive species.  

Finally, the generation of sonoluminescence from multi-bubble cavitation in aqueous 

solutions at 37°C was investigated as a mechanism for sensitiser activation with 

ultrasound parameters applicable to sonodynamic therapy. The contributing effects of 

microbubbles during this process was also evaluated. The results from this chapter would 

then demonstrate the likelihood for this phenomenon to occur in biological systems.  
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4.2.2. Reagents 

Rose Bengal, 1,3-diphenylisobenzofuran (97%) (DPBF), hydrogen peroxide, benzoic acid, 

Methylene Blue, and ethanol were all obtained from Sigma-Aldrich (Dorset, UK). Singlet 

oxygen sensor green (SOSG) was purchased from Thermo Fisher Scientific (Loughborough, 

UK). Microbubbles encapsulating sulphur hexafluoride gas (SF6MBs) were formed using 

the materials described in section 3.2., and were sparged with oxygen gas from The BOC 

Group (Guilford, Surrey, UK) to form oxygen microbubbles. Sonovue® microbubbles were 

purchased from Bracco UK Limited (High Wycombe, UK). 

4.2.3. Detection of Rose Bengal 

The presence of Rose Bengal was determined through its characteristic absorption around 

560 nm (Figure 4.2) and its activation was determined by the generation of singlet oxygen 

through Type-II reaction with ground state molecular oxygen (section 2.1.3, Figure 2.4). 

 

Figure 4.2. Absorbance spectrum of Rose Bengal in an aqueous lipid solution (4 mg/mL). 

4.2.4. Detection of reactive oxygen species 

Several chemical sensors were used to characterise the ROS examined in this chapter. This 

method ensured the appropriate reactive species were added to Rose Bengal in solution 

and allowed the characterisation of sensitiser activation.  
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The generation of hydroxyl radical was verified using non-fluorescent benzoic acid as 

it becomes permanently fluorescent (Ex: 305 nm / Em: 420 nm) upon aromatic 

hydroxylation. The detection of singlet oxygen specifically was accomplished using the 

commercial product SOSG which reacts with singlet oxygen to form SOSG-endoperoxides 

with a strong fluorescence emission around 525 nm (Ex: 504 nm / Em: 525 nm) [277,278]. 

Finally, the less specific presence of either singlet oxygen and/or superoxide anion was 

determined through a decrease in the absorbance of DPBF at 410 nm as it oxidises in the 

presence of these two species forming the non-fluorescent derivative: 1,2-

phenylenebis(phenylmethanone) [279–284]. Because DPBF is not soluble in pure water, 

these experiments were conducted in mixtures of ethanol and water (50:50, v:v). In this, 

DPBF had a molar absorption coefficient equal to 1.74x104 M-1 cm-1 at a wavelength of 

410 nm, and sample measurements were completed for a DPBF concentration of 20 μM 

and a path length of 0.441 cm (150 μL in a 96-well plate). 

For each group, fluorescence and absorbance measurements were performed for n = 

4 wells on COSTAR or Greigner UV-Star 96-well plates from Sigma-Aldrich (Dorset, UK), 

using a FLUOstar Omega multi-purpose plate reader from BMG Labtech (Aylesbury, Bucks, 

UK) at room temperature. For some of the examination, these measurements were taken 

before and after sample treatment to determine the relative change in intensity 

compared to the pre-exposure intensity. Sample absorbance measurements were all 

normalised to that of a blank control. 

4.2.5. Reactions between reactive oxygen species and Rose Bengal 

Cavitation events in aqueous medium can produce hydroxyl radicals, hydrogen peroxide 

[28,54], and subsequently singlet oxygen [276]. The effects of these reactive species on 
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Rose Bengal was investigated by measuring the absorbance of DPBF indicative of the 

generation of singlet oxygen and/or superoxide anions. DPBF was used because hydroxyl 

radicals, hydrogen peroxide, and singlet oxygen could react with Rose Bengal to 

subsequently generate singlet oxygen and/or superoxide anions.  

4.2.5.1. Hydroxyl radicals 

In these experiments, hydroxyl radicals were generated in situ through the ultraviolet 

degradation of hydrogen peroxide. For this, all samples were prepared in quartz reaction 

vessels. A sample with 10 mM H2O2 and 1.4 mM benzoic acid in 50% ethanol was then 

exposed to 640 μW/cm2 of ultraviolet (UV) light (254 nm, Spectroline Short Wave X-15F) 

for 15 minutes. The formation of hydroxyl radical was confirmed through an increase in 

the fluorescence intensity of benzoic acid after treatment. Hydroxyl radicals were then 

produced in the presence of Rose Bengal and the formation of singlet oxygen and 

superoxide anion from this combination was examined using DPBF (Figure 4.3). A 

summary of the different samples tested for this evaluation is provided in Table 4.1 and 

each preparation is detailed in the following sections. 

 

Figure 4.3. Steps for hydroxyl radical generation in the presence of Rose Bengal to determine if 

their reaction could produce singlet oxygen or superoxide anion. 
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Table 4.1. Summary for the samples tested for the production of ROS from Rose Bengal in the 

presence of hydroxyl radical. 

SAMPLE CONCENTRATION 
in 50% ethanol in deionised water 

EXPOSURE CONDITION CHARACTERISATION 

+ control 10 mM H2O2 and 1.4 mM benzoic acid UV light, 15 mins 
Fluorescence 

intensity of benzoic 
acid 

- control 1.4 mM benzoic acid UV light, 15 mins 

- control 10 mM H2O2 and 1.4 mM benzoic acid -  

+ control 2.5 μM RB and 20 μM DPBF Ambient light, 1 min 
Absorbance of 

DPBF 
- control 2.5 μM RB and 20 μM DPBF UV light, 15 mins 

Test 2.5 μM RB and 20 μM DPBF, 10 mM H2O2 UV light, 15 mins 

 

4.2.5.1.1. Positive controls 

A 5 mL sample with 10 mM H2O2 and 1.4 mM benzoic acid in 50% ethanol in deionised 

water was prepared and the fluorescence intensity of benzoic acid (Ex: 305 nm / Em: 420 

nm) was measured. The sample was then exposed to 640 μW/cm2 of ultraviolet light (254 

nm) for 15 minutes, before measuring its fluorescence again. This positive control verified 

that hydroxyl radical was indeed produced through the UV degradation of hydrogen 

peroxide. A second positive control was a 5 mL sample with 2.5 μM RB and 20 μM DPBF 

in 50% ethanol, exposed to 1 minute of ambient light. A decrease in the absorbance of 

DPBF at 410 nm confirmed the generation of reactive oxygen species from the 

photoactivation of the sensitiser. 

4.2.5.1.2. Negative controls 

A 5 mL sample of 1.4 mM benzoic acid in 50% ethanol was prepared and processed in the 

same way as the first positive control, to demonstrate the stability of benzoic acid through 

the 15 minutes UV light exposure. Additionally, a 5 mL sample with 1.4 mM benzoic acid 

was prepared in 50% ethanol and the fluorescence intensity of benzoic acid was measured 

pre- and post-addition of 10 mM H2O2 to demonstrate the stability of benzoic acid with 
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hydrogen peroxide. Finally, a 5 mL sample with 2.5 μM RB and 20 μM DPBF in 50% ethanol 

was prepared and exposed to 15 minutes of UV light to provide a measure of the 

activation of Rose Bengal from UV exposure.  

4.2.5.1.3. Test 

A 5 mL sample with 10 mM H2O2, 2.5 μM RB, and 20 μM DPBF was prepared in 50% 

ethanol. The absorbance of DPBF at 410 nm was recorded before and after exposing the 

sample to 15 minutes of UV light. This sample determined if the hydroxyl radicals 

produced react with Rose Bengal to form additional reactive oxygen species. A further 

decrease in the absorbance of DPBF compared to the negative control without added 

hydrogen peroxide (and hence hydroxyl radical) would suggest a reaction between 

hydroxyl radicals and Rose Bengal. 

4.2.5.2. Hydrogen peroxide 

Hydrogen peroxide is a strong oxidiser generated from the recombination of hydroxyl 

radicals during cavitation. Thus, the addition of hydrogen peroxide to Rose Bengal was 

examined in reduced light conditions to determine whether their reaction could produce 

more reactive species characterised by the absorbance of DPBF (Figure 4.4). The samples 

tested are summarised in Table 4.2 and further described in the following sections. 

 

Figure 4.4. Steps to determine if hydrogen peroxide can react with Rose Bengal and produce 

superoxide anion or singlet oxygen.  
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Table 4.2. Summary for the samples tested for the production of ROS from Rose Bengal in the 

presence of hydrogen peroxide. 

SAMPLE CONCENTRATION 
in 50% ethanol in deionised water 

EXPOSURE CONDITION CHARACTERISATION 

+ control 2.5 μM RB and 20 μM DPBF Ambient light, 1 min 

Absorbance of 
DPBF 

- control 20 μM DPBF Ambient light, 1 min 

- control 5 mM H2O2 and 20 μM DPBF Reduced light 

Test 5 mM H2O2, 2.5 μM RB and 20 μM DPBF Reduced light 

 

4.2.5.2.1. Positive control 

To demonstrate the activity of Rose Bengal, a 5 mL sample of 2.5 μM RB and 20 μM DPBF 

was prepared in 50% ethanol. The sample was exposed to ambient light for 1 minute and 

characterised by the absorbance of DPBF at 410 nm pre- and post-exposure.  

4.2.5.2.2. Negative controls 

To demonstrate the stability of DPBF in ambient light, a 5 mL sample with 20 μM DPBF in 

50% ethanol was prepared and processed the same way as the positive control. Another 

negative control was a 5 mL sample of 5 mM H2O2 and 20 μM DPBF in 50% ethanol kept 

in reduced light conditions to show the stability of DPBF with hydrogen peroxide in 

solution. 

4.2.5.2.3. Test 

A 5 mL sample with 5 mM H2O2, 2.5 μM RB, and 20 μM DPBF in 50% ethanol was prepared 

and processed under reduced light conditions to examine if hydrogen peroxide reacted 

with Rose Bengal to generate additional reactive oxygen species. 
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4.2.5.3. Singlet oxygen 

As cavitation events can also lead to the formation of singlet oxygen, the addition of this 

reactive species to Rose Bengal in solution was examined. Singlet oxygen was generated 

in situ using the sensitiser Methylene Blue exposed to a red LED (660 nm, < 1 mW) for 30 

seconds, and quantified by a decrease in DPBF absorbance. This was then compared to 

the DPBF absorbance of the same sample with added Rose Bengal to determine whether 

more reactive species were produced in the presence of Rose Bengal (Figure 4.5). The 

samples are summarised in Table 4.3 and further described in the following sections. 

 

Figure 4.5. Steps used to determine the production of singlet oxygen and its reactivity with Rose 

Bengal towards the production of 1O2 or O2
· -. 

Table 4.3. Summary for the samples tested for the production of ROS from Rose Bengal in the 

presence of singlet oxygen. 

SAMPLE CONCENTRATION 
in 50% ethanol in deionised water 

EXPOSURE CONDITION CHARACTERISATION 

+ control 2.5 μM Methylene Blue and 20 μM DPBF Red light, 30 s 

Absorbance of 
DPBF 

- control 2.5 μM RB and 20 μM DPBF Red light, 30 s 

- control 20 μM DPBF Red light, 30 s 

Test 2.5 μM Methylene Blue, 2.5 μM RB and 20 
μM DPBF 

Red light, 30 s 
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4.2.5.3.1. Positive control 

A 5 mL sample with 20 μM Methylene Blue and 20 μM DPBF in 50% ethanol was prepared 

in reduced-light conditions and exposed to a red LED (660 nm, 1 W) for 30 seconds. The 

production of singlet oxygen was then verified a decrease in the absorbance of DPBF. 

4.2.5.3.2. Negative controls 

A 5 mL sample with 2.5 μM RB and 20 μM DPBF in 50% ethanol was prepared and 

processed the same way as the positive control to demonstrate the stability of Rose 

Bengal to the red LED exposure for 30 seconds. The same test was done for a 5 mL sample 

with 20 μM DPBF in 50% ethanol to obtain the stability of DPBF under these conditions. 

4.2.5.3.3. Test  

A 5 mL sample with 20 μM Methylene Blue, 2.5 μM RB, and 20 μM DPBF in 50% ethanol 

was prepared, and processed the same way as the previous samples. The absorbance of 

DPBF was measured to determine whether the singlet oxygen produced could have 

reacted with Rose Bengal to produce additional reactive species. 

4.2.6. Pyrolysis of Rose Bengal 

Section 4.2.5 investigated the effects of reactive oxygen species on Rose Bengal in 

solution. Nevertheless, these experiments ignored the contributions of cavitation 

temperatures and pressures to these reactions. In this section, the stability of Rose Bengal 

with the exposure to several ultrasound conditions is assessed to determine if the 

oxidative degradation of the sensitiser occurs during sonodynamic therapy. The presence 

and quantity of Rose Bengal in solution was based on its absorbance spectrum after 

ultrasound exposure. Following the general protocol (section 3.3.2) for microbubble 
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manufacturing, a batch of unloaded microbubbles (section 3.3.3) was produced and used 

without the centrifugal cleaning steps as the excess material was not expected to affect 

this study. 

A 1 mL sample with 2.5 μM RB and 5x108 SF6MB/mL in water were prepared and 

exposed to: (1) 20 kHz US (QSonica Q125 probe, 20kHz, 3 mm diameter, intensity: 14 

W/cm2) for 1 and 2 minutes, (2) 40 kHz US (Eumax UD150SH-6L ultrasound bath, 40 kHz, 

150 W) for 10 minutes, or (3) 1 MHz US (Sonidel SP100 probe, 1 MHz, 16 mm diameter, 

intensity: 3.5 W/cm2) for 5 minutes. The absorbance spectrum of the sample was recorded 

and compared to that of a control sample without exposure to ultrasound to evaluate if 

Rose Bengal was being degraded during this process. 

4.2.7. Sonoluminescence activation of Rose Bengal 

Sonoluminescence events generated during multi-bubble cavitation are examined in this 

section with and without the addition of cavitation nuclei and exposure to 1 MHz 

ultrasound. The activation of Rose Bengal during this process is then evaluated. 

4.2.7.1. Design requirements 

A chamber was designed and built for the characterisation of sonoluminescence events in 

a sample exposed to 1 MHz ultrasound. Photomultiplier tubes (PMTs) were used to 

characterise the light generated during this process as extremely low intensities are 

produced, especially when using exposure conditions relevant to sonodynamic therapy. 

This also prevented the use of a monochromator to characterise the optical spectrum of 

the light generated.  
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The design requirements were to: 

• Align the ultrasound transducer, light and cavitation detector to cover the same 

sample volume, 

• Minimise external light entry by building the tank from black Delrin, 

• Accommodate two photomultiplier tubes (PMTs). One with optical filters and one 

without as a baseline. To characterise the optical spectrum of sonoluminescence, 

the signal of a filtered PMT was normalised with the unfiltered total amount of 

light generated. This enabled a comparison between experimental runs and 

normalised the data for the PMT sensitivity with respect to the wavelength. The 

data was then further normalised for the bandwidth of the optical filter. 

• Optimise PMT input by maximising the numerical aperture (NA). 

• Incorporate an absorber to minimise the formation of standing waves. 

4.2.7.2. Custom-built chamber 

To fit these design requirements, a tank was built from black Delrin with a 100 mL volume 

capacity. As shown in Figure 4.6, the driving ultrasound transducer is located at the top of 

the chamber and the passive cavitation detector (PCD) on the side, held in place by two 

O-rings. The two PMTs were connected to the chamber through SM1 threads on two other 

sides of the chamber allowing the attachment of lens tubes, connecting rings, and custom-

made PMT holders. The PMTs and lenses were protected from the liquid sample with 

optical adhesive films stuck on the side-faces of the chamber with PMTs connections. 
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Figure 4.6. Schematic of the sonoluminescence chamber (a) overview with chamber built from 

black Delrin, designed to accommodate a 1 MHz US transducer, a PCD, and two PMTs. (b) Cross-

section of the chamber in the middle-plane. 

An ultrasound absorber material was added at the bottom of the chamber, and 

finally, two fill-ports on the lid of the system were added to avoid the trapping of air 

pockets during sample loading, and one of the fill-ports was used to hold a third 

transducer in the chamber used as a trigger sensor. 
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4.2.7.3. Equipment 

The equipment incorporated within this set-up is described in Table 4.4. 

Table 4.4. Equipement used for the characterisation of sonoluminescence at 1 MHz 

EQUIPMENT MANUFACTURER PARAMETERS 

Sonoluminescence chamber Custom-built  

+ 2x adhesive films MicroAmp™ Optical Adhesive Film, 
ThermoFisher Scientific, Loughborough, UK 

 

+ 1 absorber Precision Acoustics (F28)  

1 MHz ultrasound transducer 
with built-in generator 

Sonidel (SP100, 1 MHz, Ø = 16 mm)  1 MHz,  
3.5 W/cm2,  
30% duty cycle, 100 
Hz PRF 

2x PMT with built-in amplifier  Hamamatsu (H10493-03) 0.6 gain 

+ 4x aspheric condenser 
lenses with connecting rings 

ThorLabs (ACL25416U-A, Ø = 1”, f = 16 mm, NA 
= 0.79) 

 

+ 2x lens tubes ThorLabs (SM1 lens tube, 1” thread depth)  

+ 2x connecting rings ThorLabs (SM1T2, SM1 coupler ring, with 
external threads, 0.5” long) 

 

+ Sliding filter mount ThorLabs (CFS1 with two CFS1-F1 inserts)  

+ optical filters 
 

ThorLabs λ / bandwidth  
350 nm / 20 nm 
470 nm / 22 nm 
520 nm / 15 nm 
560 nm / 15 nm 

Unfocused PCD  Olympus (V320, 7.5 MHz, Ø = 0.5”)  

Trigger transducer Sonic Concepts (Minisensor, 2.9 MHz, Ø = 1.0 
mm) 

 

+ High pass filter and 
preamplifier  

JSR Ultrasonics (DPR300) Pulse Receiver 1 MHz high pass 
34-dB relative gain 

Digital oscilloscope Pico Technology (PicoScope)  

Computer with 2x input 
channels (CH1, CH2) and 1x 
external trigger input (Ext) 
+ LabVIEW  
+ Pico scope capabilities 

  

4.2.7.4. Experimental set-up 1: PMT(full) + PCD 

For the simultaneous recording of the PMT and PCD signals, the set-up 1 depicted in 

Figure 4.7 was used. This method allowed the acquisition of both PMT and PCD signals on 

one LabVIEW *.tdms file. However, with set-up 1, the optically filtered PMT, PMT(filt), was 

not used because the computer only had two input channels. 
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Figure 4.7. Schematic of sonoluminescence experimental set-up 1 for the simultaneous recording 

of PMT (PMT(full)) and PCD signal on a computer operating LabVIEW. The PMT with filters 

(PMT(filt), greyed out) was unused in this set-up.  

4.2.7.5. Experimental set-up 2: PMT(filt) + PMT(full) + PCD 

For the recording of the PMT output with and without optical filters, in addition to the 

PCD signal, a PicoScope was used to acquire the third input channel. The set-up was 

modified (Figure 4.8) and the PMT and PCD signals were acquired through LabVIEW and 

PicoScope respectively. This method, however, did not provide a perfect match between 

the recording time of LabVIEW and PicoScope data files due to differences in the triggering 

levels. A picture of the assembled set-up is shown in Figure 4.9. 

USB
CH1
CH2
EXT

Absorber

1 MHz high pass filter, 
gain

1 MHz US 
Transducer

Generator

PMT(full)

Optical filter holder

PMT(filt)

Gain control

LabVIEWPCD

PMT(full)

       

                
 

     

 

    

   

 
 
 
  
 
   
  
 
  
 
  
  
 

Lenses

Trigger
Probe

Lenses



Chapter 4 - Mechanisms for sonodynamic therapy 

113 

 

Figure 4.8. Diagram of sonoluminescence experimental set-up 2 used for the recording of PMT 

with and without optical filter (PMT(filt), PMT(full) respectively) and PCD signals  through LabVIEW 

and PicoScope. 

 

Figure 4.9. Labelled picture of the experimental set-up used to characterise sonoluminescence.  
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4.2.7.6. Exposure conditions 

Sonoluminescence testing was done with the ultrasound turned on for 2 minutes (1 MHz 

centre frequency, 3.5 W/cm2 intensity, 30% duty cycle, 100 Hz pulse repetition frequency) 

during which 1000 PMT acquisitions were recorded. 

Sonoluminescence events were investigated in aqueous solutions ± microbubbles ± 

Rose Bengal. Samples were prepared in deionised water to obtain 5x105 MB/mL and 2.5 

μM RB. Microbubbles produced in-house encapsulating sulphur hexafluoride or oxygen 

were examined and compared to SonoVue®. Following the general protocol (section 

3.3.2), unloaded microbubbles encapsulating sulphur hexafluoride were manufactured 

(section 3.3.3) and used without the centrifugal cleaning of excess lipids. 

Sonoluminescence from oxygen loaded microbubble suspensions was also investigated as 

these have been used for the sonodynamic treatment of hypoxic tumours. For this, a 1 mL 

sample of SF6MBs was sparged with oxygen for 2 minutes to form O2MBs. The protocol 

for oxygen sparging of microbubbles is further discussed in Chapter 5.  

The effect of bulk temperature was examined to determine if sonoluminescence 

could also occur at biologically-relevant temperatures. Thus, experiments were conducted 

with a sample temperature of 10, 23, and 37°C, monitored using a PCE-T390 digital 

thermometer from PCE Instruments before and after ultrasound exposure. 

4.2.7.7. Data analysis 

The PCD data was analysed as described in section 3.4.5.1. In set-up 1 with the recording 

of PMT(full) and PCD signals on LabVIEW, the cumulated count of PMT spikes above 6 mV 

in the ultrasound pulse (Figure 4.10) was compared to the energy of acoustic emissions. 

The distribution of PMT output intensity above the threshold was also analysed.  
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Figure 4.10. Data analysis using sonoluminescence set-up 1. (a) The PCD traces were used to 

determine the location of the ON signal by analysing the slope of signal envelope. (b) This allowed 

a computation of PMT output above set threshold of 6 mV (green line) where the ultrasound was 

ON (delimited by the red lines).  

In set-up 2 with the recording the PMT(filt) and PMT(full) on LabVIEW, the cumulative 

count of PMT(filt) spikes above 6 mV were normalised by the overall count from PMT(full), 

thus allowing comparison between runs and normalising for the PMT wavelength 

sensitivity. The counts were then further normalised for the optical filter bandwidth 

indicated in Table 4.4, to output a percentage of the overall sonoluminescence recorded 

per wavelength studied.  
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4.2.8. Statistical analysis 

Each set of experiments in this chapter was repeated n = 3 times. The fluorescence or 

absorbance readings were performed in quadruplicate for each sample.  

4.3. Results 

4.3.1. Reactions between reactive oxygen species and Rose Bengal 

Pyrolysis of water during cavitation produces reactive oxygen species such as hydroxyl 

radicals which can recombine to form hydrogen peroxide, and subsequent cascade 

reactions can lead to the formation of singlet oxygen. These species were investigated to 

determine whether they would react with Rose Bengal to produce additional ROS as a 

possible mechanism for sonodynamic therapy. Figure 4.11a shows that the ultraviolet 

exposure of hydrogen peroxide successfully produced hydroxyl radical characterised by 

an increase in the fluorescence intensity of benzoic acid. The ambient light exposure of 

Rose Bengal also confirmed that the photoexcitation of the sensitiser produced singlet 

oxygen and/or superoxide anion determined through a decrease in the absorbance of 

DPBF (Figure 4.11b). Nonetheless, the addition of hydroxyl radical to Rose Bengal did not 

affect the activity of the sensitiser (Figure 4.11c). The unchanged 28% decrease in DPBF 

absorbance observed for the Rose Bengal solution with or without added hydroxyl radical, 

highlight the activation of the sensitiser from the UV exposure. Similar results were 

recorded for the addition of hydrogen peroxide in reduced-light conditions (Figure 4.11d), 

and singlet oxygen in the presence of Rose Bengal (Figure 4.11e). Therefore, under 

ambient temperatures and pressures the presence of hydroxyl radical, hydrogen 

peroxide, and singlet oxygen did not affect the activity of Rose Bengal.   
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Figure 4.11. Results on the activation of Rose Bengal with several reactive oxygen species. 

Demonstration of (a) hydroxyl radical generation from the UV degradation of hydrogen peroxide 

using benzoic acid as a fluorescent sensor. (b-e) Singlet oxygen and/or superoxide anion 

characterisation through the absorbance of DPBF for sample exposure to (b) ambient light for 1 

minute, (c) hydoxyl radical from the UV degradation of hydrogen peroxide, (d) hydrogen peroxide 

in reduced-light conditions, and (e) singlet oxygen from the photoactivation of Methylene Blue 

using red light for 30 seconds. n = 3 for each group and error bars indicate the standard deviation.  
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4.3.2. Pyrolysis of Rose Bengal 

An evaluation of Rose Bengal in solution after ultrasound exposure in Figure 4.12 

indicated that the sensitiser was not permanently degraded at those exposure conditions 

(20 kHz for 2 minutes, 40 kHz for 10 minutes, or 1 MHz for 5 minutes). 

 

Figure 4.12. Absorbance of aqueous Rose Bengal solutions at 559 nm after exposure to several 

conditions, indicating that the sensitiser was not substantially degraded compared to the 

unexposed Lipid + RB sample. 

4.3.3. Sonoluminescence 

Three different formulations of microbubbles were examined for their potential in 

generating sonoluminescence when insonated with 1 MHz ultrasound at an intensity of 

3.5 W/cm2, 30% duty cycle, and 100 Hz pulse repetition frequency for 2 minutes. For this, 

simultaneous measurements of sonoluminescence and acoustic emissions at 23°C were 

taken for microbubbles manufactured in-house encapsulating sulphur hexafluoride or 

oxygen gas and the commercially available contrast agent Sonovue®. The size distribution 

of microbubbles with a mean diameter of approximately 2 μm (Figure 4.13) was found to 

be comparable to the size of Sonovue®.  
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Figure 4.13. The concentration and size distribution of Sonovue® and in-house produced 

microbubbles computed through an analysis of optical microscope images [233]. 

During the sonoluminescence experiments, the samples were diluted to 5x105 MB/mL 

in deionised water to reflect the diluted concentrations that would be obtained in the 

human blood stream following injection. While all microbubbles tested produced 

sonoluminescence when exposed to ultrasound (Figure 4.14), slightly reduced 

sonoluminescence counts were observed for O2MBs compared to Sonovue® and SF6MBs. 

While still within experimental error, the slight diminution might be attributed to the 

lower stability of oxygen-loaded microbubbles and the higher solubility of oxygen in 

aqueous solutions compared to sulphur hexafluoride. The reduced broadband energy 

levels produced by O2MBs (Figure 4.14) are consistent with these results.  
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Figure 4.14. Sonoluminescence produced by microbubbles driven at 1 MHz, an intensity of 3.5 

W/cm2, 30% duty cycle, and 100 Hz pulse repetition frequency for 2 minutes. The total PMT counts 

above 6 mV in amplitude and broadband energy emission for water and three formulations are 

displayed. (n = 3 runs of 1000 acquisitions each, error bars indicate standard deviations).  

The PMT pulse height distribution of sonoluminescence events was evaluated for 

each group. The results in Figure 4.15a show that samples containing microbubbles 

exhibited comparable behaviour. In contrast, water samples presented local highs and 

lows within the distribution which could be due to the low number of sonoluminescence 

events recorded in this group (Figure 4.14). Nonetheless, different microbubble 

formulations might affect the intensity of the collapse due to shell stabilisation or gas 

solubility. Thus, focusing on the upper tail of the pulse height distribution (Figure 4.15a 

inset), the sum of PMT peaks above an arbitrary threshold of 60 mV was calculated in 

order to compare high amplitude events in each group (Figure 4.15b). The results indicate 

that cavitation of these systems generated comparable high amplitude sonoluminescence 

within experimental variation [50,51]. The slightly lower result recorded for water 

samples could be associated with the low number of events recorded or the reduced 

stability of uncoated bubbles in water, leading to collapse conditions of reduced intensity. 
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Figure 4.15. Comparison of sonoluminescence amplitude for water ± SF6, O2, or Sonovue MBs. (a) 

Average number of PMT sonoluminescence counts for increasing peak amplitude for each type of 

microbubbles (n = 3). Number of PMT counts in each bin is normalised by the total number of 

counts recorded in each run. The inset shows a zoom-in of high amplitude PMT counts from 60 to 

100 mV. (b) Bar chart of the sum of normalised PMT counts above 60 mV for each MB tested. 

The spectrum of the light generated using SF6MBs was measured using a set of five 

optical filters at room temperature. Figure 4.16 shows a broad spectrum with an increased 

sonoluminescence generation at the shorter wavelengths. As the intensity of 

sonoluminescence reported here was low, the use of a monochromator to obtain a higher 

wavelength resolution was not feasible, thus specific molecular features in the optical 

spectrum were not discernible. However, sonoluminescence in water has been reported 

at 1 MHz with a broad continuous spectrum and no molecular features [49,285,286]. This 

has been associated with radiation emissions from cavitation events e.g. blackbody [48], 

bremsstrahlung [42,46], and/or recombination radiations [43,287]. Although, no 

consensus has been reached on the exact mechanisms, the generation of reactive oxygen 

species during microbubble cavitation such as hydrogen peroxide [131] and hydroxyl 

radical [288,289] concurs with the recombination radiation theory [49,287].  
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Figure 4.16. Spectrum of sonoluminescence for diluted SF6 microbubbles at 23°C.  The percentage 

of overall sonoluminescence reflects the counts from the filtered PMT normalised with the counts 

from a non-filtered PMT, thus normalising for the PMT sensitivity at that wavelength over 1000 

acquisitions. The normalised count was then also corrected for the bandwidth of the optical filters 

used. n = 3 runs were performed for each wavelength and error bars indicate the standard 

deviation between the runs. 

An increase in bulk solution temperature has been reported to affect 

sonoluminescence (1) by increasing the number of sonoluminescence events due to an 

increase in the number of cavitation events [50] and (2) by lowering the amplitude of 

individual sonoluminescence events due to lowering of the intensity of collapse [51]. 

Measurements were taken at 10, 23, and 37°C and their comparison in Figure 4.17a shows 

the expected increase in sonoluminescence occurrence and broadband activity at 37°C 

when SF6MBs were used as cavitation nuclei. As the amplitude of sonoluminescence was 

examined (Figure 4.17b), a slight decrease in the number of high amplitude events (> 60 

mV) was observed with higher bulk solution temperatures (Figure 4.17b inset).  

Thus, these results agree with both effects (1) and (2) mentioned above and they 

demonstrate that at biologically relevant temperatures and at 1 MHz, a greater number 

of sonoluminescence events occur when microbubbles are exposed to mild therapeutic 

ultrasound; however, the amplitude of individual events is slightly reduced.  
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Figure 4.17. Sonoluminescence from SF6MBs diluted in deionised water at 10, 23, 37°C (n = 3, error 

bars indicate standard deviations for each run). (a) Total PMT counts above 6 mV in amplitude and 

broadband energy for three different temperatures are displayed. (b) Number of PMT counts for 

increasing peak amplitude. Number of PMT counts in each bin is normalised by the total number 

of counts recorded in each run. The inset shows the sum of normalised PMT counts above 60 mV 

for each temperature tested. These results indicate that with increasing temperatures, while the 

number of cavitation events increases, their amplitude slightly decreases. The sample temperature 

before and after ultrasound exposure did not fluctuate substantially (±1°C). 

4.3.3.1. Sonoluminescence with Rose Bengal 

Sonoluminescence output with and without the presence of Rose Bengal was then 

examined to determine whether sufficient light of the appropriate wavelength was 

generated to activate the sensitiser. Figure 4.18a highlights that the presence of Rose 

Bengal and SF6 microbubbles in solution at 37°C led to a decrease in sonoluminescence 

measured at the absorption wavelength of the drug (560 nm) compared to a reference 

wavelength (350 nm). Hence, sonoluminescence from cavitating microbubbles can be 

absorbed by surrounding sensitisers to cause their activation. These results support the 

hypothesis that sonoluminescence and the resulting transfer of energy to an accepting 
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sensitiser is a key mechanism underlying sonodynamic therapy and are consistent with 

reports by Umemura et al. [7] and Giuntini et al. [27] at room temperatures and without 

the use of exogenously-added cavitation nuclei. Additionally, Figure 4.18b shows that at 

with the same ultrasound parameters, the combination of Rose Bengal and sulphur 

hexafluoride microbubbles in solution produced significantly more singlet oxygen radicals 

compared to microbubbles alone, confirming the activation of the sensitiser.  

 

Figure 4.18. The addition of Rose Bengal (RB) to SF6 microbubbles (SF6MB), and the resulting effect 

on sonoluminescence and singlet oxygen radical generation. (a) Percent of overall 

sonoluminescence measured with optical filters for 560 nm and 350 nm. Filtered PMT signal was 

normalised by the overall counts recorded by the non-filtered PMT (normalising for PMT 

wavelength sensitivity) and for the bandwidth of the filter used. These were acquired for water, 

SF6 microbubbles (SF6MB), SF6 microbubbles and Rose Bengal samples at 37°C (n = 3 runs, each of 

1000 acquisitions). Rose Bengal peak absorbance is known to be at 559 nm. The sonoluminescence 

measurement at 560 nm was made to assess the absorption of sonoluminescence by the sensitiser 

and compared to 350 nm for reference. (b) The activation of Rose Bengal was assessed through 

the generation of cytotoxic singlet oxygen radical. This was characterised by an increase in the 

fluorescence intensity (FI) of Singlet Oxygen Sensor Green (SOSG, left axis). The different groups 

were exposed to 1 MHz, 462 mVpk-pk, 30% duty cycles, 100 Hz pulse repetition frequency for 30 

seconds (n = 3). The ultraharmonic emissions of microbubbles were captured using a passive 

acoustic detector and displayed as the overall ultraharmonic energy during the exposure (right 

axis).  
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4.4. Discussion 

In the absence of cavitation, ultrasound is a non-ionising modality and epidemiologic 

studies of ultrasound imaging have not identified any significant health hazards associated 

with the technique [43,44]. Yet, bubble cavitation was shown to cause ionisation of 

molecules as seen with a broad continuum of sonoluminescence and the production of 

excited species and radicals [37,39]. Nevertheless, the majority of previous studies on 

sonoluminescence have employed ultrasound frequencies and intensities that are 

significantly different from those used in diagnostic or therapeutic ultrasound 

[34,35,38,41,290,291]. Still, with the increasing use of microbubbles in both ultrasound 

imaging and therapy [142], and studies showing sonoluminescence at ultrasound 

frequencies in the MHz range [7,27,48–50,292,293], there is a need to understand 

whether these extreme events can in fact occur in tissue. In particular, sonoluminescence 

and the reactive oxygen species associated with violent bubble collapse have been 

suggested as the means by which certain classes of drug can be activated by ultrasound 

[1,294–297]. 

In this chapter focusing on the mechanisms for the activation of sensitisers during 

sonodynamic therapy, the presence of reactive oxygen species did not affect the activity 

of Rose Bengal at ambient temperatures and pressures. These results suggest that 

pyrolysis-induced ROS generation might not be involved in the activation of Rose Bengal. 

Further, microbubble cavitation in the presence of this sensitiser did not lead to significant 

degradation demonstrating that significant pyrolysis of the sensitiser itself does not occur 

at these exposure conditions. 

In contrast, the occurrence of sonoluminescence events was observed during the 

excitation of microbubbles at 37°C using ultrasound parameters previously shown to have 
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a therapeutic effect in vivo [4,86,216,298]. The sonoluminescence measured is, however, 

unlikely to cause phototoxicity as the number of photons was well below that associated 

with the safe use of lasers in medical applications [45,46]. Nonetheless, the light 

generated could be absorbed by a sensitiser in solution, and therefore, cavitation-induced 

sonoluminescence is likely to be involved with the activation of Rose Bengal during 

sonodynamic therapy. Although these results contradict those of Kim et al. presenting the 

activation of an “optically inert” Rose Bengal during ultrasound exposure [61], an 

examination of their approach reveals that an optically active Rose Bengal could be 

regenerated from the reaction of their novel compound with hydroxyl radicals [299]. As 

these reactive species are produced during cavitation, the regeneration of an optically 

active Rose Bengal during ultrasound exposure of their proposed compound is expected  

Still, the results presented in this chapter are limited by several factors. Firstly, the 

experiments investigating the effects of reactive oxygen species on Rose Bengal were 

conducted at ambient temperatures and pressures, thereby ignoring these effects during 

cavitation. Secondly, additional control experiments should be added: (1) using a non-

photosensitive dye with similar chemical structure as Rose Bengal instead of Rose Bengal 

and evaluating the ROS generation with DPBF and SOSG, and (2) using a photosensitive 

dye that does not produce singlet oxygen in addition to Rose Bengal to compete for 

photon absorbance during ultrasound exposure and evaluate the generation of singlet 

oxygen from Rose Bengal with SOSG. Furthermore, sonoluminescence measurements 

were obtained on a static sample, and further examination of sonoluminescence at 37°C 

and under flow is necessary to better characterise the occurrence of these events during 

sonodynamic therapy. Finally, a study on the ROS population generated by cavitating 

microbubbles is required in order to determine the appropriate balance between safe and 
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efficient ultrasound parameters for treatment. Preliminary results on this topic are 

presented in the following chapter.  

4.5. Conclusions 

The generation of sonoluminescence by microbubbles and ultrasound is potentially of 

great importance for the fields of photo- and sonodynamic therapy. In PDT, significant 

efforts have been made to design sensitisers with increased absorption at wavelengths 

that allow improved penetration of light in tissue. Although the therapeutic effects of 

sonodynamic therapy have been reported since 1989 [1], the explanation behind the 

activation of the sensitiser with this method is currently without consensus.   

Since cavitation events lead to the formation of reactive species through pyrolysis of 

molecules, some these chemicals were examined for how they affect the activity of the 

sensitiser Rose Bengal. The work presented in this chapter has demonstrated that Rose 

Bengal is a stable sensitiser for sonodynamic therapy and is not activated through 

reactions with hydroxyl radicals, hydrogen peroxide or singlet oxygen at ambient 

conditions. Therefore, these results do not indicate the activation of Rose Bengal through 

pyrolysis-mediated pathways. Additionally, microbubbles were found to produce light, i.e. 

sonoluminescence, when driven at medically relevant ultrasound frequencies and 

pressures. Previous work has indicated that the ultrasound exposure conditions 

associated with sonoluminescence are very different from those used in medical 

applications. Nonetheless, this chapter shows that phospholipid-coated microbubbles do 

produce broadband sonoluminescence when exposed to low-intensity, 1 MHz ultrasound 

at 37°C, the intensity of which was positively correlated with the broadband energy of 

microbubble acoustic emissions. Further, the results presented also confirmed that 
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sonoluminescence is likely to be involved in the activation of Rose Bengal which allows 

the local production of reactive oxygen species during sonodynamic therapy. Although 

numerous preclinical reports demonstrated the therapeutic effect of this method, a lack 

of understanding in how the sensitiser is activated during exposure to ultrasound has 

caused resistance against this emerging technique. Therefore, this chapter provides key 

results important for the advancement of sonodynamic therapy towards clinical use, in 

addition to demonstrating that sensitisers used for photodynamic therapy can be locally 

activated by ultrasound and microbubble cavitation.  

4.5.1. Contributions 

To the best of the author’s knowledge, this chapter provides the first characterisation of 

sonoluminescence activity correlated to microbubble acoustic emissions during exposure 

to ultrasound conditions used for treatment. Additionally, the activation pathway of 

sensitisers with ultrasound has been debated since the 1990s, and this examination 

confirmed that sonoluminescence is involved in the activation of Rose Bengal during 

sonodynamic therapy. 

4.5.2. Limitations 

The effects of hydroxyl radicals, hydrogen peroxide and singlet oxygen on Rose Bengal 

were examined at ambient temperatures and pressures, and thus ignored the extreme 

conditions produced during bubble cavitation. Further, although sonoluminescence 

measurements were completed at 37°C, the results presented in this chapter are limited 

to a static environment. Therefore, these experiments could be repeated in a more 

biologically-relevant system incorporating flow and biological media. Finally, a study on 
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the reactive species population generated during microbubble cavitation and 

sonodynamic therapy is needed to confirm the stability of Rose Bengal for this therapy. 

This would also provide an insight on the ultrasound parameters necessary to obtain a 

therapeutic effect using this method. 
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Chapter 5 

Oxygen microbubbles and ultrasound 

parameters for SDT 

 

Chapter 5 focuses on the methods used to produce microbubbles with encapsulated 

oxygen and the ultrasound parameters required for effective sonodynamic therapy using 

these microbubbles and Rose Bengal. The aim of the work was to improve the 

understanding of the critical parameters for this therapy and how they might be 

optimised for the treatment of hypoxic tumours.  

Parts of the results presented in this chapter are under preparation for publication. 
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5.1. Introduction 

The injection of oxygen microbubbles has been shown to enhance the efficacy of 

sonodynamic therapy in the treatment of hypoxic tumours [4]. Nonetheless, as outlined 

in section 2.3.1, the stability of oxygen microbubbles is impaired by the high diffusivity of 

oxygen in biological systems, and thus an appraisal of the methods for producing lipid-

based oxygen microbubbles is needed. In addition, the ultrasound parameters used with 

sonodynamic therapy have typically been in the range of low-intensity therapeutic 

ultrasound with 1-3 MHz centre frequency, 0.5-5 W/cm2 intensity, 10-100% duty cycle, 

and 2-15 minutes exposure time as presented in Appendix Table A.1. However, an 

optimisation of these parameters for the activation of the sensitiser with oxygen 

microbubbles during sonodynamic treatment is lacking. 

5.1.1. Objectives and scope 

This chapter begins with a comparison of methods for producing lipid-coated oxygen 

microbubbles. A study is then made on the activation of Rose Bengal during sonodynamic 

therapy mediated by oxygen microbubbles with varying ultrasound (1) pressure, (2) duty 

cycle (DC), and (3) pulse repetition frequency (PRF). The ultrasound excitation frequency 

was fixed at 1 MHz for these experiments as it provides an appropriate compromise 

between focal depth and treatment volume achieved for small animal models [300]. 

Although beyond the scope of the current preliminary work, the frequency used can be 

optimised for human applications. Additional studies are then needed to determine how 

frequency impacts sonoluminescence events and Rose Bengal activation, and whether 

additional effects (e.g. thermal) contribute to the activation pathway.  
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5.2. Methods 

Microbubbles were characterised for their size, concentration, oxygen loading and 

stability. Their acoustic emissions under different ultrasound exposure conditions 

relevant to sonodynamic therapy were measured simultaneously with the generation of 

singlet oxygen from Rose Bengal. The latter was determined by measuring the increase in 

the fluorescence intensity of the commercial dye Singlet Oxygen Sensor Green at 520 nm.  

5.2.1. Materials 

As described in previous chapters, the primary constituent of microbubbles was 1,2-

dibehenoyl-sn-glycero-3-phosphocholine (DBPC) a phospholipid purchased from Avanti 

Polar Lipids Inc. (Alabaster, Alabama, USA). Polyoxyethylene (40) stearate (PEG40S), 

chloroform, Dulbecco’s phosphate buffered saline (PBS), and Rose Bengal were all 

obtained from Sigma Aldrich Ltd. (Gillingham, Dorset, UK). Singlet Oxygen Sensor Green 

was purchased from Thermo Fisher Scientific (Loughborough, UK). The oxygen and 

sulphur hexafluoride gases were obtained from BOC Industrial Gases (Guilford, Surrey, 

UK). Finally, vials of commercial microbubbles Sonovue® were purchased from Bracco UK 

Limited (High Wycombe, UK). 

5.2.2. Manufacturing oxygen microbubbles 

The manufacturing of oxygen microbubbles through several methods was investigated. 

The first entailed replacing the gas head-space above the freeze-dried Sonovue® product 

with oxygen before reconstituting the microbubbles in saline. The microbubbles formed 

by this method are hereafter referred to as “O2SV”.  
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The second method aimed to generate lipid-coated microbubbles directly through 

sonication under an oxygen gas flow (referred to as “direct O2MB”). This method followed 

the same procedure as outlined in the unloaded microbubble protocol (section 3.3.3) but 

replacing sulphur hexafluoride with oxygen gas flow, and without the cleaning of the 

microbubble batch. 

Sparging of microbubble suspensions initially made with sulphur hexafluoride was 

also tested (referred to as “sparged O2MB”). The aim being to promote gas exchange 

within the microbubbles by imposing an increased concentration gradient. For this, 

several sparging methods were compared. 5 mL batches of SF6MBs were either (1) 

sparged with oxygen for 2 minutes (method referred to as “5mL/2minO2”) or (2) divided 

into 5 x 1 mL samples, each of which was sparged with oxygen for 2 minutes 

(“1mL/2minO2”). These samples were then immediately capped and placed into a beaker 

of ice for an additional 5 minutes before use. A summary of the different techniques is 

provided in Table 5.1. 

Table 5.1. Summary of methods for the manufacturing of oxygen microbubbles 

O2MB METHOD PROTOCOL CONSIDERATIONS 

O2SV Reconstitution of Sonovue microbubbles with a 
headspace of oxygen gas, saline solution not sparged 

Fewer processing steps, 
ease of clinical translation 

Direct O2MB Formation of microbubbles under oxygen gas flow for 
30 s 

Less processing steps 

Sparged O2MB 
5mL/2minO2 

Sparging of 5-mL SF6MBs suspension with oxygen gas 
for 2 mins  

More processing steps 

Sparged O2MB 
1mL/2minO2 

Sparging of 1-mL SF6MBs suspension with oxygen gas 
for 2 mins 

More processing steps 

5.2.3. Characterisation of oxygen loading in microbubbles 

The size and concentration of microbubbles was determined through an analysis of optical 

images using a MATLAB script as described in section 3.4.1 [233]. These were compared 

for the different manufacturing methods to produce oxygen microbubbles. 
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The oxygen content of microbubbles was measured using the set-up depicted in 

Figure 5.1. The oxygen content was acquired for the liquid and gas phases of a sealed vial 

containing a 14 mL water sample and compared to that of the same sample after the 

addition and subsequent rupture of 1 mL microbubble suspension. Microbubble rupture 

was achieved by placing the sealed vial in an ultrasound bath (Eumax, UD150SH-6L, 40 

kHz, 150 W) for 30 seconds. The oxygen content (% saturation in water) was measured 

using an OxyMini device from PreSens (Regensburg, Germany) with temperature 

compensation. The acquired data was subsequently adjusted for the sample dilution (1:15 

v/v) and converted to units of μL O2/mL of microbubble suspension and units of μL O2/108 

MB to account for differences in microbubble concentrations. The sensor spots for oxygen 

sensing were glued on the inside of the sample vial at two levels: in the solution and in 

the gas phase above the solution as depicted in Figure 5.1. 

 

Figure 5.1. Schematic of experimental set-up used for oxygen loading measurements. A sample 

glass vial with 14 mL deionised water was measured to determine the oxygen content in the liquid 

and gas phases prior to, and after addition and rupture of 1 mL oxygen microbubbles. The sample 

vial was capped and sealed with Teflon tape during these tests and the oxygen content (% 

saturation in water) was measured using an OxyMini fiber optic, recording device, and two sensor 

spots attached on the inside of the vial. Each group was measured n = 3 times. 

  

Sample solution

Gas phase

Glass vial with 
screw cap on

Sensor spots

Fibre optic λex = 505 nm

OxyMini

Power adapter

Computer
OxyMini Software



Chapter 5 - Oxygen microbubbles and ultrasound parameters 

136 

To determine the amount of oxygen dissolved in the solution surrounding the oxygen 

microbubbles, measurements were made on control samples containing no bubbles, 

these were then handled through the same process as test samples. In the case of 

Sonovue®, the control was the manufacturer’s saline solution injected into an empty 

freeze-drying vial handled in the same way as the O2SV sample. In the case of 

microbubbles produced in-house, an aqueous lipid mixture sparged with oxygen or 

sulphur hexafluoride gas reflecting the handling of a test sample was used as control. The 

difference in the total oxygen release recorded for microbubble samples and that of 

control samples then represented the encapsulated oxygen.   

After comparing the different loading strategies to produce oxygen microbubbles, the 

method with the highest loading was characterised for its stability under flow using a 

second experimental set-up. For this a 1 mL sample of sparged O2MB 1mL/2minO2 was 

injected into a 4 mL flow loop pre-loaded with deionised water at room temperature and 

connected to a CDI Blood Parameter Monitoring System 500 from Terumo UK Ltd. 

(Tamesis, UK) as depicted in Figure 5.2. The sample was flown in a tubing of 1.6 mm inner 

diameter for 6 minutes at 10 mL/min using a Gilson Minipuls 3 peristaltic pump from 

Fisher Scientific (Loughborough, UK). This set-up led to a Reynolds number of 130 (using 

the kinematic viscosity of water as in Table 3.3) and wall shear stress of 1.7 Pa resulting 

in flow conditions representative of those found in small arteries. Three minutes after 

injection and flow of the sample, the sonicating bath was turned on for 30 seconds to 

release the remaining encapsulated oxygen. During the 6 minutes, the dissolved oxygen 

partial pressure (kPa) within the sample was measured every 5 seconds. 
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Figure 5.2. Schematic of the experimental set-up used to characterise the release of oxygen from 

microbubbles over time (n = 3). A 1 mL sample was injected into a tubing containing 4 mL of 

deionised water, flown at 0.3 mL/s for 6 minutes while monitoring the dissolved oxygen partial 

pressure (kPa) every 5 seconds. At t = 3 minutes post-injection, the ultrasound bath was turned on 

for 30 seconds to release any remaining encapsulated oxygen. 

5.2.4. SDT with Rose Bengal and oxygen microbubbles 

During exposure to low-intensity 1 MHz ultrasound, the activation of Rose Bengal was 

characterised by measuring the intensity of fluorescence emissions from SOSG. This dye 

is sensitive to singlet oxygen; the cytotoxic product of Type-II reactions from the activated 

Rose Bengal. The contribution of oxygen microbubbles to sonodynamic therapy was then 

measured in degassed PBS to mimic the low availability of surrounding oxygen in hypoxic 

tumours. All experiments were completed (n = 3) in reduced-light condition to prevent 

the photoactivation of the sensitiser during ultrasound exposure. 

5.2.4.1. Ultrasound parameters, exposure, and acoustic emissions 

The aim of the study was to examine the independent effects of changing the ultrasonic 

(1) pressure, (2) duty cycle, and (3) pulse repetition frequency while exposing the samples 

to the same total number of acoustic cycles (9x106). Figure 5.3 illustrates the difference 

in ultrasound pulses when varying duty cycle or pulse repetition frequency.  
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Figure 5.3. Schematic of ultrasound burst for varying the duty cycle or pulse repetition frequency 

(a) duty cycles with a fixed pulse repetition frequency of 100 Hz, and (b) pulse repetition frequency 

with a fixed duty cycle of 30%. In both cases a total number of 9x106 acoustic cycles is delivered. 

 

Table 5.2 then highlights how an increase in duty cycle decreases the amount of OFF 

time within the exposure compared to a fixed total OFF time when varying the pulse 

repetition frequency. 
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Table 5.2. Summary for t US ON and t US OFF when varying duty cycle or pulse repetition frequency 

CHANGING ULTRASONIC DUTY CYCLE 

Duty cycle [%] 10 30 50 100 

Number of cycles/burst @ 100 Hz PRF 1000 3000 5000 10000 

Burst US ON time [ms] 1 3 5 10 

Burst US OFF time [ms] 9 7 5 0 

Number of cycles total 9x106 

Number of bursts 9000 3000 1800 900 

Exposure time (t) [s] 90 30 18 9 

Time with US ON (t US ON) [s] 9 9 9 9 

Time with US OFF (t US OFF) [s] 81 21 9 0 

CHANGING ULTRASONIC PULSE REPETITION FREQUENCY 

Pulse repetition frequency [Hz] 20 40 100 118 

Burst duration [ms] 50 25 10 8.5 

Number of cycles/burst @ 30% DC 15000 7500 3000 2542 

Burst US ON time [ms] 15 8 3 3 

Burst US OFF time [ms] 35 18 7 6 

Number of cycles total 9x106 

Number of bursts 600 1200 3000 3540 

Exposure time (t) [s] 30 30 30 30 

Time with US ON (t US ON) [s] 9 9 9 9 

Time with US OFF (t US OFF) [s] 21 21 21 21 

 

A sample of 12 mL was prepared comprising of degassed PBS (0.5 L PBS degassed for 

30 minutes at -0.9 bar leading to 10% O2 compared to 20% O2 in air saturated PBS) with 

SOSG (1.25 μM), ± RB (2.5 μM), ± O2MBs (5 x 107 MB/mL). A sub-sample of 9 mL was then 

exposed to ultrasound, and this process was repeated n = 3 times over the parameters 

indicated in Table 5.3. The ultrasound exposure was conducted in custom-made tank with 

a built-in 1 MHz transducer and the acoustic emissions from the sample were recorded 

through a PCD and processed as previously described in section 3.4.5.1.3 Briefly, the 

recorded emissions were analysed using MATLAB to calculate the power spectral density 

                                                      
3 The data acquisition and writing limitations of the TiePie Handyscope HS3 unfortunately 
prevented the recordings of acoustic emissions for ultrasound duty cycles above 30% and pulse 
repetition frequency below 40 Hz. 
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of each acquisition, and the power and cumulative energy for broadband, ultraharmonic, 

and harmonic frequency ranges. The analysis of PCD data was completed over the total 

ultrasound exposure time to be comparable to the SOSG measurements made after 

ultrasound treatment. 

Table 5.3. Ultrasound parameters tested for sonodynamic therapy with oxygen loaded 

microbubbles and Rose Bengal in degassed PBS. 

CHANGING ULTRASONIC PRESSURE 

Frequency (f) [MHz] 1 

Duty cycle [%] 30 

Pulse repetition frequency [Hz] 100 

Exposure time (t*) [s]  30 

Pressure pkpk (P) [MPa] 0.45 0.85 1.1 1.4 1.7 

Exposure time (t**) [s]  30 8 5 3 2 

CHANGING ULTRASONIC DUTY CYCLE 

Frequency [MHz] 1 

Duty cycle [%] 10 30 50 100 

Pulse repetition frequency [Hz] 100 

Exposure time [s] 90 30 18 9 

Pressure pkpk [MPa] 1.4 

CHANGING ULTRASONIC PULSE REPETITION FREQUENCY 

Frequency [MHz] 1 

Duty cycle [%] 30 

Pulse repetition frequency [Hz] 20 40 100 118 

Exposure time [s] 30 

Pressure pk-pk [MPa] 1.4 

* Increasing the US energy delivered. ** Constant US energy delivered. 

5.2.4.2. Singlet oxygen detection 

The fluorescence intensity of SOSG (Ex: 490 nm / Em: 520 nm) was measured after 

ultrasound exposure and compared to that of the remaining unexposed sample. 

Immediately after ultrasound treatment, the test sample was pipetted (6 x 150 μL) onto a 

COSTAR 96-well plate from Sigma-Aldrich (Dorset, UK). For each run, the remaining 3 mL 

of the sample not exposed to ultrasound was used as a control to calculate the percentage 
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change in SOSG fluorescence intensity caused by the treatment. To minimise the 

scattering from remaining microbubbles in the control sample, the control sample was 

taken up into a syringe which was used to rupture the microbubbles by applying pressure 

on the syringe plunger with the end capped, before sampling it (6 x 150 μL) onto the same 

96-well plate. Fluorescence intensity measurements were acquired on a FLUOstar Omega 

multi-purpose plate reader from BMG Labtech (Aylesbury, Bucks, UK) at room 

temperature.  

5.2.5. Statistical analysis 

For each experimental protocol n = 3 runs were completed. The figures present the 

average measurement and the error bars indicate the standard deviation within each 

group. Statistical significance was determined using 1-way analysis of variance (ANOVA) 

followed by Tukey’s post-hoc test. 

5.3. Results 

5.3.1. Oxygen microbubble characterisation 

The different manufacturing techniques presented in Table 5.1 were compared for the 

size and yield of oxygen microbubbles produced. The results in Figure 5.4 demonstrate 

that oxygen microbubbles could be formed following different techniques but there was 

a significant difference in their production yields. The reconstitution of Sonovue® with a 

headspace of oxygen and the production in-house of microbubbles under direct oxygen 

gas flow, both produced a lower yield compared to their sulphur hexafluoride counter-

parts. Additionally, direct O2MB exhibited a higher mean diameter compared to other in-

house methods, suggesting a decreased stability for these systems. 
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Figure 5.4. (a) Concentration and (b) mean diameter of the microbubbles considered in this section 

encapsulating sulphur hexafluoride or oxygen using the different production methods described in 

Table 5.1 (n = 3). Abbreviations: Sonovue® microbubbles (SF6 SV), Sonovue® microbubbles 

reconstituted with a headspace of oxygen gas (O2 SV), microbubbles produced in-house made: 

under SF6 gas flow (SF6 MB), under O2 gas flow (O2 MB, direct), under SF6 gas flow and 

subsequently a 5 or 1 mL sample was sparged with oxygen for 2 minutes (O2 MB, sparged 

5mL/2minO2 or 1mL/2minO2 respectively). 

In contrast, the sparging of sulphur hexafluoride microbubbles with oxygen did not affect 

the concentration of microbubbles obtained significantly.  

To compare the oxygen encapsulation efficiency of the different methods, the oxygen 

content of microbubbles was compared to that of control samples without microbubbles. 
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Figure 5.5 shows the change in oxygen concentration from the addition of samples with 

and without microbubbles, and the difference between these two series highlights the 

amount of encapsulated oxygen within the bubbles. The control groups with sulphur 

hexafluoride led to a decrease in oxygen concentration following sample addition which 

might reflect the displacement of oxygen initially dissolved in the sample by the added 

sulphur hexafluoride.  

 

Figure 5.5. Change in oxygen concentration in the vial after the addition of 1 mL of sample ± 

microbubbles (n = 3, * p < 0.01). For Sonovue, controls were made with saline injected in an empty 

freeze-drying vial and handled in the same way as test Sonovue® samples. For in-house produced 

microbubbles, controls were obtained using an aqueous lipid solution without microbubble.    

Figure 5.5 demonstrates an agreement between the oxygen concentration measured 

and the concentration of microbubbles present in the sample (Figure 5.4a) thereby 

emphasizing the importance of microbubble yield and stability. The difference in the 

oxygen concentration between samples with microbubbles and controls without 

microbubbles represents the encapsulated oxygen in microbubbles. A normalisation of 

this data based on the microbubble concentration in the 1 mL sample added is shown in 

Figure 5.6. 
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Figure 5.6. Encapsulated oxygen concentration per microbubble [x10-8 μL O2/MB]. This is computed 

as the difference in oxygen concentration between samples with and without microbubbles, then 

normalised for the concentration of microbubbles in the 1 mL sample added. 

For each group, the available gas volume per microbubble was computed based on 

the sample’s size distributions. The oxygen loading was then calculated as a percentage 

of that available volume. The results in Table 5.4 highlight that oxygen Sonovue® and 

microbubbles directly exposed to oxygen during sonication both present an oxygen 

loading of approximately 30-40% which is unexpectedly low but could be related to the 

presence of other gases during production. Similarly, sulphur hexafluoride microbubbles 

also show approximately 10% oxygen loading indicating that air is also incorporated into 

these systems during production or during bubble stabilisation. Finally, oxygen sparged 

microbubbles present an oxygen loading of about 200% which suggests a disagreement 

between the calculations of the microbubble gas volume and the measure encapsulated 

oxygen. Nevertheless, several factors could explain this discrepancy. Firstly, the 

measurement method used to establish the sample’s size distribution has a lower limit of 

detection of 0.5 μm and any smaller bubble would be ignored. Such small bubbles are not 
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expected to affect the encapsulated volume calculations significantly, but their presence 

in very large numbers might still contribute in a very minor way to this effect. Secondly, 

the calculated gas volume assumes atmospheric pressure and thus ignores the effect of 

some surface pressure on the bubbles leading to pressurised encapsulated gas and 

allowing the encapsulation of a larger gas volume than accounted for in the calculations. 

Finally, the presence of large bubbles entrained in the gas sparging process and 

unaccounted for in the size distribution measurement could also affect these results. 

Thus, further investigations of these different factors are needed to appropriately 

characterise the oxygen loading of microbubbles.  

Table 5.4. Percent oxygen loading for several production methods, based on the measured 

encapsulated oxygen and the gas volume capacity calculated from the sample size distribution. 

MICROBUBBLE 
GAS VOLUME a 

[10-8 μL/MB] 
OXYGEN ENCAPSULATED b 

[10-8 μL/MB] 
OXYGEN LOADING 

[%] 

SF6 SV 1.61 ± 0.29 -0.04 ± 0.07 ~ 0% 

O2 SV 3.98 ± 2.50 1.76 ± 0.43 ~ 40% 

SF6 MB 2.44 ± 0.20 0.24 ± 0.01 ~ 10% 

O2 MB, direct 9.94 ± 3.63 2.61 ± 0.12 ~ 30% 

O2 MB, sparged 1mL/2minO2 3.12 ± 0.51 6.05 ± 0.30 ~ 200% 
a Calculated based on the size distribution of the samples. b Measured. 

Nonetheless, the oxygen sparging of SF6MBs allowed the release of approximately 

6x10-8 μL O2/MB with increased yield, resulting in a higher total dose of approximately 38 

μL O2/mL of microbubble solution. Therefore, to produce lipid-based O2MBs, the oxygen 

sparging of SF6MBs still appears to be an effective method, although further 

characterisation of this method is necessary. 

A comparison of two sparging methods was also conducted to determine the effect 

of sample volume on the gas exchange process. Figure 5.7 indicates that significantly more 

oxygen was encapsulated in microbubbles when the smaller 1 mL volume was sparged 

with oxygen for 2 minutes compared to a 5 mL sample (p < 0.01). As these methods 
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produced comparable microbubbles (Figure 5.4), this data further confirms that a 

substantial increase in the dissolved oxygen in solution is necessary in order to promote 

gas exchange and loading into bubbles. Therefore, for the remainder of the study, oxygen 

microbubbles were made by sparging 1 mL samples of SF6MBs with oxygen for 2 minutes. 

With this method, approximately 15   0.5 μL O2/mL was encapsulated. 

 

Figure 5.7. The effect of sample volume on oxygen sparging of SF6MBs with 5mL/2minO2 and 

1mL/2minO2 describing a 5 mL and 1 mL sample respectively of SF6MBs sparged for 2 minutes to 

produce oxygen-loaded microbubbles (n = 3, * p < 0.01). These methods produced microbubbles 

with comparable concentrations and sizes. 

Finally, the stability of sparged O2MBs (1mL/2minO2) was tested under flow. The 

dissolved oxygen partial pressure was measured over time reflecting the rate at which the 

encapsulated oxygen escaped microbubbles following injection of a 1 mL sample into a 4 

mL flow loop pre-loaded with deionised water at room temperature. The results in Figure 

5.8 highlight that 93% of the oxygen within microbubbles is released within the first 3 

minutes after injection, reflecting the dissolution of microbubbles within the flow loop or 

the diffusion of oxygen out of microbubbles. Nonetheless, these results still indicate a 

significant difference in the total oxygen delivered (Figure 5.8b) using oxygen 

microbubbles compared to solution without microbubbles (p < 0.05), and the remaining 
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7% of total oxygen could still be released after 3 minutes under flow by application of 

ultrasound. These results are, however, only representative of microbubble suspensions 

diluted at 1:4 v/v in deionised water at room temperature. Therefore, destabilisation 

factors such as: low concentration of oxygen and a temperature of 37°C, or stabilising 

factors such as: oxygen saturation in blood were not incorporated. Further, the 

experimental set-up used only allowed the measurement of dissolved oxygen partial 

pressure and did not consider the possible formation of oxygen gas pockets in the tubing. 

 

Figure 5.8. Oxygen release over time from sparged O2MBs (1mL/2minO2). (a) The dissolved oxygen 

partial pressure within a closed flow loop (0.3 mL/s) was monitored to determine how much oxygen 

is released from microbubbles following injection of a 1 mL sample into a 4 mL flow loop (n = 3). 

To release any remaining encapsulated oxygen after 3 minutes, the ultrasound bath was turned 

on for 30 seconds. (b) Change in oxygen partial pressure before injection and pre-ultrasound (pre 

US) vs. post-ultrasound (post US), showing how much oxygen was released from microbubbles 

disappearing under flow or oxygen diffusing out (* p < 0.05).  
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5.3.2. SDT with Rose Bengal and oxygen microbubbles 

The activation of Rose Bengal with ultrasound was assessed through the generation of 

singlet oxygen indicating Type-II reactions with the activated sensitiser. As degassed or 

hypoxic environments can hinder the production of reactive oxygen species, the 

dependence of sonodynamic therapy on the presence of oxygen was assessed. Figure 5.9 

highlights that individually Rose Bengal and sparged oxygen loaded microbubbles 

(1mL/2minO2) did not generate measurable levels of singlet oxygen in degassed PBS after 

exposure to ultrasound (1 MHz, 1.4 MPapk-pk, 30% DC, 100 Hz PRF, t = 30 s). However, the 

combination of the sensitiser with oxygen microbubbles did generate the reactive species, 

indicating that the oxygen provided by microbubbles was necessary to enable a 

sonodynamic effect in a degassed environment. These results were further confirmed as 

the combination of Rose Bengal with sulphur hexafluoride microbubbles did not produce 

measurable levels of singlet oxygen. 

 

Figure 5.9. The dependence of Rose Bengal activation of oxygen availability. Percentage change in 

SOSG fluorescence intensity at 520 nm related to the generation of singlet oxygen before vs. after 

ultrasound exposure (1 MHz, 1.4 MPapk-pk, 30% DC, 100 Hz PRF, t = 30 s) in samples prepared in 

degassed PBS (1.25 μM SOSG, ± 2.5 μM RB, ± 5 x 107 MB/mL).   
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An increase in the ultrasound pressure while preserving an exposure time of 30 

seconds corresponded to an increase in energy delivered. This was correlated with the 

activation of Rose Bengal (Figure 5.10a) and the energies of broadband and ultraharmonic 

emissions (Figure 5.10b-c) for samples of degassed PBS with Rose Bengal and oxygen 

microbubbles. Nonetheless, the generation of singlet oxygen was not as pronounced 

when the acoustic energy delivered was kept constant by lowering the exposure time with 

increasing ultrasound pressure.  

 

Figure 5.10. The effects of increasing ultrasound pressure [MPapkpk] on the activation of Rose 

Bengal (a) determined by the generation of singlet oxygen, and the energy associated with (b) 

broadband, (c) ultraharmonic, and (d) harmonic acoustic emissions computed for the entire 

exposure time. Other parameters were: f = 1 MHz, DC = 30%, PRF = 100 Hz, t* = 30 s, or t** as 

indicated in Table 5.3. The samples were prepared (n = 3) in degassed PBS with 1.25 μM SOSG, 2.5 

μM RB, ± 5x107 MB/mL.  
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The energy of harmonic acoustic emissions (Figure 5.10d) did not reflect the 

production of singlet oxygen and this was associated to an increased harmonic 

amplification from the amplifier 4. Therefore, although the energy of harmonic emissions 

is reported in this chapter for completeness, this data did not provide a useful metric for 

analysis. 

The effect of duty cycle was investigated at a set ultrasound pressure of 1.4 MPapkpk, 
while preserving the number of ultrasound cycles delivered by changing the exposure 

time. An increase in duty cycle led to an increase in Rose Bengal activation when oxygen 
microbubbles were present, while no activation was observed for samples without 

microbubbles ( 

Figure 5.11). Due to acquisition limitations on the TiePie Handyscope HS3, the 

acoustic emissions could only be acquired for 10 and 30% duty cycles. Thus, no conclusion 

could be drawn regarding the acoustic emissions from oxygen microbubbles during 

ultrasound exposure at higher duty cycles. Nonetheless, the energies for broadband, 

ultraharmonic, and harmonic emissions were comparable between 10 and 30% DC 

(Appendix Figure D.1). 

In contrast, increasing the pulse repetition frequency from 20 to 120 Hz did not affect 

the activation of Rose Bengal with or without the addition of oxygen microbubbles (Figure 

5.12). The acquisition of the acoustic emissions was again limited by the sampling rate of 

the digital oscilloscope as the PRF was decreased, nonetheless the energies of the acoustic 

emissions from 40 to 120 Hz did not change significantly (Appendix Figure D.2).  

 

                                                      
4 The older amplifier used E&I Ltd A300 (015230) was reported to distort the transmitted 
waveforms with more harmonic output. 
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Figure 5.11. The effect of increasing ultrasound duty cycle [%] on the activation of Rose Bengal 

determined by the generation of singlet oxygen. Other parameters were: f = 1 MHz, PRF = 100 Hz, 

P = 1.4 MPapkpk, total number of cycles = 9x106. The samples were prepared (n = 3) in degassed PBS 

with 1.25 μM SOSG, 2.5 μM RB, ± 5x107 MB/mL. 

 

Figure 5.12. The effects of increasing ultrasound pulse repetition frequency [Hz] on the activation 

of Rose Bengal determined by the generation of singlet oxygen. The constant ultrasound 

parameters were: f = 1 MHz, DC = 30%, P = 1.4 MPapk-pk, t = 30 s, total number of cycles = 9x106. 

The samples were prepared (n = 3) in degassed PBS with 1.25 μM SOSG, 2.5 μM RB, ± 5x107 MB/mL. 
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5.4. Discussion 

An investigation of oxygen loading methods was undertaken to produce lipid-based 

oxygen microbubbles. The direct formation of microbubbles under oxygen gas flow 

through the sonication of aqueous lipids presented a low production yield which was 

associated to the decreased stability of these systems [301]. Similar results were obtained 

through the reconstitution of freeze-dried Sonovue® with a headspace of oxygen instead 

of sulphur hexafluoride. Moreover, these methods demonstrated only about 30-40% 

oxygen loading within the microbubbles, thus suggesting that air is also incorporated into 

these systems during production or bubble stabilisation in solution. These findings also 

highlight the importance of incorporating gases with high molecular weight and low 

diffusivity to enable the formation and stabilisation of a bubble population prior to oxygen 

loading [159]. This was observed in this chapter when comparing the results for sparged 

vs. direct oxygen microbubbles, and the use of sulphur hexafluoride to promote 

microbubble stability and yield. The sparging method was also improved by exposing 

smaller sample volumes to oxygen gas flow in order to increase the concentration 

gradient and promote gas exchange within the sample. The sparging of 1 mL solution of 

sulphur hexafluoride with oxygen gas flow for two minutes led to a high oxygen loading 

of 200%, thus beyond the theoretical gas capacity of these systems. This discrepancy could 

be due to limits in the size and concentration measurement technique used to 

characterise microbubbles then ignoring very large or very small bubbles that contribute 

to the oxygen loading. It could also be due to some surface pressure on bubbles allowing 

an increased gas density encapsulated which has not been incorporated in the theoretical 

gas volume calculations. Although these effects need to be further investigated to 
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determine the exact loading achieved, this method allowed for a high oxygen content 

within the suspension and was chose to produce oxygen microbubbles moving forward.  

The injection and flow of diluted sparged O2MBs, however, presented a rapid release 

of oxygen. This was associated with the high oxygen concentration gradient with the 

surrounding solution [159]. Therefore, although sparged O2MBs allowed the delivery of 

significantly more oxygen compared to other loading strategies considered, an 

improvement of oxygen trapping within these systems would be beneficial to enhance 

treatment. 

The contributions of sparged O2MB to the activation of Rose Bengal during 

sonodynamic therapy was then examined in degassed PBS. The results indicated a 

dependence of this method on the acoustic duty cycle used with 1 MHz ultrasound, 

although varying the pulse repetition frequency did not affect the results with a set 30% 

duty cycle. The increased generation of singlet oxygen and hence Rose Bengal activation 

at higher duty cycles could be caused by a decrease in ultrasound OFF time, thereby 

promoting bubble oscillations [302]. Unfortunately, an examination of this hypothesis was 

challenged as the acoustic emissions were only acquired for a subset of duty cycles and 

pulse repetition frequencies, and the overall energies of emissions did not provide 

evidence supporting it. Nevertheless, an analysis of the emission power over time for the 

acquired data (Figure 5.13) could support the proposed phenomenon. As described in 

section 3.4.5.1, fitting a plateau followed by a one-phase exponential decay to the data 

provided parameters describing the acoustic emission power over time that could be 

compared. The results shown in Figure 5.14 indicate that lowering the duty cycle 

significantly decreased the plateau of both ultraharmonic and broadband emissions 

although it also significantly lengthened the time over which the initial rise in emissions 
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occurred (Table 5.5). While the change in the pulse repetition frequency did not lead to 

such clear differences in the power of acoustic emissions recorded, some of the 

parameters were still significantly different between some of the pulse repetition 

frequencies tested (Table 5.6).  

 

Figure 5.13. The effects of increasing ultrasound (a,b) duty cycle [%] and (b,c) pulse repetition 

frequency [Hz] on the power of (a,c) ultraharmonic and (b,d) broadband emissions over the first 5 

seconds of ultrasound exposure. The constant parameters were: f = 1 MHz, P = 1.4 MPapk-pk, total 

number of cycles = 9x106. Changing DC was done with a PRF of 100 Hz. Changing PRF was done 

with a DC of 30%. The samples were prepared (n = 3) in degassed PBS with 1.25 μM SOSG, 2.5 μM 

RB, + 5x107 O2MB/mL.  
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Figure 5.14. Fitting a plateau followed by one-phase exponential decay (OPED) on the acoustic 

emissions available for increasing ultrasound (a,b) duty cycle [%] and (b,c) pulse repetition 

frequency [Hz].  

Table 5.5. Parameters summary for fitting the plateau followed by the one-phase exponential 

decay to the emission power over time for increasing duty cycle (%). 

PARAMETERS Ultraharmonics Broadband 

Duty cycle 10% 30% 10% 30% 

Adjusted R2 0.74 0.82 0.72 0.74 

t0 [s] 1.96 ** 0.55 1.96 ** 0.60 

Half-life, t1/2 [s] 0.14 ** 0.50 0.13 ** 0.35 

t1/2, adjusted = t0 + t1/2 [s] 2.10 ** 1.05 2.09 ** 0.95 

P0 [x10-6 V2] 0.74 ** 2.18 3.54 ** 6.10 

Plateau [x10-7 V2] 0.15 ** 2.09 0.58 ** 1.66 

** p < 0.01 compared to all other parameter within the same ultrasound frequency 
subset (ultraharmonic or broadband). The parameters referred to in this table were 
previously described in Chapter 3, section 3.4.5. 
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Table 5.6. Parameters summary for fitting the plateau followed by the one-phase exponential 

decay to the emission power over time for increasing pulse repetition frequency. 

PARAMETERS Ultraharmonics Broadband 

PRF 40 Hz 100 Hz 118 Hz 40 Hz 100 Hz 118 Hz 

Adjusted R2 0.64 0.82 0.66 0.67 0.74 0.71 

t0 [s] 1.20 ** 0.55 0.95 ** 1.05  0.60 ** 0.98 

Half-life, t1/2 [s] 0.57  0.50  0.34 0.35 0.35 0.19 * 

t1/2, adjusted = t0 + t1/2 [s] 1.57 1.05 1.29 1.40 0.95 1.17 

P0 [x10-6 V2] 2.18 2.18 2.30 5.99 6.04 7.39 ** 

Plateau [x10-7 V2] 3.70 ** 2.09 2.22 2.23 1.65 1.60 

* p < 0.05, ** p < 0.01 compared to all other parameter within the same ultrasound frequency subset 
(ultraharmonic or broadband). The parameters referred to in this table were previously described in 
Chapter 3, section 3.4.5. 

In vivo, an adequate “OFF time” during ultrasound exposure is necessary in order to 

enable (1) microbubble replenishment and (2) avoid heating. Thus, although currently 

most parameter-tuning to address these effects appears to be done by adjusting the 

ultrasound duty cycle (Appendix Table A.1), an improved therapeutic result might be 

achievable by adjusting the pulse repetition frequency with a reasonable duty cycle. 

Additionally, as the generation of singlet oxygen during sonodynamic therapy mediated 

by oxygen microbubbles increased with the acoustic energy delivered, a balance between 

acoustic pressure and exposure time is necessary to provide an efficient treatment 

protocol. The activation of Rose Bengal with oxygen microbubbles and 1 MHz ultrasound 

was found above background levels starting at 0.85 MPapkpk with a microbubble 

concentration of 5x107 MB/mL, duty cycle of 30% and exposure time of 30 seconds. 

However, these results might be improved with a higher duty cycle compensated with a 

lower pulse repetition frequency. Due to the small range of parameters tested in this 

thesis, the differences caused by varying the parameters might not appear clearly, and 

further evaluation of these effects are needed to understand their impact on Rose Bengal 
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activation. Firstly, completing the preliminary results presented in this thesis to include 

the acoustic emissions for all parameters is necessary. Secondly, an examination of the 

effect of ultrasound frequency on sensitiser activation is important to help determine 

which ultrasonic device would be more appropriate for the clinical translation of this 

method. Additionally, a study on the required ultrasound parameters to enable the same 

sonodynamic effect in a flowing sample would be worthwhile to better represent 

biological conditions. Finally, an investigation focusing on the parameters necessary to 

allow for sufficient cavitation activity in order to promote the distribution of therapeutic 

effect further away from the vasculature would also be valuable. 

With the parameters used in this investigation, oxygen microbubbles were necessary 

to enable the activation of Rose Bengal during ultrasound exposure. Appendix Table A.1, 

however, shows that others have reported the activation of sensitisers without the use of 

microbubbles. The results in Chapter 4 suggest the mechanism for sonodynamic therapy 

with Rose Bengal could involve sonoluminescence events. Then, Rose Bengal activation 

without the use of cavitation nuclei presumably would require (1) longer exposure times, 

(2) higher acoustic intensity, or (3) the use of non-degassed solutions in order to lower 

the cavitation threshold and produce sonoluminescence. Therefore, added oxygen 

microbubbles can lower the threshold at which Rose Bengal can be activated during 

sonodynamic therapy and this combination could increase the efficacy of treatment and 

while minimising the exposure conditions. 

Nonetheless, the assessment of Rose Bengal activation was solely based on singlet 

oxygen generation, characteristic of Type-II reaction with the activated sensitiser. Thus, 

this work does not account for other reactive oxygen species potentially generated during 

microbubble cavitation or other reactions with sensitiser mentioned in Chapter 4. An 
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examination of the reactive oxygen species population produced during sonodynamic 

therapy in normal or degassed solution, with and without cavitation nuclei would 

therefore be useful. Finally, further examination of the acoustic emissions from 

microbubbles is worthwhile to determine whether cavitation monitoring during 

sonodynamic therapy could be used to predict treatment outcome. 

5.5. Conclusions 

The effects of ultrasound drive pressure, duty cycle, and pulse repetition frequency were 

investigated for the activation of Rose Bengal in degassed solutions to mimic the 

conditions found in hypoxic tumours. In these experiments, oxygen microbubbles were 

necessary to enable Rose Bengal activation, which was found to increase with the 

ultrasonic energy delivered, and the duty cycle used. However, changes in the pulse 

repetition frequency did not affect the production of singlet oxygen from the sensitiser. 

The work presented in this chapter aims to provide a greater insight as to how ultrasound 

parameters can be optimised to improve the treatment protocol of sonodynamic therapy 

and allow an easier translation of this method into clinical practice.  

5.5.1. Contributions 

This chapter first provides a comparison of techniques to produce lipid-coated oxygen 

microbubbles, followed by a characterisation of Rose Bengal activation through oxygen 

microbubble-mediated sonodynamic therapy and corresponding acoustic emissions for 

different ultrasound exposure conditions. 
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5.5.2. Limitations 

The experiments presented in this chapter were subject to several limitations. In the 

examination of the encapsulated oxygen stability using sparged O2MBs, improvements on 

the in vitro experimental set-up would allow a better reflection of biological effects. For 

example, the effect of degassed surrounding solution and temperature on the stability of 

the encapsulated oxygen would be valuable. 

Additionally, the results presented for the activation of Rose Bengal with oxygen 

microbubble-mediated sonodynamic therapy at different ultrasound parameters were 

obtained for the exposure of a static sample. Continuation of this study focusing on a 

flowing sample at higher temperature would be more representative of biological 

conditions.  
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Chapter 6 

Magnetic targeting of sonodynamic and 

antimetabolite therapies to hypoxic 

tumours 

 

Chapter 6 investigates magnetic targeting of oxygen and drug loaded microbubbles for 

the combined delivery of sonodynamic and antimetabolite therapies. Following an in 

vitro characterisation of the microbubbles, and a novel magnetic-acoustic device, their 

combined effect on hypoxic pancreatic tumours in a murine model is evaluated. 

Parts of the results presented in this chapter have been published, presented, or are in 

preparation for publication as indicated below. The collaborative work undertaken to 

produce these results is acknowledged in the following sections. 
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6.1. Introduction 

An investigation of magnetic microbubble formulations in Chapter 3 demonstrated a local 

increase in microbubble concentration with the application of an external magnetic field. 

This targeting method can therefore help to enhance the level and duration of cavitation 

events by increasing the local concentration of microbubbles. This has previously been 

correlated to an improved therapeutic effect [252–254]. Additionally, this method could 

help minimise off-target drug accumulation and hence undesirable side effects. Chapter 

4 and Chapter 5 both confirmed that the presence of microbubbles enhances the effect 

of sonodynamic therapy. More specifically, in Chapter 4, this was related to an increased 

occurrence of sonoluminescence events, allowing sensitiser activation with mild 

ultrasound exposure conditions. These results were supported by those shown in Chapter 

5, where the addition of oxygen microbubbles enabled the generation of cytotoxic singlet 

oxygen from the activated sensitiser during sonodynamic treatment in degassed solution. 

In contrast, the production of reactive species was not observed when the sensitiser alone 

was exposed to ultrasound.  

Previous work on the use of oxygen microbubbles loaded with Rose Bengal (O2MB-

RB) for the treatment of hypoxic pancreatic tumours in mice was reviewed in section 

2.3.5.2. These studies reported an improved therapeutic effect when oxygen 

microbubbles were used as carriers for Rose Bengal compared to sulphur hexafluoride 

microbubbles [4]. Additionally, treatment enhancement was also achieved through the 

incorporation of an antimetabolite therapy such as 5-fluorouracil or Gemcitabine in 

combination with sonodynamic therapy [182,220]. Finally, the introductory in vivo work 

presented in Chapter 3 demonstrated that magnetic targeting can also improve the 

delivery and hence the efficacy of combined sonodynamic and antimetabolite therapies 
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for hypoxic tumours [86]. While the combination of magnetic and ultrasound fields 

demonstrated an improved tumour growth delay and increased apoptotic cell signalling 

compared to the treatment with ultrasound only, there were three shortcomings in this 

study. First, the simultaneous application of magnetic and ultrasound fields represented 

a significant practical challenge in vivo; one that is particularly acute in small animal 

models due to space constraints. Second, it was necessary to use a mixture of bubbles 

with different surface functionalisation to deliver the combination of drugs, making it 

difficult to ensure the uniform delivery of both therapies to malignant cells. Finally, the 

stability of magnetic microbubbles used (LipMB-LαPC) was significantly lower than for the 

newly proposed formulations presented in Chapter 3. 

6.1.1. Objectives, scope, and statement of collaborative work 

In this chapter, the first shortcoming was addressed by using a novel ultrasound probe 

with an integrated co-aligned magnetic array. This device enabled the application of both 

magnetic and acoustic fields at the focus, thereby ensuring the accurate targeting and 

excitation of magnetic microbubbles during therapy. Figure 6.1 illustrates this method 

used on a murine model compared to the use of two separate devices.  

 

Figure 6.1. Schematic for the use of (a) separate ultrasound and magnet devices compared to (b) 

one device providing both fields co-aligned.  Drawings were provided by Dr. Michael Gray.   

(a) Separate US/Magnet (b) Combined US + Magnet
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The magnetic acoustic device (MAD) was designed by Dr. Lester Barnsley and Dr. 

Michael Gray and described in [303]. Further characterisation on the drug delivery it can 

achieve was completed in collaboration with Dr. Michael Gray and reported in this 

Chapter.  

For the second challenge, a novel therapeutic agent was developed wherein both the 

sonodynamic (RB) and antimetabolite (Gem) drugs were linked to a single biotin moiety 

(biotin-RB-Gem). This compound then allows the attachment of both drugs onto a single 

microbubble formulation. Biotin-RB-Gem was developed, synthesised and purified by Dr. 

Sukanta Kamila. It was then characterised by Keiran Logan to determine the cytotoxicity 

of its antimetabolite moiety on several pancreatic cancer cell lines compared to Gem 

treatment alone. The results in Figure 6.2 highlight the comparable antimetabolite profile 

of biotin-RB-Gem and Gem when the sensitiser Rose Bengal was not activated. Thus, the 

scope of this chapter was to investigate the drug loading of biotin-RB-Gem onto oxygen 

microbubbles and if it affects the activity of Rose Bengal during sonodynamic therapy. 

 

Figure 6.2. MTT cell viability assay comparing the effects of biotin-RB-Gem (squares) and 

gemcitabine hydrochloride (circles) on human primary pancreatic adenocarcinoma (a) Panc-1, (b) 

BxPC-3, and (c) Mia-PaCa-2 cell lines. Data acquired and analysed by Keiran Logan.   
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For the last challenge, the LipMB-DBPC formulation developed in Chapter 3 was used 

as the drug carrier on account of its superior stability compared to the previous 

formulation used (LipMB-LαPC) and its ability to carry the modified biotin described 

above. The loading of LipMB-DPBC with the new therapeutic agent is depicted in Figure 

6.3 which also shows the difference compared to the previously tested formulation 

presented in Chapter 3. 

 

Figure 6.3. Illustrations of magnetic and therapeutic microbubbles (a) previously used in [86] 

incorporating Rose Bengal and 5-fluorouracil on two separate LipMB-LαPC compared to (b) 

incorporating both Rose Bengal and Gemcitabine onto one LipMB-DBPC. 

It was then hypothesised that the combined use of the new magnetic-acoustic device 

and the incorporation of the two therapeutics onto a more stable magnetic microbubble 

formulation should increase the therapeutic benefit compared to previous work.  

6.2. Methods 

The magnetic microbubble formulation (LipMB-DBPC) used in this chapter was 

characterised in vitro to confirm its iron and drug loading, bubble size distribution and 

concentration, and acoustic response as described in Chapter 3. The generation of 

(a) Previous formulation (b) New formulation
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cytotoxic singlet oxygen upon ultrasound exposure of Rose Bengal-loaded magnetic 

microbubbles was investigated to confirm the activation of the sensitiser. For part of this 

work, biotinylated Rose Bengal (biotin-RB) was used instead of the novel therapeutic 

biotin-RB-Gem in order to avoid wastage of this difficult to synthesize ligand. In effect, the 

in vitro characterisation completed in this chapter focused on the activation and delivery 

of Rose Bengal, and the addition of the gemcitabine moiety on biotin-RB-Gem was 

assumed to not affect the bubble dynamics. In vitro tests were also performed to compare 

the quantity of drug delivered to a target site within a tissue mimicking phantom using 

the MAD compared to separate magnetic and acoustic devices. Finally, the performance 

of the combined and targeted therapy was assessed in vivo in mice bearing human ectopic 

xenograft pancreatic BxPC-3 tumours for several ultrasound and magnet device 

configurations. The in vivo work was completed with the collaboration of Dr. Michael 

Gray, Keiran Logan, Dr. Heather Nesbitt and Dr. Yingjie Sheng. 

6.2.1. Reagents and equipment 

The materials used for magnetic microbubble production and cleaning were as reported 

in section 3.3.4. The biotinylated therapeutics were synthesized and purified by Dr. 

Sukanta Kamila. To determine the drug loading on microbubbles, these were ruptured 

using an ultrasound bath (Eumax UD150SH-6L, 40 kHz, 150 W). The absorbance of the 

sample was then measured on a FLUOstar Omega multi-purpose plate reader from BMG 

Labtech (Aylesbury, Bucks, UK) and compared to a standard curve (Appendix Figure E.1 

or Appendix Figure E.2 when biotin-RB or biotin-RB-Gem was used respectively). The iron 

loading of microbubbles was determined through inductively coupled plasma - optical 

emission spectroscopy (ICP-OES) using an Optima 8000 from Perkin Elmer. The 
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experimental set-up used to expose microbubbles to 1 MHz ultrasound and record their 

acoustic emissions was described in section 3.4.5.1. The generation of singlet oxygen and 

thus the activation of Rose Bengal were determined based on the fluorescence intensity 

of SOSG (Ex: 490 nm/Em: 520 nm) purchased from Thermo Fischer Scientific 

(Loughborough, UK). The perfluorobutane (PFB) gas was obtained from The BOC Group 

(Guilford, Surrey, UK). 

The design of the MAD was first presented in [303]. The paraffin wax used during 

testing in this chapter was obtained from FullMoons Cauldron (Berkshire, UK), and the 

ultrasound gel used was the product Anagel from Ana Wiz Ltd. (Surrey, UK). To compare 

the different device configurations, a drug delivery study in an agar phantom was 

completed using the  holder described in [303]. UltraPure low melting point agarose was 

purchased from Thermo Fischer Scientific (Loughborough, UK) and the syringe pump was 

an AL-1000 from World Precision Instruments (Sarasota, FL, USA).  

6.2.2. Preparation of drug-loaded LipMB-DBPC 

Lipid-based magnetic microbubbles incorporating DBPC-IONPs with potential for external 

drug loading were prepared following the general protocol for LipMB (section 3.3.4) with 

the following changes: a lipid mix of DBPC:PEG40S:DSPE-PEG2000-biotin, 82:9:9 molar 

ratio was used. To promote microbubble stability, the resuspending aqueous solution was 

made of PBS:propylene glycol:glycerol (8:1:1 v/v), thereafter referred to a “PPG solution”, 

and PFB was used as the flowing gas during sonication [225]. 

The biotinylated- and pegylated- phospholipid DSPE-PEG2000-biotin was used in the 

lipid mix to enable the coating of LipMB-DBPC with avidin, a linker to subsequently allow 

the loading of biotinylated therapeutics on the outer surface of microbubbles. This 
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process was carried out during the centrifugal cleaning of the suspension. Similar to the 

cleaning steps indicated in the general protocol for microbubble manufacturing, the 

solution was cleaned once by centrifugation (100 g, 5 minutes, 4°C). The subnatant with 

excess material was removed and the remaining microbubble were resuspended in PPG 

solution, before the addition of avidin (1 mL, 10 mg/mL in PBS) and sample mixing for 5 

minutes on ice. The centrifugation step was then repeated to produce cleaned avidin-

functionalised magnetic microbubbles. These were resuspended and biotin-RB-Gem or 

biotin-RB (1 mL, 5.2 mM in PBS with 0.5% (v/v) DMSO) was added and mixed under 

reduced light exposure for 5 minutes on ice. The microbubble solution was then cleaned 

once more and resuspended in 5 mL PPG. The resultant sample was then referred to as 

MagMB-RB-Gem or MagMB-RB, depending on which drug product was added.  

For oxygenation of the sample, 1 mL stocks of cleaned MagMB-RB-Gem or MagMB-

RB were prepared and each one was sparged with oxygen for 2 minutes, before sealing 

and crimping the glass vial. The samples were kept in reduced light conditions on ice until 

further use and were then referred as MagO2MB-RB-Gem or MagO2MB-RB. 

6.2.3. Microbubble characterisation 

The microbubbles were characterised for their size and concentration following the 

protocol outlined in section 3.4.1 and their iron content was obtained as described in 

section 3.4.6.1.2. 

The drug loading on microbubbles and remaining free drug in solution were also 

established after following the microbubble cleaning protocol with three centrifugation 

steps. For this, three batches of drug loaded bubbles were cleaned by centrifugation and 

the absorbance of the subnatant was measured. This procedure was then repeated, and 
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the decreasing amounts of Rose Bengal in the subnatant was measured until a background 

level was recorded. This defines the plateau achieved for the absorbance of Rose Bengal 

at 559 nm in the subnatant and indicates that a minimum has been reached for the Rose 

Bengal in the solution surrounding bubbles. The remaining absorbance of these samples 

then reflected the loading capacity of biotinylated Rose Bengal on microbubbles, [biotin-

RB]loaded. This data then allowed the calculation of free drug [biotin-RB]free remaining in 

subsequent batches following only three centrifugal cleaning steps [biotin-RB] as:  

[𝑏𝑖𝑜𝑡𝑖𝑛-𝑅𝐵]𝑓𝑟𝑒𝑒 = [𝑏𝑖𝑜𝑡𝑖𝑛-𝑅𝐵] − [𝑏𝑖𝑜𝑡𝑖𝑛-𝑅𝐵]𝑙𝑜𝑎𝑑𝑒𝑑 

To measure the activation of MagO2MB-RB under ultrasound exposure, 12 mL 

samples of degassed PBS with SOSG (1.25 μM) and MagO2MB-RB (5 x 107 MB/mL, [biotin-

RB] = 541 μM), were exposed to 1.17 MHz ultrasound, 0.7 MPa peak negative pressure, 

30% duty cycle, and 100 Hz pulse repetition frequency for 3.5 minutes. Sample exposure 

and acoustic emission acquisition were undertaken in a custom-made tank as described 

in section 3.4.5.1 and Appendix C. The built-in transducer was, however, driven at 1.17 

MHz to reflect the centre frequency used by the MAD. The waveform generator input 

amplitude was adjusted to obtain the same pressure output at the focus as for the 

transducer in Chapter 3. The cumulative energy calculated for ultraharmonic frequencies 

of the recorded acoustic emissions are reported.  

The production of singlet oxygen from activated Rose Bengal exposed to ultrasound 

was determined using SOSG as described in section 5.2.4.2. 

6.2.4. Magnetic acoustic device and control device 

The MAD was designed by Barnsley et al. and assembled as shown in Figure 6.4 [303]. 

Briefly, the magnetic body consisted of N52 grade NdFeB permanent magnet material 
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whose geometry was optimized to have a maximum magnetic field of 0.2 T at a distance 

of 10 mm from the body’s leading edge. An integrated ultrasonic element with a focal 

distance also of 10 mm provided a pressure field that spatially overlapped with the 

magnetic field peak, with sufficient amplitude to cause inertial cavitation of microbubbles. 

Side ports in the magnet body allowed airflow for passive cooling around the acoustic 

element (although this feature was not necessary for the drive conditions used in this 

chapter), as well as a path for the element drive cable. An aluminium-bodied copy of the 

MAD (hereafter referred to as “aMAD”) was produced to provide an ultrasound-only 

control for in vitro and in vivo experimentation.  

 

Figure 6.4. Illustration of (a) MAD configuration and (b) photograph as tested with Perspex holder 

In order to span the gap between the ultrasound element and the delivery site of 

interest, a coupling cone was cast from paraffin wax and secured with ultrasound gel as 

shown in Figure 6.4a. The cone material was chosen for its ease of casting and minimal 

transmission loss in the 1 MHz frequency range as determined by conventional through-

transmission measurements. Since the acoustic boundary conditions for this configuration 

(a) MAD cross-section facing down (b) Built MAD facing up
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were different from those used in the initial characterisation [303], both the MAD and the 

aMAD were recalibrated by Dr. Michael Gray with the results shown in Appendix C. 

Table 6.1 and Table 6.2 show the different device configurations used in the in vitro 

and in vivo tests respectively. The MAD was used for: (1) its co-aligned magnetic and 

acoustic fields (group: “MAD” shown in Figure 6.5a), (2) its magnetic field only (group: 

“Mag”), and (3) its magnetic field combined with the acoustic field of the aMAD to study 

the non-coaligned fields (group: “US + Mag” shown in Figure 6.5b). The aMAD was also 

used on its own for the ultrasound only control (group: “US”). 

Table 6.1. In vitro drug delivery experiment groups 

GROUP NAME WATER MAGMB-RB* ULTRASOUND** MAGNET*** 

Untreated X    

MB  X   

US  X X (aMAD)  

Mag  X  X (MAD) 

US + Mag  X X (aMAD) X (MAD) 

MAD  X X (MAD) X (MAD) 

* MagMB-RB: MB = (1.7±0.6) x108 MB/mL and [RB] = 500±50 μM 
** Ultrasound: 1.17 MHz, 30% duty cycle, peak negative pressure 0.7 MPa, 3.5 minutes 
*** Magnet: 0.2 T at 10 mm 

Table 6.2. In vivo drug delivery experiment groups 

GROUP NAME NO TREATMENT MAGO2MB-RB-GEM* ULTRASOUND** MAGNET*** 

Untreated X    

MB  X   

US  X X (aMAD)  

US + Mag  X X (aMAD) X (MAD) 

MAD  X X (MAD) X (MAD) 

* MagO2MB-RB-Gem: [MB] = (1.3±0.4) x 109 MB/mL, [biotin-RB-Gem] = 520±80 μM 
** Ultrasound: 1.17 MHz, 30% duty cycle, peak negative pressure 0.7 MPa, 3.5 minutes 
*** Magnet: 0.2 T at 10 mm 
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Figure 6.5. Photographs of in vitro ultrasound and magnet set-up for (a) the MAD with co-aligned 

fields compared to (b) the US + Mag group with separate field applications. 

6.2.5. Drug delivery comparison in agar between devices 

Drug delivery was quantified in vitro by flowing MagO2MB-RB through a tissue mimicking 

agar phantom. The phantom body was formed within a Delrin frame filled with 1.25% agar 

gel. The cured agar phantom was 7 mm thick and covered in clear and acoustically 

transparent Mylar films on each side. Each phantom contained at least one straight 

channel of 1.2 mm diameter, with fittings on the frame for connection to a syringe pump 

and drain tubing. During testing, the phantom was partially immersed in a water bath 

heated to 36±1°C, with the upper phantom surface in air so that acoustic boundary 

conditions would be similar to those in the in vivo experiments. The phantom assembly 

was free of ferrous metal parts in order to minimize the likelihood of secondary magnetic 

fields influencing the results. 

For acoustic treatments (MAD or aMAD), the device was held in place with a lab 

clamp, and the cone tip was coupled to the phantom face with water. Acoustic drive 

pulses (3000 cycles, 1.17 MHz, 30% duty cycle) were provided by a waveform generator 

US Mag

Agar gel

Dual probe

(a) In vitro setup with Dual Probe (b) In vitro setup with US + Mag
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(33500B, Keysight, Santa Rosa, CA, USA) and passed to a power amplifier (1040L, E&I Ltd., 

Rochester, NY, USA) so that the peak negative pressure 10 mm in front of the device would 

be 0.7 MPa. This level matched the spatial peak value from the Sonidel (SP100, 1 MHz, Ø 

= 16 mm) transducer that was used in previous SDT studies [4,86], and in the 

sonoluminescence experiments presented in Chapter 4. Pressure calibrations for this 

device are presented in Appendix C. 

The ultrasonic emissions from the channel were observed using a spherically focused 

single element transducer (7.5 MHz center frequency, 12.7 mm diameter, 75 mm focal 

distance, Olympus NDT) operating as a PCD. Signal conditioning was performed using the 

same procedures and instrumentation as in section 3.4.5.1. PCD signals were post-

processed in MATLAB to yield power spectral density for each acquisition, and the 

responses at ultraharmonic frequencies were used to quantify cavitation activity during 

each exposure. Initial positioning of the agar flow channel and the acoustic 

instrumentation was guided by a crosshair laser to ensure proper alignment. 

Data were collected for six groups as in Table 6.1, with three separate phantoms 

tested per group. For all treatment groups, 100 μL of MagMB-RB ((1.74±0.62) x 108 

MB/mL, [biotin-RB] = 506±53 μM) were injected at a flow rate of 0.2 mL/min. Ultrasound 

was applied for 3.5 minutes, after which the treated channel was rinsed with 1 mL 

deionised water. The agar channel was immediately cut out (0.7 mL volume) and reserved 

for analysis after the experiment. After all groups were completed in a single test day, the 

reserved cut out agar channels were melted, sampled onto a pre-heated 96-well plate and 

left to equilibrate at 45°C for 15 minutes. Absorbance spectra were acquired at that 

temperature using a plate reader to measure the amount of Rose Bengal delivered in the 

agar volume. Spectra were normalised to no-treatment controls and the samples’ 
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absorption intensities at 559 nm were compared to a standard curve for biotin-RB in 

melted 1.25% agar at 45°C (R2 = 0.9991, Appendix Figure E.3). 

6.2.6. Treatment of xenograft ectopic BxPC-3 tumours in SCID mice 

BxPC-3 cells (1×106) in 50 μL Matrigel and 50 μL media were sub-cutaneously implanted 

into the rear dorsum of SCID (C·B-17/IcrHan®Hsd-Prkdcscid) mice. Tumours started to 

form approximately 2 weeks after cell implantation, and once they became palpable, they 

were measured using the Peira TM900 tumour measuring device. When the tumours 

reached an average of 113 mm3, the animals were distributed into 5 groups (Table 6.2). 

They were then anaesthetized with intraperitoneal injections of Hypnorm / Hypnovel. A 

100 μL mixture of PBS with MagO2MB-RB-Gem ((1.25±0.41) x109 MB/mL, [biotin-RB-Gem] 

= 521 80 μM) was administered by tail vein injection to the animals in groups receiving 

treatments. The drive instrumentation and settings were the same as those used for the 

in vitro drug delivery experiments described in section 6.2.5. The cone of the MAD (or 

aMAD) was coupled to the skin of the animal using ultrasound gel. In order to minimise 

acoustic field uncertainties due to possible reflections and tissue damage risk, the subjects 

were treated lying prone over a mat of ultrasound absorbing material (Aptflex F28, 

Precision Acoustics, Dorset, UK). To improve free transmission of sound into the absorber, 

the abdominal hair was removed from the animals, and their skin coupled to the mat with 

ultrasound gel. Using this method, treatments were given on days 0, 2 and 4.  

6.2.7. Statistical analysis 

Errors are expressed as ± the standard deviation for all data shown. Statistical significance 

and comparisons were established using a 1-way analysis of variance (ANOVA) followed 

by Tukey’s post hoc test. 
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6.3. Results and Discussion 

6.3.1. Microbubble characterisation 

Magnetic microbubbles (Figure 6.6a) were manufactured through the sonication of a 

mixture of phospholipids, surfactants and phospholipid-coated IONPs under PFB gas flow 

which resulted in a microbubble concentration of (2.1±0.3) x 109 MB/mL of 1.6 μm mean 

diameter. The removal of excess material through centrifugation decreased the 

microbubble concentration (Figure 6.6b-c) to an average of (7.2±2.0) x 108 MB/mL, of 1.8 

μm diameter. A comparison of the size distributions shows that the loading and washing 

of biotin-RB-Gem mostly removes the small microbubbles (Figure 6.6c). However, the 1 

to 8 μm sized bubbles appeared stable during this process.  

 

Figure 6.6. Size comparison of magnetic microbubbles before and after drug loading.  

Photomicrographs or (a) LipMB-DBPC before cleaning and conjugation of biotin-RB-Gem and (b) 

after processing. Scale bars are 10 µm. (c) Microbubble size distribution before and after drug 

loading. The concentration of MagMB-RB-Gem after cleaning was (7.2±2.0) x108 MB/mL. 

To complete the in vitro studies, the iron content of LipMB-DBPC after three 

centrifugation steps (Figure 6.7) was measured and found to be higher than the results 

presented in Chapter 3 (Figure 3.28a) with an average of 0.07 pg iron per microbubble 

over three batches. The difference between these results could be associated with 

manipulation variations during the centrifugation cleaning steps. 

(a) LipMB-DBPC before 
cleaning

(b) MagMB-RB-Gem after 
cleaning

(c) Size distribution
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Figure 6.7. Iron loading of cleaned lipid-based microbubbles ± DBPC-IONPs forming LipMB-DBPC; 

measured for n = 3 batches in each group.  

Considering the size distribution of these LipMB-DBPC batches, the available surface 

area of microbubbles and the theoretical maximum loading of nanoparticles on this 

surface were computed as described in section 3.4.6. The results from these calculations, 

presented in Table 6.3, indicate that a higher loading compared to the data presented in 

Chapter 3 was achieved with a loading of 10%. This difference was again attributed to the 

variable nature of the centrifugation and resuspension steps used for cleaning 

microbubbles. 

Table 6.3. Calculated particle loading per microbubble based on the measurement of iron loading 

per microbubble and IONP properties. 

PARAMETER LipMB-DBPC 

Measured iron loading / MB [pg/MB] 0.07 

IONP/MB a ~ 1 000 

Mean MB surface area [μm2/MB] b 19 

IONP area if considered a square [10-3 μm2] c 2.5 

Theoretical maximum loading [IONP/MB] ~ 8 000 

Percent loading achieved [%] ~ 10% 
a using results reported in Table 3.5 for pg of iron per nanoparticle.  
b considering the sample size distribution.  
c based on the hydrodynamic diameter of the nanoparticles as 
reported in Table 3.5. 
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The drug concentration in the suspension after centrifuging the microbubbles three 

times was approximately 490±100 μM or 520±50 μM for biotin-RB-Gem or biotin-RB 

respectively. This was found to correspond to approximately 80% of the drug in solution 

and 20% on the surface of bubbles (Figure 6.8). Although most of the drug remains free 

in solution, an injection of 4.5 mL  of the suspension would equate to an average dose of 

0.6 mg Gemcitabine, which is still orders of magnitude lower than the 1000 mg/m2 

administered intravenously weekly over 7 weeks for pancreatic cancer patients [222,304]. 

Although clinically the toxicity of Rose Bengal has mostly been tested topically through 

intralesional injections [305,306], no indications of systemic toxicity were observed in 

mice receiving intravenous injections of MagO2MB-RB ([biotin-RB] = 350 to 557 μM) 

individually or in combination with MagO2MB-5FU ([biotin-5-FU] = 700 μM) [86] or O2MB-

Gem ([biotin-Gem] = 443 μM) [182]. 

 

Figure 6.8. Concentration of biotin-RB-Gem remaining in subnatant solution and on microbubbles 

after three and ten centrifugation steps. After being cleaned three times, the overall drug loading 

was found to be 488±91 μM. After ten times, the drug loading was 97±27 μM and minimal levels 

of biotin-RB-Gem was found remaining in the solution, indicating that the overall drug content 

reported after cleaning three times had approximately 20% of the drug on the microbubbles and 

80% unbound in solution.    
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6.3.2. In vitro results 

Using the ultrasound parameters indicated in Table 6.1, the results from the in vitro 

activation of MagO2MB-RB using ultrasound are shown in Figure 6.9. The generation of 

cytotoxic singlet oxygen was significantly enhanced for MagO2MB-RB compared to 

MagO2MBs or RB alone when exposed to ultrasound in a degassed solution (p < 0.01). A 

similar trend was observed for the ultraharmonic energy of microbubbles recorded from 

the PCD, but the emissions from the two types of microbubbles and Rose Bengal alone 

were all significantly different (p < 0.01). Although most of the cavitation activity occurred 

in the first five seconds of ultrasound, the emissions were computed by the integration of 

the ultraharmonic power over the entire 3.5 minutes to be comparable to the 

characterisation of singlet oxygen generation, obtained after the entire ultrasound 

exposure. Nonetheless, the energy calculations were also computed over the first 5 

seconds of ultrasound exposure and presented similar results (data not shown). An 

analysis of the emission power over time in Figure 6.10 and the fitting parameters in Table 

6.4 highlight a significant delay before the decay of the MagO2MB-RB ultraharmonic 

emissions and a significant increase in the plateau level reached, compared to MagO2MB. 

The increased cavitation activity of MagO2MB-RB compared to MagO2MB could be 

associated with an enhanced stabilisation of MagO2MB-RB due to the surface 

functionalisation of the sensitiser inhibiting bubble dissolution in the degassed medium 

[307].  
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Figure 6.9. Results (n = 3) from singlet oxygen characterisation (orange) from Rose Bengal 

activation after ultrasound exposure relative to unexposed sample, with associated ultraharmonic 

emissions from microbubbles (blue) indicating the nonlinear oscillations of bubbles undergoing 

cavitation (** = p < 0.01). A sample was prepared in degassed PBS with SOSG (1.25 μM), ± 

MagO2MB-RB (541 μM, 5x107 MB/mL). Ultrasound parameters were 1.17 MHz, 0.7 MPa peak 

negative pressure, 30% duty cycle, 100 Hz pulse repetition frequency ultrasound for 3.5 minutes. 

 

Figure 6.10. The power of ultraharmonic emissions over the first 5 seconds of ultrasound 

exposure (a) mean and standard deviation, (b) runs with microbubbles were fitted with a plateau 

followed by one-phase exponential decay (OPED). 
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Table 6.4. Parameters summary for fitting the plateau followed by the one-phase exponential 

decay to the ultraharmonic emission power over time for MagO2MB-RB and MagO2MB. 

PARAMETERS MagO2MB-RB MagO2MB 

Adjusted R2 0.48 0.46 

t0 [s] 1.30 0.56 ** 

Half-life, t1/2 [s] 0.25 0.16 

t1/2, adjusted = t0 + t1/2 [s] 1.55 0.72 

P0 [x10-6 V2] 1.34 1.44 

Plateau [x10-7 V2] 1.29 0.50 ** 

** p < 0.01 compared to MagO2MB-RB, determined by an 
unpaired t-test. The parameters referred to in this table were 
previously described in Chapter 3, section 3.4.5. 

The performance of the MAD compared to the use of two separate devices was 

assessed in an agar phantom as pictured in Figure 6.11. The concentration of Rose Bengal 

delivered was determined based on the absorbance of a set volume of agar gel 

surrounding a channel after flowing 100 μL of MagMB-RB through it while exposed to one 

of the device configurations.  

 

Figure 6.11. Picture of experimental set-up used to test the performance of the MAD  focused on 

a 1.2 mm inner diameter channel in a 1.25% agar phantom placed at the water level in order to 

allow the recording of acoustic emissions with a PCD at the bottom of tank. The microbubbles were 

flown at 0.2 mL/min through the channel.  

Water tank 37°C
PCD

1.25% agar phantom, 
channel Ø = 1.2 mm

0.2 mL/min

MAD
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Figure 6.12 then reports the concentration of Rose Bengal delivered for the different 

groups considered. When ultrasound was used, the associated cavitation activity is also 

provided. A significantly higher concentration of Rose Bengal was delivered (p < 0.01) 

using the MAD; more specifically the MAD led to 1.6x and 1.4x more Rose Bengal 

compared to US only and US + Mag groups respectively. Moreover, a comparison between 

the MAD and US groups indicates a significant increase in delivery (p < 0.01) with the 

addition of magnetic targeting. The minimal enhancement observed for the US + Mag 

group compared to US only, however, highlights the difficulty in device alignment when 

using two separate units. The ultraharmonic emissions reported for the untreated group 

indicates the level found in water only, for reference. The delivery recorded for 

MagO2MB-RB suspensions alone can be associated with the high concentration of free 

Rose Bengal in solution diffusing into the porous agar gel [308] without external stimulus 

and was found to be significant compared to the untreated group (p < 0.01). Individually, 

US and Mag fields enhanced delivery to a similar degree, in agreement with previous 

results from Stride et al [199]. The application of a magnetic field alone could potentially 

disrupt the coating of magnetic microbubbles causing the release of Rose Bengal or 

coating fragments, thereby increasing the delivery compared to the MB group.  
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Figure 6.12. Rose Bengal drug delivery (orange, n = 3) comparison using different ultrasound and 

magnetic device configurations as listed with Table 6.1, determined in a volume of 0.7 mL agar 

(1.25% w/w) (** = p < 0.01). The corresponding energies of ultraharmonic emissions from 

microbubbles (blue) when ultrasound was present are provided. For the treatment receiving 

groups, 100 μL of MagMB-RB ([MB] = (1.74±0.62) x108 MB/mL, [biotin-RB] = 506±53 μM) were 

administered and flowed at a rate of 0.2 mL/min. When a magnet was used, a 0.2 T magnetic field 

was applied at the focus of the probe, and when ultrasound was applied, the parameters were: 

1.17 MHz, 0.7 MPa peak negative pressure, 30% duty cycle, 3000 cycles, for 3.5 minutes. The 

ultraharmonic emissions plotted for the untreated group reflects the background emissions 

recorded for just water flowing in the agar channel. 

6.3.3. In vivo results 

The co-aligned fields of the MAD were then tested for the delivery of MagO2MB-RB-Gem 

in vivo in SCID mice bearing ectopic xenograft human pancreatic BxPC-3 tumours. The 

microbubble suspension produced for treatments were verified as before to determine 

their size distribution, iron content, and drug concentration (Figure 6.13) which were 

found to be comparable with the previous results.  
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Figure 6.13. Characterisation of MagO2MB-RB-Gem used for in vivo treatment with a (a) size 

distribution, (b) iron content, and (c) Rose Bengal concentration in agreement with in vitro 

microbubble data. 

For this study, 25 animals with implanted tumours were randomly distributed into 

the five groups described in Table 6.2, and received injections on day 0, 2, and 4. Although 

the treatment appeared well tolerated with negligible mice weight change (Figure 6.14a) 

and normal iron content in faeces (Figure 6.14b) [309], four animals were lost during and 

following treatment as indicated in Figure 6.15. The reason is still unknown, but darkened 

skin in the bowel and genital area was observed on the mice that died in the US group. 

Iron toxicity was, however, unlikely according to the characterisation of mice faeces which 

would have indicated a rise in iron post-treatment if an excess was administered. 

Additionally, as an ultrasound absorbing mat and ultrasound gel were used underneath 

the mice receiving treatment, it is also unlikely that the exposure to ultrasound would 

have caused irritation or haemorrhage in the bowels further away from the face of the 

transducer. As it was two male mice that died in the US group with marked darkened skin, 

this might have been caused by irritation from the hair shaving process to enable the 

coupling to the absorber with ultrasound gel. Nevertheless, further toxicology 

examinations are required to determine if other factors in the handling procedure or 
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treatment suspension could have caused the high mortality rate observed. Tumour 

volume data including all treatment groups are presented in Figure 6.16. However, the US 

group was only left with 3 mice at the end of day 4 which explains the sudden increase in 

the reported standard deviation from this day due to one subject presenting a good 

response to treatment. Therefore, the US group was not included in the statistical analysis 

of the in vivo investigation with final results presented in Figure 6.17. 

 

Figure 6.14. Treatment tolerance in mice with (a) average body weight recorded during the study 

with black arrows indicating treatment days, and (b) faeces iron content determined through ICP-

OES measurement in 0.2% nitric acid for faeces collected on day 4. 

 

Figure 6.15. Number of mice per treatment group over the study.  
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Figure 6.16. In vivo results with % tumour growth over time relative to day 0. Arrows indicate 

treatment days, including US group. The increase in standard deviation after day 4 in the US group 

was explained by the death of two mice within that group following the last day of treatment.  

 

Figure 6.17. In vivo results with (a) % tumour growth over time relative to day 0. (b) Images of 

tumours on day 0, 6, and 12. Arrows indicate treatment days. * p < 0.05, ** p < 0.01. Error bars 

indicate standard deviations.  
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decrease in tumour volume relative to pre-treatment values for animals in the MAD 
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MAD still presented tumours 9% smaller than their pre-treatment values and 54% smaller 

than animals in the US + Mag group. This data was, however, not significantly different 

due to the wide range of tumour volumes recorded in the US + Mag group. This was 

associated to the variability in aligning the US and magnetic fields when two separate 

devices were used leading to wide differences in tumour response to this treatment. Still, 

compared to the untreated group, the MAD enabled a more significant reduction in 

tumour volume sustained to day 12 with a p-value of 0.0028, while the US + Mag group 

presented a p-value of 0.0346. In addition, although the MB group has smaller tumours 

than untreated animals, the difference was not significant. Overall, the in vivo data 

corroborates with in vitro results indicating that the co-aligned magnetic-acoustic device 

allowed a consistent increase in drug delivery and hence treatment efficacy.  

6.3.4. Study limitations 

The results presented in this chapter improved on prior investigations by using a novel 

therapeutic to increase drug loading, a more stable magnetic microbubble to deliver the 

payload, and a more reliable device for the application of co-aligned magnetic and 

acoustic fields.  

The in vivo study was, however, very limited by the number of animals per treatment 

groups which lowered the power of the statistical analysis completed. Additionally, 

uncertainties in the toxicology profile of the novel therapeutic are especially important to 

address in the next preclinical investigation. The processing of microbubbles could also be 

further improved to diminish the proportion of free drug in solution and minimise the risk 

of side effects. Although the MAD significantly enhanced the therapeutic effect, the 

addition of cavitation monitoring in subsequent device generations would provide a 
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valuable feedback to optimise the treatment protocol. Finally, as the in vivo work 

presented in this chapter was completed on ectopic xenograft tumours, questions arising 

from the relationship between this preclinical model and the targeted indication are 

important. For instance, biologically relevant tumour vasculature and depth are both 

critical factors that can be further investigated in vitro to determine the potential of co-

aligned magnetic targeting and ultrasound activation for the sonodynamic treatment of 

pancreatic tumours in patients.  

6.4. Conclusions 

Overall, the MAD with co-aligned fields enabled the targeting and activation of LipMB-

DBPC loaded with oxygen and a novel therapeutic incorporating both Rose Bengal and 

Gemcitabine. This combination significantly increased the averaged drug delivery by 1.6-

fold in an agar flow phantom (p < 0.01) compared to the use of two separate devices, and 

an increase in the energy of microbubble ultraharmonic emissions was also observed. 

These results indicate that the MAD enabled the precise application of both targeting and 

activation fields to promote drug delivery. An examination of this method in vivo 

demonstrated a significant decrease in tumour size 12 days after treatment (p < 0.05) 

compared to the use of two separate devices. Further, the MAD allowed for a substantial 

37% decrease in tumour size after 4 days of treatment compared to pre-treatment values, 

highlighting that this approach could become an ideal neo-adjuvant therapy to downstage 

tumours prior to surgery. This is especially important in the case of pancreatic cancer 

where 20% of patients present border-line resectable lesions at the time of diagnosis for 

whom the downstaging of tumours could change their eligibility to undergo curative 

surgical resection. Nonetheless, an examination of the MAD on an in vitro or ex vivo 
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system representative of human length scales, and a toxicology study of the injected 

suspension are both required to further advance this approach towards clinical use.  

6.4.1. Contributions 

This chapter provides a method for the characterisation of drug-loaded magnetic 

microbubbles and the amount of drug they deliver in an agar gel flow phantom upon 

exposure to magnetic and acoustic fields. The MAD was further evaluated in vitro and 

enabled a significant enhancement in drug delivery compared to the application of 

separate magnetic and ultrasound fields. These results were confirmed in an in vivo study.



 

189 

Chapter 7 

Conclusions and future work 

 

 

7.1. Thesis overview 

Sonodynamic therapy has recently been developed for the treatment of hypoxic tumours 

using the local activation of sensitising drugs to produce reactive oxygen species, cytotoxic 

to the surrounding cancer cells. In this thesis, it was demonstrated that sonoluminescence 

could be involved in the activation pathway of sensitisers during sonodynamic therapy. In 

addition, microbubbles facilitate the generation sonoluminescence when exposed to 

certain ultrasound conditions. Thus, the combination of these could provide a way to 

remotely produce light in a target location in the body. Magnetic microbubbles were then 

researched to increase the local concentration of microbubbles and therapeutics, and 

enhance the production of reactive oxygen species in a targeted manner. 

 

In Chapter 3, several methods were compared to produce microbubbles for magnetic 

targeting. While different formulations have been reported to enhance drug delivery 

when a magnetic field is applied, a study comparing their performance was necessary in 

order to determine which magnetic microbubbles would be appropriate to combine with 

sonodynamic therapy. For this, the loading of iron oxide nanoparticles on the outer 

surface, within, and in an oil phase on the inner surface of the microbubble coating were 
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compared. Externally-bound particles significantly improved the stability of microbubbles 

(SurfMB), enabled more sustained acoustic emissions compared to all other formulations 

and presented the highest magnetic response. This method, however, challenged the 

further attachment of hydrophilic drugs such as the sensitiser Rose Bengal on the surface 

of microbubbles. Thus, the loading of lipid-coated iron oxide nanoparticles within the 

microbubble shell was preferred as it allowed the subsequent surface addition of the 

sensitiser for sonodynamic therapy. Although these magnetic microbubbles presented a 

weak magnetic response, they still demonstrated a significantly improved stability 

compared to unloaded systems when the coating on the iron oxide nanoparticles was 

composed of the same phospholipid as in the microbubble shell (LipMB-DBPC).  

The performance in vitro and in vivo of these magnetic microbubbles for targeted 

sonodynamic therapy was evaluated in Chapter 6. The results showed a significant 

increase in Rose Bengal delivery in vitro using LipMB-DBPC with externally-bound Rose 

Bengal targeted and activated using a magnetic acoustic device. In effect, when several 

device configurations were compared, the use of a co-aligned magnetic and acoustic 

device enabled the accurate application of both fields compared to the use of separate 

probes. An improved therapeutic effect was then observed in vivo with a decrease in the 

tumour volume for mice bearing hypoxic pancreatic tumours and receiving magnetically 

targeted sonodynamic and antimetabolite therapies. 

 

While the therapeutic effects of this method are the focus of current developments, the 

advancement of sonodynamic therapy towards clinical use requires additional 

characterisation. As previously mentioned, the mechanisms for sensitiser activation and 
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ultrasound parameters are critical factors that can help the optimisation of this approach. 

These were evaluated in Chapter 4 and Chapter 5 respectively. 

In Chapter 4, an investigation of several proposed mechanisms for the activation of 

Rose Bengal using ultrasound was undertaken. First, as pyrolysis events during bubble 

cavitation can produce a range of reactive species, several of these were examined for 

their effect on Rose Bengal in solution to determine whether oxidative pathways could 

explain the production of cytotoxic agents during sonodynamic therapy. The presence of 

hydroxyl radicals, hydrogen peroxide, and singlet oxygen, however, did not alter the 

activity of the sensitiser. Additionally, the characterisation of Rose Bengal concentrations 

in solution before and after ultrasound exposures did not show significiant Rose Bengal 

degradation through pyrolysis. Although these results don’t explain the activation of the 

sensitiser, they demonstrate that Rose Bengal can withstand the exposure to 

microbubble-induced cavitation and reactive oxygen species without degrading, thus 

confirming the utility of this sensitiser for sonodynamic therapy. 

The second mechanism investigated was the generation of light i.e. 

sonoluminescence during cavitation which could be of appropriate wavelength to activate 

Rose Bengal also known for its photosensitivity. Sonoluminescence events were detected 

when sulphur hexafluoride or oxygen microbubbles were exposed to ultrasound 

conditions relevant for therapy and diagnostic techniques at 37°C. Photons were recorded 

over broad range of wavelengths (350, 470, 520, 560 nm) which included the absorption 

wavelength of Rose Bengal (560 nm). Confirmation of multi-bubble sonoluminescence as 

the activation mechanism for sonodynamic therapy at 1 MHz was provided by the 

reduction in the sonoluminescence recorded at 560 nm when Rose Bengal was added to 

the solution. The findings reported in this chapter demonstrate that light can be produced 
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when microbubbles are exposed to low intensity ultrasound, for in-house produced 

microbubbles as well as for imaging contrast agent Sonovue®. The implications of these 

results are important for the development of therapeutic ultrasound, not necessarily 

because of the amount of light produced, but mainly because of the conditions that are 

generated during microbubble collapse. In effect, multi-bubble sonoluminescence is 

associated with extreme temperatures and pressures [38]. Thus, additional investigations 

are necessary to determine whether these conditions are also produced during 

ultrasound diagnostic imaging. Further, therapeutic applications of ultrasound should also 

provide a careful examination of the chosen parameters and exposure conditions to 

estimate the conditions generated during cavitation and how these might affect the 

therapy or the surrounding biological functions.  

In Chapter 5, degassed solutions were used to mimic the lack of oxygen in hypoxic 

tumours and a method of producing oxygen loaded microbubbles was established to 

provide the oxygen required for the generation of singlet oxygen during sonodynamic 

therapy in these conditions. The ultrasound drive pressure, duty cycle, and pulse 

repetition frequency were then varied to observe their effects on the activation of Rose 

Bengal at 1 MHz with oxygen microbubbles in degassed solutions. The results indicated 

that increasing the ultrasonic energy increased the sensitiser activation when oxygen 

microbubbles were added. In contrast, no activation was observed without the addition 

of cavitation nuclei. This indicates microbubbles can be used to lower the activation 

threshold of the sensitiser during ultrasound exposure and thus enable the use of milder 

ultrasound conditions during sonodynamic therapy. 

The effects of changing duty cycle and pulse repetition frequency indicated that the 

timing of ultrasound cycles can affect the therapy. In effect, with a constant amount 
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energy and number of acoustic cycles delivered, increasing the duty cycle increased the 

activation of the sensitiser. In contrast, changes to the pulse repetition frequency from 20 

to 118 Hz did not alter the activation level of Rose Bengal. Although only a small range of 

parameter was investigated, these results could suggest that a decrease in the OFF time 

between the ultrasound bursts of the exposure can promote bubble cavitation. The 

difference observed between these two parameters may then be useful to optimise the 

treatment protocol of sonodynamic therapy. 

 

Overall, hypoxia has rendered the treatment of certain cancers challenging through an 

increase in tumour resistance and metastasis. To address this problem, sonodynamic 

therapy with Rose Bengal was enhanced using oxygen loaded microbubbles. This 

approach was designed to enable the treatment of hypoxic tumours by providing the 

oxygen and cavitation nuclei necessary for a therapeutic effect. Further improvement was 

then achieved through the magnetic targeting of the therapy. In effect, an increased 

concentration of microbubbles could enhance sonoluminescence production when 

exposed to ultrasound parameters relevant for sonodynamic therapy. While the amount 

of light generated is well below the levels used during laser therapy, the work presented 

in this thesis demonstrated that sonoluminescence might be involved in the activation of 

sensitisers during sonodynamic treatment. Thus, a method allowing the monitoring of 

light production in vivo will become important for the translation of this therapy. Initial 

development for this could focus on evaluating whether cavitation emission features can 

be indicative of sonoluminescence events in vitro and in vivo. Although an optimisation of 

sonodynamic therapy is still necessary, the results presented in this thesis have confirmed 
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the potential of this approach to enable the treatment of hypoxic tumours and provide 

important contributions for the advancement of this method towards clinical use.  

7.2. Future work and translation considerations 

There are several limitations to the results presented in this thesis and multiple areas for 

future development. These are summarised in this section.  

7.2.1. Functionalisation of microbubbles for magnetic targeting 

The formulations considered in Chapter 3 were solely based on previously reported 

magnetic microbubbles and the investigation mainly focused on the loading of iron oxide 

nanoparticles into microbubbles. Therefore, the main limitation of this study comes from 

the charge, composition, size, and magnetic properties of these particles which were not 

matched between the magnetic microbubble formulations considered. Additionally, 

circulation studies for these systems are also needed. Particularly, focusing on clearance 

mechanisms found in vivo to determine whether stabilising or stealth properties could be 

incorporated. For instance, an examination in vivo of the distribution obtained using 

radio-labelled microbubbles would be valuable. Finally, an investigation on how the 

magnetic functionalisation of microbubbles would affect subsequent drug loading 

becomes important as an increasing number of therapeutics added to microbubbles are 

being proposed.  

7.2.2. Mechanisms 

Chapter 4 characterised the mechanisms for Rose Bengal activation during sonodynamic 

therapy with samples at 37°C. Nonetheless, the results presented were limited to a static 
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environment. Thus, this work could be continued by repeating these measurements in a 

more biologically representative system which would provide further insight on the 

likelihood of these events to occurs during treatment. For this, a study on 

sonoluminescence events under flow at 37°C and for a confined sample volume is 

necessary.  

Further, the current work solely focused on the generation of singlet oxygen as a 

cytotoxic agent during sonodynamic therapy. However, a study on the reactive oxygen 

species population produced during cavitation and what affects these processes are 

necessary to understand the overall bioeffects associated with this therapy. 

7.2.3. Oxygen microbubbles and ultrasound parameters 

An examination on the effectiveness of microbubbles at delivering oxygen to hypoxic 

regions is required to further complement the results presented in Chapter 5. This work 

would, therefore, have to consider oxygen delivery at larger length scales to determine 

the potential for treating hypoxic tumours in human. In effect, gas exchange using oxygen 

microbubbles was demonstrated to occur within the first few minutes when injected into 

a system with ambient oxygen partial pressures. Although this time scale might not be a 

problem for the treatment of hypoxic tumours in mice, the length scale of human 

vasculatures and the variability in tumour vasculatures might become challenges. 

The investigation of varying ultrasound parameters for sonodynamic therapy also 

must be continued to further understand the effects of ultrasound frequency, pressure, 

duty cycle, and pulse repetition frequency on the activation of the sensitiser. The 

experimental set-up could then be improved using a sample under flow and at 37°C, to 

provide a better representation of how these parameters affect the therapy in vivo.  
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7.2.4. Magnetic targeting 

The results of two in vivo studies demonstrated the benefit of targeting sonodynamic 

therapy using an externally applied magnetic field and responsive microbubbles. These 

results were, however, obtained on a small animal model and the characterisation of 

microbubble magnetic targeting at human length scales is necessary to understand the 

feasibility of this approach.  

7.2.5. Clinical translation 

To ease the clinical translation of sonodynamic therapy, a controlled- and repeatable- 

activation of the sensitiser is necessary. Therefore, Chapter 4 and Chapter 5 provide a 

starting point for the advancement of this approach to determine how ultrasound is 

activating the sensitiser and which parameters are necessary for this to occur consistently. 

Nonetheless, the sonodynamic treatment of hypoxic tumours might face an accelerated 

translation to clinical trials due to the poor prognosis given to these patients, the 

resistance of this disease to current therapies and promising preclinical results. In that 

event, the injected treatment should be chosen to ease the clinical approval while 

maintaining its therapeutic effect by using ingredients previously incorporated in 

ultrasound contrast agents or in other therapies. Additionally, an ultrasound device with 

feedback monitoring could be used to maximise the treatment and approval of the 

method. Thus, a trial using oxygen microbubbles loaded or co-injected with Rose Bengal 

and exposed to ultrasound would be prioritised to minimise the risk for failure. The 

addition of magnetic targeting is then a consideration that is further down the line in the 

clinical translation of approach.   
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Appendices 
 

These appendices provide additional tables, methods, and results further referred to and 

discussed in the main document. 
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Appendix A. Review of sonodynamic therapy studies 

Appendix Table A.1. Review of sonodynamic therapy studies 

Sensitiser 
Ultrasound 

In vivo biological model Ref 
f [MHz] I [W/cm2] DC [%] t [min] 

Anticancer drug derived sensitisers 
Adriamycin vs. 

Daunomycin 

1.92 0.7 - 10 Rat: Yoshida Rat sarcoma [310] 

Adriamycin 1.733 0.5, 2 - 30 Mouse: RIF-1 Mouse fibrosarcoma 

B-16 Mouse melanoma 

[311] 

Dihydroxy(oxybi-

guanido) boron (III) vs. 

5-FU 

25 18.35 - 40 s Mouse: Ehrlich cell Mouse mammary 

gland 

[312] 

5-FU 0.8 1,2,3 30, 

CW 

1,3,5 Mouse: Ehrlich cell Mouse mammary 

gland 

[313] 

Porphyrin derived sensitisers 
ALA 1 2 50 5 Mouse: SAS Human tongue 

squamous cell carcinoma 

[314] 

ALA 1 0.5 10 15 Mouse: Atherosclerotic [3] 

Hp 1.92 1.7 CW 10 Mouse: Sarcoma 180 Mouse sarcoma [315], 

[316] 

Hp derivative 1.1 0.3 - 3 Mouse: Sarcoma 180 Mouse sarcoma [317] 

HMME 1 0.5 - 2 Rat : C-6 Rat malignant glioma [318] 

DEG 1 2 50 10 Mouse: MKN-74 Human gastric 

tubular adenocarcinoma 

[11] 

DCPH-P-Na(I) 1 1,2 50 10 Mouse: MKN-45 Human gastric 

adenocarcinoma 

[294] 

Metalloporphyrin 1 2.3 50 5 Mouse: 4T1 Mouse mammary gland [319] 

Sinoporphyrin sodium + 

(MBs) 

0.996 2.94 30 1 Mouse: U87 MG-Red-FLuc Human 

Glioblastoma 

[320] 

ATX-70 1.92 1,2,3,5 - 15 Rat: Chemically induced rat 

mammary tumour 

[321] 

ATX-70 1.92 1,3,5 - 15 Mouse: Colon-26 Mouse colon 

adenocarcinoma 

[322] 

ATX-70 0.5 + 1 8 + 8 = 

16 

- 5 Mouse: Colon-26 Mouse colon 

adenocarcinoma 

[323] 

ATX-70 0.5 + 1 12 - 5 Rat: Walker 256 Rat Mammary gland 

adenocarcinoma 

[324] 

Photofrin II 1.92 1,2,3,5 - 15 Mouse: Colon-26 Mouse colon 

adenocarcinoma 

[325] 

Photofrin II 1.92 3 - 15 Rat: AH130 Rat sarcoma [326] 

Photofrin 0.150 + 

1 

2.2 - 30 Mouse: Breast adenocarcinoma [327] 

ppIX 1 3 10 4 Mouse: SCC7 Mouse squamous cell 

carcinoma 

[328] 

ppIX vs. Hp 2.2 3,5,7 - 3 Mouse: Sarcoma 180 Mouse sarcoma [15] 

AlPcTS 1.92 3 - 15 Mouse: Colon-26 Mouse colon 

adenocarcinoma 

[329] 

PAD-S31 1 0.3  15 Rabbit: Decreased neointimal 

hyperplasia after stenting 

[330] 
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Appendix Table A.1. continued. Review of sonodynamic therapy studies 

Sensitiser 
Ultrasound 

In vivo biological model Ref 
f [MHz] I [W/cm2] DC [%] t [min] 

Other sensitisers 
ICG 1 3.5 40 3 Mouse: RIF-1 Mouse fibrosarcoma [331] 

RB 1 3 50 0.5 Mouse: B16 Mouse melanoma [2] 

RB + (MBs) 1 3.5 30 3 Mouse: RIF-1 Mouse fibrosarcoma [216] 

RB + (MBs) 1 3 50 3.5 Mouse: BxPC-3 Human pancreatic 

ductal adenocarcinoma 

[12] 

RB + (MBs) 1 3.5 30 3.5 Mouse: BxPC-3 Human pancreatic 

ductal adenocarcinoma 

[4] 

RB derivative 1 1 100 3 Mouse: MDA-MB-468 Human breast 

adenocarcinoma 

[332] 

B-TiO2-PEG 1 1.5 50 5 Mouse: 4T1 Mouse mammary gland [333] 

Piroxicam 2 3  2 Mouse: Sarcoma 180 Mouse sarcoma [334] 

Combination treatment 
RB + 5-FU + (MBs) 1 3.5 30 3.5 Mouse: BxPC-3 Human pancreatic 

ductal adenocarcinoma 

[86,220] 

RB + Gem + (MBs) 1 3.5 30 3.5 Mouse: MIA PaCa-2 Human 

pancreatic ductal adenocarcinoma 

[182] 

ALA + Bleomycin 1 1 50 3 Mouse: EMT-6Mouse mammary 

gland 

[335] 

3 3 

Bleomycin + AlPcS2a 3 3 50 3 Mouse: Colon-26 Mouse colon 

adenocarcinoma 

[296] 

Ce6 + Docetaxel 1 1 70 3 Mouse: B16-F10 Mouse melanoma [336] 

Hp + ICG 1 3.5 50 3.5 Mouse: RIF-1 Mouse fibrosarcoma [337] 

PTX MSN 1 0.8 CW 3 + 

2 

Mouse: 4T1 Mouse mammary gland [338] 

DOX/Mn-TPPS@RBC 1 1 CW 3 Mouse: MCF-7 Human Invasive 

ductal carcinoma 

[339] 

 
Abbreviations: f = frequency, I = intensity, DC = duty cycle, t = time, CW = continuous wave ultrasound, 5-
FU = 5-fluorouracil, ALA = 5-aminolevulinic acid, Hp = hematoporphyrin, HMME = hematoporphyrin 
monomethyl ether, DEG = porphyrin-derived sonosensitizer with minimal photosensitivity, DCPH-P-Na(I) = 
porphyrin-derived sonosensitiser devoid of photosensitivity, Metalloporphyrin  = HMONs-MnPpIX-PEG = 
PEGylated, manganese and protoporphyrin-loaded hollow mesoporous organosilica nanoparticles, ATX-70 
= photosensitive gallium porphyrin complex, Photofrin = sodium porfimer, ppIX = protoporphyrin IX, AlPcTS 
= chloroaluminium phthalocyanine tetrasulfonate, PAD-S31 = chlorin derivative = 13,17-bis[1-
carboxypropionyl] carbamoylethyl-3-ethenyl-8-ethoxyiminoethylidene-7- hydroxy-2,7,12,18-tetramethyl 
porphyrin sodium, ICG = indocyanine-Green, RB = rose Bengal, (MBs) = microbubbles, RB derivative = rose 
bengal derivative with  minimal photosensitivity, B-TiO2-PEG = PEGylated black titania nanoparticle, Gem = 
gemcitabine, AlPcS2a = aluminum phthalocyanine disulfonate, Ce6 = Chlorin e6, PTX MSN = paclitaxel 
loaded mesoporous silica nanoparticles with folic acid functionalised β-cyclodextrin coating. DOX/Mn-TPPS 
= Doxorubicin and meso-tetra (4-sulphonatephenyl) porphyrinate manganese (III) complex loaded red blood 
cell carrier system.  
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Appendix B. Biotinylation of dextran IONPs 

Dextran-coated IONPs were modified to have pegylated biotin anchors on their surface in 

order to functionalise biotinylated microbubbles for magnetic targeting with an avidin 

bridge. 

B.1. Materials 

Hydrochloric acid, 4-methylmorpholine (NMM) and 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-

4-methylmorpholinium chloride (DMTMM) were purchased from Sigma Aldrich Ltd. 

(Gillingham, Dorset, UK). N-biotin-tetra(ethylene glycol)-diamine (Biotin-TEG-NH2 TFA) 

was obtained from Iris Biotech GmbH (Marktredwitz, Germany). IONPs coated with 

carboxymethyl dextran were purchased as FluidMAG-CMX (50 nm hydrodynamic 

diameter) from Chemicell GmbH (Berlin, Germany). 

B.2. Methods 

To a solution of biotin-TEG-NH2 (22 mg, 50 μmol) in 0.5 mL of 0.3 M NMM buffer (pH 8) 

were added 0.5 mL of a 25 mg /mL solution of dextran-IONP (~5 μmol COOH) and DMTMM 

chloride (14 mg, 50 μmol) in this order. The reaction was shaken at 800 rpm at 23°C for 

24 hours. The functionalised particles were then isolated by washing with MilliQ water by 

six cycles of 20-fold concentration followed by dilution to the original volume in Millipore 

Amicon Ultra 0.5 mL centrifugal filters (MWCO 100 kDa, 10 mins, 14000 g) to remove 

buffer and unbound reagents.  
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B.3. Characterisation and results 

The product of this reaction was characterised pre- and post-cleaning by dynamic light 

scattering (DLS, Zetasizer Nano-ZS, Malvern Instruments Ltd. Worcestershire, UK) and 

transmission electron microscopy (TEM, FEI Tecnai 12) to obtain nanoparticle size and 

morphology (Appendix Figure B.1). The hydrodynamic diameter of the nanoparticles 

post-cleaning was found to be 51 nm with a PDI of 0.182 ± 0.006. 

 

Appendix Figure B.1. (a) Dynamic light scattering measurements of biotinylated dextran IONPs 

pre- and post- centrifugal cleaning, and (b) TEM images of the nanoparticles were obtained by 

negatively staining samples with 2% w/v uranyl acetate, and imaging them at 120 kV.

(b) TEM image of nanoparticles
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Appendix C. Device calibrations 

C.1. Standalone tank with built-in transducer 

Transmitted pressures were computed for the transducer (Imasonic MR compatible 

transducer, Ø = 40 mm, ROC = 120 mm) at the bottom of the tank depicted in Appendix 

Figure C.1. Measurements were done along the indicated axes relevant for a sample 

positioned at z = 31 mm. Some of the measurements were provided by Dr. Michael Gray. 

 

Appendix Figure C.1. Picture of the tank with built-in transducer indicating the axis referred to in 

the pressure scans results. 

 

Appendix Figure C.2. Planar pressure map, z = 31 mm, frequency of 1 MHz, voltage input 44 Vpp.  

 

31 mm

Sample holder

1 MHz transducer
z

x
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Appendix Figure C.3. Pressure along (a) x, with z = 31 mm and input voltage of 44 Vpp, n = 3 lines 

over 18 mm were analysed, and (b) z, moving up relative to the centre of the transducer, with input 

voltage of 40 Vpp. A frequency of 1 MHz was used. 

 

Appendix Figure C.4. Pressure at z = 31 mm (a) for a range of frequencies (b) for a range of input 

voltage (power ramp) with a frequency of 1 MHz. n = 3 lines over 20 mm were analysed.  

(a) Pressure profile along x, with z = 31 mm, voltage input 44 Vpp

(b) Pressure profile along z, voltage input 40 Vpp

Sample location

(b) Pressure at 1 MHz for different voltage input, z = 31 mm

(a) Pressure at different frequencies, z = 31 mm, circle of 10 mm radius, 
voltage input 44 Vpp considered



Appendix C - Device characterisation 

204 

C.2. Sonidel SP100 1 MHz transducer 

The 1 MHz transducer (Sonidel Limited SP100, Ø = 16 mm) pictured in  

Appendix Figure C.5 was characterised using a ONDA 1214 needle hydrophone with pre-

amplifier and high 20 dB gain along the indicated axes. 

 

Appendix Figure C.5. Picture of the 1 MHz transducer with axis referred to in pressure scans. 

 

Appendix Figure C.6. Pressure map (a) planar over x-y at z = 6 mm, (b) lateral over x-z. Sonidel 

intensity of 3.5 W/cm2. 

 

z

x

y

1 MHz transducer

Absorber

Needle hydrophone

(a) Planar x-y pressure field, z = 6 mm (b) Lateral planar x-z pressure field
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Appendix Figure C.7. Pressure along (a) x, with z = 6 mm and (b) z moving down relative to the 

centre of the transducer. Sonidel intensity of 3.5 W/cm2. 

 

Appendix Figure C.8. Power ramp at z = 6 mm for increasing Sonidel input intensity (spatial 

average temporal peak). 

  

(b) Pressure profile along z

(a) Pressure profile along x, with z = 6 mm
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C.3. Magnetic acoustic device 

The magnetic acoustic device described in [303] shown the magnetic and acoustic results 

shown in Appendix Figure C.9. The focus of the acoustic field is located 10 mm away from 

the leading edge of the device. In this work, however, the MAD was used with a gelwax 

coupling cone of 6 mm in length to enable the treatment of subcutaneous tumours in the 

in vivo study. Thus, the device was measured once more to determine the effect of the 

coupling cone of the acoustic field. This data was acquired by Dr. Michael Gray and the 

results are presented in Appendix Figure C.10 demonstrating an unchanged ultrasound 

focus for the MAD with and without coupling cone.  

 

Appendix Figure C.9. The magnetic acoustic device characterised over several depths for its (a) 

magnetic field, (b) magnetic force, and (c) acoustic field at 1 MHz. Figures reproduced from [303]. 

 

(a) Magnetic field (b) Magnetic force

(c) Acoustic field (1.0 MHz)
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Appendix Figure C.10. Lateral pressure scan over x-z for the (a) magnetic acoustic device as 

presented in [303] and (b) magnetic acoustic device with gelwax coupling cone. Driving voltage of 

100 Vpp, frequency of 1.17 MHz.

(a) MAD (b) MAD + gelwax coupling cone
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Appendix D. Additional passive cavitation data 

The duty cycle was varied for the ultrasound exposure of Rose Bengal and SOSG in 

degassed PBS ± oxygen microbubbles. Due to limitations of the TiePie Handyscope HS3 

however, the acoustic emissions could only be recorded for the 10 and 30% duty cycles. 

Although no conclusion could be drawn from these preliminary results, the available data 

are reported in Appendix Figure D.1 for completeness alongside the percent change in 

the SOSG fluorescence intensity induced by the exposure conditions.  

 

Appendix Figure D.1. Additional PCD data on the effect of increasing ultrasound duty cycle [%] on 

the activation of Rose Bengal (a) determined by the generation of singlet oxygen, and the energy 

associated with (b) broadband, (c) ultraharmonic, and (d) harmonic acoustic emissions computed 

for the entire exposure time for 10 and 30% DC. Other parameters were: f = 1 MHz, PRF = 100 Hz, 

P = 1.4 MPapkpk, total number of cycles = 9x106. The samples were prepared (n = 3) in degassed PBS 

with 1.25 μM SOSG, 2.5 μM RB, ± 5x107 MB/mL. 
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Similarly, while changing the pulse repetition frequency from 20 to 120 Hz only the 

acoustic emissions from 40 to 120 Hz PRF could be recorded. Nonetheless, the available 

results reported in Appendix Figure D.2 did not demonstrate significant change in energy 

over these parameters and the activation of Rose Bengal with or without the presence of 

microbubbles did not appear affected by these changes in parameters based on the 

fluorescence intensity change of SOSG. 

 

Appendix Figure D.2. Additional PCD data on the effects of increasing ultrasound pulse repetition 

frequency [Hz] on the activation of Rose Bengal (a) determined by the generation of singlet oxygen, 

and the energy associated with (b) broadband, (c) ultraharmonic, and (d) harmonic acoustic 

emissions computed for the entire exposure time for 40 to 118 Hz PRF. The constant ultrasound 

parameters were: f = 1 MHz, DC = 30%, P = 1.4 MPapk-pk, t = 30 s, total number of cycles = 9x106. 

The samples were prepared (n = 3) in degassed PBS with 1.25 μM SOSG, 2.5 μM RB, ± 5x107 MB/mL. 
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Appendix E. Absorbance standard curves 

Absorbance standard curves were acquired on a FLUOstar Omega multi-purpose plate 

reader from BMG Labtech (Aylesbury, Bucks, UK) for the several dyes considered in this 

thesis. 

 

Appendix Figure E.1 Absorbance standard curve of biotin-Rose Bengal in PBS at 559 nm and 21°C 

 

Appendix Figure E.2. Absorbance standard curve of biotin-Rose Bengal-Gemcitabine in PPG 

(PBS:propylene glycol:glycerol, 80:10:10 v:v:v) at 559 nm and 21°C. 
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Appendix Figure E.3. Absorbance standard curve of biotin-Rose Bengal in melted 1.25% agar at 

559 nm and 45°C 
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